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Coffee quality has recently become a high demand of coffee consumers, due to all the
specialty coffees available on the market. Specialty coffees can be generated by favoring
growth of some groups of microorganisms during fermentation or by using starters. Just
as yeast, a variety of bacteria can be used to generate important flavor precursors. The
aim of this work was to test the efficiency of coffee sterilization and adhesion of microbial
cells on beans, to evaluate the effect of yeast and bacterial starters on the production
of organic and volatile compounds, and selection of potential flavor marker precursors
during the wet fermentation. Three yeast and six bacterial starters were inoculated in
coffee beans. Coffee sterilization and microbial adhesion was observed by scanning
electron microscopy (SEM). Organic compounds were detected by high performance
liquid chromatography (HPLC) and volatile compounds by gas chromatography–mass
spectrometry (GC–MS). Micrographs from the SEM showed that sterilization was
efficient, because there were no microbial cells after autoclaving for 5 min. Also, it was
observed an increase of microbial cells from 0 to 48 h of fermentation. Malic, lactic,
and acetic acid were only detected in the bacterial treatments. Volatile compounds: 4-
ethenyl-1,2-dimethoxybenzene, heptadecanol, 4-hydroxy-2-methylacetophenone, and
1-butanol,2-methyl were only found in yeast treatments. Guaiacol was only produced
by the inoculated B. subtilis starters. In conclusion, yeast starters were better producers
of volatile alcohols and bacterial starters of acid compounds. This study allowed the
selection of potential flavor marker precursors, such as heptadecanol, 4-hydroxy-2-
methylacetophenone, 7-methyl-4-octanol, and guaiacol.
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INTRODUCTION

Coffee quality has recently become a high demand of coffee
consumers and is directly related to its chemical compounds,
especially those that constitute flavor. This important sensorial
attribute of coffee is produced by several volatile compounds that
are generated before and mainly during roasting. Moreover, they
are responsible for the generation of specialty coffees. However,
the chemical and volatile profiles vary and are dependent of
environmental factors, altitude, coffee variety, storage conditions
(Evangelista et al., 2014a), processing methods, and degree of
roasting (Hurtado-Benavides et al., 2016).

The processing method is an important phase which involves
fermentation. Three processing methods are mainly used: dry,
semi-dry (also called honey or pulped natural), and wet (Silva,
2015). In the wet method coffee fruits are first depulped
mechanically, leaving part of the mucilage. Then, beans are put in
fermentation tanks with water, allowing fermentation take place
for 6 to 72 h (depending on the environmental temperature),
followed by drying (Avallone et al., 2001; Evangelista et al.,
2015). Coffee from the wet method contains a higher acidity
than the other methods (Peñuela-Martínez et al., 2018).
Acidity is due to the lowering of the pH by bacteria during
wet fermentation.

Many studies have characterized spontaneous fermentation,
from which strains have been isolated and use as starters.
Yeasts starters are the most studied and use to ferment
coffee, due to their favorable contributions of flavor in
the beverage (Evangelista et al., 2014a,b; Martinez et al.,
2017; Bressani et al., 2018). Some of those flavor attributes
are: caramel, chocolate, herbaceous materials, yellow
fruits, and almonds. In addition, yeast starters reduce the
processing time and drying, improving the sensory quality
and economic value of the product (Silva et al., 2013;
Evangelista et al., 2014a). Yeast can also inhibit mycotoxigenic
fungal growth, as demonstrated by Souza et al. (2017). Few
works implementing bacterial starters in coffee have been
conducted, most of them use lactic acid bacteria (LAB) such as
Wang et al. (2018).

Since characterization of the microbial groups and chemical
compounds during fermentation using starters have been
continuously done; there are no works on the adhesion of
microbial cells from starters to the surface of beans. Techniques
such as SEM can offer that information. The SEM can scan
surfaces, crystalline structures, chemical compositions, and
electron behaviors of samples (Vernon-parry, 2000). In coffee,
the SEM was used to observe the endosperm of coffee beans
and the integrity of cell walls and membranes in the final stage
of drying with varied temperatures in natural and depulped
coffee (Sondahl and Baumann, 2001; Borém et al., 2013). Since
SEM does not provide enough information to have an overall
understanding of the effect of starters on coffee beans, other
analyses are needed, for example chromatographic techniques.
Using chromatography, sugars, organic acids, and volatiles
can be evaluated, and specially can assist on the selection of
important makers flavor precursors that characterizes better the
processes and starters.

