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Abstract: Coffee wastes have large amounts of by-products rich in phenolic compounds such as
chlorogenic and caffeic acid, with potential applications for developing fine chemicals such as caffeic
acid phenethyl ester (CAPE). A screening for microorganisms was undertaken in a coffee plantation
environment to isolate native tropical species able to modify secondary metabolites present in this
kind of biomass enzymatically. From the screening, 130 fungal strains could grow in lipase inducer
media. Fungal strains were identified via ITS-based sequencing. Classification based on BLAST
assigned 51 isolates to 12 different genera, including Absidia, Aspergillus, Cunninghamella, Fusarium,
Metarhizium, Meyerozyma, Mucor, Neocosmospora, Papiliotrema, Penicillium, Rhizopus, and Trichoderma.
DNA sequencing identified 14 putative extracellular lipases. According to the extracellular lipase
activity, the most promising strain was identified as Fusarium sp. by DNA barcoding. Extracellular
lipases from this strain exhibited maximal hydrolytic activity at a temperature of 45 ◦C, a pH of
7.00, and 200 ppm of NaCl, with an affinity towards substrates having carbon chain lengths of
8 or longer. Under these conditions, lipase instead of esterase activity is the main feature. The
Km and Vmax values calculated using p-nitrophenyl palmitate (pNPP) as hydrolysis substrate
were 0.003 mM and 299.8 µmol min−1 mg−1, respectively. Fusarium sp. lipases presented high
stability during freeze–thawing, allowing the storage of enzyme solutions at −20 ◦C, but not as
a lyophilized powder. According to our kinetic study, these lipases catalyzed CAPE hydrolysis,
showing a progressive decrease in the concentration of the CAPE and a correspondent increase in the
caffeic acid concentration as a product of this hydrolysis. Being able to carry out this type of reaction
under mild conditions shows that Fusarium sp. lipases recognize CAPE as substrate and suggest
CAPE synthesis (reverse reaction) and transformation can be engineered, using caffeic acid from
coffee biomass, as a potential industrial application for these lipases.

Keywords: screening; fungal lipases; DNA barcoding; Fusarium sp.; coffee biomass

1. Introduction

Coffee is one of the most traded crops in the world. For the crop year commencing in
2020, more than 175 million 60 kg bags were produced [1]. The coffee fruit is considered a
berry or cherry from which an inner seed is separated and known as green bean (Figure 1).
Then, it is roasted to produce the final product of consumption: the ground coffee, which is
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considered a commodity [2,3]. However, much of the coffee fruit (30–60%) is discarded, and
significant amounts of waste are generated during the production of ground coffee, as the
process requires removing the pulp, mucilage, and coffee parchment to use only the green
bean of the cherry [4]. Furthermore, coffee by-products, such as pulp and mucilage, contain
essential amounts of bioactive compounds such as tannins, chlorogenic and caffeic acids,
as well as other phenolic compounds. These compounds hinder the biodegradation of
coffee by-products, and a detoxification process is required prior to use them as an organic
fertilizer [5–8].
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Figure 1. (a) Schematic representation of coffee fruit anatomy; (b) coffee tree with fruits.

Phenolic acids may be released from coffee biomass by simple water extraction, but
some remain esterified to the cell wall and are slowly released to the environment, causing
the toxicity of coffee wastes. Therefore, the quest for (bio)catalyzers that can hydrolyze
and release these compounds from coffee biomass is an important issue that has been
taken into consideration, and thus some fungal strains have exhibited hydrolytic activity
on these kinds of substrates [9,10]. Additionally, bioactive compounds such as caffeic and
chlorogenic acids (Scheme 1) might be considered as potential added-value molecules (if
they can be separated from the raw material) due to several properties, such as antioxidant,
anti-obesity, hepatoprotective, and neuroprotective [11–15].
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Scheme 1. Chemical structures of some antioxidant and bioactive compounds present in coffee
biomass: (a) chlorogenic acid; (b) caffeic acid; (c) ferulic acid; (d) p-coumaric acid.

Caffeic and chlorogenic acids can be used as raw materials for the synthesis of caffeic
acid phenethyl ester (CAPE), which is a fascinating compound for the pharma industry
since it has been regarded as cytotoxic on melanoma tumors [16], an inhibitor of growth on
colon cancer cell lines [17], as well on breast cancer stem cells [18]. However, the synthesis
of CAPE faces a critical limitation: the high cost of caffeic acid in the market. In this sense,
the sourcing of caffeic acid and other antioxidants from agricultural matrices can reduce
the production costs of CAPE and might give added value to the by-products of the coffee
industry [15].
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CAPE synthesis could be achieved by esterification of caffeic acid and phenethyl alco-
hol [19–21]. Although this reaction is thermodynamically reversible (see Scheme 2), a catalyst
(such as an enzyme) does not affect the equilibrium of the process; under this reasoning,
finding an enzyme capable of hydrolyzing CAPE will open the door to use the same enzyme
for CAPE synthesis after developing the appropriate reaction conditions to promote the
reverse reaction.
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Lipases (triacylglycerol hydrolases, EC 3.1.1.3) are enzymes that belong to the hy-
drolases group and catalyze the reversible hydrolysis of ester bonds; because of this
reversibility, these enzymes are well known for catalyzing the synthesis of several pharma-
ceutical and fine chemical compounds in the presence of organic solvents as well as ionic
liquids, with high regioselectivity and yields [22–27]. For those reasons, lipases are the
most promising candidates to catalyze the esterification of caffeic acid to produce CAPE.

