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Abstract: Coffee is one of the most consumed beverages in the world, and its popularity has prompted
the necessity to constantly increase the variety and improve the characteristics of coffee as a general
commodity. The popularity of coffee as a staple drink has also brought undesired side effects, since
coffee production, processing and consumption are all accompanied by impressive quantities of
coffee-related wastes which can be a threat to the environment. In this review, we integrated the
main studies on fermentative yeasts used in coffee-related industries with emphasis on two different
directions: (1) the role of yeast strains in the postharvest processing of coffee, the possibilities to use
them as starting cultures for controlled fermentation and their impact on the sensorial quality of
processed coffee, and (2) the potential to use yeasts to capitalize on coffee wastes—especially spent
coffee grounds—in the form of eco-friendly biomass, biofuel or fine chemical production.
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1. Introduction

Along with tea, coffee is one of the most important habitual and social beverages in
the modern world. Coffee represents an essential worldwide commodity and the major
export commodity of around 70 tropical and subtropical countries [1]. In December 2020,
the United States Department of Agriculture forecast the world coffee production for
2020/2021 at 175.5 million bags (60 kg per bag), which represents an increase of 7 million
bags compared to the previous year [2]. The world market is dominated by two species of
coffee: Coffea arabica (Arabica) and Coffeea canephora (Robusta). Arabica is native to Ethiopia,
while Robusta is native to Central Africa. As suggested by its name, Robusta grows in
dry areas, having a bitter taste and approximately double caffeine content compared to
Arabica [3]. Although its caffeine concentration is lower, Arabica is considered to have
higher quality, due to its organoleptic qualities [4]. Even so, both species are cultivated
almost in equal amounts, Arabica and Robusta accounting for 56.6% and 43.4% of world
production, respectively [2]. The subspecies of Robusta include Comilon, Kouilloi, Niaouli
and Uganda, while the Arabica varieties include Moka, Maragogype, Bourbon, Mundo
Novo, Caturra, Icatu, Catuai and Catimorand Creole [4].

Due to the high content of caffeine and of other valuable nutraceuticals such as caffeic
acid, chlorogenic acid and a plethora of other polyphenols with antioxidant proprieties,
coffee has important and well documented pharmacological significance. The chemical
composition (organic acids, sugars, aromas including heterocyclic compounds) determines
the strength, the taste and the flavor, but the quality of the coffee also depends on physical
factors (size, color and defective beans) [5]. There are also numerous other factors which
influence the quality of the final product, which include geographical origin and climate,
temperature variations, altitude, species, harvesting methods, processing procedures and
storage [6]. As for the end product, the coffee quality is evaluated in terms of acidity,
sweetness, bitterness and aroma [7].

Yeasts, especially from the genus Saccharomyces, have been used since ancient times
for baking, brewing, distilling, winemaking and other fermented beverage production
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(e.g., sake, palm wine) [8]. S. cerevisiae is one of the most studied microorganisms in both
fundamental and industrial research, and the study of S. cerevisiae under wine fermentation
conditions is one of the oldest and most representative research in biotechnology [9]. The
natural habitats of yeasts include fruits, cacti, the bark of trees, soil, etc. A multitude of
strains have been isolated from different sources and environments (industrial, labora-
tory, wild isolates); among numerous sources, yeasts were also isolated from unroasted
coffee [10]. S. cerevisiae is highly used in the fermentation processes involved in coffee
production or valorization of coffee waste residue. Besides S. cerevisiae, numerous yeast
species from different genera have been detected in the coffee processing steps, which
include Pichia, Candida, Saccharomyces and Torulaspora [11,12]. The coffee’s aroma is the
result of a mix of over 800 volatile chemical compounds and the main chemical classes of
compounds generated in coffee during and after fermentation with yeasts are: acids (citric,
malic, succinic, chlorogenic and quinic acid), volatile compounds (alcohols, aldehydes
and esters), furans, furanones, pyrans, and pyrones, ketones, lactones; phenols, pyrazines;
pyridines, pyrroles and thiophene [12].

This mini review aims to offer a picture of the utility of yeasts in coffee processing, with
a special focus on the studies revealing the influence of this fermentative microorganism
on both the quality and chemical content of coffee-based beverages but also on its potential
for the transformation of coffee residues in a value-added product.

2. Yeasts and Coffee Processing

The ripe coffee fruit used to obtain the coffee beans is called coffee cherry or coffee
berry. The bean itself is the seed /pit inside the cherry, and—when roasted and ground—the
source of the coffee beverage. The steps followed from cherry harvesting to obtaining the
final product (roasted coffee) are presented in Figure 1a. The structure of the coffee cherry
consists of the outer skin (pericarp), silverskin (perisperm) and coffee seed (endosperm)
(Figure 1b, left). The pericarp consists of three layers, which from outside are: the exocarp
(pulp), mesocarp (mucilage) and endocarp (parchment) [4].