The present work aimed to test the efficiency of coffee
sterilization and to assess the adhesion of microbial cells to
beans by scanning electron microscopy. Moreover, this study
aimed to evaluate using refined techniques the effect of yeast and
bacterial starters on the production of organic acids and volatile
compounds in order to select potential flavor marker precursors
during the wet fermentation of coffee.

MATERIALS AND METHODS

Coffee Variety
Ripe fruits of Coffea arabica cv Catuaí Vermelho were harvested
manually on a farm that was 750–800 m above sea level located
in Lavras, state of Minas Gerais, Brazil. The fruits were processed
using the wet method. The mature fruits were collected, washed,
and separated by density. Then, they were depulped and part of
their mucilage was removed mechanically. The resulted beans
were later used to start the wet fermentation, inside containers
filled with water.

Coffee Starter Cultures
The yeasts and bacteria isolated from different varieties and
processes of coffee (Table 1) carried out in Minas Gerais
were obtained from the Culture Collection of Agricultural
Microbiology (CCMA, Federal University of Lavras, Lavras,
Minas Gerais, Brazil).

The yeast strains were reactivated in 10 mL of Yeast Extract
Peptone Glucose (YEPG) broth (20 g/L glucose, 10 g/L yeast
extract, and 10 g/L soya peptone) and bacterial strains in
10 mL nutrient broth, with incubations at 28◦C/48 h for
yeast and 30◦C/48 h for bacteria. Then, yeast strains were
transferred to 50 mL YEPG and bacterial strains to 50 mL
nutrient broth and incubated at 28 and 30◦C with agitation of
120 rpm/24 h. The yeast cells were transferred to larger volumes
of YEPG until they reached a concentration of 109 cells/mL,
and the same was done for bacterial cells using nutrient broth.
Subsequently, the cells were centrifuged and resuspended in
distilled water (enough for inoculation without increasing the
moisture of the coffee).

Sterilization Conditions of Coffee Beans
Samples and Inoculation
Before inoculation, matured beans were sterilized in glass
containers and in an autoclave for 5 min 121◦C/15 psi.
Autoclaved beans were implemented in this work to ensure
that the compounds detected were originated from the starter’s
strains, and to see whether 5 min of sterilization were enough to
unable contaminant microorganism’s growth.

After, 150 g of sterilized water was added into the glass
containers that had 150 g of autoclaved coffee beans and
inoculated by yeast and bacterial suspensions. Each strain was
inoculated separately in triplicate. Consequently, there were three
yeast strains, six bacteria strains, and one control that had no
microbial inoculation. Seven grams of samples were collected
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TABLE 1 | Detailed information for the starter origins and features.

ID∗ Microorganism Isolation source Features Literature

Process Coffee variety

CCMA 0543 Saccharomyces cerevisiae Dry and Semidry Acaiá High pectin enzymatic activity.
Presence of desirable compounds.

Silva et al., 2000, 2013;
Vilela et al., 2010.

CCMA 0544 Candida parapsilosis

CCMA 0684 Torulaspora delbrueckii

CCMA 1203 Pantoea dispersa Wet Ouro Amarelo, Mundo
Novo and Catuaí Vermelho

High citric acid production and
volatiles.

NYP

CCMA 1236 Bacillus subtilis High pectinolytic enzymatic activity.

CCMA 1238 Bacillus subtilis

CCMA 1239 Bacillus subtilis

CCMA 1242 Bacillus subtilis

CCMA 1279 Arthrobacter koreensis Have pectinolytic enzymatic activity.

∗ ID from the Microbiology Agriculture Culture Collection. NYD, not yet published.

after 0, 24, and 48 h of fermentation and placed in sterile plastic
bags for further analyses.

Study of the Sterilization and Adhesion
of Microbial Cells by SEM
Sample Preparation
Autoclaved coffee beans from control and with inoculation
were analyzed under the microscope. The preparation and
observation of samples under a scanning electron microscope
was performed at the Laboratory of Electron Microscopy and
Ultra Structural Analysis (LME), located in the Department of
Plant pathology/UFLA.

The samples were cut longitudinally and immersed in
fixative solution (modified Karnovsky: 2.5% glutaraldehyde, 2.5%
formaldehyde in 0.05 M sodium cacodylate buffer, pH 7.2,
0.001 M CaCl2) and stored for 1 week in a cold chamber
until analysis. Then, the obtained samples were washed with
cacodylate buffer (3 times, leaving each buffer 10 min) inside
the exhaust hood to remove the residues. After removing the
cacodylate buffer from the last wash, the samples were dehydrated
with increasing concentrations of acetone (25, 50, 75, 90, and
100%, the solution of 100% should be used three times) for
approximately 10 min each. Subsequently, the samples were
transferred to the critical point apparatus to complete the drying.
The dried samples were then placed on aluminum stubs covered
with aluminum foils with carbon strips placed on top. After
assembly, sputtering in a gold bath was applied followed by
microscopic observation.

