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Abstract: The present study was carried out to investigate the potential of the basidiomycete Auriporia
aurulenta to metabolize residues remaining from the processing of umbu, caja, plum, and persimmon
fruits for the production of natural aroma compounds using submerged fermentation. The volatile
compounds obtained from the fermentation of A. aurulenta cultivated in these residues were extracted
via stir bar sorptive extraction (SBSE) and analyzed using a gas chromatography-mass spectrometry
(GC-MS) system. Esters and alcohols were the main compounds produced, with emphasis on the
compounds 2-phenethyl acetate and 2-phenylethanol, which were mainly produced from umbu
residue. The acid medium favored the production of 2-phenethyl acetate, reaching its maximum
value (11.38 mg/L) on day 3.5, while higher concentrations of 2-phenylethanol were found in the
basic medium, with optimal production (2.27 mg/L) on the 7th day. By varying the concentrations of
pre-inoculum and residue in the optimization of this fermentation process, it was possible to double
the production (24.47 mg/L) of 2-phenethyl acetate and obtain a seven times higher concentration
(15.56 mg/L) of 2-phenylethanol. The diversity and expressive production of these aromatic com-
pounds found in the fermentation media using these agroindustrial residues indicate that their use as
substrates is an economical and environmentally viable alternative.

Keywords: agroindustrial residue; Auriporia aurulenta; bioaroma; 2-phenethyl acetate

1. Introduction

Currently, there is growing interest in and demand for the production of aroma com-
pounds of natural origin for the food, cosmetics, and pharmaceutical industries. Biotech-
nological processes have become very attractive alternatives for obtaining these prod-
ucts naturally, called bioaromas, when they are generated from fermentation processes
using microorganisms.

The microorganisms used in these bioprocesses are the basidiomycetes, which com-
prise almost all edible mushrooms and possess a particular extracellular enzymatic system
that is able to synthesize various volatile compounds [1]. These fungi have been stud-
ied for the production of aromas in a liquid and submerged environment, for example,
Pleurotus sapidus in the production of the terpene nootkatone; Phanerochaete chrysosporium
and Pycnoporus cinnabarinus in the production of vanillin; Ischnoderma benzoinum, Ischno-
derma resinosum, and Bjerkandera adusta in the production of benzaldehyde; and Rhodotorula
aurantiaca and Sporidiobolus ruinenii in the production of y-decalactone [2-12].

Basidiomycetes are also capable of producing bioaromas through the biotransfor-
mation of complex food by-products. The application of agroindustrial residues in bio-
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processes is a way of using low-cost alternative substrates to supply natural aromas. In
addition, it contributes to the preservation of the environment, making the production
process of aromas economical and sustainable [13,14]. These residues are usually rich
in nutrients such as lipids, amino acids, sugars, vitamins, mineral salts, and bioactive
compounds, which can act as biogenetic precursors or a conducive means for microorgan-
isms to produce aroma compounds through biotransformation or by synthesizing the new
compounds [15-19].

Although there is a limited number of scientific articles in which fruit residues have
been used as substrates for the production of odorous compounds with basidiomycetes,
the results of these works have indicated that agroindustrial residues constitute a po-
tential substrate for the generation of aroma compounds. These studies have focused
on the use of coconut and pineapple residues, peanut shells, corn, and wheat bran
for the production of vanillin via the basidiomycetes Phanerochaete chrysosporium and
Pycnoporus cinnabarinus [10,20-24] and apple residue for the production of 3-phenylpropanal,
3-phenyl-1-propanol, and benzyl alcohol compounds via the basidiomycete Tyromyces
chioneus [15]. However, there has been no scientific article published as of yet that has
investigated the basidiomycete Auriporia aurulenta for the production of aroma compounds
using agroindustrial residues. With the growing increase in the generation of agroindustrial
residues from the production and processing of fruits and with the concern for the preser-
vation of the environment, alternatives for the sustainable disposal of these materials have
been widely investigated, and one of them is the use of these residues as a culture medium
for microorganisms producing volatile aromatic compounds [25,26]. Thus, the present
work investigates the potential of Auriporia aurulenta to metabolize residues of umbu
(Spondias tuberosa L.), caja (Spondias mombin L.), plum (Prunus domestica L.), and persim-
mon (Diospyros kaki L.) for the natural and sustainable production of aromatic compounds
through submerged fermentation.

2. Materials and Methods
2.1. Chemical

Asparagine monohydrate and analytical grade standards (n-alkanes C8-C30, methyl
nonanoate) were obtained from Sigma-Aldrich (Missouri, USA and Taufkirchen, Germany).
Glucose was purchased from Neon Commercial Analytical Reagents Ltda. (Suzano, Sao
Paulo, Brazil); potassium hydrogen phosphate was purchased from Qhemis, Scientific Hexis
(Jundiai, Sao Paulo, Brazil); magnesium sulfate, zinc sulfate, and eth-ylenediaminetetraacetic
acid (EDTA) were purchased from Dinamica Quimica Contemporanea Ltda. (Indaiatuba,
Sao Paulo, Brazil); copper sulfate pentahydrate was acquired from Chemco Industry and
Commerce Ltda. (Hortolandia, Sao Paulo, Brazil); 3,5-dinitrosalicylic acid (DNS) and
ferric chloride were purchased from Vetec Fine Chemicals Ltda. (Duque de Caxias, Rio de
Janeiro, Brazil); Mueller Hinton Agar was purchased from Kasvi Import and Distribution
of Products for Laboratories Ltda. (Sao José dos Pinhais, Parana, Brazil); and yeast extract
(Merck KGaA, Darmstadt, Germany). All the other chemicals were of analytical grade or
HPLC purity standard.

2.2. Agroindustrial Residue

The agroindustrial residues from the processing of umbu (Spondias tuberosa L.), caja
(Spondias mombin L.), plum (Prunus domestica L.), and persimmon (Diospyros kaki L.) fruits
were donated by the company Pomar do Brasil Industria e Comércio de Alimentos Ltda.,
Aracaju, Brazil. The residues were subjected to drying at 35 °C in an oven with air circu-
lation (model MA 035/2, Marconi) until they reached a moisture content of less than 5%,
when they were then crushed in an IKA mill and sieved through a 20-mesh sieve. The total
reducing sugars were determined for the 4 residues using the DNS method [27].
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2.3. Strains and Growing Conditions of Crops

The strain of the basidiomycete fungus Auriporia aurulenta was acquired from the
library of the Institute of Food Chemistry at Leibniz University, Germany. All cultivation
procedures were performed under sterile conditions. Stock cultures were maintained in
Petri dishes containing SNL (Standard Nutrition Liquid) agar medium.

The pre-inoculum of Auriporia aurulenta was obtained following the methodology
of Fraatz et al. [3]. In flasks, 150 mL of SNL culture medium, composed of 30 g/L of
glucose; 4.6 g/L of asparagine monohydrate; 3.0 g/L of yeast extract; 1.6 g/L of potassium
hydrogen phosphate; 0.6 g/L of magnesium sulfate; and 0.5 mL/L of trace element solution
(solution to supplement the medium prepared with the following reagents: 5 mg/L of
copper sulfate pentahydrate; 80 mg/L of ferric chloride; 30 mg/L of magnesium sulfate;
90 mg/L of zinc sulfate; and 400 mg/L of EDTA), was added. In the sterile SNL broth,
with a pH of 6 determined by a pHmeter (Hanna, model HI2210), a 1 x 1 cm portion of the
microorganism was dispersed using an Ultra Turrax (Heidolph, model SilentCrusher M).
The pre-inoculum was kept in a shaker incubator until development for 15 days at 24 °C
and 150 rpm, protected from light.

