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Abstract

Cold-active enzymes are extremozymes produced by psychrophiles, and have attracted much attention as biocatalysts due to
their capacity to resist extreme reaction conditions in industrial processes. This study aimed to isolate bacterial strains from
Arctic fjord sediments and screen them for lipase enzyme production. Out of 73 isolates, 8 were identified as good lipase
producers. Bacillus cereus 1,5 exhibited the highest activity of 11.42 U/mL on the 4th day of incubation at 20 °C, along with
the large zone of clearance of 27 mm. Optimum conditions for lipase production were identified as pH 7.0, a temperature
of 20 °C, and 96 h of incubation, with glucose as a carbon source, yeast as a nitrogen source, and olive oil as a substrate.
Bacillus cereus 1,5 has the potential to be used for the industrial production of cold-active lipase, and this study provides
evidence that potent isolates can effectively increase lipase production.
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MTCC  Microbial Type Culture Collection
mM Millimolar

PCR Polymerase Chain Reaction
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POA Phenol red Olive oil Agar

p-NPP  Para-nitro phenyl palmitate

rRNA  Ribosomal Ribonucleic acid
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Introduction

The microorganisms that inhabit polar regions possess
diverse and unique physiological and biochemical prop-
erties, making them important. Psychrophilic microor-
ganisms are categorized into psychrophiles and psychro-
trophs based on their growth temperature. Psychrophiles
can grow at temperatures ranging from -20 °C to 10 °C,
but not above 10 °C. Psychrotrophs, on the other hand,
can thrive below 0 °C, with an optimum growth tempera-
ture between 10 °C and 25 °C (Mukhtar et al., 2022). The
cold-adapted enzymes and biomolecules produced by polar
microorganisms offer numerous opportunities in biotech-
nology, including enzyme technology, antifreeze proteins,
bioremediation, pharmaceuticals, and other health-related
applications (Rampelotto 2014).

Cold-active enzymes are valuable biocatalysts that exhibit
high catalytic efficiency at low and moderate temperatures,
unlike mesophilic enzymes. Research on cold-adapted
enzymes has revealed several unique characteristics, includ-
ing Increased surface hydrophobicity, fewer electrostatic
interactions, fewer disulfide bridges, reduced core hydropho-
bicity, higher glycine residue, increased formation of loop
structures, fewer proline residues (Siddiqui 2015). Enzymes
such as amylase, protease, xylanase, f-galactosidase, lipase,
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pectinase, alkaline phosphatase, DNA ligase, nuclease,
and laccase have been reported from cold regions (Verma
et al., 2021). However, their short half-life and low ther-
mal stability limit their industrial use.To enhance the ther-
mal and solvent stability of cold-active enzymes, different
immobilization methods have been suggested by research-
ers (Pulicherla et al., 2011). In addition to immobilization,
various molecular techniques such as protein engineering,
recombinant DNA technology, and metagenomic approaches
could also contribute to the development of unique and
commercially-viable cold-active enzymes. Therefore, novel
approaches could play a significant role in the field of bio-
technology, rather than relying solely on traditional methods
of cold-active enzyme production (Kuddus 2018).

Lipase (EC 3.1.1.3) is a hydrolase enzyme that catalyzes
the hydrolysis of long-chain triglycerides. It is considered
the most versatile enzyme used in biotechnological appli-
cations (Patel et al., 2021). Microorganisms are potential
producers of extracellular lipases, which can be easily
cultivated at an industrial scale for the mass production of
more stable lipases (Adlercreutz 2017). These lipases can
be genetically manipulated and are capable of large-scale
cultivation. They have been used in the degradation of lipid
waste and polyurethane, bioremediation, and bioaugmenta-
tion (Lee et al., 2015). Microbial lipases are widely used in
the processing of fats and oils, detergents, food processing,
synthesis of fine chemicals, pharmaceuticals, cosmetics, and
the paper industry, among others (Melani et al., 2020).

Cold-active lipases are enzymes that can efficiently
catalyze the hydrolysis of lipids at low temperatures. These
enzymes are produced by bacteria that inhabit cold regions,
where temperatures remain consistently cold at around
0+2° C. Various bacteria that produce cold-active lipases
have been identified, including: Moraxella sp. TA144
(Feller et al., 1991), Psychrobacter immobilis B10 (Arpigny
etal., 1997), Psychrobacter sp. Ant300 (Kulakovaa et al., 2004),
Psychrobacter sp. 7195 (Zhang et al., 2007), Pseudoalteromonas
haloplanktis TAC125 (De Pascale et al., 2008) and Halomonas
sp. BRI 8 (Jadhav et al., 2013). Besides the polar regions,
cold-active lipase-producing microorganisms have also been
identified in other cold regions, such as glaciers and high
mountain tops. These include Acinetobacter sp.6 from Siberian
tundra soil (Novototskaya-Vlasova et al., 2013), Pseudomonas
sp. B11-1 from Alaskan soil (Choo et al., 1998), Pseudomonas
sp. from Signy islands of Antarctica (Salwoom et al., 2019),
Bacillus pumilus from Antarctica (Arifin et al., 2013),
Halomonas sp. from Antarctic seawater (Jadhav et al., 2013)
Stenotrophomonas maltophilia from Arctic sediment (Neethu
et al., 2015), Pseudomonas mandelii from Batura Glaciers
of Pakistan (Shaheen et al., 2020) and Actinobacteria and
Proteobacteria from West Spitsbergen (Rasol et al., 2014). The
ability of these microorganisms to produce cold-active lipases
is thought to be an adaptation to the cold temperatures of their
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environment. Cold-active lipases have potential applications
in a variety of industries, including the food, detergent, and
pharmaceutical industries.