SEM Analysis
The stubs with gold were placed on the SEM LEO EVO 40
PVX. The microscope was turned on, and the images were
digitally generated and recorded. The images were observed with
increasing variables, using a working condition of 20 kv and a
working distance of 9 mm. The generated images were recorded
and opened in Corel Draw Software package, where they were
selected and prepared.

Chemical Analyses
Organic Acids by High-Performance Liquid
Chromatography (HPLC)
Organic acids of coffee beans were evaluated after 0, 24 and
48 h of fermentation. The extractions and operating conditions
were performed as described by Evangelista et al. (2014b). Three
grams of coffee beans was used for analysis. Each sample was
homogenized in Falcon tubes with 20 mL of 16 mM perchloric
acid and Milli-Q water by vortexing at room temperature for
10 min. The extracts were centrifuged at 12745 RCF for 10 min
at 4◦C. The pH of the supernatant was adjusted to 2.11 using
perchloric acid and recentrifuged under the same conditions.
The second supernatant was filtered through a 0.22 µm cellulose
acetate membrane and directly injected (20 µL) onto the
chromatographic column.

Later, samples were analyzed using a high performance
liquid chromatography (HPLC) system (Shimadzu Corp.,
Japan) equipped with a detection system consisting of a
UV–Vis detector (SPD 10Ai) and a Shimpack SCR-101H
(7.9 mm × 30 cm) column operating at 50◦C, which was
used to achieve chromatographic separation of water-soluble
acids that were eluted with 16 mM of perchloric acid
at a flow rate of 0.6 mL/min. The acids were identified
by comparison with retention times of authentic standards.
The quantification was performed using calibration curves
constructed with standard compounds [malic and citric acid
were purchased from Merck (Germany), lactic and tartaric
acid were purchased from Sigma-Chemical (EUA), acetic and
succinic acids were purchased from Sigma-Aldrich (Germany),
isobutyric and isovaleric acid were purchased from Riedel-
deHaen (Germany)].

Volatile Compounds
Volatile compounds were extracted from samples of green
coffee (0, 24, and 48 h of fermentation) using headspace-
solid phase microextraction (HS-SPME) according to Evangelista
et al. (2014b). The compounds were analyzed using a Shimadzu
QP2010 GC model equipped with mass spectrometry (MS) and a
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silica capillary Carbo-Wax 20M (30 m × 0.25 mm × 0.25 mm)
column. The operating conditions were performed as described
by Bressani et al. (2018). The volatile compounds were identified
by comparing the mass spectra to the NIST11 library. In addition,
an alkane series (C10–C40) was used to calculate the retention
index (RI) for each compound and compared with the RI values
found in the literature data (Czerny and Grosch, 2000; Eom and
Jung, 2013; Piccino et al., 2014).

Statistical Analysis
The concentrations of organic compounds were evaluated by a
normality test, that helped deciding if the statistical test that needs
to be apply is parametric or not. Then, the means were analyzed
using the XLSTAT software (Excel-Addinsoft, New York, NY,
United States) by the Friedman’s test at p < 0.05. Data of Volatile
compounds were statistically analyzed by principal component
analysis (PCA) using Chemoface software (Nunes, 2016). In
which a m × n matrix was built with the relative areas, were n
was the value of each identified peak of volatile compound and m
the different treatments of strains plus control.

RESULTS AND DISCUSSION

Yeast and Bacterial Strains in Coffee
All microorganisms used for inoculation were isolated from
different coffee fermentation processes. These strains were
dominant microorganisms from coffee fermentation. The
employed yeast strains have been previously inoculated and
monitored by Silva et al. (2013), Evangelista et al. (2014a),
Martinez et al. (2017), and Bressani et al. (2018). Candida
parapsilosis is one of the fungi most frequently isolated from
human hands, is considered a killer yeast and fungal antagonist
based on its ability to produce chemicals that exert cytotoxic
effects on the cells of other organisms (Robledo-Leal et al.,
2014). Candida species are also reported to lyse Ca2+-pectate.
Similarly, yeasts can produce enzymes degrading polysaccharides
of the mucilage.

