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Featured Application

Lipases from Staphylococcus ureilyticus strains isolated from Peruvian anchovy gut hold
potential for future industrial applications in the enzymatic processing of natural and re-
cycled vegetable oils, contributing to the sustainable production of oleochemical deriva-
tives, such as biodiesel, and other value-added products.

Abstract

The search for novel microbial lipases with robust and versatile biochemical properties
remains a priority in industrial biotechnology. In this study, the gut microbiota of the
Peruvian anchovy (Engraulis ringens) was explored as a potential source of lipase-produc-
ing bacteria. A total of 31 distinct bacterial strains were isolated, among which 10 exhib-
ited extracellular lipase activity in qualitative plate assays. Molecular identification re-
vealed representatives of the genera Staphylococcus, Serratia, and Aeromonas. Two promis-
ing strains, Staphylococcus ureilyticus LMB-06 and LMB-Ju02, were selected based on their
superior lipase productivity and were further subjected to partial biochemical characteri-
zation. Their lipase-containing secretomes displayed activity across a broad temperature
range, retained stability under mildly acidic conditions (pH 5.0-6.0), tolerated several or-
ganic solvents, and exhibited enhanced activity in the presence of Ca?. Notably, the lipase
activity of LMB-06 was positively influenced by Mg?" and K*—a response not previously
reported for Staphylococcus lipases—suggesting unique enzymatic properties. In addition,
LMB-06 retained activity in the presence of H20», highlighting its suitability for biodiesel
production from recycled oils. Furthermore, hydrolysis assays using various natural oils
as substrates revealed a marked preference for plant-based oils, particularly olive oil. Al-
together, these findings highlight the value of S. ureilyticus strains from anchovy gut mi-
crobiota as novel biocatalyst sources for sustainable oil bioprocessing and oleochemical
applications.
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1. Introduction

Lipases (triacylglycerol acyl hydrolases, EC 3.1.1.3) are highly versatile biocatalysts
widely used in biotechnological applications. Hydrolysis of acylglycerols typically occurs
in aqueous environments, releasing free fatty acids (FFA) and glycerol, whereas low water
activity conditions (e.g., organic solvents or solvent-free systems) favor ester bond for-
mation through various reactions such as classical esterification and transesterification [1-
3].

The global enzyme market is projected to grow significantly between 2025 and 2035,
and is expected to reach approximately USD 2.6 billion for the lipase sector [4]. The ex-
panding demand for microbial lipases, which currently comprise around 65% of the lipase
market, reflects their extensive use across diverse sectors such as food processing, phar-
maceuticals, cosmetics, biofuels, detergents, polymers, waste management, bioremedia-
tion, and biosensing [1-3,5-7].

Microbial lipases, generally preferred over those of animal or plant origin for their
cost-effective production, catalytic versatility, and high stability under diverse conditions
[1,6,8], have attracted increasing attention over the last decades as biocatalysts for the sus-
tainable transformation of lipid-based feedstocks. Their promising applications in bio-
diesel production and the synthesis of high-value oleochemicals result from their sub-
strate specificity, efficiency under mild operational conditions, and lower environmental
impact compared to conventional chemical catalysts [6,7,9-13]. These advantages have
positioned microbial lipases as key drivers in the transition toward greener industrial pro-
cesses, especially when coupled with waste valorization strategies. Despite their broad
utility, the current repertoire of commercially available lipases does not always meet the
specific demands of industrial processes, thereby underscoring the importance of pro-
specting novel microorganisms capable of producing enzymes with enhanced properties.

Marine environments, characterized by diverse abiotic pressures (e.g., nutrient limi-
tation, high salinity, and temperature fluctuations), harbor a vast reservoir of microorgan-
isms with unique metabolic adaptations and, hence, considerable biotechnological poten-
tial [14-16]. Part of this microbial diversity resides in the microbiota associated with the
fish gastrointestinal tract, which is primarily shaped by host-related factors such as habitat
and feeding behavior [17,18]. This microbiota plays a crucial role in host digestion through
the secretion of extracellular hydrolytic enzymes, representing a promising source of
novel biocatalysts with robust activity and high stability under harsh conditions [19,20].
Among lipolytic bacteria isolated from this niche are species belonging to the genera Aci-
netobacter, Aeromonas, Bacillus, Exiquobacterium, Pseudomonas, Providencia, and Staphylococ-
cus [20-23].

Engraulis ringens (Peruvian anchovy) is a small pelagic fish abundant in the nutrient-
rich Humboldt Current System, with significant ecological and economic importance [24].
It is considered a cornerstone species in the fishing industry, primarily harvested to pro-
duce fishmeal and fish oil. However, the lipolytic potential of gut-associated bacteria in
this marine species remains largely unexplored, representing an untapped source of novel
lipases. Therefore, this study aims to isolate lipase-producing bacteria from the gut of E.
ringens and partially characterize the lipase activity of their secretome.

2. Materials and Methods
2.1. Isolation of Bacteria from Anchovy Guts

Twenty fresh anchovies were randomly collected from Chancay Bay (Lima, Peru),
and aseptic gut dissections were performed following the protocol adapted from Sanchez
et al. (2012) [25]. Five grams of gut tissue, including both luminal contents and mucosa,
were transferred into 25 mL of sterile double-strength phosphate-buffered saline (PBS;
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2.5% [w/v] NazHPOs, 3% [w/v] NaH2POs, 1.5% [w/v] NaCl). The samples were cut into
small pieces with sterile scissors and homogenized for 1 min using a vortex. After homog-
enization, the suspension was allowed to be settled. Serial dilutions (10! to 10%) of the
supernatant were plated onto nutrient agar and incubated at 37 °C. Isolated bacterial col-
onies were subsequently evaluated morphologically by Gram staining [26] and examined
under a light microscope.

2.2. Screening of Lipase-Producing Bacterial Isolates

Bacterial isolates were selected by screening for their lipolytic activity using three
agar-based assays: Tributyrin Agar (TrA), Tween 80 Agar (TA), and Rhodamine B Agar
(RA). The TrA and TA media were prepared following the formulations described by
Ilesanmi et al. (2020) [27]. TrA consisted of 5 g/L peptone, 3 g/L yeast extract, 15 g/L agar,
and 1% [v/v] tributyrin (pH 7.5); after 48 h of incubation at 37 °C, lipase activity was indi-
cated by clear halos around the colonies due to tributyrin hydrolysis. TA contained 10 g/L
peptone, 5 g/L. NaCl, 0.1 g/ CaCl>2H20, 20 g/L agar, and 1% [v/v] Tween 80 (pH 7.5);
lipase activity was evaluated after 72 h at 37 °C based on precipitation around colonies
resulting from Tween 80 hydrolysis. For the RA assay, the medium was adapted from
Ramnath et al. (2017) [28], consisting of 8 g/L nutrient broth, 4 g/L. NaCl, 20 g/L agar, 31.25
mL/L olive oil, and 0.001% [w/v] Rhodamine B (pH 7.0); after 48 h of incubation at 37 °C,
plates were examined under UV light (365 nm) and lipase activity was indicated by fluo-
rescence in or around the bacterial colonies. Staphylococcus aureus ATCC 25923 and Esche-
richia coli ATCC 25922 were used as positive and negative controls, respectively.

