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Abstract — Licuri (Syagrus coronata) is a palm species endemic to Brazil’s Caatinga biome whose
biotechnological potential remains poorly explored. While the kernel is traditionally used for oil extraction,
the mesocarp is discarded. In this study, oils from licuri kernel and mesocarp were extracted and compared.
Kernel oil was rich in medium-chain saturated fatty acids, notably lauric acid (x50 % w/w), whereas
mesocarp oil contained long-chain unsaturated fatty acids (oleic and linoleic acids; 55.4 % w/w). The
mesocarp oil also exhibited high levels of free fatty acids, resulting from endogenous lipase-mediated
hydrolysis of triacylglycerols and galactolipids. Blanching the fruit before extraction inactivated lipase
activity and improved mesocarp oil recovery, yielding up to 13 % w/w compared with 40 % w/w for the
kernel. Significant lipase activity was retained in the delipidated mesocarp cake after cold hexane extraction,
with activities up to 375 £ 12 and 475 £ 25 U/g on olive oil and tributyrin. Partial purification yielded a lipase
active over a broad pH range and on various lipid substrates, including licuri kernel oil, egg
phosphatidylcholine, and vinyl propionate. These results highlight Licuri fruit as a dual source of oil and
lipase, supporting its potential use in an integrated biorefinery approach.
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Résumé - Nouvelle source d’huile et d’activité lipase dans le mesocarpe du Licuri (Syagrus coronata
(Mart.) Becc.), un palmier indigéne du Brésil, pour des applications en bioraffinage. Le licuri (Syagrus
coronata) est une espece de palmier endémique du biome de la région du Caatinga au Brésil, dont le
potentiel biotechnologique reste encore peu exploré. Alors que I’amande est traditionnellement utilisée pour
I’extraction d’huile, le mésocarpe est généralement éliminé. Dans cette étude, les huiles issues de I’amande
et du mésocarpe de licuri ont été extraites et comparées. L’huile d’amande est riche en acides gras saturés a
chalne moyenne, notamment en acide laurique (= 50 % p/p), tandis que 1’huile de mésocarpe contient des
acides gras insaturés a longue chaine, en particulier les acides oléique et linoléique (55.4 % p/p). L’huile de
mésocarpe présente également des teneurs élevées en acides gras libres, résultant de 1’hydrolyse des
triacylglycérols et des galactolipides par une activité lipasique endogéne. Le blanchiment des fruits avant
I’extraction inactive cette activité lipasique et améliore le rendement en huile du mésocarpe, atteignant
jusqu’a 13 % p/p, contre 40 % p/p pour I’amande. Une activité lipasique significative est conservée dans le
cake de mésocarpe délipidé aprés extraction a I’hexane froid, avec des activités atteignant 375 + 12 et 475 +
25 U/g sur I’huile d’olive et le tributyrine. Une purification partielle a permis d’obtenir une lipase active sur
une large gamme de pH et sur divers substrats lipidiques, incluant 1’huile d’amande de licuri, la
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phosphatidylcholine d’ceuf et le vinyl propionate. Ces résultats mettent en évidence le fruit du licuri comme
une double source d’huile et de lipase, ouvrant la voie a sa valorisation dans une approche de bioraffinerie

intégrée.

Mots-clés : bioraffinerie / caatinga / huile végétale / lipase végétale / Palmier

Highlights

e The oil extracted from licuri mesocarp differs from
the kernel oil.

e It is rich in oleic and linoleic acids.

e This oil is altered by an endogenous lipase activity
degrading triacylglycerols and galactolipids. It can
be preserved by blanching the fruit prior to oil
extraction.

e Lipase activity can be recovered from fresh
delipidated mesocarp, providing a novel biocatalyst.

1 Introduction

The use of biomass in an integrated process enables the
valorization of its production cycle through the development of
bioprocesses that generate new products, co-products, and/or
services (Victor et al., 2017). Such processes can be
implemented through a biorefinery strategy, and it is particularly
recommended in countries with high flora diversity, such as
Brazil, where more than 33,200 different plant species represent
20 % of the world’s flora (Oliveira ef al. 2012).

Brazil encompasses six major biomes, among which the
Caatinga stands out as the only exclusively Brazilian biome,
occupying approximately 10% of the national territory and
covering nearly 60% of the country’s Northeast region
(Fig. 1A) (Lisboa et al. 2020). Despite its ecological
uniqueness and rich biodiversity, the Caatinga is located in
one of the most socioeconomically vulnerable regions of
Brazil. The northeast region is underdeveloped and requires
sustainable regional progress. Addressing these structural
issues requires coordinated governmental actions, public
policies, and targeted development programs that promote
economic diversification while preserving natural resources. In
this context, valorization of native biodiversity and biotech-
nological innovation emerge as strategic pathways to stimulate
local economies, generate income, and foster environmental
sustainability (Victor et al., 2017).

Caatinga is known for its extreme climate, characterized by
irregular precipitation patterns, with rainfall ranging from 400
to 800 mm per year. This region features shallow soils rich in
minerals but poor in organic matter, which favors the growth of
xerophytic vegetation resistant to prolonged drought. Due to
these environmental conditions, species have had to undergo
survival adaptations over the years, resulting in many endemic
species with still unknown properties that may be of interest
for the industrial sector (Silva ef al., 2014; Victor et al., 2017).

Among those species, licuri (Syagrus coronata (Mart.)
Becc.) is a palm tree whose fruit has a high oil content (49.2 %
w/w) in its kernel (Fig. 1B), which is mostly saturated and
contains more than 40% lauric acid in its composition

(Tha et al. 2014). Thus, licuri appears similar to palm kernel oil
(49.8 % of lauric acid) in that respect (Sehgal and Sharma,
2020). This fruit has high socioeconomic importance in the
Brazilian northeast, as some communities depend economi-
cally on its production chain. A good example of this is the
work developed by the Production Cooperative of the
Piedmont Region of Diamantina — COOPES (Capim
Grosso/BA), which produces more than 20 foods derived
from licuri endosperm, such as cookies, crackers, snacks,
liquor, syrup, granola, candies, bread, ice cream, cooked licuri,
milk, and oil (Aroucha and Aroucha, 2013).

As the main product of the licuri production chain, the
kernel oil has already been used as a food supplement (Pereira
et al., 2010; dos Santos Souza et al., 2021; Antoniassi et al.,
2022; de Carvalho Alves et al., 2024; Sommo et al., 2024), raw
material in the cosmetic industry in the manufacture of
moisturizers (Leal et al, 2013), as a potential anti-
inflammatory agent (de Oliveira Alves et al., 2024), for
biosurfactant production (da Silva et al., 2024), as an
antimicrobial agent (Cibele et al., 2016; Souza Dos Santos
et al., 2019), as a raw material for the production of biofuels
(De La Salles et al., 2010; Tha et al., 2014; Aratjo et al., 2019;
Aquino et al., 2022), as a growth control agent for Aedes
aegypti, with larvicidal activity and oviposition inhibitory
effect (Santos et al., 2017). It was also used in our research
group’ studies on biocatalysis applied to hydrolysis reactions
(Rodrigues et al., 2021) and esterification (da Silva et al.,
2022).

Generally, the licuri production chain first aims for the ripe
fruit harvest, followed by kernel (endosperm) separation and
oil extraction. Endosperm oil extraction generates several co-
products and waste (e.g., delipidated endosperm cake, the
endocarp, and mesocarp; Fig 1B.) that could provide an
additional value to this production chain.