Regarding the strains of bacteria, this work was the first to use
these strains isolated from previous works on coffee done in State
of Minas Gerais. The Bacillus genus is known to be found during
the whole wet fermentation process (Silva, 2015). B. subtilis

FIGURE 1 | Scanningelectron micrographs of coffee beans from control and inoculated samples with CCMA 0543 processed by the wet method. (A-top left)
Surface of control bean at 0 h, (B-top right) surface of control bean after 48 h of fermentation, (C-bottom left) surface of inoculated bean at 0 h (after inoculation),
and (D-bottom right) surface of inoculated bean after 48 h of fermentation.
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possesses pectinases, xylanases and enzymes depolymerising
polysaccharides. It is a useful strain to be used as starter.
Genus Pantoea is well known as a phytopathogen of plants and
fruits. However, some Pantoea strain works as plant growth
promoting microorganism and in biocontrol. This is the first
description of the specie Pantoea dispersa in coffee. Finally,
the Arthrobacter genus is found in the rhizosphere of plants
(Álvarez-Rodríguez et al., 2003).

Efficiency of Sterilization and Adhesion
of Microbial Cells
The scanning electron micrographs shown in Figure 1
demonstrates the efficiency of sterilizing coffee beans and
adhesion of inoculated microbial cells from strain CCMA 0543
in comparison to the control during wet fermentation. As shown
in Figures 1A,B, there was no microbial growth after 0 or 48 h
of fermentation, which was expected since it was the control.
Meaning that 5 min was enough to inhibit epiphytic microbial

growth. As described by Ibrahim et al. (2011), autoclaving
involves high pressure and temperature that allows boiling of the
substrate and denaturation of proteins, which leads to killing of
the microorganisms (Madigan et al., 2012).

Figures 1C,D shows inoculated coffee beans after 0 and 48 h
of fermentation. Figure 1C shows that microbial cells were not
present in higher quantities as in Figure 1D, probably due to
the adaptation phase they must go through before multiplying.
Figure 1D also demonstrates the oval shape and budding
reproduction of yeast cells. At 48 h, the micrograph shows that
microbial cells are adhered to the bean mucilage, probably due
to the carbon compounds available, that would be used for their
growth (Silva, 2015).

Although fewer cells than anticipated were adhered to the
mucilage of the bean, the other cells may have remained in the
fermented liquid, not being able to adhere. The wet method
uses depulped coffee submersed in water for fermentation, and
therefore the fermented liquid is part of it. Before fermentation,
cherries in the wet process go through mechanical removal

FIGURE 2 | Concentrations of citric, malic, tartaric, and succinic acid detected in coffee beans during wet fermentation.Inoculation with S. cerevisiae CCMA 0543
( ), C. parapsilosis CCMA 0544 ( ), T. delbrueckii CCMA 0684 ( ), Pantoea dispersa CCMA 1203 (©), Bacillus subtilis CCMA 1236 (©), Bacillus subtili CCMA
1238 (©), B. subtilis CCMA 1239 (©), B. subtilis CCMA 1242 (©), Arthrobacter koreensis CCMA1279 (©), and control ( ). Compounds with the symbol “∗” were
the most significant when compared to all treatments, based on their mean values, at p < 0.05 by Friedman’s test. When analyzing each compound, a lowercase “a”
was designated for means values of treatments that were the most significant at p < 0.05 by Friedman’s test.
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of pulp and a large part of the mucilage (Evangelista et al.,
2015), which might possibly affect the concentration of cells
that can adhere to the mucilage when compared to the dry
and semidry method.

Starter Effect on Organic Acid
Compounds
Natural organic acids are the most versatile ingredients in the
food and flavor industry. These compounds have the following
three main properties: they are soluble in alcohols, water or other
solvents, hygroscopic, and they have buffering and chelation
abilities (Daneshfar et al., 2012; Schaft, 2015; Vandenberghe
et al., 2018). The organic acids that were evaluated during wet
fermentation are shown in Figures 2, 3.

In total eight acids were detected. When analyzing statistically
all obtained acids from yeast and bacterial treatments, the
presence and concentration of citric, succinic, isovaleric, and
isobutyric acid were the most significant (acids marked with ∗ in
Figures 2, 3). Although citric acid and malic acid were expected

to be significant because they are always the most predominant
acids in green coffee, other acids also interfere with the sensory
characteristics of coffee by affecting sweet flavors and acidity
(Oestreich-Janzen, 2013; Ribeiro et al., 2017).

