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Abstract

Purpose The purpose of this study was to investigate the diversity of filamentous fungi and the hydrolytic potential of their
enzymes for a future understanding of the influence of these factors on the sensory characteristics of the cocoa beans used to
obtain chocolate.

Methods Filamentous fungi were isolated from the natural cocoa fermentation boxes in the municipality of Tucuman, Para,
Brazil, and evaluated for the potential production of amylases, cellulases, pectinases, and xylanases. The fermentation was
monitored by analyzing the pH and temperature. The strains were identified by sequencing the ITS1/ITS4 section of the 5.8S
rDNA and partially sequencing the 18S and 28S regions, and the molecular identification was confirmed by phylogenetic
reconstruction.

Result The fungi isolated were comprised of three classes from the Ascomycota phylum and one class from the Basidiomycota
phylum. There were found 19 different species, of this amount 16 had never been previously reported in cocoa fermentation. This
fact characterizes the fermentation occurring in this municipality as having wide fungal diversity. Most of the strains isolated had
the ability to secrete enzymes of interest. Cladosporium cladosporioides, Fomitopsis subtropical, Aspergillus versicolor,
Penicillium pimiteouiense, Phanerochaete australis, Neonothopanus nambi, and Aspergillus parasiticus were the strains that
excelled in the secretion of the following enzymes: amylase, pectinase, cellulase, and xylanase.

Conclusion The presence of 16 species not yet reported in cocoa seed fermentations and their potential hydrolytic activities show
a diversity of filamentous fungi in this microbial biome that needs to be better understood.

Keywords Amylase - Cellulase - Filamentous fungi - Pectinase - Theobroma cocoa - Xylanase

Introduction

Fermentation is one of the steps in cocoa processing. It occurs
spontaneously and starts soon after harvesting and breaking of
the fruits, which is carried out by the cocoa cultivators to
develop the characteristic chocolate flavor (Nielsen et al.
2007). In this step, the overlay of the seed pulp is degraded
by the action of microorganisms (fungi and bacteria) and this
process causes an elevation in temperature which can reach
values near 50 °C (Abdullahi et al. 2018).

The microorganisms present in the cocoa fermentation pro-
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cess hydrolyze the sugars and organic acids of the pulp into
simple sugars, which are processed into ethanol, lactic acid,
and acetic acid (Schwan and Wheals, 2004). The acids gener-
ated penetrate the seeds, and together with the increase in
temperature, cause the death of the embryo, a desirable action
in the cocoa fermentation process (Macedo et al. 2013).
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Of the microorganisms present in the fermentation of co-
coa, the filamentous fungi are highly important, since they
grow abundantly in habitats where polymeric compounds
are present, such as those found in the cocoa pulp (pectin,
starch, and cellulose). The fungi possess advantages over oth-
er microorganisms due to their ability to assimilate a variety of
substrates to produce enzymes (Chan et al. 2018).

The filamentous fungi are found during all the primary
stages of cocoa bean processing (fermentation, drying, and
storage), but their activity during cocoa fermentation is not
yet fully known (Copetti et al. 2011a). It is therefore of utmost
importance to identify and characterize the compounds gener-
ated by the strains, especially the enzymes that act during
cocoa fermentation.

A study carried out in Cameroon reported the occurrence of
filamentous fungi during the cocoa fermentation process and
identified Aspergillus and Penicillium species
(Mounjouenpou et al. 2012). A study carried out in Brazil
on the presence of filamentous fungi during cocoa fermenta-
tion identified the species Absidia corymbifera, Aspergillus
candidus, A. carbonarius, A. flavus, A. fumigatus, A. niger,
A. parasiticus, A. sydowii, A. versicolor, Eurotium
amstelodami, Geotrichum candidum, Monascus ruber,
Mucor sp., Paecilomyces variotii, Penicillium paneum,
Rhizopus, and Syncephalastrum sp. (Copetti et al. 2011a).

The production of extracellular enzymes by filamentous fungi
is diverse, but some are more technologically relevant, such as
amylase, cellulase, xylanase, and the pectinases, since these are
used to hydrolyze complex polysaccharides into simple sugars.
These enzymes are useful in food processing, breweries, and the
biofuel industries (Reddy and Sreeramulu 2012). It is therefore
important to search for new sources of extracellular enzymes in
their natural habitats, which have not yet been reported and
which might constitute a real technological potential with desir-
able characteristics (high activity, high temperature stability, and
wide pH ranges) (Damaso et al. 2012).