2.1. Drying Methods

After harvesting, the ripe cherries are processed using three methods—wet, dry and
semi-dry—which are crucial for the quality of the final product, as these methods influence
the chemical composition of the end-product and determine the sensory characteristic of
the coffee beverage [13]. The oldest and least sophisticated processing approach is the dry
method, in which the coffee beans (the pit inside the cherry, and the source of the coffee
beverage) are fermented and dried in the sun. The coffee cherries are washed and spread
on platforms (or ground, concrete or tarmac) and laid to sun dry for 10 to 25 days until
the beans’ moisture decreases to 11-12%. During this time, natural fermentation occurs,
when enzymes from different microorganism are secreted, and the pulp and mucilage
are degraded [14]. During this process, widely applied in Brazil and Ethiopia, the drying
operation is the most important step because it affects the final coffee quality [15]. As
expected, naturally-dried coffee is often associated with a high-quality product [16].

In the semi-dry method, the coffee beans are separated from the fruit by pulping. In
this step, the exocarp and most of the mesocarp (also called mucilage) are removed, then
the beans are allowed to sun dry until 10-12% moisture content is reached. Concomitantly
with the drying step, the fermentation process occurs and the microorganisms degrade the
mugcilage [17]. This method is widely used in Brazil [14], and has its beginnings in the early
1990s [13,16].

Wet processing is widely used in some regions, including Colombia, Central America,
and Hawaii [13]. In this method, the pulp and peel are mechanically removed from cherries,
then the beans are placed in water tanks and submerged in water for 6-72 h to remove
the mucilage [11,14,18]. This step also allows fermentation, and the remaining mucilage
(comprising around 5% of the coffee cherries” dry matter) that adheres to the coffee pulp
is degraded [19]. The fruits are then spread over patios or dried mechanically [20]. The
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fermentation process ends when the mucilage layer is removed and the beans are allowed
to sundry. A disadvantage of this method (applied mainly for Arabica species) is that
huge amounts of water are necessary during the pulp removal and in the fermentation
tanks [21,22]. The coffee husk and pulp have similar compositions: 7.5-15% protein,
2.0-7.0% fat and 21-32% carbohydrates [23].
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Figure 1. From coffee cherry to coffee bean. (a) The main steps followed to obtain coffee beans. (b) The fate of coffee fruit
on the road to roasted beans. The structure of coffee cherry consists of the outer skin (pericarp), silverskin (perisperm)
and coffee seed (endosperm). The pericarp represents the outer three layers of the fruit: the exocarp (pulp), mesocarp
(mucilage) and endocarp (parchment) [4]. In the dry method (top) commonly used for Robusta varieties, the coffee cherries
are sun-dried until the moisture content is between 10% and 12%. The dried cherries are called coffee balls. In the wet
method (bottom), applied mainly for Arabica varieties, the cherries are de-pulped to remove the skin and pulp. The
resulting beans remain covered with a gluey texture similar to honey, the mucilage, which is subsequently removed by
fermentation. After washing and drying to moisture content 10% to 12%, the coffee parchment is obtained, which represents
the coffee beans surrounded by their endocarp (parchment) and perisperm (silver skin). The hulling is the process where the
hull (parchment, in the wet method) of the coffee parchment or husk of the coffee ball (in the dry method) is mechanically
removed [24]. The green coffee beans are obtained after hulling, and in the next step, the green beans are sorted and
roasted [25].

2.2. Yeast as Starter Cultures in Coffee Processing

It is widely believed that coffee fermentation by inoculating different microorganisms,
processed by different methods, increase the production of volatile compounds and conse-
quently improve the flavor and aroma of the beverage [6,26,27]. The different fermentation
methods used in the step of mucilage removal can change the chemical composition of
green coffee through the action of microbial and/or endogenous coffee enzymes [28]. The
mucilaginous layer is formed of polysaccharides (especially pectins). The pectinolytic
enzymes (pectinases) from microorganisms (bacteria or yeasts) achieve the degradation
of the pulp and mucilage to form alcohols and acids (acetic, malic, lactic, butyric and
other long-chained carboxylic acids) [18]. The most important enzymes involved in cof-
fee fermentation are polygalacturonase (PG), pectin lyase (PL) and pectin methylesterase
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(PME). The time required for this step is a function of the processing methods [29,30]. The
selection of microorganism for the fermentation step is based on many criteria, such as PL
secretion, production of volatile compounds, the physical and chemical changes and the
lack of production of undesirable metabolites [20]. The starter cultures (selected as single
or multiple strains) are used to assure better fermentation control and predictability of the
final product [31]. The yeasts used as starter cultures influence the types of the compounds
produced during fermentation and after roasting, which are correlated with the sensorial
characteristics perceived during the cupping test. In this regard, the starter yeasts modulate
the sensory characteristics of the beverage and their utilization represents an alternative
for sensorial differentiation of coffee.

Different sensorial profiles of coffee increase the final value of the product [6]. Yeast
metabolism triggers the hydrolysis of macromolecules yielding reducing sugars, amino
acids and chlorogenic acids [32], which are important precursors of aroma. The sensorial
perceptions are correlated with chemical compounds identified and compared with the
procedures without microbial starters [33] and it was demonstrated that the starter cultures
have a great impact on coffee fermentation and directly affect the quality of the final
beverage, because there is a causal relationship between yeast cultures, organic acids and
volatile profiles [6].