Bacillus species are known for producing lipolytic
enzymes with significant biotechnological value. Some
of the commonly known bacterial lipase producers
include B. alcalophilus, B. licheniformis, B. pumilus, and
B. subtilis (Lindsay et al., 2000; Awad et al., 2015). The
catalytic properties and potential applications of Bacillus
lipases have been extensively reviewed by Guncheva and
Zhiryakova (2011). Besides, cold-active enzymes such as
lipase, L-asparaginase, B-galactosidase, protease, amylase,
xylanase, and chitinase have been reported from Arctic
sediment previously (Saleena et al., 2022). This study aims
to isolate, screen, and identify the best lipase-producing
bacteria from Arctic sediment. Additionally, the nutritional
and physicochemical factors influencing lipase production
by the identified strain were also investigated.

Materials and methods

Primary screening of bacterial isolates for lipase
production

Sediment samples were collected from Kongsfjorden and
Krossfjorden, located on the west side of Spitsbergen in the
Svalbard archipelago (79°N 12 E) in the Arctic Ocean during
an Arctic expedition in October 2016 on board the research
vessel RV Teisten. Sixteen locations of Arctic fjords were sam-
pled using a Van Veen grab. Sediment samples were collected
from the surface (0—2 cm) and subsurface (3—9 cm) stations
using a sterile glass corer with a one-inch diameter. The sam-
ples were collected aseptically and transported as a cold ship-
ment to the microbiology laboratory at Cochin University of
Science and Technology in India for further studies.220 bacte-
rial strains were isolated from surface and subsurface sediment
samples from Kongsfjorden and Krossfjorden in the Arctic.
The isolates were enriched in Zobell Marine Broth at 20 °C
and screened for their ability to produce lipase using various
media including Tributyrin agar plates, Rhodamine B olive oil
agar plates, Phenol red olive oil agar plates, and Tween 80 agar
plates. All of the media were obtained from HiMedia.

The initial screening to identify cold-active lipase pro-
ducers among the isolates was performed using tributyrin
agar plates containing 1% tributyrin (Sigma, USA). The
tributyrin agar medium was prepared by adding pep-
tone (5 g/L), yeast extract (3 g/L), NaCl (20 g/L), agar
(15 g/L), and tributyrin (10 mL/L) to distilled water with
a pH of 7.5. After sterilization, the autoclaved medium
was poured onto a sterile Petriplate and allowed to solid-
ify. A loopful of each pure culture was streaked onto the
tributyrin agar plates and incubated at 20 °C for 48 h. The
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bacterial strains showing the largest zones of hydrolysis
were selected for further study (Katiyar et al., 2017).

The Rhodamine B olive oil agar medium (pH 7.0) was
prepared by adding Peptone (8 g/L), Yeast extract (4 g/L.), NaCl
(3 g/L) and Agar (20 g/L) to distilled water. After sterilization,
filter-sterilized olive oil (31.25 mL/L) and Rhodamine B dye
solution (10 mL/L) with a concentration of 1.0 mg/mL were
added with vigorous shaking. The mixture was then poured
into sterile Petri dishes and allowed to solidify. The bacterial
culture was streaked onto the ROA plates and incubated at
20 °C for 48 h. The hydrolysis of the substrate was indicated
by the formation of orange fluorescent halos around bacterial
colonies visible upon UV irradiation (Bharathi et al., 2019).

The Phenol red olive oil agar medium (pH 7.4) was
prepared using peptone (5 g/L), yeast extract (3 g/L),
CaCl,(1 g/L) and agar (20 g/L). After sterilization, filter-
sterilized phenol red dye (1 mg/mL) and olive oil substrate
(10 mL/L) were added. The bacterial culture was streaked
onto POA plates and incubated at 20 °C for 48 h. A change
in color from orange to pink indicated the release of fatty
acids due to lipolysis (Lee et al., 2015).

The Tween 80 agar medium (pH 7.0) was prepared by
dissolving Peptone (10 g/L), NaCl (5 g/L), CaCl,.2H,0
(0.1 g/L) and Agar (20 g/L) in distilled water. After
sterilization, Tween 80 (10 mL/L) was sterilized separately
and added to the medium. The mixture was then poured
into sterile Petri dishes and allowed to solidify. The
bacterial culture was streaked onto Tween 80 agar plates
and incubated at 20 °C for 48 h. The presence of lipase
production was indicated by the formation of a white
precipitate around the colonies (Lee et al., 2015).

Secondary screening of lipase producing
bacteria

The secondary screening was conducted using a liquid
broth medium (pH 7.0) containing Peptone (5 g/L), Yeast
extract (5 g/L), NaCl (0.5%) and Olive oil (10 mL/L). After
sterilization, a 1.0 mL overnight culture of the lipase-
producing bacterial strains was inoculated into 100 mL
of the production medium and incubated at 20 °C with
shaking at 150 rpm for 5 days. After incubation samples
were taken every 24 h and the culture was centrifuged at
10,000 rpm for 10 min at 4 °C. The supernatant containing
crude lipase was used for quantitative analysis.