Different methods can be used to select microorganisms by
determining the presence of extracellular enzymes. These
methods include the use of solid culture medium containing
substrate inductors which allow for visualization of the hydro-
lysis reaction (Larone, 2002). This technique is based on the
use of a solid medium consisting of agar, mineral salts, and the
substrate inductor (a single carbon source available in the
environment), and coloring agents that visualize the hydroly-
sis reaction. These coloring agents bind to systems between
the polymeric molecule structures, such that when the mole-
cules are hydrolyzed, a halo of hydrolysis is formed.

Taxonomic classification methodologies by way of molec-
ular biology are increasingly common and necessary as
against classical taxonomy, since they use specific molecular
markers, which, in the case of fungi, is the 18S rDNA gene
(ribosomal DNA) (Cocolin and Ercolini, 2008; Watanabe,
2010). These methodologies incorporate various techniques
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required for the identification of microorganisms, such as
DNA extraction, the polymerase chain reaction (PCR), aga-
rose gel electrophoresis, and genetic sequencing (Justé et al.
2008; Godet and Munaut 2010).

It is important to note that the filamentous fungi are present
during the cocoa fermentation stage regardless of the geo-
graphic location and are potential producers of extracellular
enzymes of biotechnological interest, but detailed work on
this class of microorganisms during cocoa fermentation has
not yet been carried out. Thus, the present study aimed to
identify the species involved in the fermentation of cocoa in
the State of Para, Brazil, and evaluate their potential to pro-
duce hydrolytic enzymes of interest both in cocoa fermenta-
tion and for other biotechnological applications.

Material and methods
Cocoa seed collection

The cocoa seeds were collected in the first week of July in
Tucuman, a municipality in the Brazilian Amazon, located in
the southern region of the State of Para (latitude: 06° 51’ 44"S
and longitude: 51° 09" 40” W). The seeds were maintained in
three wooden trough fermenters (A1, A2, and A3), each con-
taining approximately 500 kg of seeds, and were covered by
banana leaves for 7 days of natural fermentation under the
conditions laid down by local cocoa farmers. Samples were
taken at zero time and at 24-h intervals from different points in
the trough fermenters, for analysis (pH) and the isolation of
microorganisms. Samples (200 g per day for 8 sampling pe-
riods) were taken from seeds located at the surface, in the
middle, and at the bottom of the troughs, giving a total weight
of 4.8 kg. The samples were placed in polyethylene bags, but
one part (50%) of each sample was immediately placed at —

18 °C and subsequently maintained at this temperature, while
the other part was stored at a temperature of 4 °C for the
microbiological analyses.

Monitoring of the fermentation process

The temperatures and pH values were determined after 0, 24,
48, 72, 96, 120, 144, and 168 h of fermentation. The temper-
ature was measured in situ by immersing the electrode directly
into the pulp at random points on the surface, middle, and
bottom of the fermenter troughs using a digital thermometer
(Instruthemp ®, Mod. HT-600).

The hydrogen potential (pH) was measured in the labora-
tory using a digital pH meter (Bel ®, Mod. W3B) verifying
the pH of samples corresponding to the same fermentation
periods cited above according to the AOAC 970.21 method
(APHA 2001). All samples were analyzed in triplicate.
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Isolation of filamentous fungi

The seeds (25 g) were pounded and mixed with 1% of BPW
(Acumedia ®, Indaiatuba/SP, BR) (225 mL), and decimal di-
lutions (10" to 1077) prepared using the same diluent. Each
dilution was surface plated by streaking on Potato Dextrose
Agar medium-PDA (Fluka ®, Sao Paulo, SP, BR) supple-
mented with 100 mg L™ chloramphenicol (Sigma ®, Séo
Paulo, SP, BR). The plates were incubated at 30 °C for 7 days
(Najafzadeh et al. 2010). For the sampling procedure, dilu-
tions with growth between 15 and 150 colonies were consid-
ered. The strains of filamentous fungi were differentiated and
isolated through the macro (was studied on the basis of diam-
eter, elevation, margins, texture of the colony as well as color
of the colony from the top and reverse of the plate) and mi-
cromorphological characteristics of the vegetative and repro-
ductive structures (all isolates were examined using oil immer-
sion with a microscope with up to x 100 magnification).

DNA isolation and sequencing

The methodology described by Chen et al. (2001) with adjust-
ments was used to obtain the fungal biomass. Each filamen-
tous fungal isolate was inoculated into a plastic tube contain-
ing 5 mL of Czapek’s liquid (Sigma ®, Sao Paulo, SP, BR)
with the addition of 10% yeast extract (Sigma®, Sao Paulo,
SP, BR), and incubated at 30 °C for a further10 days.