2.4. Submerged Fermentation

The fermentation tests were carried out using agroindustrial residues as substrates,
following the methodology of Bosse [15] and Grosse [28] and using the SNL minimum
culture medium (consisting of reduced component concentrations of 10 g/L of glucose;
3 g/L of asparagine monohydrate; 1 g/L of yeast extract; 1.5 g/L of potassium hydrogen
phosphate; 0.5 g/L of magnesium sulfate; and 1 mL/L of trace element solution). For
the fermentation process, 25 mL of A. aurulenta pre-inoculum was added to 250 mL erlen-
meyer flasks containing 125 mL of SNL minimum with the addition of 5% (6.25 g) of the
agroindustrial residues. Later, the pH was adjusted to 6 and the flasks were kept under
agitation (150 rpm) in a shaker for 7 days at 24 °C and protected from light. Parallel to the
fermentation with the residue, a control culture in SNL minimum was also prepared.

Kinetics and Optimization of the Fermentation Process for the Production of Aroma Compounds

The kinetic study of the fermentation process for the production of the main aromatic
compounds, using the residue with the highest production of these compounds as substrate,
was carried out under the same conditions as in the previous item, being monitored for
21 days with the analysis being performed every 3.5 days (0; 3.5; 7; 10.5; 14; 17.5; and
21 days), using initial pHs of 6 and 3. The reduction in total sugars was also monitored in
these time intervals, using the method described by Miller [27].

The optimization of the fermentation conditions was investigated on the days of
highest production, which were determined in the kinetic study. The effects of the pre-
inoculum (X) and residue (Y) quantitative variables were evaluated using a Rotational
Central Compound Design (DCCR), consisting of a 22 factorial design, 4 axial points, and
3 central point replications, totaling 11 attempts. Table 1 shows the range of variables
studied and the corresponding coded levels. In order to maximize the use of residue and
minimize the amount of pre-inoculum from the previous fermentation, the values of 6.25 g
and 25 mL were considered for variables X (—1.41) and Y (+1.41), respectively.

Table 1. Levels of independent variables (X and Y) for Rotational Central Composite Design.

Independent Variables —-1.41 -1 0 1 1.41
X (mL) 8.00 13.12 16.50 21.56 25.00
Y (g) 6.25 9.04 13.12 17.22 20.00

2.5. Analysis of Volatile Compounds

The volatile compounds present in the submerged cultures were extracted using stir
bar sorptive extraction (SBSE). For the extraction, 10 mL of filtered fermentative broth
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and 1 g of sodium chloride (NaCl) were placed in a 20 mL vial sealed with a septum,
equilibrated at a temperature of 40 °C in a water bath under magnetic stirring at 1000 rpm.
The PDMS twister was immersed in the sample for the adsorption of the analytes for 60 min
and, after extraction, it was removed with tweezers, rinsed with deionized water, dried
with lint-free tissues, and inserted into a glass tube conditioned for the Thermal Desorption
Unit bar (TDU 2; Gerstel, Germany). All extractions were performed in triplicate.

The aroma compounds were desorbed in the system using a TDU (Thermal Desorption
Unit; Gerstel, Germany) with the following temperature settings: 30 °C for 0.5 min, which
then increased to 250 °C at 120 °C/min and was maintained at this temperature for 5 min
to desorb the aromatic compounds (thermodesorption). The analytes were transferred
to a cold injection system (CIS) equipped with a glass wool liner (2 mm; Gerstel). After
thermodesorption, the CIS was immediately heated at 12 °C/s from 45 °C to 250 °C, where
it was held for 5 min to release the analytes into the gas chromatograph column.

2.5.1. Separation of Volatile Compounds

The volatile compounds were analyzed on a gas chromatograph (model 7890B; Agilent
Technologies, Santa Clara, CA, USA) coupled to a mass spectrometer (model 5977A, Agilent
Technologies). Separation was achieved on an HP-5MS capillary column (30 m x 0.25 mm
id, 0.25 um film thickness) purchased from J&W Scientific, Agilent Technologies (Santa
Clara, CA, USA). The injector temperature was set at 240 °C and helium was used as a
carrier gas at a flow rate of 1.3 mL per min in the splitless injection system. The conditions
used in the GC system were: an initial oven temperature of 40 °C, which increased at a rate
of 3 °C/min to 130 °C, where it remained for 1 min, and later at the rate of 15 °C/min to
250 °C (1 min). The transfer line, ion source, and quadrupole temperatures were 260 °C,
280 °C, and 180 °C, respectively. The ionization source voltage was 70 eV, with the mass
scanning range varying between 35 and 350 amu.

2.5.2. Identification of Volatile Compounds

The volatile compounds were identified by comparing their mass spectra with those
obtained from the NIST library (National Institute of Standards & Technology, Gaithersburg,
MD, USA) and comparing the linear retention indexes (LRI) of the compounds, which were
calculated based on the retention times of a series of n- alkanes (C8—C30) under identical
analytical conditions, with those from the literature articles and NIST databases.

An internal standardization method was used to quantify the identified volatile
compounds. The concentrations of the identified compounds were calculated from the ratio
between the peak area and the peak area of the internal standard, expressed in mg/L. In
this study, methyl nonanoate was used as an internal standard, with a final concentration
of 15 ug/mL.

2.6. Statistical Analysis

The data obtained were subjected to an Analysis of Variance (ANOVA) and a Tukey’s
Test was performed to determine the significant differences between the samples at a 5%
significance level (p < 0.05), using the statistical program XLSTAT (Addinsoft Inc., Paris,
France, FR, 2016). For the optimization of the fermentation process, the DCCR and Response
Surface Methodology were analyzed using the STATISTICA program version 12.0.

3. Results
3.1. Volatile Profile of Fermented Products

The residues of umbu, cajd, persimmon, and plum fruits were used as substrates for
the cultivation of the basidiomycete Auriporia aurulenta and investigated for the production
of aroma compounds via submerged fermentation. The data on the compound names, their
retention indices—calculated and from the literature—concentrations, and odor character-
istics of the volatile compounds identified and quantified in each fermentation process are
presented in Table 2. A total of 46 compounds were identified and quantification in the
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submerged culture broth, with a predominance of esters (25 compounds) and alcohols (13),
as well as terpenoids (4), aldehydes (2), ketones (1), and lactones (1).

Table 2. Volatile compounds produced (mg/L) by Auriporia aurulenta using umbu, caja, persimmon,
and plum residues as substrates, in a submerged fermentation process for 7 days.

