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The aim of the study was to use Pichia pastoris to express a recombinant porcine lipase

gene (pLip). The expression-secretion cassette was constructed using the P. pastoris GAPDH

(glyceraldehyde-3-phosphate-dehydrogenase) promoter and an 89-residue prepro-R-factor secretion
signal fused to the AOX1 terminator (the pGAPZRA vector). A total of 1,408 bp of pancreatic lipase

cDNA was produced, which was located from the position of 4-nt upstream of ATG to 1408-nt inside

the intact coding region of the pLip sequence. In an animal trial, three concentrations of recombinant

lipase activity (0, 5,000 and 10,000 U/kg) were blended with the basal diet and fed to weaned piglets

for six weeks. During the experimental period, the growth performance (bodyweight, feed intake,

and feed efficiency) of the test groups was superior to that of the control group (p < 0.05).

Furthermore, the group fed the diet blended with 10,000 U/kg of recombinant lipase showed

significant (p < 0.05) increases in blood triglyceride (TG) concentration on the seventh day

postweaning. These results suggested that the porcine lipase protein yielded by transformed yeast

cells may improve fat digestibility and enhance the growth performance in postweaning piglets.

KEYWORDS: Porcine lipase; postweaning piglet; recombinant yeast; Pichia pastoris; animal feed;
fat digestion

INTRODUCTION

The nutrients of sow’s milk are suitable for efficient digestion in
suckling pigs because the apparent digestibility of the milk fat can
reach 96% (1). Although higher fat digestibility during the
suckling period is seen, the most important lipolytic enzyme,
pancreatic lipase, is still produced at low levels in suckling
comparedwith fully developed pigs (2). Specifically, after weaning
the milk fat digestibility will decline to 65 to 80%, leading to an
energy deficiency phenomenon in postweaning piglets (3). Thus,
we considered that the gastrointestinal system of postweaning
piglets must adapt to the substantial changes in their feed to meet
the digestion and absorption of the nutrients in the diet. In order to
maintain caloric intake, several fat sources are often added to the
diets of postweaning piglets, but these yield different results
depending on the sources and amount of fat and feed consump-
tion. Generally, fat sources derived from adipose are relatively
inferior to those from plant fats, which include a higher level of
middle-chain triglycerides (MCT) and unsaturated fatty acids,
which are easier for postweaning piglets to digest and absorb (3,4).

The weaning process impacts the physiological response of
pigs, including the gastrointestinal tract as it adapts to digest and

absorb their feed and the considerable change of the dietary
nutrients. An acceptable growth performance must be main-
tained, and during the postweaning period, the activation, secre-
tion, and function of pancreatic digestive enzymes has not yet
completely developed, in particular lipase and colipase. Cera
et al. (3) pointed out that the weaning process affects the
physiological responses of piglets because the height of intestinal
villi is reduced and the depth of the crypts increased by the seventh
day postweaning. The nutrient absorption of the piglet intestinal
mucous membrane becomes weaker over the two weeks after
weaning.

It has been demonstrated that the activation of pancreatic
lipase in postweaning piglets is induced by an increase in the
dietary fat content; commonly, increasing content 6-fold in the
diet will increase lipase activity 1.8-fold (5). Most dietary for-
mulas fed to postweaning piglets have fat contents from 1 to 6%,
but this is not enough to satisfy their energy requirements and
maintain a normal growth rate because of insufficient lipolytic
enzyme (6). Robertson et al. (7) reported that postweaning piglets
could not meet their energy requirement during the first two
weeks, even though their energy uptake was sufficient in the
suckling period. The critical cause was the lower lipolytic enzyme
activity; thus, pancreatic lipase function was not fully developed
for increased fat digestion (2). Jensen et al. (8) also pointed out
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that the main reason for lower energy uptake was derived from
deficient pancreatic lipase activity. Therefore, the application of
a recombinant lipase, secreted by Pichia pastoris, may be an
alternative way to improve fat digestion and growth performance
in postweaning piglets.

