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ABSTRACT

The low-temperature lipase, due to its unique low-temperature adaptability and catalytic
properties, has become a highly focused research hotspot in the field of enzymology, and the
re-search around it has been continuously deepening. This study aims to efficiently produce a
low-temperature lipase to address the problems of low activity, high cost, and limited application
of common lipases under low-temperature conditions. During the research process, we collected
samples from the natural environment at low temperatures, and through multiple rounds of
screening, we obtained fungi with strong lipase production capabilities. We further enhanced
their lipase production capacity through ultraviolet-uranine guanidine compound mutagenesis
and optimization of fermentation conditions. Finally, we separated and purified the lipase using
ammonium sulfate precipitation, Q-HP anion exchange chromatography, and Superdex 75 gel
filtration chromatography, and determined its Lipaseology properties. The research results
showed that a strain of Aspergillus niger was screened out. After mutagenesis treatment, the

mutant strain increased the lipase production by 127.35%. On this basis, the lipase production

1



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

was further improved to 57.26 U/mL under optimized fermentation conditions. The isolated
low-temperature lipase had a specific activity of up to 113.52 U/mg. Its optimal reaction

temperature was measured to be 30°C, and it still maintained over 60% activity at 15°C, which

was higher than the low-temperature activity of common commercial lipases. The
low-temperature lipase obtained in this study can be applied in food processing, low-temperature
washing, and environmental governance, effectively reducing the energy consumption and
operating costs of related industries. The related preparation methods can provide a scientific

basis and feasible solutions for the large-scale production of low-temperature lipases.

Keywords: Low-temperature lipase, Aspergillus niger, Mutagenesis breeding, Fermentation

optimization, Lipase properties

Introduction

Lipase belongs to the carboxylester hydrolase class and is capable of gradually hydrolyzing
triglycerides into glycerol and fatty acids'?. It is one of the important industrial enzyme
preparations, which can catalyze lipidolysis reactions, transesterification reactions, alcoholysis
reactions, and ester synthesis reactions>. It is widely used in the processing of oil and chemical
products, food and nutrition, agricultural chemicals, and daily chemicals industries®. Lipase from
different sources have different catalytic characteristics and activities. Lipase are widely present
in nature, including animals, plants, and microorganisms’®. Among them, microbial lipase are
the main source of industrial lipase due to their diverse types, rapid reproduction, easy genetic
variation, broader pH and temperature ranges of activity, substrate specificity, and generally

being secreted extracellular enzymes, which are convenient for industrial production and
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obtaining high-purity samples”>!°.Qiurun M!! et al. isolated Xanthomonas oryzae pv.
Oryzae(YB103) from soil samples as an intracellular thermostable and organic solvent-resistant
lipase producer with a lipase specific activity of 373.9 U/mg.

Low-temperature lipases are a special type of lipase that can maintain high catalytic activity
under low-temperature conditions (typically below 40°C, with the optimal reaction temperature
mostly ranging from 0 to 30°C)!>!3. They possess characteristics such as high activity at low
temperatures, thermal instability, and structural flexibility. These lipases are mainly produced by
microorganisms that have long lived in cold environments such as the Antarctic, Arctic, and deep
sea, including genera like Pseudomonas, Psychrobacter, and Bacillus®'*!* Balaei F'° et al.
site-directed mutagenesis of a Psychrobacter sp. CI8 strain showed that the optimum
temperature for lipase in the mutant was reduced to 20°C.

In the research of lipase breeding, traditional mutagenesis breeding technology is an important
means to increase the yield and performance of lipase!*. Through physical mutagenesis (such as
ultraviolet rays, gamma rays, etc.) and chemical mutagenesis (such as nitrosoguanidine, etc.)
methods, the lipase-producing bacteria can undergo gene mutations, and strains with excellent
traits can be screened from a large number of mutants'®!7 Shreya!® et al. used ethyl mesylate to
mutate Aspergillus eucalypticola CBS 122712, and finally obtained a mutant strain with lipase
activity of 119.05 + 0.14 TU/ml/min.

This study addresses the challenge posed by traditional lipases, which, owing to their elevated
optimal catalytic temperatures, often induce substrate inactivation and product degradation
during the processing of heat-sensitive substances, consequently resulting in diminished
biotransformation efficiency and compromised product yield. To overcome this limitation, we

have developed a specialized system for the creation of low-temperature lipases. In this study,
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we isolated a high-yield strain capable of producing low-temperature lipase from soil samples
gathered in cold forest regions, employing initial screening via the Rhodamine B method
followed by re-screening with the p-nitrophenyl butyrate method. Subsequently, we generated a
mutant strain exhibiting enhanced lipase activity and superior genetic stability through
UV-nitrosoguanidine compound mutagenesis. Furthermore, we optimized the liquid fermentation
conditions to augment lipase production. The lipase was purified using ammonium sulfate
fractional precipitation, followed by anion exchange chromatography and gel filtration
chromatography, and its lipaseology characteristics, including optimal temperature, pH, stability,
and kinetics, were thoroughly evaluated. Compared with commercially available lipase, this
lipase demonstrates a shorter reaction time, exerts minimal effect on substrate quality, and
substantially mitigates the risk of thermal damage relative to conventional processes, thereby
offering crucial technical support for the eco-friendly production of high-activity heat-sensitive

products.

Materials and Methods

Materials and Reagents

Potato dextrose agar (PDA), peptone, beef extract, and sucrose were purchased from Haibo
Biotech (Qingdao, China). Olive oil, rhodamine B, p-nitrophenol, Tris-HCI buffer, ammonium
sulfate, p-Nitrophenyl palmitate, polyvinyl alcohol, magnesium sulfate, dimethyl carbonate,
sodium hydroxide, and nitrosoguanidine were all sourced from Macklin Biochemical Technology
Co., Ltd. (Shanghai, China). Bovine serum albumin, Coomassie Brilliant Blue G-250, lactose, and
dextrin were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).

HiTrap Q HP and Superdex 75 Increase 10/300 GL chromatography columns were obtained from
4



88  Cytiva (Massachusetts, United States). Organic solvents such as methanol, ethanol, acetone,
89  acetonitrile, dimethyl sulfoxide, glycerol, ethyl acetate, and n-hexane were all purchased from

90 Kemiou Chemical Reagent Co., Ltd. (Tianjin, China).

91  Preparation of culture medium

92  Enrichment medium: (NH4)2SO4 1.0 g, K;HPO4 1.0 g, NaCl 0.5 g, MgSO4 0.1 g, yeast extract 2 g,
93  emulsified olive oil solution 40 mL, distilled water 1000 mL, with a natural pH value, sterilize at
94 121°C for 30 minutes.

95  Rhodamine B lipid-screening medium: (NH4)2SO4 1.0 g, KoxHPO4 1.0 g, KC1 0.5 g, MgS04 0.2 g,

96  FeS040.01 g, agar powder 20 g, distilled water 1000 mL, with a natural pH value, sterilize at 121°C

97  for 30 minutes. After sterilization, cool the medium to approximately 60°C, then add 10 mL of a
98  Rhodamine B solution (0.1 mg/mL) and 120 mL of emulsified olive oil. Both the emulsified olive
99  oil and the Rhodamine B solution should be sterilized separately.
100  Potato Dextrose Agar (PDA) Take 46.0 grams of the PDA culture medium reagent and heat it to
101  dissolve it in 1000 mL of distilled water. The pH value remains natural. Sterilize at 121°C for 30
102 minutes.
103 Seed Culture Medium: Peptone 5 g, Sucrose 10 g, K;HPO4 0.5 g, MgSO4 0.5 g, distilled water
104 1000 mL. For solid medium, add 20 g of agar powder. The pH value remains natural. Sterilize at
105  121°C for 30 minutes.
106  Secondary Screening Fermentation Medium: Peptone 10 g, sucrose 3 g, K-zHPO4 2.0 g, MgS040.5
107 g, 10 mL of emulsified olive oil, distilled water 1000 mL. The pH value remains natural. Sterilize

108 at 121°C for 30 minutes.