The internal transcribed spacer (ITS) region amplification
reaction was applied following the methodology described by
Khokhar et al. (2011). The oligonucleotide primers ITS1 (5'-
TCCGTAGGTGAACCTGCGG-3') and ITS4 (5'-TCCT
CCGCTTATTGATATGC-3") were used for a total amplifica-
tion of the ITS region. The PCR reactions were carried out in a
thermal cycler (Hybaid, Thermo PX2 RU) as follows: initial
denaturation at 95 °C for 5 min, followed by 35 cycles at 94 °C
for 1 min (denaturing), 55.5 °C for 2 min (ringing), 72 °C for
2 min (extension), and the final extension at 72 °C for 10 min.

Purification of the PCR products was accomplished using a
commercial HiYield Gel/PCR DNA mini kit (Real Biotech
Corporation, China) following the manufacturer’s recommen-
dations. Sequencing was carried on by the Sanger Method
using the BigDye kit. REF and read in a ABI3730 sequencer
(Applied Biosystems®, Mod. 3730, Carlsbad, CA, USA). The
same primers (0.5 pmol) used in the PCR (ITS1 and ITS4) for
the sequencing reaction of the ITS region were employed in
this procedure.

Sequence analysis and phylogenetic reconstruction

The annotation of the sequences obtained was carried out using
the Geneious® (version 9.1.5) program, and they were then
compared to the GenBank database using BLAST (Basic Local
Alignment Search Tool). Thus, the percentage of similarity of the

sequences corresponding to the ITS region of the fungi isolated
in this study was obtained in relation to sequences already de-
posited in the Genbank. A sequence with ident >98% was con-
sidered to identify the species of filamentous fungi.

Sequences from GenBank were downloaded for confirmation
of the molecular identification by phylogenetic reconstruction.
After an initial identification based on comparison with the
GenBank, a set of each cluster was assembled. The set was
submitted to a model test to fit the best model nucleotide substi-
tution. Phylogenetic reconstruction was carried out by the max-
imum likelihood (ML) method with 1000 bootstrap replicates
(bt) (Felsenstein 1985) using MEGA 7 (Kumar et al. 2016).

The enzymatic potential of filamentous fungi

Fragments of mycelium produced on the PDA medium in the
Petri dishes were inoculated into the mineral salt medium with
the specific carbon sources for each enzyme. All cultures were
incubated at 30 °C for 72 h. After the incubation period, any
degradation halos were visualized with Lugol’s iodine solu-
tion (for amylases, pectinases and xylanase) and Congo Red
solution (for cellulase). The tests were carried out in duplicate.

Amylolytic potential

The methodology of Deb et al. (2013) was used with adjust-
ments. The mineral salt agar medium was prepared with
MgS0,7H,0 (0.5 g L"), NaNO; (1.0 g L"), KH,PO,4
(1.0 g L"), Fe,S0, (0.01 g L"), and agar (20 g L") with
soluble starch (20.0 g LY as the single carbon source. In
order to reveal halo formation, 15 mL of Lugol’s iodine solu-
tion was poured onto the surface of the plates and discarded
shortly after, and the plates incubated at 30 °C for 10 min.
Amylolytic activity was detected by a light halo surrounded
by a blue zone (Teather and Wood 1982).

Pectinolytic potential

The mineral salt agar medium was prepared with NaNO;
(2.0 g L"), KH,PO, (1.0 g L"), MgSO47H,0 (0.5 g L"),
KCI (0.5 g L™"), Fe,SO, (0.01 g L™, agar (20.0 g L"), and
citrus pectin (10.0 g L") using the methodology adapted from
Damaso et al. (2012). The halo of pectin degradation was
observed by adding 15 mL Lugol’s iodine solution with sub-
sequent disposal of the excess. The formation of clear or yel-
lowish areas around the colonies demonstrated the presence of
pectinolytic activity.

Cellulolytic potential
This was evaluated according to the methodology of Alvarez-

Navarrete et al. (2015) with modifications. The mineral salt
agar medium was prepared with 2.0 g L' of NaNOs,
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1.0 gL' of KH,PO,, 0.5 g L' of MgSO,-7H,0, 0.5 g L~ of
KCI, 0.01 g L™ of Fe,SOy, and 15.0 g L™ of agar, with the
addition of 10.0 g L™" of CMC as the single carbon source. To
visualize any halos, 15 mL of 0.1% Congo Red solution was
poured onto the surface of the plates. After 30 min, this solu-
tion was discarded and 15 mL of 1 N NaOH solution was
added. After 10 min, the NaOH solution was discarded and
any cellulolytic activity revealed by the formation of clear or
yellowish/reddish halos around the colonies.

