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Abstract: Procyanidins are bioactive molecules with industrial and pharmaceutical relevance, they
are present in recalcitrant agro-industrial wastes that are difficult to degrade. In this study, we
evaluated the potential consumption of procyanidins from Aspergillus niger and Trichoderma harzianum
strains in submerged fermentations. For this purpose, a culture medium containing salts, glucose,
and procyanidins was formulated, where procyanidins were added to the medium after the near-total
consumption of glucose. The submerged cultures were carried out in amber flasks at 30 ◦C and
120 rpm. The addition of procyanidins to the culture medium increased the formation of micellar
biomass for all the strains used. The use of glucose affected the growth of A. niger GH1 and A. niger
HS1, however, in these assays, a total consumption of procyanidins was obtained. These results show
that the consumption of procyanidins by fungal strains in submerged fermentations was influenced
by the pH, the use of glucose as the first source of carbon, and the delayed addition of procyanidins
to the medium. The study showed that A. niger and T. harzianum strains can be used as a natural
strategy for the consumption or removal of procyanidins present in recalcitrant residues of risk to the
environment and human health.

Keywords: procyanidins; Aspergillus niger; Trichoderma harzianum

1. Introduction

Procyanidins (PC) are antioxidant molecules of importance to human health and
have been grouped into the condensed tannins group [1,2]. These compounds can be
classified according to the number of monomeric molecules present in their structure,
which can be catechins or epicatechins. In other words, when there are between one and
ten monomeric molecules in the procyanidin structure, they are called oligomeric, and
when there are more than 10 monomeric molecules, they are called polymeric. Research
has reported that as the number of monomers in the structure increases the degree of
polymerization increases, as well as its complexity and degradation [3–5]. These structural
characteristics are determinant in the digestibility of these compounds, availability, and
biological activity [6–8].

The occurrence of procyanidins in fruits and vegetables has stimulated the develop-
ment of natural products for the prevention and treatment of chronic and degenerative
diseases [9–11]. Recently, other platforms for their use have emerged, among them the
use of agro-industrial residues with a high organic load. The coffee industry represents a

Fermentation 2022, 8, 17. https://doi.org/10.3390/fermentation8010017 https://www.mdpi.com/journal/fermentation

https://doi.org/10.3390/fermentation8010017
https://doi.org/10.3390/fermentation8010017
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0001-6595-863X
https://orcid.org/0000-0001-6535-2558
https://orcid.org/0000-0001-5867-8672
https://doi.org/10.3390/fermentation8010017
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation8010017?type=check_update&version=2


Fermentation 2022, 8, 17 2 of 18

target for the extraction of compounds with biological potential. One of the main residues
generated during fermentation is coffee pulp. It contains high concentrations of carbohy-
drates (35%), and lignin (31.5%), and lower amounts of protein (10.8%). Currently, the large
quantities of coffee pulp resulting from the fermentation process constitute an environmen-
tal and social problem, due to the recalcitrant characteristics of these residues, conferred
by their components [12–14]. The chemical structure and properties of procyanidins are
still under discussion, given that they have the capacity to interact with proteins, enzymes,
and carbohydrates, and can also polymerize to molecules of greater complexity according
to the plant matrix used. These features make procyanidins diverse molecules, of low
degradation, and capable of inhibiting microbial growth. Therefore, exploring strategies for
obtaining them is relevant and necessary in the discovery of new molecules of industrial
and pharmaceutical interest [15–18].

In this sense, the degradation of highly polluting wastes represents a biotechnological
challenge, since the industrial scale-up of these bioprocesses requires addressing some
problems regarding the stability of fungal growth under non-sterile conditions. It is known
that bacteria could inhibit the growth of fungal strains, and therefore the enzymes involved
in the degradation processes [19,20]. In industrial applications, the growth rate of fungi is
lower than that reported for bacteria, therefore, in submerged fermentations, it is necessary
to favor fungal growth by adding substrates that allow optimal growth for the expression
of enzymes involved in degradation processes of recalcitrant and toxic compounds [21–23].

The most economical and environmentally friendly way to assess the degradation
of procyanidins is by fungal fermentation. Some fungal strains possess the ability to
degrade procyanidins, including Penicillium, Trichoderma, and Aspergillus species [24–28].
Previously, authors evaluated the degradation of procyanidins extracted from coffee pulp
by submerged fermentation with Aspergillus fumigatus using a basic medium consisting of
salts and glucose (2 g/L). The possible pathways of degradation by the action of the enzyme
dioxygenase were also reported [29]. Roopesh et al. [30] report enzymatic mechanisms
interfering in the biotransformation of procyanidins in solid fermentations with A. fumigatus
using a mineral medium with glucose (2 g/L). Wong-Paz et al. [31] extracted, purified,
and characterized procyanidins from coffee pulp, and studied the oxidation of these
compounds and possible structural modifications. Despite the advances, the literature still
does not report studies on the consumption of procyanidins using fungal strains generally
recognized as safe (GRAS), and the information on this subject is still unclear; various
terms have been used to refer to the decrease in procyanidins in fermentations, including
“disappearance”, “elimination”, “depletion”, “consumption” and “biotransformation”.