2.3. Molecular Identification and Phylogenetic Analysis of Lipolytic Strains

Selected bacterial strains were identified by amplifying the 16S rRNA gene using the
universal primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-CGGTTAC-
CTTGTTACGACTT-3"). DNA amplification was performed by colony PCR in a T100 Ther-
mal Cycler (Bio-Rad, Hercules, CA, USA) using the GoTaq® G2 Flexi DNA Polymerase kit
(Promega, Madison, WI, USA), following the manufacturers protocol. Briefly, a single
isolated colony was resuspended in 1 mL of TE buffer (10 mM Tris, 1 mM EDTA) and
heated at 95 °C for 10 min to achieve cell lysis. After centrifugation at 13,000x g for 5 min,
the supernatant containing genomic DNA was used as the PCR template. PCR products
were purified and sequenced by Macrogen Inc. (Seoul, Korea). Raw sequences were man-
ually edited using BioEdit v7.2.5, assembled with the Contig Assembly Program (CAP)
tool, and compared against the GenBank database using the BLAST v2.16.0 (Basic Local
Alignment Search Tool) algorithm from NCBI. Sequences showing over 99% identity were
aligned using Clustal Omega v1.2.4. Phylogenetic trees were constructed in MEGA X
v10.2.6 using the Maximum Likelihood method with the Tamura-Nei model and 1000
bootstrap replicates.

2.4. Lipase Production

Selected strains were cultured by triplicate with two different media for lipase pro-
duction, both adjusted to pH 7.0. Production medium A was prepared following Veera-
pagu et al. (2013) [29], and contained 5 g/L peptone, 3 g/L yeast extract, 1 g/L. NHsH2POs,
2.5 g/L NaCl, 0.4 g/ MgSO4+7H20, 0.4 g/L CaCl2-H20, and 2% [v/v] filter-sterilized olive
oil. Production medium B, based on Esakkiraj et al. (2010) [30], contained 10 g/L peptone,
1 g/L yeast extract, 10 g/L NaCl, 1 g/L MgSO4+7H20, 1 g/L KoHPOs, 5 g/L meat extract, and
2% [v/v] filter-sterilized olive oil. For inoculum preparation, each selected strain was cul-
tured in 5 mL of nutrient broth at 37 °C and 130 rpm. After 20 h, bacterial cultures were
diluted to a turbidity equivalent to the 0.5 McFarland standard. For lipase production, 2.5
mL of these bacterial suspensions (5% [v/v]) were used to inoculate 250 mL flasks
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containing 50 mL of production medium. Inoculated flasks were incubated at 37 °C in a
shaking incubator at 170 rpm. After 20 and/or 40 h of incubation, each flask was centri-
fuged at 10,000 rpm for 5 min at 4 °C. The resulting supernatants (secretomes) were fil-
tered through 0.22 um Polyvinylidene Fluoride (PVDF) filters (Millipore, Burlington, MA
USA) and stored at 4 °C until further analysis. For biomass determination, the resulting
pellet was dried for dry weight measurement.

2.5. Determination of Soluble Protein Content

The filtered secretomes from each treatment were used for soluble protein precipita-
tion by addition of trichloroacetic acid (TCA), following the protocol described by Link &
LaBaer (2011) [31] with some modifications. The resulting protein pellet was resuspended
in a 1% [w/v] sodium dodecyl sulfate (SDS) solution. Protein concentration was deter-
mined at 550 nm using the Lowry colorimetric method with Folin—Ciocalteu (Merck,
Darmstadt, Germany) reagent, employing bovine serum albumin (BSA) as the standard
protein [32].

2.6. Determination of Lipase Activity

The filtered secretomes from each treatment were used as crude enzymatic extracts
for lipase activity assays employing p-nitrophenyl laurate (pNPL) (Sigma-Aldrich, St.
Louis, MO, USA) as the substrate, following Tripathi et al. (2014) [33] with some modifi-
cations. The reaction mixture contained 800 puL of 100 mM Tris-HCl buffer (pH 7.0), 20 uL
of 10 mM pNPL solution (dissolved in a 1:1 mixture of acetonitrile and 2-propanol), and
20 pL of enzymatic extract. Reactions were incubated for 20 min at 37 °C and stopped by
adding 200 pL of 1 M Na2COs. Samples were then centrifuged at 13,000 rpm for 15 min,
and absorbance was measured at 410 nm using an Epoch 2 microplate reader (BioTek In-
struments, Winooski, VI, USA). One unit of enzyme activity (1 U) was defined as the
amount of enzyme that released 1 umol of p-nitrophenol per minute under the assay con-
ditions (¢ = 1500 L-mol~-cm™). A calibration curve (R?= 0.99) was prepared using p-nitro-
phenol standards ranging from 20 to 140 uM in 100 mM Tris-HCl buffer (pH 7.0).

2.7. Effect of pH and Temperature on Lipase Activity

The optimal pH for lipase activity of the secretomes was determined at 37 °C by in-
cubating the reaction mixture for 20 min across a pH range using appropriate buffers: 100
mM citrate buffer (pH 4-6), 100 mM Tris-HCI buffer (pH 7.0-8.0), and 100 mM glycine-
NaOH buffer (pH 9-10). Similarly, the optimal temperature was evaluated at pH 7.0 by
incubating the reaction mixture at various temperatures between 20 and 60 °C. Enzyme
activity was measured using pNPL as previously described. Thermostability was assessed
by pre-incubating aliquots of the secretomes mixed 1:1 with 100 mM Tris-HCl buffer (pH
7.0) at different temperatures (30-60 °C). In parallel, pH stability was evaluated by pre-
incubating samples at 30 °C in buffers of varying pH (4.0-10.0), maintaining the same 1:1
ratio. Both assays were conducted for up to 18 h. Residual enzyme activities were then
determined under optimal pH and temperature conditions using the pNPL assay as de-
scribed above.

2.8. Effect of Different lons, Solvents and Other Factors on Lipase Activity

The effect of metal ions on lipase activity in the secretome was assessed by incubating
the reaction mixture with 10 mM of each ion, using the following salts: NaCl, KCl,
CaCl-H20, MgCl26H20, ZnClz, and CuSO4+5H:0. To evaluate the influence of solvents,
the secretomes were pre-incubated with 30% [v/v] of n-hexane, cyclohexane, ethanol, iso-
propanol, acetonitrile, or glycerol at 30 °C for 1 h. To investigate enzyme inhibition, the
effects of two potential inhibitors, EDTA and H202, were tested. Secretome reactions
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contained either 0.1% or 1% [v/v] H20z, or 1 mM or 10 mM EDTA. Following incubation,
residual lipase activities were determined under optimal pH and temperature conditions
using the pNPL assay as previously described.