Xylanolytic potential

This was evaluated according to the methodology described
by Hankin and Anagnostakis (1975) with modifications. A
medium composed of 2.5 g L' peptone, 2.5 g L' of yeast
extract, and 1.0 g L' of xylan as the single carbon source was
used. Any halo formation was revealed by adding, with sub-
sequent disposal, 15 mL Lugol’s iodine solution to the plates,
where the immediate formation of yellow or orange halos
around the colonies showed the production of xylanase by
the filamentous fungus.

Determination of the El

This was calculated from the ratio between the mean diam-
eter of the degradation halo and the average diameter of the
colony of the filamentous fungus. Any isolated fungi that
showed an enzymatic index (EI) of 2 or more was consid-
ered to be a good producer of that extracellular enzyme
(Dias et al. 2005).

mmSpecies of filamentous fungi isolated
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This was obtained from the ratio between the final size of the
colony and the incubation time (72 h). The results obtained
were expressed in millimeters per hour (mm h™!) (Visintin
et al. 2016).

Statistical analysis

The statistical analyses were carried out using the Statistica®
software, version 10.0, carrying out a randomized design to
obtain the results. The differences between the averages were
evaluated by Tukey’s multiple comparison test (p < 0.05).

Results

Monitoring the fermentation of the cocoa beans
and isolation of the fungi

The average values for the temperature during fermentation
showed differences from that at zero time. The highest tem-
peratures were observed after 48 and 72 h (Fig. 1).

The highest pH value was observed at zero time, differing
from the values obtained at the other fermentation times. The
average pH value decreased during the first 96 h of fermenta-
tion of the cocoa beans.

A total of 19 strains of filamentous fungi were isolated
with different gross morphological features. The greatest
diversity of isolated fungi (n=7) was found up to 24 h of
fermentation (Fig. 1).
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Fig. 1 Means of temperature, pH, and filamentous fungi isolated during
the cocoa bean fermentation: 0 h (Perenniporia tephropora,
Neonothopanus nambi, and Aspergillus parasiticus), 24 h
(Cladosporium cladosporioides, Aspergillus versicolor, Diaporthe
pseudomangiferae, Diaporthe phaseolorum, Diaporthe tectonae,
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Marasmius cladophyllus, and Diaporthe lithocarpus), 72 h (Penicilliun
rubidurum and Penicillium pimiteouiense), 96 h (Penicillium
pimiteouiense), 120 h (Phyllosticta capitalensis), 144 h (Daldinia
eschscholtzii and Fomitopsis subtropica), and 168 h (Penicillium
paneum)
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Molecular identification and enzymatic potential

The amplification of the ITS region allowed for the identifi-
cation of 19 species of filamentous fungi (Table 1).

In order to be considered a potential producer of a given
extracellular enzyme, a filamentous fungus must have an EI
equal to or greater than 2 (Bouras et al. 2009). In the amylase
test, only the fungi Aspergillus versicolor (FF05) and
A. parasiticus (FF16) were considered as potential amylase
producers (Table 1), although 84% of the lines showed posi-
tive results for amylase production.

The fungi C. cladosporioides (FFO1), F. subtropical (FF03),
A. versicolor (FF05), and P. pimiteouiense (FF10) presented the
highest enzymatic levels for cellulase production (Table 1). Of
the filamentous fungi isolated, 68% presented EI values be-
tween 1.0 and 1.7 (Table 1), not being considered good cellu-
lase producers by the methodology adopted. The fungi
C. cladosporioides (FFO1), A. versicolor (FF05), and
N. nambi (FF14) showed EI values greater than 2 for xylanase
and were therefore considered as potential xylanase producers.

GRI

Another test carried out to determine the enzymatic potential of
the filamentous fungi isolated was the growth rate index (GRI)

(Fig. 2). It was observed that fungi of the genera Talaromyces,
Fomitopsis, Penicillium, Aspergillus, Daldinia,
Neonothopanus, Phyllosticta, and Cladosporium presented
GRI values below 0.35 mm/h for all the carbon sources tested.
Fungi of the genus Diaporthe presented a GRI value of <
0.35 mm/h when carboxymethylcellulose was used as the car-
bon source and reasonable growth (0.35 to 0.82 mm/h) when
xylan was used as the carbon source.

The fungus Phanerochaete australis (FF11) stood out among
the other fungi isolated, presenting high GRI values (> 1.00 mm/
h) in two of the carbon sources tested (pectin and xylan).