MATERIALS AND METHODS

Cloning and Construction of pLip cDNA in Yeast pGAPZrA
Vector. Total RNAs were isolated from 1.0 g of the porcine pancreas of
LYD three-breed conventional pig crosses with TRIzol reagent and using
the protocol provided by the manufacturer (Invitrogen, San Diego, CA).
Three hundredmicrograms of total RNAwas used to isolate the poly(Aþ)
mRNA using the FastTrack MAG mRNA isolation kit (Invitrogen). An
aliquot of 5 μL of poly(Aþ) mRNA was taken for first-strand cDNA syn-
thesis by SuperScript III reverse transcriptase (Gibco/BRL, Burlington,
ON). The recombinant 1.3-kb mature pLipase cDNA fragment, with a
deleted 16-aa native signal peptide, was amplified by PCR with the
following primers: pLip-U (forward), 50-GAA TTC GGA AGC GAA
GTC TGT TTC-30; and pLip-D (reverse), 50-TTC TAGACACGGTGT
GAG GGT GA-30 (underlined bases indicate the introduced restriction
sites). The PCR product was cloned into the pGEM T-Easy Vector
(Promega, Madison, WI), and the sequence was verified by nucleotide
sequencing as described (9). The resulting pGEM-pLip was digested with
EcoR I and Xba I (New England Biolabs, Beverly, MA) at the newly
created sites, and then the pLip fragment was gel purified. The excised
fragment was cloned as an EcoR I-Xba I fragment flanking the R-factor
signal peptide into the pGAPZRA vector (Invitrogen). This construct
plasmid was termed pGAPZRA-pLip.

Transformation of pLip Plasmid into P. pastoris GS115 Host

Cells. The pGAPZRA-pLip expression cassette was digested with BglII
prior to transformation into P. pastoris. For electroporation, a 50-mL
culture of P. pastorisGS115 (his4-) in YPD (10 g/L yeast extract, 20 g/L
Bacto peptone, and 20 g/L dextrose) was grownat 30 �C toOD600=1.3 to
1.5 (∼5 � 107 cells/mL). Cells were washed twice and resuspended in
1.5 mL of ice-cold 1 M sorbitol. An aliquot of competent GS115 cells
(100 μL) was mixed with 10 μg of linearized transforming plasmid DNA
and transferred to an ice-cold 2-mmelectroporation cuvette. The cells were
pulsed according to the parameters for yeast (1500 V, 25 μF, and 200 Ω;
GenePulser, Bio-Rad, Hercules, CA) as previously described (10,11). The
cells were incubated for 1 h at 30 �C and then spread on YPDS (YPDþ 1
M sorbitol) containing 100 μg/mL Zeocin (Invitrogen). Transformants
were visible after 2-3 days at 30 �C. Several hundred Zeocin-resistant
transformants were identified during the first round of selection. In the
second round, we selected for multicopy transformants by plating
200 Muts transformants on media with 2 mg of Zeocin per mL. Ten
transformants resistant to high levels ofZeocinwere arbitrarily selected for
further analyses. A single colony of pGAPRA-pLip transformed GS115
cells was inoculated into 25 mL of YPD broth and grown at 29 �C in
a shaker incubator until the culture reached an OD600 of 2-3
(approximately 36-48 h). The supernatant was decanted into a new tube
and cell pellets separated as previously described (12). The extracellular
secretions of the supernatant were then lyophilized and stored at -80 �C
until assay.