The fact that yeasts possess both high pectinolytic activity and an important role
in the demucilaging of coffee was known since early studies, when it was revealed that
pectinolytic yeasts such as Saccharomyces marxianus, S. bayanus, S. cerevisiae var. ellipsoideus
and Schizosaccharomyces spp. have a role in the degradation of the mucilage layer of
Robusta coffee [34]. In fact, it was shown that yeasts are involved from the very start of the
process, as they lay on the cherry surface, taking part in the natural fermentation of coffee.
Later, by adding a mixture of selected pectinolytic yeasts to the normal fermentation, the
mucilage-layer degradation is accelerated. Especially, a mixture of Saccharomyces species
was remarkably effective leading to the complete elimination of pectic substances within
7 to 8 h [34].

2.3. Selection of Yeasts as Starter Cultures in Wet, Dry and Semi-Dry Processing

To identify the most suitable strains to be used as starters, natural isolates were
initially studied. In one of the early works, fifteen yeasts and bacteria isolated from dry
and semi-dry coffee processing were evaluated for their ability to produce pectinolytic
enzymes and organic compounds [20]. The strains cultivated on coffee peel and pulp
media in a single culture or two-by-two mixed inocula had different behavior concerning
PME, PL and PG [20], with the yeast strains showing a better behavior comparatively
with bacterial strains, regarding both fermentation speed the quality of a dry fermentation
process. Very good strains to be used as starter cultures evaluated for their ability to
ferment the coffee pulp were identified as strains of S. cerevisiae, Pichia guilliermondii and
Candida parapsilosis [20].

To identify the best yeast strains suitable for the wet-processing of coffee cherries, eight
different yeast strains belonging to species Wickerhamomy cesanomalus, Saccharomycopsis
fibuligera, Papiliotrema flavescens, Pichia kudriavzevii, and S. cerevisine were isolated, identified
and characterized and subsequently selected based on the ability to produce pectinases.
All strains had yielded good results on two growth media: coffee pulp media and synthetic
pectin media, but the S. cerevisiae strains produced superior pectin methylesterases [30].
Additionally for the wet method, the performance of yeasts was evaluated concerning the
sensory quality and compounds profile, using S. cerevisiae and Torulaspora delbrueckii strains
on Mundo Novo and Catuai coffee varieties. The study demonstrated that 18 volatile
compounds were detected in green coffee, and 75 volatile compounds in roasted coffee.
This difference was attributed to chemical reactions such as the nonenzymatic browning,
including Maillard reaction, and also to Strecker degradation of proteins and other degrada-
tion reactions of sugars and polysaccharides. Both yeast inoculations improved the sensory
quality of the Catuai and Mundo Novo variety of coffee, and two important contributors
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to the coffee aroma (2-furanmethanol propanoate and 2-ethyl-3,5-dimethylpyrazine) were
identified. Nevertheless, T. delbrueckii was better adapted and presented more promising
results in relation to the sensorial analysis [35].

In a different study made on Arabica, variety Catuai Vermel, three yeasts (including S.
cerevisiae) and six bacterial starters were inoculated in coffee beans pre-sterilized by auto-
claving, followed by wet fermentation. Scanning electron microscopy was used to observe
microbial adhesion, revealing that adhesion of inoculated microbial cells reached a maxi-
mum after 48 h of fermentation. As expected, the microorganism influenced the chemical
composition of the coffee, especially the precursors of the flavored markers, such as heptade-
canol, 4-hydroxy-2-methylacetophenone, 7-methyl-4-octanol and guaiacol. In yeast-treated
coffee, heptadecanol, 4-hydroxy-2-methylacetophenone, 4-ethenyl-1,2-dimethoxybenzene
were found, while 2-methyl,1-butanol was found only in bacterial-treated beans. At the
same time, guaiacol was found only in the coffee inoculated with Bacillus subtilis as a starter.
The study reconfirms the possibility of starter’s selection for a targeted quality of coffee,
and that yeast starters ensure volatile alcohol production, while the bacterial starters ensure
good production of acids. For yeasts, heptadecanol and 4-hydroxy-2-methylacetophenone
(important for anticancer and antioxidant proprieties [36]) can be used as markers, while
for bacteria, 7-methyl-4-octanol can be used to prove their presences and their metabolically
active status during fermentation and guaiacol can be used only for B. subtilis strains [37].

Also using the wet method, a study on a strain of Pichia fermentans strain was shown
that the yeast can be used as a starter culture to conduct controlled coffee bean fermentation.
Using P. fermentans inoculum leads to an increased concentration of volatile compounds
responsible for specific aroma (ethanol, acetaldehyde, ethyl acetate and isoamyl acetate)
and a decreased production of lactic acid during the fermentation process. [38].

In a study on 144 yeasts isolated from spontaneously fermenting coffee beans, 9 iso-
lates were evaluated for their potential to produce aromatic compounds in a coffee pulp
simulation medium and for their pectinolytic activity. It was observed that one S. cerevisiae
strain had the best pectinase activity, while a strain of Pichia fermentans produced the
highest concentrations of flavor-active ester compounds (ethyl acetate and isoamyl acetate).
In the wet fermentation experiments, using P. fermentans YC5.2 as inoculum, single or
in combination with Saccharomyces sp. YC9.15, significant enhancement of the volatile
aroma compounds was noted, with higher sensory scores for fruity, buttery and fermented
aroma. The research indicated the starter inocula can indeed improve the coffee quality, at
the same time giving the possibility to control and standardize the fermentation process
towards final products with novel and desirable flavor profiles [38,39]. In a similar study
involving wet fermentation of Australian coffee beans, 6 yeast and 17 bacterial species were
identified, the yeasts having a major role in decreasing of pH and in producing compounds
linked to superior coffee quality. Among the yeast species, Hanseniaspora uvarum and Pichia
kudriavzevii were predominant, exhibiting enzymatic activities relevant for coffee bean
fermentation [40].

