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Abstract

Agro-industrial residues rich in carbohydrates represent low-cost and sustainable feedstock
for enzyme production. This study demonstrates that green Arabica coffee press cake,
a mannan-rich coproduct of oil extraction, is an efficient carbon source for Aspergillus
niger (CFAM 1234) cultivation and for inducing mannanase production. Furthermore,
the enzymes obtained were tested for mannose recovery in the enzymatic hydrolysis of
healthy and defective coffee beans to investigate their hydrolytic potential. Mannanase
production was investigated using various carbon sources—including ground coffee beans;
coffee press cake; different particle sizes of coffee press cake; aqueous coffee cake extract
(prepared at 30 g-L~! under constant stirring (300 rpm) at 80 °C for 2 h, followed by filtra-
tion.); and a commercial galactomannan, locust bean gum (LBG). CNHSO analysis was
performed in the best carbon source (coffee press cake) and LBG. Statistical optimization
(Plackett-Burman and Central Composite Rotatable Design) simplified the culture medium
composition to coffee press cake (48.78 g-L 1), yeast extract (4 g-L~1), and potassium phos-
phate (0.25 g-L.~!, pH 5.5) and increased mannanases productivity to 22.4 & 0.6 U-mL~!
within only 3 days (a 42.9% improvement compared to non-optimized conditions, which
were 30 g-L 7!, carbon source, 4 g-L~! yeast extract, 1 g-L~! Al,O3, 0.5 g-L~! potassium
phosphate buffer (pH 5.5), 0.5 g~L’l of MgS04-7H,0O, and 0.05 g~L’l of CaCl,-2H,0,
which resulted in a maximum of ~20 U-mL~! in 7 days). The crude extract also exhibited
B-mannosidase activity (1.39 & 0.06 U-mL~!). When applied to the hydrolysis of untreated
healthy and defective coffee beans, the enzyme preparation enabled ~25% mannose re-
covery (considering the value obtained through acid hydrolysis as 100%), highlighting its
potential as a mannose resource. The results demonstrate that coproducts from the coffee
production chain can be used as an efficient carbon source (coffee cake) for mannanase pro-
duction, as well as sugar recovery (defective coffee beans), offering an integrated strategy
to strengthen the circular bioeconomy and generate carbohydrates with potential industrial
and nutritional applications.
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1. Introduction

The inappropriate disposal of agro-industrial waste from agriculture and food pro-
cessing constitutes a significant environmental problem. However, these residues hold
remarkable potential for biotechnology applications, since they are sources of cellulose,
hemicellulose, and lignin [1]. Their application in bioprocesses, being used as a carbon
source for microbial enzyme production, can simultaneously reduce environmental impacts
while adding value to by-products that would otherwise be discarded [2-4]. Moreover,
the conversion of agro-industrial residues into high-value-added products is aligned with
the concept of the circular bioeconomy, a growing trend in global sustainable develop-
ment [5], and contributes directly to the United Nations” Sustainable Development Goals
(SDGs) 9 (Industry, Innovation and Infrastructure) and 12 (Responsible Consumption and
Production) [6].

Among agro-industrial residues, those generated by the coffee industry are particularly
noteworthy, given that, according to the International Coffee Organization (2023) [7], only
5% of the coffee pulp remains in the final beverage for consumers. Waste from the coffee
sector accounts for approximately 40% of the total production volume, consisting of coffee
husks, pulp, mucilage, parchment, silverskin, and coffee grounds [8-11]. In addition, other
residues can be considered, such as coffee press cake (which represents approximately
90% of the residual biomass from green coffee 0il extraction [12]) and defective beans,
which represent up to 20% of green coffee production [13]. Such biomass is often disposed
of in landfills or incinerated, which can pose a significant risk to the environment, or
incorporated into fodder and animal feed [14].

Brazil, as the world’s largest producer and exporter of coffee, generated 55.1 million
processed 60 kg bags in 2023 [15], leading to a substantial volume of residues. Ara-
bica coffee (Coffea arabica L.), the most widely cultivated species [16], contains about 50%
polysaccharides in its dry matter (mainly mannans, galactomannans, and type Il arabino-
galactans) [17] and 7-17% lipids [16]. Approximately 70% of these lipids are triglycerides,
which are widely exploited for coffee oil production [18-20]. Oil extraction by mechanical
pressing yields a solid by-product known as coffee press cake [21]. This by-product is rich
in the polysaccharide fraction of green coffee, mainly composed of cellulose, type II ara-
binogalactans, and galactomannans [22]. Due to its high mannan content (making up about
50%) [17,22], a hemicellulose composed of mannose chains linked by 3-1,4 glycosidic bonds,
this residue represents an attractive carbon source for microorganisms capable of producing
mannan-degrading enzymes, such as mannanases (EC 3.2.1.78 and EC 3.2.1.25) [23].

Mannanases constitute a group of enzymes with diverse catalytic action. Endo-f3-
mannanases cleave internal (1,4-3-D-mannosidic) glycosidic bonds in the main chain of
mannans, while 3-mannosidases hydrolyze terminal mannose residues, releasing monosac-
charides. Additionally, there are other accessory enzymes, including x-galactosidase, which
catalyze the hydrolysis of galactose groups from galactomannans, as well as acetyl esterases
and feruloyl esterases, which catalyze the hydrolysis of acetyl and ferulic groups, depend-
ing on the type of mannan present [23,24]. These enzymes have wide-ranging industrial
applications, including juice clarification, wastewater treatment, papermaking, and im-
proving oil and sugar extraction from plant matrices [25]. Furthermore, 3-mannanases can
perform partial hydrolysis of plant mannans, generating 3-mannan-oligosaccharides ([3-
MOS), which exhibit prebiotic activity that stimulates the growth of beneficial gut bacteria
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in vitro [26-28]. Owing to these properties, mannanases have attracted significant interest
from the food and pharmaceutical industries [29].