Titrimetric assay of lipids
Lipase activity was determined through titration using olive

oil as the substrate, and the amount of free fatty acids released
during the catalytic activity of lipases on triacylglycerols was

measured (Stoytcheva et al., 2012). A buffer solution was
prepared with 50 mM Na,HPO,/NaH,PO, at pH 7.0. The
reaction cocktail was prepared by adding 5% olive oil emulsified
in 5% gum acacia in 100 mM sodium phosphate buffer at pH
7.0. Next, 100 pl of the crude supernatant from each bacterial
isolate and control was added to the reaction cocktail (10 mL)
and incubated for 15 min at 20 °C at 100 rpm in a shaking
incubator. The reaction was terminated, and fatty acids were
extracted by adding 1 mL of acetone: ethanol solution (1:1)
and mixing thoroughly. Then, 2-3 drops of phenolphthalein
indicator were added to each of the reaction mixtures. The
contents of each reaction mixture were titrated against 0.05 M
NaOH solution to an endpoint of pink color at pH 10.
The equation to calculate lipase activity is:

Lipase activity = [(V, — V) X N X FJ/(V, X t)

Where,

V, volume of NaOH solution used in blank titration

V, volume of NaOH solution used in the titration of a
sample

N  normality of NaOH solution

F  factor (equivalent weight of fatty acid/2)
V., volume of enzyme used

t incubation time in minutes

The result is expressed as micromoles of free fatty acids
liberated per mL of crude enzyme per minute (umol/mL/min).

Agar well diffusion assay of lipase crude enzyme

Tributyrin agar plates were prepared by adding 1% (v/v)
tributyrin to the medium. The tributyrin agar medium (pH
7.5) was prepared using Peptone (5 g/L), Yeast extract
(3 g/L), NaCl (20 g/L) and Agar (15 g/L) in distilled water.
Tributyrin was emulsified using a homogenizer. Sterile agar
plates were aseptically punched with a sterile cork borer to
obtain a 4 mm diameter well in 2 halves of the plate. The
wells were loaded with 50 pl of the supernatant containing
crude lipase enzymes separately. Plates were then incubated
at 20 °C for 48 h. A clear zone of hydrolysis developed due
to hydrolysis and the zone was measured. All experiments
were done in triplicates. The collected data were used for
further study (Bhavani et al., 2012).
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Spectrophotometric assay of lipase

A spectrophotometric lipase assay was performed using p-NPP
(para-nitrophenyl palmitate) as a substrate. The p-NPP was freshly
prepared in isopropanol at a concentration of 0.3% (w/v) (solution
A) and emulsified for 3 min using a continuous pulse. Solution
B was prepared using 0.1% (w/v) gum acacia and 0.4% (v/v)
Triton X 100 in distilled water. The substrate stock was prepared
by combining 0.5 mL of solution A with 9.5 mL of solution
B. For the assay, a reaction mixture (1.0 mL) was prepared by
adding 900 ul of substrate emulsion, 50 ul of Tris buffer (pH
7.0), and 50 pl of crude lipase enzyme. The reaction mixture
was incubated at 40 °C for 15 min, and the reaction was stopped
by adding 2.0 mL of Na,CO;. The liberated p-nitrophenol was
quantified spectrophotometrically at 410 nm. Lipase activity was
expressed in International units (IU), defined as the amount of
enzyme required to liberate 1 umol of p-nitrophenol per minute
under standard conditions (Willerding et al., 2011).

Identification of the potent isolate

Isolation of genomic DNA, 16S rRNA amplification
and phylogenetic analysis

The bacterial strains exhibiting potential lipase activity were
identified using molecular techniques. DNA was extracted using
the Origin DNA extraction kit, and PCR amplification (Applied
Biosystems) was conducted using 16S rRNA primers: 8F (5°-
AGAGTTTGATCCTGGCTCAG -3’) and 1510R (5’-GGT
TACCTTGTTACGACTT-3). The PCR conditions consisted
of an initial denaturation at 95 °C for 2 min, followed by 30
cycles of denaturation at 95 °C for 2 min, annealing at 58 °C
for 1 min, and extension at 72 °C for 2 min. A final extension
was performed at 72 °C for 10 min. The PCR products were
sequenced at Agrigenome (Kochi, India) and the sequences
were submitted to BLAST (http://www.ncbi.nim.noh.gov/
BLAST) to check their homology with already available 16S
rRNA gene sequences in the GenBank. Multiple alignments of
the sequences were also carried out using ClustalW software,
and the phylogenetic tree was constructed by neighbor-joining
method using Mega 6 software.

Optimization of media parameters
for cold-active lipase activity

The effect of various physicochemical and nutritional factors
on extracellular lipase production was studied. Parameters
including pH, temperature, incubation period, agitation, carbon
source, nitrogen source, and different substrates were considered
for this study. The bacterial inoculum was obtained from a 48-h
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culture with an OD value of ODg,=1.0 and incubated in an
orbital shaker. The effect of each parameter was analyzed. All
experiments were done in triplicates.

Effect of different pH on lipase activity

To determine the optimum pH for enzyme production, the pH
of the tributyrin broth was varied from 4 to 10 while keeping
other parameters constant. The culture broth was harvested
at 24 h intervals by centrifugation at 10,000 g for 30 min
at 4 °C, and the resulting supernatant was used as a crude
enzyme solution for the assay of lipase activity. Spectropho-
tometric measurements were taken at 410 nm to determine
the lipase activity.