2.4. Role of Yeasts in Controlling the Production of Non-Desired Compounds

The pharmacological effects of coffee have been intensively studied, and some of
the endogenous compounds of coffee were shown to be associated with gastric irritation
or increased blood cholesterol. These compounds are caffeine [41], chlorogenic acids,
-N-alkanoyl-5-hydroxytryptamides (C-5HTs) [42,43] furokaurane, diterpenes, cafestol
and kahweol [44]. To decrease the content of these potentially toxic compounds, the
producers use different approaches, such as steam treatment (for caffeine and chlorogenic
acid removal) and wax removal (for 3-N-alkanoyl-5-hydroxytryptamides) from green
coffee beans [44]. In a study on the coffee fermentation by three S. cerevisiae strains as
starter cultures (bakery, white and sparkling wines yeasts), an important decrease of C-
5HTs and of diterpenes cafestol and kahweol was recorded. Importantly, the fermentation
did not affect the caffeine or 5-caffeoylquinic acid (5-CQA) contents, monitored in the green
coffee beans. Moreover, the use of starter cultures during the wet phase of processing had
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a positive influence on the content of some important health-related compounds, at the
same time improving the sensory quality of the beverage [44].

A study of the microbiota associated with the semi-dry process [13] revealed that
normally in the early stages of the fermentation bacteria prevail, while in the later stages
the yeasts are predominant, simultaneously with the decreasing of the moisture content.
Delays during the semi-dry fermentation and drying process can trigger the outgrowth
of filamentous fungi, potentially leading to food safety risk and decreased beverage qual-
ity [45]. Yeasts have an essential role in preventing oxygenic filamentous fungi growth and
boosting the production of pectinolytic enzymes, which helps the degradation of coffee
mucilage and pulp [18]. In this regards, a good selection of a starter for fermentation is
important to prevent the growth of filamentous fungi, especially producers of ochratoxin
A (OTA) [31].

2.5. Role of Yeasts in Obtaining Specialty Coffees

S. cerevisiae strains used in the semi-dry coffee fermentation process were shown
to have a special effect on chemical and sensorial properties of the final beverage by
influencing the carbohydrate composition towards a good yield of glucose and fructose,
also showing good adaptability to the fermentation process, and affording citric and
succinic acids which are determinant for the good quality of the coffee [46]. To control the
effect of yeast on the coffee flavor, the direct fermentation of sterilized green coffee beans is
preferable; such an evaluation was done in the semi-dry process using monocultures of S.
cerevisiae and P. kluyveri and assessing modifications on the final roasted coffee flavor. Using
this approach, it was seen that yeasts were necessary for enhanced production of volatile
compounds, also modulating the pathway of pyrolytic reactions during roasting [47].

2.6. Influence of Yeast Inoculation Methods on Chemical Composition of Coffee

Two methods of inoculating starter cultures were applied for different strains of
S. cerevisiae, Candida parapsilosis and Torulaspora delbrueckii in a study using the semi-dry
process: direct and bucket inoculation. The study revealed the benefit of the bucket method,
which allowed multiplication of cells during coffee processing, especially in the case of S.
cerevisiae [27].

Another method utilizing yeasts as starter cultures employed inoculation by directly
spraying the cherries with yeast suspensions before the drying process. The study was
achieved on three different yeasts (S. cerevisiae, Candida parapsilosis and Torulospora del-
brueckii) using Arabica var. Cataui Amarelo processed by the dry method. The spray
inoculation method was done in comparison to the buckets inoculation method and it was
found that the former method influenced the concentration of caffeine, chlorogenic acid
and trigonelline, while the concentration of citric and malic acids was high in both cases.
After roasting, the coffee inoculated with S. cerevisiae by the spraying method had an extra
caramel flavor, while the coffee inoculated with C. aparapsilosis had a fruity flavor (apple,
cherry). In all samples, furfural (caramel, toasted odor), 2-heptanone (banana, fruity) and
pyrazine-methyl (nutty, almond, sweet) were identified, with different intensities [48].