109 Initial screening of lipase-producing microbial strains

5
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In the forest region of the Daxing'anling area in Heilongjiang Province (125°3021"E,
51°20'05"N), the annual mean temperature ranges from -4°C to -2°C, with an extreme minimum
temperature reaching -52.3°C'. Soil samples were randomly collected from multiple locations
within the 0-10 cm subsurface layer, following the removal of any animal or plant debris.
Subsequently, 5 g of soil sample was weighed and added to 45 mL of 0.9% sterile physiological
saline. The mixture was then placed in a constant-temperature shaker, shaken uniformly, and
allowed to stand for 30 minutes. Thereafter, 2.5 mL of the supernatant was transferred to 100 mL
of enrichment medium, and the culture was incubated at 20°C with shaking at 160 r/min for 72 h.
The enrichment culture was then subjected to gradient dilution with 0.9% physiological saline to
obtain bacterial suspensions with concentrations ranging from 107! to 10°. Aliquots of 100 uL
from each dilution were spread onto Rhodamine B oil screening medium, with each treatment
replicated three times. After incubation at 20°C for 72 h, the plates were examined for colony
growth. Colonies displaying distinct fluorescent halos under ultraviolet light were selected, diluted,
and re-plated onto fresh Rhodamine B medium. These colonies were further incubated, and single
colonies with pronounced fluorescent halos were isolated®’. Finally, these isolated colonies were

preserved in slant medium.

Re-screening of lipase-producing Strains

A loopful of the strain preserved in slant medium was inoculated into 30 mL of seed medium and
incubated at 20°C with shaking at 160 r/min for 48 hours. Subsequently, 2 mL of the seed culture
was transferred into 30 mL of fermentation medium and incubated at 20°C with shaking at 180

r/min for 72 h. Following liquid fermentation, the fermentation broth was centrifuged at 8000
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r/min for 10 min at 4°C, and the supernatant was collected as the crude enzyme solution. The lipase

activity of the crude enzyme solution was then measured?!.

Determination of lipase activity

Lipase activity was measured based on a slightly adjusted p-nitrophenol method®?. Lipase was
used to hydrolyze p-nitrophenol palmitate into colored p-nitrophenol, and then the absorbance
value was measured with an ultraviolet spectrophotometer at 410 nm, and the lipase activity was
calculated.
First, 20 mg lipase powder was dissolved in 400 puL Tris-HCI buffer, and the supernatant was
centrifuged (8000 rpm, 10 min) as the lipase solution. Then, 20 pL of p-NPP (10 mmol/L)
substrate solution was added to 780 pL of Tris-HCI buffer and preheated at 30°C for 5 min, and
then 200 pL of lipase solution was added. After 10 min of reaction, 1 mL of 0.5 mol/L
trichloroacetic acid (0.5 mol/L) was added. After mixing, the reaction was terminated for 5 min,
and 3 mL of 0.5 mol / L NaOH (0.5 mol/L) was added to adjust the pH value (200 pL of distilled
water was replaced with 200 pL of lipase solution, and other conditions were unchanged, that is,
blank). The absorbance was measured at 410 nm. The concentration of p-NP was calculated
according to the standard curve, and then the lipase activity was calculated. Under certain
conditions, the amount of lipase that released 1 umol of p-NP per minute is defined as a lipase
activity unit (U)?. The definition formula is as follows:

X=cV/tV’
where X is lipase activity (U/mL), ¢ is the concentration of p-nitrophenol (umol/L), v is the final
volume of the reaction solution after acid-base adjustment (mL), v’ is the amount of lipase solution

(mL), and t is the action time (min).
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The linear regression equation for the standard curve of p-NP is y=0.0042x+0.0014(R?=0.99009).

Identification of lipase-producing strains

After activating the preserved strain, it was inoculated into PDA liquid medium. After 3 days, the
liquid was aspirated and centrifuged at low temperature to obtain the cells of the strain in the
logarithmic growth phase (weight > 300 mg). Fungal genomic DNA was extracted for PCR
amplification. The PCR amplification used universal primers ITSI
(TCCGTAGGTGAACCTGCGG) and ITS4 (TCCTCCGCTTATTGATATGC). After
electrophoresis separation of the PCR products, the target ITS fragment was recovered for
sequencing®*. The obtained sequence was compared with sequences of similar similarity using the

BLAST tool in the GenBank database, and a phylogenetic tree was constructed using MEGA12.

UV-Nitrosoguanidine mutagenesis breeding

Ultraviolet mutagenesis treatment.

Take a slant culture medium preserved for the strain and activate it. Rinse it repeatedly with
sterilized physiological saline and vigorously shake to disperse it into a spore suspension.
Subsequently, adjust the concentration of the suspension to 10° spores/mL using distilled water?’.
For UV mutagenesis, preheat the UV lamp for half an hour in advance to ensure light source
stability and achieve sterilization, thereby preventing any potential effect on the experiment?®. Add
10 mL of the single spore suspension to each plate, maintaining a distance of 350 mm between the
petri dish and the light source, and set the wavelength to 245 nm. Expose the plates to UV radiation
for varying durations: 0s,60s,755s,90s, 105s,120s, 135s, 150 s, and 160 s, with the lid on, and

conclude the exposure with the lid still on. Dilute the treated solution sequentially, and use a
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pipette to transfer 100 uL onto PDA medium?+’. Conduct three parallel experiments for each
group, with the non-UV-exposed group serving as the control. Incubate the plates upside down in a
20°C incubator for 5 days, observe, and record the colony growth. Plot the UV mutagenesis lethal
curve of Aspergillus niger, with UV exposure time on the x-axis and the mortality rate of the
fungal cells on the y-axis, and calculate the lethal rate using formula 2

L(%)=CFUinitiai-CF Usurviving/ CF Uinitia1x 100%

Where L is lethality rate (%), CFUinitial is the initial viable count, CFUgurviving i the viable count

Mutagenic treatment with nitrosoguanidine.

Dilute the spore suspension appropriately and spread it onto medium plates containing
nitrosoguanidine at different concentration gradients (0.05%, 0.10%, 0.15%, 0.20%, 0.25%,
0.30%). Incubate the plates upside down in a 20°C incubator for 5 days, observe, and record the
colony growth. Plot the lethal curve of Aspergillus niger induced by nitrosoguanidine?®, with the
concentration of nitrosoguanidine on the x-axis and the mortality rate of the fungal cells on the

y-axis.

UV-Nitrosoguanidine Combined Mutagenesis Treatment.

After subjecting the spore suspension to the optimal UV mutagenesis conditions, evenly spread it
onto a plate containing rhodamine B-coated oil under the optimal nitrosoguanidine mutagenesis
conditions. Incubate the plate upside down in a 20°C incubator for 5 days, followed by observation

and recording.

Selection of Mutant Strains.
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(1) Preliminary Screening

Select strains exhibiting larger fluorescent circles following UV-Nitrosoguanidine mutagenesis.
Record and compare the ratio (D/d) of the fluorescent circle diameter (D) to the colony diameter (d)
with that of the original strain. Mutant strains with a higher D/d ratio than the original strain should
be chosen for subculturing, numbering, and preservation?*-°.