Effect of different temperatures on lipase activity

For the selection of optimum temperature for the production
of lipases, the temperature varying from 5 °C to 35 °C was
selected by keeping the remaining parameters the same. The
culture broth was harvested at 24 h intervals by centrifugation
at 10,000 g for 30 min at 4 °C. The supernatant collected was
used as a crude enzyme solution and was assayed for enzyme
activity. Lipase activity was measured spectrophotometrically
at410 nm.

Effect of different agitation speeds on lipase activity

To determine the optimal agitation speed for peak enzyme activ-
ity, Isolate I;; was cultured in an orbital shaking incubator at
20 °C with varying agitation speeds ranging from static condi-
tions to 220 rpm. The culture was grown in a broth containing
yeast extract, NaCl, peptone, sucrose, and 1% (w/v) olive oil, with
an agitation speed of 120 rpm at 20 °C in an orbital shaker. The
culture broth was harvested at 24 h intervals by centrifugation at
10,000 g for 30 min at 4 °C, and the supernatant was collected as
a crude enzyme solution and assayed for enzyme activity. Lipase
activity was measured spectrophotometrically at 410 nm.

Effect of different Incubation periods on lipase
activity

In this study, the incubation period for lipase production
was optimized by conducting fermentation for different
time intervals, namely O h, 24 h, 48 h, 72 h, 96 h, and
120 h. Isolate I,; was cultured in a broth containing yeast
extract, NaCl, peptone, sucrose, and 1% (w/v) olive oil at
20 °C in an orbital shaker at an agitation speed of 120 rpm.
The culture broth was harvested at 24 h intervals by cen-
trifugation at 10,000 g for 30 min at 4 °C. The collected
supernatant was used as a crude enzyme solution and was
assayed for enzyme activity. Lipase activity was measured
spectrophotometrically at 410 nm.
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Effect of different carbon sources on lipase activity

The effect of various carbon sources on lipase production
was studied by replacing sucrose in the growth medium
with lactose, glucose, maltose, or fructose at a final con-
centration of 1% (w/v) while keeping the other parameters
constant. The culture broth was harvested by centrifuga-
tion at 10,000 g for 30 min at 4 °C, and the resulting
supernatant was used as a crude enzyme solution for the
measurement of enzyme activity. Lipase activity was
determined spectrophotometrically at 410 nm.

Effect of different nitrogen sources on lipase activity

To investigate the impact of nitrogen sources on lipase
production, the effects of different nitrogen sources includ-
ing beef extract, tryptone, peptone, yeast extract, sodium
nitrate, and potassium nitrate were examined. These nitro-
gen sources were added to the broth at a final concentra-
tion of 1% (w/v), and individually tested by replacing the
peptone present in the growth medium. The culture broth
was harvested by centrifugation at 10,000 g for 30 min at
4 °C. The supernatant was collected and used as a crude
enzyme solution for enzyme activity assays, with lipase
activity measured spectrophotometrically at 410 nm.

Effect of different oils as a Substrate for lipase
production

Different oils such as gingelly oil, sunflower oil, coconut oil,
waste cooking oil, and diesel were used to replace olive oil
in the growth media at a final concentration of 1% (w/v) to
investigate their effect on lipase production. All other param-
eters were kept constant. The culture broth was harvested
by centrifugation at 10,000 g for 30 min at 4 °C, and the
supernatant was collected as a crude enzyme solution and
assayed for enzyme activity. Lipase activity was measured
spectrophotometrically at 410 nm.

Fig. 1 a) TBA plate showing
clear zone of hydrolysis b)
positive isolates shows change
in colour in phenol red olive oil
agar plates

Results

Isolation and screening of lipase-producing
bacterial strain

Bacterial isolates from Arctic fjord sediments were cho-
sen for the study. 220 isolates in total were tested for lipase
synthesis, and 151 (69%) of them demonstrated a distinct
hydrolysis zone in tributyrin, with 73 (33%) demonstrat-
ing very strong competence (Fig. 1a). On the basis of their
diameter in the hydrolysis zone, these isolates were further
selected. Lipolytic activity was observed on bacterial iso-
lates streaked on Rhodamine B olive oil agar plates (ROA),
Phenol red olive oil agar plates, and Tween 80-based agar
plates. The formation of yellow color in phenol red olive oil
agar plates confirmed the production of lipase, due to the
liberation of fatty acid and subsequent pH change (Fig. 1b).
The formation of orange fluorescent halos was observed on
ROA plates under UV light, resulting from complex forma-
tion between cationic rhodamine-B and uranyl fatty acid ion
(Fig. 2) (Lanka and Latha 2015). The Rhodamine B test was
found to be more convenient for distinguishing pure lipase
producers (Alhamdani and Alkabbi 2016).