Some research is already examining the potential use of
these co-products and waste. The delapidated kernel cake has
been used as a food supplement for lambs (Bagaldo ef al.,
2019) and as a substrate for submerged fermentation for the
production of multienzyme extracts of industrial relevance
(Ramos et al., 2025; Ramos et al., 2025). The endocarp has
been used in the production of biochar, and its application as a
natural fertilizer has been proposed (Santos et al., 2020). It
could also be used as an adsorbent agent for removing
diclofenac sodium from water (de Souza dos Santos et al.,
2020). The mesocarp was utilized in the production of energy
through its burning (Scalet ef al., 2019), and the slow pyrolysis
of both mesocarp and endocarp was employed to produce a
fumigant agent against pests of stored grains (Mattos ef al.,
2021).

Although there is limited information about licuri in the
literature, more knowledge is available about species that
belong to the same family (Arecaceae) and tribe (Cocoseae).
Moreover, from sequencing of the chloroplast genome by
Aquila et al. (Aquila et al., 2018; Francisconi et al., 2023),
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it was shown that licuri (Syagrus coronata) has a phylogenetic
similarity with coconut (Cocos nucifera) and oil palm (Elaeis
guineenses), with genome identities of 98.9% and 95 %,
respectively. One peculiar point of interest regarding coconut
and oil palm is the presence of lipolytic enzymes (Ejedegba
et al., 2007; Ngando Ebongue ef al., 2006) that can be isolated
as crude preparations and may present potential application in
biotechnology or be used for the selection of breeding lines
producing oils with low acid values (Ngando Ebongue et al.,
2008). Lipases (triacylglycerol hydrolases, EC 3.1.1.3) have
been increasingly established as strategic biocatalysts in
oleochemical industries, where they are applied in fat splitting,
free fatty acid production, esterification, transesterification,
interesterification, biodiesel, and biolubricant synthesis, as
well as in oil upgrading processes, due to their high selectivity,
mild operating conditions, and lower by-product formation.
Moreover, the industrial development of these processes has
been strongly supported by advances in enzyme production,
immobilization, and process scale-up (Abdelmoez and
Mustafa, 2014; Mustafa et al., 2023; Wancura et al., 2025;
Tieves and Hollmann, 2025).

Among the lipases isolated from plant tissue, the enzyme
present in the mesocarp of oil palm fruit is the best
characterized, although its physiological role is still unknown.
It is responsible for the intensive triglyceride hydrolysis
occurring in mature oil palm fruit upon abscission and
bruising, which can lead to the production of oils with
unacceptable acid value (Ngando Ebongue ef al., 2008).
A solvent-based procedure has been established to obtain
crude preparations with stable lipase activity. Using these
preparations, optimal conditions for assaying mesocarp lipase
activity were determined and further used to identify oil palm
breeding lines with low lipase levels producing oils with low
acid values (Ngando Ebongue et al., 2008). The gene coding
for this lipase was identified in the genome of Elaeis
guineenses (Morcillo ef al., 2013). It shares a high homology
with the lipase from Carica papaya latex (Dhouib et al., 2011)
and more generally with fungal lipases of the lipase 3 family,
exhibiting around 30 % sequence coverage and 30 % amino
acid identity (data not shown). Because of the similarity
between oil palm and licuri, it is tempting to search for a
similar lipase in licuri.

Lipases from vegetable sources are often referred to as
naturally immobilized or self-immobilized, biocatalysts
because they can be trapped in the vegetable matrix. As
such, they can be applied directly to the reaction medium as
biocatalysts (Caro et al., 2000; Villeneuve, 2003). This
phenomenon is exemplified by the lipase isolated from Carica
papaya latex, which is believed to be associated with
polyisoprene molecules within the latex matrix (Abdelkafi
et al., 2011; Avelar et al., 2013). Using naturally immobilized
plant lipase could be more economical and sustainable when
compared to microbial and animal lipases, which require
lengthy fermentation and purification processes, as well as
immobilization, prior to application (Abdelkafi et al., 2009;
Avelar et al., 2013).

Thus, assuming that a lipase is found in Licuri, both the
lipase and lipids could be considered for licuri fruit
valorization and new bioprocesses based on the concept of
biorefinery and circular economy could be developed. Here,
we describe our attemps to isolate and characterize a lipase

activity present in the mesocarp of Licuri fruit. Since some
lipolysis of endogenous lipids was observed, the lipid
composition of both the kernel and mesocarp was also
investigated.

2 Materials and methods

2.1 Material and reagents

The licuri fruit (Syagrus coronata (Mart.) Becc) was
kindly provided by Cyro Rocha da Silva, owner of the
Tingui farm, located in Malhada Dos Bois—SE (Latitude: 10°
20' 58" South; Longitude: 36° 55' 27" West). Ripe licuri
fruits were selected as samples by having a yellowish and
uniform color, without lesions, with a longitudinal diameter
of approximately 4.5 cm. The anatomical features of licuri
fruit were measured in relation to the total mass of the fruit,
comprising the mesocarp, endocarp, and kernel, as described
in Figure 1.

The selected fruit samples were sterilized by immersion in
1% sodium hypochlorite solution for 10 min and then
thoroughly washed with distilled water. The fruits were dried
by lyophilization and stored in vacuum bags at —20°C. Since
oil degradation can occur rapidly after harvest, this step was
employed to preserve the whole fruit and ensure that all tests
were performed on samples in a comparable state.

The two most prominent fruit fractions, the kernel and
mesocarp, were selected and separated to extract lipids and
search for lipase activity on tissue homogenates and after
delipidation. Since licuri is a native Brazilian palm tree, this
work was registered in the National System for the
Management of Genetic Heritage and Associated Traditional
Knowledge (SisGen) under n® A6D8A4D, in compliance with
the provisions of law and its regulations.

The solvents and reagents used were hexane P.A., 99%
(Synth, Brazil); sodium hypochlorite 2.5 % (Miala); ethanol
P.A. 99.8 % (Neon); pure gum arabic powder (Synth, Brazil);
acetone P.A. 99.5% (Dinamica Quimica Contemporanea
Ltda.); potassium hydroxide P.A. 85% (Dindmica Quimica
Contemporanea Ltda.); commercial extra virgin olive oil with
low acidity (Carbonell); and commercial licuri kernel oil
(COOPES). Thin-layer silica gel plates (10 x 20 cm) were
from Merck Sigma—Aldrich. The lipid standards monogalac-
tosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol
(DGDG) were purchased from Avanti Polar Lipids, while oleic
acid, triolein, diolein, and monoolein, used as standards for
free fatty acids (FFA), triacylglycerols (TAG), diacylglycerols
(DAG), monoacylglycerols (MAG), tributyrin, and the bile salt
sodium taurodeoxycholate (NaTDC) were purchased from
Sigma—Aldrich. All other analytical-grade reagents were
purchased from Synth®, Vetec Quimica (Sdo Paulo, Brazil),
Fisher Scientific, and Merck.