In general, seven of the fungi isolated (FFO1, FF03, FFO05,
FF10, FF11, FF14, and FF16) showed enzymatic potential in
some of the tests carried out. The isolate FFO1 (Cladosporium
cladosporioides) showed good EI values for pectinolytic, cellulo-
lytic, and xylanolytic activities.

Phylogenetic reconstruction

The fungi isolated comprised three classes from the Ascomycota
phylum and one class from the Basidiomycota phylum after the
initial Blast identification. These clusters were classified as fol-
lows: (1) phylum Ascomycota, class Eurotiomycetes; (2) phylum
Ascomycota, class Sordariomycetes; (3) phylum Ascomycota,

Table 1 Molecular identification and enzymatic potential of filamentous fungi isolated in cocoa fermentation

Code name/GenBank ID accession no. Genera/specie

Closely related species Enzymatic index (EI)

Amylase  Pectinase  Cellulase ~ Xylanase
FF01/MF039221 Cladosporium cladosporioides HM148014 12¢+0.0 2.1ab+0.1 4.0a+0.0 2.52+0.0
FF02/MF039205 Talaromyces macrosporus KU204425 1.1f+0.1  09f£0.0 1.7e£0.0 1.0h+0.0
FF03/MF039206 Fomitopsis subtropica KR605787 1.0fg+0.0 2.0ab+0.0 3.0c+0.0 1.6d+0.0
FF04/MF039207 Penicillium paneum AB479311 0.0k+0.0 0.0g+0.0 0.0j£0.0 1.1g+0.0
FF05/MF039208 Aspergillus versicolor FI878627 21b£0.2 19b+0.1 3.7b£0.0 2.6a+0.0
FF06/MF039209 Penicilliun rubidurum KP942950 1.0fg+0.0 1.1ef£0.0 1.6ef+0.1 1.2fg+0.0
FF07/MF039210 Talaromyces radicus MHZ862702 1.5d+£0.1 1.lef+0.2 1.5f+0.0 1.2fg+0.1
FFO8/MF039211 Daldinia eschscholtzii KT936499 1.0fg+£0.0 1.0ef+0.0 1.5f+0.0 1.6d+0.0
FF09/MF039212 Diaporthe pseudomangiferae  KT972131 09g+0.0 0.0g+0.0 1.2gh+0.0 0.9hi£0.0
FF10/MF039213 Penicillium pimiteouiense HQ646589 1.8¢+£0.0 14c+0.1 2.1d+0.0 1.1g+0.1
FF11/MF039214 Phanerochaete australis KP135078 0.0k+0.0 1.0ef+0.0 0.0j£0.0 1.0h+0.0
FF12/MF039222 Diaporthe phaseolorum KX020564 0.6h+0.1 0.0g+0.0 1.2gh+0.0 0.8i£0.0
FF13/MF039215 Perenniporia tephropora HQ848472 0.51£0.0 1.0ef+£0.0 0.0j£0.0 1.1g£0.0
FF14/MF039216 Neonothopanus nambi KJ206982 1.0fg£0.0 1.4c+0.0 13g=0.1 2.1b%0.1
FF15/MF039223 Diaporthe tectonae KU712437 02j+0.0 1.1ef+0.0 13g=0.1 0.9hi+0.0
FF16/MF039217 Aspergillus parasiticus KJ175436 23a+0.0 12e+0.0 1.5f+0.0 1.2fg+£0.0
FF17/MF039218 Marasmius cladophyllus KF241549 0.0k+0.0 09f£0.0 1.0i£0.0 1.1g+0.0
FF18/MF039224 Diaporthe lithocarpus KR703276 0.4ij+0.0 0.0g+0.0 1.0i£0.1  0.8i+0.0
FF19/MF039220 Phyllosticta capitalensis KU204425 0.0k+0.0 1.0ef+0.0 1.7e+0.0 1.8¢+0.0

*Values represent the mean of three repetitions + standard deviation. Means followed by the same letter in the same column do not differ statistically by

Tukey test at 5% significance. The values in bold represent the enzymatic index (IE) greater than 2
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Fig. 2 Growth rate index of filamentous fungi in different carbon sources

class Dothideomycetes; (4) phylum Basidiomycota, class
Agaricomycetes.

The following eight (40%) strains were identified in the
Eurotiomycetes cluster: Aspergillus parasiticus FF16,
A. versicolor FF05, P. paneum FF04, P. pimiteouiense FF10,
P. rubidurum FF06, Talaromyces macrosporus FF02, and
T radicus FFO7 (Fig. 3). The following five species were
identified in the Sordariomycetes cluster (n =15, 25%):
Daldinia eschscholtzii FF08, Diaporthe lithocarpus FF18,
Diaporthe phaseolorum FF12, Diaporthe pseudomangiferae
FF09, and Diaporthe tectonae FF15 (Fig. 4).