In this research, four strains of A. niger (03, PSH, GH1, and HS1) and one T. harzianum
were selected for their ability to degrade condensed tannins and some characteristics re-
ported in submerged fermentations, such as preference for acidic environments, natural
growth at water–air interfaces, short growth periods (maximum 7 days), with the pur-
pose of making the results obtained more useful and reproducible for future industrial
applications [22,28]. To the best of our knowledge, the scientific literature on the microbial
consumption of procyanidins from coffee pulp is limited [30]. The reported studies on the
consumption of these compounds with Aspergillus strains in submerged fermentations do
not sufficiently address the influence of pH, microbial growth, glucose consumption, and
addition of procyanidins in the stationary phase of fungal growth. In this study, the concen-
trations of mycelial biomass, glucose, and procyanidins were determined. All tests were
conducted in presence of glucose as the co-substrate for fungal biomass growth. It is known
that growth is better in culture media with glucose than without glucose [32,33]. Therefore,
it could be hypothesized that a good fungal growth would allow the consumption of
procyanidins in the submerged culture.

According to the above, this research evaluated the potential of A. niger and T. harzianum
in the consumption of coffee pulp procyanidins through submerged fermentations using
glucose and procyanidins as carbon sources, being the procyanidin added once the mi-
croorganism has almost completely consumed the glucose.
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2. Materials and Methods
2.1. Media, Chemicals and Vegetal Material

Fungi growth medium Potato dextrose agar (PDA) was obtained from Dibico (Cuauti-
tlan Izcalli, Mexico). Solvents used were acetone, ethanol, and hexane, all reactive grade
from Jalmek. Sephadex LH 20 was acquired from GE Healthcare. Salts and surfactant agent
Tween® 80 were of analytical grade purchased from Jalmek (Nuevo León, Mexico). The
glucose was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Coffee pulp was provided by farmers from San Pedro in Xilitla (SLP, Mexico) in
February 2020. The pulp underwent natural drying for three days before being transported
to the Food Analysis Laboratory of the Instituto Tecnológico de Ciudad Valles, (SLP, Mexico)
The coffee pulp was stored at room temperature in dark conditions in sealable plastic
bags [31]. Procyanidins were extracted from coffee pulp with 70% acetone in the Food
Analysis laboratory of the Tecnológico Nacional de México, Ciudad Valles, México [31].

2.2. Fungal Strains

The A. niger fungal strains 03, PSH, GH1, and HS1 were provided by Food Research
Department of UAdeC, Saltillo, Coahuila, México. A T. harzianum strain provided by
the Food Analysis Laboratory of the Instituto Tecnológico de Ciudad Valles, México was
also used. These strains were selected for their potential of degrading or biotransforming
procyanidins. The microorganisms were stored in a freezer at −50 ◦C in a solution of milk
and glycerol (20%) for preservation. The fungal strains were activated on PDA for 7 days
at 30 ◦C, the time at which the spores were harvested with 0.1% Tween 80, adjusted the
concentration to 5 × 107 spores/mL.

2.3. Preparation of Inoculum and Medium

The spore solution was prepared with a sterile Tween 80 solution (0.1%), which was
added to the culture of each A. niger strain on PDA, previously incubated for 7 days under
aseptic conditions. The fermentation medium was composed of a basic nutrient solution,
glucose (10 g/L), and PCs (1 g/L).

Procyanidins were added aseptically once the glucose was almost completely con-
sumed by the fungal strain, the medium was named WPC. The conidial suspension was
used at a concentration of 5 × 107 spores per gram of carbon source (glucose and PCs),
which was transferred to 10 mL to the basic sterile nutrient solution prepared with distilled
water (g/L): NaNO3, 6.0; KCl, 0.5; KH2PO4, 1.5; MgSO4·7H2O, 0.5; FeCl3, 0.0085; ZnSO4,
0.001; and 1 mL of oligo-element solution (g/L): Na2B4O7·10H2O, 0.1; Na2MoO4·2H2O,
0.05; MnCl2·4H2O, 0.05; CuSO4·5H2O, 0.25. Before sterilizing the basal medium (basic
solution and glucose), the pH was adjusted to 6 with 1 M NaOH.

Two controls were used: (1) culture medium without the addition of procyanidins
WTPC to monitor the behavior of the microorganism; (2) culture medium without inocula-
tion of the fungal strain to monitor the oxidation of procyanidins.

2.4. Submerged Fermentation

Submerged fermentations were conducted to explore the consumption of procyanidin
using fungi strains. Submerged experiments were carried out on an incubator orbital
shaker at 120 rpm and 30 ◦C in amber glass bottles with a capacity and working volume
of 30 and 10 mL, respectively. The experiments were incubated aerobically between
168 and 192 h. Samples were collected every 24 h in Eppendorf tubes for subsequent
use in the determination of mycelial biomass, total sugars, and procyanidins as per the
methods described below. The controls corresponded to liquid culture prepared with basic
nutrient solution and glucose, without the addition of procyanidins. The experiments were
performed in triplicate.
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2.5. Biomass Growth and pH

The culture liquid was separated from the mycelium by filtration using a vacuum
pump and filter paper (Whatman N◦. 1); the mycelium was dried in an oven at 60 ◦C
until constant weight according to AOAC standard. Mycelial biomass concentration was
determined as grams of dry weight per liter of liquid culture (g/L). During the fermentation
period, 5 mL samples were collected, and subsequently the pH was measured with a pH
meter (Oakton, Vernon Hills, IL, USA).