2.9. Triglyceride Hydrolysis Assay

Titrimetric determination of triglyceride hydrolysis was carried out using concen-
trated secretome as crude enzymatic extracts and four different natural substrates (olive,
sunflower, palm, and crude anchovy oils). For secretome concentration, the previously
filtered supernatants from triplicate cultures of each strain were concentrated by ultrafil-
tration using a Labscale™ TFF System (Millipore, Burlington, MA, USA) equipped with a
10 kDa molecular weight cut-off (MWCO) membrane (Millipore Pellicon XL, Burlington,
MA, USA). Final concentration factors were 7.14X for strain LMB-06 and 7.55X for strain
LMB-Ju02. The hydrolysis assay was based on the emulsion method described by Mus-
tranta (1992) [34], with minor modifications. Briefly, emulsions were prepared by mixing
3.5 mL of emulsification solution (17.9 g/L NaCl, 0.41 g/L KH2POs, 540 mL/L glycerol, 10
g/L gum arabic, and distilled water), 4 mL of 0.2 M phosphate buffer (pH 7.0), 0.1 mL of 1
M CaCl>H20, and 1.5 mL of the corresponding oil. The mixtures were sonicated using a
Q125 Sonicator (QSONICA, Newtown, CT, USA) at 50% amplitude in four 30 s pulses.
Each emulsion was then incubated with 0.1 U of crude enzyme for 18 h at the optimal
temperature previously determined for the lipases from each bacterial strain, with shak-
ing at 130 rpm. The same amount of commercial lipase (DF “Amano” 15 from Rhizopus
oryzae) was used as a positive control under the optimal pH and temperature specified in
the manufactureres datasheet (pH 7.0, 37 °C). A heat-inactivated (90 °C for 15 min) con-
centrated secretome was used as a negative control. All reactions were performed in trip-
licate and stopped by adding 10 mL of a 1:1 mixture of acetone and 96% ethanol. Released
free fatty acids (FFA) were titrated with 0.05 N KOH using a potentiometric titrator (Ti-
trino Plus, METROHM AG, Herisau, Switzerland). The percentage of hydrolysis and FFA
content was calculated according to Yan et al., 2011 [35].

2.10. Statistical Analysis

Statistical analyses were performed using Minitab v22.1.0. An analysis of variance
(ANOVA) at a 95% confidence level was used to assess significant differences among the
experimental groups. Prior to the analysis, data were tested for normality using the
Shapiro-Wilk test and for homogeneity of variances using Levenee test. When significant
effects were detected, post hoc tests were applied: Tukeys Honest Significant Difference
(HSD) test for pairwise comparisons, and Dunnettes test for comparisons against a single
control group.

3. Results and Discussion
3.1. Isolation and ldentification of Lipase-Producing Bacterial Strains from Anchovy Gut

From 2.02 x 105 CFUs per gram of intestine, 31 colonies exhibiting distinct character-
istics based on macroscopic and microscopic observations were isolated (Figure 1).

As shown in Figure 2, the preliminary qualitative screening for lipolytic activity us-
ing fatty acid esters as substrates (tributyrin, Tween 80, and olive oil) revealed a greater
number of isolates (twenty-four) producing hydrolysis halos on tributyrin agar (TrA)
plates, with isolates LMB-06 and LMB-Ju02 displaying the most pronounced halos. This
outcome can be attributed to the ability of lipases, and some esterases, to hydrolyze tribu-
tyrin due to the short chain length of butyric acid (C4) and its high solubility in aqueous
media [36]. Likewise, although Tween 80 contains a long-chain fatty acid (oleic acid; C18)
in its structure, it is not a substrate specific to lipases, as some esterases can hydrolyze it
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as well [37]. However, only seven isolates exhibited hydrolytic activity on Tween 80 agar
(TA) plates, with isolate LMB-Ju02 showing one of the largest precipitation halos, along-
side isolates LMB-L7, LMB-L9 and LMB-L14.

LMB-L11 LMB-L12
- L)
. : .f;
b : Bl T — N =
LMB-L13 LMB-L14 LMB-L15 LMB-L18
-4 !
. <
A %
e ¢ 22 W
LMB-LAMN LMB-L7MC LMB-L18MN

Figure 1. Morphological appearance of colonies grown on nutrient agar for 24 h (left panels) and
corresponding Gram-stained micrographs of bacterial cells (right panels) isolated from anchovy gut.

Scale bars: 0.5 cm (colonies); 2 pm (micrographs).

The reduced halos developed by some strains on Tween 80 agar (TA) plates com-
pared to tributyrin agar (TrA) plates, including isolates LMB-06 and LMB-Ju02, suggest
that Tween 80 may act more as an inhibitor than as an inducer of lipase production. This
effect could be attributed to its synthetic nature and surfactant properties, which differ
from natural substrates such as triglycerides. A dual effect of Tween 80 on lipase produc-
tion has been reported previously in various bacterial species, acting either as an inducer
or an inhibitor depending on the microbial strain and culture conditions [27,38-40].
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Regarding rhodamine agar (RA) plates, twenty isolates exhibited fluorescence under
UV light, indicating their ability to hydrolyze olive oil. In this assay, isolates LMB-06,
LMB-B3, LMB-JH06 and LMB-Ju02 exhibited the highest hydrolytic activity (Figure 2).
Olive oil is considered an inducer of lipase production in various microorganisms and a
robust substrate for lipase detection due to its high triglyceride content, primarily com-
posed of oleic acid and other long-chain fatty acids [41]. However, its lower sensitivity
and poor emulsification in aqueous media make it less commonly used than tributyrin in
routine screening assays [42].

Tributyrin Agar Rhodamine B Agar

(B)

) ) Substrates for screening me-
Substrates for screening media 8

Bacterial Bacterial iso- dia
isolate Tributyrin Tween 80 OII.VQ late Tributyrin Tween OII.VQ
oil 80 oil
LMB-04 + - + LMB-Ju04 + - +
LMB-06 +++ + +++ LMB-L3 - - -
LMB-08 + - + LMB-L4 + - +
LMB-09 + - ++ LMB-L5 - - -
LMB-11 + - - LMB-L7 + +++ ++
LMB-12 ++ - ++ LMB-L9 + +++ ++
LMB-16 - - - LMB-L11 + - ++
LMB-18 - - - LMB-L12 + - -
LMB-B3 + + +++ LMB-L13 - - -
LMB-JH02 + - ++ LMB-L14 + +++ -
LMB-JH06 ++ ++ +++ LMB-L15 - - -
LMB-JH07 ++ - ++ LMB-L18 - - -
LMB-JHO08 ++ - ++  LMB-L4MN + - +
LMB-
JHSO1A + - + LMB-L7MC + - +
LMB-
JHSO1R + - + LMB-L18SMN + - -
LMB-Ju02 +++ +++ +++

Figure 2. Screening of lipolytic bacteria isolated from anchovy gut. (A) Representative images of
bacterial isolates showing lipolytic activity on Tributyrin Agar, Tween 80 Agar, and Rhodamine B
Agar plates. (1-4): Bacterial isolates (1: LMB-Ju02; 2: LMB-Ju04; 3: LMB-JHS01A; 4: LMB-JHS01R);
(C+): Positive control (Staphylococcus aureus ATCC 25923); (C—): Negative control (Escherichia coli
ATCC 25922). Red arrows indicate (i) clear halos of tributyrin hydrolysis, (ii) calcium salt precipita-
tion halos from Tween 80 hydrolysis, and (iii) fluorescence under UV light due to rhodamine B—

olive oil hydrolysis, respectively. (B) Summary table of lipolytic activity results for all 31 bacterial
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isolates tested on the three media. Symbols indicate relative enzymatic activity estimated by visual

inspection: () no activity; (+) weak; (++) moderate; (+++) strong.