Total RNA Extraction and RT-PCR Analysis. Total RNA from
Pichia yeast transformants was isolated with anRNeasyMini kit (Qiagen,
Valencia, CA). Briefly, yeast transformants were grown in 50 mL of YPD
broth and incubated at 30 �C in a shaking incubator (250 rpm) for 72 h.
Samples up to 5� 107 yeast cells were harvested and centrifuged at 3,000g
for 10min at 4 �C.The cell walls were digestedwith 25Uof lyticase enzyme
(Sigma, St. Louis, MO) and incubated at 30 �C with gentle shaking for
30 min. The cell lysates were applied for total RNA extraction according
to themanufacturer’s instructions (Qiagen). Onemicrogramof total RNA
was resuspended in 15 μL of diethylpyrocarbonate (DEPC)-treated water
and used for synthesizing the first-strand cDNAwith randomprimers and
SuperScript III reverse transcriptase in a total volume of 25 μL (13, 14).
The reaction was carried out at 42 �C for 1 h. For further PCR
amplification, an aliquot (1/10) of the RT product was adjusted to contain
0.1 μg of each primer, and additional buffer was added to a total volume of
50 μL. PCRwas performed for 25 cycles (94 �C, 1min; 55 �C, 2min; 72 �C,
2 min). The pLip, pLip-R(þ), 50-TTATTCGCAGCATCCTCCGC-30,

and pLip-R(-), 50-GCAAATGGAATTCTGACATCC-30, are specific
primers. A pair of R-tubulin-specific primers, R-tubulin-R(þ), 50-AGA
TGGCCGACCAATGTGACG-30, and R-tubulin-R(-), 50- TGTTCC
AGG GTG GTA TGC GTG-30, was used as an internal control. The
transcription level of recombinant pLip mRNA was normalized to the
R-tubulin mRNA by a semiquantitative method (15, 16).

Immunoblot Analysis of pLipase Protein in the Cell Pellet and

Supernatant. Cell pellets were lysed with a lysis buffer (pH 7.4, 50 mM
sodium phosphate; 1 mM PMSF; 1 mM EDTA; 50 mL/L glycerol) and
acid-washed glass beads (size 0.5 mm; Sigma). For assay of the extra-
cellularly secreted recombinant porcine lipase, the culture medium was
collected, filtered (Centriprep-10, Amicon, Danvers, MA), and fractio-
nated by 4-12% NuPAGE Novex Bis-Tris gels electrophoresis under
reducing conditions (Invitrogen). Proteins were electro-transferred from
the gel to an immobile-PSQ Transfer PVDF membrane (Millipore,
Bedford, MA). To reduce nonspecific binding, the PVDF membrane
was blocked with 5% nonfat skim milk in 1� PBS-Tween 20 buffer (17).
A mouse anti-mycmonoclonal antibody (Invitrogen) served as a primary
antibody against the peptide sequence NH3-Glu-Gln-Lys- Ile-Ser-Glu-
Glu-Asp-Leu-COOH. Recombinant lipase was detected by this primary
antibody (at a 1:3,000 dilution), and a second antimouse IgG antibody
conjugated to horseradish peroxidase (1:3,000 dilution; Invitrogen) was
added. The blot was developed with a chemiluminescence (ECL) detection
system (Amersham Pharmacia Biotech., Arlington Heights, IL) and a
reaction time of 1 min to expose the membrane with Hyperfilm (18).

Quantitative pLipase Activity Assay with the pH Titration

Method. The lipase activity was measured titrimetrically at a pH between
6.5 and 8.0, allowing 5 min at 25 �C with a pH-stat for equilibration. The
standard assay procedure was determined according to the method
reported by Gaskin et al. (19), using 0.5 mL of tributyrin (Sigma) as a
substrate in a total of 30 mL of assay solution containing 2.5 mM
Tris-HCl, 1 mM CaCl2 (pH 8.5), emulsion with 4 mM sodium tauro-
deoxycholate (NaTDC), 50 pmol of colipase (Sigma), and 0.3 mL of the
recombinant lipase supernatant. One unit of lipase activity was defined as
l μmol free butyric acid released from tributyrin in 1 min at 25 �C.

