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ABSTRACT: Lipases with abnormal properties such as thermostability, alkalinity, acidity, and cold activity receive industrial
attention because of their usability under restricted reaction conditions. Most microbial cold-active lipases originate from
psychrotrophic and psychrophilic microorganisms found in Antarctic regions, which has led to difficulties in the practical
production of cold-active lipase. Recently, a mesophilic yeast, Pichia lynferdii NRRL Y-7723, was reported to produce a novel
cold-active lipase. This study focused on optimization of environmental factors, while giving particular attention to the
relationships between given factors and incubation time, to maximize the production of a novel cold-active lipase from P. lynferdii
NRRL Y-7723. Maximum lipase production was highly dependent on the incubation time at a given environmental factor. Lipase
production varied with incubation time at a given temperature, and 20 °C was selected as the optimum temperature for lipase
production. Fructose was selected as the best carbon source, and maximum lipase production was obtained when it was present
at 0.7% (w/v). Yeast extract was an efficient organic nitrogen source, with maximum lipase production occurring at 0.9% (w/v).
Specifically, at the optimum yeast extract level the lipase production was >10 times higher than the productivity under standard
conditions. All natural oils tested showed lipase production, but their maximum productivities varied according to incubation
time and oil species.
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■ INTRODUCTION

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3.) comprise
one of the most important groups of industrial enzymes
because they can catalyze numerous different reactions that are
applicable for the production of industrial products in the food,
chemical, pharmaceutical, and detergent industries.1 However,
industrial application of lipase is highly dependent on both the
catalytic properties of the lipase and the environmental
conditions of application. Hence, abnormal reaction conditions
require special lipases with abnormal properties. Among these
abnormal lipases, cold-active lipases are of great interest
because they are attractive owing to their stability and cost-
effectiveness when used in industrial applications such as cold-
water washing detergent formulation, fine chemistry catalysis,
and food processing.2,3 Most microbial lipases exhibit high
activity at between 30 and 50 °C, with the maximum activity
being observed around 40 °C. At low temperature, their
catalytic activities are severely reduced, decreasing to almost
zero at 0 °C. However, cold-active enzymes show relatively
high specific activity in the range of 0−20 °C, with the
optimum activity occurring at 30−40 °C.2−5

Several microbial cold-active lipases were recently identified,
but most of these originated from psychrotrophic and
psychrophilic microorganisms found in Arctic and Antarctic
seawaters.6−10 The Antarctic strains are commonly cultivated at
around 5 °C under laboratory conditions, and these organisms
have long generation times of 2−10 h if there is no cellular
stress. Although higher temperatures (>20 °C) shorten the
generation time, they induce cellular stress, which leads to low
density of cell growth and low extracellular enzyme production.

These abnormal cultural conditions have caused limitations to
commercial production of cold-active lipases in terms of cost
effectiveness, leading to a new search for cold-active lipases
from mesophilic microorganisms. In addition, high productivity
of lipase is of great importance for industrial production of
cold-active lipase. Production of lipase can be influenced by
several factors including temperature, pH, medium composi-
tion, and the presence of inducers that can affect cell growth
and lipase production. Specifically, the optimum incubation
time for maximum production of a lipase can be altered
according to the status of nutritional factors because micro-
organisms are supposed to produce lipase to hydrolyze available
oil substrates into fatty acids, rendering them useful as energy
sources. Therefore, the status of nutritional conditions is
influenced by cell growth; accordingly, incubation time can be
important for lipase production. During the past decade,
extensive investigations of environmental factors have been
carried out using different fermentation techniques to increase
the productivity of lipases from different microbial sources.11−14

However, such studies have not been thoroughly applied to the
identification of cold-active lipases to date.
In our previous study, we report a novel cold-active lipase

produced from the mesophilic yeast strain Pichia lynferdii
NRRL Y-7723.15 Here, we conducted an optimization study of
environmental factors while focusing on the relationship
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between nutritional factors and incubation time to maximize
production of a cold-active lipase from P. lynferdii NRRL Y-
7723.