Based on these results, ten isolates exhibiting higher lipolytic activity on both tribu-
tyrin and olive oil were preselected for further characterization. These isolates were mo-
lecularly identified as members of the genera Serratia, Aeromonas, and Staphylococcus (Ta-
ble 1).

Table 1. Identities of preselected lipase-producing bacterial isolates.

Bacterial Isolate Identity Accession N°
LMB-L7 Serratia sp. PQ967986
LMB-B3 Serratia sp. PQ967987
LMB-L9 Aeromonas sp. PQ967984

LMB-L11 Aeromonas sp. PQ967985
LMB-12 Staphylococcus haemolyticus PQ967991
LMB-Ju02 Staphylococcus ureilyticus PQ967989
LMB-06 Staphylococcus ureilyticus PQ967988
LMB-08 Staphylococcus hominis subsp. novobiosepticus PQ967990
LMB-JHO06 Staphylococcus epidermidis PQ967992
LMB-JHO07 Staphylococcus warneri PQ967993

Phylogenetic analysis revealed that isolates LMB-L7 and LMB-B3 belong to the genus
Serratia, showing the highest similarity to Serratia grimesii and Serratia liquefaciens, respec-
tively (Figure 3). The genus Serratia has been previously reported in the intestinal micro-
biota of Mediterranean fish [43], Antarctic fish [44], rainbow trout (Oncorhynchus mykiss)
[45], and rohu (Labeo rohita) [46]. Bacteria of this genus are known to produce nucleases,
lipases, chitinases, and proteases, and are often selected using Tween 80. This is consistent
with the precipitation halos observed on Tween 80 agar (TA) plates by isolates LMB-B3
and LMB-L7 (Figure 2).

Isolates LMB-L9 and LMB-L11 showed the highest similarity to various species
within the genus Aeromonas, with A. salmonicida being the most frequently matched spe-
cies (Figure 3). It has been reported that phylogenetic analysis based on the 16S rRNA
gene is not sufficiently reliable for species-level identification within Aeromonas, since a
single 16S sequence can align with multiple species, often exhibiting a high similarity per-
centage (99.8-100%). Therefore, alternative genes such as gyrB and rpoD are recommended
for accurate species identification [47]. Aeromonas is considered an indigenous genus in
aquatic environments, predominant in the microbiota of marine species, and is character-
ized by its capacity to secrete a wide range of extracellular enzymes, including lipases,
proteases, amylases, chitinases, and nucleases [47,48].

The remaining isolates were identified as members of the genus Staphylococcus (Fig-
ure 3), which is also known for producing extracellular enzymes such as proteases and
lipases [49]. Likewise, the presence of Staphylococcus spp. in different marine fish species
has been previously reported. For instance, S. warneri and S. epidermidis, among other
staphylococcal species, were isolated from the intestines of sub-tropical fish [50]; S. homi-
nis from Mediterranean fish isolates [43,47]; S. equorum from Atlantic salmon and rainbow
trout fed with vegetable oils [51,52]; and S. cohnii from the intestines of Sardinella longiceps,
where lipase production was optimized through solid-state fermentation using anchovy
processing wastes [53]. Additionally, the isolation of lipolytic S. epidermidis and S. cohnii
subsp. urealyticus (HS S. ureilyticus) has been reported from shrimp gut and paste, respec-
tively [30,54].
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Aeromonas piscicola CECT 7443 (NR 118044.1)
. Aeromonas bestiarum CIP 74.30 (NR 026089.2)
[ Aeromonas salmonicida subsp. masoucida JCM 7873 (NR 040829.1)
Aeromonas salmonicida subsp. masoucida NBRC 13784 (NR 113635.1)
Aeromonas salmonicida subsp. achromogenes 6263/4/5 (NR 037011.1)
Aeromonas salmonicida subsp. pectinolytica 34mel (NR 025001.1)
LMB-L9
{ Aeromonas salmonicida ATCC 33658 (NR 119042.1)
Aeromonas molluscorum 848 (NR 025807.1)
Aeromonas salmonicida NCIMB 1102 (NR 118945.1)
Aeromonas salmonicida CECT 894 (NR 043324.1)
LMB-L11
Serratia quinivorans 4364 (NR 037112.1)

100)

100

0.050

51 Serratia quinivorans LMG 7887 (NR 114575.1)
| Serratia proteamaculans DSM 4543 (NR 025341.1)
43— Serratia myotis 12 (NR 178702.1)
LMB-B3
100 | Serratia grimesii NBRC 13537 (NR 113616.1)
Serratia liquefaciens CIP 103238 (NR 042062.1)
| Serratia plymuthica K-7 (NR 037111.1)
91| LMB-L7
Serratia liquefaciens ATCC 27592 (NR 121703.1)
Serratia grimesii DSM 30063 (NR 025340.1)
Serratia grimesii LMG 7883 (NR 114576.1)
75 LMB-JH07
: Staphylococcus warneri AW 25 (NR 025922.1)
Staphylococcus pasteuri ATCC 51129 (NR 024669.1)
LMB-06
LMB-Ju02
100 79‘ ‘ Staphylococcus urci(}/ticzls CK27 (NR 037046.1)
Staphylococcus cohnii GH 137 (NR 036902.1)
Staphylococcus arlettae ATCC 43957 (NR 024664.1)
Staphylococcus taiwanensis NTUH-5172 (NR 181843.1)
1o Staphylococcus haemolyticus JCM 2416 (NR 113345.1)
a5 Staphylococcus borealis 51-48 (NR 181247.1)
LMB-12
5 Staphylococcus haemolyticus JCM 2416 (NR 113345.1)(2)
% LMB-08
Staphylococcus hominis subsp. novobiosepticus GTC 1228 (NR 041323.1)
50 | Staphylococcus capitis subsp. urealyticus MAW 8436 (NR 027519.1)
93| LMB-JHO06
69 Staphylococcus epidermidis Fussel (NR 036904.1)
Staphylococcus epidermidis NBRC 100911 (NR 113957.1)
Bacteroides fragilis NCTC 9343 (NR 074784.2)

Figure 3. Representative maximum likelihood phylogenetic tree based on the 16S rRNA gene se-
quences of lipase-producing bacterial isolates LMB-B3, LMB-06, LMB-L7, LMB-08, LMB-L9, LMB-
L11, LMB-12, LMB-JH06, LMB-JH07, and LMB-Ju02. Numbers next to the branches indicate the per-
centage of bootstrap replicates supporting each node. The scale bar represents the number of sub-
stitutions per site. The 165 rRNA gene of Bacteroides fragilis NCTC 9343 was used as an outgroup.