The following two species (n =2, 10%) were identified in the
third cluster (Dothideomycetes): Cladosporium cladosporioides
FFO1 (Fig. 5a) and Phyllosticta capitalensis FF19 (Fig. 5b). Due
to the wide diversity of the Dothideomycetes class (Schoch et al.
2009), two reconstructions were carried out to confirm the mo-
lecular identifications of FFO1 (clade Davidiella) and FF19
(clade Botryosphaeria) (Fig. 5).

In the present study, Ascomycetes accounted for the major-
ity of the fungi isolated, represented by the classes
Eurotiomycetes (8/20), Sordariomycetes (5/20), and
Dothideomycetes (2/20).

The fourth cluster identified was the class Agaricomycetes
(Phylum Basidiomycota), in which Fomitopsis subtropica
FF03, Phanerochaete australis FF11, Perenniporia
tephropora FF13, Neonothopanus nambi FF14, and
Marasmius cladophyllus FF17 were identified (Figs. 4 and 6).

Discussion

A total of 19 species were identified, of which 16 had not yet
been reported during cocoa fermentations in Brazil. This fact
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evidences the great fungal diversity present in the fermenta-
tion process of Amazonian cocoa, showing the importance of
studies to identify filamentous fungi in other municipalities of
the Brazilian Amazon.

Of the lineages selected, it is known that A. parasiticus is a
toxigenic fungus with the potential for aflatoxin production,
but it must be remembered that mycotoxin production is in-
fluenced by complex interactions between abiotic and biotic
factors (water activity, temperature, pH, moisture, and storage
time) (Copetti et al. 2011a; Garcia et al. 2011). Researchers
have evaluated the occurrence and distribution of
aflatoxigenic species as well as the production of aflatoxins
during cocoa processing in Bahia (BR), and verified that, de-
spite the high occurrence of aflatoxigenic fungi (A. flavus and
A. parasiticus), the levels of aflatoxins found in the samples
are low, mainly in the fermentation stage, suggesting that
compounds with antitoxigenic properties may be present in
cocoa (Adhikari et al. 2015).

Considering the identification of each lineage, a search was
made in the literature for papers that associated the presence of
these fungi with cocoa fermentation. Research carried out on the
microbiota present in cocoa processing in Bahia, Brazil, identi-
fied filamentous fungi of the species Aspergillus versicolor,
A. parasiticus, and Penicillium paneum (Copetti et al. 2011b),
fungi also identified in the present study.

The greater diversity of fungi isolated up to 24 h of fermenta-
tion can be justified by the fact that on the first day of fermentation
the cocoa beans presented a large amount of pulp, with no com-
petition for substrate between microorganisms, enabling diversi-
fied growth. Another fact that may justify the decrease in the
number of filamentous fungi isolated after 48 h of fermentation,
was the increase in temperature observed between the times of 24
(30.72 °C) and 72 h (40.83 °C) (AT =10.1 °C).
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Fig. 3 ITS-based molecular phylogenetic analysis of Eurotiomycetes
fungi. The evolutionary history was inferred by using the maximum
likelihood method based on the Kimura 2-parameter model (28), 1000
bt replicates, and gamma distribution (+G). Evolutionary analyses were
conducted in MEGA7 (REF: MEGA7: Molecular Evolutionary Genetics

With respect to the temperature, the increase is justified by
the presence of microorganisms such as yeasts and acetic bac-
teria that metabolize the fermentable sugars present in the
cocoa pulp to ethanol and acetic acid, respectively, in an exo-
thermic way. A study carried out in West Africa showed that
the fermentation temperature rose from 29.5 °C (0 h) to
39.7 °C (144 h) (AT-10.2 °C) (Stamford et al. 1998). In this
context, it is believed that the increase in temperature may
inhibit the growth of some species. Thus, temperature control

Analysis version 7.0 for bigger datasets). The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site. Bt values
are indicated at the node. Clades were named considered ancestral species
from this reconstruction. Each sample from this study is marked with a
square. Scale 0.05

or temperature monitoring are important points in the evalua-
tion of the profile of filamentous fungi strains.