The production of mannanases can be carried out by different microorganisms, with
fungi such as Aspergillus niger being among the most efficient producers due to their ability
to secrete large amounts of extracellular enzymes [25,30]. This fungus is widely employed in
fermentation processes due to its capacity to grow on a wide range of carbon sources [24,31].
Moreover, A. niger exhibits high resistance to pH and temperature variations, making it
suitable for large-scale industrial applications [3,24], particularly in the production of
enzyme cocktails for the degradation of plant polysaccharides into oligosaccharides and
monosaccharides [30,32,33].

Submerged fermentation (SmF) is suitable for fungi growth, offering precise control of
environmental parameters and nutrient availability, which ensures uniform and efficient
microbial growth [3]. Even though SmF is a cultivation in liquid medium, there is the
possibility of using solid components. In this context, the use of agro-industrial residues
rich in mannan as carbon and energy sources in SmF represents an effective strategy to boost
mannanase production. When optimized, SmF can yield significantly higher enzyme levels,
requiring studies to define optimal cultivation conditions such as nutrient concentrations,
pH, and incubation time [25,34]. Statistical approaches, including Plackett-Burman (PB)
design and the Response Surface Methodology (RSM), are particularly useful, as they
enable the identification of critical variables and fine-tuning of fermentation parameters to
maximize enzyme production [29,35].

There are few studies reporting the production of mannanases using coffee grounds or
husks [3,36-38], while green coffee press cake, the solid residue generated after oil extrac-
tion, remains largely underexplored for enzyme production, even though it is particularly
rich in mannans. Thus, this is the first study to report the use of Arabica coffee press cake
as a carbon source for the submerged fermentation of Aspergillus niger aimed at mannanase
production. Furthermore, few studies address the production of 3-mannosidase, which is
essential for the complete hydrolysis of mannans into fermentable sugars such as mannose.
The use of such low-cost substrates not only reduces enzyme production costs but also
provides an environmentally sustainable route for agro-industrial waste valorization [29].

In this context, the present study investigates coffee press cake as a mannan-rich
carbon source for submerged fermentation with Aspergillus niger, aiming at the induction
of endo-p-mannanase and (3-mannosidase production. Statistical optimization approaches
were employed to enhance enzymatic yield, while the enzymes obtained were further
evaluated in the hydrolysis of healthy and defective coffee beans to examine their hy-
drolytic potential, thus integrating waste valorization, process optimization, and circular
bioeconomy opportunities.

2. Materials and Methods

2.1. Materials
2.1.1. Sample Preparation

The green Arabica coffees of the Catuai Amarelo variety were obtained by semi-
mechanized harvesting and post-harvesting by dry processing on a terrace. The coffee
beans were obtained from the 2018 harvest from a farm located in Sao José do Vale do Rio
Preto, Rio de Janeiro, Brazil (22°11/35.2" S, 42°59’8.6" W).

The coffee beans were ground using a Pulverisette 19 knife mill (Fritsch, Pittsboro,
NC, USA) equipped with a 1 mm sieve, followed by lipid extraction through pressing
(CA590, IBG Monforts, Monchengladbach, Germany) without heating, at 18 rpm, and
with a 5 mm outlet diameter, according to a previously reported method for optimizing
lipids extraction from green Arabica coffee beans [39]. The solid residue from pressing
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(coffee press cake) was reground and subjected to granulometry adjustment using a sieving
system (Analysette 3 Spartan, Fritsch, Pittsboro, NC, USA) with 80- and 20-mesh sieves,
amplitude of 2 mm, for 15 min.

Ground coffee beans, coffee cake, and commercial galactomannan (locust bean gum,
LBG, Sigma-Aldrich, St. Louis, Missouri, USA) were tested as carbon to evaluate their effect
as a carbon source for fungal mannanase production under submerged cultivation. The
influence of particle size was also investigated by using two coffee cake fractions (80/20
and 20 mesh). In addition, an aqueous extract of coffee cake was also tested as a carbon
source, prepared at 30 g-L.~! under constant stirring (300 rpm) at 80 °C for 2 h, followed
by filtration.

For enzymatic hydrolysis, the coffee beans were ground using a Pulverisette 19 knife
mill (Fritsch, Pittsboro, NC, USA) equipped with a 1 mm sieve.

2.1.2. Elementary Organic Analysis (CHNSO) in the Best Carbon Source

Elemental analyses were carried out on the selected carbon source (coffee cake) and on
commercial mannan (LBG) for comparison, using an Unicube organic elemental analyzer
(Elementar, Germany) equipped with a thermal conductivity detector and using helium
as carrier gas. The analysis determined the mass percentage of carbon (C), nitrogen (N),
hydrogen (H), sulfur (S), and oxygen (O) and allowed for the calculation of the C/N ratio
in the culture media.

2.1.3. Microorganism

The microorganism used was a wild strain of Aspergillus niger from the Amazon
Cultivation Collection (CFAM—Fiocruz), code 1234, isolated from drinking water in the
community of Serra Baixa, Iranduba, Amazonia, Brazil. This strain was selected due to
its high potential for mannanase production compared to other Aspergillus strains [40]. It
was propagated on potato agar dextrose agar (PDA, Sigma-Aldrich) at 27 °C for 7 days in
an incubator (Incucell 111, MMM Group, Planegg/Miinchen Germany). Spores were sus-
pended in 0.9% NaCl solution and centrifuged at 9000 rpm for 15 min. The supernatant was
discarded, and the conidia were resuspended in 20% glycerol to achieve 108 spores.mL. !,
and stored in cryogenic vials at —18 °C (for later use in inoculation).