2.7. Yeast, Coffee and Climate

It was shown that coffees cultivated on soils at higher altitude have more expressive
notes of flavor, aroma and sweetness than coffees from warmer regions [11]. Beside
the microorganisms present in the coffee plants and in the post-harvest material, the
high temperatures negatively influence the final coffee quality. In a study involving
four methods of coffee processing and plants from six different altitude strata, it was
found that on high altitude areas, the method of spontaneous water-washed fermentations
or spontaneous semi-dry fermentations can positively influence the quality of the final
product [49]. On the other hand, for plants cultivated in hot areas at lower altitude, the
aroma of coffee was woodier, while plants grown at higher altitude, provide final products
with a wider variation of aroma [49]. To improve the quality of coffee obtained from
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plants grown in the less favored climatic areas, biotechnological approaches using yeasts
as starter cultures in the fermentation phase, especially S. cerevisiae, can be applied to gain
quality [12]. At the same time, it must not be overlooked that spontaneous fermentation is
more favorable for Arabica coffee grown at higher altitudes, while S. cerevisiae can improve
the quality of the coffee grown at lower altitude [49]. In a study that evaluated the dynamic
behavior of yeasts inoculated in coffee from different geographical origins, it was noticed
that inoculation with S. cerevisiae and T. delbrueckii leads to a differentiation of chemical
coffee composition and also to a superior sensorial profile, both yeast inoculation increasing
the coffee beverage scores [50,51].

2.8. Special Compounds in Yeast-Fermented Coffee

In unprocessed coffee, fruits contain citric, malic and succinic acids, which are main-
tained during fermentation. Together with chlorogenic and quinic acids, they are the main
acids in green coffee beans, favoring the sensorial characteristics of coffee [11]. At the
initial fermentation time, citric, malic, succinic, lactic, oxalic, isobutyric and isovaleric
acids prevail, together with numerous volatiles compounds. After fermentation, the main
compounds are acids (citric, oxalic and especially lactic acid), alcohols (2,3-butanediol,
2-heptanol, phenylethyl alcohol and benzyl alcohol) and aldehydes. In the batches inoc-
ulated with S. cerevisize and using the natural processing method, the presence of lactic,
isobutyric and isovaleric acids were not detected, in contrast with the coffee processed us-
ing the pulped natural method. The utilization of selected yeasts proved to be an alternative
for sensorial differentiation [6].

Some terpenes—such as 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one, DDMP
—described as an antioxidant compound [52], are metabolites formed by biosynthesis
during S. cerevisiae fermentations, conferring special characteristics to the coffee (sweet,
caramel and nut characteristics). Yeast-fermented coffees yield another special compound
named Cicloteno (2-hydroxy-1-methyl cyclopentene-3-one), an alcohol formed by the
Maillard reaction from the lactic aldehyde resulted from oxidation and/or degradation of
fructose, responsible for maple or caramel-like odor [32,48,53].

Many alcohols are produced by yeasts from intermediates of amino acid metabolism,
such as oxy-acids, subsequently subjected to formation of esters through an esterification
reaction between fatty acids and a molecule of alcohol. Ester formation may contribute
to floral and fruity sensory notes of coffees [54], and the use of yeasts, which have the
potential to increase the esters contents, may have a positive impact on the quality of the
coffee [12,20,32].

As can be easily observed, the role of the starter cultures in the coffee fermentation
process is to decrease the fermentation time, to improve the process control, to minimize
the growth of toxigenic fungi and to increase the sensory quality by the production of
metabolites that offer a special aroma to the final coffee product [15]. The main acids and
volatile compounds associated with flavor identified in green or roasted coffee from a
number of studies presented in this review are listed in Table 1.
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Table 1. Yeast strains used as starter inoculum in bean fermentation of coffee varieties and the main compounds in coffee associated with yeast fermentation.

Main Compounds Associated with Flavor

Yeast Type of Coffee Main Acids Detected Identified in Coffee Beans General Aroma Ref.
linalool, hexanal, 1-hexanol, 2-heptanol, benzyl

M. caribbica CCMA 0198 citric. malic alcohol, benzaldehyde, benzyl benzoate, ethyl sweet, fruity, and mint-like

S. cerevisine CCMA 0543 C. arabica var. succinic 1;1c tic o,x alic hexadecanoate, methylpyrazine, chocolate, nutty 6]

C. parapsilosis CCMA0544 Canario Amarelo Bourbon isobut /ric isolv alericl 2-ethyl-5-methylpyrazine, 2- citrus flavor (orange, lemon,
T. delbrueckii CCMA 0684 yue acetyl-6-methylpyrazine, ethyl phenylacetate, pineapple)
methyl-salicylate
. . . . 1-pentanol, 2-phenylethanol, acetaldehyde, .
S. cerevisiae UFLA YCN727 C. arabica var. Acai malrlg, I;;C;if’ gictiic’ok:(ggcnq hexanal, ethyl acetate, furfuryl alcohol, furfural, be iiﬁimiln%azzztltrel:{afoma [12]
S. cerevisine UFLA YCN724 ' ’ propiomc, N 7, 2,3-butanedione, isobutyl acetate, & &
succinic, isobutyric, tartaric at the end
3-methyl-1-butanol,