Green chemistry is a field that promotes the design of chemical processes and products
towards sustainability [28,29]. In this sense, from a green chemistry perspective, the synthe-
sis of CAPE can be performed using enzymes that can catalyze the esterification of caffeic
acid with phenethyl alcohol, avoiding the use of activated derivatives of caffeic acid such as
acyl chlorides. To search for lipases capable of recognizing secondary metabolites, such as
chlorogenic and caffeic acids, present in coffee leaves and fruits, a quest for microorganisms
in the coffee plantation ecosystem was undertaken. Then, we screened lipases obtained
from these isolates and selected the most active lipase to evaluate its capacity to hydrolyze
CAPE as a substrate.

2. Materials and Methods
2.1. Materials

p-Nitrophenol (pNP), p-nitrophenyl acetate (pNPA), p-nitrophenyl butyrate (pNPB), p-
nitrophenyl octanoate (pNPO), p-nitrophenyl dodecanoate (pNPD), p-nitrophenyl myristate
(pNPM), p-nitrophenyl palmitate (pNPP), p-nitrophenyl stearate (pNPS), Coomassie blue
G-250, bovine serum albumin, gum arabic, Triton X-100, commercial lipase from Aspergillus
niger, methanol, isopropanol, ampicillin, fluconazole, and sodium dibasic phosphate were
purchased from Sigma Aldrich (St. Louis, MO, USA), other chemicals were reagent grade.
Potato Dextrose Agar (PDA) and Lysogeny Broth (LB) agar preparations were obtained
from Oxoid, olive oil suitable for human consumption was purchased from a grocery store.

2.2. Bioprospecting Permits for Biodiversity Resources and Legal Frame

Genetical and biochemical resources were accessed in Costa Rica according to Costa
Rican Biodiversity Law [30] and the Convention on Biological Diversity [31] under the
terms of fair and equitable distribution of the benefits for the providers of such resources.
In this regard, biodiversity prospecting permits R-CM-001-2016-OT (years 2016–2019) and
R-CM-002-2019-OT (years 2019–2022) were issued by the Costa Rican National Board
for Biodiversity Management (Comisión Nacional para la Gestión de la Biodiversidad,
CONAGEBIO by its initials in Spanish) [32].
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2.3. Culture Media and Growth Conditions

Two different types of culture media were used for microorganism sampling; standard
PDA supplemented with ampicillin (100 mg/L) for the isolation of fungi and standard LB
agar supplemented with fluconazole (50 mg/L) for the isolation of bacteria. Strains were
grown in Petri dishes at room temperature (24 ± 3 ◦C) for 12 days.

A minimum mineral media enriched with olive oil (2%) as the sole carbon source and
emulsified with Triton X-100 (0.5%) was used as lipase inducer and for microorganism
screening under selective pressure. Strains were grown in Petri dishes at room temperature
(24 ± 3 ◦C) for 12 days. The composition of the culture media was as follows: K2HPO4
1.73 g/L, KH2PO4 0.68 g/L, MgSO4. 7H2O 0.1 g/L, NaCl 4 g/L, FeSO4. 7H2O 0.03 g/L,
NH4NO3 1 g/L, CaCl2. 2H2O 0.02 g/L, 10 mL/L olive oil, 5 mL/L Triton X-100, and 20 g/L
agar. The same culture media was prepared without agar for liquid cultures grown for
12 days using an orbital shaker at 200 rpm.

2.4. Protein Determinations and Lipase Activity Assays

Lipase enzymatic activity was determined by spectrophotometric quantification of
pNP hydrolyzed from the correspondent emulsified pNP ester. First, the emulsified pNP
ester was prepared by mixing one volume of Triton X-100 with 4 volumes of isopropanol,
then 34 µmol of the pNP ester were dissolved in 2.00 mL of this solution to prepare a
substrate solution. Finally, one volume of the substrate solution was mixed with 10 volumes
of phosphate buffer (50 mM, pH 7.0, 550 ppm gum arabic) [33].

The enzymatic reaction took place by mixing 250 µL of emulsified pNP ester with
50 µL of enzyme solution at 40 ◦C in 300 µL microplate wells for 5 min. The amount of
pNP released by the enzyme was estimated at 410 nm against a standard curve performed
under identical conditions. As the UV/Vis absorbance of pNP is dependent on its phenol
dissociation, measurements at 317 and 347 nm wavelengths were also considered in some
specific cases for analytic determinations [33–35]. Protein concentration was estimated
by the Bradford method [36] using bovine serum albumin as standard. One enzymatic
unit (U/mg) was defined as the amount (mg) of protein that hydrolyzed one micromole
of pNP ester per minute under the above-described conditions. Absorbance was mea-
sured using a Synergy HT Multi-Detection 96-well Microplate Reader (BioTek Instruments,
Winooski, VT, USA). In the lipase activity assays absorbance was measured after 5 min of
hydrolysis reaction.