(2) Re-screening

Inoculate a loopful of the mutant strain obtained from preliminary screening into the seed medium
to prepare the seed solution. Add this seed solution to the fermentation medium and incubate at 20°C
with shaking at 80 r/min for 72 h. After liquid fermentation, centrifuge the fermentation broth at

8000 r/min for 10 min at 4°C, and collect the supernatant as the crude enzyme solution for lipase

activity measurement.

Genetic Stability Experiment of Mutant Strains.

Following re-screening and breeding, the high-yield lipase-producing strain was continuously
cultured for five generations®!. Each generation was inoculated into a fermentation medium for
fermentation, and the lipase activity produced was measured to assess the genetic stability of the

mutant strain.

Optimization of Enzyme Production Conditions in Liquid Fermentation

Effect of Temperature on Lipase Production Activity.

Adjust the fermentation temperature to 10, 15, 20, 25, 30, 35, and 40°C, respectively'®. Inoculate

with 2x10° spores, maintain a shaking speed of 160 t/min, and incubate on a shaker for 72 h.

10
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Measure the lipase activity at each temperature to identify the optimal temperature for lipase

production during fermentation.

Effect of pH on Lipase Production Activity.

Adjust the pH of the fermentation medium to 5.0, 6.0, 7.0, 8.0, and 9.0, respectively. Inoculate
with 2x10° spores and incubate at 20°C with shaking at 160 r/min for 72 hours. Measure the lipase

activity at each pH level to determine the optimal pH for enzyme production during fermentation.

Influence of Inoculum Size on Lipase Production Activity.

Adjust the concentration of the spore suspension and inoculate the fermentation medium with
varying inoculum sizes of 2x10°, 4x10°, 6x10°, 8x10°, and 1x107 spores®2. Incubate at 20°C with
shaking at 160 r/min for 72 h and measure the lipase activity separately to ascertain the optimal

inoculum size for fermentation enzyme production.

Effect of Nitrogen Sources on Lipase Production Activity.

Maintain the other components of the fermentation medium constant while adjusting the nitrogen
sources to beef extract, peptone, ammonium sulfate, sodium nitrate, and potassium nitrate, each at
a concentration of 10 g/L. Inoculate with 2x10° spores and add to fermentation media containing
different nitrogen sources. Incubate at 20°C with shaking at 160 r/min for 72 h and measure the

lipase activity separately to identify the optimal nitrogen source for fermentation.

Effect of Carbon Sources on Lipase Production Activity.

11
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Keep the other components of the fermentation medium unchanged while adjusting the carbon
sources to glucose, sucrose, lactose, and dextrin, each at a concentration of 3 g/L. Inoculate with
2x10% spores and add to fermentation media containing different carbon sources. Incubate at 20°C
with shaking at 160 r/min for 72 h and measure the lipase activity to determine the optimal carbon

source for fermentation.

Analysis of Optimization Results Using Response Surface Methodology.

The response surface experiment primarily addresses multiple factors and determines their
significant effects on the response variable. Based on the results of the single-factor experiment,
the Box-Behnken experimental design was employed to investigate three factors: A: temperature
(°C), B: pH, and C: inoculum size (spores). Lipase activity (U/mL) serves as the response value for

the three-factor, three-level response surface, as shown in Table 1.

Separation and Purification of Lipase

Preparation of Crude Lipase Solution

Activate a preserved strain of Aspergillus niger Y-B04, then inoculate it into a liquid fermentation
medium. Incubate at 20°C on a shaker for 72 h, followed by filtration of the fermentation broth
using a 0.45 um filter membrane. Collect the filtrate to remove insoluble impurities. Transfer the
filtrate into a centrifuge tube, centrifuge at 8000 r/min for 10 min at 4°C, and collect the

supernatant as the crude lipase enzyme solution.

Determination of Protein Content Using the Coomassie Brilliant Blue Method

12
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In this study, the Coomassie Brilliant Blue method was employed to quantify protein content.
Coomassie Brilliant Blue G-250, a dye that binds to proteins, produces a cyan color upon binding
and exhibits maximum absorbance at 595 nm?*. The reaction between Coomassie Brilliant Blue
G-250 and proteins reaches equilibrium within 2 min, indicating a rapid response. Moreover, the
resulting complex remains stable for over 30 min at room temperature. This method offers
advantages such as simple and safe reagents, ease of operation, and a sensitivity four times higher
than that of the Lowry method. Therefore, the Coomassie Brilliant Blue method was selected for
protein content determination in this study>*.

The linear regression equation for the protein standard curve is y = 0.0073x + 0.423(R?=0.9981).

Determination of the Salting-Out Range of Ammonium Sulfate

Take a sample of crude lipase enzyme solution and distribute equal volumes into 10 conical flasks.
Place the flasks on a magnetic stirrer and gradually add ammonium sulfate to each flask until
saturation levels of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100% are reached,
respectively. After complete dissolution and stirring, refrigerate the solutions at 4°C overnight to
facilitate precipitation. The following day, centrifuge the solutions at 10000 r/min for 15 min at
4°C3°, Measure the lipase activity in the supernatant, then redissolve the precipitate in an equal
volume of distilled water and measure the lipase activity again®¢. Record the results and plot the

ammonium sulfate fractional precipitation curve.

Salting-Out with Ammonium Sulfate

Transfer the crude lipase enzyme solution into a beaker and place it on a magnetic stirrer.

Gradually and uniformly add finely ground ammonium sulfate while stirring until a saturation of

13
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30% is achieved. Refrigerate overnight at 4°C. The next day, centrifuge at 10000 r/min for 15 min
at 4°C. Collect the supernatant and repeat the process of adding ammonium sulfate, this time to a
saturation of 60%. Refrigerate overnight at 4°C again. On the following day, centrifuge at 10,000

r/min for 15 min at 4°C, discard the supernatant, and retain the precipitate as the purified lipase.

Dialysis Desalination

Dissolve the lipase obtained from ammonium sulfate salting-out in Tris-HCI buffer solution.
Transfer the lipase solution into a dialysis bag (MW 8000-14000 Da) and desalt it by refrigerating
at 4°C. Use deionized water as the dialysis solution. Consider desalting complete when no
precipitate forms after adding BaCl, to the filtrate’. Freeze-dry the desalted lipase and store it in

the refrigerator for future use.

Anion Exchange Chromatography

Reconstitute the lyophilized enzyme powder using Tris-HCI buffer (20 mmol/L, pH 7.5) and
subject it to Q-HP strong anion exchange chromatography>’. Use Tris-HCI buffer (20 mmol/L, pH
7.5) as loading buffer A and NaCl solution (1.0 mol/L) as eluent B. Set the flow rate at 2 mL/min
with the following gradient: 100% A, 0% B for 15 bed volumes (BV); 90% A, 10% B for 15 BV;
80% A, 20% B for 15 BV. Collect the effluent, measure the absorbance at 280 nm, and calculate

the lipase activity and protein content’’.

Gel Filtration Chromatography

14
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Perform the experiment using a Superdex 75 gel filtration chromatography column with a flow

rate of 1 mL/min. Elute with Tris-HCI buffer (20 mmol/L, pH 7.5), collect the effluent, measure

the absorbance at 280 nm, and calculate the lipase activity and protein content’®.

Enzymatic Properties of Lipase

Determination of the Optimal Reaction Temperature for Lipase

Set the reaction temperatures to 15°C, 20°C, 25°C, 30°C, 35°C, 40°C, 45°C, and 50°C while
maintaining other conditions constant. Measure the lipase activity at each temperature. Conduct
three parallel experiments at each temperature, record the results, and determine the optimal

reaction temperature for lipase.

Determination of the Optimal Reaction pH for Lipase

Adjust the reaction pH to 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 using phosphate buffer, Tris-HCI
buffer, and sodium carbonate buffer, respectively, while keeping other conditions constant.
Measure the lipase activity at each pH. Conduct three parallel experiments at each pH, record the

results, and determine the optimal reaction pH for lipase.