Umbu Caja Persimmon  Plum

Compounds RI* RI* Residue Residue Residue Residue Control Odor Description
2-Methyl-1-propanol 618 618 0.872 0.68° 0.50 ¢ 0414 0912 Wine
2-Methyl-1-butanol 737 736 0.69° 0.28¢ 0204 0.07°¢ 1.072 Alcoholic, fruity, wine
3-Methyl-1-butanol 765 768 2,667 0.88d 1.83P 0.804 1.63°¢ Fermented, banana
2-Methylpropyl acetate 772 772 0.06 2 0.03P Sweet, fruity, banana
Isoamyl acetate 876 877 0.802 057 0.23¢ 0.20 ¢ 0.822 Sweet, fruity, banana
2-Me;2§;lé tanol 879 879 0,132 0.03b Fruity, sweet, banana
Prenyl acetate 910 909 0,01¢ 0.02P 0.042 Banana, fruity, jasmine
Benzaldehyde 962 962 0.03P 1.272 Fruity, almond
1-Octen-3-ol 980 980 0.07b 0.014 0.014 0.122 0.03 ¢ Green, fungus, mushroom
3-Octanone 987 984 0.192 0.192 0.14b 0.14° 0.09 © Moldy, mushroom
Butyl butanoate 995 995 0.03
3-Octanol 996 996 0.13 b 0.152 0.12¢ 0.14° 0.06 4 Woody, mushroom
(Z)-3-Hexenyl acetate 1008 1005 0462 0.09P Sweet, fruity, banana
Hexyl acetate 1015 1015 0.222 0.03P 0.03 Fruity, banana
(E)-2-Hexenyl acetate 1018 1007 0.10 Apple, banana
Benzyl alcohol 1037 1038 0614 2,072 0.64 4 1.68P 0.76 € Fruity, floral, candy
(Z)-3-Octenol 1050 1047 0.02 Fresh, herbal, melon
(E)-2-Octenol 1065 1069 0.02°¢ 0.162 0.15b 0.014 Vegetable, citrus, green
1-Octanol 1071 1070 0.06 ¢ 0.07 ¢ 0252 0.19b 0.07 ¢ Citric, mushroom
(Z)-5-Octenol 1071 1051 0.10 Green, mushroom
Linalool 1100 1099 0.14° 0.01°¢ 0312 Pink, floral, orange
Heptyl acetate 1112 1114 0.04 Woody, apricot, pear
1-Octenyl-3-acetate 1113 1113 0.21 Fruity, green, herbal
2-Phenylethanol 1118 1112 2254 0.24 ¢ 0.014 0.77° 0.27 ¢ Floral, roses
Benzyl acetate 1169 1162 0.68°¢ 1.32b 0154 0.16 ¢ 1412 Floral, fruity, jasmine
Methyl salicylate 1199 1200 0.06 Slightly, phenolic, mint
Octyl acetate 1235 1220 0.014 0.242 0.03¢ 0.09b Floral
3-Phenylpropanol 1254 1253 037°b 0.604 0.04 4 0.13¢ Spicy, sweet
Heptyl butanoate 1273 1275 0.07 Fruity, floral, green, tea
2-Phenethyl acetate 1277 1271 5.072 0.84 b 0.77°° 1.24P 0.54 ¢ Fruity, honey, rose, floral
v-Octalactone 1278 1277 0372 0.09b 0.01°¢ 0.01°¢ 0.10° Sweet, coconut
(E)-Cinnamaldehyde 1280 1283 0.06 Sweet, cinnamon
p-Cymen-7-ol 1295 1295 0.18 Cumin, spicy, herbs
Myrtenyl acetate 1299 1305 0.05% 0.01° Fruity, sweet, herbal
Cinnamyl alcohol 1307 1312 0.39 Sweet, green, hyacinth
1,4-p-Menthadien-7-ol 1320 1315 0.16
Benzyl butanoate 1343 1345 0.06 Apricot, fruity, jasmine
2-Phenylethy] 1350 1350 0.02 Honey, fruity, floral
propanoate ' Y !
3-Phenylpropyl acetate 1371 1373 0.68° 021°¢ 0.04 ¢ 0114 0.772 Spicy, cinnamon
Methyl cinnamate 1383 1380 0.022 0.032 Sweet, balsamic
(El){z'Hexenyl 1384 1375 0.03 Herbal, green
exanoate
(E)-B-Damascenone 1386 1382 0.18 Fruity, honey, rose, apple
Cuminyl acetate 1422 1432 0.40 Fresh, fruity, sweet, herbs
Cinnamyl acetate 1451 1453 0.33° 0412 Cinnamon, floral, sweet
Ethyl (E)-cinnamate 1456 1463 0.04 Floral, honey

Values in the same row with different superscripts are significantly different (p < 0.05); RI*—Mean of the calculated
Linear Retention Index; RI*—Linear retention index according to the literature (NIST, 2014).

The Auriporia aurulenta cultivated at the SNL minimum (control) produced 20 volatile
compounds. The major compounds were 3-methyl-1-butanol (1.63 mg/L), benzyl acetate
(1.41 mg/L), 2-methyl-1-butanol (1.07 mg/L), 2-methyl-1-propanol (0.91 mg/L), isoamyl
acetate (0.82 mg/L), and 3-phenylpropyl acetate (0.77 mg/L). Most of these compounds
possess floral, fruity, and sweet aroma characteristics. All these compounds showed a
decrease in their concentrations in the fermented products, except for 3-methyl-1-butanol,
whose concentration was higher in the products fermented with the umbu and persimmon
residues, presenting a significant difference (p < 0.05) from the other products.

Table 2 shows that larger numbers of volatile compounds were obtained in the fermen-
tation with umbu and caja residues being used as substrates, with 31 and 29 being obtained,
respectively, while the fermentations with plum and persimmon residues presented only
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22 compounds. Among the total number of compounds, twenty-seven were found only in
the fermented products, which were absent in the control unfermented material. Among
these compounds, there was the production of benzaldehyde, cinnamyl acetate, cinnamyl
alcohol, octyl acetate, and hexyl acetate using caja residue; 3-(Z)-hexenyl acetate, cuminyl
acetate, (E)-B-damascenone, p-cymen-7-ol, 1,4-p-menthadien-7-ol, and (E)-2-hexenyl acetate
using umbu residue; and 1-octenyl-3-acetate using persimmon residue.

Auriporia aurulenta using agroindustrial residues produced several volatile compounds
in expressive concentrations. Esters were the main compounds produced in the fer-
mentations, highlighting those with a production greater than 0.1 mg/L: 2-phenethyl
acetate, 3-(Z)-hexenyl acetate, cuminyl acetate, cinnamyl acetate, 2-methylbutyl acetate,
(E)-2-hexenyl acetate, octyl acetate, 1-octenyl-3-acetate, and hexyl acetate. Among these
compounds, 2-phenethyl acetate was mainly produced by all the residues, with the highest
production (5.07 mg/L) occurring with the umbu residue, significantly different (p < 0.05)
in relation to the others. In fact, it was observed that the product fermented with this
residue showed higher values for most of these compounds compared to the data obtained
by using the other residues. Medeiros et al. [29] also found esters and alcohols to be the
major classes when using cassava bagasse fermented by Kluyveromyces marxianus.

Alcohols were the second major class of volatile compounds. The 8-carbon alcohols
are well known as fungal volatile organic markers. Among them, the alcohols 1-octen-3-ol,
3-octanol, 1-octanol, and (Z)-5-octenol are considered as the main compounds respon-
sible for mushroom odor. [30]. In addition to these, the production of 2-phenylethanol
(2.25 mg/L) was highlighted, mainly occurring with umbu residue and significantly dif-
ferent (p < 0.05) in relation to the other residues, considered as one of the most important
aromatic alcohols. Additionally noteworthy was benzyl alcohol (2.07 mg/L), produced
mainly in the fermented products with caja residue, as well as benzaldehyde (1.27 mg/L),
which showed a significant difference (p < 0.05) in relation to the other fermented prod-
ucts. Previous studies have reported a direct relationship between benzyl alcohol and
benzaldehyde, in which basidiomycetes use benzyl alcohol as a precursor to benzalde-
hyde [11]. Other studies have shown that benzyl alcohol can be formed by the reduction
in benzaldehyde during the fermentation process with basidiomycetes [31], and intercon-
versions between these compounds were observed by Kawabe [32], where benzaldehyde
produced by fermentation pathways was reduced to benzyl alcohol and slowly converted
back into benzaldehyde.