2.5. Coffee Plantation Microorganism Sampling and Screening

A random sampling of microorganisms was undertaken during the dry season in
a coffee plantation located at Santa Lucia experimental station property of Universidad
Nacional (UNA, 10◦01′21′ ′ N, 84◦06′40′ ′ W), Heredia, Costa Rica. Sampling was performed
with the help of a sterile ribbed spatula or by hand using sterile nitrile gloves. Soil and
vegetable samples were collected from 12 points and used to inoculate culture plates.
The collected samples were incubated at room temperature (24 ± 3 ◦C) for 48 h. After the
incubation process, plates with a large mixed microbial load were subjected to a purification
process to obtain pure strains. After the purification process of the sampled microorganisms,
130 fungal strains were obtained, no bacterial strains were isolated.

2.6. Fungal Extracellular Lipases Production and Screening

Fungal strains with lipase activity were preserved from PDA plates at −20 ◦C. The
growth process was performed in triplicate for each of the strains. For lipase production,
preserved samples were initially grown in PDA in an incubator at room temperature
(24 ± 3 ◦C) for 12 days, then transferred into minimum mineral media enriched with olive
oil agar plates and grown for 12 days. From the initial 130 fungal strains, only 51 of them
were able to survive in this lipid-enriched medium, which is why they were identified as
the only ones capable of secreting lipases into the extracellular medium and selected for
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further experiments. Finally, 10 out of 51 were chosen according to two criteria: biomass
formation rate and morphological diversity.

Strains that grew on plates enriched with olive oil were transferred to a lipase-inducing
liquid medium for 12 days. Samples were taken for DNA strain characterization as de-
scribed below. Then, clarified extracellular lipases (CEL) were harvested by two sequential
filtrations, first under vacuum and second with a 0.20 µm syringe membrane filter. CEL
was stored at 4 ◦C. CEL was not passed through further purification treatments to develop
potential agro-industrial applications for coffee biomass.

Enzyme activity was measured using one short-chain carbon ester, p-nitrophenyl bu-
tyrate (pNPB for esterase activity), and one long-chain carbon ester p-nitrophenyl palmitate
(pNPP for lipase activity) as substrates for the CEL of the following strains: Penicillium crus-
tosum (2-8A), Fusarium sp. (2-5B-1), Aspergillus sp. (2-5B-2), Fusarium sp. (2-5A-1), Fusarium
sp. (2-5E), Mucor microsporus Namyslowski (2-2), Rhizopus sp. (12-C), Cunninghamella echinu-
lata (2-2A), Penicillium rubens (C-2), and Aspergillus sp. (SL14D). In addition, an Aspergillus
niger commercial lipase was used as a reference for this stage. After this screening, the most
promising strain was used for further tests, other species were discarded. The reactions
were followed under the conditions previously described in Section 2.4. using a Synergy
HT Multi-Detection 96-well Microplate Reader (BioTek Instruments, Winooski, VT, USA).

2.7. Strain Characterization: DNA Extraction

A protocol based on lysis with cetyltrimethylammonium bromide (CTAB) by ethanol
precipitation was executed, modified from Stewart [37]. Briefly, fresh mycelium (50 mg)
was placed in a 1.5 mL centrifuge tube with 400 µL of sodium chloride-Tris-EDTA (STE)
buffer (1.75 M NaCl, 125 mM Tris, 25 mM EDTA) and processed with an automatic cell
disruptor (MM400, Retsch GmbH, Haan, Germany) at 30 Hz for 4 min using four 3 mm
stainless steel grinding balls. Then, 100 µL of 10% CTAB, 0.6% v/v β- mercaptoethanol,
and 0.05 mg/mL proteinase K were added. The samples were incubated at 60 ◦C for one
hour. The tubes were mixed by inversion every 15 min. Then, 500 µL of chloroform:isoamyl
alcohol solution (24:1) was added and mixed by inversion, following centrifugation at
15,000 rpm for 10 min at 4 ◦C. Immediately, the supernatant containing the DNA was
transferred to a new 1.5 mL tube. One volume of isopropanol was added and mixed
carefully by inversion. The samples were left for one hour on ice to precipitate the DNA.
Then, they were centrifuged at 15,000 rpm for 20 min at 4 ◦C. The supernatant was removed,
and the DNA was washed with 500 µL 70% ethanol. After another centrifugation at
15,000 rpm for 2 min, the ethanol was removed. The tubes were allowed to dry uncovered
for 15 min at room temperature (25 ◦C). The DNA was resuspended in 50 µL of 10 mM
Tris (pH 8.0) buffer and incubated at 65 ◦C for 1 h. The DNA obtained was visualized on
agarose gels and quantified by spectrophotometry (Nanodrop 2000).