During fermentation, the production of undesirable acids,
such as butyric and propionic acid, were not detected in this
study, which is a good sign since they confer off-flavors such as
onion to the beverage and showed that the beans were not over-
fermented (Bade-Wegner et al., 1997; Silva, 2015; Haile and Kang,
2019). Even though is believed that species of Bacillus genus are
responsible for the production of propionic acid (Silva, 2015),
none of the Bacillus stains used in this work produced this acid.
A study describing the wet fermentation also did not detect these
undesirable acids (Evangelista et al., 2015).

One of the properties that can be conferred by citric acid is
tartness, fruity, and berry flavors (Vandenberghe et al., 2018). In
this work, within yeast treatments, only CCMA 0543 showed a
significant difference in citric acid at the end of fermentation
(2.90 mg/g). This result can be use by producers if they intend
of having fruity notes in their coffee. When comparing all

FIGURE 3 | Concentrations of lactic, acetic, isobutyric, and isovaleric acid detected in coffee beans during wet fermentation. Inoculation with S. cerevisiae CCMA
0543 ( ), C. parapsilosis CCMA 0544 ( ), T. delbrueckii CCMA 0684 ( ), Pantoea dispersa CCMA 1203 (©), Bacillus subtilis CCMA 1236 (©), Bacillus subtilis
CCMA 1238 (©), Bacillus subtilis CCMA 1239 (©), Bacillus subtilis CCMA 1242 (©), Arthrobacter koreensis CCMA 1279 (©), and control ( ). Compounds with the
symbol “∗” were the most significant when compared to all treatments, based on their mean values, at p < 0.05 by Friedman’s test. When analyzing each
compound, a lowercase “a”; was designated for means values of treatments that were the most significant at p < 0.05 by Friedman’s test.
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TABLE 2 | Total volatile compounds for each starter during wet fermentation. Mean values of areas ± SD.

Strain Time
(h)

Compounds

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

0543 0 28903
± 2938

18312
±

6804

16160
± 486

18869
±

3930

7209
± 419

16386
± 165

24 80046
±

15441

17921
±

1300

16003
± 105

16674
±

9003

6773
±

1983

16311
± 158

48 192814
±

14887

9804
± 933

27692
±

7098

24796
±

20194

8541
±

1381

8153
±

3084

17428
±

8423

29191
±

7320

0544 0 32400
± 9765

19423
± 592

16823
±

7790

22180
±

7193

7003
±

1850

16933
±

7634

24 170747
±

19692

8890
±

1059

5947
± 730

48 173420
±

41962

10591
±

5212

17059
±

17871

8033
±

2573

7349
± 73

41152
± 3980

0684 0 41705
± 4397

22649
±

8907

17257
±

3312

44495
±

24889

6795
±

1270

18310
±

3735

24 119740
±

32782

9421
±

1083

7046
± 313

7426
±

4588

119208
± 5909

48 228784
±

58283

13276
±

3840

7714
±

1314

6277
± 792

13818
±

4414

Control 0 37154
± 5942

15754
±

1079

39354
±

8111

9987
±

2901

39912
±

10324

13498
± 250

5232 ±
911

21625
±

14881

40320
±

20224

11255
± 8379

8345 ±
4307

24 27470
± 436

19534
± 100

19783
±

3075

15516
±

6952

6485
± 327

27241
±

11113

10769
±

1395

19744
±

11082

8162 ±
5192

20669
±

1573

48 66859
±

14915

4699
± 972

43887
±

1255

9346
±

2359

9726
±

6078

7043 ±
533

12097
±

2961

12350
± 957

5764 ±
370

12331
±

5758

16501
±

5011

1203 0 28394
± 3519

14098
±

5943

13684
±

2551

14288
±

4919

7283
±

1493

36458
±

12886

12596
±

4828

357472
±

109874

24 36275
± 572

10990
±

1071

35693
±

26504

8811
± 728

8524
± 309

19537
± 4844

8766
±

2733

13537
± 353

299872
±

45944

48 50121
±

11951

61364
±

47617

16914
±

17265

13722
±

3594

9552
±

6148

23988
±

14418

219980
±

72048

(Continued)
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TABLE 2 | Continued

Strain Time
(h)