2.2 Dry matter and extraction yield

Although the entire fruits had already been freeze-dried
before storage, the drying appeared to be not optimum with this
type of fruit having a hard endocarp protecting the kernel.
Therefore, frozen kernels were ground in a mill and dried again
overnight in an oven at 100°C until a constant weight was
achieved and dry matter contents were determined. The whole
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Fig 1. Geographical distribution of the licuri palm tree (Syagrus coronata (Mart.) Becc.) and anatomy of its fruit. Licuri is endemic to regions
from northern Minas Gerais to southern Pernambuco (panel A). Panel B shows the standard shape and color of the licuri fruit used in this study,
along with anatomical features, cross-section, and physical characteristics of ripe, freeze-dried licuri fruits collected from Tingui Farm in
Malhada dos Bois, Sergipe, Brazil (Latitude: 10°20'58” S; Longitude: 36°55'27" W).

processed material mass (W), g) and the separated fractions
(kernel and mesocarp) were weighed on a dry basis. The
material extraction yield for each fraction (recovered mass W, g)
was estimated from Equation (1).

Yield(%) = (%) % 100. (1)

2.3 Delipidation of licuri’s kernel and mesocarp
2.3.1 Soxhlet extraction

Lipid extraction of the dry and grounded licuri kernel
was carried out in a Soxhlet extractor (Nova Etica), using
hexane as a solvent and varying the extraction time from 2
to 8 h, according to the methodology described by Kouteu
et al. (2017), with some modifications. The resulting
delipidated cakes were dried by vacuum filtration for 1 h
and then kept for an additional period of 24 h at 4°C to
ensure complete evaporation of hexane. The dilapidated
cake samples were freeze-dried and sieved to standardize
the particle size below 0.5 mm diameter (using a 35-mesh
sieve) and stored at —20°C to be used for further analysis.
The kernel oil recovered from the hexane phase was stored
at room temperature in amber glass bottles in a location
protected from light.

2.3.2 Cold hexane extraction

The delipidation using cold hexane was adapted from
previous studies (Pierozan et al., 2009; Ngando Ebongue
et al., 2006; Santos et al., 2013) with slight modifications.
Frozen licuri kernel and mesocarp were separately soaked in
cold hexane 1:5 (w/v) and grounded in a blender for 10 min.
Each material was vacuum filtered, and cold hexane was
added again at a 1:5 (w/v) ratio. Delipidation was performed
under stirring for 1 to 8 h for the kernel, and only 3 h for the
mesocarp, due to its lower lipid content. To ensure a
maximum removal of hexane, the delipidated cakes were
dried by vacuum filtration for 1 h and then kept for 24 h at
4°C. They were then freeze-dried and stored at —20°C until
lipase separation and activity measurements. The sample
powders were named dry delipidated mesocarp (DDM)
and dry delipidated kernel (DDK). The solvent was
then separated from the oil by rotary evaporation,
and the oil was stored at 4°C in amber glass bottles for
subsequent use.

2.4 Fractionation of the dry delipidated licuri
mesocarp powder

The dry delipidated mesocarp fraction (DDM; 2.5 g) was
resuspended in 20 mL buffer solution (Tris—Base 50 mM
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(3 g/L™), Triton X-100 0.5 % (v/v"), pH 8) and placed under
vigorous stirring at 4°C for 24 h. The suspension was then
centrifuged at 4000 rpm, 4°C for 30 min to facilitate phase
separation. After centrifugation, three phases were obtained
(liquid, gelatinous interphase, and solid), and lipase activity
was measured in all three fractions. Since both the liquid and
gelatinous phases contained significant lipase activity, they
were pooled and then lyophilized for 24 h. The freeze-drying
process was completed by gently grinding the sample in a
mortar after immersion in liquid nitrogen. A fine powder was
thus obtained and named thereafter pre-purified licuri lipase
(PPLL). The entire preparation process, from delipidation to
pre-purification, is illustrated in Figure 2.

2.5 pH-stat assay of lipolytic activities

Lipase activities of mesocarp homogenate, DDM, DDK,
and PPLL were assayed potentiometrically by automatically
titrating the free fatty acids (FFAs) released from mechanically
stirred triglyceride emulsions in a thermostated (37°C) vessel,
using 0.1 N NaOH and a pH-stat device (718 Stat Titrino,
Metrohm) as described by Ngando-Ebongue et al. (2006).
Various pH endpoints ranging from 4 to 10 were tested with
each substrate. For the assay with short-chain triglycerides
(tributyrin; TC4), the reaction medium had the following
composition: 3.33 % (v/v) TC4, 0.5 to 60 mM NaTDC, 7.5 mM
CaCl,, 0.33 mM Tris—HCI, and 150 mM NaCl. TC4 was added
directly to the pH-stat vessel containing the assay solution and
was emulsified by mechanical stirring using a propeller. The
total reaction volume ranged from 15 to 30 mL depending on
the reaction vessel that was used.

Medium-chain triglycerides (licuri oil; mainly C12 fatty
acids) or long-chain triglycerides (olive oil; mainly C18:1)
were first pre-emulsified with gum arabic (GA) by mixing
5 mL of oil with 45 mL of a 10 % (w/v) GA solution prepared
in 7.5 mM CaCl,, 0.33 mM Tris—HCI, and 150 mM NacCl. Five
milliliters of the 0il-GA emulsion were then used as a substrate
and mixed in the pH-stat vessel with 10 ml of the assay
solution. Final concentrations in the reaction medium were
3.33% (v/v)~ oil, 7.5 mM CaCl,, 0.33 mM Tris—HCI, 150 mM
NaCl, and 3.3 % (w/v)~ GA in routine assays. In some assays,
various concentrations of GA were tested.

The pH-stat technique was also used to assay phospholi-
pase activity using egg L-a-phosphatidylcholine (Egg PC)
(Sigma) as a substrate, at 37°C and pH 8.0 according to Amara
et al. (2012), as well as the esterase and lipase activities on
vinyl propionate according to Chahinian et al. (2002).

For each assay, 1 unit (U) of lipase activity corresponds to
1 pmol of fatty acid released per minute under the assay
conditions used.

2.6 Assay of protein contents, electrophoresis, in-gel
tryptic digestion, and protein identification by mass
spectrometry

Protein content was determined by using the Pierce BCA
Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA)
with bovine serum albumin as a reference standard.
Electrophoresis of protein samples was done using 12 %

(w/v") SDS—-PAGE, and the gels were stained with Coomassie
Brilliant Blue R-250. The most intense bands were cut and
submitted to trypsin digestion as previously described by
Abdelkafi ef al. (2012). LC-MS/MS analyses were performed
on an ESI-Q-Exactive plus mass spectrometer (ThermoFisher)
coupled to a nano liquid chromatography (Ultimate 3000,
Dionex) as described by Zhang et al. (2018).

For protein identification, the mass spectra were processed
using the Proteome Discoverer software (Thermo Fisher,
version 2.1.0.81), with the NCBI database of the following
species: Carica papaya (TaxID: 3649), Cocoseae (TaxID:
169705), Elaeis guineensis (TaxID: 51953), Phoenix dacty-
lifera (TaxID: 42345), Syagrus coronata (TaxID: 682621),
Arabidopsis thaliana (TaxID: 3702), and Thermomyces
lanuginosus (TaxID: 5541).

2.7 Lipid analysis
2.7.1 Thin-layer chromatography

Thin-layer chromatography (TLC) analysis of the lipid
extracts in hexane was performed according to Wattanakul
et al. (2019) with some modifications. Lipid extract samples
and reference standards (DGDG, MGDG, TAG, FFA, DAG,
and MAG) were spotted as a 5 mm band onto a thin-layer silica
plate using a Linomat IV sample spotter (Camag) equipped
with a 100 pL Hamilton syringe. Elutions were performed
with chloroform/methanol/water (25/15/1.25, v/v/v) for polar
lipids and heptane/ethyl ether/formic acid (55/45/1, v/v/v) for
the separation of neutral lipids and free fatty acids.