S. cerevisiae UFLACN 727 C. arabica, var. malic, isobutyrichexanoic, ethanol, 2-phenylethanol, acetaldehyde, sweet [20]

S. cerevisine UFLACN 724 Acaid decanoic, nonanoic 1,2-propanediol, ethyl acetate

S. cerevisine CCMA 0543 C. arabica var. citric, malic, succinic, lactic, 2,3—bgtaned1ol, 2,5td1methylpyrazme, s

o . . .. 2,3-dimethylpyrazine, glycerol and ethanol, fruit like, floral,
C. parapsilosis CCMA 0544 Catuai acetic, propionic, h 1 1 [27]
T. delbrueckii CCMA 0684 Amarelo isobutyric, chlorogenic exanal, sweet, caramel, nutty
' ’ 2-octenal, 5,9-undecadien-2-one, 6,10dimethyl-1
S. cerevisine CCMA 0200 C. a’gzlt:li var. malrl(c), li?)iilzl giiiit::C’ozggch’ 2-furanmethanol propanoate, caramel, fruity, refreshing, [35]
T. delbrueckii CCMA 0684 propionic, ' ’ 2-ethyl-3,5-dimethylpyrazine walnut, cane molasses
Mundo Novo succinic, tartaric
heptadecanol,
.. . . citric, succinic, isovaleric, 4-hydroxy-2-methylacetophenone,
yﬁi;fgi;igfgg&igggng C;Scﬁizaffi::n‘llslio isobutyric succinic citric, 4-ethenyl-1,2-dimethoxybenzene, phenylethyl - [37]
’ isobutyric, isovaleric alcohol,
1-eptadecanol, 2,3-dihydro 7-methyl-4-octanol
beta-linalool, 1-hexanol, nonanal,
3-methyl-benzaldehyde, 2-pentyl-furan, herbal or fruity caramel,
.. C. arabica var. Mundo Novo, citric, malic, succinic, acetic, ~ 3-ethyl-2-hydroxy-2-cyclopenten-1-one, musty, mushroom-like, nutty,

5. cerevisiae CCMA 0543 Ouro Amarelo hexanoic furfurylmethylether, coffee grounds-like, caramel, [46]
2,5-dimethyl-4-hydroxy-3(2h)-furanone, rasty, sweet
2,3-dimethylpyrazine

9 Yeasts including . pineapple-like and
Pichia fermentans YC5.2 C. arabica var. Mundo Novo acetic, latic, caprylic isoamyl acetate and ethyl acetate banana-like aroma, [38]

Saccharomyces sp. YC9.15

acetaldehyde

fruity and floral
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Table 1. Cont.
. . Main Compounds Associated with Flavor
Yeast Type of Coffee Main Acids Detected Identified in Coffee Beans General Aroma Ref.
Pichia fermentans YC5.2 C. arabica var. Catui citric, malic, acet.lc, suucinic, ethanol, acetfildehyde, vanilla taste [39]
fumaric ethyl acetat, isoamyl acetate floral aromas
S. cerevisiae . citric, malic, quinic, succinic, 3-methylbutanol, 2-phenylethanol,. nutty, smoky, fruity, caramel
o . C. arabica ! . 2-phenylethyl acetate, 2,3-butanedione, [47]
Pichia kluyveri lactic, formic . . aromas
4-vinylguaiacol
chlorogenic acids and trigonelline, benzyl
S. cerevisize CCMA 0543 ' acetic, citric, malic, succinic, alcohol and l-nor'lanol, hexanal, Zin-pentylfuran sweet chocolate'z odor
o C. arabica var. e . .. and 5,9-undecadien-2-one, 6,10-dimethyl-(Z), creamy, caramellic notes,
C. parapsilosis CCMA 0544 . lactic, isobutyric, propionic . [48]
.. Catuai Amarelo . . 1H-pyrrole, 1- (2-furanylmethyl), banana, fruity, nutty, almond,
T. delbrueckii CCMA 0684 pentanoic, butanoic .
2,3-pentanedione, 3-methyl- furfuryl alcohol, sweet
2-heptanone
ethyl palmitate, 2-furylmethanol octadecanal, .
butanoic acetyl-3-methylpyrazine, 2,3-dihydro-3,5- sweel, spicy, sweet potato,
S. cerevisiae C. arabica ! T ! caramel, burnt sugar, [49]

3-methylbutanoic

dihydroxy-6-methyl-4H-pyran-4-one,
5-methylfurfural

raspberries

S. cerevisiae CCMA 0543
T. delbrueckii CCMA 0684

C. arabica var. Bourbon

amarelo
Catucai amarelo
Rubi

acetic, citric, malic, lactic,
succinic

pyrrole and furan, 1-(3-methylpyrazine)
ethanone, methylphenol and
2,3-dimethyl-2-cyclopenten-1-one,
dihydro-3-methylene-2,5-furadione, 4-methoxy
benzenamine, 2,6-dimethyl-3-octylacetate, and
1,2-epoxy-3-propyl acetate, formic acid,
1-(2-hydroxy-5-methylphenyl) ethanone,
2-furanmethanol

floral, rose-like, smoky
hazelnut flavor
sweet and roasted [51]
bitter, sweet, floral, and
herbaceous flavors
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3. Yeasts as Toolboxes for Capitalization of Coffee Wastes

The general consumption of coffee generates huge quantities of waste material all
over the world and spent coffee grounds (SCG) represent the main byproduct of the coffee
industry. It is considered that more than 50% of beans are removed in the form of SCG
after the extraction of the final product or instant coffee making process [55]. Additionally,
coffee residue wastes are generated by cafeterias (coffee shops, restaurants, etc.) and
coffee factories. Numerically, 1 ton of green coffee generates about 650 kg of SCG and
about 2 kg of wet SCG are obtained from each 1 kg of instant coffee produced [56]. In the
coffee-producing countries, there is a critical need for improving the technologies used for
waste coffee treatment in order to prevent ecological damage [57], and new strategies are
considered to convert the coffee wastes into useful products. The coffee waste materials
contain high amounts of hemicelluloses and lignin [55] that could generate high-value
products including biofuels (e.g., biodiesel, bioethanol) and fine chemicals (lactic acid,
polyhydroxy alkanoate) [58].