2.8. Strain Characterization: DNA Barcoding and Lipase Sequencing

Fungal isolates were identified by DNA sequencing of the nuclear ribosomal internal
transcribed spacer (ITS) region. As described previously, genomic DNA was isolated from
fungal tissue with a standard CTAB extraction method [37]. Polymerase chain reaction
(PCR) amplification was performed with ITS1 and ITS4 primers [38] using DreamTaq
PCR Master Mix (Thermo Scientific, Carlsbad, CA, USA) following the manufacturer’s
recommendations. Direct Sanger sequencing of amplicons was undertaken using the same
primers as in PCR (Macrogen Inc., Seoul, Republic of Korea). Amplicon sequencing data
pre-processing and bioinformatic analysis were undertaken using Geneious Prime 2019.2.3
(Biomatters, Auckland, New Zealand). Taxonomical assignments were completed with
the IDTAXA Classifier [39] and the RDP Naive Bayesian rRNA Classifier [40] using the
UNITE [41] and Warcup v2 [42] databases, and with the BLAST tool [43] using the NCBI
fungal ITS RefSeq database and the optimal identity thresholds predicted to discriminate
fungal species [44]. A 99.6% identity threshold to BLAST best hit was used to identify
isolates, data available in the Supplementary Information. Fungal lipases were amplified
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from genomic DNA using degenerate primers (Supplementary Table S1) designed with
Primaclade [45] based on sequence alignments of publicly available Aspergillus, Fusarium,
Penicillium, and Mucor lipases. BLAST was used to perform DNA and protein sequence
similarity searches against the NCBI nucleotide collection database and the Lipase Engi-
neering Database (LED) [46] MUSCLE [47] was used for creating multiple alignments of
lipase sequences. Gene prediction was undertaken using the Augustus web server [48].
bThe CD-Search tool [49] was used to detect conserved functional domains in predicted
protein sequences, while DeepLoc [50] was used to predict the subcellular localization.
DNA sequences were submitted to GenBank (accession numbers MN737511-MN737550,
MN747984-MN747992, and OL840776-OL840780).

2.9. Substrate, pH, and Temperature Effect on Lipase Activity

Isolate 2-1A CEL, identified as Fusarium sp., was chosen as the most promising biocat-
alyst for the study. Then, enzyme activity was measured at different pH values considering
the pNP absorbance is highly dependent on the pH, in this case, activity tests were mea-
sured at 317 nm (protonated pNP), 347 nm (isosbestic point of absorbance), and 410 nm
(unprotonated pNP) in a Synergy HT Multi-Detection 96-well Microplate Reader (BioTek
Instruments, Winooski, VT) [33–35]. Buffer solutions were: 100 mM citric acid/disodium
phosphate buffer solutions with pH of 3.00–6.00; 100 mM disodium phosphate buffer
solutions, pH 6.50–8.50, and 100 mM sodium carbonate buffer solution with pH 9.00–11.00.
Optimal pH was estimated at 7.00, the lipase activity was measured at this pH value,
and at temperatures 25, 30, 35, 40, 45, 50, 55, and 60 ◦C. The last analysis was based on
the carbon chain for saturated fatty acids esters recognition. For this purpose, Fusarium
sp. CEL were assayed against the following substrates: pNPA (C-2), pNPB (C-4), pNPO
(C-8), pNPD (C-12), pNPM (C-14), pNPP (C-16), and pNPS (C-18). These substrates were at
the same concentration, 1 mM, in an emulsified aqueous media as previously described
in Section 2.4.

2.10. Kinetic Parameters

Fusarium sp. CEL were kinetically studied using 0.1, 0.2, 0.4, 0.6, and 0.8 mM of
pNPP (C-16) as substrate. Enzyme rate was measured at each concentration to determine
Km and Vmax using Lineweaver–Burk calculations. The amount of converted substrate
was obtained spectrophotometrically by the equivalent pNP product released under the
previously indicated conditions (Synergy HT Multi-Detection 96-well Microplate Reader,
BioTek Instruments, Winooski, VT, USA).

2.11. Enzyme Stability for Freezing and Lyophilization

To know basic handling and storage conditions of CEL from Fusarium sp., stability
to freezing/thawing, and lyophilization stability were investigated. Five CEL samples
(3.0 mL) were frozen for 24 h at −20 ◦C and then thawed to estimate the enzyme stability
to this condition, five CEL samples (3.0 mL) were frozen for 24 h and then lyophilized to
estimate their stability, and five CEL samples (3.0 mL) were stored at 4 ◦C as a positive
control, then lipase activity was measured in the three groups. The average activity was
calculated, and the standard deviation was reported for each group.

2.12. Determination of Ionic Strength Effect on Enzyme Activity

The effect of salinity on the enzyme activity was determined by incubating the enzyme
in 0, 10, 20, 40, 80, 100, 200, 400, and 800 ppm of NaCl solutions and measuring the residual
activity under these conditions. The measurements were made using the same pNPP
emulsified medium adjusting the salinity to the specified concentrations of NaCl.