2.6. Glucose and Procyanidin Quantification

Samples of 5 mL collected each day of fermentation were centrifuged at 14,000× g for
15 min. The supernatant obtained was separated from the residual biomass at 4 ◦C. Glucose
concentrations were determined by anthrone sulfuric acid [34] and 3,5-dinitrosalicylic acid
(DNS) [35] methods. In the case of the anthrone method, the anthrone reagent was prepared
with 200 mg of anthrone dissolved in 100 mL of concentrated sulfuric acid. After, 500 uL of
the sample was boiled at 80 ◦C for 15 min, then it was placed into an ice bath for 10 min.
Finally, the sample was cooled down for 1◦ min to determine the absorbance at 530 nm.
The absorbance readings were compared with a standard curve, using glucose as standard.

For the DNS method, a fermentation sample was reacted with 1 mL of DNS reagent,
which consisted of 1% DNS, 30% sodium potassium tartrate, and 2% NaOH. The resulting
mixture was subjected to boiling at 100 ◦C for 5 min, and it was placed into an ice bath for
5 min. Finally, the sample was cooled to room temperature and then dissolved with distilled
water. The absorbance was recorded at 540 nm. For both sugar content determinations,
glucose was used as the standard.

The Procyanidin concentrations of the liquid culture were monitored every 24 h ac-
cording to the methodology of Porter et al. [36]. In glass tubes 250 uL of supernatant were
reacted with 1.5 mL of HCl-butanol (5%, v/v) and 50 µL of ferric reagent NH4Fe(SO4)
previously prepared in 2 M HCl (2% w/v). The supernatants were then dissolved and
subjected to heating at 95 ◦C for 40 min. The samples were allowed to cool and then
absorbances were measured at 550 nm using a spectrophotometer. Procyanidin concentra-
tions were calculated by comparison with a standard curve performed with procyanidin
C1. Calculations were expressed in mg/L.

2.7. Kinetic Parameter Estimation

The kinetic parameters: specific growth rate µ (h−1) and maximum biomass Xmax were
estimated using non-linear regression, fitting the data in Matlab 2015 software using the
Verhulst-Pearl logistic model, where Xmax is the maximum biomass produced. Statistical
analyses were performed by analysis of variance (ANOVA) with a confidence level of 95%.

The experimental data of micellar biomass production over time were fitted into the
logistic model. The logistic model used in this study is presented in Equation (1).

dX
dt

= µ

(
1− X

Xmax

)
X (1)

X =
Xmax

1 + (Xmax− Xo/Xo)e−µt (2)

Equation (2) relates cell growth (X), maximum biomass (Xmax), and Xo at times t and
t→∞, and t = 0, respectively; specific growth rate (µ) is also indicated [37]. This equation
allows comparing the experimental data with theoretical values.

The statistical accuracy of the model for all strains was tested through the determi-
nation coefficients (R2). This value is a measure between 0 and 1. Other parameters were
calculated using the experimental data such as productivity P, yield Yx/s, and substrate
consumption rate qs. The definition of experimental and calculated kinetic parameters are
summarized in Table 1.
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Table 1. Definition of kinetic parameters for liquid fermentation according to Aranda et al. [38].

Parameter Symbol Definition Units Equation

Specific growth
rate and

Maximum
biomass

µ, Xmax X =
Xmax

1+( Xmax−Xo
Xo )e−µt

h−1 2

Yield (biomass/
substrate) Yx/s

Yx/s =
∆X
∆S

(X f−Xi)
(Si−S f )

g cells/g
substrate 3

Specific rate of
substrate

consumption
qs qs =

µ

Yx/s

g substrate
consumed/g

cells*h
4

Productivity P P =
(X f − Xi)
(ti− t f )

g cells
formed/L*h 5

3. Results and Discussion
3.1. Kinetics of Biomass, Procyanidin, and Glucose Consumption of Aspergillus niger 03

The microorganisms were initially grown in the absence of procyanidins and in 10 g/L
of glucose as the sole carbon source. Once the microorganism had almost completely
consumed the glucose, procyanidins were added. Variation in glucose concentrations,
changes in micellar biomass and procyanidin concentrations, a kinetic model for micellar
biomass production, and evolution of pH of A. niger 03 vs. time are given in Figure 1a–d,
respectively. To determine whether procyanidins had an inhibitory effect on the growth of
the microorganism, the experiments included a control treatment named medium without
procyanidin (WTPC). For this purpose, a comparison of growth kinetics with (WPC) and
without (WTPC) procyanidins in the medium was performed for all experiments, as well
as pH monitoring. A. niger 03 grew exponentially in WTPC medium for up to 48 h and kept
stable until the end. The climb in biomass concentration was due to the drastic decrease in
the initial glucose concentration to 92.5% (Figure 1a,b), i.e., the addition of procyanidins to
the culture medium took place when the medium contained 2.9% residual sugar (reducing
sugar). This residue is determinant of the consumption of procyanidins, because they
have hydroxyl groups in their structure that make them capable of linking with other
molecules, giving rise to more complex molecules [39,40]. Therefore, in this study, it is not
only relevant that the tested microorganisms grow in a medium with procyanidins as a
second carbon source, but also that they have the potential to disappear almost completely,
allowing the degradation of molecules of smaller molecular size.