3.1. Coffee Wastes and the Environment

The huge amounts of residue generated after processing of the raw coffee, which
are disposed by dumping into nature, cause serious environmental problems, including
contamination of soil and groundwater due to the leaching [59]. Coffee pulp usually
consists of approximately 50% carbohydrates, 20% fibers, 10% protein, 2.5% fat, 1.3%
caffeine, tannins and other phenolic compounds (in dry weight) [60-62], but the normal
utilization which applies to waste biomass (fertilizer, livestock feed, compost, etc.) is
rather limited in the case of coffee pulp residues due to the high contents of caffeine and
polyphenols [19]. The attempts to detoxify the coffee pulp for superior application in
agriculture, and to use it for producing several added-value-products such as enzymes,
flavor, aroma compounds, organic acids, etc., revealed the potential of the SCG [19]. There
are numerous industrial processes used to release the phenols bound to the plant cell walls:
fermentation, enzymatic extraction, alkaline and acid hydrolyzes [61] occasionally assisted
by ultrasound or microwave [63]. Because these compounds are in high concentrations in
the pulp and they are considered toxic to the environment, alcoholic fermentation could be
used as a pretreatment to detoxify the coffee pulp prior to reuse in agriculture. At the same
time, the recovered compounds can be used in other industries due to their functional
properties [6].

In the wet method of coffee processing, a tremendous amount of waste is generated,
in the form of pulp and contaminated waters. The wastewater is acidic and has a high
amount of organic matter content with a high chemical oxygen demand, representing an
important environmental hazard; therefore, new approaches need to be considered [57].
S. cerevisiae is often used to increase the number of hydroxycinnamic acids in coffee pulp
extract through the breakage of ester bonds between these molecules and the pulp cell
wall, allowing detoxification of the pulp and, at the same time, a decrease of the disposable
residue, leading to a less harsh environmental impact and at the same time providing a
new source of potential applications [59].

3.2. Spent Coffee Grounds and Biofuels

The bioenergy sectors, continuously concerned with achieving sustainable living
conditions, use the agro-industrial wastes for bioethanol production by hydrolysis of
the biomass followed by fermentation; the value of such wastes is considerable due to
their non-competitiveness with foodstuffs, abundance and low cost [64]. Bioethanol is a
byproduct of the sugar fermentation by yeast species, notably S. cerevisiae, most commonly
used for ethanol production. It is well known that some yeast species ferment only
hexoses, whereas others (e.g., Pichia stipitis) consume both hexoses and pentoses [63]. S.
cerevisiae is widely used in the biotechnology industry, but this yeast does not naturally
ferment xylose. In this regard, metabolic engineering represents a possibility to obtain
strains designed for targeted aims. For example, a three-plasmid yeast expression system
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was developed utilizing the portable small ubiquitin-like modifier (SUMO) vector set
combined with the efficient endogenous yeast protease Ulp1 to produce soluble proteins
that allow xylose utilization by the engineered S. cerevisige strain [65]. The same group
of researchers reported that using recombinant technology, metabolically engineered S.
cerevisiae cells can be used for expression of xylose isomerase and xylulokinase that enhance
the xylose utilization [66]. The use of the waste resulted in coffee production as feedstock
for biorefineries is increasingly interesting and various methodologies have been proposed,
including gradual steps of bioconversion using different microorganisms sequentially. One
example is the 4-step conversion: first, bioconversion consists of sugar fermentation by
a thermotolerant strain (e.g., Kluyveromyces marxianus); in the second step, the resulting
sugar-depleted solids are treated with the yeast Yarrowia lipolytica, then the lignocellulosic
fraction of the waste was treated with a recombinant strain of S. cerevisiae, to have the
residual solids treated with an engineered strain of Rhodotorula glutinis [65] to be further
processed into renewable gasoline from coffee and other crop wastes [57].

The bioethanol production can be enhanced using popping pretreated-coffee residue
waste subjected to enzymatic hydrolysis performed at high pressure, followed by simulta-
neous saccharyfication and fermentation by S. cerevisiae [58]. Among the sugars present in
the coffee waste, mannose has the highest concentration (20-25% of the total carbohydrate
content) [57], making this wastes an excellent mannose source for its eventual use in food
industry, biological research and pharmaceutical applications [63]. However, mannose
occurs mainly in the form of galactomannans, which are bound to arabinogalactans and
cellulose to form polymers that are highly recalcitrant and hydrophilic; thus, the recovery
of mannose from coffee waste by enzymatic hydrolysis is very difficult [58]. A biorefinery
process for the production of D-mannose and ethanol from coffee residue waste was pro-
posed, using strains of S. cerevisiae and Pichia stipites which allow simultaneous separation
of mannose following hydrolysis and ethanol production under various fermentation
conditions [61].