The addition of umbu residue as a substrate for A. aurulenta led to the production of
some volatile compounds that were not found in the fermentations with other residues.
It was observed that, of the total of four terpenoid compounds present in the fermented
products, three of these were produced exclusively using umbu residue: (E)-f-damascenone
(0.18 mg/L); p-cymen-7-0l (0.18 mg/L); and 1,4-p-menthadien-7-ol (0.16 mg/L). In addition,
linalool (0.14 mg/L) was preferably produced using umbu residue but was also present
in the fermentation used with caja residue (0.01 mg/L). Among these, the importance of
linalool stands out. It is a prevalent component in vegetable essential oils and commonly
used in the fragrance and pharmaceutical industry, also presenting anti-inflammatory and
analgesic effects. In addition, (E)-B-damascenone, an important odorous compound with
“fruity” notes that contributes to the aroma of many food products, was noted.

The only lactone quantified in this study, y-octalactone, showed a significant increase
(p < 0.05) during the fermentation with umbu residue, with a production of 0.37 mg/L,
while the fermentations with other residues showed decreases in their concentrations in
relation to the control. y-Octalactone is a fragrance compound with a sweet coconut aroma,
often used in perfumery for floral fragrances and also as a food flavoring, being an aromatic
component of beer and brandy. Although it was not a major compound in the present
study, the production of y-octalactone in the product fermented with A. aurulenta and
umbu residue was higher than that reported by Wickramasinghe [11] in the fermentation
broth of the edible mushroom Ischnoderma resinosuma (14.9 ug/kg).
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3.2. Kinetics of Formation of Aroma Compounds

The change in volatile composition that occurred during the fermentation process was
analyzed and the selection of the compounds of interest was carried out considering the
concentration and aromatic potential of the compounds produced. Thus, the compounds
2-phenethyl acetate and 2-phenylethanol were selected because they were produced in
higher concentrations by A. aurulenta using umbu residue, as was (E)-f-damascenone
because it is a potent odorous compound with a low odor threshold and is very important
for the flavor industry, although it was produced in a low concentration. Thus, the kinetics
of the formation of these compounds were monitored for 21 days in submerged cultures of
A. aurulenta using umbu residue as substrate, in acid medium (pH 3) and in basic medium
(pH 6). An erlenmeyer flask was collected every three and a half days to determine the
volatiles, pH, and total sugar concentrations.

The umbu residue showed a small amount of total sugars (0.17 g/L), so the sugar
available in the fermentation process refers to that present in the SNL minimum, which was
reduced in a non-linear way during the fermentation process. After inoculation, a 2-day
lag phase was observed in the basic medium and subsequently, so was a drastic decrease in
the sugar from 11.20 g/L to 2.69 g/L in just 3 days and, parallel to this period, there was an
increase in the production of 2-phenylethanol (Figure 1). In the acidic medium, however, a
higher consumption of sugar was observed between the seventh and tenth and a half day,
the period in which the highest amount of 2-phenethyl acetate was produced.

13.0 4 —&— Total sugars - pH 3
12.0 Total sugars - pH 6

11.0
100 1
90 -
80 -
7.0 1
6.0 1
50 1
40 -
30 4
20 i -
1.0 - -
0.0 1 . . . . :

0.0 7.0 10.5 14.0 175 21.0

cultivation time [days]

Total sugars [g/L]

w
[$)

Figure 1. Total sugar concentration during 21 days of submerged cultivation of A. auruenta with
umbu residue at pH 3 and pH 6.

The low sugar content of the umbu residue may have favored the high yield of
2-phenethyl acetate, and its highest production (11.39 mg/L) was reached on day 3.5 at a
pH of 3, with a significant decrease occurring after day 7, while at pH 6, this production
was only 3.88 mg/L (Figure 2A). The behavior of A. aurulenta at a pH close to 6 favored
the biosynthesis of 2-phenylethanol alcohol, reaching its highest production (2.28 mg/L)
on the seventh day, while at pH 3, the production was only 1.31 mg/L (Figure 2B). As
observed, it can be inferred that the microorganism A. aurulenta, using umbu residue as
substrate, preferentially biosynthesizes the 2-phenethyl acetate ester in an acid medium
and the 2-phenylethanol in a basic medium.
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Figure 2. Kinetics of 2-phenethyl acetate (A), 2-phenylethanol (B), and (E)-B-damascenone
(C) production during submerged cultivation of A. aurulenta with umbu residue at pH 3 and pH 6.
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The production of (E)-B-damascenone reached a maximum content of 0.25 mg/L on
day 10.5 at pH 6 (Figure 2C). However, considerable concentrations were also observed
on the seventh day of fermentation, at both pHs. The increase in (E)-f-damascenone
production from day 7 to day 10.5 was 18%, but this difference does not justify extending
the time of the fermentation process; however, its production was more advantageous on
the seventh day.

3.3. Fermentation—Process Optimization

A DCCR 22 statistical experimental design was carried out to evaluate the effect of
pre-inoculum and umbu residue on the production of 2-phenethyl acetate, 2-phenylethanol,
and (E)-B-damascenone. Based on the results obtained in the study of the kinetics of the
formation of these compounds, the time (d) and initial pH of the submerged fermenta-
tion were set at 3.5 and 3.0 for the production of 2-phenethyl acetate; 7 and 6.0 for the
2-phenylethanol production; and 7 and 3.0 for the (E)-B-damascenone production, respec-
tively. The values of the independent variables (pre-inoculum and residue concentrations)
and the experimental and predicted responses for each assay are shown in Table 3.

Table 3. Effect of pre-inoculum and residue concentrations on the production of volatile compounds
obtained in submerged fermentation with A. aurulenta.

Experimental Values Predicted Values
Assa Pre-Inoculum Residue 2-Phenethyl Acetate 2-Phenylethanol (E)-B-Damascenone 2-Phenethyl Acetate 2-Phenylethanol
y (mL) (g (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 11.44 9.04 7.32 541 0.19 4.00 4.80
2 21.56 9.04 3.57 6.71 0.18 4.00 8.93
3 11.44 17.22 13.05 2.86 0.23 13.43 4.80
4 21.56 17.22 9.28 6.25 047 13.43 8.93
5 8.00 13.12 8.25 8.22 0.24 5.78 3.97
6 25.00 13.12 10.10 15.56 0.23 5.78 10.91
7 16.5 6.24 4.23 6.65 0.23 6.14 6.55
8 16.5 20.00 24.47 9.90 0.19 21.96 6.55
9 16.5 13.12 4.10 4.15 0.22 5.78 6.55
10 16.5 13.12 411 4.67 0.24 5.78 6.55
11 16.5 13.12 3.41 4.68 0.26 5.78 6.55

The production values of 2-phenethyl acetate ranged from 3.41 to 24.47 mg/L and
its highest production was found in test 8, where fermentation occurred with 16.5 mL
of pre-inoculum and the maximum amount of residue (20 g). Keeping the same pre-
inoculum concentration and decreasing the amount of residue, a drastic reduction in the
production of this compound was observed, reaching a minimum value of 3.41 mg/L.
Thus, it was verified that the increase in the concentration of residue caused the increase in
the production of 2-phenethyl acetate; however the same relation was not observed for the
concentration of pre-inoculum. When the highest concentration of pre-inoculum (25 mL)
was used, there was a reduction in the production of 2-phenethyl acetate (10.10 mg/L).