■ MATERIALS AND METHODS
Materials. Vegetable oils (normal bleached refined oils) were

purchased from a local market in Daegu, Korea, and used as inducers
after filtration through a membrane filter (pore size = 0.45 μm)
without further purification. All chemicals were of analytical grade and
were purchased from Sigma Chemical Co. (St. Louis, MO, USA),
unless otherwise specified.
Microorganism. P. lynferdii NRRL Y-7723 was obtained from the

culture collection of the National Center for Agricultural Utilization
Research (Peoria, IL, USA). The stock culture was maintained in a
cryogenic vial containing 0.4 mL of glycerol and 0.6 mL of YM
medium (1% glucose, 0.3% yeast extract, 0.3% malt extract, and 0.5%
peptone, w/v) at −70 °C prior to use.
Culture Conditions. Seed cultures were prepared by thawing the

frozen stock culture in a water bath at 37 °C, after which they were
used to inoculate 50 mL of YM medium in 100 mL Erlenmeyer flasks.
Cultural incubation was carried out in a shaking incubator at 150 rpm
and 25 °C. To produce lipase, 1% (v/v) of safflower oil was added to
the YM medium at the beginning of cultivation as an inducer. The
medium composition and culture conditions were modified from these
standard conditions as described in the text for the optimization study.
All experiments were carried out in triplicate, and data are presented as
the average value with an error range within 10%, unless otherwise
specified.
Determination of Cell Growth. One milliliter of culture from the

flask was collected and centrifuged at 5000g for 10 min at room
temperature. The cells were then washed once by resuspending the
cell pellet in the same volume of distilled water, after which the
harvested wet cells were resuspended in 1 mL of distilled water, and
the absorbance at 600 nm was measured to determine the cell growth.
Determination of Lipase Activity. Lipase activity was

determined by the spectrophotometric method using p-nitrophenyl-
butyrate (p-NPB) as the substrate,16 with slight modification. Briefly,
100 μL of enzyme solution was mixed with 900 μL of assay mixture
containing 100 μL of substrate solution (10 mM p-NPB dissolved in
100% cold ethanol) and 800 μL of 50 mM sodium phosphate buffer
(pH 7.0). The increase in absorbance at 410 nm caused by the release
of p-nitrophenol from p-NPB by enzymatic hydrolysis at 15 °C was
measured spectrophotometrically for a minimum of 2 min against an
enzyme-free control. One unit of enzyme activity was defined as the
amount of enzyme that liberated 1 nmol of p-nitrophenol from p-NPB
per minute. For preparation of the enzyme sample, 5 mL of yeast
culture was collected and centrifuged at 10000g for 10 min at 4 °C.
The cell-free supernatant was then collected and used for
determination of the lipase activity.

■ RESULTS AND DISCUSSION
Effects of Incubation Time and Temperature on

Lipase Production. In a previous study, lipase production
by P. lynferdii NRRL Y-7723 was measured after 72 h of
incubation under standard conditions.15 However, the micro-
bial growth rate is highly dependent on incubation time and
temperature, which could affect lipase productivity. Micro-
organisms are supposed to produce lipase to hydrolyze
triglycerides into fatty acids, rendering them useful as energy
sources. As a result, determination of the status of nutritional
conditions caused by the status of cell growth can be an
important factor for lipase production. Therefore, we
investigated the time course of lipase production at different
incubation temperatures (15−35 °C). As shown in Figure 1A,
lipase production was highly dependent on incubation time and
temperature. Under standard conditions at 25 °C, the
maximum lipase production (82 unit/ml) was obtained after

216 h of incubation. As temperature decreased, lipase
production increased remarkably, reaching 275 and 302
units/mL at 20 and 15 °C, respectively. However, the
incubation time required for maximum lipase production at a
given temperature was greatly increased to 384 and 624 h at 20
and 15 °C, respectively. The lipase production at >30 °C was
negligible. Unlike lipase production, cell growth at 15−25 °C
showed similar efficiencies, reaching the stationary phase after
72 h of incubation (Figure 1B). Overall, the maximum cell
growth at 30 °C corresponded to about 75% of that at 20 °C,
whereas lipase production was negligible. At 35 °C, the
maximum cell growth decreased to 13% of that at 20 °C. On
the basis of these results and consideration of cost-effectiveness,
20 °C was selected as the optimum incubation temperature
because the incubation time for maximum lipase production at
15 °C was 62.5% longer than that at 20 °C, whereas the
maximum lipase production at 15 °C was 10% higher than that
at 20 °C. There are no reports of the time course of production
of the microbial cold-active lipase at different temperatures
available; however, data from this study confirmed that
induction of production of cold-active lipase by P. lynferdii
NRRL Y-7723, and not cell growth, was greatly influenced by
incubation temperature. These findings suggested that

Figure 1. Effects of incubation time and temperature on lipase
production by P. lynferdii NRRL Y-7723: (A) lipase production; (B)
cell growth. Extracellular lipase activity was determined at 15 °C, and
symbol designations are specified in the figure.
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expression of the gene encoding cold-active lipase could be
temperature-sensitive, although it should be confirmed further.
Effects of Carbon Source on Lipase Production.