2.2. Enzyme Production
2.2.1. Preliminary Growth Medium Composition and Cultivation

The initial medium for mannanase production (Table 1) was formulated based on
previous reports [41-45]. Potassium phosphate buffer was prepared by mixing 9.55 g of
KH,;PO4 with 0.24 g of K;HPOy, dissolving it in 800 mL of distilled water, and adjusting
the pH to 5.5 with KOH or HCL. The final solution was brought to a volume of 1 L using
a volumetric flask. Aluminum oxide (Al,O3) was used to prevent excessive growth of
filamentous fungi, acting to reduce the size of fungal pellets and, consequently, helping
to control hyphal development and minimize cell leakage [44]. Submerged cultivations
were carried out in 1000 mL Erlenmeyer flasks containing 250 mL of medium, incubated
in a shaker (Innova 44R, New Brunswick, NJ, USA) at 200 rpm and 30 °C. The cultivation
time varied according to the purpose of each test. The pre-inoculum was prepared by
inoculating 1% (v/v) of the spore suspension into the medium and incubating under
the same conditions for 48 h. Each cultivation was then inoculated with 10% (v/v) of
the pre-inoculum.
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Table 1. Initial cultivation media formulated based on scientific prospecting [41-45].

Compound Concentration (g-L—1)
Carbon Source * 30.0
Yeast extract 4.0
Potassium phosphate buffer (pH 5.5) 0.5
CaCl,-2H,0 0.05
MgSO4-7H20 0.5
AlOs 1.0

* ground coffee bean, coffee cake, coffee cake 80/20 mesh, coffee cake 20 mesh, coffee cake extracts, or LBG.

2.2.2. Determination of Mannanase Activity

Mannanase activity was performed using LBG as substrate, prepared at 0.5% (w/v) in
50 mM sodium citrate buffer (pH 4.8) [46]. The reaction mixture, which consisted of 0.25 mL
of enzyme extract and 0.25 mL of substrate solution, was incubated at 50 °C for 10 min.
The reaction was stopped by adding dinitrosalicylic acid (DNS), followed by heating at
100 °C for 5 min. The released reducing sugars were quantified according to Teixeira and
coauthors [47]. One unit of enzymatic activity (U) was defined as the amount of enzyme
required to release 1 pmol of reducing sugar (D-mannose-based) per minute at 50 °C.

2.2.3. Statistical Experimental Design for Mannanase Production
Plackett-Burman Design (PB)

The PB was carried out to evaluate the significance of six independent factors, tested
at levels from —1 to +1, as shown in Table 2. Data analysis was performed in the Statistica
12.0 software, considering a 10% error level.

Table 2. Coded levels and corresponding values of the independent factors in the Plackett-Burman design.

Level

ID Independent Factor (g-L—1)

-1 0 1
X1 Coffee cake 20 30 40
Xs Yeast extract 2 4 6
X3 Phosphate buffer (pH 5.5) 0.25 0.5 0.75
X4 CaCl,-2H,O 0 0.005 0.1
X5 MgSO4-7H,0 0 0.5 1
Xs AlL,O3 0 1 2

Central Composite Rotatable Design (CCRD)

The factors identified as significant in PB design were further evaluated using CCRD,
tested at levels from —1.41 to +1.41, as shown in Table 3. Data analysis was carried out in
the Statistica 12.0 software, considering a 10% error level.

Table 3. Coded (—1.41, —1, 0, +1, +1.41) and decoded values of central composite rotatable design factors.

Independent Factor Level
ID ,1
(gL ~141 -1 0 +1 +1.41
71 Coffee cake 25 30.82 45 59.18 65
Zy Yeast extract 4 5.16 8 10.84 12

This approach generated a predictive model equation for mannanase production,
which was validated by comparing theoretical values (calculated by substituting the optimal
conditions into the model equation) with the experimental results.
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2.2.4. Determination of 3-mannosidase Activity

The specific production of 3-mannosidases was evaluated in the culture medium
optimized for mannanase production after 3, 5, and 7 days of cultivation. 3-mannosidase
activity was carried out according to an adapted method from Gottschalk and coauthor [48],
using 4-nitrophenyl-3-D-mannopyranoside (PNP-m) as substrate. The reaction mixture
contained 0.1 mL of enzyme (diluted in 50 mM sodium acetate buffer, pH 5.0), 0.6 mL of
ultrapure water, 0.2 mL of 500 mM sodium acetate buffer (pH 5.0), and 0.1 mL of substrate
solution (10 mM). Reactions were incubated at 50 °C for 10 min in a water bath and stopped
by adding 0.5 mL of 100 mM sodium carbonate solution. Absorbance was measured at
405 nm in a UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan). An analytical curve of
p-nitrophenol (0.02 to 0.20 mM) was used for quantification. One unit of 3-mannosidase
activity (U) was defined as the amount of enzyme required to release 1 umol of PNP per
minute under the assay conditions.

2.3. Hydrolysis Experiments of Coffee Beans
2.3.1. Enzymatic Hydrolysis

A crude mannanase preparation (culture supernatant) was used for the enzymatic
hydrolysis of healthy and defective milled Arabica coffee beans to recover their monomeric
sugars. Enzymatic hydrolysis was performed with 12% (w/v) dry biomass, enzymatic
activity of 15 U-g~! of dry biomass, and 100 mM sodium citrate buffer (pH 4.8) to complete
10 mL medium. Reactions were carried out at 50 °C and 200 rpm in a shaker incubator
(Innova 44R, New Brunswick, NJ, USA). Aliquots were withdrawn in 0, 6, 24, and 48 h,
heated at 100 °C for 5 min to stop the enzymatic reaction, and centrifuged at 8000 rpm for
10 min.

