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Abstract: Controlled fermentation processes have high potential for improving coffee quality. The
effect of fermentation temperature on beverage quality was investigated with coffee cultivated at ele-
vations between 1166 and 1928 m. A completely randomized design was carried out at five elevation
ranges at 200 m intervals in five farms per elevation range, and two temperatures (15 ◦C and 30 ◦C),
which were maintained in a temperature-controlled bioreactor. Each temperature-controlled fermen-
tation batch had a spontaneous fermentation batch (control treatment). Microbial identification of
LAB and yeast was performed using a Biolog™ MicroStation™ ID System, and cup quality tests were
performed following the SCA protocol. Tests conducted at 15 ◦C showed higher microbial community
activity on the substrates used, indicating greater transformation potential than those conducted
at 30 ◦C or those of spontaneous fermentation. According to Wilcoxon and Kruskal–Wallis tests,
temperature-controlled fermentation resulted in high-quality coffee for all elevation ranges, with
coffee from higher elevations and processed at controlled temperatures of 15 ◦C receiving the highest
cup scores compared to coffee that was subjected to 30 ◦C. These results suggest that controlled
temperature can be used to design standardized fermentation processes in order to enhance coffee
quality through differentiated sensory profiles.

Keywords: controlled fermentation; coffee quality; microbial communities

1. Introduction

Coffea arabica L. is the coffee species with the highest production and consumption in
the world [1], mainly due to its high cup quality. The varieties of this species are produced
in the intertropical zone that includes latitudes between 30◦ N and 33◦ S and elevations
between 700 and 2000 m above sea level [2]. In addition to species varieties, the quality of
coffee is influenced by the conditions of each stage of production ranging from cultivation
to beverage, including geographical location, agronomic practices, and the postharvest
process [3–6]. Recently, the effect of variations in climate on quality caused by the elevation
at which crops are grown has been one of the most studied aspects of cultivation in different
coffee-producing countries of the world. Previous research has identified a relationship
between elevation and the chemical and microbiological compositions of coffee [3,4,6–12].
On the other hand, the processing method used has an important role in determining qual-
ity [5,7,13–15], especially with the use of the wet process, which is capable of generating
a coffee beverage with balanced attributes and better acidity levels [6,16,17]. In the wet
process, the elimination of mesocarp or mucilage through fermentation has great potential
to positively impact the quality of coffee due to the formation of compounds that enhance
the aroma and flavor of the drink; these compounds are formed from the biochemical
transformations of mucilage substrates produced by the microorganisms present [6,18].
The chemical composition of green coffee beans is represented mainly by chlorogenic acids,
carbohydrates, lipids, proteins, and alkaloids such as trigonelline and caffeine [19]. These
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compounds are the precursors of the compounds that are formed in the roast and are finally
perceived in the drink [20]. However, modifications of the matrix of compounds of green
coffee beans lead to the production of alcohols, esters, and ketones, among others, during
fermentation [13,14,21]. Gas chromatography coupled with mass spectrometry (GC-MS) is
the most commonly used technique for the analysis of volatile organic compounds in green,
roasted, and beverage coffee. Headspace solid-phase microextraction (HS-SPME) in con-
junction with GC-MS has identified changes in the chemical composition of green coffee due
to the modification of fermentation parameters, time, and type of process [13,22,23], or due
to the identification of defects [24]. The compounds identified by these and other techniques
such as Near-infrared spectroscopy (NIR-HSI) or Fourier-transform infrared spectroscopy
(FITR) [25,26] have been related to beverage attributes such as aroma and flavor.

Fermentation of coffee based on the wet method has traditionally been carried out
spontaneously, in which a great variety of reactions occur depending on the conditions of
the process; therefore, the results also vary [27]. One of the main challenges of research
is to generate information that can improve the quality of coffee by changing from spon-
taneous fermentation to controlled fermentation to reduce variability, while improving
the consistency of the quality of the coffee for the market [16,27]. During fermentation,
temperature tends to increase as the process continues due to the activity of microorganisms
which participate in the transformation reactions of mucilage substrates [27–29]. There-
fore, temperature is one of the parameters that can be controlled during fermentation to
modify microbial activity and produce the desired positive effects on the quality of the
coffee. Some studies have shown that subjecting the fermentation process to temperatures
lower than those of the environment has an influence on the behavior of the participating
microbial communities, with possible effects on the quality of coffee [30,31]. The usage
pattern of different carbon sources is an indicator of the change in microbial populations,
and the behavior and interaction among microorganisms are modified depending on the
environment that is provided during fermentation [22]. However, there is little information
about the most suitable temperatures for the fermentation process or the optimal conditions
of associated variables under these conditions, such as changes in the temperature and
pH of the coffee mass, the need for agitation, or the process timing. Additionally, the
influence of the origin-determined intrinsic characteristics of coffee on the fermentation
process with controlled temperature is unknown. It has been argued that coffee produced
at higher elevations has better quality characteristics [10,12,32]. Therefore, it is necessary
to understand the effects of elevation at which crops are grown and the maintenance of a
controlled temperature during the fermentation process on coffee quality.