After elution, the plates were dried at room temperature in
a fume hood. Thymol-sulfuric acid and copper acetate-
phosphoric acid solutions were previously prepared for the
staining of polar lipids (galactolipids) and neutral lipids,
respectively. The dry plates were submerged in these solutions
using a Chromatogram Immersion Device 3 (Camag, Muttenz,
Switzerland) and then subsequently dried again in a fume hood
at room temperature to evaporate the excess staining solution
before being heated in an oven at 100°C for 10 min (polar
lipids) or at 180°C for 15 min (neutral lipids). Pictures of the
plates were taken, and the separate compounds were identified
by comparison with the standards used. Neutral lipids were
quantified using calibration curves established with triolein,
oleic acid, diolein, and monoolein as reference standards (see
Fig. S1).

2.7.2 Fatty acid analysis by gas chromatography with
flame detector

The analyses were performed at the Multiuser Chemistry
Laboratory Center (CLQM), located in the Department of
Chemistry—UFS. After hydrolysis and derivation of lipids
into fatty acid methyl esters (FAME) according to Barbosa
et al. (2019), the FAME separation was performed on a
Shimadzu gas chromatograph, model 2010 PLUS, equipped
with a flame ionization detector and a capillary Supelcowax 10
column (30 m x 0.25 mm ID, 0.25 pm film thickness). The
carrier gas was helium (He) at a constant flow rate of
1.2 mL/min. For the FID detector, the gas flows were make-up
gas (N,) at 30 mL/min, hydrogen (H,) at 30 mL/min, and
synthetic air at 300 mL/min.
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Fig 2. Diagram of the preparation process for the preliminary characterization of licuri lipase. (A) Preparation of dry delipidated mesocarp
(DDM). (B) Preparation of pre-purified licuri lipase (PPLL), including freeze-drying of pooled liquid and gelatinous phases.
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Table 1. Lipid extraction yields (% w/w) from Licuri kernel and mesocarp using hexane in a Soxhlet apparatus (with prior drying in oven or
desiccator) or cold hexane. Values are mean + SD (n = 3) and are expressed on a dry basis.

Licuri tissue Kernel Mesocarp
Soxhlet Cold hexane Cold hexane
Extraction time Oven Dessicator
Initial filtration 30.3+04 303+04 -
2h 37.8+0.9 40.0 £3.2 - -
3h - 40.1 £29 112 +£25
4 h 424+ 1.7 418+20 - -
6h 484 + 44 431+15 - -
8h 50.8 £ 3.6 443 £0.8 - -

The program used for the temperature ramp was 80°C
(1 min), ramped at 10°C/min to 210°C (1 min), then ramped at
5°C/min to 230°C and held for 10 min. A sample volume of
1 pL was automatically injected in split mode (1:20), SCAN
mode, with linear velocity mode, detector and injector
temperatures of 230 °C, and a total analysis time of 29 min.

3 Results and discussion

3.1 Characterization of lipid extracts from licuri kernel
and mesocarp

Lipid extracts containing both polar lipids (mainly
galactolipids) and neutral lipids (predominantly triglycerides)
were obtained from licuri kernel and mesocarp using hexane
under various conditions.

For the licuri kernel, the highest lipid extraction yield (50.8
+ 3.6 % w/w) was achieved using Soxhlet extraction for 8 h
after oven-drying the kernels (Table 1). A shorter extraction
time of 6 h yielded a comparable result (48.4 = 4.4 % w/w),
indicating that prolonged extraction had only a marginal effect
on total lipid recovery. These values are consistent with
previously reported lipid contents for Licuri Kkernels
(49.2 % w/w) (Crepaldi ef al., 2001), confirming the reliability
of the extraction methodology applied in this study.

Drying in a desiccator yielded lower values than drying in
an oven (Table 1). This variation in extraction yield could
result from higher moisture levels in the powder (Farzaneh
et al., 2017). It was effectively checked that the oven and
dessicator drying procedures gave moisture percentages of
0.6 % and 8 % w/w, respectively.

When lipid extraction was performed by grinding the licuri
kernel in cold hexane, it was possible to extract 30.3 % w/w of
lipids. An additional stirring period of 3 h at 4°C allowed
reaching a lipid extraction yield of 40.1 = 2.9% w/w, i.e.,
50.8 % of the maximum extraction yield obtained with Soxhlet
after 8 h of extraction (Table 1).

In line with our findings, previous studies reported similar
licuri kernel oil yields—49.2 % w/w (Crepaldi et al., 2001) and
50% w/w (Iha et al, 2014)—even though fruits were
harvested in distinct Brazilian states (Bahia and Alagoas,
respectively). By contrast, a lower yield of 39% w/w was
observed by De la Salles et al. (2010).

Since the cold hexane extraction allowed a partial
delipidation of around 80 %, the level that allowed keeping

the lipase activity stable in the previous work of Ngando-
Ebongue on oil palm fruit (Ngando Ebongue et al., 2006), this
procedure was chosen for the delipidation of licuri mesocarp. It
allowed reaching a lipid extraction yield of 11.2 % w/w for 3 h
of stirring (Table 1). Previous works on licuri mesocarp by
Crepaldi et al. (2001) and Xavier et al. (2015) reported a lower
lipid extraction yield of 4% w/w, although they used the
Soxhlet extraction method. This discrepancy might result from
the region where the licuri fruit was harvested, as well as the
level of maturation.

The cold hexane lipid extracts obtained from licuri kernel
and mesocarp after 3 h were then analyzed by TLC, as shown
in Figure 3. Concerning licuri kernel neutral lipids (Fig. 3A),
a major but diffused band corresponding to TAG was
observed, which migrated slightly below the triolein
reference standard. This probably reflected the high contents
of saturated medium-chain fatty acids in the TAG from licuri
kernel oil (Iha et al., 2014) (also see Table 2). Regarding polar
lipids in licuri kernels, no significant band was observed.
(Fig. 3B).

In the case of mesocarp neutral lipids (Fig. 3A), the band
corresponding to TAG was extremely weak, but an intense
band corresponding to FFA was observed, indicating that TAG
degradation by an endogenous lipase occurred. Similarly, the
analysis of polar lipids and staining with thymol-sulfuric acid
(Fig. 3B) revealed the presence of bands that could correspond
to galactolipid lipolysis products like digalactosyl mono-
acylglycerol (DGMG), while no bands corresponding to
MGDG and DGDG were observed. An upper band corre-
sponding to FFA was also observed (Fig. 3B). The analysis of
mesocarp oil by Fourier-transform infrared spectroscopy also
revealed a shift toward lower wavenumbers for the stretching
vibration of carbonyl groups, indicating the presence of FFA
(see Fig. S6 in Supporting Information). Further analysis of
polar lipids by TLC and staining with the molybdenum blue
reaction did not reveal the presence of phospholipids (data not
shown). We assumed that extraction with hexane was not
efficient for the recovery of these lipids.