The reduction in pH can be related to the lactic and acetic
acid bacteria that are usually present in the fermentation pro-
cess. These bacteria produce organic acids that permeate into
the cocoa seeds, thus lowering the pH value. It is believed that
the pH changes occurring during fermentation do not interfere
in fungal growth, since, in general, filamentous fungi can tol-
erate the low pH values found in this study.
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Fig. 4 ITS-based molecular phylogenetic analysis of Sordariomycetes associated taxa clustered together is shown next to the branches (bt
fungi. Phylogeny was inferred by using the maximum likelihood value). The tree is drawn to scale, with branch lengths measured in the
method based on the Kimura 2-parameter model (28), 1000 bootstrap number of substitutions per site. Clades were named considered ancestral
replicates. It considered gamma distribution (+G) and some sites to be species from this reconstruction. Each sample from this study is marked

evolutionarily invariable (+I). The percentage of trees in which the with a square. Scale 0.05
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Fig. 5 ITS-based molecular
phylogenetic analysis of
Dothideomycetes fungi. a The
evolutionary history of clade
Davidiella was inferred by using
the maximum likelihood method
based on the Kimura 2-parameter
model (28), gamma distribution
(+G), and 1000 bootstrap repli-
cates. b The evolutionary history
of clade Botryosphaeria was in-
ferred by using the maximum
likelihood method based on the
Kimura 2-parameter model [1],
gamma distribution (+G) and
1000 bootstrap replicates. The
percentage of trees in which the
associated taxa clustered together
is shown next to the branches.
The tree is drawn to scale, with
branch lengths measured in the
number of substitutions per site.
Clades were named considered
ancestral species from this recon-
struction. Each sample from this
study is marked with a square.
Scale 0.05
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Based on the results of the tests for enzymatic activities, it was
observed that most of the strains showed the ability to produce
amylases. The role of amylases in the fermentation of cocoa is to
provide reducing sugars, which, together with amino acids, will
generate the taste of chocolate and precursors of aromatic sub-
stances via the Maillard reaction during the roasting phase of the
almonds. Thus, it is believed that all the filamentous fungi that

showed positive results for the production of amylase are impor-
tant in the fermentation of cocoa.

The results confirmed the pectinolytic potential of the fun-
gus C. cladosporioides, observed by other authors. However,
no reports were found on the pectinolytic potential of
F. subtropica and A. versicolor in the fermentation of cocoa
seeds, as was observed in the present study. These fungi may

@ Springer



984

Ann Microbiol (2019) 69:975-987

% %

W Perennipona tephropora FF13
Perennipona tephrapora URME2969
Perennipona tephropara Cui 6331

Perennipana sinuosa MUCL 54413
wr M Marasmius cladophyllus FF17
Marasmius dadophyfius UMAS MS8
Marasmius cladophyfius 62595
1 Marasmius cladophyfius
Fomtopsis niveomarginata Dai 9175

Fomitopsis rosea HOU 17408
w| M Fomitopsis subtopica FFO3

® Fomitapsis subtropica Cui 10578

Fomitopsis meliae SRM-209
Fomibpsis pnicala CCBAS 536
Marasmius albopupureus GOGMS7089
FJ431265 1 Marasmius diivascens TYS426
il F 431249 1 Marasmius ras TYS483

Marasmius bekolacongali Lockwood 2131638 (SFSU)
Marasmius cavocysidiatus INPA270734

10 Gymnopus hakaroa PDD 87315
IWMPDDM
— Lentinua edodes L15

Neonohopanus gardnen SP.416340
Neanohopanus nambi DUKE 980
B Neonothopanus nambi FF14
%| Neonothopanus nambi ACL299
Neonothopanus nambi ACL251
Neonothopanus nambi E02
lommgauﬁmcsm

01

Fig. 6 ITS-based molecular phylogenetic analysis of Agaricomycetes
fungi. Phylogeny was reconstructed by using the maximum likelihood
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method based on the Kimura 2-parameter model (28) and gamma
distribution (+G). The bootstrap values of trees in which the associated
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contribute to the fermentation of cocoa since the pectinases
provide a greater availability of reducing sugars and improve
aeration of the mass through the hydrolysis of the pectin. This
process of aeration of the mass contributes to the growth of
aerobic microorganisms that also act in the fermentation.

Several studies have demonstrated the cellulolytic activity
of A. versicolor and F. subtropical but no scientific reports for
P. pimiteouiense were found. The best EI value (4.0) was
found for C. cladosporioides. Thus, these fungi, when present
in cocoa fermentations, may contribute beneficially, since the
pulp presents an amount of cellulose that needs to be hydro-
lyzed to produce glucose molecules, that can be consumed by
other microorganisms present in the fermentation or partici-
pate in the Maillard reaction.