2.13. Lipase Application in Biomass Degradation

Lipase’s ability to hydrolyze phenolic acids bound to cell walls from coffee biomass
was assayed as follows. Solid coffee waste was dried by lyophilization and ground in a
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blade mill with a 1 mm sieve. This solid (2 g) was subsequently washed five times with
500 mL of hot water (85 ◦C) to eliminate any free organic compound. Then, the suspension
was centrifuged at 10,000 rpm for 15 min at 4 ◦C. The supernatant was filtered with a
0.20 µm syringe membrane filter, and the cleanliness was determined by UV/VIS and
UHPLC-DAD methods. The liquid was lyophilized again and used for enzymatic biomass
degradation. The solid (100 mg) was mixed with 200 µL of 736 µg/mL CEL solution,
1.80 mL of pH 7 buffer solution, and 3 mL of distilled water in a test tube with a screw
cap. The reaction was kept at 40 ◦C for 7 days. Degradation products were analyzed by
UHPLC-DAD using water as a blank.

2.14. Lipase-Catalyzed CAPE Hydrolysis

In order to determine the enzyme ability to recognize CAPE as substrate, a 200 ppm
stock solution was prepared as follows: 20 mg of CAPE, 4 mL of isopropyl alcohol, 50 µL of
Triton X-100, and pH 7 buffer (with 0.5 mg/mL of gum arabic) solution was added to reach
a final volume of 100 mL. In total, 5 mL of the substrate solution was placed in a screw cap
test tube along with 300 µL of CEL (736 µg/mL). Water was used as blank and commercial
Aspergillus niger as reference. The reaction was monitored, collecting samples at 1, 2, 3,
6, 12, 24, and 48 h. The reaction was quenched by freezing rapidly at −30 ◦C and then
heating at 90 ◦C for 15 min. UHPLC-DAD analysis was performed using an Ultimate 3000
UHPLC-DAD-CAD system (Thermo Scientific, Sunnyvale, CA, USA). The separation was
performed on an Acclaim C18 Polar Advantage II column (5 µm, 120 Å, 4.6 × 250). The
solvents were (A) water/trifluoroacetic acid (0.1%), (B) methanol, and (C) acetonitrile. The
gradient was linear, and the proportions of solvents were as follows: 0–5 min 85% A and
15% B, 5–8 min 85–10% A, 15–80% B and 0–10% C, 8–12 min 10% A, 80–40% B and 10–50%
C, and 12–15 min 100% C. The injection volume was 10 µL, and the column temperature
was kept at 40 ◦C. The flow rate was 1 mL/min. The detection was performed at 327 nm
for CAPE and caffeic acid (CA) as a hydrolysis product. The concentrations were estimated
from calibration curves (peaks area) constructed with CAPE and CA.

2.15. Statistical Analysis

Multiple comparisons among several groups such as enzymatic activity in short carbon
chain and long carbon chain substrates and thermal treatments were performed considering
significant differences at p < 0.05 (one-way ANOVA and post-hoc Tukey test). The results
are presented as means and standard deviations. The results are represented according to
their significant differences using different letters in the graphs.

3. Results
3.1. Fungal DNA Barcoding and Lipase Sequencing

ITS-based DNA barcoding of 51 fungal isolates revealed 12 different genera. Most
isolates were assigned to Aspergillus (10 isolates), Penicillium (9 isolates), and Fusarium
(10 isolates) (Supplementary Table S2). Putative lipase encoding sequences were suc-
cessfully amplified in 14 isolates, and their coding sequences predicted by AU-GUSTUS
presented high similarity (79–100% identity) to other cDNA sequences described as li-
pases, probable triacylglycerol lipase precursors, alpha/beta-hydrolases, and hypotheti-
cal/uncharacterized proteins available in the NCBI nucleotide collection database. Pre-
dicted proteins produced significant alignments to the homologous families abH23.01
(Rhizomucor mihei lipase-like) and abH23.02 (Saccharomyces lipase-like) in the LED database
(Supplementary Table S3). According to CD-Search and DeepLoc tools, all predicted
proteins contained the active site flap/lid and the nucleophilic elbow, typical features
conserved in lipases [51], and were predicted to be extracellular and soluble. Further
characterization, such as heterologous expression in Pichia pastoris and lipase activity assays
of purified recombinant proteins, is needed to determine the usefulness of these putative
lipases for CAPE hydrolysis.
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3.2. Fungal Extracellular Lipases and Esterases Screening

Lipase and esterase activities were quantified by using p-nitrophenyl esters as sub-
strates. The reaction occurred in an emulsified media where the ester was hydrolyzed,
releasing the correspondent carboxylic acid and pNP as products, where pNP concentration
was determined spectrophotometrically (see Scheme 3), molar amount of pNP is the same
molar amount of hydrolyzed pNPP.
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Scheme 3. Chemical representation of lipase/esterase activity using p-nitrophenyl ester as substrate:
(a) p-nitrophenyl ester; (b) carboxylic acid; (c) p-nitrophenol.