Monosaccharides were analyzed by HPLC-RI, using a Dionex Ultimate 3000 system
(Thermo Fischer Scientific, Germany) equipped with a RefractoMax 521 refractive in-
dex detector (Thermo Fischer Scientific, Germany), and an Aminex HPX-87P column
(300 mm x 7.8 mm, 9 um, Bio-Rad, Hercules, CA, USA). The mobile phase was Milli-Q
water at a flow rate of 0.6 mL-min~!, with a total run time of 25 min. Quantification was
carried out using an external analytical curve with a mixture of sugar standards such as: D-
glucose (6.2 mg-mL 1), D-xylose (2.98 mg-mL~!), D-galactose (2.12 mg-mL~!), L-arabinose
(2.95 mg~mL’1), and D-mannose (4.91 mg-mL’l). Mannose and fructose content were
reported together due to co-elution.

2.3.2. Acid Hydrolysis

To determine the yield of enzymatic hydrolysis (Equation (1)), acid hydrolysis was
carried out on healthy and defective coffee beans according to the NREL Protocol [44],
including extractives determination and hydrolysis with sulfuric acid. Monosaccharides
were quantified as described for enzymatic hydrolysis.

manose content (enzymatic hydrolysis)
manose content (acid hydrolysis)

Yield (%) = 100% x 1)

2.4. Statistical Analyses

Statistical analyses were performed using Statistica 12 (StatSoft) and Microsoft Excel.
All experiments were carried out in triplicate. Data were analyzed by one-way ANOVA,
followed by Student’s t-test (for comparisons between two variables) and Tukey’s test (for
comparisons with more than two variables), and differences were considered not significant
for p < 0.05.
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3. Results
3.1. Enzyme Production

3.1.1. Influence of Carbon Source Arrangement

Ground coffee bean, coffee cake, coffee cake fractions (80/20 and 20 mesh), coffee
cake extracts, and LBG were tested as carbon sources to evaluate their effect on mannanase
production. Cultivations were conducted at 30 °C and 200 rpm, conditions commonly
reported as optimal for Aspergillus [43,48-50]. The pH was adjusted to 4.8, based on
previous studies on mannanase production from Aspergillus [41-45].

Figure 1 shows the mannanase production profile under these conditions with dif-
ferent carbon sources. The highest mannanase production was observed on day 7 of
cultivation, consistent with the results reported by Saleh and coauthors [29], who obtained

20.92 U-mL~! using A. niger MSSFW in submerged fermentation of coffee powder waste
over 7 days.

25
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Figure 1. Mannanase production profile measured on days 3, 5, and 7 of cultivation using the initial
medium described in Table 1 and different carbon sources, incubated in a shaker at 30 °C and 200 rpm.
The comparison of mannanase activity between cultivation days was performed using a one-way
ANOVA. Identical letters, for the same day, indicate no significant difference (p < 0.05) between
carbon sources for mannanase production, according to Tukey’s test.

The medium containing only LBG, a commercially available galactomannan, resulted
in lower mannanase activity compared to media containing coffee cake or green coffee
beans. These results indicate that coffee beans are an excellent substrate for mannanase
production. Furthermore, since coffee cake is an industrial waste product, its use in the
enzyme production process could be highly cost-effective.

The lowest mannanase activities were observed in media containing coffee cake
extracts, indicating that the nutrient extraction process from the coffee cake was inefficient.
The presence of lipids in green coffee beans negatively affects enzymatic activity compared
to coffee cake. A hypothesis for this is that the fungus may be using the lipids present in
the substrate as a source of carbon, redirecting its metabolism toward the production of
enzymes related to lipid degradation, such as lipases, to the detriment of mannanases. Lin
et al. (2004) [51] indicate that the presence of oil in copra (a fat-rich matrix) may depress
mannanase production.

The highest activities were obtained in media containing coffee cake of different
particle sizes, with no significant differences among them (p < 0.05). Therefore, subsequent
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experiments were conducted using unprocessed coffee cake (20.39 + 1.50 U-mL~!), as this
simplifies the procedure and avoids a 3% mass loss.

3.1.2. Influence of Cultivation Time

Mannanase production using coffee cake and LBG was evaluated over several days,
as shown in Figure 2. On all sampling days, LBG showed significantly lower activity
compared to coffee cake (p > 0.05).

30

25

a
a,b,c ab
b,c
a,b,c
C
Cc
= = LBG
4 d a a u Coffee cake
a,b a,b
a,b a,b

5 b,c

- i
0 -

Day 3 Day 5 Day 7 Day10 Day11 Day12 Day14 Day17 Day19

N
o

Enzymatic activity (U.mL™")
= o

Figure 2. Mannanase production profile over 19 days of cultivation using coffee cake and LBG as
carbon sources, in the columns, with the initial medium described in Table 1, incubated in a shaker at
30 °C and 200 rpm. The comparison of mannanase activity between cultivation days was performed
using a one-way ANOVA. Identical letters, in the same carbon source, indicate no significant difference
(p < 0.05) between cultivation days for mannanase production, according to Tukey’s test.

Peak mannanase production in the LBG-based medium occurred on day 11 (12.44 U-mL 1),
followed by stabilization or a slight decline, suggesting substrate depletion. In contrast,
the coffee cake medium maintained high activity for longer periods, peaking on day 17
(25.15 U-mL~!), which may be related to the greater structural complexity of the sub-
strate and the gradual release of nutrients. In short, a notable discrepancy was observed
between the maximum activity levels: the coffee cake medium reached an average of
25.15 +2.08 U-mL ™!, while the LBG medium reached only 12.44 + 1.09 U-mL ™", consis-
tent with the preliminary tests. Considering productivity, the optimal cultivation day was
day 7, which may reflect a characteristic of Aspergillus niger, as this trend was observed in
both media.