In Colombia, the region that produces coffee varieties of the Arabica species is located
in the Andes Mountains and the Sierra Nevada de Santa Marta between 1◦ and 11.5◦ N and
72◦ and 78◦ E, which allows coffee production at a wide range of elevations, from 800 to
2000 m [33]. The coffee zone of the department of Quindío is representative of the climate
conditions and coffee production in Colombia [34]. In addition, it is characterized by having
plantations with geographical proximity and at different elevations [35]. Considering
these characteristics, the objective of this study was to evaluate the effect of controlled
fermentation temperature, which was maintained in a stirred bioreactor tank, on the
quality of coffee produced at different elevations in the department of Quindío. This study
identified the effects of the variables associated with the fermentation process, depending
on the control temperature and the physiological behaviors of microbial communities,
on coffee quality. The results contribute to existing knowledge on the performance of
controlled fermentations, and the discussion suggests future research that will contribute to
the development of processes to reduce variability in the fermentation process and improve
the quality of coffee.
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2. Materials and Methods
2.1. Coffee Sampling and Experimental Design

Coffee fruits (Coffea arabica L. variety Castillo®) were harvested on 25 coffee-producing
farms in the department of Quindío, Colombia, located at elevations between 1166 and
1928 m (Table S1). The work unit was 120 kg of coffee fruits harvested in each batch. The
fruits were selected manually and classified according to their ripeness as determined
by color, which ranged from 4 to 7 on the Cromacafé® scale [36]. This scale ranges from
1 (immature fruits) to 8 (dried fruits). After harvesting, the coffee fruits were taken to
the El Agrado Farm, which was located 1291 m above sea level, with an average annual
temperature of 21.9 ◦C and an annual relative humidity of 77% [34], to carry out the
fermentation process and to homogenize the experimental environment. After hydraulic
sorting, healthy fruits [37] were pulped using a Jotagallo Ref. 2 3

4 pulper. The pulped
coffee obtained was divided into 2 equal parts of 20 kg each to conduct fermentation with
temperature control (treatment) and spontaneous fermentation (control). No water was
added during the process.

A one-way completely randomized design was used, with 10 treatments (Table 1)
consisting of two fermentation temperature conditions (15 ◦C and 30 ◦C) and five elevation
ranges. In each elevation range, the samples were collected from five farms (Figure 1).
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Figure 1. Geographical location of the study area including elevation range (A) in the coffee-growing
zone of Colombia (B).

Table 1. Fermentation treatments, temperatures (◦C), and elevation ranges (m) of coffee cultivation.

Treatment Fermentation Temperature (◦C) Elevation Range (m)

1 15 <1200

2 15 1201–1400

3 15 1401–1600
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Table 1. Cont.

Treatment Fermentation Temperature (◦C) Elevation Range (m)

4 15 1601–1800

5 15 >1800

6 30 <1200

7 30 1201–1400

8 30 1401–1600

9 30 1601–1800

10 30 >1800

2.2. Coffee Fermentation Processes

To control the temperature of the fermentation process, a bioreactor was used. The
bioreactor consisted of a vertical cylindrical tank jacketed in 316 stainless steel with a
volume of 30 L and an effective capacity of 20 L, a mechanical stirring system composed of
a gear motor and a flat paddle stirrer, and a water recirculation system that moved water
from a cooler through the jacket to vary the fermentation temperature. The equipment
featured pH and temperature sensors (PT-100) and a digital control panel that was used
to monitor the variables and select the speed, time, and period of agitation, which were
3 rpm, 2 min, and 6 h, respectively. For spontaneous fermentation (control), the coffee was
placed in an open plastic container with a capacity of 30 L.

At the beginning and during the fermentation process, the pH and temperature of the
coffee mass were determined via the direct immersion of a wireless pH meter electrode
with automatic temperature compensation (HI 10532/Halo®) into the coffee mass. The
equipment was calibrated before each use with buffer solutions (pH of 7.0 and pH of 4.0)
(HI 7004 L/C; HI 7007 L/C; and HANNA®).

The fermentation time was determined by establishing a mucilage removal rate greater
than 95%. To achieve this rate in the process without temperature control (control), the
Fermaestro® method was used [38]. In the fermentation conditions with temperature
control, the removal of mucilage was determined based on its degradation through the
reaction with a commercial depolymerizing pectin lyase, endopolymethylgalacturonate
lyase (EC 4.2.2.1.0.). The samples of coffee with mucilage (100 g, mt) were taken in triplicate,
to which 1 mL of pure pectinase was added; the mixture was homogenized and allowed
to rest for one hour. After this time, enzymatically degraded mucilage was removed with
clean water, excess water was removed, and the mass (mf ) was recorded. At the beginning
of fermentation, the relationship between the coffee masses with and without mucilage
(R0) was estimated. This procedure was carried out several times toward the end of the
fermentation process to estimate the mass (mft) at time t, the mucilage content (CMt) which
is the ratio mf/mt, and its removal rate. The final mucilage removal (Rm) was estimated
according to Equation (1):

Rm = 1 − CMt

mft·R0
(1)

In each of the fermentation conditions with controlled temperature, the temperature at
which there was a difference of less than 1 ◦C between the temperature of the coffee mass
and the control temperature was called the equilibrium temperature. From this point on,
the temperature of the coffee mass remained close to the working temperature selected in
the bioreactor until the end of the fermentation process.