Figure 3C shows the conversion of MGDG and DGDG
reference standards into MGMG and DGMG using pancreatic
lipase-related protein 2 (PLRP2) as previously studied by
(Amara et al., 2010). By comparison, the presence of DGMG
in the lipid extract of licuri mesocarp (Fig. 3B) suggests the
presence of an endogenous galactolipase activity in licuri
mesocarp. This hypothesis was confirmed after blanching
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Fig 3. Thin-layer chromatography analysis of lipids extracted from the Licuri mesocarp (Mes) and endocarp (End) with cold hexane.
(A) Separation of neutral lipids stained with copper acetate-phosphoric acid. DAG, Diacylglycerol (Rf: 1.3-DAG: 0.31 £+ 0.02; 1.2(2.3)-DAG:
0.25 £ 0.02); End, endocarp or kernel; FFA, Free fatty acids (Rf: 0.48 + 0.03); MAG, Monoacylglycerol (Rf: 0.02 + 0.01); Mes, Mesocarp; Rs,
Reference standards including triolein, oleic acid, diolein, and monoolein; TAG, Triacylglycerol (Rf: 0.88 & 0.05). (B) Separation of polar lipids
stained with thymol-sulfuric acid. End, endocarp; MGDG: monogalactosyl diacylglycerol (Rf: 0.63 + 0.05); DGDG: digalactosyl diacylglycerol
(Rf: 0.31 £ 0.02). (C) Hydrolysis of MGDG and DGDG reference standards by pancreatic lipase-related protein 2 (PLRP2), leading to the
formation of monogalactosyl monoacylglycerol (MGMG; Rf: 0.40 + 0.03) and digalactosyl monoacylglycerol (DGMG; Rf: 0.10 + 0.02). The
samples were obtained according to Sahaka ez al. (2021). Original pictures are available in the Supporting Information (Figs. S1, S2 and S3).

Table 2. Comparison of fatty acid composition (relative% w/w) of kernel and mesocarp of licuri and oil palm fruits. *from (Iha et al., 2014);

*from (Sehgal and Sharma, 2021).

Fatty acid Carbons Oil palm kernel Licuri kernel Oil palm mesocarp Licuri mesocarp
b a This work b This work
Caproic C6:0 Traces - - Traces -
Caprylic C8:0 3 13 12.0 £ 0.0 Traces -
Capric C10:0 3 8 59+04 Traces —
Lauric C12:0 50 48 49.0 £ 0.3 0 -
Myristic Cl14:0 18 14 134+0.2 1 -
Palmitic C16:0 10 5 54 £0.1 38 415+ 04
Stearic C18:0 2 2 24 +0.1 4 3.1+£02
Oleic C18:1 12 7 9.7+0.6 41 346 £0.1
Linoleic C18:2 cis/cis 9.12 2 3 22+0.2 13 20.8 £0.2
Others (not identified) - - - 3 4.0+0.8
Saturated chains (%) 86 90 88.1 £ 0.9 44 44.6 £ 0.2
Monounsaturated chains (%) 12 7 9.7 £ 0.6 41 34.6 £ 0.1
Polyunsaturated chains (%) 2 3 22+£02 13 20.8 £0.2

licuri mesocarp (5 min in boiling water) prior to lipid
extraction. Blanching results in the heat inactivation of
endogenous enzymes (Jha et al., 2013; Wattanakul et al.,
2019), allowing for the visualization of a band corresponding
to DGDG that was not present in the non-blanched mesocarp
lipid extract (Fig. 4A). Staining for neutral lipids (Fig. 4B) also
revealed that blanching allowed decreasing the intensity of the
band corresponding to FFAs. These findings confirmed the
presence of endogenous lipolytic activities in the mesocarp of
licuri.

Another result that reflects the presence of lipolytic
activities in the licuri mesocarp is that after blanching, a higher

lipid extraction yield of 13.1 % w/w was obtained compared to
11.2% w/w with non-blanched mesocarp. These values are
higher than the lipid contents previously reported (4.5 % w/w)
for the Licuri fruit mesocarp (Crepaldi et al, 2001).
Quantitative TLC analysis of neutral lipids from non-blanched
mesocarp allowed estimating an FFA level of 9% w/w
(Fig. S1), indicating that 80 %°of lipids were hydrolyzed.
The total lipids extracted from licuri kernel and mesocarp
were further analyzed for their fatty acid contents after
derivation into FAMEs (Table 2). As expected from the
previous literature (Iha et al., 2014), the lipids from the licuri
kernel, mainly triglycerides, were rich in saturated medium-
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Fig 4. Thin-layer chromatography analysis of lipid extracts from
licuri mesocarp obtained with and without blanching. (A) Polar lipids
stained with thymol-sulfuric acid. (Rf: FFA: 0.69 = 0.05; MGDG:
0.63 +0.05; MGMG: 0.40 + 0.03; DGDG: 0.31 £ 0.02; DGMG: 0.10
+ 0.02). (B) Non-polar lipids stained with copper acetate-phosphoric
acid. FFA (Rf: 0.62 + 0.05); MGDG: monogalactosyl diacylglycerol
(Rf: 0.54 = 0.05); DGDG: digalactosyl diacylglycerol (Rf: 0.29

+ 0.02). Original pictures are available at Supporting information
(Figs. S4 and S5).

chain fatty acids (C8-C12; 67 % w/w), the main fatty acid,
lauric acid, accounting for 49.0 £ 0.3 % w/w of total fatty acids.
With that respect, licuri oil appears highly similar to palm oil,
also obtained from kernels (Table 2; Sehgal and Sharma,
2020). Unlike what is found in licuri kernel, total lipids from
licuri mesocarp contain longer and unsaturated fatty acids like
palmitic acid (C16:0; 41.5 + 0.4 %), followed by oleic acid
(C18:1; 34.6 £ 0.1 %) and linoleic acid (C18:2; 20.8 + 0.2 %),
thus having a composition closer to that of other vegetable oils.
This is the first report to our knowledge of licuri mesocarp fatty
acid composition, and it also appears similar to what was
reported for oil palm mesocarp (Sehgal and Sharma, 2020).
These results could give more added value to licuri fruit as a
source of two distinct oils with different applications. Indeed,
the mesocarp oil rich in unsaturated fatty acids (C18:1 and
C18:2 n-6) could be more interesting for human nutrition and
the prevention of cardiovascular diseases, diabetes, and cancer
(Huerta-Yépez et al., 2016) than the kernel oil, this latter
presenting interesting properties for cosmetics and lipid-based
pharmaceutical formulation (Carriére, 2016). Moreover, its
high content of medium chain fatty acids presents an interest
for making biofuels either by transesterification (De La Salles
et al., 2010) or by photo-enzymatic conversion of fatty acids
into alkanes (Sorigué et al., 2017).

Considering the results on lipid characterization
presented in this section, we can conclude that licuri
mesocarp oil shows great potential due to its favorable fatty
acid composition. However, efforts must be made to reduce
the levels of FFA, as oils with FFA levels above 5% are
considered unsuitable for human consumption (Ngando
Ebongue et al., 2008). Therefore, controlling the catalytic
activity of the endogenous lipase is essential to improve oil
quality. In this context, the following section aims to
characterize and better understand the catalytic activity of
the lipase presumably present in licuri mesocarp.