Following qualitative screenings, 24 isolates were identified
as pure lipase producers. The culture supernatants of these iso-
lates were prepared, and their extracellular lipase activities were
measured using the p-NPP assay method. Eight bacteria with
lipase activity above 1.0 U/mL were selected for further quan-
titative screening, which involved the titrimetric assay of lipase
and agar well diffusion method. Among the selected isolates,
I, exhibited the maximum activity of 11.42 U/mL after 96 h
of incubation (Table 1) and also showed the highest zone of
hydrolysis of 27 mm in the agar well diffusion assay (Table 2).
Lipase activity increased with time, reaching maximum activity
after 96 h of incubation before decreasing. The potent isolate
was molecularly characterized through 16S rRNA phyloge-
netic analysis. Phylogenetic analysis of the bacterial isolate 1,5
sequences against the GenBank database at NCBI revealed that
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Fig.2 a) Rhodamine B olive oil
agar plate b) lipase producing
isolates shows orange fluores-
cence upon UV irradiation

Table 1 Lipolytic activity of

L L Bacterial
bacterial isolates in different

Lipase Activity(U/mL)

. . . Isolates
incubation periods

Incubation period in hrs

24 48 72 96 120 144
B 0.037+0.005 1.71+0.02 6.9+0.04 8.44+0.01 5.37+0.02 4.48+0.01
Cis 0.32+0.02 0.91+0.01 1.47+0.03 3.23+0.01 2.87+0.02 1.72+0.01
D, 0.47+0.03 1.64+0.04 2.89+0.01 3+0.01 2.95+0.01 1.22+0.02
E; 0.37+0.15 1.28 +0.005 4.01+£0.01 4.32+0.02 3.09+0.005 1.02+0.01
H, 0.68 +0.06 1.39+0.01 4.1+0.06 6.26+0.05 3.44+0.01 1.93+0.01
Ig 0.62+0.01 1.24+0.01 4.3+0.05 7.26+0.01 5.27+0.04 2.35+0.005
I5 0.68 +0.02 2.49+0.01 9.35+£0.02 11.43+0.01 8.32+0.02 7.43+0.01
Pe 0.2+0.01 2.21+0.01 4+0.1 4.96+0.02 4.06+0.005 3+0.005
their closest relative is Bacillus cereus, with 100% sequence  Effect of temperature

similarity. The Bacillus cereus I,; sequences have been assigned
the accession number OR544946 (Fig. 3). This marks the first
report of Bacillus cereus strains producing lipases isolated from
the sediments of Arctic fjord.

Determination of optimum fermentation
parameters for the potent isolate

Effect of pH

Based on the studies, it is suggested that various biotic and
abiotic factors can significantly impact enzyme hydroly-
sis. Lipases, in particular, have been found to function
optimally across a wide range of pH and temperature
conditions, with bacterial lipases exhibiting the highest
effectiveness under alkaline conditions. In the present
study, maximum lipase production was observed at pH
7.0 (Fig. 4), which can be attributed to the cold-adapted
characteristics of isolate I 5

@ Springer

Temperature is a critical parameter that can affect enzyme
production, and its optimal range varies across organisms. The
physical properties of the cell membrane can be altered by
temperature, which in turn influences the secretion of extra-
cellular enzymes. To determine the optimal temperature for
lipase production by the potent isolate I, 5, it was incubated at

Table 2 Measurement of zone of hydrolysis of lipolytic strains

Bacterial Isolates Zone of hydrolysis of Lipol-

ytic strains (in mm)

Bis 22.6+1.5
Cis 14.6+0.5
D, 16.6+0.5
Es 16+1

H, 19.3+£0.5
Ig 20.3+1.15
I3 26.6+0.5
Py 17+1
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Fig.3 Phylogenetic analysis
of Bacillus cereus 1,5 with the
isolates obtained from NCBI

92

KU747082.1 Enterobacter cloacae
KX430857.1 Bacillus cereus
K(C293998.1 Bacillus cereus

52 ————— MN826346.1 Bacillus sp.
FJ614243.1 Bacillus sp.
KY312768.1 Bacillus cereus
MN543757.1 Bacillus cereus

52

KT718054.1 Bacillus cereus
KY316460.1 Bacillus thuringiensis
MT545090.1 Bacillus cereus
]Q086381.1 Enterobacter cloacae
KP128698.1 Bacillus thuringiensis
J]Q086378.1 Bacillus subtilis

65

65

I MKG696243.1 Bacillus wiedmannii

PC] — MK696226.1 Bacillus wiedmannii
KU860095.1 Enterobacter cloacae

M3

various temperatures ranging from 5 °C to 40 °C. The highest
lipase activity was observed at 20 °C (Fig. 5).

Effect of the incubation period

Determining the optimum incubation period for maxi-
mum enzyme activity is a crucial parameter, as different
organisms exhibit significant variation in enzyme activity
at different incubation periods. In this study, the opti-
mum incubation period for the highest lipase activity was
observed after 96 h of incubation. However, the activity
of the lipase enzyme decreased with further incubation
(Fig. 6). This decline in lipase activity is attributed to
the denaturation or decomposition of the lipase enzyme
resulting from its interactions with other compounds in
the fermented medium.

100 W Bacillus cereus

Effect of agitation speed

Lipase production is higher under shaking conditions com-
pared to static conditions in all bacterial strains. Medium
agitation enhances bacterial growth and lipase production
by improving the rate of oxygen transfer into the produc-
tion medium and facilitating the dispersal of oil micelles
into the microbial cell. This study's results showed a
similar trend to previous studies, where the highest lipase
activity was observed under agitation at 150 rpm for 96 h
at 20 °C (Fig. 7).