Once the fermentation process concluded, the coffee masses were washed with clean
water and dried with forced air at 40 ◦C until the coffee beans reached a moisture content
between 10 and 12% w.b. The samples of dry parchment coffee (dpc) weighing 1 kg were
labeled and stored at 16 ± 1 ◦C and 65 ± 5% relative humidity until analysis.
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2.3. Microorganism Identification and Physiological Profiles of Microbial Communities

At the end of the fermentation process, 50 g samples of coffee with mucilage were col-
lected in sterile bags Whirl-Pak™, Illinois, USA (B00992 WA). The samples were refrigerated
and transported to the Cenicafé Postharvest laboratory for analysis. Culture-dependent
techniques were used to count the groups of microorganisms; isolate, purify, and identify
the strains of interest; and identify the physiological profiles of the microbial communi-
ties present.

Serial dilutions were prepared up to 10−6, with direct sowing of 100 µL of the
10−3-to-10−6 dilutions in plate count agar (PCA), yeast glucose chloramphenicol extract
(YGC), Man–Rogosa–Sharpe (MRS) agar supplemented with 0.1% sorbic acid (w/v), and
Acetobacter agar supplemented with absolute ethanol, glacial acetic acid, and 10 mg/L of
cycloheximide for the enumeration of aerobic mesophilic bacteria (AMB), yeasts, lactic acid
bacteria (LAB), and acetic acid bacteria (AAB), respectively. Isolates from yeast colonies and
LAB with distinctive morphology were selected. The isolates were purified via reseeding on
the MRS and YGC media. The morphological characterization of the isolates (color, shape,
surface, and elevation) was carried out; microscopic characterization was also performed
using Gram stain. A total of 11 yeast isolates and 7 bacterial isolates were obtained for their
subsequent identification.

By means of the Biolog™ identification and classification system (MicroStation™ ID
System) and optical density readings at 590 nm (OD590) on 95 carbon sources, the genus
and species of LAB and yeasts, the primary organisms in this type of fermentation, were
identified following the procedures established for the use of AN MicroplateTM [39] and YT
Microplate™ [40] (Biolog Inc., Hayward, CA, USA), respectively. From the pure microor-
ganism suspension, 100 µL was taken and dispensed onto each of the wells containing
95 carbon sources with a redox indicator (tetrazolium) that changes from colorless to violet
when the substrate is consumed. Absorbance readings at an optical density of 590 nm
(OD590) were performed using the Biolog™ MicroStation™ ID System at 24 h for BAL and
at 24, 48, and 72 h for yeasts. The color development pattern of the inoculated microplate,
known as a metabolic fingerprint, was recorded and compared with the panel included in
the database to determine the species or genus.

The functional diversity of the microbial communities and the community-level physi-
ological profiles were evaluated in the samples based on the consumption of the substrates
using EcoPlate™ microplates, which contain three series of 31 different carbon sources
grouped into carbohydrates, carboxylic acids, polymers, amino acids, and amines. Serial
dilutions were prepared up to 10−3 in sterile distilled water, and 150 µL of the samples was
sown in each of the 96 wells of the EcoPlate™ microplates after calibration of the commu-
nity growth. The plates were incubated at 28 ◦C in the dark, and color development was
detected by absorbance readings at 590 nm (OD590) every 24 h until completing 192 h. The
growth of the communities and the consumption of carbon sources were evaluated through
the standardization and normalization of the OD590 nm values [22]. For the information
analysis and the estimation of the metabolic diversity indices, the data were normalized.
Only absorbance values lower than 2.0 were selected to reduce measurement errors. Higher
values were outside the linear absorbance range.

2.4. Sensory Analysis of Coffee Beverage

The parchment was removed from the dpc samples through the threshing process,
and healthy beans in the samples were roasted, ground, and used for the preparation of
coffee beverage for sensory analysis according to the Specialty Coffee Association (SCA)
protocol [41]. In this protocol, the main attributes of coffee are evaluated on a scale from
6 to 10: fragrance/aroma, flavor, aftertaste, acidity, body, balance, overall impression,
uniformity, sweetness, and clean cup. The final quality of the samples was determined
by summing the individual scores of these attributes (SCA points). The samples were
evaluated by the Cenicafé panel composed of five certified Q-Grader tasters [42], who are
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qualified in coffee quality control and certified in coffee sensory analysis [43]. Each of the
five tasters evaluated five cups of each coffee sample.