In absence of procyanidins, the maximum biomass concentration of A. niger 03 was
5 g/L obtained at 48 h. With the addition of procyanidin, an increase in growth was
observed, reaching a maximum biomass concentration of 9.3 g/L at 120 h. For A. niger 03 the
growth data fit the regression model with a correlation coefficient (R2) of 0.970 (Figure 1c),
whereby a specific growth rate and maximum biomass concentration of 0.059 h−1 and
8.83 g/L, respectively, were obtained. These results indicate that the logistic model fits the
experimental data well. The addition of procyanidins to the medium had a stimulatory
effect on mycelial growth with an increase of almost 50% when comparing the mycelial
biomass of the control (4.4 g/L) and the procyanidin assay at hour 120 (highest biomass
value). Some studies have explored the use of procyanidins and glucose as substrates in
fermentations, which have been added from the beginning of fermentation to the culture
medium. Wong-Paz et al. [31] reported that after 120 h, the degradation of procyanidins by
A. niger 03 in submerged fermentations was 72%, using procyanidins as the sole carbon
source at an initial concentration of 1 g/L. Contreras-Dominguez et al. [29] reported that
A. fumigatus was able to degrade over 30% of procyanidins in liquid fermentations using
glucose and procyanidins as carbon sources at an initial concentration of 2 g/L for both
substrates.
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Figure 1. Variation of glucose concentrations by anthrone and 3,5 dinitrosalicylic acid (DNS) methods
(a), micellar biomass in culture medium with (WPC) and without addition of procyanidins (WTPC)
when glucose was below 3.0 g/L (stationary phase), and changes in procyanidin concentrations
(b) in submerged cultures of Aspergillus niger 03. Micellar biomass production by Aspergillus niger
03 in submerged cultures using basic medium of salts and glucose (10 g/L) and with addition of
procyanidin when glucose was below 3.0 g/L (stationary phase). Symbols represent experimental
data. Solid lines represent calculated data (c), Evolution of pH in submerged cultures of Aspergillus
niger 03 in medium with (WPC) and without (WTPC) addition of procyanidins when glucose was
below 3.0 g/L (stationary phase) (d).

The high concentrations of mycelial biomass in the WPC medium coincide with
the highest levels of procyanidin consumption, where at 72 and 120 h there was a rapid
consumption with percentages corresponding to 40 and 80%, respectively. After 12 h of
fermentation, an increasing trend in the concentration of procyanidins was observed as
shown in Figure 1b. These results may be since the microorganism is assimilating the
procyanidins to metabolize them and stimulate the formation of cell biomass, i.e., the
substrate is consumed for fungal growth. Another possible reason is the consumption or
breakdown of procyanidins into monomers such as catechins or epicatechins [41]. Authors
have cited the biotransformation of procyanidins into more complex polymeric molecules as
another phenomenon related to these trends. Contreras-Dominguez et al. [29] reported that
as fermentation with A. niger occurs, the degree of polymerization of procyanidins increases
and therefore their structural complexity, favoring the formation of polymeric compounds,
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which are less biodegradable by species such as A. niger, compared to monomers or
oligomers. In this study, they reported that once the degree of polymerization increases,
the fungus enters its stationary phase of growth, attributed to the fact that the carbon
source is less assimilable if compared to the degree of polymerization of the substrate at
the beginning of fermentation.

The stationary phase was observed between 120th and 144th h after the biomass
decreased rapidly due to the negative effect, and at the end of fermentation, a slight
increase was observed. As shown in Figure 1d, the most relevant pH changes occur after
the addition of procyanidin, with the most significant decrease in pH occurring between
48th h and 120th h (from 6.04 to 4.37). This decrease in the pH may be due to the production
of metabolites derived from glucose consumption. These types of fungal strains can
produce secondary metabolites such as organic acids and enzymes. Some enzymes such as
son las cellulases, tannases, laccases, amylases, pectinases, proteases, amylases, xylanase,
allow hydrolysis processes of complex compounds to monomer molecules [42–44].

3.2. Kinetics of Biomass, Procyanidin, and Glucose Consumption of Aspergillus niger GH1

The findings show decreasing procyanidin concentrations and comparisons with
micro-organism growth, medium pH, and glucose consumption. Regarding the variations
in glucose concentrations, changes in micellar biomass and procyanidin concentrations, a
kinetic model for micellar biomass production, and evolution of pH in submerged cultures
with A. niger GH1 are observed in Figure 2a–d.

The results of the submerged fermentation using A. niger GH1 without procyanidins
are shown in Figure 2a. It can be observed that the microorganism reached its maximum
micellar biomass (3.5 g/L) after 48 h when half of the glucose had been consumed, confirm-
ing the results in both methods of measurement (total and reducing sugars). The remaining
glucose fraction was consumed in the fungal stationary phase. These results indicate that
glucose is not only used by the fungus for growth or respiration [45]. Once the glucose was
almost completely consumed the fungal strain started to increase again the formation of
micellar biomass up to 8.3 g/L at 120 h. These results indicate that using glucose at 10 g/L
could favor the growth of A. niger GH1 at the onset of fermentation. However, as glucose
concentrations decreased to 2 g/L (reducing sugars), the micellar biomass increased, and
once the microorganism consumed all the substrate (reducing sugars) the micellar biomass
dropped sharply between 120 and 192 h. In other words, concentrations above 3 g/L of
glucose favor fungal growth and higher concentrations (10 g/L) inhibit its growth.