Determination of Temperature Stability of Lipase

Dissolve the lipase powder in Tris-HCI buffer solution and incubate the lipase solution in a water
bath at 4°C, 20°C, 30°C, 40°C, 50°C, and 60°C for 6 h. Take samples of the lipase solution for

cooling every hour during incubation. Measure the lipase activity using the p-nitrophenyl method.

15
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Conduct three parallel experiments at each temperature to evaluate the temperature stability of

lipase.

Determination of pH Tolerance of Lipase

Dissolve the lipase powder in citric acid-sodium citrate buffer (pH 5.0), phosphate buffer (pH 6.0),
Tris-HCI buffer (pH 7.0-8.0), and sodium carbonate-sodium bicarbonate buffer (pH 9.0-10.0),
respectively. Incubate at 4°C for 1-5 h, adjust the pH back to the optimal reaction pH, and measure
the lipase activity using the p-nitrophenyl method. Conduct three parallel experiments at each pH,

record the results, and assess the pH tolerance of lipase.

Influence of Metal lons on Lipase

Prepare Tris-HCI buffer solutions containing Na*, Mg?*, Ca?*, Fe**, Mn**, K, Zn**, and Cu?" at
concentrations of 1 mM/L and 10 mMJ/L, respectively®’. Incubate at 30°C for 1 h and measure the
residual lipase activity. Calculate the results using the activity in the absence of metal ions as a

control.

Effect of Organic Solvents on Lipase

Dissolve the lipase powder in Tris-HCl buffer and add organic solvents (methanol, ethanol,
acetone, acetonitrile, dimethyl sulfoxide, glycerol, ethyl acetate, n-hexane) to achieve
concentrations of 10% and 20% (v/v)*°. Store at 30°C with shaking at 200 rpm for 24 h and
measure the residual lipase activity. Use the activity in the absence of organic solvents as a control

for calculation.
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Substrate Specificity of Lipase

According to the lipase activity assay method described in Section 2.5, measure the lipase activity
using p-nitrophenyl esters (p-NPC2, p-NPC4, p-NPC6, p-NPC8, p-NPC10, p-NPC12, p-NPC14,
p-NPC16, p-NPC18) with varying carbon chain lengths as substrates. Calculate the lipase activity

relative to the substrate with the highest lipase activity, set as 100%.

Kinetic Determination of Enzymatic Reaction

Prepare p-NPP solutions at concentrations of 1, 2, 3, 4, 5, 6, 7 and 8 mM, measure their reaction
rates, and plot the Lineweaver-Burk double reciprocal plot of 1/S versus 1/V. Determine the

t40

Michaelis constant (Km) and maximum reaction rate (Vm) of the protease from the plot™, where

the horizontal intercept represents -1/Km and the vertical intercept represents 1/Vm.

Statistical analysis

Statistical analysis was performed using SPSS 19.0 software with one-way ANOVA and a
significance level set at p < 0.05. Data were expressed as mean # standard deviation. All
experiments were conducted at least in triplicate.The combination of response surface
methodology conditions was optimized using Design-Expert 13.0 software, enabling

comprehensive residual analysis and model fitting assessment.

Results

Screening of strains producing low-temperature lipase
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In the experiment, soil samples were collected from low-temperature forest regions, and a
total of 54 bacterial strains were isolated and purified following enrichment culture. After
initial screening using a rhodamine B-based medium, lipase-producing strains hydrolyzed
olive oil into free fatty acids, which subsequently bound specifically to rhodamine B,
resulting in the formation of orange fluorescent halos under ultraviolet illumination. A
larger fluorescent halo indicated higher lipase activity. Ultimately, three strains exhibiting
larger fluorescent halos were identified, as depicted in Figure 1(a), suggesting their robust
lipase-producing capabilities. These strains were designated as Y-AOl, Y-AO02, and
Y-A03, with strain Y-AO02 displaying the largest fluorescent halo. Subsequently, the
lipase activities of the crude enzyme extracts from these three strains were compared
through re-screening, leading to the identification of the strain with the highest
lipase-producing capacity.

Following shake flask fermentation of the three initially screened strains, all demonstrated
favorable lipase activity, as illustrated in Figure 1(b). Notably, strain Y-A02 exhibited the
highest lipase activity, measuring 21.50+1.54 U/mL. This activity surpassed that of
Bacillus cereus 113, which was isolated by Hafsa K*! et al. from Arctic sediments and
demonstrated a low-temperature lipase activity of 11.42 U/mL. Furthermore, compared to
Lactococcus lactis grx602, isolated by Yu P* et al. from dairy products with a lipase
activity of 12.43 U/mL, strain Y-AO02 also displayed a significantly higher lipase activity.
This superior performance may be attributed to the inherent characteristics of fungi,
including vigorous growth, relatively straightforward fermentation conditions, and robust

extracellular lipase secretion capabilities™?.

Identification results of lipase-producing strain Y-A02
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Genomic DNA was extracted from the strain, followed by PCR amplification and
subsequent detection of the ITS region sequence. The molecular weight of the DNA
fragment from strain Y-A02, as determined by SDS-PAGE electrophoresis, is depicted in
Figure 2(a), revealing a DNA fragment size of 562 bp. The sequenced result was aligned
in NCBI, and the sequence with the highest similarity was chosen for species
identification. Ultimately, it was confirmed that strain Y-A02 exhibits 99% homology
with the Aspergillus niger genus. Based on the alignment results, a phylogenetic tree was
constructed using the Maximum Likelihood method!"#3, as illustrated in Figure 2(b),
indicating the closest genetic relationship with strain KF691796.1 Aspergilus niger isolate
EFBI1. By integrating the biochemical identification results of strain Y-A02 with the

phylogenetic tree analysis, it was concluded that Y-AO02 is indeed Aspergillus niger.

Results of Y-A02 Mutagenesis Treatment

Results of UV Mutagenesis Treatment.

Ultraviolet (UV) light has the capacity to damage DNA structure, triggering base
mutations or strand breaks, and is thus extensively employed as a physical mutagen in
microbial breeding** . Moderate DNA damage can activate the error-prone repair
mechanisms in fungi, offering a viable approach for the targeted enhancement of
extracellular enzyme secretion. Aspergillus niger Y-A02 was subjected to UV irradiation
for varying durations to determine the lethality rates at different time points. The UV
mutagenesis lethality curve is presented in Figure 3(a). As the duration of UV irradiation
increases, the lethality rate of Aspergillus niger also rises significantly. In mutagenesis
breeding, a lethality rate of 75-85% is typically chosen to enhance the likelihood of
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positive mutations*. At a UV irradiation time of 120 s, the lethality rate reaches 82.9%.
Consequently, this study selected 120 s as the optimal mutagenesis duration.

Consequently, this study selected 120 s as the optimal mutagenesis duration.

Results of Nitrosoguanidine Mutagenesis Treatment

Nitrosoguanidine (NTG), recognized as a highly effective chemical mutagen, specifically
alkylates DNA bases, inducing a significantly higher frequency of point mutations
compared to UV mutagenesis. Its mutagenic mechanism is more precise, and the mutation
spectrum is more focused*®. Aspergillus niger Y-A02 was used as the starting strain and
cultured on media containing varying concentrations of NTG to determine the lethality
rates. The NTG-induced lethality curve is shown in Figure 3 (b). As the NTG
concentration increases, the lethality rate of Aspergillus niger also rises markedly. At an
NTG concentration of 0.15%, the lethality rate reaches 78.9%. Therefore, NTG

mutagenesis was selected for this experiment, with a treatment concentration of 0.15%.