The screening of the 10 fungal strains showed that all of them have both lipase activity
with long-chain carbon ester (pNPP) and esterase activity with short-chain carbon ester
(pNPB). P. crustosum and Fusarium sp. were the most active on long-chain ester (Figure 2),
and while there were no significant differences between them, they differed significantly
from the rest. Only three CEL obtained were significantly more active on pNPP than
A. niger commercial lipase.
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Figure 2. Enzymatic activity of clarified extracellular lipases from 10 fungal strains isolated from
coffee plantations on 1 mM pNPP, pH 7 at 40 ◦C for 5 min read at 410 nm. * A. niger (com.) = A.
niger commercial lipase. Different letters indicate significant differences (p < 0.05). Note: for detailed
information about DNA pairwise identity of isolates see Table S2 in Supplementary Information.

All the extracts showed less activity on short-chain esters such as pNPB-C4 (Figure 3)
which means that, in general, their effects are mainly as lipases and not as esterases.
Combining the results from both substrates, the CEL of Fusarium sp. is the most promising
for biochemical characterization and further biotransformation analysis on biomass.
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Figure 3. Enzymatic activity of clarified extracellular lipases from fungal strains isolated from coffee
plantations on 1 mM pNPB, pH 7 at 40 ◦C for 5 min read at 410 nm. Different letters indicate
significant differences (p < 0.05). Note: for detailed information about DNA pairwise identity of
isolates see Table S2 in Supplementary Information.

3.3. Substrate, pH, and Temperature Effect on Lipase Activity

The pH analysis was carried out with buffer solutions at pH 3.0–11.0, using pNPP at
40 ◦C. As shown in Figure 4, the optimal pH was 7.0 and the trends were similar among
the different wavelengths employed.
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Figure 4. Enzymatic activity of clarified extracellular lipases from Fusarium sp. isolated from coffee
plantations on 1 mM pNPP at different pH values and 40 ◦C for 5 min.

To determine the optimal temperature, enzymatic activity was measured at tempera-
tures from 25 to 60 ◦C, using pNPP at pH 7.0. The optimal temperature was 45 ◦C (Figure 5).
Then, enzymatic activity was assayed under optimized conditions using substrates with
carbon chains of 4–18 carbon atoms. The substrates with carbon chains equal to or above
8 carbon atoms seemed to be the more appropriate for this lipase, showing a higher perfor-
mance towards the C-16 carbon chain (Figure 6). In this sense, palmitic acid esters are the
substrates more related to the Fusarium sp. CEL. On the other hand, short carbon chain
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substrates (such as C-2 and C-4) showed less than 50% of relative activity, confirming that
lipase instead of esterase activity is the main feature of Fusarium sp. CEL.

Biomass 2022, 2, FOR PEER REVIEW 10 
 

Figure 4. Enzymatic activity of clarified extracellular lipases from Fusarium sp. isolated from coffee 
plantations on 1 mM pNPP at different pH values and 40 °C for 5 min. 

To determine the optimal temperature, enzymatic activity was measured at temper-
atures from 25 to 60 °C, using pNPP at pH 7.0. The optimal temperature was 45 °C (Figure 
5). Then, enzymatic activity was assayed under optimized conditions using substrates 
with carbon chains of 4–18 carbon atoms. The substrates with carbon chains equal to or 
above 8 carbon atoms seemed to be the more appropriate for this lipase, showing a higher 
performance towards the C-16 carbon chain (Figure 6). In this sense, palmitic acid esters 
are the substrates more related to the Fusarium sp. CEL. On the other hand, short carbon 
chain substrates (such as C-2 and C-4) showed less than 50% of relative activity, confirm-
ing that lipase instead of esterase activity is the main feature of Fusarium sp. CEL. 

 
Figure 5. Effect of temperature on Fusarium sp. clarified extracellular lipases activity with 1 mM 
pNPP at pH 7.0 and 45 °C for 5 min. 

 
Figure 6. Effect of carbon chain length of the pNP ester (1 mM) on the Fusarium sp. clarified extra-
cellular lipases activity at pH 7.0 and 45 °C. 

  

0.000

0.200

0.400

0.600

0.800

1.000

1.200

1.400

1.600

1.800

En
zy

m
na

tic
 A

ct
iv

ity
 (U

/m
g)

Substrate (pNPX)

317 nm
347 nm
410 nm

Figure 5. Effect of temperature on Fusarium sp. clarified extracellular lipases activity with 1 mM
pNPP at pH 7.0 and 45 ◦C for 5 min.
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Figure 6. Effect of carbon chain length of the pNP ester (1 mM) on the Fusarium sp. clarified
extracellular lipases activity at pH 7.0 and 45 ◦C.

3.4. Determination of Ionic Strength Effect on Enzyme Activity

The effect of the ionic strength on Fusarium sp. CEL activity was measured in solutions
with 0–800 ppm of NaCl, using pNPP at pH 7.00 and 45 ◦C. The optimum NaCl concentra-
tion determined for enzymatic activity was 200 ppm, which means that the enzyme needs
small quantities of salt (Figure 7). A more saline medium (i.e., 800 ppm NaCl) reduced
the enzymatic activity to 65% of maximum relative activity. On the other hand, a more
diluted medium also affected the enzyme catalytic behavior reducing its activity to 80% of
maximum relative activity.
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Figure 7. Optimum salinity in hydrolysis of 1 mM pNPP with clarified extracellular lipases from
Fusarium sp. at pH 7.0 and 45 ◦C.