Contrary to the behavior of the 2-phenethyl acetate production, 2-phenylethanol
production was favored by increasing the pre-inoculum concentration (12.5 mL), reaching
a value of 15.56 mg/L. However, when using the maximum amounts of residue (20 g)
and lower values of pre-inoculum, there was a decrease in this production (9.90 mg/L).
Regarding (E)-B-damascenone, its production ranged from 0.19 to 0.47 mg/L, with the
maximum value being observed when 10.78 mL of pre-inoculum and 8.61 g of residue
were used.

To determine the significant factors, the Pareto chart (Figure 3) was used, in which
it was possible to verify that the linear (L) and quadratic (Q) effects of the residual
variable were significant (p < 0.05) for the production of 2-phenethyl acetate. For the
2-phenylethanol production, only the quadratic effect (QQ) of the pre-inoculum variable
was significant (p < 0.05), while none of the variables were significant (p > 0.05) for the
production of (E)-B-damascenone within the range studied. After eliminating the factors
whose effects were not significant, statistical models were generated for the compounds
2-phenethyl acetate and 2-phenylethanol.
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The influence of the independent variables studied in the fermentation process for the
production of 2-phenethyl acetate and 2-phenylethanol compounds can be better observed
in the individual graphical representation of the statistical models, through the response
surfaces (Figure 4), which were statistically significant (p < 0.05). For 2-phenethyl acetate,
this statistical model (Z = 0.759 — 3.432Y + 0.175Y?; where Z = the concentration of the
compound produced and Y = the amount of residue) was considered valid for prediction
purposes, as it presented a coefficient of determination (R?) that was satisfactory or equal to
0.81, meaning that 81% of the data variation can be explained by this model. The statistical
model determined for 2-phenylethanol (Z = 3.180 + 0.012X2, where X = amount of pre-
inoculum), although significant, presented a coefficient of determination (R?) of only 0.36,
explaining only 36% of the data variation. In these graphs, it is easy to see the conditions
that maximized the production of each volatile compound, and that the maximums of all
these models were obtained using different values of the studied factors.
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Figure 4. Response surface graphs for the effects of pre-inoculum and residue on the concentration
of 2-phenethyl acetate and 2-phenylethanol.
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The response surface presented in Figure 4, generated by the linear and quadratic
model, indicated that the amount of residue positively influenced the production of
2-phenethyl acetate. This influence can be seen when observing the optimal region repre-
sented in red, that is, when using greater amounts of umbu residue, in the range between
19 g and 22 g, regardless of the amount of pre-inoculum used, it was possible to obtain
higher concentrations of this compound. It was also observed that the pre-inoculum vari-
ation in the range studied did not impact this production. Regarding 2-phenylethanol,
the response surface and contour indicated that its greater production occurred with an
increase in the pre-inoculum concentration, reaching maximum values in the range above
22 mL of pre-inoculum.

The study of the amount of residue as a substrate and pre-inoculum is of great im-
portance, since these parameters can influence the quantity and quality of the compounds
generated, as well as the production time, impacting the higher or lower cost of the process.
The results indicated great and promising perspectives for the scale-up of the aroma produc-
tion process via fermentation in a submerged state using A. aurulenta with agroindustrial
residues as substrates.

4. Discussion

The volatile profiles of the fermented broths produced by Auriporia aurulenta using
residues of umbu, caja, persimmon, and plum as substrates revealed a great complexity
in the mixture of aroma compounds. The umbu residue stood out among the others in
its expressive production of 2-phenethyl acetate and 2-phenylethanol, in addition to com-
pounds such as 3-(Z)-hexenyl acetate, cuminyl acetate, y-octalactone, (E)-B-damascenone,
and p-cymen-7-ol.

(E)-B-damascenone, which can be considered a product of carotenoid oxidative degra-
dation [33], was one of the terpenoids present in umbu residue and contributes to the
aromas of various products such as green tea [34], wines [31,35,36], Arabica coffee [37],
buckwheat honey [38], and in liquid malt extract for the bakery industry [39]. The pro-
duction of (E)-B-damascenone by basidiomycetes has been investigated and, so far, the
concentrations obtained in these studies have been relatively small, ranging from 0.004 to
0.16 mg/L [34,40], in comparison to the present study, where maximum production was
0.47 mg/L.

Work with basidiomycetes is more focused on the production of terpenes [28,41,42]
and vanillin [9,22,43-45], however, Auriporia aurulenta has shown potential for the synthesis
of esters with different aromas (peach, pineapple, banana, citrus, and rose), depending
on the growing conditions. Mantzouridou [46] obtained a higher production of volatile
esters by yeast using orange peel as a substrate. Ceratocystis fimbriata (ascomycete fungi)
also increased the production of esters with a fruity aroma using 50% soybean meal residue
as a nitrogen source and 25% sugarcane molasses as a carbon source [47].

A. aurulenta produced significant amounts of 2-phenethyl acetate, a compound with
floral, rose, and honey aromatic notes, showing statistically significant (p < 0.05) differences
between umbu residue and the other substrates. This compound was also produced by
the basidiomycetes Antrodia camphorata and Polyporus tuberaster, but represented lower
values [48,49]. Gallois et al. [50] studied 29 basidiomycetes for the production of aroma
compounds, and only the strains Lenzites trabea and Trametes pini managed to produce
2-phenethyl acetate, with concentrations ranging from 0 to 0.05 mg/L. These concentrations
were lower than those obtained in our study, where the variations ranged from 0.84 mg/L
(persimmon residue) to 5.07 mg/L (umbu residue) for 7 days of fermentation.

2-Phenylethanol can be formed via synthesis by basidiomycetes or through the biocon-
version of appropriate precursors such as L-phenylalanine [51]. In our study, using umbu
residue, the preliminary concentration of 2-phenylethanol was 2.25 mg/L after 7 days of
fermentation. Previous papers have also reported the production of 2-phenylethanol by
basidiomycetes such as Vararia effuscata, Fomes annosus, Lenzites betulina, Phellinus robus-
tus, Polyporus frondosus, Poria subacida, Poria subvennispora, and Annillaria ostoyae, reaching
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mean concentration values of 0.25 to 1.00 mg/L [50,52,53]. Torulaspora delbrueckii had the
highest sugar consumption and highest production of higher alcohols (isoamyl alcohol,
2-phenylethanol) and ethyl esters (ethyl octanoate and ethyl decanoate). Williopsis saturnus
could indeed consume more nitrogen sources and produce greater amounts of acetate
esters, but the ethyl acetate produced was at an excessive level [54].

Basidiomycetes were able to produce aroma compounds in a short period of time, rang-
ing from 3.5 to 7 days. The 2-phenethyl acetate showed the highest production at 3.5 days,
and the optimization of the fermentation process made it possible to obtain concentrations
of up to 24.47 mg/L of this ester. The large increase in the concentration of 2-phenethyl
acetate was directly related to the greater amount of umbu residue, suggesting that it is an
adequate source of nitrogen for its production. The production of 2-phenylethanol on the
7th day by A. aurulenta is a common feature of most basidiomycetes, reaching a maximum
value of 15.56 mg/L in the optimization process, which was directly related to the amount
of the microorganism in the medium.

The formation of aroma compounds in this study may be related to the available
nutrients and precursors present in the residues, which constitute a suitable environment
for the fermentation process for basidiomycetes. Based on the results obtained, it could be
concluded that Auriporia aurulenta is a promising basidiomycete in the production of esters
using agroindustrial residues as substrates.