Animals and Diets. A total of 48 hybrid LYD piglets at the age of
28 days, with an average body weight of 7.80 kg from 7 littermates were
selected for animal trials. These piglets were obtained from the Animal
Industry Division, Livestock Research Institute, Council of Agriculture.
The animals were weaned at the 28 days of age and were randomly divided
into 12 pens. The experimental piglets were raised in isolated pens of the
nursery house, with each pen a standard size at 4 m2 under the guidelines
of the Animal Care Committee of the Council of Agriculture, Taiwan.
The nutritional requirement for piglets was met according to the feeding
standard of pigs. The secreted lipase used in the mixture of basal diet was
respectively isolated with a 0.2 μm Milligard Cartridge Filter (Millipore
Corporation, Billerica, MA) and condensed with a 10 K Pellicon 2 Fliter
(Millipore). Prior to drying, we added the supernatant containing lipase by
freeze drying to the glycerol and carrier to protect lipase bioactivity. Later,
quantitative recombinant lipase activity was determined from the dried
supernatant with the pH titrationmethod, and the designed concentration
was blended into the diet. The experimental diets for the test groups
included 5,000 and 10,000 U/kg of recombinant lipase, while the same
volume of yeast supernatant without lipase was added to the basal diet for
the control group, as shown in Table 1. Furthermore, the yeast super-
natants need the carriers to improve the homogeneity of the mixture
during mixing. During the six weeks of the experimental period, animals
were allowed access to food and water ad libitum. Food intake, blood
samples, and body weight gains in each individual were recorded at one-
week intervals.

Triglyceride (TG) and Blood Urea Nitrogen (BUN) Concentra-
tion Assay from Piglet Blood Samples. Blood samples were collected
from the venous sinus on days 1, 7, and 28 after the start of the trial. EDTA
was used as an anticoagulant as the plasma specimens were used for TG
and BUN measurements (20). Blood TG and BUN concentration was
analyzed by using a TG and BUN diagnostic kit (Pointe Scientific Inc.,
Michigan, IA) according to the manufacturer’s protocol.

Statistical Analysis. All data were analyzed in the randomized
complete block design using the General Linear Model procedures of
SAS (SAS Institute Inc., Cary, NC). Statistical significance was indicated
by p<0.05 (*) and was assessed using least-squares means (LS-Means).



3324 J. Agric. Food Chem., Vol. 58, No. 6, 2010 Liu et al.

RESULTS

Molecular Cloning and Transformation of Recombinant Porcine

Lipase into P. pastoris. The full-length, 1,395-bp porcine pan-
creatic lipase (pLip) mRNA encodes a 16-aa signal propeptide
followed by a 449-aamature polypeptide (Figure 1). In this study,
RT-PCR was applied to identify and clone a pancreatic lipase
cDNAfragment fromporcine pancreas tissue.A total of 1,408-bp
of pancreatic lipase cDNAwasproduced,whichwas located from
the position at 4-nt upstream of ATG to 1,408-nt into the pLip
cDNA sequences with an intact coding region (Supporting
InformationFigure 1).We appliedBlastx (Basic LocalAlignment
Search Tool) at the NCBI Web site (National Center for
Biotechnology Information) to search their protein database.
We found amino acid identity of up to 98% of the cloned
pancreatic cDNA sequence with Sus scrofa pancreatic triacylgly-
cerol lipase (Genbank accession no. gi:6686288). The alignments
of encoded amino acids from the cloned porcine pancreatic lipase
cDNAwithHomo sapiens andMus musculus lipase showed 87%
and 78% identities, respectively (Figure 1).

On the basis of this intact coding region of pLip cDNA clone, a
pair of degenerate primers was designed containing EcoR I and
Xba I enzyme-recognition sites in the forward and reverse primers,
respectively (Figure 2A). The sites allowed us to further recon-
struct a mature form of pLip cDNA by deleting the 16-aa signal
peptide from its N-terminus and then cloning it as a fragment
flanking the R-factor signal peptide and the 30-AOX1 terminator
sequence (Figure 2B). After introducing the pLip gene into
P. pastoris, a Zeocin-resistant gene was used as the selectable mar-
ker in the screening processes. Several hundreds of transformed
yeast clones were obtained with a Zeocin-resistant phenotype.