2.5. Statistical Analysis

The analyses were performed using the SAS/STAT software version 9.4 [44]. The
average, deviation, median, minimum, and maximum of the sensory scores were obtained
for the attributes (Fragance/aroma, Flavor, Aftertaste, acidity, body, balance), and a to-
tal score was produced for each combination of height and temperature. Based on the
total score for all variables, for each elevation and temperature, the Wilcoxon test was
performed [45] to evaluate the differences between the samples from the treatment with
temperature-controlled fermentation and their respective controls (spontaneous fermen-
tation). An analysis of variance was performed to evaluate the effect of temperature on
cup quality. Since the residuals did not present a normal distribution but the variances
were homogeneous, the analysis was performed using the nonparametric Kruskal–Wallis
test [45].

With the set of complementary variables corresponding to the fermentation process,
including elevation (masl), temperature during fermentation, mucilage content, final pro-
cess time, initial and final pH, initial and final temperature, and percentage of fruits in
a state of maturity and immaturity, decision-tree classification was used to identify the
conditions that favored obtaining a clean cup. This procedure was carried out using the
WEKA tool, applying the algorithm or statistical classifier J48 for the decision tree [46].

The analysis of physiological profiles of microbial communities was performed using
a 5% LSD test on the carbon source groups to determine the differences between the control
treatments (spontaneous fermentations) and the treatment samples with controlled temper-
ature. A principal component analysis (PCA) was carried out to reduce the dimensionality
of the variable space and identify the relationship between the variables based on the
components. This association was illustrated using a biplot. Additionally, a hierarchical
grouping analysis of the variables and treatments was performed, the results of which are
represented by a heatmap. The results were obtained using the R software version 4.1.1 [47]
with the gplots package version 3.1.3 [48].

3. Results
3.1. Description of Coffee Fermentation Processes

The initial conditions of the fermentation process yielded a mucilage content between
27 and 31% and an initial temperature between 20.9 and 22.8 ◦C. These values presented an
upward and downward trend, respectively, with an increase in the elevation of the crop
related to the average climatic conditions for each farm (Figure S1). The initial pH in all the
samples from different elevation ranges remained in a narrow range of variation close to
5.25. The pH and temperature at the end of fermentation varied according to the processes
(Figure 2). The controlled fermentation conditions presented a final pH value close to 4.0,
while the value for spontaneous fermentation was close to 3.70. The final temperature
of the coffee mass depended on the control temperature, and spontaneous fermentation,
dependent on the ambient temperature, had an increase of approximately 4 ◦C.

The final fermentation time, as determined by the mucilage removal criterion (equal
to or greater than 95% removal), differed significantly depending on the fermentation
temperature. The spontaneous fermentation process presented an average of 15.7 h, with a
range between 12 and 19 h, while in the controlled processes, a longer fermentation time
was needed, which was approximately between 36 and 48 h for 15 ◦C and between 16 and
22 h for 30 ◦C. Likewise, the time analysis of the balance between the control temperature
and the fermenting coffee mass showed that in the controlled processes, the coffee mass was
under the selected temperature for more than 20 and 5 h for 15 ◦C and 30 ◦C, respectively
(Figure 3A). During this time, a decrease in pH was recorded, indicating that fermentation
continued from the moment that the equilibrium temperature was reached, and the pH of
the process ranged between 4.13 and 4.43 (Figure 3B).
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3.2. Microorganism Identification and Physiological Profiles of Microbial Communities

The AAB population count was the lowest among the groups of microorganisms,
with an average of 5.4 log CFU/mL, while the counts of AMB and LAB were close to
8 log CFU/mL. At the same time, the yeast count had an average of 7.7 log CFU/mL,
and this value did not differ by treatment (Table S2). Of these microorganisms, 44 strains
were isolated, purified, and then identified using the culture-dependent methods based
on identification plates with 95 substrates specific for LAB and yeasts, mainly the genera
Lactobacillus, Hanseniaspora, and Pichia (Table 2). Table 2 also shows the similarity index
(SIM) value, which indicates the correct identification of a sample; a value of one indicates a
perfect match, a value of zero means that there is no match, and a value close to one indicates
a good match. For the YT plates used for yeast identification, the SIM value is >0.75 at
24 h of incubation and >0.5 at 48 or 72 h of incubation. For the AN plate used in the
identification of LAB, the SIM value is >0.5 between 20 and 24 h of incubation. Likewise,
the DIS value indicates the approximate number of discrepancies between the results of the
microplates and the patterns identified from a database for these species, and a lower value
indicates a better match. For the strains identified as Lactobacillus (reported in Table 2), the
SIM value is lower than the value required by the system for identification at the species
level, so identification was performed at the genus level.

Table 2. Identification of lactic acid bacteria (LAB) and yeasts isolated from the wet fermentation of
coffee beans using the BiologTM System.

Microbial Group Incubation Time (h) SIM Value DIS Value Outcome ID

Yeast 72 0.601 1.000 Candida sorboxylosa SF,4

Yeast 72 0.939 0.416 Cryptococcus laurenti TC,2
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Table 2. Cont.