3.2. Yield and Productivity of Staphylococcus Lipases

Additionally, a quantitative screening was performed to identify Staphylococcus iso-
lates with the highest lipolytic activities. The results revealed that both incubation time
and isolate identity had a significant effect on lipolytic activity (p < 0.05). Secreted enzymes
from seven isolates (LMB-06, LMB-08, LMB-12, LMB-JH06, LMB-Ju02 and LMB-11) exhib-
ited higher activity after 20 h of culture compared to 40 h (Figure 4). Consistent with pre-
vious results, isolates LMB-06 and LMB-Ju02 stood out, displaying the highest activity at
20 h (23.56 and 24.45 U/L, respectively). In contrast, isolates LMB-B3, LMB-L7, and LMB-
L9 showed significantly lower levels at the same time point. Based on their superior mean
activity levels, isolates LMB-06 and LMB-Ju02, along with LMB-JH06 and LMB-JH07, were
selected for further evaluation of enzymatic yields and productivity.
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Figure 4. Lipolytic activity (U/L) of crude secretomes from preselected bacterial strains cultured for
20 and 40 h in production medium A. Enzymatic activity was determined at 37 °C and pH 7.0 using
PNPL as the substrate. Values represent the mean of three independent replicates (1 = 3); error bars
indicate standard deviations (SD). Statistical significance of lipolytic activities between isolates
grown for 20 h or 40 h is indicated by lowercase letters (a, b, ¢, d, e, f, g). All comparisons were
analyzed using two-way ANOVA (strain x hours) followed by Tukeys HSD post hoc test (p <0.05).

As depicted in Figure 5, the performance of selected Staphylococcus isolates was eval-
uated in two different production media. Results indicated that both isolate identity and
culture medium significantly influenced lipolytic activity and biomass formation (p <0.05).
Strains LMB-06 and LMB-Ju02 exhibited higher lipolytic activity in both media being 1.7
and 2.2 more productive in Medium B (47.8 and 45.9 U/L, respectively). In contrast, strains
LMB-JHO06 and LMB-JH07 showed no significant differences between the two media, pro-
ducing 12.8 and 17.3 U/L in Medium A, and 10.4 and 12.9 U/L in Medium B, respectively.
Moreover, all four strains demonstrated improved growth in Medium B, with LMB-06
and LMB-Ju02 generating nearly twice the biomass compared to Medium A. Thus, S.
ureilyticus strains LMB-06 and LMB-Ju02 were selected for subsequent lipase production
assays in Medium B to further assess their lipolytic potential.
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m Medium A = Medium B

Figure 5. Lipolytic activity and biomass formation of Staphylococcus strains LMB-06, LMB-Ju02,
LMB-JH06, and LMB-JHO7 cultured for 20 h in two different production media (A and B). (A)
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Lipolytic activity (U/L) of crude enzyme determined at 37 °C and pH 7.0 using pNPL as the substrate.
(B) Biomass (g) measured after 20 h of cultivation. Values represent the mean of three independent
replicates (n = 3); error bars indicate standard deviations (SD). Statistical significance of lipolytic
activities (A) and biomass formation (B) between isolates grown in Medium A or Medium B is indi-
cated by lowercase letters (a, b, ¢, d). All comparisons were analyzed using two-way ANOVA (strain
x medium) followed by Tukeyes HSD post hoc test (p < 0.05).

The media used differ both in the quantity and type of nitrogen sources. Medium B
contains mainly organic nitrogen: twice as much peptone, one-third the amount of yeast
extract, and an additional 0.5% [w/v] meat extract. In contrast, Medium A relies predomi-
nantly on 0.1% [w/v] ammonium phosphate as its inorganic nitrogen source. It is well es-
tablished that the use of inorganic nitrogen sources generally leads to reduced lipase pro-
duction. For example, Pseudomonas aeruginosa KM110 produced approximately 80% less
lipase when cultivated in a medium containing ammonium phosphate compared to one
supplemented with peptone [55]. Consequently, the higher concentration of organic ni-
trogen in Medium B likely contributed to the elevated lipase levels observed in strains
LMB-06 and LMB-Ju02. Nonetheless, although nitrogen is critical for enzyme biosynthesis,
excessive organic nitrogen may suppress lipolytic activity, possibly due to toxic effects or
a metabolic shift that favors biomass accumulation over enzyme secretion [56].

Regarding the salt composition, Medium B contains four times more NaCl (1% [w/v])
and 2.5 times more MgSOa (0.1% [w/v]) than Medium A. The influence of sodium salts on
lipase production is known to vary depending on the microorganism. For instance, 2.3%
[w/v] NaCl reduced lipolytic activity in S. aureus 111, while simultaneously enhancing bi-
omass formation [38]. Conversely, NaCl stimulated lipase activity in S. epidermidis CMST-
Pi 2 (isolated from shrimp gut) and S. cohnii AP-CMST (from Indian oil sardine), although
activity declined significantly at concentrations above 4% [w/v] [30,53]. Likewise, a S. epi-
dermidis strain obtained from spoiled frozen marine fish exhibited a 2.6-fold increase in
lipolytic activity at 0.9% [w/v] NaCl [57]. In the halophilic species Alkalibacillus salilacus,
both lipase production and biomass increased markedly, peaking at 17.5% [w/v] NaCl [58].
These observations suggest that the enhanced lipolytic activity in LMB-06 and LMB-Ju02
may also be influenced by the higher NaCl content in Medium B. Magnesium ions, on the
other hand, play a fundamental role in ribosomal function and serve as cofactors for sev-
eral key microbial enzymes. As with sodium, their impact on lipase production depends
on both concentration and microbial species. For example, the addition of 0.02% [w/v]
MgSOs stimulated lipolytic activity in S. epidermidis CMST-Pi 1 (shrimp gut isolate) and S.
cohnii AP-CMST [30,53]. Similarly, the previously mentioned marine-derived S. epider-
midis strain responded positively to 0.9% [w/v] MgSOs, whereas in Bacillus coagulans, 0.1%
[w/v] MgSOs led to a reduction in enzyme output [59].

Additionally, Medium A includes CaClz (0.04% [w/v]), while this salt is absent in Me-
dium B. Divalent cations such as Ca? have been shown to exert strain-specific effects on
lipase production, either enhancing or inhibiting it [58]. This variability is evident in the
case of the S. epidermidis strain from marine fish, which exhibited reduced lipolytic activity
upon the addition of 0.9% [w/v] CaClz [57]. In contrast, both S. epidermidis CMST-Pi 1 and
S. cohnii AP-CMST demonstrated increased enzyme production when 0.02% [w/v] CaClz
was added to the basal medium [30,53].