3.2 Search for lipase activity in the licuri mesocarp
and kernel

Freeze-dried licuri kernel and mesocarp were homoge-
nized in either 50 mM Tris—HCI, 0.5 % Triton X-100, pH 8, or
10 mM MES, 0.5% Triton X-100, pH 6, buffers (3.5 g in
20 mL) using an Ultra-Turax. Lipase activity in these
homogenates was measured using tributyrin (TC4) as a
substrate at pH 7. These homogenates were then kept at 4°C for
one month, and the variation in their lipase activity was
measured. While no significant activity was recorded for the
kernel homogenate, the licuri homogenate showed a lipase
activity of 283.73 £ 17.61 U per g of freeze-dried mesocarp at
pH 6 and 227.77 £ 14.13 U per g at pH 8. These activities were
then found to decrease with time at 4°C, reaching a residual
activity of 25% after one month (Fig. 5A). Apart from the
initial value that was higher for pH 6, no significant
differences were observed between the two pH levels of
homogenization. The presence of a much higher lipase
activity in the mesocarp than in the kernel is in good
agreement with the endogeneous lipolysis of lipids only
observed in mesocarp (Figs. 3 and 4).

It is worth noting that similar levels of lipase activity were
previously found in homogenates of fresh oil palm mesocarp
(190 £ 17 U/g). Since the lipase activity present in total
mesocarp homogenate appeared to be unstable with time, even
at 4°C, we then proceeded to a delipidation of tissues using
cold hexane, a procedure that previously led to a more stable
lipase preparation from oil palm mesocarp without reducing
the enzyme activity (Ngando Ebongue et al., 2006). DDM and
DDK were recovered after filtration and freeze-drying (Fig. 2),
and then their lipase activities on both tributyrin and olive oil
were tested after dispersion of the powder in 50 mM Tris—HCI,
0.5% Triton X-100, pH 8, buffer (Table 3). Again, lipase
activity in the DDK sample obtained from the kernel was very
low (<4 U/g). In DDM, the lipase activity on tributyrin was
202.0 + 13.0 U/g of delipidated powder, a value that
represented 88.7 % of the lipase activity initially measured
in mesocarp homogenate before delipidation. Thus, delipida-
tion of the mesocarp with cold hexane did not cause deleterious
effects to the enzyme. Moreover, the lipase activity of DDM
dispersion appeared more stable when kept at 4°C, with a
residual activity of 95 % after 21 days (Fig. 5).

To confirm that the observed activity was not obtained
through other factors than enzyme activity, a heat inactivation
(100°C for 1 h) of the DDM sample was also carried out in a
closed container to avoid moisture variation. Activities on both
tributyrin and olive oil were suppressed (Table 3).

3.3 Optimization of lipase activity measurements in
dry delipidated licuri mesocarp

To optimize the measurement of lipase activity present in
DDM, we tested several parameters, including the triglyceride
substrate (olive oil and tributyrin), the pH and the presence of
surfactants such as gum arabic and bile salts NaTDC. Lipase
activity was expressed either in units (U) per g of DDM
powder or in U per mg of proteins after the concentration of
proteins in DDM was determined.
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Fig 5. Stability of licuri mesocarp lipase. (A) Variation with time in
the lipase activity of licuri mesocarp homogenates and dry delipidated
mesocarp (DDM) dispersion kept at 4°C. (B) Residual activity of
PPLL after incubation at either room temperature (with and without
protease inhibitors) or 4°C. Lipase activity was measured using
tributyrin (TC4) as a substrate at pH 7.

Table 3. Lipase activities (U-/g”) in the powders obtained from
kernel (DDK) and mesocarp (DDM) from licuri fruit. Activities were
measured at pH 7 using either olive oil (3% gum Arabic) or tributyrin
as substrates.

Tissue Substrate

Olive oil Tributyrin
Kernel—DDK 4.0+0.2 0.43 +£0.0
Mesocarp—-DDM 50.0 £ 2.5 202.0 £ 13.0
DDM after deactivation at 100°C 0.0 £ 0.0 0.0 £ 0.0

Assays with olive oil were initially performed in the
presence of 3 % gum Arabic, an emulsifier commonly used for
stabilizing vegetable oil emulsions (Tiss et al., 2001). GA is a
hetero-arabino-galactan polysaccharide (containing about 2 %
of proteins), characterized by a structural flexibility at the oil-
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Fig 6. Effect of several parameters on lipase activity in licuri
mesocarp. (A) Variation with pH in the lipase activity on olive oil in
the presence of 3% w/v gum arabic. (B) Effect of Gum Arabic (GA)
concentration on the hydrolysis of olive oil at pH 8. (C) Effect of bile
salts (NaTDC) concentration on tributyrin hydrolysis reaction at pH 7.

water interface due to its contents in hydrophilic sugar and
aromatic amino acids (Sanchez and Demain, 2011). Under
these conditions, lipase activity was found to be maximum at
pH 8 with specific activities of 208.33 + 7.22 U DDM/g~ and
10.7 £ 1.1 U protein/mg ", respectively (Fig. 6A).

This value is in the same range as the lipase activities on
olive oil measured with the lipases from dry Carica papaya
latex (256 = 8 U/g~ (Abdelkafi et al., 2011)) and oil palm
(Elaeis guineenses Jacq.) mesocarp dry powder (250 =+
14 U DDM/g~ (Ngando Ebongue et al., 2006)), these two
activities showing, however, an optimum at pH 9. A lipase
found in coconut kernel (Cocos nucifera linn) had, however, an
optimal pH in the 7.5 to 8.5 range (Ejedegba et al., 2007).

The effect of GA concentration was then tested, and the
activity was found to increase when GA was decreased,
reaching a maximum value of 375+ 12 U/g" at1 % GA atpH 8
(Fig. 6B). These findings probably reflect the fact that
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Fig 7. Specific activity of pre-purified licuri lipase extract (PPLL) on various lipid substrates. (A) pH-dependent activities on olive oil, licuri oils
tributyrin, phospholipids (Egg PC), and vinyl ester. Vinyl propionate was used at a concentration below its solubility in water (<86 mM; 100 L/
30 mL per assay) to measure the esterase activity of licuri lipase on a soluble substrate. (B) Interfacial activation: PPLL activity on vinyl
propionate at substrate concentrations below (30 mM) and above (153 mM) the saturation (86 mM).

surfactants can favor lipase activity as emulsifiers but can also
inhibit it at high concentrations by competing with the enzyme
for interfacial adsorption (Delorme ef al., 2011).

A similar effect was observed when testing the effect of
GA on the interfacial binding of human pancreatic lipase (Tiss
et al., 2001). At a final concentration of 3% GA, it was
possible to observe that human pancreatic lipase was desorbed
from the oil-water interface.

Since bile salts are other surfactants commonly used in
lipase assays, we also tested the effect of NaTDC concentration
on DDM activity using tributyrin as substrate at pH 7 (Fig. 6C).
An initial concentration of 0.5 mM NaTDC is often used with
this substrate to reduce surface pressure and avoid the
interfacial denaturation of lipases (Aloulou et al., 2007). An
activity of 229 + 7 U/g~ was measured under these conditions.
It then increased up to 475 £ 25 U/g™ at 10 mM NaTDC and
slightly decreased to 350-400 U/g™ at higher concentrations.
DDM lipase was therefore active at NaTDC concentrations far
above the critical micellar concentration (CMC) of NaTDC
(1-4 mM at 20-25°C), showing no evidence of inhibitory
effect of bile salts on Licuri lipase.