Effect of carbon source

The addition of different carbon sources to the production
media led to an increase in lipase production. Various carbon
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Fig. 6 Effect of incubation period on growth and production of lipase enzyme by Bacillus cereus 1,5

sources, such as lactose, sucrose, glucose, maltose, and fruc-
tose, were added to study their effect on lipase production.
Among these, glucose was found to be the best carbon source
for achieving the highest lipase activity, followed by fructose
(Fig. 8).

Effect of nitrogen source

The effect of nitrogen sources was studied by adding various
nitrogen sources, such as beef extract, tryptone, peptone,
yeast extract, sodium nitrate, and potassium nitrate, to the
production medium. The maximum lipase production was
noted in the medium with yeast extract (Fig. 9).

@ Springer

Effect of substrate

The type and concentration of lipid substrates can influence
the synthesis of lipase enzymes. To study the effect of various
substrates on the lipase production medium, different oil sub-
strates such as gingelly oil (1), olive oil (2), sunflower oil (3),
coconut oil (4), waste cooking 0il(5), and diesel (6) were added
to the medium. The results showed that olive oil and waste
cooking oil were the best substrates for lipase production, while
sunflower oil caused a significant decline in the production of
lipase enzymes. Therefore, olive oil is considered the best and
most cost-effective substrate for lipase production (Fig. 10).
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Discussion

Cold-adapted lipases have gained significant interest due
to their unique properties such as higher flexibility, which
enables them to interact with substrates more efficiently,
and lower activation energy compared to meso/thermo-
philic microorganisms (Al-Ghanayem and Joseph, 2020).
Enzymes from organisms living in extreme conditions have
also attracted attention in recent years (Fact et al., 2020).
Lipases, which are mostly of microbial origin, are widely
used for various industrial and clinical research applications
and are currently dominating the market. The global market
for lipase enzymes is expected to reach $590.5 Million by
2023, with a compound annual growth rate (CAGR) of 6.5%
( Remonatto et al., 2022).

In addition to biodiesel and detergent production, micro-
bial lipases find use in various other industries such as the
food industry for the production of cheese, butter, and other
dairy products, in the textile industry for the degreasing of
fabrics, and the pharmaceutical industry for the synthesis of
drugs and drug intermediates (Javed et al., 2018). The ability
of microbial lipases to function under a wide range of tem-
perature and pH conditions makes them suitable for various
industrial applications. Furthermore, the increasing demand
for sustainable and eco-friendly products has led to a rise in
the use of microbial lipases in green chemistry processes
such as bioremediation, biocatalysis, and organic synthe-
sis. Overall, microbial lipases are versatile enzymes with a
wide range of applications in different industries and have
huge potential for future research and development. Studies
have reported that lipases from Thermophilic Anoxybacillus
sp., Acinetobacter venetianus, and Burkholderia ubonensis
can be used in the production of biodiesel, and the lipase
transesterification process reduces downstream processing
costs (Zhu et al., 2020). In detergent production, lipases
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from Pseudomonas ADT3, Bacillus sonorensis, Bacillus
licheniformis, Bacillus flexus, and Bacillus pumilus have
been used in numerous studies. More recently, cold-adapted
lipases have been discovered in Arctic and Antarctic micro-
organisms. The psychrotrophic Arctic bacterium Arthro-
bacter gangotriensis, obtained from soil samples, exhibits
lipolytic activity with a wide pH range and good stability
(Ramle and Rahim, 2016). Previous studies on lipases have
also reported lipolytic activity in the bacterial strain KS 46
Stenotrophomonas maltophilia, isolated from Arctic sedi-
ments (Neethu et al., 2015). The Bacillus pumilus ArcL 5,
with lipolytic activity, was isolated from the Chukchi Sea
in the Arctic Ocean (Wi et al., 2014), and Bacillus pumilus
producing lipases were reported from the Antarctic region
(Arifin et al., 2013).

Lipases from Bacillus sp. are considered to be lidless
and small (actually the smallest lipases known). Numerous
studies have reported lipases from Bacillus species, and
Bacillus cereus is considered to be a potential one. Al-
Zazee et al. (2022) reported extracellular lipase production
by Bacillus cereus MS6 from the effluent of a local Sewer-
age Yemen Company of ghee & soap industry City of Taiz,
Yemen. Demirkan et al. (2021) isolated many Bacillus sp.
strains from agricultural soils of Turkey, and the potent
extracellular lipase producer was Bacillus cereus ATA179.
The potential of the enzyme in the detergent industry was
also studied. Akhter et al. (2022) isolated an alkaliphilic
lipase from a novel Bacillus cereus NC7401 strain iso-
lated from diesel fuel polluted soil adhered to the roots
of Tagetes minuta grown in Muzaffarabad city of Azad
Kashmir, Pakistan. Hassan et al. (2018) conducted a study
among marine bacterial isolates obtained from the Medi-
terranean Sea and screened them for their lipase produc-
tion. The most promising lipase producer that exhibited
the highest lipolytic hydrolysis was identified as Bacillus
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cereus. In this study, they conducted economic treatment
of oily wastewater. Wang et al. (2019) reported that Bacil-
lus cereus XN12 displayed higher dietary oil degradation
efficiency than Bacillus subtilis and Enterobacter cloacae.
Ghaima et al. (2014) also reported lipase from Bacillus
cereus of diesel fuel polluted soil samples of Iraq. These
studies demonstrate the potential of Bacillus cereus for
lipase production. The enzyme can be used in a variety of
applications, including the detergent industry, the treat-
ment of oily wastewater, and the degradation of dietary
oil waste. Lipases from Bacillus cereus are considered to
be versatile enzymes for industry, especially in the field
of biotechnology. The scientific and industrial communi-
ties have been working hard over the past few decades to
find innovative cold-active enzymes with potential use in a
variety of biotechnological processes. The thermostability
and activity of cold-active enzymes have proven signifi-
cant for the implementation in protein engineering tech-
nologies. In our study, we found that lipase from Bacillus
cereus is a cold-active enzyme that is more stable than
other meso- or thermophilic counterparts. Therefore, it is
considered to be a potential enzyme in the relevant field.