5. Conclusions

The aroma compounds present in the fermented products were identified and quanti-
fied using the SBSE extraction technique. The submerged cultivation of Auriporia aurulenta
resulted in the production of several volatile compounds in different concentrations, in-
fluenced by the use of umbu, caja, persimmon, and plum residues as substrates in the
fermentation medium. The substrate containing umbu residue stood out from the others
and enabled the expressive production of bioaromas with pleasant odors, with predomi-
nantly floral and sweet aromatic notes, with an emphasis on the compounds 2-phenethyl
acetate and 2-phenylethanol. The highest production of these compounds was obtained af-
ter 3.5 days of fermentation in acid medium, and after 7 days in basic medium, respectively.
The variations in the residue and pre-inoculum concentrations showed that higher con-
centrations of 2-phenethyl acetate were obtained with an increase in umbu residue, while
an increase in pre-inoculum significantly influenced the increase in the 2-phenylethanol
production. In addition to these results, the umbu residue also favored the formation of
the compounds 3-(Z)-hexenyl acetate, cuminyl acetate, (E)-B-damascenone, p-cymen-7-ol,
1,4-p-menthadien-7-o0l, and (E)-2-hexenyl acetate. It is also worth mentioning the produc-
tion of the compounds benzaldehyde, cinnamyl acetate, cinnamyl alcohol, octyl acetate,
and hexyl acetate using caja residue and 1-octenyl-3-acetate using persimmon residue. The
basidiomycete A. aurulenta successfully transformed agroindustrial residues into mixtures
of complex and highly interesting natural aromas.

Author Contributions: Conceptualization, R.D.D.S.; methodology, R.D.D.S. and M.S.D.].; software,
R.D.D.S; formal analysis, R.D.D.S. and R.A.R.D.S.; investigation, R.D.D.S.; resources, N.N.; data cura-
tion, RD.D.S,, R ARD.S, MS.D.J.,, HC.S.A. and ] PN.; writing—original draft preparation, R.D.D.S.
and N.N.; writing—review and editing, M.T.5.L.N. and N.N.; visualization, N.N.; supervision, N.N.;
project administration, N.N.; funding acquisition, N.N. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by CNPq (Conselho Nacional de Desenvolvimento Cientifico
e Tecnolégico), Brazil, vide research project Instituto Nacional de Ciéncia e Tecnologia de Frutos
Tropicais (Project 465335/2014-4) in developing this work, CAPES (Coordenagao de Aperfeicoamento
de Pessoal de Nivel Superior; Financial code 001), Brazil, for their fellowships.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Fermentation 2023, 9, 593 14 of 16

Data Availability Statement: Data available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bouws, H.; Wattenberg, A.; Zorn, H. Fungal secretomes—Nature’s toolbox for white biotechnology. Appl. Microbiol. Biotechnol.
2008, 80, 381-388. [CrossRef] [PubMed]

Alchihab, M.; Aldric, ].-M.; Aguedo, M.; Destain, ].; Wathelet, J.-P.; Thonart, P. The use of Macronet resins to recover y-decalactone
produced by Rhodotorula aurantiaca from the culture broth. J. Ind. Microbiol. Biotechnol. 2010, 37, 167-172. [CrossRef] [PubMed]
Fraatz, M.A.; Riemer, S.J.L.; Stober, R.; Kaspera, R.; Nimtz, M.; Berger, R.G.; Zorn, H. A novel oxygenase from Pleurotus sapidus
transforms valencene to nootkatone. J. Mol. Catal. B Enzym. 2009, 61, 202-207. [CrossRef]

Krings, U.; Hinz, M.; Berger, R.G. Degradation of [ZH]phenylalanine by the basidiomycete Ischnoderma benzoinum. J. Biotechnol.
1996, 51, 123-129. [CrossRef]

Lapadatescu, C.; Ginies, C.; Le Quéré, J.-L.; Bonnarme, P. Novel scheme for biosynthesis of aryl metabolites from L-phenylalanine
in the fungus Bjerkandera adusta. Appl. Environ. Microbiol. 2000, 66, 1517-1522. [CrossRef] [PubMed]

Kriigener, S.; Krings, U.; Zorn, H.; Berger, R.G. A dioxygenase of Pleurotus sapidus transforms (+)-valencene regio-specifically to
(+)-nootkatone via a stereo-specific allylic hydroperoxidation. Bioresour. Technol. 2010, 101, 457-462. [CrossRef]

Stentelaire, C.; Lesage-Meessen, L.; Oddou, J.; Bernard, O.; Bastin, G.; Ceccaldi, B.C.; Asther, M. Design of a fungal bioprocess for
vanillin production from vanillic acid at scalable level by Pycnoporus cinnabarinus. J. Biosci. Bioeng. 2000, 89, 223-230. [CrossRef]
Patil, P.D.; Yadav, G.D. Comparative studies of white-rot fungal strains (Trametes hirsuta mtcc-1171 and Phanerochaete chrysosporium
ncim-1106) for effective degradation and bioconversion of ferulic acid. ACS Omega 2018, 3, 14858-14868. [CrossRef]

Galadima, A.L; Salleh, M.M.; Hussin, H.; Shiong, C.C.; Yahaya, A.; Mohamad, S.E.; Aziz, S.A.; Yusof, N.N.M.; Al-Junid,
A.FM. Improvement of biovanillin production with two-stage pH control strategy from lemongrass leaves hydrolysates using
Phanerochaete chrysosporium ATCC 24725 in batch culture. Biomass Conv. Bioref. 2022, 12, 2727-2736. [CrossRef]

Lesage-Meessen, L.; Lomascolo, A.; Bonnin, E.; Thibault, J.-F.; Buleon, A.; Roller, M.; Asther, M.; Record, E.; Ceccaldi, B.C.; Asther,
M. A biotechnological process involving filamentous fungi to produce natural crystalline vanillin from maize bran. Appl. Biochem.
Biotechnol. 2002, 102, 141-153. [CrossRef]

Wickramasinghe, P.C.K.; Munafo, ].P. Fermentation dynamics and benzylic derivative production in Ischnoderma resinosum isolates.
ACS Omega 2020, 5, 22268-22277. [CrossRef] [PubMed]

Feron, G.; Mauvais, G.; Lherminier, J.; Michel, J.; Wang, X.-D.; Viel, C.; Cachon, R. Metabolism of fatty acid in yeast: Addition of
reducing agents to the reaction medium influences S-oxidation activities, y-decalactone production, and cell ultrastructure in
Sporidiobolus ruinenii cultivated on ricinoleic acid methyl ester. Can. J. Microbiol. 2007, 53, 738-749. [CrossRef] [PubMed]
Baqueiro-Pefia, L; Guerrero-Beltran, J.A. Vanilla (Vanilla planifolia Andr.), its residues and other industrial by-products for
recovering high value flavor molecules: A review. J. Appl. Res. Med. Aromat. Plants 2017, 6, 1-9. [CrossRef]

Priefert, H.; Rabenhorst, J.; Steinbtichel, A. Biotechnological production of vanillin. Appl. Microbiol. Biotechnol. 2001, 56, 296-314.
[CrossRef] [PubMed]

Bosse, A.K,; Fraatz, M.A.; Zorn, H. Formation of complex natural flavours by biotransformation of apple pomace with basid-
iomycetes. Food Chem. 2013, 141, 2952-2959. [CrossRef]