Compounds

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

1236 0 26993 ±
6194

16522
± 2077

14052 ±
2326

10720 ±
5311

8422 ±
4225

26411
±

10281

9664 ±
4123

236848
± 91406

7278 ±
1033

24 39145 ±
5837

18171
± 2669

83869 ±
513

91117 ±
107311

7576 ±
1788

17984
± 943

11420
± 4303

17997
± 3737

7622 ±
3744

353384
± 19945

21398 ±
7391

48 46047 ±
2337

7216 ±
1728

70468 ±
8022

5120 ±
755

8477 ±
1443

8016 ±
1067

17846
± 533

17821
± 318

366771
± 95097

30665 ±
15965

1238 0 33316 ±
1928

11164
± 3107

16505 ±
717

14219 ±
2278

8756 ±
1061

61128
±

20623

14998
± 1822

239226
± 33424

24 39766 ±
3316

24623
± 9710

99241 ±
11362

12902 ±
3786

8144 ±
347

24406
± 7646

11484
± 1422

21971
± 54

16655
± 1129

298254
± 43674

28320 ±
12818

48 73991 ±
47852

85957 ±
6628

13380 ±
12802

8393 ±
769

7459 ±
667

25566
± 801

21107
± 714

418331
± 70907

34004 ±
21213

1239 0 24193 ±
1665

18905
± 6856

16511 ±
798

100580
± 24454

6078 ±
361

35660
± 31

12177
± 2833

7572 ±
2200

365186
±

101471

24 44879 ±
120

58635 ±
176

10612 ±
0

8122 ±
0

7461 ±
0

18499
± 45

10607
± 0

273799
± 1832

48 70306 ±
33392

90929 ±
738

4801 ±
1153

9657 ±
843

9305 ±
1474

29496
± 2995

26612
± 4341

367285
± 94202

34244 ±
20612

1242 0 24803 ±
1778

14654
± 1014

14059 ±
1401

53945 ±
5927

5833 ±
50

10926
± 3490

13080
± 2910

484114
± 7890

24 36744 ±
2196

11657
± 7702

81367 ±
12934

54780 ±
35068

7591 ±
1454

10621
± 3811

9328 ±
1994

15934
± 503

29914
±

24776

266587
±

111922

23876 ±
15078

48 63541 ±
29826

9488 ±
1604

82066 ±
10720

11607 ±
1218

10326
± 2075

9205 ±
702

27408
± 1018

21999
± 1744

283990
± 16323

33070 ±
21616

1279 0 35420 ±
3540

10735
± 3698

17029 ±
1551

22262 ±
12103

10264
± 2755

25057
± 3562

12043
± 2415

365424
±

124070

24 43154 ±
3941

10034
± 2659

186786
±

113023

11774 ±
331

11532
± 1747

11034
± 610

8750 ±
3690

29107
± 9269

315074
±

103738

18312
± 3918

48 56727 ±
6458

885371
±

688603

11587 ±
727

8874 ±
2140

164514
±

93409

99775 ±
90990

Every color indicates a different group of compounds: — alcohol, — ketone, — ester, — aromatic, — aldehyde, — pyrrole, — furan, — phenol, and — acid. 1 = Phenylethyl Alcohol; 2 = 2-Pentadecanone,
6,10,14-trimethyl-; 3 = 4-Hydroxy-3-methylacetophenone; 4 = 1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester; 5 = Benzyl alcohol; 6 = 4-Ethenyl-1,2-dimethoxybenzene; 7 = 1-Heptadecanol; 8 = 4-Hydroxy-2-
methylacetophenone; 9 = 1-Butanol, 2-methyl-; 10 = Heptadecanal; 11 = Indole; 12 = Benzofuran, 2,3-dihydro-; 13 = Hydroxybenzene; 14 = 7-Methyl-4-octanol; 15 = Guaiacol; 16 = Methyl salicylate; 17 = Homosalate;
18 = Myristic acid; 19 = n-Hexadecanoic acid; 20 = 9-Octadecenoic acid (Z)-; 21 = Pentadecanoic acid; 22 = Octane, 1,1′-oxybis-; 23 = Dimethyl sulfide; 24 = Heneicosane.
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strains and control, only treatment with CCMA 1279 had a
significant concentration of citric acid at the end of fermentation
(6.52 mg/g). Being both concentrations are within the standard
values of Arabica coffee in the wet process (Peñuela-Martínez
et al., 2018). As in Evangelista et al. (2015), in our work it was
observed a decrease in citric acid for control. Treatment with
starter CCMA 1242 showed the highest amount of isovaleric acid
at the end of fermentation.