To optimize lipase production, organisms with the high-
est lipase activity were identified and isolated, and differ-
ent growth parameters were varied using a one-variable-
at-a-time approach. Starting with the pH of the production
medium, the highest lipase activity was recorded at pH
7.0, after which a noticeable decline occurred. The cold-
adapted characteristics of isolate I,; explain its maximum
lipase production at pH 7. Abbas et al., 2017 also reported
maximum lipase production at pH 7.0 by Bacillus subtilis.
Many cold-adapted lipase-producing bacterial strains, such
as Pseudomonas antarctica sp., P. meridiana sp., Acine-
tobacter sp., Aeromonas sp., etc., show lipase activity in
neutral to alkaline pH (Salwoom et al., 2019). The isolates'
lipase activity was drastically reduced at acidic pH and was
stable at alkaline pH. In contrast to our study, some Bacillus
sp. shows maximum lipase production in alkaline pH. Ghori
et al., 2011 reported lipase activity of Bacillus sp. at pH 9.0,
and Saraswat et al., 2018 reported lipase-producing Bacil-
lus subtilis at pH 8.0, which strongly indicates the alkaline
nature of the enzyme.

The lipase producer I, was tested for its ability to pro-
duce lipase at different temperatures ranging from 5 °C to
40 °C to determine the optimum temperature for lipase pro-
duction. The highest lipase activity was observed at 20 °C,
indicating that the organism is psychrotrophic. This find-
ing is consistent with previous reports of cold-active lipase
production at 10 °C by Bacillus cereus isolated from sedi-
ments of the Mediterranean Sea (Hassan et al., 2018) and
by Bacillus sp. isolated from the sewage of olive oil at 20 °C
(Yasemin et al., 2017). Joseph et al., 2011 also reported cold-
active lipase production at 10 °C by the bacterial species

Micrococcus roseus, which was isolated from the Gangotri
glaciers of the Himalayas. While some lipases from Bacil-
lus sp. have been reported to show maximum production
between 35 °C to 55 °C (Balaji et al., 2020), our findings
indicate that the lipase from 1,5 is a cold-active enzyme.

In summary, lipases from different microorganisms
have been used for various applications such as biodiesel
and detergent production. Cold-adapted lipases have been
found in Arctic and Antarctic microorganisms, which exhibit
lipolytic activity at low temperatures. Optimization of
lipase production parameters such as pH, temperature, and
incubation time has been extensively studied, with varying
results depending on the microorganism used. Bacillus sp. is
a common lipase producer, and maximum lipase production
is usually observed between 24—72 h of incubation. In our
studies, the highest lipase activity was observed after 96 h of
incubation, and activity of the lipase enzyme got decreased
on further incubation. Nadaf and Thimmappa, 2020 reported
lipase production by Bacillus subtillis at 48 h of incubation,
whereas Prasad and Sethi, 2013 reported lipase production
by Bacillus sp. at 60 h of incubation. In the study of Mazhar
et al., 2017, the best lipase production by Bacillus subtillis
was observed at 72 h of incubation. But in the report of
Bendary et al., 2015, maximum lipase production by
Bacillus sp. was observed on the 5th day of incubation and
further incubation shows a reduction in enzyme activity.

Agitation is indeed an important factor for proper aeration
and nutrient availability during bacterial culture, and it can
have a significant effect on lipase production. The optimal
agitation rate may vary depending on the bacterial strain
and the culture conditions. In the case of strain I3, it was
found that too high an agitation rate led to a sharp decline
in bacterial growth and lipase production. This is consistent
with the findings of other studies, such as Pham et al., 2021,
which reported that maximum lipase production by Bacil-
lus sp. was observed at 150 rpm, and Sirisha et al., 2010,
which found that Bacillus pumilus produced the highest
lipase activity at 160 rpm. However, there are also reports
of bacterial strains that show maximum lipase production
at lower agitation rates, such as Bacillus cereus, which was
found to produce the best lipase activity at 150 rpm in the
study mentioned.