Alvarez, M.V,; Cabred, S.; Ramirez, C.L.; Fanovich, M.A. Valorization of an agroindustrial soybean residue by supercritical fluid
extraction of phytochemical compounds. . Supercrit. Fluids 2019, 143, 90-96. [CrossRef]

Diaz, A.B.; Blandino, A.; Caro, I. Value added products from fermentation of sugars derived from agro-food residues. Trends Food
Sci. Technol. 2018, 71, 52-64. [CrossRef]

Freitas, L.C.; Barbosa, ]J.R.; da Costa, A.L.C.; Bezerra, EW.E,; Pinto, R.H.H.; Carvalho Junior, R.N.d. From waste to sustainable
industry: How can agro-industrial wastes help in the development of new products? Resour. Conserv. Recycl. 2021, 169, 105466.
[CrossRef]

Monteiro, S.A.; Barbosa, M.M.; Maia da Silva, EF.; Bezerra, R.F,; da Silva Maia, K. Preparation, phytochemical and bromatological
evaluation of flour obtained from the acerola (Malpighia punicifolia) agroindustrial residue with potential use as fiber source.
LWT-Food Sci. Technol. 2020, 134, 110142. [CrossRef]

Karode, B.; Patil, U.; Jobanputra, A. Biotransformation of low cost lignocellulosic substrates into vanillin by white rot fungus,
Phanerochaete chrysosporium NCIM 1197. Indian |. Biotechnol. 2013, 12, 281-283.

Thibault, J.; Micard, V.; Renard, C.; Asther, M.; Delattre, M.; Lesage-Meessen, L.; Faulds, C.; Kroon, P; Williamson, G.;
Duarte, J.; et al. Fungal bioconversion of agricultural by-products to vanillin. LWT Food Sci. Technol. 1998, 31, 530-536. [CrossRef]
Rejani, C.T.; Radhakrishnan, S. Microbial conversion of vanillin from ferulic acid extracted from raw coir pith. Nat. Prod. Res.
2020, 36, 901-908. [CrossRef]

Lun, O.K.; Wai, T.B,; Ling, L.S. Pineapple cannery waste as a potential substrate for microbial biotranformation to produce vanillic
acid and vanillin. Int. Food Res. J. 2014, 21, 953-958.

Barbosa, E.D.S.; Perrone, D.; Amaral Vendramini, A.L.D.; Ferreira Leite, S.G. Vanillin production by Phanerochaete chrysosporium
grown on green coconut agro-industrial husk in solid state fermentation. BioResources 2008, 3, 1042-1050.


https://doi.org/10.1007/s00253-008-1572-5
https://www.ncbi.nlm.nih.gov/pubmed/18636256
https://doi.org/10.1007/s10295-009-0659-z
https://www.ncbi.nlm.nih.gov/pubmed/19902280
https://doi.org/10.1016/j.molcatb.2009.07.001
https://doi.org/10.1016/0168-1656(96)01589-1
https://doi.org/10.1128/AEM.66.4.1517-1522.2000
https://www.ncbi.nlm.nih.gov/pubmed/10742235
https://doi.org/10.1016/j.biortech.2009.08.087
https://doi.org/10.1016/S1389-1723(00)88823-4
https://doi.org/10.1021/acsomega.8b01614
https://doi.org/10.1007/s13399-020-00980-y
https://doi.org/10.1385/ABAB:102-103:1-6:141
https://doi.org/10.1021/acsomega.0c02550
https://www.ncbi.nlm.nih.gov/pubmed/32923784
https://doi.org/10.1139/W07-028
https://www.ncbi.nlm.nih.gov/pubmed/17668034
https://doi.org/10.1016/j.jarmap.2016.10.003
https://doi.org/10.1007/s002530100687
https://www.ncbi.nlm.nih.gov/pubmed/11548997
https://doi.org/10.1016/j.foodchem.2013.05.116
https://doi.org/10.1016/j.supflu.2018.07.012
https://doi.org/10.1016/j.tifs.2017.10.016
https://doi.org/10.1016/j.resconrec.2021.105466
https://doi.org/10.1016/j.lwt.2020.110142
https://doi.org/10.1006/fstl.1998.0411
https://doi.org/10.1080/14786419.2020.1849194

Fermentation 2023, 9, 593 15 of 16

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Chattopadhyay, P.; Banerjee, G.; Sen, S.K. Cleaner production of vanillin through biotransformation of ferulic acid esters from
agroresidue by Streptomyces sannanensis. J. Clean. Prod. 2018, 182, 272-279. [CrossRef]

Sharma, A.; Sharma, P,; Singh, J.; Singh, S.; Nain, L. Prospecting the potential of agroresidues as substrate for microbial flavor
production. Front. Sustain. Food Syst. 2020, 4, 18. [CrossRef]

Miller, G.L. Use of dinitrosalicylic reagent for determination of reducing sugar. Anal. Chem. 1959, 31, 426-428. [CrossRef]
Grosse, M; Strauss, E.; Krings, U.; Berger, R.G. Response of the sesquiterpene synthesis in submerged cultures of the Basid-
iomycete Tyromyces floriformis to the medium composition. Mycologia 2019, 111, 885-894. [CrossRef]

Medeiros, A.B.P,; Pandey, A.; Freitas, R.J.S.; Christen, P.; Soccol, C.R. Optimization of the production of aroma compounds by
Kluyveromyces marxianus in solid-state fermentation using factorial design and response surface methodology. Biochem. Eng. .
2000, 6, 33-39. [CrossRef]

Cho, L.H.; Namgung, H.J.; Choi, HK,; Kim, Y.S. Volatiles and key odorants in the pileus and stipe of pine-mushroom (Tricholoma
matsutake Sing.). Food Chem. 2008, 106, 71-76. [CrossRef]

Van den Ban, E.C.D.; Willemen, H.M.; Wassink, H.; Laane, C.; Haaker, H. Bioreduction of carboxylic acids by Pyrococcus furiosus
in batch cultures. Enzyme Microb. Technol. 1999, 25, 251-257. [CrossRef]

Kawabe, T.; Morita, H. Production of benzaldehyde and benzyl alcohol by the mushroom Polyporus tuberaster K2606. ]. Agric.
Food Chem. 1994, 42, 2556-2560. [CrossRef]

Madrera, R.R; Bedrifiana, R.P; Valles, B.S. Production and characterization of aroma compounds from apple pomace by solid-state
fermentation with selected yeasts. LWT Food Sci. Technol. 2015, 64, 1342-1353. [CrossRef]

Rigling, M.; Yadav, M.; Yagishita, M.; Nedele, A.-K; Sun, J.; Zhang, Y. Biosynthesis of pleasant aroma by enokitake (Flammulina
velutipes) with a potential use in a novel tea drink. LWT-Food Sci. Technol. 2020, 140, 110646. [CrossRef]

Pineau, B.; Barbe, J.-C.; Van Leeuwen, C.; Dubourdieu, D. Which impact for f-damascenone on red wines aroma? . Agric. Food
Chem. 2007, 55, 4103-4108. [CrossRef]

Vilanova, M.; Ugliano, M.; Varela, C.; Siebert, T.; Pretorius, I.; Henschke, P. Assimilable nitrogen utilisation and production of
volatile and non-volatile compounds in chemically defined medium by Saccharomyces cerevisiae wine yeasts. Appl. Microbiol.
Biotechnol. 2007, 77, 145-157. [CrossRef]