One possible explanation for this activity difference between media is that coffee cake
provides more favorable and sustained conditions for mannanase production, possibly be-
cause it contains components that act as inducers or because it offers a richer and more
diverse nutritional environment. Coffee cake exhibited higher carbon, nitrogen, and sulfur
content compared to LBG (Table 4), highlighting its potential as a low-cost source of mannan,
compared to the commercial galactomannan extracted from Ceratonia siliqua seeds (LBG).

The availability of carbon and nitrogen in the culture medium is fundamental for
the growth and metabolite production of Aspergillus niger. According to Chauhan and
coauthors [52], carbon serves as both an energy source and an essential structural element.
It can also influence the production of specific enzymes, such as mannanases, depending
on the type and concentration present in the medium.
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Table 4. Elementary organic analysis (CHNSO) of the coffee cake and locust bean gum (LBG).
Carbon Source %C %H %N %S %0
LBG 38.85£0.122 6.64 £0.04° 0.87 +0.01° 0.154+0.032 5349 £0.172
Coffee cake 4342 +£0.052 6.36 + 0.00 ® 2.61£0.00? 023+£0.012 47.38 £0.04 2

The comparison of elementary organic analysis between LBG and coffee cake was performed using one-way
ANOVA. Identical letters, in the same element, indicate no significant difference (p < 0.05) between the carbon
sources, according to Student’s ¢-test.

Although nitrogen is supplied to the medium through yeast extract, the nitrogen con-
tent in the biomass also contributes to fungal growth and enzyme synthesis. Different nitro-
gen sources may enhance the yield of specific enzymes. Moreover, the carbon-to-nitrogen
(C/N) ratio plays a key role in regulating fungal growth and metabolite production [53].
Considering that the yeast extract used in the medium has 38.15 £ 0.07% carbon (%C) and
10.85 +£ 0.24% nitrogen (%N), the C/N ratio was calculated for the medium containing
coffee cake and LBG, resulting in 11.96 and 18.96, respectively. These results indicate that
the C/N ratio of the coffee bean medium favors mannanase production, in agreement with
findings reported by Gottschalk and coauthors [48] for Aspergillus awamori 2B.361 U2/1
cultivated on wheat bran and yeast extract (C/N equal to 10.3).

3.1.3. Validation of Preliminary Tests

Once the best arrangement of the carbon source had been determined, a new test was
carried out, in a shorter time, to validate the results obtained, as shown in Figure 3.

25
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(¥, ]
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Figure 3. Mannanase production profile over 7 days of cultivation using coffee cake as a carbon
source, with the initial medium described in Table 1, incubated in a shaker at 30 °C and 200 rpm.
The comparison of mannanase activity between cultivation days was performed using a one-way
ANOVA. Identical letters indicate no significant difference (p < 0.05) between cultivation days for
mannanase production, according to Tukey’s test.

In this experiment, the peak enzymatic activity of mannanases did not differ signifi-
cantly (p < 0.05) between the 5th and 7th days. It is common for biotechnological processes
such as this to vary in terms of the ideal time, as everything depends on the development of
the strain under the cultivation conditions [54]. As the peak of mannanase enzyme activity
occurred on the fifth day of cultivation, this was considered the ideal day for enzyme
production in subsequent studies.
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3.1.4. Statistical Experimental Design

Data from the preliminary tests supported the application of statistical experimental
designs to optimize mannanase production by modifying the nutritional composition of the
culture medium. A Plackett-Burman (PB) design was employed to evaluate the influence of
six independent variables and identify those with significant effects on mannanase produc-
tion. Subsequently, a Central Composite Rotatable Design (CCRD) was applied to optimize
the significant variables, enabling a more detailed evaluation of their individual and in-
teractive effects through a full factorial approach. The statistical analyses were performed
using response surface methodology (RSM) and analysis of variance (ANOVA), following
established procedures for bioprocess optimization [54,55]. Results were expressed as
means =+ standard deviations, and variance analysis was performed using Tukey’s test at
the 5% significance level.

Table 5 presents the characteristics of each test (12 experimental points and 4 central
points), along with the results of the dependent variable under study. The results showed
very close mannanase activities from 19 to 21 U-mL~!, which may indicate that the con-
centrations studied had no effect on the production of mannanases. Only assays 8 and 12
presented values below 15 U-mL~!.

Table 5. Results of the Plackett—-Burman design, represented in codified variables, for mannanase
production on the fifth day of cultivation.

Mannanase

ID Xl X2 X3 X4 X5 X6 VIl VIZ VI3 VI4 VIs ACtiVil’y

(U-mL-1)
1 1 —1 1 -1 -1 -1 1 1 1 -1 1 21.87 + 1.64
2 1 1 —1 1 -1 —1 -1 1 1 1 -1 2149 +0.24
3 -1 1 1 -1 1 -1 -1 -1 1 1 1 19.42 + 0.61
4 1 —1 1 1 -1 1 -1 -1 —1 1 1 20.44 + 041
5 1 1 -1 1 1 -1 1 -1 -1 -1 1 21.67 +0.77
6 1 1 1 -1 1 1 -1 1 -1 -1 -1 20.77 = 0.93
7 -1 1 1 1 -1 1 1 -1 1 -1 -1 19.96 + 0.81
8 -1 -1 1 1 1 -1 1 1 -1 1 -1 13.56 + 0.83
9 -1 -1 -1 1 1 1 -1 1 1 -1 1 19.53 £ 1.34
10 1 —1 -1 -1 1 1 1 -1 1 1 -1 20.79 +0.43
11 -1 1 -1 -1 -1 1 1 1 -1 1 1 20.65 + 0.30
12 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 14.52 £ 0.22
13 0 0 0 0 0 0 0 0 0 0 0 20.74 + 0.14
14 0 0 0 0 0 0 0 0 0 0 0 20.57 +0.14
15 0 0 0 0 0 0 0 0 0 0 0 20.20 + 0.17
16 0 0 0 0 0 0 0 0 0 0 0 20.52 4+ 0.07