Variations in enzymatic performance were also reflected in the lipase productivity
parameters of the evaluated Staphylococcus strains. As shown in Table 2, strains LMB-06
and LMB-Ju02 exhibited the highest volumetric and specific productivity values, with no
significant differences observed between the two media. In contrast, strains LMB-JH06
and LMB-JHO07 showed improved yield and specific productivity in Medium A, suggest-
ing a possible metabolic shift favoring enzyme synthesis over cellular growth under these
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conditions. For all strains, specific activity was consistently higher in Medium A, with S.
warneri LMB-JHO07 reaching the maximum value (556.4 U/g), indicating that the composi-
tion of this medium, particularly its salt and nitrogen content, may promote lipase pro-
duction over other protein outputs. Overall, these results underscore the opportunity to
enhance production through bioprocess optimization, paving the way for further analyses.

Table 2. Productivity parameters of lipases secreted by Staphylococcus strains LMB-06, LMB-Ju(2,
LMB-JH06 and LMB-JHO7 after 20 h of cultivation in two different production media (A and B).

Strain Medium A Medium B

SA a Ye/xb I'xe I'vd SA a Ye/xP I'xe I'vd

S. ureilyticus 238.0 = 14.9 + 75x101+ 13+5x 166.4 + 135+ 6.7 x 101 24+3.1x
LMB-Ju02 15.5 2.3 1.2 x 101 102 38.3 1.2 9 x 102 101

S. ureilyticus 457.8 = 92+31 46x10"'x  11+x19 159.0 + 95403 47x101x  23+£2.7x
LMB-06 122.7 1.5 %101 x 1071 26.0 8 x 102 101

S. epidermidis 231.2 43416 2.2 x101% 0.6+4.6 39.0 £ 29404 1.5x101+ 05+2.1x
LMB-JH06 35.7 8.1 x 102 x 1072 15.8 8.3 x 102 101

S. warneri LMB-  556.4 + 58+1.0 29x101'+ 0914 459 + 34405 1.7 x101+ 0.6+7.2x
JHO07 179.1 4.9 x 102 x 1071 5.3 2.3 x 102 102

(a) Specific activity (SA): lipase units per gram of secreted protein (U-g™). (b) Specific yield (Yex):
lipase units per gram of biomass produced (U-g™). (c) Specific productivity (I'x): lipase units per
gram of biomass per hour (U-g-h™). (d) Volumetric productivity (I'v): lipase units per litre of culture
per hour (U-L7-h™"). Enzymatic activity was determined at 37 °C and pH 7.0 using pNPL as the
substrate. Data are presented as mean + standard deviation (SD) from three independent replicates
(n=23).

3.3. Partial Characterization of S. ureilitycus Secretomes
3.3.1. Effect of pH and Temperature on Enzymatic Activity and Stability

As shown in Figure 6, the effects of pH and temperature on both the activity and
stability of S. ureilyticus secretomes were evaluated. For both strains (LMB-06 and LMB-
Ju02), optimal lipase activity was observed between pH 7.0 and 8.0 (63.6 and 61.9 U/L,
respectively), with more than 50% residual activity retained across the pH range of 6.0 to
8.0. Strain LMB-06 exhibited slightly higher activity than LMB-Ju02 between pH 4.0 and
6.0 (Figure 6A,C). Based on these results, pH 7.0 was selected as the optimal condition for
subsequent assays. These findings are consistent with Rosenstein & Gotz (2000) [60], who
reported that optimal activity of Staphylococcus lipases generally falls within the pH range
of 5.0 to 8.0. Similar behavior has been reported for lipases produced by S. lipolyticus sp.
nov., isolated from marine waters and sediments [61], and by S. epidermidis strains from
shrimp gut and marine fish [30,57], both showing optimal activity at pH 7.0.

Regarding the optimal temperature, lipases in the secretome of LMB-06 exhibited
maximum activity at 30 °C (67.7 U/L), retaining more than 50% residual activity between
20 and 45 °C (Figure 6B). In contrast, the secretome of LMB-Ju02 showed optimal activity
at 35-37 °C (57.7-59.5 U/L), maintaining over 50% residual activity across a broader tem-
perature range of 20 to 55 °C (Figure 6D). These temperature optima are consistent with
the range reported for lipases from various Staphylococcus species, including S. lipolyticus
[61], S. arlettae, S. aureus and S. epidermidis [62,63], which typically exhibit optimal activity
around 30 °C [30,61,62].

In terms of stability, the maximum activity of LMB-06 secretome was observed after
up to 4 h of preincubation at pH 7.0. In contrast, preincubation under acidic (pH 4.0) and
alkaline (pH 8.0-10.0) conditions, particularly at 4 and 18 h, significantly reduced lipolytic
activity (Figure 6A). Conversely, the LMB-Ju02 secretome exhibited stability at pH 7.0
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only during the first hour of preincubation, reaching activity levels above 100%. Signifi-
cant decreases in residual activity were observed at pH values both below and above 7.0
(Figure 6C). These pH effects were more pronounced after 18 h of preincubation for both
strains. These results indicate, on the one hand, that lipases present in the LMB-Ju02 se-
cretome exhibit lower stability over time compared to those from strain LMB-06. On the
other hand, while the pH stability profile of LMB-Ju02 lipases suggests a predominantly
neutral behavior, those from LMB-06 demonstrate greater stability under mildly acidic
conditions (pH 5.0-6.0). This characteristic contrasts with the common preference of bac-
terial lipases for slightly alkaline environments [6]. However, it is important to note that
lipase behavior at different pH values may vary depending on the substrate used. For
instance, Rhizomucor miehei has been reported to hydrolyze short-chain fatty acids at low
pH, while at high pH its specificity increases for triglycerides with long-chain fatty acids
[64].

In relation to the effects of temperature on enzyme stability, lipases present in the
secretome of strain LMB-06 remained active over a broad temperature range (8-60 °C).
Maximum hydrolytic activity was observed at 30 °C after the first hour of preincubation,
with residual activity remaining above 60% even after pretreatment at 60 °C. Similarly,
lipases produced by strain LMB-Ju02 were active across a wide temperature range, exhib-
iting maximum hydrolytic activity at 37 and 40 °C after one hour of preincubation and, as
observed for LMB-06, maintaining residual activity above 60% following pretreatment at
60 °C. However, a gradual decline in lipolytic activity was recorded for both strains after
18 h of preincubation at temperatures above 30 °C. For LMB-06, residual activity dropped
to 20% after 18 h of incubation at 60 °C (Figure 6B), whereas for LMB-Ju02, it decreased to
approximately 25% after both 4 and 18 h of incubation at the same temperature (Figure
6D).
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Figure 6. Effect of pH and temperature on the lipase activity and stability of secretomes from S.
ureilyticus strains LMB-06 (A,B) and LMB-Ju02 (C,D), cultured for 20 h in production Medium B.
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Relative activity (%) was calculated by considering the maximum lipolytic activity as 100%; Resid-
ual activity (%) was determined after preincubation of the enzymatic extract at different tempera-
tures or pH values, using the initial activity as 100%. Enzymatic activity was assayed at pH 7.0 using
PNPL as the substrate. Filled circles (®) represent the effect of pH or temperature on enzyme activity;
unfilled symbols represent the effect on enzyme stability after 1 (o), 4 (/) and 18 h (<) of incubation.
Values represent the mean of three independent replicates (1 = 3); error bars indicate standard de-
viations (SD).