Only certain types of lipases, such as gastric lipase
(Chahinian et al., 2006), Yarrowia lipolytica lipase (Aloulou
et al., 2007), and Carica papaya latex lipase (Abdelkafi et al.,
2011), are not inhibited by bile salts above their CMC.
Therefore, like these lipases, DDM may also be a good
candidate for acting in the gastrointestinal tract and be used in
pancreatic enzyme replacement therapy.

3.4 Fractionation and activity on various substrates
of dry delipidated licuri mesocarp

The DDM fraction was used for lipase isolation trials. DDM
powder (2.5 g) was resuspended in Tris buffer, pH 8, containing
0.5 % (v/v) Triton X-100 (v/v") and kept under vigorous stirring
at4°C for 24 h. After centrifugation at 4000 rpm, 4°C for 30 min,
three phases (liquid, gelatinous interphase, and solid pellet) were
obtained, and their lipase activity was measured. While the solid
pellet was poorly active and discarded, the liquid and gelatinous
phases showing significant lipase activity were pooled and
lyophilized. The final mass recovery after lyophilization was
56.6 +15.8 % of DDM powder, and the lipase activity expressed
in U per g of dry powder reached 700 U/g™ and was increased
three-fold. However, the lipase-specific activity expressed in U
per mg of proteins was not increased, indicating that the removed
pellet of insoluble material did not consist of proteins. A pre-
purified licuri lipase (PPLL) was thus obtained as a powder that
could be used in biocatalysis or for further lipase enrichment and
purification. PPLL was further characterized for its substrate
specificity and its optimum pH of activity using various lipid
substrates (Fig. 7A).

PPLL displayed its highest specific activity (17.7 £ 1.3 U/
mg protein at pH 5.5) on licuri kernel oil, mostly consisting of
medium-chain fatty acids. The second-best substrate was olive
oil with a PPLL specific activity of 13.5 + 0.1 U/mg protein at
pH 7.5-8.0. Specific activity on tributyrin was 10.1 £0.2 U/mg
protein at pH7.0 and therefore, no correlation between the level
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of activity and the chain length of fatty acids could be
established.

PPLL was also found to display some phospholipase
activity on egg PC, but this activity was weaker with a
maximum value of 1.2 + 0.2 U/mg protein at pH 8.

Finally, PPLL activity was tested on vinyl propionate, a
short-chain ester showing a high solubility in water (S =
86 mM). The highest activity (9.3 + 0.4 U/mg protein) was
recorded at pH 8.5. At higher pH values, some spontaneous
hydrolysis of vinyl propionate precluded the measurement of
reliable enzyme activity. This substrate was also used to
compare the activities of PPLL on soluble and insoluble
substrates by using either a concentration of 30 mM (i.e.,
below the saturation) or 153 mM (i.e., above saturation, with
the formation of an oil-in-water emulsion). PPLL was found to
be five-fold more active on emulsified than on soluble vinyl
propionate (Fig. 7B), suggesting an interfacial activation
(Ferrato et al., 1997), a characteristic of true lipases acting
preferentially on water-insoluble long-chain TAGs. In con-
trast, typical esterases are not interfacially activated, and they
show their highest activity on water-soluble esters. Short chain
vinyl esters are thus convenient substrates to discriminate
between lipases and esterases (Chahinian et al., 2002).

From Figure 7, one can clearly see that PPLL has the capacity
to hydrolyze a variety of lipid substrates, with a preference for
medium- and long-chain TAG and thus exhibits the behavior ofa
true lipase. The observation of different pH optima depending on
the substrate suggests that PPLL may be a mixture of several
lipolytic enzymes. However, it is known that single lipases can
display different pH optima depending on the TAG substrate,
which can be explained by the pH-dependency of the interfacial
adsorption that varies with the type of TAG and the interfacial
properties (Chahinian et al., 2006).

Similarly, the detection of a phospholipase activity of PPLL
on egg PC does not necessarily mean the presence of both
phospholipase and lipase since some lipases are well known to
display phospholipase A1 activity (Aloulou et al., 2006).

3.5 PPLL storage stability

The stability of PPLL was also tested and stored under
different conditions (Fig. 5B). It was observed that PPLL lost
half of its initial activity after 10 days of storage at room
temperature (RT), becoming completely inactivated after
21 days. In the presence of protease inhibitors, a slight
improvement in stability was noted, with 20.7 % of the initial
activity still retained after 21 days at RT. Storage at 4°C markedly
improved PPLL stability, with 75.4% of its initial activity
maintained after one month. This stability of PPLL was similar to
that of DDM kept for one year at —20°C (data not shown).

Other plant lipase preparations demonstrated similar
behavior, such as castor bean (Ricinus communis L.) lipase
that was kept at 4°C for seven months and retained between
80 % and 90 % of its initial activity (Cavalcanti et al., 2007).

3.6 Preliminary SDS-PAGE and proteomics analysis
of PPLL

To obtain more information on the proteins present in the
PPLL preparation, SDS-PAGE analysis was performed (Fig. 8).
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Fig 8. SDS-PAGE analysis of PPLL. Black arrows indicate the
various protein bands present in LLPP. The red arrow indicates the
material remaining on the stacking gel.

Several bands are observed, with the predominance of
three bands of around 25 kDa and the presence of faint bands at
20 kDa and in between 30 and 85 kDa. Plant lipases with
molecular masses in this range were previously described in
the literature, such as Carica papaya (50-55 kDa (Rivera et al.,
2017), Elaeis guineensis (55 kDa; (Morcillo et al.,2013) and in
Ricinus communis (60 kDa; (Cavalcanti et al., 2007) lipases. In
addition, lipases with lower molecular masses were also
described in Heliantus annuus (22 kDa; (Sagiroglu and
Arabaci, 2005)). All the visible bands on SDS-PAGE were
excised and subsequently submitted to trypsin digestion and
proteomics by LC-MS/MS.

The most relevant matches were related to plant GDSL
esterase/lipase and phospholipase D (Table 4). Interestingly, the
same enzymes were previously detected and identified in Carica
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Table 4. Protein matches with high similarity to lipolytic enzymes obtained from the peptide mass fingerprint of PPLL protein bands separated
by SDS-PAGE. Species names: Cocos Nucifera, coconut; Elaeis guineensis, oil palm; Carica papaya, papaya; Phoenix dactylifera, date palm.

PSM, number of peptide single matches.