Jin, J.; Kim, M.].; Dhandapani, S.; Tjhang, ].G.; Yin, J.-L.; Wong, L.; Sarojam, R.; Chua, N.-H.; Jang, I.-C. The floral transcriptome of
ylang ylang (Cananga odorata var. fruticosa) uncovers biosynthetic pathways for volatile organic compounds and a multifunctional
and novel sesquiterpene synthase. . Exp. Bot. 2015, 66, 3959-3975. [CrossRef]

Chen, X,; Zhang, Y.; Zu, Y.; Yang, L. Chemical composition and antioxidant activity of the essential oil of Schisandra chinensis
fruits. Nat. Prod. Res. 2012, 26, 842-849. [CrossRef]

Jurado, ].M.; Ballesteros, O.; Alcazar, A.; Pablos, E.; Martin, M.].; Vilchez, ].L.; Navalon, A. Characterization of aniseed-flavoured
spirit drinks by headspace solid-phase microextraction gas chromatography—mass spectrometry and chemometrics. Talanta 2007,
72,506-511. [CrossRef]

Ferreira, A.C.S.; Monteiro, J.; Oliveira, C.; Guedes de Pinho, P. Study of major aromatic compounds in port wines from carotenoid
degradation. Food Chem. 2008, 110, 83-87. [CrossRef]

Kolwek, J.; Behrens, C.; Linke, D.; Krings, U.; Berger, R.G. Cell-free one-pot conversion of (+)-valencene to (+)-nootkatone by a
unique dye-decolorizing peroxidase combined with a laccase from Funalia trogii. ]. Ind. Microbiol. Biotechnol. 2018, 45, 89-101.
[CrossRef]

Piith, N.; Ersoy, F; Berger, R.G.; Krings, U. Impact of agro-industrial side-streams on sesquiterpene production by submerged
cultured Cerrena unicolor. Foods 2023, 12, 668. [CrossRef] [PubMed]

Tilay, A.; Bule, M.; Annapure, U. Production of biovanillin by one-step biotransformation using fungus Pycnoporous cinnabarinus.
J. Agric. Food Chem. 2010, 58, 4401-4405. [CrossRef]

Tang, P.L.; Hassan, O. Bioconversion of ferulic acid attained from pineapple peels and pineapple crown leaves into vanillic acid
and vanillin by Aspergillus niger 1-1472. BMC Chem. 2020, 14, 7. [CrossRef] [PubMed]

Galadima, A.IL; Salleh, M.M.; Hussin, H.; Mohd Safri, N.; Mohd Noor, R.; Chong, C.S.; Yahya, A.; Mohamad, S.E.; Abd-Aziz, S.;
Yusof, N.N.M.; et al. One-step conversion of lemongrass leaves hydrolysate to biovanillin by Phanerochaete chrysosporium atcc
24725 in batch culture. Waste Biomass Valorization 2020, 11, 4067-4080. [CrossRef]

Mantzouridou, ET.; Paraskevopoulou, A.; Lalou, S. Yeast flavour production by solid state fermentation of orange peel waste.
Biochem. Eng. |. 2015, 101, 1-8. [CrossRef]

Rossi, S.C.; Vandenberghe, L.P.S.; Pereira, B.M.P,; Gago, F.D.; Rizzolo, J.A.; Pandey, A.; Soccol, C.R.; Medeiros, A.B.P. Improving
fruity aroma production by fungi in SSF using citric pulp. Food Res. Int. 2009, 42, 484-486. [CrossRef]

Lu, Z.-M.; Tao, W.-Y.; Xu, H.-Y,; Lim, J.; Zhang, X.-M.; Wang, L.-P,; Chen, J.-H.; Xu, Z.-H. Analysis of volatile compounds of
Antrodia camphorata in submerged culture using headspace solid-phase microextraction. Food Chem. 2011, 127, 662—-668. [CrossRef]
Kawabe, T.; Morita, H. Volatile components in culture fluid of Polyporus tuberaster. ]. Agric. Food Chem. 1993, 41, 637-640.
[CrossRef]

Gallois, A.; Gross, B.; Langlois, D.; Spinnler, H.-E.; Brunerie, P. Influence of culture conditions on production of flavour compounds
by 29 ligninolytic Basidiomycetes. Mycol. Res. 1990, 94, 494-504. [CrossRef]

Lomascolo, A.; Stentelaire, C.; Asther, M.; Lesage-Meessen, L. Basidiomycetes as new biotechnological tools to generate natural
aromatic flavours for the food industry. Trends Biotechnol. 1999, 17, 282-289. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jclepro.2018.02.043
https://doi.org/10.3389/fsufs.2020.00018
https://doi.org/10.1021/ac60147a030
https://doi.org/10.1080/00275514.2019.1668740
https://doi.org/10.1016/S1369-703X(00)00065-6
https://doi.org/10.1016/j.foodchem.2007.05.047
https://doi.org/10.1016/S0141-0229(99)00036-8
https://doi.org/10.1021/jf00047a034
https://doi.org/10.1016/j.lwt.2015.07.056
https://doi.org/10.1016/j.lwt.2020.110646
https://doi.org/10.1021/jf070120r
https://doi.org/10.1007/s00253-007-1145-z
https://doi.org/10.1093/jxb/erv196
https://doi.org/10.1080/14786419.2011.558016
https://doi.org/10.1016/j.talanta.2006.11.008
https://doi.org/10.1016/j.foodchem.2008.01.069
https://doi.org/10.1007/s10295-017-1998-9
https://doi.org/10.3390/foods12030668
https://www.ncbi.nlm.nih.gov/pubmed/36766196
https://doi.org/10.1021/jf904141u
https://doi.org/10.1186/s13065-020-0663-y
https://www.ncbi.nlm.nih.gov/pubmed/32043090
https://doi.org/10.1007/s12649-019-00730-w
https://doi.org/10.1016/j.bej.2015.04.013
https://doi.org/10.1016/j.foodres.2009.01.016
https://doi.org/10.1016/j.foodchem.2010.12.111
https://doi.org/10.1021/jf00028a024
https://doi.org/10.1016/S0953-7562(10)80010-3
https://doi.org/10.1016/S0167-7799(99)01313-X
https://www.ncbi.nlm.nih.gov/pubmed/10370235

Fermentation 2023, 9, 593 16 of 16

52. Abraham, B.G.; Berger, R.G. Higher fungi for generating aroma components through novel biotechnologies. J. Agric. Food Chem.
1994, 42, 2344-2348. [CrossRef]

53. Gross, B.; Gallois, A.; Spinnler, H.-E.; Langlois, D. Volatile compounds produced by the ligninolytic fungus Phlebia radiata Fr.
(Basidiomycetes) and influence of the strain specificity on the odorous profile. J. Biotechnol. 1989, 10, 303-308. [CrossRef]

54. Chen, D; Yap, Z.Y.; Liu, S.-Q. Evaluation of the performance of Torulaspora delbrueckii, Williopsis saturnus, and Kluyveromyces lactis
in lychee wine fermentation. Int. J. Food Microbiol. 2015, 206, 45-50. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/jf00046a050
https://doi.org/10.1016/0168-1656(89)90074-6
https://doi.org/10.1016/j.ijfoodmicro.2015.04.020

	Introduction 
	Materials and Methods 
	Chemical 
	Agroindustrial Residue 
	Strains and Growing Conditions of Crops 
	Submerged Fermentation 
	Analysis of Volatile Compounds 
	Separation of Volatile Compounds 
	Identification of Volatile Compounds 

	Statistical Analysis 

	Results 
	Volatile Profile of Fermented Products 
	Kinetics of Formation of Aroma Compounds 
	Fermentation—Process Optimization 

	Discussion 
	Conclusions 
	References