The control had no presence of malic, succinic, lactic, and
acetic acid. Malic, lactic, and acetic acid were only detected
in treatments with bacteria, since they can be related to their
metabolic activity (Avallone et al., 2001). Succinic acid was
detected for all bacterial starters and yeast starters CCMA 0544
and 0684, which is a good indicator when using yeast inoculation.
Moreover, succinic acid is a main organic acid produced by yeasts
and is formed in the glyoxylate cycle by oxidation of isocitrate as
well as in the reductive citric acid cycle (Jayaram et al., 2014).
Apart from succinic acid, citric, isobutyric, and isovaleric acid
were also detected in yeast starters, with the difference that they
were also present in the bacterial starters and control. It can
be inferred that since citric, isobutyric and isovaleric acid were
also present in the control (with no inoculation), either they are
naturally derived acids that were products of reactions taking
place in coffee fruits, such as the Krebs cycle (Vandenberghe et al.,
2018), or pre-fermentation occurred immediately after the fruits
were torn from the coffee plants.

Tartaric acid was present in the control after 48 h of
fermentation (0.43 mg/g) and in bacterial treatment CCMA 1203
from 24 h (0.61 mg/g) to 48 h of fermentation (0.54 mg/g).
This finding indicated that since is in control, tartaric acid
may probably be a naturally derived acid from coffee fruits and
that with inoculation its production could be stimulated earlier
and enhance fruit flavor such as grape (Dziezak, 2016). The
production of acetic acid was observed in treatments with CCMA
1242, 1239, 1238, and 1236 after 48 h of fermentation, except for
treatment with CCMA 1239, in which it started after 24 h. Lactic
acid was detected after 24 h in treatments with CCMA 1279, 1239,
1238, and 1203, and after 48 h in treatments with CCMA 1236
and 1242; a significant concentration remained in the treatment
of CCMA 1279. For the production of acetic and lactic acid, the
bacteria in this work might have fermented the sugars available
or used citric acid as a source, as recently recorded in a similar
fermentation such as cocoa fermentation (Ho et al., 2018). Malic
acid was only present at the start of fermentation for treatments
with CCMA 1279, 1242, 1239, 1236, and 1203, demonstrating the
highest and significant concentrations in CCMA 1279 and 1242.

Effects on Volatile Compounds and the
Selection of Potential Markers
Yeast exhibit different metabolic processes and secrete different
types of extracellular enzymes during fermentation, suggesting

FIGURE 4 | Principal components analysis of volatile compounds in yeasts when compared to the control at 0, 24, and 48 h, during wet fermentation.
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that fermentation of green coffee beans with suitable yeast species
would modify the flavor precursors and volatile profiles (Lee et al.,
2017). This suggestion has not been deeply explored for bacterial
starters, because there are a few reports involving bacteria starters
and only LAB was used (Wang et al., 2018). The volatiles
identified after 0, 24, and 48 h of wet fermentation for every
treatment and control are illustrated on Table 2 and their PCA is
on Figures 4, 5. From the 24 compounds illustrated in Table 2,
there were 5 alcohol, 4 acids, 3 ketones, 3 esters, 2 phenols, 1
aromatic, 1 aldehyde, 1 pyrrole, 1 furan, and 3 other compounds,
and not all of them were present in all treatments or the control.

Phenethyl alcohol is a higher alcohol that produces rose-
like flavors and is generated during phenylalanine metabolism
mainly by yeasts (Fukuda et al., 1990; Verhagen, 2010; Liu, 2015;
Michel et al., 2016). Phenethyl alcohol was detected in control,
all yeast and bacterial treatments. Furthermore, the PCA on
Figure 4 showed that phenethyl alcohol better characterized yeast
treatments with CCMA 0543, 0544, and 0684 at 48 h when
compared with the control. Due to presence of Phenethyl alcohol
in the control, which means that it could have been generated
after the beans were collected from the plants, it cannot be used as
a potential marker since it was not produced only by the starters.
However, it can be used as a key flavor marker to indicate that
microorganisms are metabolically active.

The compound that better characterized most bacterial
treatments based on the PCA was 7-methyl-4-octanol (Figure 5).

This compound was only detected in bacterial treatments at
all times of fermentation when compared to the control and
yeast treatments (see Table 2). It is one of the compounds that
can be used as a potential marker to indicate the presence of
bacteria during a wet coffee fermentation. Information about
this compound is limited. In a cereal-based fermented food, 7-
methyl-4-octanol is an important compound produced by the
Lactobacillus plantarum strain (Ferri et al., 2016).