The addition of procyanidins to a basic medium led to a decrease in biomass micellar of
A. niger GH1 with respect to the control medium (WTPC) between 96 and 120 h (Figure 2b),
then these values became constant reaching concentrations of 6.19 g/L. In the last 48 h of
incubation, the biomass was higher than that obtained in the control medium (WTPC). In
this study, the maximum biomass and specific growth rate were recorded at 6.71 g/L and
0.039 h−1. Figure 2c presents the calculated data of fungal growth during a fermentation
time, as well as the experimental values, where a correlation coefficient (R2) of 0.81 can
be reached. This indicates that the logistic model does not fit the experimental data well.
Therefore, it is necessary to review other factors that interfere with the growth of the
microorganism.

The highest consumption of procyanidins (79%) occurs in the first 24 h after their ad-
dition, which coincides with increasing biomass production. During the total consumption
of procyanidins the pH of the medium oscillated between 3.7 and 3.5 (Figure 2d). These
values were close to those recorded in the control medium (4.1–3.4). At the beginning of
the experiment, the pH gradually decreased from 6.0 to 3.7, at which stage the glucose
had been mostly consumed. The greatest pH decrease occurs during the stationary growth
phase (before the addition of procyanidins), probably due to the production of organic
acids [46]. After the addition of procyanidins, the pH decreases slightly and then remained
constant from 120 h. This observation can be correlated with the decrease and stability of
the micellar biomass in the WPC and WTPC media, respectively.
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Figure 2. Variation of glucose concentrations by anthrone and 3,5 dinitrosalicylic acid (DNS) methods
(a), micellar biomass in culture medium with (WPC) and without addition of procyanidins (WTPC)
when glucose was below 3.0 g/L (stationary phase), and changes in procyanidin concentrations
(b) in submerged cultures of Aspergillus niger GH1. Micellar biomass production by Aspergillus niger
GH1 in submerged cultures using basic medium of salts and glucose (10 g/L) and with addition of
procyanidin when glucose was below 3.0 g/L (stationary phase). Symbols represent experimental
data. Solid lines represent calculated data (c), Evolution of pH in submerged cultures of Aspergillus
niger GH1 in medium with (WPC) and without (WTPC) addition of procyanidins when glucose was
below 3.0 g/L (stationary phase) (d).

In the micellar growth curves of A. niger GH1, two stationary phases were observed,
one when 50% of the glucose was consumed and the second when 79% of the procyanidins
disappeared. The decrease in micellar biomass in the WPC medium was presumably
caused by the toxic effect of procyanidins. Leontopoulos et al. [47] and Roukas and
Kotzekidou [48] report that phenolic compounds at high concentrations suppress the
growth of A. niger species. Anttila et al. [49] attribute the inhibition of fungal growth due to
high concentrations of tannins, which can form bonds with proteins and carbohydrates
that are difficult to hydrolyze.

Our results showed that A. niger GH1 could grow in culture media supplemented
with procyanidins in the stationary phase of fungal growth. Other authors have reported
that A. niger GH1 is able to grow and degrade hydrolysable tannins, which is attributed
to the ability of the fungus to produce tannin-degrading enzymes during submerged
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fermentations [50,51]. A previous study reports that the decrease in tannin concentrations
in fungal fermentations is because of the carbon source and interactions of these compounds
with proteins [52]. With respect to the consumption of condensed tannins, there are
few reports on this subject, among them the reports of Contreras-Domínguez et al. [29]
and Roopesh et al. [30] who describe possible reactions resulting in the degradation of
procyanidins by the action of the enzyme dioxygenase in fermentations with A. fumigatus.
However, this mechanism is not fully understood.

3.3. Kinetics of Biomass, Procyanidin, and Glucose Consumption of Aspergillus niger HS1

The effect of adding procyanidins to the culture medium (WPC) were assessed in fer-
mentations with A. niger HS1, as well as the control test (WTPC), whose results are shown in
Figure 3. Initially, in assays without procyanidins, fungal growth was favored by the pres-
ence of 10 g/L in the medium, reaching a maximum biomass of 7.32 g/L. Growth was rapid
during the first 48 h of fermentation and reached a stationary phase at 50 h. In addition,
the micellar biomass decreased after 72 h to 4.28 g/L, which was consistent with previous
studies, where they correlate this with substrate consumption [53]. Alarid-García et al. [54]
reported maximum biomass concentrations after 24 and 48 h of fermentation when using
glucose and sucrose as carbon sources, respectively. Reginatto et al. [33] recorded maxi-
mum biomass concentrations after 64 and 41 h of fermentation using wheat bran in the
presence and absence of glucose. During the growth phase, glucose was consumed over
77% of glucose by the fungus. The remaining glucose fraction was completely consumed in
the stationary phase after 72 h of fermentation with a residual glucose amount of 2.7 g/L
(reducing sugar) (Figure 3a). Then, procyanidins were added. It is important to note that
the anthrone technique did not record glucose levels for the same period. In assays with
procyanidins as substrate, the mycelial biomass increased smoothly between 96 and 144 h
from 7.13 to 7.69 g/L. Procyanidins were completely disappeared at 168 h of fermentation.
The microorganism utilized 61% of procyanidins when it had reached its stationary phase
(Figure 3b). The initial pH values in culture were 6. The pH values decreased to 3.6 after
72 h of incubation (WTPC), attributed to the ability of these microorganisms to produce or-
ganic acids as a result of substrate consumption, in this case, glucose. In fermentations with
A. niger, a bioconversion of carbon up to 95% into organic acids can be achieved [55]. At
the end of fermentation, the pH values increased to 4.1, and when using media containing
procyanidins the pH of samples varied within 3.98–3.71.