ID—identification assay number; X;—Coffee cake; X,—Yeast extract; Xz—Phosphate buffer (pH 5.5);
Xy—CaCly-2H,0; Xs—MgSO4-7H,0; Xg—AlLO3; IVi_s—dummy variables, included to complete the design
matrix, estimate the experimental error, and allow identification of the real factors that have a significant effect on
mannanase production.

After analyzing the results with Statistica 12 software, the information from each
assay was consolidated to generate the Pareto chart (Figure 4), which enabled the statistical
interpretation of the studied variables. Pareto chart analysis revealed that only two variables
were statistically significant: coffee cake (carbon source) and yeast extract (nitrogen source).
Consequently, all independent factors with statistically insignificant effects—except for
phosphate buffer—were excluded from the medium in the subsequent CCRD. The buffer
was retained due to its essential role in adjusting the initial pH to levels suitable for
Aspergillus niger growth. Since the phosphate buffer exhibited a negative effect, it was
maintained at the minimum concentration tested (level —1, corresponding to 0.25 g-L 1,
expressed as phosphate).
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Pareto Chart of Standardized Effects; Variable: Enzymatic Activity (U.mL™")
6 factors at two levels; MS Residual=3.06987

(coftesCake ‘195
(2)Yeast Extract 2.181022

(6)AI203 1.581898
(5)MgS04.7H20 ‘ -0.525547
(3)Phosphate Buffer pH 5.5 -0.430949
(4)CaCl2.2H20 -0.225985
p=0.1

Standardized Effect Estimate (Absolute Value)

Figure 4. Pareto chart of effects for mannanase production (U-mL1).

The CCRD was conducted with eight factorial points and four central points to im-
prove the reliability of the results, as shown in Table 6. The highest mannanase activities
were obtained in assays 8, 9, and 10, of which two tests correspond to the central points of
the design.

Table 6. Results of the Central Composite Rotatable Design for mannanase production, on the fifth
day of cultivation, where Z; is the coffee cake concentration, and 7, is the yeast extract concentration,
represented in codified variables.

Mannanase

1D Z1 Z2 Activity (U-mL-1)
1 -1 -1 21.01 £+ 0.27
2 1 -1 2297 £ 0.45
3 -1 1 21.30 £ 0.18
4 1 1 22.65 +0.27
5 —1.41 0 21.07 £ 0.59
6 141 0 23.07 £043
7 0 —1.41 22.02 + 0.61
8 0 1.41 25.43 + 0.84
9 0 0 25.63 £ 0.48
10 0 0 25.33 £+ 0.30
11 0 0 23.64 £ 0.29
12 0 0 24.50 £+ 0.52

Based on the results processed in Statistica 12, a Pareto chart was generated (Figure 5a)
to interpret the significance of the studied variables, along with a response surface plot
predicting the tested conditions and their corresponding responses (Figure 5b). Both the
linear and quadratic terms for coffee cake were statistically significant, whereas neither
term for yeast extract showed significance, leading to its exclusion from the model.

The mathematical model (Equation (2)), obtained for the Pareto chart, was used
even though the variables corresponding to yeast extract (L and Q) were not statistically
significant, due to the necessity of a nitrogen source to support fungal growth. Although
yeast extract did not have a significant effect on the evaluated response, it is well known
to be an essential nutrient source. Therefore, since the central composite rotatable design
(CCRD) did not include experiments with zero concentration of this component, the
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minimum studied value was adopted. The model predicted a mannanase production
(Many,oq) of 24.32 U-mL ™!,

Many,oq (U-mL™1) = —1.58866Z12 — 0.75652Z,% + 0.76809Z; + 0.59818Z, + 24.77747 (2)

The validation assay of the statistical experimental design was performed using the
yeast extract at the lowest level studied (4 g-L~!), since it had no significant effect. After
five days of cultivation, the experimental activity was 21.85 + 0.73 U-mL~!, close to
the theoretical value of 24.32 U-mL~! predicted by the CCRD model, with an error of
approximately 10%. This confirmed the validity of the statistical model. It is important to
emphasize that the equation enables the calculation of mannanase activity under varying
cultivation conditions, allowing for the prediction of potential outcomes based on different
concentration levels.

Pareto Chart of Standardized Effects; Variable: Mannanase Activity (U.mL™") Fitted Surface; Variable: Mannanase Activity (U.mL"™")

Coffee Cake (g/L)(Q)

(1)Coffee Cake (g/L)(L)

Yeast Extract (g/L)(Q)

(2)Yeast Extract (g/L)(L)

1Lby2L

2 factors, 1 Blocks, 12 Runs; MS Pure Error=0.7968657 2 factors, 1 Blocks, 12 Runs; MS Pure Error=0.7968657

12.00

m“ 3

10.67

2.430069 933

-2.13503 8.00

Yeast Extract (g/L)

1.892494 6.67

-0.348639 233

4.00 = <20
p=0.1 25.00 31.67 38.33 45.00 5167 58.33 65.00 = <19

Standardized Effect Estimate (Absolute Value) Coffee Cake (g/L) B <18

@) (b)

Figure 5. (a) Pareto chart of effects and (b) contour curves graph obtained through the two-factor
CCRD conditions (coffee cake and yeast extract content) from culture medium for mannanase
production (U-mL™1).