Although carbon sources are required for microbial growth
and production of biochemical materials, their efficiencies for
production of any target material can differ among microbial
species and under different fermentation conditions. Therefore,
the influences of different carbon sources on lipase production
by P. lynferdii NRRL Y-7723 were tested. In our previous study,
when lipase production was determined after 72 h of incubation
at 25 °C, the effects of maltose and fructose on lipase
production and cell growth were comparable to those of
glucose (control), whereas sucrose induced the highest lipase
production. In the present study, we determined the lipase
production in response to different carbon sources after 192 h
of incubation with 1% safflower oil as substrate at 25 °C
(Figure 1). Among 11 different carbon sources tested, manitol,
mannose, fructose, and glucose were efficient for both lipase
production and cell growth (Table 1), and fructose showed the

highest lipase production (170 units/mL). On the basis of these
findings, fructose was selected as the best carbon source, and
the optimum concentration of fructose was determined for
lipase production. Glucose of YM medium was replaced with
different concentrations of fructose (0.1−2.0%), and the time
course of lipase production was determined (Figure 2). To
determine the maximum lipase production, incubation was
conducted at 20 °C because this was determined as the
optimum incubation temperature for lipase production (Figure
1). As shown in the figure, lipase production changed greatly
according to fructose concentration. The maximum lipase
production and incubation time required for the maximum
lipase production at a given concentration increased propor-
tionally as the fructose concentration increased to 0.7%,
reaching 1350 units/mL after 216 h of incubation. This
productivity was almost 5 times higher than that observed
under standard conditions at 20 °C. At 1.0%, the maximum
lipase production decreased to 970 units/mL after 288 h of
incubation. At >1.5%, lipase production decreased to <150
units/mL. There have been no specific reports of the effects of
carbon sources on the production of cold-active lipases to date;
however, most cases dealing with cold-active lipases used
glucose as a carbon source.17−19

Effects of Yeast Extract on Lipase Production. A
previous study showed that yeast extract was the best nitrogen

source for cold-active lipase production from P. lynferdii NRRL
Y-7723 when tested as a single nitrogen source.15 However, the
effects of yeast extract concentration on lipase production could
change with incubation time and temperature when the
optimized carbon source was used. In this study, we tested
the effects of varied concentrations of yeast extract on
maximum lipase production. Different concentrations of yeast
extract were added to YM medium with 0.7% fructose as a
carbon source, and the time course of lipase production was
determined at 20 °C. As shown in Figure 3, lipase production

increased remarkably as the concentration of yeast extract
increased to 0.9%, reaching 2775 units/mL after 336 h of
incubation. This value was >10 times higher than the lipase
production observed under standard conditions.

Effects of Oil Substrate on Lipase Production. Lipase
production is induced by the presence of oil substrate; hence,
the concentration and species of oil substrate can be important

Table 1. Effects of Carbon Source on Lipase Production

carbon source
(1%)

cell growth (Abs at 600
nm)a

lipase activity
(units/mL)

maltose 16.6 ± 1.2 4.9 ± 0.3
lactose 9.7 ± 1.1 6.7 ± 0.1
mannitol 14.9 ± 0.5 89.1 ± 0.6
mannose 15.8 ± 0.4 79.9 ± 3.1
galactose 13.1 ± 0.2 3.7 ± 0.1
xylose 6.4 ± 0.2 0.8 ± 0.2
fructose 17.3 ± 1.7 170.5 ± 2.1
starch 8.9 ± 1.5 2.5 ± 0.2
sucrose 13.9 ± 0.4 22.2 ± 1.3
glucose 15.8 ± 0.5 107.6 ± 5.5
glycerol 14.9 ± 0.4 35.2 ± 0.2

aValues were obtained from multiplication of analyzed data by the
dilution factor.

Figure 2. Effects of fructose concentration on lipase production by P.
lynferdii NRRL Y-7723. Glucose of the standard control medium was
replaced with different concentrations of fructose. Cultures were
harvested at a given time, and extracellular lipase activity was
determined at 15 °C under standard conditions.