Microbial Group Incubation Time (h) SIM Value DIS Value Outcome ID

Yeast 72

0.917
0.790
0.780
0.819

0.000
2.000
2.000
1.000

Hanseniaspora guilliermondii/uvarum/valb TC,1−5

Yeast 72 0.611 5.210 Pichia guilliermondii B SF,4

Yeast 72 0.718 0.138 Pichia ohmeri A TC,2

Yeast 72 0.811 2.510 Pichia sydowiorum SF,2

Yeast 72 0.522 2.547 Schizosaccharomyces pombe var malidevora TC,2,3

Yeast 72 0.524 7.351 Wickerhamiella domercqiae TC,2

LAB 24 0.518 3.707 Leuconostoc mesenteroides ssp cremoris SF,5

LAB 24 0.563
0.523 - Lactobacillu 2,5

LAB 24 0.742 1.805 Lactobacillus plantarum SF,3

LAB 24 0.656 5.282 Weisella paramesenteroides TC,3

LAB 24 0.577 6.434 Lactobacillus pentosus TC,3

LAB 24 0.522 7.009 Lactobacillus delbrueckii ssp lactis TC,5

SF: spontaneous fermentation; TC: temperature controlled; elevation: 1: <1200, 2: 1200–1400, 3: 1400–1600,
4: 1600–1800, and 5: >1800.

Of the 31 carbon sources supplied to the microbial communities to determine the
physiological profiles, differences in adaptation were observed colorimetrically (Figure S2).
Once the data were standardized, the consumption of substrates in each sample was
determined based on the average value of the activity on each compound (OD590). The
data matrix was subjected to PCA for exploration and visualization of the information
based on the variances in the samples (Figure 4). The first component explains 84.59%
of the variability, and most of the substrates used by the microbial communities were
associated with this component. In the analysis of the information based on elevation,
no differences were identified between the established ranges. Therefore, the projection
of the variables was carried out using the variable temperature. The compounds that
contributed the most to variability were carbohydrates and carboxylic acids. Most of the
substrates were associated with the first component, while the second component was
mainly associated with two compounds, i-erythritol and 2-hydroxy benzoic acid. Likewise,
the groupings are shown in the figure based on the fermentation temperature: 30 ◦C in
the lower right quadrant, 15 ◦C in the left quadrant, and spontaneous fermentation in the
upper right quadrant.

The analysis of the least significant difference (LSD at 5%) carried out on a group
of substrates showed that the microbial communities in the controls did not differ in
their behavior before the application to different compounds; however, a significantly
greater change was observed (p < 0.05) in the communities isolated from the fermentation
conditions with controlled temperature, mainly for those carried out at 15 ◦C for the
consumption of carbohydrates, carboxylic acids, and amino acids (Table S3).

Additionally, the heatmap shows the change in substrate consumption values between
spontaneous fermentation and fermentation with temperature control (Figure 5). The
hierarchical grouping indicates three groups of compounds based on the activity of the mi-
crobial communities on them: the first group is composed of two polyalcohols, i-erythritol
and D-mannitol. The second group consists mostly of aromatic carboxylic acids, amines,
polysaccharides, and most amino acids, and the third group consists of carbohydrates such
as monosaccharides, acid sugars, disaccharides, and short-chain acids. The hierarchical
grouping separates the behavior of the community isolated from the fermentation process
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carried out at 15 ◦C, since the activity on these substrates tends to be higher for most
compounds, especially the carbohydrates of the third group.
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3.3. Coffee Beverage Quality

The coffee obtained from different fermentation processes was ranked as “specialty
coffees” and categorized “very good” and “excellent”, according to the classification scheme
of the SCA [41]. The fermentation performed at a temperature of 15 ◦C and the coffee from
above 1800 masl obtained the highest percentage of samples with clean cups, at 91.3% and
100%, respectively. These results agree with the grouping by temperature according to
the consumption of substrates of the microbial communities from fermentation at 15 ◦C,
which presented higher activity, growth, and transformation capacity of the compounds.
The quality of coffee obtained by spontaneous fermentation used as the control did not
show significant differences (p > 0.05, based on the Wilcoxon test), which enabled the
comparison of the quality among the treatments. In general, higher scores were observed
for fermentation carried out with temperature control than for spontaneous fermentation,
and significantly higher quality was found (p < 0.05, based on the Kruskal–Wallis test) only
when fermentation was performed at 30 ◦C with coffee coming from plantations between
1201 and 1400 masl.

On the other hand, considering only fermentation temperature, the average, minimum,
and maximum values for the total score of the sensory evaluation were higher for fermen-
tation performed at 15 ◦C (Table 3). Moreover, considering the elevation range of the crop,
the coffee quality scores did not follow a defined pattern, although the highest average SCA
score values were obtained for coffee produced at elevations higher than 1800 m, which
was also the elevation range with the least variability independent of the fermentation
temperature. However, no significant differences were observed in cup quality, regardless
of temperature and elevation range (p > 0.05, according to the Kruskal–Wallis test).