Additional assays under the optimized condition showed activities of 22.43 = 0.59 U-mL !
at three days and 17.26 & 0.56 U-mL~! at seven days of cultivation. The activities on
days three and five were not significantly different (p < 0.05), indicating that the peak of
enzymatic activity shifted to the third day of cultivation.

The maximum activity obtained in the present was higher than that reported by Agu
and coauthors [56], who used wild-type Aspergillus strains and agro-industrial residues as
carbon sources. In that study, three species (A. niger, A. flavus, and A. tamari) were isolated
from decomposing palm kernel cake and cultivated under submerged fermentation with
coconut yam powder as the sole carbon source. A. niger produced the highest mannanase
activity (0.35 U-mL 1), followed by A. flavus (0.18 U-mL~') and A. tamari (0.15 U-mL™1).

The medium composition optimization allowed an increase in mannanase production
of approximately 10% and a 42.9% increase in productivity, going from 20.39 & 1.50 U-mL !
(at seven days) to 22.44 + 0.61 U-mL~! (at three days). The reduction in cultivation
time from seven to three days is particularly relevant for industrial applications, since
shorter fermentations reduce energy consumption, contamination risks, and downstream
processing costs. Moreover, the elimination of inorganic salts (CaCly, MgSO4, Al,O3)
from the medium highlights the robustness of the process, enabling a simplified and cost-
effective formulation that relies almost exclusively on the coffee coproduct. Thus, the
optimized cultivation medium consisted only of 48.78 g-L.~! of coffee cake, 4 g-1. 7! of yeast
extract, and 0.25 g-L ! of potassium phosphate buffer (pH 5.5).
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3.1.5. Determination of 3-mannosidase Enzyme Activity

In addition to the high production of mannanases, the specific production of
-mannosidases was evaluated under the optimized culture medium using coffee
cake. Enzyme activity was assessed after 3, 5, and 7 days of cultivation, resulting in
0.52 +£0.01 U'mL~!, 0.88 + 0.06 U-mL~!, and 1.39 & 0.06 U-mL~!, respectively. The
maximum -mannosidase activity was observed on the seventh day, differing from f3-
mannanase production, which peaked on the third day. This value was 5.6-fold higher than
that previously reported for A. niger (0.25 U-mL~!) cultivated with soya flour [57].

These results suggest that the strain used in this study has considerable potential
for f-mannosidase production, even in a culture medium that has not been optimized
for its production. f-Mannosidase catalyzes the hydrolysis of (3-1,4-mannosidic bonds
in mannose-containing polysaccharides such as galactomannan, playing a key role in
converting complex carbohydrates into simpler sugars. Its applications extend to the
food industry, where it improves ingredient digestibility and produces prebiotics, as well
as to biotechnology, biofuel production, and animal feed, where it enhances nutritional
efficiency and supports sustainable bioconversion processes [58-60]. A noteworthy aspect
of the present study is the concomitant production of 3-mannosidase, which broadens
the applicability of the crude enzymatic cocktail. While most reports focus exclusively on
[-mannanases, the simultaneous presence of 3-mannosidase increases hydrolytic efficiency,
particularly in generating fermentable mannose. Although this is a very positive result, the
addition of an external 3-mannosidase (either commercial or laboratory-concentrated) to
balance the 3-mannosidase/3-mannanase ratio could enhance the enzymatic hydrolysis of
this material, enabling the complete conversion of polysaccharides into monosaccharides.

Using coffee press cake as a carbon source for 3-mannosidase production also aligns
with the principles of the circular economy and agro-industrial residue valorization. By-
products of the coffee industry contain galactomannan and have been shown to support
enzyme production by fungi of the Aspergillus species [61,62]. Leveraging coffee cake
reduces production costs, promotes environmental sustainability, and repurposes waste
that would otherwise be discarded, reinforcing its potential as an efficient and sustainable
carbon source for enzyme production.

To expand this study, the enzymes produced were applied to the enzymatic hydrolysis
of defective coffee beans, aiming to release fermentable sugars that could potentially be
used for the generation of higher-value-added products.

3.2. Hydrolysis Experiments of Coffee Beans

It is estimated that approximately 20% of global coffee production consists of defective
beans, which, due to their poor sensory quality, are unsuitable for consumption [8]. These
beans, therefore, represent a potential worldwide residue, rich in mannan, whose processing
faces significant challenges. To explore alternative uses, this study investigated the potential
of the produced enzyme for mannose recovery from defective beans through enzymatic
hydrolysis, with comparisons to the hydrolysis of healthy beans. Valorizing defective beans
as a substrate is particularly relevant, as mannose can serve as a precursor for diverse
bioproducts, such as immunostimulants [63], anti-tumor agents [64], vitamins [65], and
D-mannitol [66].

Polysaccharides, which account for 50-70% of the dry weight of green coffee beans,
are mainly composed of galactomannans, arabinogalactans, and cellulose [17]. During
hydrolysis, these polysaccharides are depolymerized into monosaccharides, mainly man-
nose, whose release was monitored at 0, 6, 24, and 48 h, as shown in Figure 6. Since
the chromatographic column used did not separate mannose and fructose, their contents
were quantified together. The reactions were conducted at 50 °C and 200 rpm in buffer
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at pH 4.8—conditions commonly reported as suitable for enzymatic hydrolysis—while
agitation enhanced enzyme-substrate contact and activity [67-71].