Another method to obtain ethanol and biodiesel from SCG involved ultrasound-
assisted solvent extraction of SCG oil, although the procedure’s drawback was the high
acidity of the SCG oil which did not allow direct transesterification; this problem can be
overcome by processing oil-free SCG hydrolyzed by sulfuric to be used directly in fermen-
tation with S. cerevisiae [67], providing better yield comparative with ethanol productivity
from whole coffee husks [68].

Triglycerides and free fatty acids present in the SCG sometimes hinder the enzymatic
saccharyfication, leading to a low conversion to ethanol. To overcome this problem, a
biorecovery method was proposed to convert the crude lipids extracted from SCG into
fatty acid methyl esters and fatty acid ethyl esters via the non-catalytic biodiesel trans-
esterification reaction [64]. This procedure afforded high yields of bioethanol calculated
against consumed sugar and lipids extracted from SCG. Moreover, obtaining fatty acid
ethyl esters rather than fatty acid methyl esters increased the overall renewability [69].
Another approach to valorize the SCG introduced a combination atmospheric air plasma
and FeCl3 in order to create a superior pretreatment that involve Fenton chemistry for a
more effective delignification prior to enzymatic treatment and bioethanol production by S.
cerevisiae [70]. Using S. cerevisiae, bioethanol was also obtained from other wastes such as
coffee juice and mucilage. The technique proposed involved acid hydrolysis to increase the
fermentable sugars content in the must, followed by application of the inoculum for the
efficient performance of the fermentation [71].

Production of coffee pulp extract for further use in the ethanol production can be
improved by the addition of molasses or sugarcane juice. Using a S. cerevisiae strain, it was
observed that the best procedure for obtaining coffee pulp extract was grinding at room
temperature followed by manual pressing. With this procedure, the total amount of sugars
did not vary, but lower concentrations of pectin and phenolic compounds were obtained.
From different fermentation assays (fermentation media with sugarcane juice, molasses,
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coffee pulp extract, and mixtures of the substances), mixing of coffee pulp with sugarcane
juice or molasses increased the yield of ethanol production [72].

3.3. Spent Coffee Grounds and Fine Chemicals

Some possible utilization of SGC to obtain various organic chemicals is presented in
Figure 2. The valorization of wastes in the form of lactic acid received increased attention
due to intensive use of lactic acid in different industries—cosmetic, chemical (polylactic
acid a biodegradable plastic), pharmaceutical and even in food production [73].
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Figure 2. Capitalization of spent coffee waste. Appling different methods of treatment, the spent coffee waste (rich in glucose,

mannose or galactose) can be turned into industrial by-products such as bioethanol, lactic acid or 5-cafeoylquinic acid.

Lactic acid is a primary product of bacterial fermentation. Because the lactic acid
bacteria have low tolerance to toxic compounds, S. cerevisize—whose tolerance to toxic
compounds is higher—is often preferred [68]. SCG as a substrate for lactic acid production
through fermentation by S. cerevisiae is possible only by engineered strains expressing
heterologous lactate dehydrogenase [74]. The ability of the engineered S. cerevisiae strain
to generate lactic acid and ethanol from SCG was assayed comparatively with the whole
slurry containing different types of fermentable sugars and it was revealed that SCG with
a substantial amount of hemicelluloses could be transformed into lactic acid and ethanol,
and that lactic acid production was promoted by xylose addition. [74].

In a study on the possibility to use yeasts for capitalization of coffee pulp, eight yeast
strains cultivated in a mixture were analyzed in a semi-dry process. It was observed
that a strain of Hanseniaspora uvarum showed high potential for fermentation of coffee
residues with good yield of ethanol production, also yielding an important number of
valuable compounds (higher alcohols, acetates, terpenes, and aldehyde) [75]. Rhodotorula
mucilaginosa CCMA 0156, a pigmented yeast, able to grow on husk and pulp coffee,
was proved to be a strong candidate to produce higher biomass and in the same time,
carotenoids, especially (3-carotene. The carotenoids from coffee pulp had antioxidant and
antimicrobial characteristics, adding valuable proprieties to those substances, mainly used
as colorants [76].

4. Concluding Remarks

As coffee consumption constantly increased all over the world, the quality of coffee
became an important aim of food product research. In this review, we presented the most
representative studies set to reveal the importance of various yeast strains used in the
fermentative steps of postharvest coffee processing, with a focus on how the interplay
between yeast fermentative traits, strain selection and variation of processing methods can
influence the quality of the final product. A significant number of studies presented in this
review revealed the importance of yeast starters in influencing the sensory characteristics
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of coffee. Special attention was paid to yeast fermentation processes which afforded
extracellular enzymes secretion and production of various valuable organic compounds
which contribute to the organoleptic traits of coffee products. This review also presented
studies dealing with the involvement of yeasts in biotechnologies related to processing
of the ever-increasing coffee waste residues and how natural or engineered yeasts can
be used to process the coffee wastes to produce valuable products such as processed
biomass, bioethanol or biodiesel, or valuable chemicals such as reducing sugars, lactic
acid, polyphenolic antioxidants, etc. In conclusion, the use of yeasts in the coffee-related
industries is relevant and has a dualistic valence: contributing to improve and diversify
the sensorial quality of coffee and, at the same time, emerging as a tool for capitalization of
cumbersome coffee wastes, such as spent coffee grounds.
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