Table 3. Descriptive statistics for coffee quality (SCA points) obtained via the fermentation of coffee
cultivated at different elevations with and without temperature control.

Statistics Treatment
Elevation Range (masl)

<1200 1201–1400 1401–1600 1601–1800 >1800

Mean

SF 78.6 73.0 79.2 75.8 82.0

15 ◦C 68.0 82.7 82.4 81.7 83.0

30 ◦C 74.2 70.5 82.2 75.1 82.5

Standard deviation

SF 9.5 13.1 8.7 12.3 1.3

15 ◦C 16.0 1.7 1.2 1.7 1.7

30 ◦C 13.9 15.1 0.7 13.9 1.6

Median

SF 81.8 80.5 82.0 81.4 82.2

15 ◦C 67.7 83.2 82.6 81.4 82.6

30 ◦C 80.8 80.1 82.2 81.6 83.0

Minimum

SF 53.3 53.7 54.6 53.9 79.9

15 ◦C 53.8 80.0 80.7 80.2 81.2

30 ◦C 53.3 53.7 81.0 54.3 79.9

Maximum

SF 82.9 82.5 83.2 83.1 84.1

15 ◦C 82.7 84.2 83.8 84.0 85.8

30 ◦C 81.8 82.5 83.0 83.0 84.1

The scores for the attributes of the samples that presented clean cups ranged between
7.0 and 8.0. The graphs of the averages are shown in Figure 6. Fragrance/aroma was the
attribute that stood out the most for fermentation at 15 ◦C with coffee grown above 1800 m
and between 1401 and 1600 m, as well as for fermentation at 30 ◦C with coffee produced
between 1401 and 1800 m. Acidity was also highlighted, especially when coffee produced
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between 1401 and 1600 m was fermented at a controlled temperature of 15 ◦C. Body and
aftertaste were highlighted in the coffee produced between 1401 and 1600 m when the
fermentation process was controlled at 30 ◦C.
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Figure 6. Averages of the main attributes of coffee beverage quality obtained for spontaneous
fermentation (A) and temperature-controlled fermentation at 15 ◦C (B) and 30 ◦C (C).

Finally, using a decision-tree classification method based on the data for all the vari-
ables measured in this study, two main variables were obtained: elevation of the crop and
fermentation temperature (Figure 7). Using this method, an adequate classification of 84.4%
is achieved, indicating that for coffee produced at an elevation above 1600 m, there is a
high probability of obtaining a clean cup, regardless of the fermentation temperature. For
coffee grown below this elevation, a higher probability of a clean cup is obtained when the
fermentation temperature is below 30 ◦C.

Agriculture 2023, 13, x FOR PEER REVIEW 12 of 18 
 

 

fermentation temperature (Figure 7). Using this method, an adequate classification of 
84.4% is achieved, indicating that for coffee produced at an elevation above 1600 m, there 
is a high probability of obtaining a clean cup, regardless of the fermentation temperature. 
For coffee grown below this elevation, a higher probability of a clean cup is obtained when 
the fermentation temperature is below 30 °C. 

 
Figure 7. Schematic of the decision tree used to determine the characteristics of coffee with a clean 
cup from the variables associated with the fermentation process measured in this study. 

4. Discussion 
Fermentation is an important stage in the postharvest process to obtain high-quality 

coffee. This study proposed an approach for the application of temperature-controlled 
fermentation based on the knowledge of variables that influence the fermentation process 
for coffee grown on different coffee farms located at a wide range of elevations. The start-
ing point was information about the initial characteristics of the fruits, which change de-
pending on the origin; the higher the elevation is, the higher the relative humidity and 
precipitation, and the lower the ambient temperature (Table S1) [34]. These factors, to-
gether with the rheological characteristics of mucilage, such as its strong water retention 
capacity [49], cause the proportion of mucilage in the fruits to vary according to the cli-
matic condition that is present at the time of harvest, with the proportion being higher at 
higher elevations (Figure S1). The temperature conditions of the camp base, where the 
fermentation process was carried out, kept the time needed for spontaneous fermentation 
within a narrow range of variation. Regardless of the origin of the coffee, cultivation ele-
vation can modify some factors at the bean level, such as size [15] or apparent density 
(Table S4), but it does not affect the fermentation process. Moreover, the initial tempera-
ture was influenced by the heat at the growing site, given its inverse relationship with the 
elevation of the crop, which imposed a challenge to obtaining a control temperature dur-
ing fermentation, especially for the treatment at 15 °C and beans from a low elevation. 
However, the time needed to reach an equilibrium temperature depended on the control 
temperature: between 15 and 19 h for fermentation at 15 °C and between 11 and 12 h for 
fermentation at 30 °C to achieve values that remained stable at 16.4 ± 0.1 °C and 29.5 ± 0.2 
°C, respectively, until the end of the fermentation process. These values corresponded to 
the point at which the temperature of the coffee mass was similar to the control tempera-
ture. Other studies that considered modifications to the ambient temperature indicated 

Figure 7. Schematic of the decision tree used to determine the characteristics of coffee with a clean
cup from the variables associated with the fermentation process measured in this study.