Results of UV-Nitrosoguanidine Combined Mutagenesis Treatment

Compound mutagenesis, leveraging the synergistic effects of UV radiation and NTG,
results in complementary and overlapping DNA damage, significantly enhancing the
mutation rate and diversity*’. Following a 120s UV pretreatment, the strains were treated
with 0.15% NTG. Strains with larger fluorescent halos were selected for shake flask
fermentation, and their lipase production was measured, recorded, and compared. The
comparison of fluorescent halos is shown in Figure 4, and the results of lipase production

before and after compound mutagenesis are presented in Table 2.
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As indicated in Table 2, 15 Aspergillus niger strains with notably larger fluorescent halos
after UV-NTG compound mutagenesis were selected to determine the ratio of fluorescent
halo diameter to colony diameter (D/d) and lipase activity. According to the experimental
results, as the D/d value increases, the lipase activity generally increases. Among them,
the mutant strain Y-B04, with a D/d value of 1.86 after UV-NTG compound mutagenesis,
exhibited the highest lipase activity, reaching 48.88+1.94 U/mL, which represents a
127.35% increase compared to the initial strain [(21.50+1.54) U/mL]. This significant
improvement underscores the efficiency and synergistic effect of UV-NTG compound

mutagenesis in directionally enhancing lipase secretion.

Genetic Stability Results of Mutant Strains.

To assess the genetic stability of the mutant strains, five Aspergillus niger mutant strains
with high lipase activity—Y-B02, Y-B04, Y-B11, Y-B14, and Y-B15—selected from the
UV-NTG compound mutagenesis results, were continuously subcultured for five
generations. The lipase activity produced by each strain was measured to evaluate genetic
stability, with the results shown in Table 3.

The lipase activity of strain Y-B04 remained within the range of 48.45-50.21 U/mL
across five generations, with a fluctuation of only #1.76 U/mL, demonstrating
significantly better stability than the other strains. In contrast, the activity of Y-B14
gradually decreased with each generation, with a 12.07% reduction in the fifth generation
compared to the initial generation, indicating a propensity for loss of mutant traits.

Overall, Y-B04 exhibits excellent genetic stability and potential for industrial application.

Optimization of lipase production through liquid fermentation
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According to Figure 5(a), lipase activity peaks at 20°C, reaching 56.49+2.32 U/mL,
representing the optimal condition for liquid fermentation of lipase by Aspergillus niger
Y-B04. At 20°C, Aspergillus niger exhibits optimal growth, facilitating better growth and
full release of lipase. When the temperature is too low, the growth rate of Aspergillus
niger slows, prolonging fermentation time and delaying lipase release; conversely, when
the temperature exceeds 30°C, the enzyme protein conformation becomes unstable, and
the spatial structure of the active site undergoes irreversible distortion*®, resulting in a
sharp 41.49% decrease in activity.

According to Figure 5(b), lipase activity reaches a maximum of 60.88+2.13 U/mL at a pH
of 6.0, which is 20.14% and 11.63% higher than at pH 5.0 and 7.0, respectively. At pH
levels below 5.0, cellular metabolism is inhibited, reducing extracellular protein secretion.
At pH levels above 7.0, the surface charge distribution of enzyme molecules becomes
imbalanced, disrupting the hydrogen bonding network and significantly decreasing
catalytic efficiency**°. A pH of 6.0 aligns with the optimal microenvironment for
extracellular lipase in Aspergillus niger, balancing cellular activity and enzyme stability.
According to Figure 5(c), when the inoculum size is 6x10° spores, enzyme activity
reaches 55.48+1.56 U/mL. An inoculum size that is too low delays entry into the
logarithmic phase, prolonging the fermentation period and delaying enzyme production;
conversely, an inoculum size that is too high limits dissolved oxygen, accumulates
metabolic by-products, and inhibits enzyme synthesis. At this inoculum size, cellular
density and metabolic load achieve an optimal balance®', with high spore activity and

good synchronicity within a unit volume, maximizing lipase synthesis efficiency.
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According to Figure 5(d), organic nitrogen sources significantly outperform inorganic
nitrogen sources, with peptone being the optimal choice, yielding an enzyme activity of
55.67+2.13 U/mL. Organic nitrogen sources are rich in proteins, free amino acids, and
growth factors that can be directly absorbed and utilized by cells, promoting rapid cell
proliferation and efficient expression of lipase genes. In contrast, inorganic nitrogen
sources provide a single nutrient that requires complex metabolic transformation,
resulting in high energy consumption and slow rates, leading to delayed enzyme synthesis
initiation and lower peak values®’. Additionally, the metabolic process of inorganic
nitrogen sources significantly alters environmental pH, and drastic pH fluctuations may
inhibit microbial growth or even cause cell death, whereas the metabolic products of
organic nitrogen sources have a minimal effect on pH.

According to Figure 5(e), carbon sources significantly influence lipase activity, with
sucrose being the optimal choice, achieving an enzyme activity of 57.32+2.02 U/mL.
Aspergillus niger secretes invertase to hydrolyze sucrose into glucose and fructose, which
are directly and efficiently utilized by the fungus, meeting the energy requirements for
rapid growth and avoiding the carbon catabolite repression effect caused by single
glucose. However, due to the lack of [B-galactosidase in Aspergillus niger, lactose
utilization is limited®>. Dextrin is gradually degraded into glucose by amylase, but
insufficient amylase activity results in slow dextrin utilization, failing to provide timely

energy and precursors.

Response surface optimization experiment results
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Based on the single-factor experiment, three factors were selected: A temperature (°C),
pH value, and inoculum size (spores). Experiments were designed according to Table 1,
and response surface analysis was performed using Design-Expert 12.0 software for
optimization. The experimental results of optimizing the conditions for lipase production

by Aspergillus niger fermentation are shown in Table 4

Model Development and Statistical Evaluation

Quadratic response surface regression modeling was performed on the experimental data
presented in Table 4 using Design-Expert 12.0 software. The resulting second-order
polynomial model describing lipase activity (Y) as a function of temperature (A, °C), pH
(B), and inoculum concentration (C) is given by:
Y=57.70+1.45A-0.2925B+2.28C-0.6475AB+1.09AC+0.1025BC-4.87A2-3.78B*-6.22C?
The test results of the regression model coefficients are shown in table 5.

The larger F-statistic and smaller p-value in the analysis of variance (ANOVA) of the
regression model indicate greater statistical significance of the corresponding terms. As
presented in Table 5, the model’s overall p-value was < 0.0001, confirming that the
quadratic response surface regression model is highly statistically significant and exhibits
an excellent fit to the experimental data. The p-value for the lack-of-fit test was 0.1329 (>
0.05), indicating that the lack of fit was nonsignificant—thus supporting the adequacy and
reliability of the model. Additional model diagnostics further corroborate its robustness:
the coefficient of variation (CV) was 1.23%, reflecting high experimental precision and
reproducibility; the adjusted R? (0.9862) and predicted R? (0.9538) demonstrate strong

explanatory power and predictive capability; the Pearson correlation coefficient between
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observed and predicted responses was 0.9940, indicating an exceptional degree of linear
association; and the signal-to-noise ratio (29.0231) far exceeds the threshold of 4,
confirming the model’s suitability for reliable experimental optimization and practical
application. Collectively, these metrics validate the appropriateness of the response
surface methodology for optimizing lipase production by Aspergillus niger, with respect
to the three critical variables—temperature, pH, and inoculum volume.