Identification of Integrated pGAPZrA-pLip Expression Cas-

settes in the P. pastoris Genome. The secreted expression cassette
was constructed using the P. pastoris GAPDH (glyceraldehyde-
3-phosphate-dehydrogenase) promoter, and an 89-residue pre-
pro-R-factor secretion signal fused to the AOX1 terminator
(pGAPZRA vector). The 1,347-bp pLip cDNA was inserted as
an EcoRI-XbaI fragment flanking the R-factor signal peptide
and the 30-AOX1 terminator sequence (Figure 2). After introdu-
cing the pLip gene into P. pastoris, the resulting transformants
carried the pGAPZRA-pLip expression cassette inserted into the
innate yeast GAPDH gene locus via homologous recombination.
In order to confirm the recombination of the pLip gene target into
the yeast GAPDH locus, a PCR amplification of the insertion
flanking sequences with upstream pGAPDH forward and pLip
50-CDS reverse primers was performed to screen hundreds of
pLip-transformed Zeocin-resistant yeast colonies. As a represen-
tative example (Supporting Information Figure 2), all of the
examined yeast transformants exhibited a predominant band of
1,935-bp, indicating that the homologous recombination of the
pLip foreign gene insertion was successfully targeted into the
GAPDH gene locus.

One hundred transformants bearing the integrated pGAPRB-
pLip cassette were selected and further spread on selective plates
containing a 20-fold range of Zeocin concentrations for identifi-
cation of those clones containing multicopy recombinants in the
P. pastoris yeast genomes. Eleven transformants (clone nos. 2, 8,
9, 22, 24, 26, 31, 38, 53, 60, and 61) exhibitinghigh-tolerance in the
20-fold Zeocin antibiotic selection were chosen for further ana-
lyses.

pLip mRNA Transcriptional Efficiency in Different P. pastoris
Transformants. To characterize the mRNA expression level of
recombinant porcine lipase transcripts, the isolated pLip-trans-
formants were cultured in 50 mL of YPD media, and the total
yeast RNA was extracted from cell pellets at 72 h of culture. RT-
PCR analysis was performed using two pairs of primer sets
including the pLip-R(þ) and pLip-R(-), specific to the porcine
lipase cDNA, and the R-tubulin primer set as an internal control.
In Figure 3A, the 1,347-bp pLip transcription product was found
in the 11 transformed P. pastoris clones. No homologous tran-
script was detected in the P. pastoris clones transformed with the
empty vector (Figure 3A, lane NC).

To quantify the amount of pLip mRNA, a densitometric
analysis was performed to compare the intensity of the 1,347-
bp band (pLipmRNA) in each lane, which was then normalized
to the product of R-tubulin in the same reaction. The highest
amount of the pLip transcripts was found in transformed clone
no. 26 (Figure 3B). This clonewas then selected for further protein
expression, activity analysis, animal trials, and functional assays.

Expression and Secretion of Recombinant Porcine Lipase in

P. pastoris. To assay and purify the expression of recombinant
porcine lipase protein in P. pastoris, transformed clones no. 26
and no. 38 were cultivated in a shaken flask with 50 mL of YPD
culture medium. Aliquots of culture broth were removed at
intervals of 24 h over a period of five days of continuous culture.
The supernatants and cell pellets in the culture media were
collected by centrifugation and then subjected to protein purifica-
tion and characterization. The expression of recombinant lipase
protein in P. pastoris transformants was analyzed with 4-12%
NuPAGE and by Western blot, as shown in Figure 4A and B,
respectively. A higher density of the 49.6-kDa recombinant pLip
protein was observed in clone no. 26 compared to that of other
transformants using an immunoblot assay against a mouse anti-
myc antibody. The time course of pLip protein expression in
transformed clone no. 26 was monitored over four days of yeast
culture. Data showed that the expression level and accumulation