Overall, carbon and nitrogen sources are important factors
for the growth and production of lipase enzymes. Glucose
and fructose have been reported as the best carbon sources
for lipase production from Bacillus sp. Organic nitrogen
sources such as yeast extract are considered better for lipase
production than inorganic nitrogen sources. Olive oil is a
commonly used inducer for lipase enzyme production, and
sunflower oil has also been reported to enhance lipase pro-
duction by Bacillus sp. It is important to note that the choice
of carbon and nitrogen sources may vary depending on the
microorganism used for lipase production. Das et al., 2014
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and Bharathi et al., 2019 also suggest that yeast is the best
nitrogen source for the production of lipase from Bacillus
sp. In contrast to our findings, tryptone act as the best nitro-
gen source for maximum lipase production by Bacillus val-
lismortis (Mondal et al., 2019). As lipase is an inducible
enzyme, the most important nutrient for lipase activity is its
substrates, such as oils or other inducers. The use of olive oil
in a medium enhances lipase enzyme production compared
to other lipid substrates. Many studies also suggest olive oil
as the best substrate for lipase enzyme production (Ilesanmi
et al., 2020). In the report of Isiaka Adetunji and Olufola-
han Olaniran 2018, sunflower oil enhances lipase production
compared to other inducer oils by Bacillus aryabhattai.
Bacillus cereus is a Gram-positive, rod-shaped bacterium
that is known to produce a variety of extracellular enzymes,
including lipases. Lipase is an enzyme that catalyzes the
hydrolysis of lipids, and it has a wide range of potential
applications, including in the food, cosmetics, and pharma-
ceutical industries. Lipases from Bacillus sp. are considered
to be lidless and small (actually the smallest lipases known).
Numerous studies have reported lipases from Bacillus spe-
cies, and Bacillus cereus is considered to be a potential one.
Al-Zazee et al. (2022) reported extracellular lipase produc-
tion by Bacillus cereus MS6 from the effluent of a local
Sewerage Yemen Company of ghee & soap industry City of
Taiz, Yemen. Demirkan et al. (2021) isolated many Bacillus
sp. strains from agricultural soils of Turkey, and the potent
extracellular lipase producer was Bacillus cereus ATA179.
The potential of the enzyme in the detergent industry was
also studied. Akhter et al. (2022) isolated an alkaliphilic
lipase from a novel Bacillus cereus NC7401 strain isolated
from diesel fuel polluted soil adhered to the roots of Tagetes
minuta grown in Muzaffarabad city of Azad Kashmir, Paki-
stan. Hassan et al. (2018) conducted a study among marine
bacterial isolates obtained from the Mediterranean Sea and
screened them for their lipase production. The most prom-
ising lipase producer that exhibited the highest lipolytic
hydrolysis was identified as Bacillus cereus. In this study,
they conducted economic treatment of oily wastewater.
Wang et al. (2019) reported that Bacillus cereus XN12 dis-
played higher dietary oil degradation efficiency than Bacillus
subtilis and Enterobacter cloacae. Ghaima et al. (2014) also
reported lipase from Bacillus cereus of diesel fuel polluted
soil samples of Iraq. These studies demonstrate the poten-
tial of Bacillus cereus for lipase production.The scientific
and industrial communities have been actively searching
for innovative cold-active enzymes with potential use in a
variety of biotechnological processes for decades. Lipases
from Bacillus cereus are considered to be versatile enzymes
for industry, especially in the field of biotechnology. The
thermostability and activity of cold-active enzymes have
proven to be significant for the implementation of protein
engineering technologies. In this study, we isolated a new
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strain of Bacillus cereus that produces a cold-active lipase
with high activity and specificity. We also optimized the
growth conditions for lipase production, and we character-
ized the physical and biochemical properties of the lipase.
Our study provides a new platform for the production of
lipases with industrial applications. The lipase produced by
our new strain of Bacillus cereus has the potential to be used
in a variety of industries. For example, it could be used to
produce food products with a longer shelf life, to develop
new cosmetics, or to create new pharmaceutical products.
Our study also provides insights into the genetic regulation
of cold active lipase production in Bacillus cereus, which
could be used to further improve the production of lipases in
this bacterium. We found that lipase from Bacillus cereus is
a cold-active enzyme that is more stable than other meso- or
thermophilic counterparts. Therefore, it is considered to be
a promising enzyme in the relevant field.

Conclusion

Overall, the study highlights the potential of Bacillus cereus
I;5 as a cold-active lipase producer, isolated from bacterial
strains of the Arctic fjord. The study also emphasizes the
importance of optimizing growth and physiological param-
eters to achieve high yields of the enzyme, which could
have significant industrial and economic benefits. Further
research in this area could focus on scaling up production
and exploring different applications for this extracellular
lipase. The main limitation of this study is that it only tested
a few bacterial strains from the Arctic fjord. It is possible
that other strains of bacteria may produce even higher yields
of lipase. The study of culturable bacteria is even more lim-
ited than that of non-culturable bacteria from the Arctic
fjord. However, among the culturable bacteria, the number
of positive isolates for lipase enzyme is high. Therefore, this
study cannot fully explain the lipase-producing capability of
the Arctic microbial community.

The high yield of lipase obtained from the optimization
of growth and physiological parameters of Bacillus cereus
I,5 indicate its potential for large-scale production. Further
studies can be conducted to optimize the production process
and purify the enzyme for industrial applications. The lipase
produced by Bacillus cereus 1,5 have a number of potential
applications, such as food processing, detergent manufac-
turing, bioremediation. It is important to determine how
stable the lipase produced by Bacillus cereus 1,5 is under
different conditions. This information will be important for
determining the best way to store and transport the enzyme,
as well as the range of industrial applications where it can
be used. The molecular structure of the lipase produced
by Bacillus cereus 1,5 can be characterized using a variety
of techniques, such as X-ray crystallography and nuclear
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magnetic resonance spectroscopy. This information can be
used to design new enzymes with improved properties, such
as higher activity or stability.
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