According to the ANOVA results, the linear effects of factor A (temperature) and factor C
(inoculum volume) on the response (lipase activity, Y) were highly significant (p < 0.001),
whereas factor B (pH) exhibited no statistically significant linear effect (p > 0.05).
Among the two-factor interaction terms, only the AC interaction was statistically
significant (p < 0.05), while AB and BC interactions were nonsignificant (p>0.05). All
quadratic terms (A®, B? and C?) were highly significant (p < 0.001), suggesting
pronounced curvature in the response surface with respect to each variable. Based on
comparative magnitudes of the F-statistics, the relative influence of the three factors on
lipase activity follows the order: inoculum volume > temperature > pH.

Response Surface Analysis. To further elucidate the nature and strength of factor
interactions, three-dimensional (3D) response surface plots and corresponding contour
plots were generated based on the fitted regression model (Figures 6-8).

In such visualizations, a steep 3D surface coupled with elliptical contour lines indicates a
strong interactive effect between the two variables; conversely, a relatively flat surface
and near-circular contours suggest weak or negligible interaction. As shown in Figures
6-8, the AC interaction displays marked curvature—evidenced by a steep 3D surface and

distinctly elliptical contours—consistent with its statistically significant ANOVA result.
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In contrast, the AB and BC interactions yield nearly circular contours and gently sloping
surfaces, corroborating their nonsignificance in the ANOVA. Notably, the conclusion
regarding AC as the sole significant interaction term is thus reinforced both quantitatively

(via ANOVA) and qualitatively (via graphical interpretation).

Experimental Validation of the Optimized Conditions

Using Design-Expert® 12.0 software, the global optimum for lipase production by
Aspergillus niger was predicted as follows: temperature = 20.87°C, pH = 5.95, and
inoculum volume = 6.40x10° spores/mL, yielding a predicted lipase activity of 58.06
U/mL. To verify model accuracy and operational feasibility under realistic fermentation
conditions, three independent validation experiments were conducted at practically
rounded settings: 21°C, pH 6.0, and inoculum volume of 6.5x10° spores/mL. The
experimentally measured mean lipase activity was 57.26+0.41 U/mL, representing a
deviation of only 1.4% from the model prediction. This close agreement confirms the
validity, predictive accuracy, and practical utility of the developed response surface

model for optimizing lipase fermentation by Aspergillus niger.

Isolation and Purification of Lipase

Extracellular lipase was isolated from the fermentation supernatant through a sequential
purification  strategy comprising ammonium sulfate precipitation, dialysis,
anion-exchange chromatography  (DEAE-Sepharose FF), and size-exclusion
chromatography (Superdex 75). Initial analysis revealed that the crude enzyme

preparation contained substantial amounts of contaminating proteins. Ammonium sulfate
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precipitation was employed to selectively enrich lipase while removing non-target
proteins; optimization studies (Figure. 9a) indicated that precipitation at 30% saturation
effectively removed highly abundant impurities—evidenced by high precipitate yield but
low specific activity—whereas precipitation at >60% saturation yielded significantly
higher specific activity in the pellet, with diminishing returns beyond this threshold®*.
This suggested near-complete lipase aggregation and recovery at 60% saturation.
Accordingly, a two-step ammonium sulfate fractionation was adopted: first at 30%
saturation to remove bulk contaminants, followed by precipitation at 60% saturation to
recover lipase.

The resulting precipitate was desalted by dialysis and subsequently loaded onto a
DEAE-Sepharose FF column. Elution yielded three distinct protein peaks (Figure. 9b).
Peak 1 corresponded to non-anionic or weakly anionic proteins eluting in the
flow-through/wash fraction; Peak 2 represented proteins exhibiting moderate affinity for
the anion-exchange matrix; and Peak 3 comprised strongly bound, highly anionic proteins
requiring elevated ionic strength for elution. Enzymatic assays across fractions identified
Peak 2 as containing the highest lipase-specific activity; therefore, the fraction exhibiting
maximal activity within this peak was pooled for further processing®. Subsequent
size-exclusion chromatography on Superdex 75 (Figure. 9¢) achieved final homogeneity,
yielding electrophoretically pure lipase, as confirmed by SDS-PAGE, which displayed a
single band of approximately 36 kDa (Figure. 9d).

Purification performance is summarized in Table 6. Following the three-stage protocol,
lipase specific activity increased from 8.02 U/mg protein in the crude extract to 113.52

U/mg in the final preparation—a 14.15-fold purification. The overall activity recovery
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was 1.79%. The consistent removal of contaminating proteins and preservation of
enzymatic activity across all steps demonstrate the robustness and reproducibility of this

protocol, supporting its applicability for scalable production of Aspergillus niger lipase.

Enzymatic properties of lipase

Effect of temperature on lipase activity

Temperature exerts a profound influence on lipase activity. As illustrated in Figure 10(a),
the enzyme exhibits maximal activity at 30 °C, and retains over 80% of its relative
activity within the temperature range of 20—40 °C. This pronounced catalytic efficiency
under relatively low-temperature conditions aligns with the defining characteristics of a
cold-adapted lipase. Further assessment of thermal stability revealed that the enzyme
retained more than 80% of its initial activity after incubation at 4 °C or 20 °C for 5h
(Figure 10(b)). In contrast, activity declined markedly upon exposure to temperatures
above 30 °C; notably, after 1 h at 50 °C, residual activity dropped to less than 20% of the
initial value. This irreversible thermal inactivation arises from high-temperature-induced
structural perturbations—including disruption of the enzyme’s precise three-dimensional
conformation, distortion of the active-site architecture, weakening of hydrophobic
interactions, and acceleration of autolytic degradation®. Cold-adapted lipases typically
exhibit reduced thermostability, a feature intrinsically linked to their evolutionary
adaptation to low-temperature environments, where enhanced molecular flexibility of

polypeptide segments is essential to sustain catalytic competence®’.

Effect of pH on lipase activity
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As shown in Figure 10(c), the lipase exhibited optimal activity at pH 7.0, retaining over
80% of its relative activity within the pH range of 6.0—7.0. Outside this range, enzymatic
activity declined sharply-a phenomenon closely associated with alterations in the
protonation states of key amino acid residues located in the active site®®. At elevated pH
values, deprotonation of residues such as tyrosine or lysine occurs, disrupting catalytic
functionality. Moreover, pH-induced changes perturb the overall charge distribution
across the enzyme molecule, thereby compromising critical structural
elements—including salt bridges and hydrogen-bonding networks—that stabilize the
tertiary structure®’. Consequently, the microenvironment surrounding the catalytic center

is destabilized, leading to diminished enzymatic performance.

Effect of metal ions on lipase activity

As shown in figure. 10(d), at a concentration of 1 mM, Ca?*, Na’, and K* each induced
significant activation of lipase, increasing its relative activity to 104.12%, 47.52%, and
31.43%, respectively. This activation is likely attributable to the formation of ternary
complexes between these metal ions and lipase, which stabilize the lipase’s catalytically
active conformation. Moreover, interactions between the metal ions and both the lipase
and substrate may induce favorable conformational changes-enhancing molecular
recognition, substrate binding, and subsequent catalysis and thereby augment lipase
activity.

However, when the concentrations of Ca’" and K™ were increased to 10 mM, their
activating effects on lipase were retained, albeit at reduced magnitudes. In contrast, at Na™

concentrations exceeding that of Ca?*, the relative activity of lipase declined to 62.94%.
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This attenuation may arise from competitive occupation of positively charged sites on the
lipase surface by excess Na' ions. Furthermore, elevated ionic strength may compress the
interfacial electric double layer, thereby weakening electrostatic interactions between the
lipase and the interface and ultimately suppressing interfacial activation of the lipase®®.