Figure 3c shows the experimental data of micellar biomass fitted to the logistic model.
The predicted data agreed with the experimental data, achieving a coefficient of determi-
nation of 0.99. This value indicates that the model could efficiently describe the biomass
growth during the submerged fermentation. Cell growth of A. niger HS1 in submerged
cultures with procyanidin addition in stationary phase recorded a maximum biomass
concentration and specific growth rate of 7.33 g/L and 0.047 h−1, respectively. To our
knowledge, this is the first study on the consumption of procyanidins by submerged fer-
mentations with A. niger and T. harzianum strains, where kinetic parameters are reported.
Therefore, further research on this subject is necessary since the comparison with other
authors would allow us to conclude on consumption capacity and affinity of the carbon
source.
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Figure 3. Variation of glucose concentrations by anthrone and 3,5 dinitrosalicylic acid (DNS) methods
(a), micellar biomass in culture medium with (WPC) and without addition of procyanidins (WTPC)
when glucose was below 3.0 g/L (stationary phase), and changes in procyanidin concentrations
(b) in submerged cultures of Aspergillus niger HS1. Micellar biomass production by Aspergillus niger
HS1 in submerged cultures using basic medium of salts and glucose (10 g/L) and with addition of
procyanidin when glucose was below 3.0 g/L (stationary phase). Symbols represent experimental
data. Solid lines represent calculated data (c), Evolution of pH in submerged cultures of Aspergillus
niger HS1 in medium with (WPC) and without (WTPC) addition of procyanidins when glucose was
below 3.0 g/L (stationary phase) (d).

In addition, the data indicate that procyanidins do not affect fungal growth and
maintain stable biomass formation at the end of the incubation period. The consumption
of procyanidins seems not to be associated with the growth of the microorganism, but if
the pH (Figure 3d). Authors indicate that pH is a critical factor in fermentations because it
influences the growth of mycelia, fungal morphology (dispersed and pelleted), coagulation
of spores, enzymatic production, pellet production, and transport phenomena across the cell
membrane [56,57]. In the case of procyanidin consumption, it has been reported that it could
be mediated by dioxygenase enzymes. Roopesh et al. [30] studied the fungal biodegradation
of high molecular weight procyanidin fractions by fermentation with A. fumigatus MC 8,
finding enzyme dioxygenase action in the degradation pathways. Despite this, there
are no reports in the scientific literature on the effects of chemical factors on the activity
of dioxygenases in procyanidins production. Although a previous study reported that
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fungal microorganisms can grow and secrete enzymes in a pH range between 4.5 and
5.5 [58]. Enzyme production is affected by mycelial morphology, for example, cellulase
production is positively influenced when fungal morphology is dispersed [59], because of
hydrogen ions, but when the fungus forms pellets (at high pH) it affects mass transport
phenomena [60]. Fungal growth remained almost constant in the presence of procyanidins,
while in their absence cell biomass decreased. Thus, in this case, fungal growth was not
negatively influenced by the addition of procyanidins. Authors report that the addition
of toxic compounds (phenols) in submerged fermentations can be used to improve the
production of products of industrial interest, such as citric acid. Çevrimli et al. [61] observed
in submerged fermentation of A. niger ATCC 16404 that the use of phenol concentrations
between 20 and 25 mg/L in the culture medium resulted in increased citric acid and
biomass concentrations. So far, there are no reports about the consumption of procyanidins
in these experimental conditions, therefore, we consider this to be the first report on this
subject.

3.4. Kinetics of Biomass, Procyanidin, and Glucose Consumption of Aspergillus niger PSH

During the growth of A. niger, PSH in the basal medium with 10% of glucose and
procyanidin differences in specific growth rates were observed. The mycelial biomass
increased rapidly from 24 to 48 h. Then, it increased slowly from 48 to 72 with 7.3 g/L to
9.8 g/L, respectively, time lapse in which the 99% glucose was consumed (Figure 4a–d).
Subsequently, the biomass decreased rapidly to 5.95 g/L and remained constant until the
end of fermentation. Authors suggest that this decrease may be related to cell lysis due
to a lack of some nutrients [62]. Moreover, glucose was often reported to be consumed by
A. niger strains rapidly than other sources of carbon [54]. In fact, A. niger PSH obtains its
maximum micellar biomass (WTPC) when glucose was mostly consumed. Once fungal
growth has been stimulated, the second carbon source (procyanidin) is added to the biopro-
cess. Both carbon sources presented a decreasing trend, where glucose and procyanidins are
consumed after 72 and 24 h, respectively, however, procyanidins were not totally consumed.
This behavior could be associated with the increase in the degree of polymerization during
fermentation [29].

The decrease in procyanidin concentrations was accompanied by a slight increase in
micellar biomass, reaching a concentration of 11.23 g/L and remaining stable between 96
and 120 h corresponding to the stationary growth phase (Figure 4b), while after 120 of
fermentation, the content of procyanidins in the medium increased. This fact coincides
with the consumption of more than 50% of the procyanidins after 24 h of addition to the
culture medium. Papadaki et al. [63] in submerged fermentations with A. niger B60 report
the degradation of phenolic compounds once the substrate is consumed, and the start of
the stationary growth phase. In our study, the mycelial biomass was compared in culture
media WPC and WTPC, where marked differences were observed. After 168 h of growth,
8.83 and 5.75 g/L of mycelial biomass was formed by A. niger HS1 in the mentioned
culture mediums. These results can be compared with reports on the inhibitory effect of
polyphenolic compounds on fungal growth [64]. Early investigations have reported the
ability of A. niger PSH to degrade tannin-rich substrates [51,65].