Table 1. Composition of the Basal Diet for Experimental Postweaning Piglets

items basal diet

ingredients (%)

corn, yellow 67.75

soybean meal, 44% 19.0

dried skim milk, 35% 2.0

whey, dried 2.0

fish meal, 61.2% 5.0

dicalcium phosphate 1.6

limestone, pulverized 0.8

salt, iodized 0.5

vitamin premixa 0.1

mineral premixb 0.15

soybean oil 1.0

chloride-choline, 50% 0.1

total 100

calculated values

crude protein (%) 18.49

digestible energy (kcal/kg) 3550

lysine (%) 1.19

calcium (%) 0.88

phosphorus (%) 0.69

analyzed value

dry matter (%) 87.77

crude protein (%) 18.52

crude fat (%) 3.58

aVitamin premix provided the following vitamins per kg of diet: vitamin A, 8000 IU;
vitamin D3, 800 IU; vitamin E, 30 IU; vitamin K3, 1.0 mg; thiamin, 2.0 mg; riboflavin,
5.0 mg; vitamin B12, 25 μg; Ca-pantothenate, 12 mg; niacin, 18 mg; folic acid,
0.4 mg; biotin, 0.06 mg; and choline, 120 mg. bMineral premix provided the following
minerals per kg of diet: Cu, 10 mg; Fe, 100 mg; Zn, 100 mg; Mn, 10 mg; and Se,
0.1 mg.
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of pLip protein in the transformed yeast culture medium was
stably maintained after 96 h of culture (Figure 4C). A total of
288 μg/mL of recombinant lipase was secreted and detected
by Western blot analysis in the culture medium of clone no. 26
transformed yeast after 72 h culture (Figure 4D).

The activities of recombinant porcine lipase in the supernatant
were 102.2, 180.3, 300.4, and 305.8U/300 μL in clone no. 26 yeast
cultures at 24, 48, 72, and 96 h of culture, respectively. However,
there was no lipase activity observed in the supernatant of native
GS115 yeast cells. Accordingly,Western blot and titration assays
also demonstrated that the recombinant lipase was secreted
successfully into the yeast culture medium and remained their
throughout the three-day culture period. Therefore, the time-
course assay indicated that the recombinant lipase protein ex-
hibited relative stability using these culture conditions. Following
an animal trial, the yeast culturemedium from recombinant clone
no. 26 was harvested at 72 h for the maximum pLip protein yields
as the source of supplementary porcine lipase.

Effect of Growth Performance for the Dietary Administration of

pLip-Enriched Yeast Culture in Postweaning Piglets. The growth
rate of postweaning piglets fed with a diet supplemented with
5,000 and 10,000 U/kg of recombinant pLip derived from yeast

culture was monitored and compared with that of an age-
matched control group fed nonrecombinant yeast culture. The
pLip-added test group (n=16) had significantly higher body-
weight than piglets in the control group whenmeasured at days 7,
14, 21, 28, 35, and 42of postweaning, but therewere no significant
differences between added 5,000 and 10,000 U/kg of added
recombinant lipase in the diets, as shown in Table 2. The average
daily gain (ADG) of piglets in the test groups both showed a
remarkable difference from the control group when measured at
1, 2, 3, 4, 5, and 6 weeks of postweaning, but there was no
significant difference between the test groups. The average daily
feed intake (ADFI) of piglets in the test group had a significantly
higher amount than the control group when measured at 1 and
2 weeks of postweaning. The feed efficiency (feed intake/body-
weight gain) of piglets in the test group showed no significant
difference between test groups and the control group in each
week. During the overall period, the growth performance
(bodyweight, feed intake, and feed efficiency) of piglets in the
test group was superior to that of the control group.