4. Discussion

Fermentation is an important stage in the postharvest process to obtain high-quality
coffee. This study proposed an approach for the application of temperature-controlled
fermentation based on the knowledge of variables that influence the fermentation process
for coffee grown on different coffee farms located at a wide range of elevations. The starting
point was information about the initial characteristics of the fruits, which change depending
on the origin; the higher the elevation is, the higher the relative humidity and precipitation,
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and the lower the ambient temperature (Table S1) [34]. These factors, together with the
rheological characteristics of mucilage, such as its strong water retention capacity [49],
cause the proportion of mucilage in the fruits to vary according to the climatic condition
that is present at the time of harvest, with the proportion being higher at higher elevations
(Figure S1). The temperature conditions of the camp base, where the fermentation process
was carried out, kept the time needed for spontaneous fermentation within a narrow range
of variation. Regardless of the origin of the coffee, cultivation elevation can modify some
factors at the bean level, such as size [15] or apparent density (Table S4), but it does not
affect the fermentation process. Moreover, the initial temperature was influenced by the
heat at the growing site, given its inverse relationship with the elevation of the crop, which
imposed a challenge to obtaining a control temperature during fermentation, especially for
the treatment at 15 ◦C and beans from a low elevation. However, the time needed to reach
an equilibrium temperature depended on the control temperature: between 15 and 19 h for
fermentation at 15 ◦C and between 11 and 12 h for fermentation at 30 ◦C to achieve values
that remained stable at 16.4 ± 0.1 ◦C and 29.5 ± 0.2 ◦C, respectively, until the end of the
fermentation process. These values corresponded to the point at which the temperature
of the coffee mass was similar to the control temperature. Other studies that considered
modifications to the ambient temperature indicated that an increase in this variable was
typical of spontaneous fermentation under the conditions applied, since they presented an
increase of between 3 and 5 ◦C [29,50].

On the other hand, it is evident that the duration of fermentation depends on the
temperature at which the process is carried out; therefore, it is important to establish
reference parameters to identify the conclusion of the process, such as the removal of
mucilage, to guarantee that the fermentation process has been performed well. It is
known that incomplete fermentation and overfermentation have a high probability of
affecting sensory quality [6,9,16,51]. Some proposed methods to improve coffee quality
have included fixing the fermentation time [14,21,52] and establishing the temperature
change as criteria for defining the duration of the process [10,11]. However, the duration of
fermentation can be one of the most variable aspects, depending on external conditions,
and short times at low temperatures could limit the desired development of fermentation
and influence the final result. This is the case for fermentation carried out at 11 ◦C for 24 h,
in which only a greater abundance of genes related to microbial activity was observed
in the final sample [30]. In contrast, prolonged fermentation times without temperature
control could generate overfermentation, which also affects quality [16,53]. Our results
suggest that temperature control prolongs fermentation even when this control is carried
out at temperatures greater than the ambient temperature. In addition, temperature control
affects the behaviors of other parameters such as pH, such that the controlled fermentation
conditions presented a value close to 4.00 in contrast to the value of 3.70 in spontaneous
fermentation. Although a direct association has not been found between the final pH value
during fermentation and the quality of the resulting coffee [54], some authors suggested
that it is advisable to allow fermentation to continue until the pH values fall below 4.0 to
improve quality [16,55,56].

The high microbial diversity, which is characteristic of coffee fermentation, allows us
to intuit that a great variety of microorganisms are active on the mucilage, although the
conditions of the process are varied. The indices of diversity, uniformity, and richness of the
microbial communities determined based on the consumption of substrates at the end of
the fermentation process account for this result in an indirect way, since they demonstrate
the ability of microorganisms to grow in different carbon sources, such as lactic acid and
malic acid (BAL) [57], and different types of carbohydrates (yeasts) [52,57–60]. The results
are related to the high metabolic activity of the microorganisms that participated in the
fermentation process, especially when fermentation was carried out at 15 ◦C (Table S3).
Fermentation of coffee is dominated mainly by mesophilic microorganisms, whose popula-
tions are the most abundant [59,61]. In general, the counts of all the microbial groups were
higher for fermentation carried out at 15 ◦C. Microorganisms of the LAB and yeast groups
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are considered to play an important role in the development of desired metabolites during
coffee fermentation [10,52,57,59,62]. In this work, the populations of these microbial groups
had the highest proportions (Table S2). The microorganisms identified at the end of the
fermentation process in this study, i.e., the genera Lactobacillus, Leuconostoc, Hanseniaspora,
Pichia, and Candida, have been frequently reported in coffee fermentation, with a tendency
to increase in population size during the course of the fermentation process [23,60,63].
Other genera of yeasts and LAB identified in this work in the treatments with temperature
control are less abundant but are present in coffee fermentation. Cryptococcus has been
observed and is likely related to pectinolytic activity [27]. Weisella [56,59] has been strongly
related to the production of acetoin, a desired metabolite for the quality of coffee in crops
grown at an elevation of 1000 m in Brazil [64]. For Schizosaccharomyces pombe, reports are
scarce, and its presence seems to be more frequently related to the fermentation of cocoa
than coffee [65]. However, in this research, it was detected in the temperature-controlled
fermentation of coffee grown at elevations between 1200 and 1600 m.