No correlation was found in the literature concerning the
production of xylanases by the fungus N. nambi. However,
there are several studies that demonstrate the xylanolytic activ-
ity of A. versicolor and C. cladosporioides. A study carried out
with C. cladosporioides found that this fungus exhibits great
potential for the rapid secretion of xylanases (Hong et al. 2011).

The good results obtained for the enzymatic activities of the
fungus P, australis with two carbon sources (pectin and xylan)
show the adaptation of this microorganism to different carbon
sources. In this context, it was assumed that this filamentous
fungus was a good producer of pectinase and xylanase, since it
presented high GRI values in the tests. This possibly justifies
the absence of halos or low EI values, since the growth may be
parallel to secretion of the enzyme. This may demonstrate that
this fungus has the capacity to produce/secrete enzymes from
different substrates in a short time, and therefore, its presence
during cocoa fermentation may be favorable, since some stud-
ies aim to reduce the fermentation time.

Correlating the GRI with the EI, it was observed that the
isolates that obtained good EI values showed relatively low
GRI values, a fact that may be related to the initial energy
expenditure required for the production and secretion of en-
zymes, or simply because it is a physiological characteristic of
these fungi. This fact demonstrates the importance of using
more than one test to evaluate the enzymatic potential of fungi
when using several species, since each species has peculiar
metabolic characteristics which makes it difficult to observe
the enzymatic potential in just one test.

The enzymatic potential of six strains (C. cladosporioides,
F. subtropica, A. versicolor, P. pimiteouiense, N. nambi, and
A. parasiticus) was detected. However, a more diversified
enzymatic activity was observed in C. cladosporioides. 1t is
important to note that there are no data available to correlate
the presence of this fungus with good quality cocoa fermen-
tation. However, in the processing of coffee, fungi of the ge-
nus Cladosporium have been associated with quality coffee,
since they rapidly consume the mucilage of the fruit,
preventing the development of other microorganisms that
can produce undesirable substances (Oliveira et al. 2011).

Most of the fungi identified in this study had not previously
been found in cocoa fermentations, but some have a normal
distribution and are mainly isolated from the soil, as is the case
for some species of the genus Talaromyces (Lundell et al. 2010)
and Fomitopsis (Lucheta et al. 2016). This fact possibly justifies
the presence of the species found, since, after harvesting, the
cocoa fruits come into contact with the soil when they are left
for 24/48 h to rest before the fruit is broken for later
fermentation.

Metagenomic analysis during cocoa fermentation has
demonstrated a diversity of cultivable and non-cultivable
microorganisms in the core and subcore groups. In a more
recent review article, a prevalence of the genus
Aspergillus was demonstrated within the group of fila-
mentous fungi (Ozturk and Young 2017), which was not
observed in this study. However, as already mentioned,
we have identified other species not yet reported. It was
observed in the present study that ascomycetes represent-
ed the majority of the strains isolated (three of the four
clusters). This was also observed in environmental studies
on the composition of fungal microorganisms in Brazilian
biomes (Mcguire et al. 2012; Peay et al. 2013).

The fourth cluster identified was the class Agaricomycetes
(phylum Basidiomycota). This class also includes species of
economical, clinical, and biotechnological interests.
Agaricomycetes are known to play an important role in the
decomposition of organic matter in an environment of
enriched vegetable matter (Mcguire et al. 2012).

Many studies have correlated the presence of filamentous
fungi with the production of mycotoxins during the fermenta-
tion and drying of cocoa beans, but studies that associate these
microorganisms with quality fermentation are rare. To date, it
is not known whether filamentous fungi contribute effectively
to the fermentation of cocoa beans. However, in the present
study, it was verified that some species of filamentous fungi
could contribute positively to the fermentation, since they
have the capacity to secrete hydrolytic enzymes that are im-
portant for the fermentation process, besides having applica-
tions in biotechnological industries.

Conclusion

Of the 19 species found, 16 had not yet been reported in cocoa
fermentation in Brazil or in other countries. This fact is evi-
dence that the Amazon cocoa has a wide diversity of filamen-
tous fungi such as Cladosporium cladosporioides, Fomitopsis
subtropica, Aspergillus versicolor, Penicillium pimiteouiense,
Phanerochaete australis, Neonothopanus nambi, and
Aspergillus parasiticus, which have a high potential for the
secretion of hydrolytic enzymes of biotechnological interest.
The understanding of the participation of filamentous fungi in
the fermentation of cocoa still needs further studies, but the
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authors believe that the present study will start such an under-
standing in order to obtain products with better quality, espe-
cially in the Amazon region, that has an important role in the
production of cocoa seeds.
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