3.3.2. Effect of Metal Ions, Organic Solvents and Inhibitors on Enzymatic Activity
and Stability

As shown in Figure 7A, the activity of lipases secreted by strain LMB-06 was signifi-
cantly enhanced in the presence of Ca, Mg?, and K*, with increases of 86.9%, 71.5%, and
51.2%, respectively. In contrast, Zn?* completely inhibited enzymatic activity, while Cu?*
reduced it by 95.7%. For lipases produced by strain LMB-Ju02, a significant increase in
activity (87.8%) was observed only in the presence of Ca?. Conversely, Zn?* and Cu? de-
creased activity by 75.5% and 73.6%, respectively, whereas Mg?", Na*, and K* had no sig-
nificant effect on lipase activity.
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Figure 7. Effect of metal ions (A), organic solvents (B) and other compounds (C) on lipase activity
and stability of crude enzymes secreted by S. ureilyticus strains LMB-06 and LMB-Ju02 cultured for
20 h in production Medium B. Relative activity (%) was calculated considering the maximum lipo-
lytic activity as 100%; Residual activity (%) was calculated after pre-incubating the enzymatic extract
in the presence of different organic solvents considering the initial activity as 100%. Enzymatic ac-
tivity was determined at pH 7.0 and optimal temperature using pNPL as the substrate. Values rep-

resent the mean of three independent replicates (1 = 3); error bars indicate standard deviations (SD).
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Statistical significance of the relative or residual lipolytic activity, with respect to the control group
(secretomes without additives or without preincubation with solvents, respectively) is indicated by
asterisks (*). All comparisons were analyzed using one-way ANOVA followed by Dunnettes post
hoc test (p < 0.05).

These results are consistent with previous studies highlighting the importance of cal-
cium as a cofactor for the activity of lipases produced by Staphylococcus strains. For exam-
ple, the enhanced activity of lipases from S. caprae in the presence of Ca?* has been mainly
attributed to the stabilization of the enzymes active site [65]. Additionally, it has been
suggested that calcium ions may bind to the fatty acids released after hydrolysis, leading
to the formation of insoluble salts that could prevent active site saturation and medium
acidification [66].

In the case of other metal ions such as Mg?, Na*, and K, variable effects on lipase
activity have been reported. For instance, the addition of Mg?* had no significant effect on
the lipases produced by S. lipolyticus sp. nov. or S. caprae NCU 56 [61,65]. Conversely, Na*
enhanced the lipolytic activity of S. caprae NCU S6 lipases, while K* had no effect [65]. In
contrast, for the lipases from S. arlettae JPBW-1, both ions inhibited enzymatic activity [62].
Notably, the enhancing effect of Mg?* and K* on the lipase activity of LMB-06 has not been
previously reported in other Staphylococcus lipases, suggesting that these enzymes possess
distinct properties compared to those from other species. Finally, Zn> and Cu? ions have
also been reported to exert varying effects on Staphylococcus lipases, from no detectable
impact to significant inhibition, resulting in activity reductions of up to 70% [65,67], as
observed for the lipases from strains LMB-06 and LMB-Ju02.

Solvent tolerance is a desirable characteristic of lipases, as it enhances their applica-
bility in industrial processes such as ester synthesis and biotransformations involving
poorly water-soluble substrates, including those encountered in biodiesel production,
which involves hydrophobic triglycerides. In general, lipases tend to be less stable in polar,
water-miscible solvents because these solvents disrupt the enzymee hydration shell, lead-
ing to conformational changes and loss of catalytic function [68,69]. Lipases from Rhizopus
oryzae, for instance, are valued in industry due to their stability in water-immiscible sol-
vents, such as hexane and long-chain alcohols, whereas water-miscible solvents, such as
acetone and short-chain alcohols, often have detrimental effects on enzyme activity [70].

As shown in Figure 7B, the lipases secreted by strains LMB-06 and LMB-Ju02 exhib-
ited residual activities of around 50% or less in the presence of 2-propanol and acetonitrile.
In contrast, the activity of both enzymes was enhanced by ethanol, reaching relative ac-
tivities of approximately 132% and 115%, respectively —values higher than those reported
for S. caprae NCU S6 [65]. The activation of lipases by polar solvents has been attributed
to the disruption of aggregates formed between enzyme molecules or between enzymes
and residual lipids present in the fermentation medium [69]. Similar behavior has been
reported for Bacillus megaterium lipases, which exhibited relative activities of 166% and
111% after incubation in 25% isopropanol and ethanol, respectively [68]. Notably, the eth-
anol-induced activation observed in the lipases from strains LMB-06 and LMB-Ju02 high-
lights their potential for applications in the synthesis of ethyl esters, both for nutritional
uses and for biodiesel production.

Remarkably, a significant increase in relative activity was also observed for the li-
pases from LMB-06 after incubation with n-hexane and cyclohexane, reaching 154.24%
and 159.37%, respectively. Meanwhile, the lipases from LMB-Ju02 showed increased ac-
tivity only in cyclohexane, with a relative activity of 118.29% (Figure 7B). In some cases,
enhanced activity in non-polar solvents has been associated with a conformational shift
from the closed to the open form of the lipase [69]. The tolerance and activation observed
in the presence of these non-polar solvents clearly exceed the solvent stability reported for
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other staphylococcal lipases, such as those from S. saprophyticus M36 and S. caprae NCU
S6 [65,71].

Other lipases reported to be stable or activated in organic solvents include those from
Burkholderia cepacia ST-200 (stable in cyclohexane), thermotolerant lipases from Pseudormo-
nas cepacia (active in ethanol and acetonitrile), and those from Bacillus sphaericus 205y,
which nearly triple their activity after incubation in p-xylene and n-hexane [72-74].

Hydrogen peroxide is a compound that frequently coexists with lipases in oleochem-
ical reaction systems. It induces oxidative modification of amino acid residues such as
cysteine, methionine, and tryptophan, which can lead to the disruption of disulfide bonds.
These structural changes result in protein aggregation and consequent loss of enzymatic
activity [65,75]. As shown in Figure 7C, the addition of 1% [v/v] H202 almost completely
inhibited the activity of the lipases from strain LMB-Ju02, while significantly reducing the
activity of those from strain LMB-06 by 59.8%. At a lower concentration (0.1% [v/v]), both
strains maintained about 60% of their activity. These values indicate greater sensitivity to
H202 when compared to the lipase SCNL from S. caprae NCU S6, which has been reported
to retain higher activity under similar conditions [65].

Regarding the effect of EDTA, a known metal ion chelator, a concentration of 1 mM
significantly inhibited the activity of the lipases secreted by strain LMB-06, with a reduc-
tion of over 60%. In contrast, the lipases from LMB-Ju02 exhibited only a 13.5% decrease,
indicating greater stability in the presence of EDTA (Figure 7C). Notably, this resistance
was superior not only to the lipases from LMB-06 but also to the SCNL lipase from S.
caprae [65]. At 10 mM EDTA, the activity of the lipases decreased further, reaching 65%
inhibition for LMB-06 and 51% for LMB-Ju02.