The micellar biomass data fitted to the logistic model and the evolution of pH in WPC
and WTPC are shown in Figure 4c,d. For the model used, the coefficient of determination
was 0.922, showing that there is good agreement between the predicted and experimen-
tal data. In this case, the maximum biomass and specific growth rate were 9.8 g/L and
0.074 h−1, respectively (Table 2). It is noteworthy that so far there are no similar compa-
rable studies, some of them discuss kinetic parameters as specific growth rate, yield, and
productivity in the degradation of tannins from wastewater, olive mill wastewater, and
green olive processing wastewaters for bioremediation purposes, but not in the topic of
biodegradation studies of procyanidins and their metabolic pathways and discovery of
new molecules [63,66–68]. On the other hand, the pH values moderately decreased from
an initial 6.0 to 4.4 (72 h) in the control medium, while after 144 h the pH increased to 6
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and then remained constant. The decrease in pH at the beginning of fermentation may be
due to the production of organic acids such as citric, gluconic, and oxalic acids [69]. In the
tests performed with procyanidins, during the first 24 h of their addition to the culture,
pH values increased from 4.2 to 5.8, coinciding with the greatest decrease in procyanidin
concentrations. Subsequently, pH dropped steadily to 5.41 after 48 h of the addition of
these compounds (corresponding to 120 h of fermentation) and remained constant up to a
pH of 6.

Figure 4. Variation of glucose concentrations by anthrone and 3,5 dinitrosalicylic acid (DNS) methods
(a), micellar biomass in culture medium with (WPC) and without addition of procyanidins (WTPC)
when glucose was below 3.0 g/L (stationary phase), and changes in procyanidin concentrations
(b) in submerged cultures of Aspergillus niger PSH. Micellar biomass production by Aspergillus niger
PSH in submerged cultures using basic medium of salts and glucose (10 g/L) and with addition of
procyanidin when glucose was below 3.0 g/L (stationary phase). Symbols represent experimental
data. Solid lines represent calculated data (c), Evolution of pH in submerged cultures of Aspergillus
niger PSH in medium with (WPC) and without (WTPC) addition of procyanidins when glucose was
below 3.0 g/L (stationary phase) (d).
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Table 2. Estimation of experimental and calculated; fermentation kinetic parameters.

Strain Xmax (g/L) ** µ (h−1) ** P (g/L*h) Yx/s (g/g) qs (g/g*h)

A. niger 03 8.826 ± 0.006 ac 0.059 ± 0.003 b 0.078 ± 0.001 ab 0.988 ± 0.009 ab 0.06 ± 0.004 b

A. niger GH1 6.716 ± 1.211 bc 0.039 ± 0.012 b 0.033 ± 0.002 e 0.316 ± 0.038 d 0.123 ± 0.023 ab

A. niger HS1 7.332 ± 0.020 bc 0.101 ± 0.0003 a 0.053 ± 0.009 de 0.738 ± 0.037 bc 0.138 ± 0.002 a

A. niger PSH 9.800 ± 0.379 a 0.074 ± 0.005 ab 0.094 ± 0.012 a 1.163 ± 0.096 a 0.064 ± 0.001 b

T. harzianum 6.072 ± 0.134 b 0.051 ± 0.001 b 0.064 ± 0.003 bd 0.566 ± 0.090 cd 0.090 ± 0.012 ab

Values with similar letters are not significantly different, ** calculated values

3.5. Kinetics of Biomass, Procyanidin, and Glucose Consumption of Trichoderma harzianum

The glucose variations and micellar biomass dynamics of Trichoderma harzianum WPC
and WTPC medium are shown in Figure 5a,b to assess the effect of the addition of pro-
cyanidin. At the beginning for 2 days, the biomass increased smoothly hasta 1.64 g/L, then
the microorganism entered the exponential phase between 42 and 72 h and reached 6 g/L
biomass in WTPC. The concentrations of total and reducing sugars in WTPC decreased
with increasing biomass formation giving rise to a maximum consumption of reducing
sugars of 98% at 72 h of cultivation, total sugars were not recorded during this time. After
the addition of procyanidins to the medium, reducing sugars increased slightly during the
fermentation progress, while minimal amounts of reducing sugars were recorded in the
WPC medium. The maximum consumption of glucose corresponds to the highest point of
biomass, indicating that this microorganism used this carbon source for its growth. When
procyanidins were added to the culture, the consumption of these compounds occurred
with fluctuations in cell growth; first, the biomass decreased slightly and after 24 h of its
addition there was an increase up to 6.61 g/L, then the biomass remained constant reaching
a final biomass value of 6.76 g/L, time in which 66% of the procyanidins had disappeared.
Which allowed us to achieve a maximum biomass and specific growth rate of 6.1 g/L and
0.051 h−1, respectively. In the stationary phase of the growth of the microorganism, low
amounts of reducing sugars were detected in the medium as well as a marked consump-
tion of procyanidins. The experimental data fitted to the model used in this study are
presented in Figure 5c. The coefficient of correlation (R2) for this assay is estimated to be
0.95, indicating that this model could be adequate to describe the growth of A. niger PSH in
submerged fermentations when the culture medium is supplemented with procyanidins
after near-total glucose consumption.