Effect of Oral Administration of pLip-Enriched Yeast Culture

on Dietary Fat Digestion in Postweaning Piglets. To assay the
biological activity of recombinant lipase fed to postweaning

Figure 1. Porcine pancreatic lipase amino acids predicted by cloned pancreatic lipase cDNA were aligned with six different species. The N-terminus of 16
amino acids was identified as a signal peptide, and the C-terminus of 111 amino acids comprised the colipase binding domain. This newly cloned sequence
of porcine pancreatic lipase cDNA has been deposited in GenBank (accession no.: 1308322). The R-helix and β-strand were assigned according to the
Sus scrofa pancreatic lipase protein structure 1ETH. The catalytic triad, Ser169, Asp193, andHis280, formed the substrate binding pocket withGly93, Phe94, Ile95,
Asp96, Trp102, His168, Phe232, Trp269, Arg273, Val276.
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piglets, blood triglyceride (TG) and blood urea nitrogen (BUN)
concentrationsweremeasured tomonitor the efficiency of dietary
fat digestion, the amount of nitrogen in the blood in the form of
urea, and renal function. Blood samples were collected from all
test and control piglets on days 1, 7, and 42 during the animal trial
period. The levels of blood TG concentration were significantly
increased in the experimental test group supplemented with
10,000 U/kg of recombinant lipase on the seventh day postwean-
ing comparedwith that of the control group, as shown inTable 3,
but the blood TG concentration levels of the group with 5,000 U/
kg of recombinant lipase added were not significantly different
comparedwith that of either the control group or the 10,000U/kg
group in the experimental period. This result is in accordancewith
the previous results suggesting that supplementation of 10,000
U/kg of recombinant lipase resulted in better fat digestibility in
postweaning piglets. The BUN concentration levels of the control
group, 5,000 U/kg, and 10,000 U/kg group are shown in Table 2.
The blood BUN concentration levels of the groups were not
significantly different in the experimental period. This result
revealed that the renal function upon supplementation of recom-
binant lipase remains normal.

DISCUSSION

In a normal physiological situation, dietary fat could be
absorbed by the intestinal mucous membrane prior to being

hydrolyzed by lipase into glycerol, diacylglyceride, andmonoacyl-
glyceride. Thus, postweaning piglets would preferably ingest the
energy equivalent of suckling sow’s milk on the previous day at
weaning, but they must wait for two weeks to adapt to their
feed (7). The related factors (feed intake reduction, weaning
stress, and feed composition) in declined pancreatic lipase activity
were sought byLindemann et al. (2). In a conventional diet, newly
weanedpiglets are usually fed fat sources such as rendered fish oil,
coconut oil, or olive oil to supplement their energy intake, but
during this time, their lipase activity is still insufficient during the
first two-week period after weaning (21). Therefore, the addition
of exogenous lipase in the dietmay be one feasibleway to alleviate
energy ingestion problems for postweaning piglets.

In this study, we cloned the porcine lipase cDNA, having a
1,395-bp open reading frame preceded by 4 bp of 50-untranslated
region and followed by 9 bp of 30-untranslated region. The open
reading frame encodes a 465-amino acid protein at a calculated
molecular mass of 51,150 Da. The first 16 amino acids at the
N-terminus encode signal pro-peptide and the following 449
amino acid residues the mature porcine pancreatic lipase, which
was previously purified by De Caro et al. (22). The alignments of
encoded amino acids from the cloned porcine pancreatic lipase
cDNAwithHomo sapiens andMus musculus lipase showed 87%
and 78% identities, respectively. The amino acids which com-
posed the pancreatic lipase catalytic triad and substrate binding
pocket were also highly conserved between cloned pancreatic