Mg**, Fe**, Mn?*, Zn?*, and Cu®" significantly inhibited lipase activity at concentrations
of 1 mM and 10 mM. Except for Mg?", these ions are all heavy metal ions, which can
bind to key groups such as sulthydryl and amino groups in the lipase molecule. This
binding alters the charge distribution and spatial structure of the lipase molecule, thereby
influencing the lipase activity®®. The inhibition of lipase by heavy metal ions is frequently
irreversible. Mg?" is distinctive in that, in most reports, it has minimal effect on lipase
activity. The notable inhibitory effect on lipase in this study may be attributed to the high
rigidity of the low - temperature lipase itself. The small radius and high charge density of
Mg?" enable it to readily form strong coordination bonds with negatively charged
carboxyl or phosphate groups in the lipase molecule®. This leads to a further increase in
local conformational rigidity, weakens the flexibility of the active center, and

consequently inhibits the catalytic efficiency.

Effect of organic solvents on lipase activity

As depicted in Figure 10(e), the majority of organic solvents exhibit an inhibitory effect
on lipase activity at concentrations of 10% and 20%. This is primarily due to their ability
to disrupt the native conformation of the lipase, cause the breakage of hydrogen bonds
and ionic bonds, and also impact the diffusion of substrates and products. Organic

solvents with high polarity can deprive the lipase of essential water, leading to the
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inactivation of lipase molecules. A higher polarity may exert a more pronounced
influence on lipase. Nevertheless, methanol at a concentration of 10% had a positive
effect on lipase, enhancing its activity by 18.41%. This might be attributed to the fact that
the solvent moderately enhanced interfacial mobility at low concentrations. The lipase
achieved interfacial activation at the oil - water interface through the opening of the “lid”
structure, and maintained a sufficient interfacial area to continuously expose the active

center of the lipase molecules and sustain high catalytic efficiency®.

Substrate specificity exploration

As presented in Table 7, the low-temperature lipase exhibited distinct hydrolysis activities
towards substrates with varying chain lengths. Among these, the relative activity towards
medium- and long-chain fatty acid (C8 - C12) substrates was relatively higher.
Short-chain substrates might be unable to effectively induce the conformational change of
the “cap” structure and are challenging to be recognized and hydrolyzed by the lipase. In
contrast, long-chain substrates are prone to non-specific adsorption on the lipase surface
due to their strong hydrophobicity. Consequently, the active center is obscured, or
substrate diffusion is impeded, leading to a reduction in catalytic efficiency®. Therefore,
substrate C8 demonstrated the highest relative activity (100%), followed by C10 (77.04%)
and C12 (62.07%), while C2 - C6 and C14 - C18 showed relative activities lower than
60%. This substrate specificity is well - adapted to the natural physiological function of
cryolipases, which is to efficiently hydrolyze medium- and long-chain lipids to fulfill the

energy metabolism requirements of microorganisms at low temperatures.

Determination of kinetic parameters of enzymatic reaction
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The Lineweaver-Burk double reciprocal plot drawn according to 1/[S]-1/V is shown in
Figure 11, and the Mie constant Km=19.86mmol/LL and the maximum reaction rate
Vm=0.178mmol/(L-min) are calculated. The Km value indicates that the enzyme has a
medium affinity for the substrate, which is slightly higher than that of most mesophilic
lipases (usually 2-10 mmol/L), but it still maintains a high catalytic efficiency at low
temperature. Although the binding of its active center to the substrate is not tight, it is
more conducive to the rapid dissociation and turnover of the substrate at low temperature.
Vm reflects the upper limit of the substrate that a single enzyme can convert per unit time,

which is sufficient to efficiently drive lipid metabolism in a low temperature environment.

Discussion

In this research, we concentrated on the screening and optimization of low - temperature lipase -
producing Aspergillus niger from low - temperature extreme environments. We successfully
acquired a high - temperature lipase - producing Aspergillus niger and systematically optimized
its fermentation conditions. The findings indicated that under the optimized fermentation
conditions, the production of low - temperature lipase was notably enhanced, and the lipase
exhibited high catalytic activity at low temperatures. The core significance of this outcome lies
in the fact that it not only offers an efficient and stable microbial source for low - temperature
lipase production but also reveals the molecular mechanism through which this strain efficiently
expresses lipase under low - temperature conditions, presenting a novel perspective for
comprehending microbial adaptation strategies in extreme environments.

In terms of scientific connotation, the efficient expression of low - temperature lipase is closely

associated with the genetic background, metabolic regulatory network, and environmental
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adaptability of the strain. In this study, mutagenesis breeding and optimization of fermentation
conditions might have activated key genes related to lipase synthesis in the strain and augmented
the flux of its metabolic pathways, leading to improved enzyme production. Simultaneously, the
low - temperature environment may induce a series of molecular changes to adapt to low
temperatures, such as the adjustment of cell membrane fluidity and the increase in the flexibility
of the lipase molecular structure, which jointly promote the efficient catalysis of cryogenic lipase
at low temperatures.

Compared with other published studies, our research demonstrated consistency in several aspects,
yet there were also significant disparities. In terms of consistency, this study and other studies
have reported strategies for screening microorganisms from extreme environments to obtain
enzymes with specific properties, suggesting that extreme environments are crucial resources for
mining new biocatalysts. Additionally, similar methods were employed in this study to enhance
lipase production, such as mutation breeding, optimization of fermentation conditions, and lipase
isolation and purification, which have been extensively verified to be effective in improving
lipase production. However, the differences were equally prominent. On the one hand, the
catalytic activity of the cryo - lipase obtained in this study was higher than that of many similar
lipases reported at low temperatures, which may be attributed to the unique genetic background
and metabolic properties of the strains screened in this study. On the other hand, a more
substantial increase in lipase production was achieved in this study, which may be due to the
mutation breeding strategy and more refined fermentation and purification control adopted in this
study.

We are fully cognizant that there are certain limitations to this study. For instance, the strains

obtained in this study demonstrated good stability under laboratory conditions, but the
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performance of the strains may be influenced by numerous factors during the industrial
production process. Therefore, it is necessary to further explore methods for strain preservation
and rejuvenation. Secondly, the potential for industrial application requires further evaluation.
Although this study achieved remarkable results under laboratory conditions, to translate these
results into industrial production, a comprehensive assessment of production cost, process
feasibility, product safety, etc., is required.

In the future, we will explore more effective preservation and rejuvenation methods to maintain
the stability of strain performance during long - term storage and passage. Meanwhile, the
mechanism of strain performance degradation will be investigated to provide a theoretical basis
for strain improvement and optimization. At the same time, protein engineering and other means
will be utilized to modify lipase to enhance its performance to meet specific application
requirements. By employing genomics, transcriptomics, proteomics and other multi - omics
technologies, we will further study the molecular mechanism of high - level expression of lipase
in strains under low - temperature conditions, and provide new ideas and methods for strain
improvement and optimization. The production cost, process feasibility, product safety and other
aspects of low - temperature lipase will be comprehensively evaluated to explore its industrial
application potential in food processing, low - temperature washing, and environmental

treatment.

Conclusion

The demand for low-temperature lipase is increasing, and its application value in the fields of
food preservation, low-temperature detergent development and environmental remediation

continues to be highlighted. Especially in the context of the upgrading of the global cold chain
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food industry and the tightening of green washing standards in the spring of 2026, the
development of this enzyme has entered a critical window period. Aspergillus niger Y-A02 was
successfully isolated from the soil of low-temperature forest and identified as Aspergillus niger
Y-A02. The mutant strain Y-B04 with a 127.35% increase in lipase production was obtained by
UV-NMG mutagenesis. By optimizing the fermentation conditions (temperature 21°C, pH 6.0,
inoculum size 6.5x10° spores), the enzyme yield was further increased to 57.26 U/mL. The
low-temperature lipase with a specific activity of 113.52 U/mg was successfully isolated and
purified by ammonium sulfate precipitation, Q-HP anion exchange chromatography and
Superdex 75 gel filtration chromatography. The optimum reaction temperature of the lipase was
30°C, and it showed excellent low-temperature adaptability. The temperature stability, pH
tolerance, the effects of metal ions and organic solvents, substrate specificity and kinetic
parameters of the low-temperature lipase were systematically studied. This study not only
enriched the resource pool of low-temperature lipase producing bacteria, but also significantly
improved the yield and performance of low-temperature lipase through mutation breeding,
fermentation optimization, isolation and purification, which provided scientific basis and

technical support for the industrial production of low-temperature lipase.