The significant enhancement of activity in the presence of Ca?* and Mg, along with
the inhibition observed upon EDTA treatment, suggests that the lipases from both S.
ureilyticus strains may function as metalloenzymes. The stronger sensitivity of LMB-06-
derived enzymes to EDTA also indicates a greater dependence on metal ions compared
to those from LMB-Ju02. However, further studies using purified enzymes are needed to
clarify the precise nature of these metal ion interactions.

3.4. Enzymatic Hydrolysis of Triglycerides by Lipases from S. ureilyticus Secretomes

Hydrolysis assays were conducted using four types of oils (olive, sunflower, palm,
and crude fish oil), chosen for their distinct fatty acid compositions and degrees of satura-
tion. Olive oil is commonly used for evaluating lipolytic activity due to its high content of
monounsaturated fatty acids (MUFAs), particularly oleic acid (C18:1), which accounts for
approximately 68% of its total fatty acids [76]. Sunflower oil is rich in polyunsaturated
fatty acids (PUFAs), with linoleic acid (C18:2) representing about 61% [76]. Palm oil con-
tains a high proportion of saturated fatty acids (~50%), mainly palmitic acid (C16:0) [77].
In contrast, anchovy oil is characterized by a high content of long-chain w-3 PUFAs, par-
ticularly eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic acid (DHA, C22:6),
each comprising approximately 26%, followed by 22% palmitic acid and 17% oleic acid
[78]. The physicochemical characteristics of the oils used were determined experimentally
and are reported in Table 3.

Table 3. Density, acid value and saponification value of selected oils.

) Densit Acid Value Saponification Value
Oil type (g/mL)y (mgKOH/g)  TIA i (mgKOH/g)
Olive 0.877 0.449 0.244 184.026
Sunflower 0.892 0.449 0.193 232.713
Palm 0.873 0.524 0.203 257.618

Anchovy 0.853 2.380 1.457 229.130
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As shown in Figure 8, the lipases secreted by the S. ureilyticus strains LMB-06 and
LMB-Ju02 hydrolyzed the vegetable oils to a considerably greater extent compared to the
fish oil. In contrast, Xie (2012) [63] reported that lipases from S. epidermidis and S. aureus
exhibited higher hydrolysis rates for fish oil than for olive oil, which may be attributed to
differences in substrate specificity, as well as other factors such as oil quality. The lipases
from strain LMB-06 achieved the highest hydrolysis rate with olive oil (17.6%), followed
by sunflower oil (10.8%) and palm oil (10.7%), with no significant difference between the
latter two, while the lowest hydrolysis level was observed with crude fish oil (2.9%). The
lipases from strain LMB-Ju02 exhibited the highest hydrolysis rates with sunflower oil
(11.0%) and olive oil (10.6%), with no statistically significant difference between them,
whereas lower hydrolysis levels were obtained with palm oil (8.4%) and crude fish oil
(3.8%). The hydrolytic performance of the commercial lipase, used as a positive control,
was consistent across the three vegetable oils, with hydrolysis rates ranging from 8.8% to
9.7%. In the case of anchovy oil, although the hydrolysis rate was lower compared to the
vegetable oils, the commercial lipase exhibited higher activity (6.0%) than the lipases se-
creted by both S. ureilyticus strains.
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Figure 8. Hydrolysis (%) of different oils by lipases from the secretome of S. ureilyticus strains LMB-
06 and LMB-Ju02. A commercial lipase (CL) was used as positive control. Triglyceride hydrolysis
(%) was determined after 18 h of incubation with 0.1 U of enzymes. Values represent the mean of
three independent replicates (1 = 3); error bars indicate standard deviations (SD). Statistical signifi-
cance of hydrolysis (%) between different oils treated with the secretomes or the positive control is
indicated by lowercase letters (a, b, ¢, d, e, f). All comparisons were analyzed using two-way
ANOVA followed by Tukeyes HSD post hoc test (p < 0.05).

Although the relatively low hydrolysis yields observed do not reflect the full catalytic
potential of the enzymes—mainly due to the limited amount of enzyme used (0.1 U)—the
assay results nonetheless provided valuable insight into the oil selectivity of the lipases
secreted by S. ureilyticus. The notably higher hydrolysis rate observed for olive oil indi-
cates a differential efficiency depending on the o0il composition. Lipases from the LMB-06
strain showed greater activity against substrates with a lower degree of saturation and
simpler triacylglycerol profiles, such as those found in olive oil. However, to precisely
determine specificity in terms of fatty acid composition, structural arrangement of the
acylglycerols, and positional selectivity, it is necessary to perform hydrolysis assays using
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purified lipases and substrates with varying chain lengths and degrees of saturation, as
well as to analyze the lipid profiles of the hydrolyzed oils in order to identify the fatty
acids released in greater proportions. Overall, S. ureilyticus-derived lipases demonstrate
promising catalytic performance on selected plant-based oils, supporting their potential
application in sectors such as food processing and oleochemical modification [11,79].

The lower hydrolysis rates observed for crude fish oil in all enzymatic treatments,
compared to the vegetable oils, may be partially explained by the higher content of free
fatty acids present in the anchovy oil prior to enzymatic hydrolysis (Table 3). Unlike re-
fined vegetable oils, which typically contain low levels of free fatty acids due to industrial
processing, crude fish oils tend to exhibit a significantly higher acid value, indicating a
substantial degree of prior triglyceride breakdown. As a result, the availability of intact
ester bonds for enzymatic cleavage is reduced, leading to lower apparent hydrolysis. Ad-
ditionally, the fish oile fatty acid composition— rich in long-chain w-3 PUFAs—may also
contribute to this outcome, as these complex substrates are more difficult for some micro-
bial lipases to efficiently hydrolyze.

4. Conclusions

In conclusion, the lipases secreted by S. ureilyticus strains LMB-06 and LMB-Ju02, iso-
lated from the E. ringens gut, exhibit desirable potential. Their stability of secretomes un-
der mildly acidic conditions, combined with a broad temperature activity range, under-
scores their versatility for diverse applications. Their stability in the presence of hydrogen
peroxide further supports their suitability for processing oils with high peroxide values,
such as those encountered in waste oil recycling for biodiesel production [80]. In addition,
their tolerance to solvents such as n-hexane, cyclohexane, and ethanol reinforces their ap-
plicability in the synthesis of ethyl and aromatic esters [81]. The positive influence of cal-
cium ions observed in both strains suggests potential for promoting a more favorable en-
zyme conformation, thereby enhancing structural stability and catalytic efficiency. Inter-
estingly, the beneficial effect of magnesium on the lipases from one strain, unreported in
other Staphylococcus-derived lipases, may indicate distinctive structural features worthy
of further investigation. Moreover, substrate preference towards triglycerides with lower
saturation and simpler acylglycerol structures could guide targeted applications in indus-
tries that rely on plant-based oils. Nevertheless, to fully assess their suitability for specific
industrial applications, further purification and detailed biochemical characterization of
these enzymes are required. Finally, optimizing their production and reaction conditions
will be essential to maximizing their functional and economic potential at an industrial
scale.
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