3.5. Enzyme Stability after Freeze/Thawing and Lyophilization

The thermal stability of CEL from Fusarium sp. was tested using enzymatic activity
assays under optimized conditions after freeze/thawing and lyophilization treatments.
The enzymatic activity of CEL was decreased by lyophilization by 40% (Figure 8). On the
other hand, the activity was retained after one cycle of freeze/thawing.
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Figure 8. Change in the clarified extracellular lipases activity of Fusarium sp. after freeze/thawing
and lyophilization, read at 410 nm, pH 7 and 45 ◦C. Different letters indicate significant differences
(p < 0.05).

This result shows the robustness of the enzymes contained in the Fusarium sp. CEL. In
this regard, some lipases, i.e., Sporobolomyces ruberrimus, decrease their enzymatic activity
when stored at 4 and 10 ◦C rather than at room temperature [52]. On the other hand, the
stability of CEL from Fusarium sp. represents an advantage since it allows it to freeze, and even
to lyophilize, which may allow to use it in synthesis reactions in non-aqueous environments.
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3.6. Lipase Applications in Biomass Degradation

Fusarium sp. lipases did not show capabilities on the degradation of coffee biomass
under the conditions tested. Thus, it is necessary for future applications to take into consid-
eration to use these lipases in combination with other organisms and enzymatic systems.

3.7. Vmax and Km Kinetic Constants

The Km and Vmax values of Fusarium sp. lipase extract calculated from a Lineweaver–
Burk plot (Figure 9) using pNPP as hydrolysis substrate were 0.0032 mM and
299.8 µmol min−1 mg−1, respectively. As shown in the plot, there was a linear response
with R2 = 0.9984.
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Figure 9. Lineweaver–Burk plot for Fusarium sp. clarified extracellular lipases using pNPP as
substrate at pH 7.0 and 45 ◦C.

The Km was lower than those reported for A. niger F044 (7.37 mM) [53] and Spirulina
platensis (0.02 mM) [54]. This difference could be related to the low specificity towards
long-chain pNP substrates (Figure 6). The Vmax value of Fusarium sp. lipase extract was
significantly higher than Nomuraea rileyi MJ (18.9 µmol min−1 mg−1) [55] and Fusarium
solani FSI (1.7 µmol min−1 mg−1) [56]. The studies pointed out were carried out with
purified lipases, for that reason differences are expected. The aim of this work is to de-
velop applications in biomass transformation for future industrial purposes, and therefore
purification was not considered necessary, because this step would increase manufacture
costs for the catalyst. At this regard, many of the commercially available enzymes are a
non-purified catalyst, and their activity is highly stable and reproducible.

3.8. Kinetics of Lipase-Catalyzed CAPE Hydrolysis

Ester hydrolysis is a reversible reaction that is not affected by a catalyst. Nevertheless,
the amount of water in the reaction media shifted the reaction equilibrium towards the
hydrolysis of CAPE. In this sense, the hydrolysis of CAPE by Fusarium sp. clarified
extracellular lipases was investigated under aqueous media, releasing caffeic acid and
phenethyl alcohol as products (see Scheme 4).

The kinetic study of CAPE degradation under optimized conditions by Fusarium sp.
clarified extracellular lipases was developed. As shown in Figure 10, CAPE concentration
decreased while caffeic acid concentration increased. As a result, extracellular enzymes can
hydrolyze CAPE in percentages close to 50% after 48 h of reaction.
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4. Discussion

As shown in Figure 4, lipases from Fusarium sp. are affected by the pH, which is the
expected behavior with a Gaussian tendency in most enzymes [55]. The most favorable pH
value was 7.0. The CEL are relatively stable between pH values 6.0–9.0, but the activity
decreases with extremely high or low pH values. This pattern of lipase activity at different
pH values shown in Figure 4 is probably the result of changes in the shape of the enzyme’s
active site [57].

Meanwhile, Figure 5 shows that lipases from Fusarium sp. worked better at intermedi-
ate temperatures and reached their optimum at 45 ◦C. It is a higher value when compared
to the Pseudomonas sp. lipase, which has hydrolytic activity at 35 ◦C [58]. Lipases have
a wide range of optimum temperatures depending on which microorganism they were
obtained from. While some lipases function at low temperatures, others are more active at
higher temperatures [59].

When considering the activity on different substrates, as shown in Figure 6, CEL
obtained from Fusarium sp. can hydrolyze the linkage in many pNP esters, showing
bond specificity. Fusarium sp. CEL can hydrolyze short, intermediate, and long-chain
esters, being less active on C-2 and C-4 esters, showing a predominant lipase over esterase
activity. The evidence also shows lipase promiscuity, a well-known phenomenon [60].
This property of recognizing different substrates is beneficial for this study. The enzymes
showed different degrees of specificity towards the substrate due to its molecular recog-
nition mechanism, and it operates through structural complementarity. The function of
extracellular enzymes in biomass transformation requires moderate substrate specificity
because the esters from coffee wastes can be very diverse in terms of carbon chain length
and conformational structure.