Figure 3. Effects of concentration of yeast extract on lipase production
by P. lynferdii NRRL Y-7723. Various amounts of yeast extract were
added to YM medium supplemented with 0.7% fructose, and the time
course of lipase production was determined at 15 °C under standard
conditions.
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factors for efficient lipase production. In this study, the effects
of safflower oil concentration on lipase production by P.
lynferdii NRRL Y-7723 were first determined because safflower
oil was used as an oil substrate under standard conditions.
Different concentrations of safflower oil (0.5−7%) were added
to the culture in the YM medium with 0.7% fructose at the
beginning of the incubation period, and the time course of
lipase production was determined at 20 °C. The maximum
lipase production increased remarkably as the oil content
increased, reaching 2500 units/mL at 3% (Figure 4). At >5% oil

content, lipase production decreased to the base level. These
changing patterns were quite similar to those observed in a
previous study in which soybean oil was used as oil substrate
instead of safflower oil, although the level of lipase production
with safflower oil was much higher than that with soybean oil.15

These results suggested that species of oil could be another
important factor for production of the cold-active lipase from P.
lynferdii NRRL Y-7723. Therefore, we tested the effects of
different vegetable oil species on lipase production by P.
lynferdii NRRL Y-7723. For rapid screening of the best oil
substrate, the incubation conditions were fixed at 264 h and 20
°C with 1% oil and 0.7% fructose. Among 20 natural vegetable
oils tested, red pepper seed oil (935 units/mL), black seed oil
(741 units/mL), hemp seed oil (726 units/mL), and palm oil
(1446 units/mL) showed relatively high lipase production,
although all oils tested produced lipase at >150 units/mL
(Table 2). These results suggested that the fatty acid
composition of oil could be an important factor for the
production of cold-active lipase from P. lynferdii NRRL Y-7723,
although the fatty acid compositions of oils tested were not
clearly presented in this study.
As palm oil was determined as the best oil substrate for lipase

production, we attempted to determine the optimum
concentration of palm oil for lipase production. To accomplish
this, different concentrations of palm oil (0.5−5.0%) were
added to the culture, and the time course of lipase production
was determined (Figure 5). Maximum lipase production
increased as the oil content increased to 2.0%, reaching 2216
units/mL, after which it decreased. However, maximum lipase

production with 2% palm oil was slightly lower than that
obtained with 3% safflower oil (Figure 4), and the time
dependency of lipase production was quite different from that
of safflower oil. The incubation time for maximum lipase
production at a given concentration of palm oil changed
significantly according to oil concentration, whereas safflower
oil showed almost the same incubation time for maximum
lipase production at all concentrations tested. Although the
effects of various natural oils on the production of normal lipase
have been thoroughly investigated using several microorgan-
isms,20−22 the dose dependency and time course of production
of cold-active lipase have rarely been studied. The results of the
present study suggested that safflower oil was more appropriate
for the production of a cold-active lipase from P. lynferdii NRRL
Y-7723 than palm oil and that concentration as well as species
of oil could be important factors influencing lipase production.
In conclusion, important nutritional and environmental

conditions were determined for the optimum production of a
novel cold-active lipase from the mesophilic yeast strain P.
lynferdii NRRL Y-7723 in the present study. Cultivation under
the optimum conditions resulted in the maximum lipase
production increasing by >10 times when compared to that
obtained under standard conditions. Future studies should

Figure 4. Effects of oil content on lipase production by P. lynferdii
NRRL Y-7723. Corresponding amounts of safflower oil were added to
YM medium supplemented with 0.7% fructose prior to microbial
inoculation, and the time course of lipase production was determined
at 15 °C under standard conditions.

Table 2. Effects of Natural Oil Substrate on Lipase
Production

oil (1%)
lipase activity
(units/mL) oil (1%)

lipase activity
(units/mL)

apricot seed 190.9 ± 7.3 avocado 415.7 ± 20.1
soybean 156.7 ± 8.1 grape seed 315.2 ± 14.2
castor 219.1 ± 12.6 almond 447.6 ± 12.5
sunflower 159.9 ± 13.1 emu 399.2 ± 24.0
olive 255.7 ± 12.1 jojoba 284.6 ± 17.7
safflower 189.8 ± 10.2 hemp 725.7 ± 22.5
red pepper
seed

934.5 ± 21.1 mustard 321.8 ± 15.2

corn 497.5 ± 12.2 flax seed 295.5 ± 18.6
palm 1445.7 ± 17.3 black seed 741.1 ± 14.8
hazelnut 152.7 ± 12.6 melon

seed
539.2 ± 15.2

Figure 5. Effects of different amounts of palm oil on lipase production
by P. lynferdii NRRL Y-7723. Corresponding amounts of palm oil were
added to YM medium supplemented with 0.7% fructose prior to
microbial inoculation, and the time course of lipase production was
determined at 15 °C under standard conditions.
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include a biochemical investigation of this enzyme after
purification.
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