There were other compounds that were only found in yeast
treatments when compared to the control or bacterial treatments,
such as 4-ethenyl-1,2-dimethoxybenzene (also known as
styrene), heptadecanol, 4-hydroxy-2-methylacetophenone, and
1-butanol,2-methyl (Table 2). Although their presence was
not steady in the times of fermentation evaluated, they can be
used as potential flavor marker precursors in green beans when
inoculating coffee with yeasts in a wet process, especially with the
starters S. cerevisiae CCMA 0543, C. parapsilosis CCMA 0544,
and T. delbrueckii CCMA 0684.

Heptadecanol and 4-hydroxy-2-methylacetophenone were
detected in the three yeast species starters in comparison
to 1-butanol,2-methyl (CCMA 0544 and CCMA 0684) and
4-ethenyl-1,2-dimethoxybenzene (CCMA 0543). Heptadecanol
is part of the volatile alcohol compounds produced by
yeasts, particularly from the species S. cerevisiae as shown
by Utto et al. (2012), who isolated yeasts from fermented
soybean curd and tested their volatile production. The ketone

FIGURE 5 | Principal components analysis of volatile compounds in bacteria when compared to the control at 0, 24, and 48 h, during wet fermentation.
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4-hydroxy-2-methylacetophenone confers important properties
to coffee: anticancer and antioxidant activities (Dandekar et al.,
2015). The 4-ethenyl-1,2-dimethoxybenzene was only present
in the treatment with S. cerevisiae CCMA 0543 at the end of
fermentation, which is in accordance with Gramatica et al. (1981)
and Bhulya et al. (2015), who observed the production of 4-
ethenyl-1,2-dimethoxybenzene by decarboxylation of cinnamic
acids using S. cerevisiae. Another property of this compound in
green beans, in addition to be an important flavor constituent, is
its antioxidant activity (Arfmann and Abraham, 1989). Finally, 1-
butanol,2-methyl is a higher alcohol that is generated from 2-keto
acids via the last two steps of the Ehrlich pathway in yeasts (Vogt
et al., 2016). In the present study, this alcohol was only found in
treatments with CCMA 0544 and 0684.

Other compounds that were only found in bacterial treatments
were guaiacol (also known as 2-methoxyphenol) and ester methyl
salicylate. As in yeast, these two compounds can be used as
potential flavor marker precursors in green beans for some
of the species used as starters. Guaiacol is produced through
the non-oxidative decarboxylation of vanillic acid by several
bacteria such as Bacillus megaterium and B. subtilis, among
others (Álvarez-Rodríguez et al., 2003; Witthuhn et al., 2012). In
accordance with the literature, our work showed that guaiacol
was only produced by the inoculated B. subtilis starters (see
Table 2), which indicates that it can be used as a strong marker
precursor for the presence of this species during fermentation.
Although esters can be present at low concentrations, their
production can highly influence coffee flavor by generating fruity
flavors. In the beer industry, this group represents the largest
and most important group of active flavor compounds (Dack
et al., 2017). They are mainly produced by acid catalysis and a
decrease in pH, and they are mostly derived from yeasts (Ramey
and Ough, 1980; Kumazawa, 2006; Garavaglia et al., 2014). As
observed in our work, it is possible that bacteria contribute to
esterification of methyl salicylate from the beans. Mainly because
the ester compound methyl salicylate was only detected in the
bacterial strains CCMA 1236 (at the beginning) and CCMA
1279 (24 h). Methyl salicylate is synthesized from salicylic acid,
which is a plant hormone, its produced as a plant defense from
microorganisms, and in the beverage generates flavor attributes
such as warm, sweet, mint-like, and rooty-fruity (Flament, 2002;
Kalaivani et al., 2016).

CONCLUSION

The scanning electron micrographs demonstrated that surface
sterilization of coffee beans was efficient for the elimination of
microorganisms, making it an excellent method to test strains

in the generation of important flavor compounds. Additionally,
microbial cells adhered to the surface of bean mucilage during
wet fermentation. The use of yeast starters was better for
volatile alcohol production, and bacterial starters were better
for acid production, because, although both have important
characteristics for beverages, each strain provides a particular
characteristic. A group that could be characterized as important
in this work consisted of the esters, one of was produced only
by bacterial strains CCMA 1236 and CCMA 1279. During
analysis, this study allowed the selection of potential flavor
marker precursors through the wet fermentation of green beans.
For yeast, heptadecanol and 4-hydroxy-2-methylacetophenone
can be used as markers, and for bacteria in general, 7-methyl-4-
octanol can be used to ascertain their presence and metabolically
active status during fermentation, whereas guaiacol can be used
for B. subtilis species.
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