Protein Associated species ~ Coverage (%) # peptides #PSM  Mw (kDa)  Accession number

Phospholipase D alpha 1 Cocos Nucifera 52 38 318 92.2 GenBank: AHN53202.1
Phospholipase D alpha 1 Elaeis guineensis 42 29 196 923 NCBI: XP_010907270. 1
Phospholipase D alpha 1 Phoenix dactylifera 42 29 158 92.4 NCBI: XP_017701825. 1
Phospholipase D alpha 1 Carica papaya 14 10 49 92 UniProtKB/Swis s-Prot: P86387.1
GDSL esterase/lipase Phoenix dactylifera 19 6 17 422 NCBIL:XP_008804229.1

GDSL esterase/lipase Elaeis guineensis 13 2 6 41.7 NCBIL:XP_010938793.1
Phospholipase D Z Elaeis guineensis 16 8 12 56.8

Phospholipase D Z Phoenix dactylifera 14 7 8 56.2

papaya latex (Abdelkafi et al., 2012; Abdelkafi et al., 2009),
while the detection of the main lipase of interest was more
difficult and required the use of a covalently bound radiolabeled
lipase inhibitor (Dhouib ez al, 2011). Other proteins from
Syagrus coronata were identified based on the known genome of
Syagrus coronata chloroplast (Aquila ez al., 2018), such as ATP
synthase CF1 a-subunit (accession number: ALT55379.1; 14 %
protein coverage with 5 peptides; 514 amino acids; 56 kDa),ATP
synthase =~ CF1  beta chain  (accession  number:
YP_009229388.1; 5% protein coverage with 2 peptides;
498 amino acids; 53.7 kDa), photosystem II protein D1
(accession number: ALT55393.1; 6 % protein coverage with 2
peptides; 353 amino acids; 38.8 kDa), and ribulose
bisphosphate carboxylase (RuBisCO) large chain (accession
number: ALT55385.1; 4 % protein coverage with 2 peptides;
486 amino acids; 53.9 kDa). GDSL esterase/lipase and
phospholipase D of Syagrus coronata were not found,
however, to be encoded within the chloroplast genome, and
one will have to wait for the complete genome sequencing or
mRNA isolation to obtain the complete protein sequences. No
peptide homologous to known lipases from Carica papaya
and Elaeis guineensis could be identified, suggesting that in
Syagrus coronata, the GDSL esterase/lipase could be the
enzyme displaying the lipase activity we measured on various
substrates. However, a previous study in Carica papaya has
shown that the homologous GDSL enzyme found in this
species displays a high esterase activity on vinyl esters and a
weak lipase activity on medium and long chain TAGs
(Abdelkafi et al., 2009). Therefore, we do not trust that the
lipase activity measured in Syagrus coronata mesocarp
results from GDSL.

The large band observed at the level of the stacking gel
(Fig. 8) suggests that some material was retained there, which
could correspond to proteins/enzymes covalently bound to
solid particles. Carica papaya lipase is known, for instance, to
be naturally immobilized on particles that have so far not been
characterized yet (Abdelkafi et al., 2011).

4 Conclusion

This study demonstrates, for the first time, that the licuri
mesocarp—an undervalued, high-mass fraction of the fruit
—can serve both as a source of unsaturated oil and as a self-
immobilized, highly active biocatalyst. Cold-hexane extrac-
tion yielded 11.2 % (w/w) mesocarp oil, increased to 13.1 %

(w/w) by blanching, which also reduced endogenous
lipolysis and improved oil quality. In contrast to the
lauric-rich kernel oil (~40% yield; =50% lauric acid),
mesocarp oil was richer in long-chain fatty acids (palmitic
41.5 %, oleic 34.6 %, and linoleic 20.8 %), aligning with oil
palm—Ilike profiles. DDM exhibited high lipase activity
(375 £ 12 U/g on olive oil, pH 8; 475 = 25 U/g on tributyrin,
pH 7). These activities can appear as low compared to the
specific activities of some purified lipases, reaching several
thousand U/mg of protein. Nevertheless, these activities are
among the highest lipase activities found in crude plant
tissues (Abdelkafi ef al., 2011). Considering that 1.8 g of
DDM can be obtained from a lyophilized licuri fruit
weighing on average 5.8 g, i.e., 31 % w/w, and that DDM
contains a lipase activity of 375 £ 12 U/g on olive oil, one
can thus estimate that 1 kg of licuri fruit contains 116250
(olive oil) lipase units. For comparison, pancreatin from
porcine pancreas, a common natural source of lipase,
contains a lipase activity of >2 U/mg on olive oil (pH 9,
37°C) according to the US Pharmacopeia (USP, 2018)), i.e.,
>200000 U/kg. The whole licuri fruit thus contains a lower
lipase activity compared with pancreatin, but DDM appears
as a competitive product with 1.9-fold the minimum activity
recommended by USP for pancreatin.

Partial solubilization with 0.5 % Triton X-100 followed by
phase pooling and lyophilization produced a preparation
(PPLL) enriched ~2-fold (~700 U/g on tributyrin, pH 7) with
the highest specific activities on licuri kernel oil (17.7 £ 1.3 U/
mg protein, pH 5.5) and olive oil (13.5 £ 0.1 U/mg, pH 7.5—
8.0). Activity on insoluble TAGs and interfacial activation on
vinyl esters indicate a true lipase. DDM retained activity over
long-term freezing (—20°C, 1 year), and PPLL remained active
under short-term refrigeration (4°C, 1 month).

Proteomics detected a phospholipase D and a GDSL
esterase/lipase in PPLL, but no canonical lipase peptides,
suggesting that the major lipase is in low abundance and/or
particle bound, hampering standard SDS-PAGE/LC-MS
identification. Future work should pursue activity-guided
purification (e.g., mild aqueous biphasic systems and interface-
focused fractionation), covalent activity probes, and optimized
peptide mapping to pinpoint the catalytic entity.

Overall, valorizing mesocarp oil and the PPLL biocatalyst
supports an integrated licuri biorefinery vision—generating
added-value products (lauric, oleic, and linoleic-based streams;
biocatalyst for lipid transformations) and reducing waste within
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acircular-economy framework. In this context, Licuri becomes a
strategic feedstock for sustainable development in Brazil's
semiarid regions, aligning environmental conservation with
social and economic growth through circular bioeconomy
principles.

Supplementary material

Fig. S1. Original picture for Figure 24. Left: Endosperm (Kernel)
runs, Middle: Calibration curves with TAG + FFA + DAG + MAG;
Right: Mesocarp. Used in edition: 1 lane from endosperm (kernel), 1
lane from mesocarp, and one lane of the calibration curve.

Fig. S2. Original Picture for Figure 2B. Left: Kernel runs;
Middle: Standards (MGDG and DGDG); Right: Mesocarp runs. Used
in edition: 1 lane kernel, 2 lanes standard and 1 lane mesocarp.

Fig. S3. Original picture for Figure 2C. TLC analysis of reference
standards (MGDG, lane 1 from the left; DGDG, lane 2) before and
after incubation with pancreatic lipase-related protein 2 (PLRP2),
lanes 2 and 4, respectively.

Fig. S4. Original picture for Figure 3A. Left: Mesocarp without
blanching (50 pL, 50 pL, 100 L, 100 pL); Middle: Standards
(MGDG and DGDG); Right: Mesocarp with blanching (50 L, 50
wrL, 100 L, 100 wL). Used in edition: Standards, 1 lane with, 1 lane
without blanching.

Fig. S5. Original picture for Figure 3B. Left: Mesocarp without
blanching (50 wL, 50 pL, 100 pnL, 100 wL); Middle: Standards
(MGDG and DGDG); Right: Mesocarp with blanching (50 L, 50
rL, 100 wL, 100 pwL). Used in edition: Standards, 1 lane with, 1 lane
without blanching.

Fig. S6. FTIR spectrum of the fractions obtained from the lipid
extracts of licuri kernel oil (A) and mesocarp (B). All fractions
obtained in the process were previously lyophilized and analyzed by
Fourier transform infrared spectroscopy (FTIR) in an Agilent Cary
630 FTIR spectrometer at 25°C, using the transmission method in the
wavenumber range between 4000 and 500 cm™!, with 32 scans and a
resolution of 4 cm™! in triplicate.

The Supplementary Material is available at http://www.ocl-
journal.org/10.1051/0c1/2026011/olm.
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