Data availability

The original contributions presented in this study are included in the article. Further inquiries can
be directed to the corresponding authors. The ITS gene sequence data for strain YLT-AO2 is

available in NCBI with accession PZ532477.
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Tables

Table 1. Response Surface Test Factors and Levels

Level A Temperature(°C) B pH C Inoculum size(spore)
-1 15 5 4x10°
0 20 6 6x10°
1 25 7 8x10°

Table 2. Lipase activity before and after compound mutagenesis

Ratio of fluorescence

Strain Colony Fluorescence circle Lipase activity
circle diameter to colony
number  diameter (cm) diameter (cm) (U/mL)
diameter (D/d)

Y-A02 1.22 1.54 1.26 21.50x1.54
Y-BO1 1.34 2.33 1.74 46.74+2.13
Y-B02 1.36 2.45 1.80 48.23+1.76
Y-B03 1.27 2.12 1.67 4549+1.31
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963

964

Y-B04 1.38 2.47 1.86 48.88+1.94
Y-BO05 1.27 2.04 1.61 44.72+£2.52
Y-B06 1.23 1.91 1.55 43.26+2.04
Y-BO07 1.03 1.75 1.70 44.06+2.81
Y-B08 1.15 1.84 1.60 41.22+2.13
Y-B09 1.24 1.88 1.52 40.73+1.87
Y-B10 1.11 1.93 1.74 47.12+1.74
Y-B11 1.27 2.29 1.80 47.81%£2.33
Y-B12 1.26 2.17 1.72 46.26+1.84
Y-B13 1.17 1.96 1.68 45.55+2.01
Y-Bl14 1.44 2.53 1.76 47.12+1.85
Y-B15 1.28 2.27 1.77 47.37+£1.49
Table 3. Results of genetic stability of mutant strains
Lipase activity (U/mL)
Number
1 2 3 4 5

Y-B02 48.27+1.65 4731x2.16 47.11%+1.26 47.76+t3.11 43.02+1.47

Y-B04 48.45+1.47 49.46+127 5021+2.21 48.67£1.53 49.33+2.07

Y-B11 47.66+2.26 47.17+£2.81 46.42+3.01 47.11%£2.26 47.13+2.32

Y-Bl14 46.71+£1.87 47.1611.68 4528+2.54 4425+1.41 41.03+3.41

Y-B15 47271216 47.52+2.01 47.61+1.70 48.02+1.71 48.12+3.41

Table 4. Response Surface Test Design and Results
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A Lipase activity

Number B pH C Inoculum size(spore)
Temperature(°C) (U/mL)
1 15 5.0 6x10° 46.69
2 25 5.0 6x10° 50.72
3 15 7.0 6x10° 48.68
4 25 7.0 6x10° 50.12
5 15 6.0 4x10° 43.59
6 25 6.0 4x10° 44.47
7 15 6.0 8x10° 46.57
8 25 6.0 8x10° 51.79
9 20 5.0 4x10° 46.75
10 20 5.0 4x10° 44.68
11 20 7.0 8x10° 50.52
12 20 7.0 8x10° 48.86
13 20 6.0 6x10° 57.22
14 20 6.0 6x10° 57.76
15 20 6.0 6x10° 56.94
16 20 6.0 6x10° 58.46
17 20 6.0 6x10° 58.12

965  Table 5. Test results of regression simulation coefficient

Source Sum of Squares df Mean Square F-value P-value Significance
Model 424.35 9 47.15 59.12  <0.0001 *x
A-Temperature 16.73 1 16.73 20.98 0.0025 ok
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B-pH 0.6844
C-Inoculum size 41.63
AB 1.68
AC 4.71

BC 0.0420

A? 99.96

B2 60.00

C? 163.03
Residual 5.58
Lack of Fit 4.02
Pure Error 1.57

Cor Total 429.93

1 0.6844
1 41.63
1 1.68
1 4.71

1 0.0420
1 99.96
1 60.00
1 163.03
7 0.7975
3 1.34
4 0.3914
16

0.8583

52.21

2.10

5.90

0.0527

125.35

75.24

204.43

342

0.3851

0.0002

0.1903

0.0454

0.8250

<0.0001

<0.0001

<0.0001

0.1329

koK

kK

kok

kok

966  Note: ** indicates a highly significant difference (P < 0.01); * indicates a significant difference

967 (P <0.05)

968  Table 6. Purification Table of Lipase

Total activity Total protein Specific Activity Yield
Purification steps Fold

) (mg) (U/mg) (o)

crude lipase 15622.4 2196.1 7.11 1.00 100
(NH4)2S04

fractional 3221.6 173.6 18.54 2.61 20.62
precipitation

Q-HP 1077.24 26.46 40.71 5.73 6.90
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Superdex 75 280.39 2.47

113.52 15.97

1.79

969  Table 7. Substrate selectivity of purified lipase

Substrate name

Relative lipase activity(%)

p-NPC2
p-NPC4
p-NPC6
p-NPC8
p-NPC10
p-NPC12
p-NPC14
p-NPC16

p-NPC18

22.15+2.71

32.97+2.83

38.72+5.52

100+£3.17

77.04+1.36

62.07+1.07

45.90+2.40

21.76+1.58

25.48+2.03

970
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971  Figures
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972 Figure 1. Comparison of lipase-producing ability of three strains: (a) Rhodamine B lipid

973  screening medium fluorescence circle comparison, (b) Lipase activity assay of the strains
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974  Figure 2. Identification of strain Y-A02: (a) Electrophoresis results of strain Y-A02, (b)
975  phylogenetic tree of strain Y-A02
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Figure 3. Mutagenic lethality curves: (a) UV-induced lethality curves, (a) nitrosoguanidine

induced lethality curves
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Figure 4. Comparison of fluorescent rings of the mutant strain Y-AO02 (Fig.a) and the

mutant strain Y-B04 (Fig.b)
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980  Figure 5. Optimization results of lipase production by liquid fermentation: (a) Effect of

981  temperature on lipase production, (b) Effect of pH on lipase production, (¢) Effect of inoculum

982  size on lipase production, (d) effect of nitrogen source on lipase production, (e) Effect of carbon

983  source on lipase production
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984  Figure 6. Response surface and profile of the interaction between factor A and factor B
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Figure 7. Response surface and profile of the interaction between factor A and factor C
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Figure 8. Response surface and profile of the interaction between factor B and factor C
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Figure 9. Isolation and purification of lipase: (a) (NH4)2SO4 Salting out curve, (b) Q-HP elution

curve of lipase, (c¢) Superdex 75 elution curve of lipase, (d) SDS-PAGE analysis of lipase
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989  Figure 10. Investigation of the Enzymatic Properties of Lipase: (a) Appropriate reaction
990 temperature, (b) Temperature stability, (c) Appropriate reaction pH, (d) Effect of metal ions, (¢)

991  Effects of organic solvents

Y=111.5408x+5.6165
100 | R>=0.9826

80 -

60 -

1/V(min/mmol)

40

£ i L L 1
0.0 0.2 0.4 0.6 0.8 1.0
I/[S](L/mmol)

992  Figure 11. The Lineweaver-Burk plot of lipase hydrolysis
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