CAPE is considered a critical nutraceutical compound, that can be obtained from
bee propolis [16,18,61,62]. Regarding lipase-catalyzed CAPE hydrolysis, in Figure 10, the
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trend shown in the plot is expected with a progressive decrease in the concentration of
the substrate and an increase in the products evidenced by caffeic acid. In addition, the
enzymatic hydrolysis reaction of CAPE would allow obtaining significant amounts of
caffeic acid, an essential antioxidant of natural origin [63–66]. Although hydrolysis is
usually carried out in acidic or basic media at relatively high temperatures, the use of
Fusarium sp. CEL allows this bioprocess to be carried out in a more environmentally
friendly condition.

The fact of carrying out this type of reaction under mild conditions (45 ◦C) suggests
that these enzymes can perform the reverse reaction, CAPE synthesis. Because ester
hydrolysis is a thermodynamically controlled reaction (Scheme 4), catalysts do not affect
the equilibrium. Thus, CAPE synthesis (reverse reaction) with Fusarium sp. CEL, using
caffeic acid from coffee biomass, can be engineered as a potential industrial application
for Fusarium sp. CEL. Other types of bioconversions could also be possible among CAPE
derivatives, for example, esterification and alcoholysis reactions. Lipases can catalyze these
reactions due to their promiscuity [60]. Further studies may be developed to optimize
reaction conditions for the CAPE synthesis through esterification and alcoholysis reactions.
Hence, the CAPE synthesis and transformation, using caffeic acid from coffee biomass, is a
potential industrial application for this enzyme.

Recently, prediction models for the ultrasound-enhanced synthesis of CAPE using a
commercial immobilized lipase from Candida antarctica, Novozym® 435, from caffeic acid
and phenethyl alcohol were developed. The authors predicted an optimum reaction time
of 9.6 h for CAPE synthesis, an enzyme amount of 2938 PLU, a substrate molar ratio of 1:71,
and ultrasonic power of 2 W/cm2 with the molar conversion up to 96%. The experiment
was performed using the optimal conditions predicted by the models, and as a result, a
molar conversion of 93% was achieved [67].

Fusarium sp. CEL showed no effect on the degradation of coffee biomass under the
conditions tested. This result could be related to the optimal pH determined for Fusarium
sp. CEL (7.00) and to the acidic coffee biomass that affected the enzyme structure. Thus,
future applications must be combined with other microorganisms and enzymatic systems
or mild chemical pretreatments for biomass, such as addition of weak bases. Biomass
degradation is a slow and complex process that can take several weeks and even months.
Therefore, as a hypothesis for future studies, it is advisable to perform a more extended
assay than the one studied here.

5. Conclusions

The coffee plantation environments are a good source of fungal extracellular lipases
that can have biotechnological applications in synthesizing valuable bioactive compounds
and the sustainable management of coffee biomass.

Aspergillus sp., Rhizopus sp., Fusarium sp., Penicillium rubens, Penicillium crustosum, Pa-
piliotrema flavescens, Cunninghamella echinulata, and Mucor microsporus Namyslowski might
be considered as part of the fungal strains present in the coffee plantation environment.
They grew in lipase inducer media, which indicates they have metabolic pathways to
degrade lipids as the sole carbon source.

Fusarium sp. CEL were the most active lipases from the microorganisms investigated
in this study, with a broad range of carbon chain lengths. However, other species such
as Penicillium crustosum and Penicillium rubens presented important lipase activity, which
might be considered for further studies.

Fusarium sp. CEL displayed optimal activity at 45 ◦C, pH 7.00, and 200 ppm of NaCl.
At the same time, the substrates with carbon chains equal to or above 8 carbon atoms
seemed to be the more appropriate for this lipase, showing a higher performance towards
the C-16 carbon chain, confirming that lipase instead of esterase activity is the main feature
of Fusarium sp. CEL.

Fusarium sp. CEL presented high stability against freezing and thawing processes,
which allow preserving enzyme solutions at −20 ◦C. Nevertheless, the enzyme is affected
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by lyophilization, noticeably reducing its activity, which suggests the best way to preserve
CEL is as enzyme solutions (even frozen solutions) but not as lyophilized powder.

A chromatographic methodology for quantifying CAPE hydrolysis produced by lipase-
catalyzed reactions was developed, and we determined optimal reaction and
quenching conditions.

Fusarium sp. CEL recognize CAPE as substrate in a hydrolysis reaction. They can bio-
convert CAPE to caffeic acid and phenethyl alcohol under mild conditions and short times
(pH 7.0, 45 ◦C, and 48 h). As a thermodynamically controlled reaction, CAPE synthesis
(reverse reaction), starting from caffeic acid sourced from coffee biomass, can be engineered
as a potential industrial application for Fusarium sp. CEL. This potential can be used later
in studies of transformations for coffee biomass available compounds as well as in other
types of derivatives of high added value or in the production of bioactive compounds.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomass2020005/s1, Table S1: Degenerate primers designed for fungal lipases, Table S2: ITS-
based DNA barcoding of fungal isolates, Table S3: Predicted protein alignments to the homologous
families in the LED and NCBI nr databases.
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