30

N
(3}

N
(=]

—=—Healthy beans

—»— Defective beans

Mannose+fructose recovery (%)
- =Y
o (4]

0 5§ 10 15 20 25 30 35 40 45 50
Hydrolysis time (h)

Figure 6. Mannose plus fructose recovery (%) obtained from the enzymatic hydrolysis of healthy and
defective coffee beans at 50 °C and 250 rpm, using the optimized enzyme productized. The mannose
value obtained by acid hydrolysis was considered 100%. The comparison of mannose + fructose
recovery between cultivation days and between biomass was performed using a one-way ANOVA.
Identical uppercase letters indicate no significant difference (p < 0.05) between hydrolysis time, in the
same biomass, for mannose recovery, according to Tukey’s test. Identical lowercase letters indicate no
significant difference (p < 0.05) between biomass, in the same hydrolysis time, for mannose recovery,
according to Student’s f test.

The best mannose yield was obtained after 24 h, as shown in Figure 6. The mannose
value obtained by acid hydrolysis was considered 100%. The efficiency of mannose recov-
ery by enzymatic hydrolysis was 23.68 £ 0.03% for healthy beans and 25.98 £ 0.10% for
defective beans, in 24 h of reaction. Although relatively low, these values demonstrate the
enzyme’s potential, achieving ~25% mannose recovery directly from untreated biomass.
Limited yields are attributed to the recalcitrant structure of coffee beans, where crys-
talline mannans hinder enzymatic access. To improve recovery, pretreatments—physical,
chemical, or combined—are required to disrupt the cell wall, solubilize hemicelluloses
and lignin, and increase surface area for enzymatic action [32,33,71-73]. Examples in-
clude extrusion, hydrothermal processing, acid or alkaline hydrolysis, and treatments
with organic solvents [74]. Although only monosaccharides were quantified, presented
in Table 7, mannanoligosaccharides (MOS) may also have been formed and remained in
the reaction medium without being converted to mannose, due to the imbalance between
[3-mannosidase and 3-mannanase activities.

In a related study [75], coffee grounds were used as a mannose-rich biomass (19.3 g
100 g~1). After enzymatic hydrolysis carried out with 50 mM sodium citrate buffer
(pH 4.8), 10% dry matter, and an enzyme cocktail (cellulase—17.74 mg-g~! of dry biomass;
pectinase—16 mg-g~! of dry biomass) for 24 h, a mannose recovery of approximately 47%
was achieved. The higher yield observed in roasted beans was likely due to the previ-
ous processing, such as roasting, grinding, and hot-water extraction, which may remove
enzyme inhibitors and promote biomass deconstruction, facilitating enzymatic access.
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Table 7. Monosaccharides from the acid and enzymatic hydrolysis of healthy and defective coffee
beans. Enzymatic hydrolysis was performed at 50 °C and 200 rpm.

Monosaccharides (g-100 g—1)

Samples -
Glucose Galactose Arabinose Mannose + Fructose

Acid hydrolysis

Healthy beans 6.56 + 0.21 13.53 £ 0.70 1.91 +0.38 19.69 + 4.06
Defective beans 5.52 +0.53 12.59 + 0.76 1.68 +=0.13 18.50 + 2.07

Enzymatic hydrolysis (24 h)

Healthy beans 5.01 +0.33 0.18 £ 0.00 0.00 4.66 = 0.01
Defective beans 3.96 £+ 0.39 0.17 £ 0.01 0.00 4.81 +0.02

Xylose was not detected for any sample.

The enzyme produced in this study also demonstrated good potential for recovery of
glucose (76% in healthy beans and 72% in defective beans) but limited recovery of galactose
and arabinose. To maximize sugar release, integrated strategies should be adopted, includ-
ing appropriate pretreatments, optimization of hydrolysis parameters (enzyme loading,
pH, and temperature), and the use of tailored enzymatic cocktails containing accessory
enzymes (e.g., 3-galactosidase and (3-glucosidase) to enhance the conversion of complex
polysaccharides into fermentable sugars [74].

Furthermore, optimizing enzymatic hydrolysis conditions is essential, considering
adjustments in solid matter concentration, enzyme proportion, and precise control of
operational parameters such as pH and temperature. Another critical aspect is the use
of tailored enzymatic cocktails containing accessory enzymes such as 3-galactosidase
and (-glucosidase, which work synergistically to enhance the conversion of structural
biomass components into fermentable sugars, like mannose and glucose. These integrated
approaches can significantly improve the efficiency of biotechnological processes.

4. Conclusions

This study demonstrated that green Arabica coffee press cake is an efficient and
sustainable substrate for 3-mannanase and 3-mannosidase production by Aspergillus niger.
The comparison of enzyme productivity was performed using the same carbon source
(coffee press cake). After statistical optimization, the medium composition was simplified
to 48.78 g-L ™! coffee cake, 4 g-L. 7! yeast extract, and 0.25 g-L~! potassium phosphate buffer
(pH 5.5), which increased mannanase productivity to 22.4 & 0.6 U-mL~! within 3 days,
representing a 42.9% improvement. The simplified medium composition—based solely
on coffee press cake, yeast extract, and phosphate buffer—further enhances economic
feasibility by eliminating the need for additional supplements (Al,O3, MgSO4-7H,0, and
CaCl,-2H;0). Although mannose recovery from untreated coffee beans reached only ~25%
(using the acid hydrolysis value at 100%), the results demonstrate the enzyme’s capacity
to act on recalcitrant biomass, with higher efficiencies expected through pretreatment
strategies and tailored enzymatic cocktails.

From an industrial and sustainability perspective, these findings align with circular
bioeconomy principles. A low-value by-product (coffee press cake) was used as a carbon
source for A. niger cultivation and production of a high-value enzymatic mixture, capable
of valorizing another waste stream (defective beans), enabling the recovery of functional
monosaccharides for food, nutritional, and pharmaceutical applications.
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