A previous study has demonstrated that T. harzianum can degrade procyanidins at
an initial concentration of 2 g/L in glucose and non-glucose cultures [28]. This study
found that at 72 h of fermentation the consumption of procyanidins was 13 and 45%,
respectively. The authors also report biomass concentrations of 0.12 and 0.1 mg/mL. Our
results regarding procyanidin consumption and biomass formation were superior using
a lower initial procyanidin concentration. This could be because of the concentration of
procyanidins and the time of their addition to the medium.

Other reports on the effect of carbon source, nitrogen, and pH on the degradation
of aromatic compounds have been published [70]. The plots of the evolution of pH are
presented in Figure 5d. In general, the pH trend was stable during the lag phase, followed
by a slight decrease during the exponential growth phase from 6.4 to 5.4. The cell death
phase occurs when pH values increase from 5.8 to 7.8 and in the last 24 h remains stable,
indicating that the basic conditions probably did not favor the growth of the fungus. As
it can be observed in Figure 5d, when procyanidin was added to the culture, the pH
oscillated between 5.8 and 6.7, this increase was lower when compared to the WTPC
medium in the same time period. Between 120 and 144 h of fermentation, pH values
decreased, fluctuating between 6.7 and 6.5. The authors suggested that this decrease in the
pH values was related to the production of molecules such as peptides, pyrones, terpenoids,
and aromatic heterocyclic compounds by T. harzianum. Particularly, the production of
enzymes responsible for the degradation of polyphenolic compounds is related to the pH
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of the medium [71,72]. As noted in the previous sections, pH changes could be related
to the positive effect of procyanidins on the production of micellar biomass formation,
a similar behavior was observed for T. harzianum, reaching the highest micellar biomass
concentrations of 6.8 g/L at 168 h. Reports indicate that the increase of pH positively
influences the elimination of phenols in bioremediation assays with T. harzianum. However,
the depletion of these compounds could be a consequence of their adsorption on the
mycelium, since changes in the initial pH could affect the distribution of the charges on
the fungal surfaces [73]. Some studies attribute or consider the depletion of polyphenolic
compounds in bioprocesses as a variable related to mycelial adsorption [67,74,75]. However,
further assays are needed to test this hypothesis.

Figure 5. Variation in glucose concentrations by anthrone and 3,5 dinitrosalicylic acid (DNS) methods
(a), micellar biomass in culture medium with (WPC) and without addition of procyanidins (WTPC)
when glucose was below 3.0 g/L (stationary phase), and changes in procyanidin concentrations
(b) in submerged cultures of Trichoderma harzianum. Micellar biomass production by Trichoderma
harzianum in submerged cultures using basic medium of salts and glucose (10 g/L) and with addition
of procyanidin when glucose was below 3.0 g/L (stationary phase). Symbols represent experimental
data. Solid lines represent calculated data (c), Evolution of pH in submerged cultures of Trichoderma
harzianum in medium with (WPC) and without (WTPC) addition of procyanidins when glucose was
below 3.0 g/L (stationary phase) (d).
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The kinetic parameters observed for fungal growth, productivity, yields, and substrate
consumption rate in submerged fermentations with all fungal strains are shown in Table 2.
The specific growth rates obtained for A. niger HS1 and A. niger PSH had no significant
differences, which were higher than those obtained for the other strains investigated. The
maximum biomass for A. niger 03, A. niger GH1, and A. niger PSH were reached at 120 h
of cultivation in WPC, while for WTPC this variable was obtained 48 h for the mentioned
strains. This was not expected, as procyanidins can inhibit microbial growth, and there are
no reports in the literature reviewed that are comparable to this study.

On the other hand, the procyanidin consumption times mentioned previously coincide
with the highest consumption of procyanidins, except for A. niger HS1 and T. harzianum,
which consumed procyanidins until the end of fermentation. Furthermore, the addition of
procyanidins to the medium did not significantly influence biomass production compared
to the other strains. The highest values productivity P and biomass yield per substrate
consumed Yx/s were obtained for A. niger, being like those obtained for A. niger 03. In-
terestingly, the rate of substrate consumption qs was higher for A. niger HS1 and A. niger
GH1, where total procyanidin consumption was also found, indicating that both strains
are promising for use in future procyanidin degradation studies. It is important to note
that both strains consumed more than 50% glucose during the first 48 h of fermentation,
the remaining fraction of glucose was consumed in the stationary phase. These findings
indicate that the strains studied differ in their ability to assimilate both carbon sources
(glucose and procyanidins). The ability of the fungus to degrade glucose is a relevant factor
for the consumption of procyanidins, as some strains showed a higher affinity for glucose.

4. Conclusions

Submerged fermentations under the chosen conditions allowed the cultivation of
Aspergillus niger and Trichoderma harzianum strains. In some cases, the use of glucose at
minimal concentrations facilitated the procyanidin degradation step. In this study, it was
evident that the addition of procyanidins led to a significant increase in micellar biomass
compared to the control trial. In addition, variables such as pH, the presence of glucose
in the medium, and the delay in the addition of procyanidins were determinants in the
bioprocess. However, further assays with procyanidin and glucose concentrations are
needed to confirm these findings. This study provides further information on the potential
of fungal strains to degrade recalcitrant compounds. In addition, the degradation of
procyanidin complexes extracted from coffee pulp can be explored to obtain bioactive
compounds of lower molecular weight that can allow the deepening of biodegradation
pathways. The information presented here is also valuable for studies on the removal of
toxic compounds present in agro-industrial wastes with environmental impact.
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