Although it has been argued that the climatic conditions at higher elevations are
a determining factor in coffee quality [10–12], this study showed that it is possible to
produce high-quality coffee from crops grown at a wide range of elevations and processes
through both spontaneous fermentation and temperature-controlled fermentation. Even
though significant differences in sensory scores are absent, the behaviors observed are
more closely related to the modifications made to the fermentation process than to the
origin of the coffee. This result is similar to that obtained in other producing countries,
with different particularities at each site [21,23]. Fermentation processes, different from
the spontaneous process, have resulted in changes in the chemical composition of green
coffee beans, which are perceived later in the drink as having fruity, floral, and caramel
notes [22,31]. The tendency to obtain lower scores for flavor/aroma with the treatments
carried out at 15 ◦C could be related to the formation of compounds, such as organic acids,
aldehydes, esters, and ketones, that are formed during fermentation and highlight the
sensory profiles of coffee [30,31]. This is related to the greater activity of the microbial
communities on the substrates used from fermentation with controlled temperature at this
temperature (Figure 5).

Our results indicate that the main differences in quality as determined by elevation
could be summarized into two conditions: cultivation above and below 1600 masl. This
finding should be considered in future research. Likewise, controlled fermentation at 30 ◦C
had a negative effect on coffee produced at elevations below 1400 m, which is probably
related to the increase in the activity of bacteria that produce organic acids and alcohols,
such as ethanol and mannitol. These organic acids are oxidized to acetic acid by AAB, such
as Gluconobacter and Acetobacter [59], whose greater abundance is related to the fermentation
of low-elevation coffee and the lowest pH values [54].

Controlling the fermentation temperature is necessary not only for the process devel-
opment, but also to satisfy the demands of consumers regarding the improvement in coffee
sensory profiles. In this sense, the main efforts with promising results have focused on
achieving control of fermentation through the establishment of microbial starter cultures,
the activity of which produces compounds that modify the chemistry of the coffee beans
and highlight the attributes of the drink [11,16,27,61,66–68]. Based on the results obtained
in this research, temperature control is another mechanism by which the same effect can
be achieved to determine the optimal conditions that can support the desired behaviors
among native microbiota. In addition, the use of starter cultures can lead to contamination
in open tanks [27], and this approach is associated with a high cost, although it can be
compensated by the value of specialty coffee, especially when it exceeds 85 points in the
SCA scale [68]. Finally, fermentation is a stochastic process in which it is difficult to control
the large number of factors that influence the ability to achieve high-quality coffee and
the desired consistency. However, temperature control is one of the simplest methods by
which to reduce this variability. Given the exothermic characteristics of fermentation, the
results of this research suggest the need for further innovations in the evolution of this
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process, the developments of machinery and equipment that take into account the need for
agitation, and the use of cylindrical tanks and/or materials that allow the transfer of heat
at the desired levels.

5. Conclusions

This study showed that performing fermentation at a controlled temperature gen-
erated changes in the process conditions, such as the time needed for the degradation
of mucilage, as well as the temperature and the activity of the microbial communities
present, which indicated the potential to alter the fermentation process to improve the
quality of the drink. The potential of obtaining high-quality coffee from crops cultivated at
all the elevation ranges evaluated was also confirmed. However, the number of samples
with a clean cup was higher when fermentation was carried out at 15 ◦C. Compared to
spontaneous fermentation, fermentation at 15 ◦ C resulted in a 5.9% improvement in clean
cups, while fermentation at 30 ◦ C resulted in a 15.3% improvement. The lowest cup
scores were obtained when fermentation was carried out at 30 ◦C with coffee produced
at elevations below 1200 m; these scores were significantly different from those for coffee
processed at 15 ◦C and cultivated at 1200 m. The highest cup quality score was 85 SCA
points and corresponded to temperature-controlled fermentation of coffee cultivated at the
highest elevation. Our findings are relevant for the development and design of controlled
fermentation processes, with temperature serving as an initial parameter for improving the
sensory experience of coffee.
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Color development (AWCD) in samples obtained at the end of fermentation with and without con-
trolled temperature. Table S1: Information on the geographical locations and average environmental
conditions of the coffee farms sampled in the department of Quindío, Colombia. Table S2: Microbial
populations in the coffee samples at the end of the fermentation period with and without temperature
control for coffee grown at each elevation range (log CFU/mL). Table S3: Averages and standard
deviations of diversity (H), richness (S), and evenness (E) for fermentation with and without tempera-
ture control for coffee grown at each elevation range. Table S4: Averages and standard deviations of
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