Figure 2. Structuremap and sequence of the P. pastoris pGAPZRA-pLip expression vector. (A)Generation of the recombinant pLip fragment. The sequence
of the 50 and 30 degenerate PCR primer set is underlined. The rLipase encoding region is flanked by theEcoR I andXba I restriction sites. The lower line shows
the predicted amino acid sequence with theR-factor leader sequence, the KEX2 protease cleavage site fused to the N-terminus, and the stop codon after the
C-terminalmyc epitope-6 X His tag. (B) Construction of the recombinant porcine lipase expression plasmid pGAPZRA-pLip. The pLip EcoR I-Xba I fragment
was amplified using degenerate primer PCR and cloned between the EcoR I and Xba I sites of the pGAPZ vector flanking the R-factor leader sequence.
The pGAPZ vector is an integrating vector utilizing the GAPDH promoter and Zeocin selectable marker.
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lipase in this study and the other five mammalian lipases
(Figure 1). A signal peptide of 16 amino acids is predicted at

the cloned cDNA encoded amino acid’s N-terminus, and the
mature protein has 449 amino acids, giving a calculatedmolecular
mass of ∼49,558 Da, which is the same as the molecular weight
of the recombinant lipase (Figure 4A). Although this sequence
is shorter than that of most signal peptides (23), the current
initiation consensus sequence, CCACGATGC compared to
CCACCATGG (24), suggests that this is an acceptable transla-
tion initiation site.

Huguet et al. (25) found the pancreatic lipase activity of a fifth-
day postweaning piglets is about 80% lower than that on the first
weaning day. Therefore, we added 5,000 and 10,000 U/kg of
recombinant lipase protein to the diets of postweaning piglet.
Animals fed with mixed recombinant lipase protein showed
significantly higher bodyweight and average daily gain than the
control group during the experimental period, but no remarkable
difference in feed efficiency was seen among the test groups
(Table 2). We found that the feed intake of piglets was also higher
in those fed with pLip protein than the control group from 1 to 14
days after weaning.

The blood TG concentrations were not significantly different
on the weaning day, but increased by the seventh day postwean-
ing in the experimental test group fed 10,000U/kgof recombinant
lipase (Table 3). Therefore, this suggested that the recombinant
lipase protein in the diet possessed a specific functionality to
improve fat absorption in postweaning piglets. The concentration
of BUN showed no significant difference between supplemented
and control groups. The primary results were consistent with
those of Gaskin et al. (19).

Dietary fat hydrolyzed in the intestinal lumen using the
addition of recombinant lipase to the diet to raise postweaning
piglets would be a better way than injection or implantation, both
for animal welfare and fodder digestion. These experimental data
showed that the administration of recombinant porcine lipase as
a feed additive in the diet provided an alternative approach of
enhancing growth performance (Table 2) and elevating fat
digestibility (Table 3) of postweaning piglets. Lipase production
and purification from animals or cultured cells are time-consum-
ing and laborious processes (26); expression and secretion of

Figure 3. Transcription levels of pLipase mRNA in different yeast trans-
formants. (A) Reverse transcription-polymerase chain reaction (RT-
PCR) analysis of the GAPDH promoter-driven pLip transcripts cultured
for 72 h of P. pastoris transformants using a pair of pLip-specific primers.
A yeast R-tubulin cDNA primer set was used as an internal control. NC: a
native GS115 host cell transformed with an empty pGAPZRA plasmid was
used as a negative control. (B) The relative pLip transcript contents were
plotted by densitometric computer analysis (Bio-Rad densitometer). The
pLip/R-tubulin ratio was adjusted to 100% in the lowest expression
transformed clone (no. 61). All results were expressed as mean(SD
(n = 3). The start symbol (*) stands for the significant difference (p < 0.05)
of the mRNA expression level.

Figure 4. Recombinant pLipase protein expression and purification from the cell lysate and supernatant of yeast transformants. (A) The expression of pLip
protein inP. pastoris cells cultured for 72 h was analyzed with 12%NuPAGE. (B) Amyc tag-specific antibody was used to detect a 49.6-kDa recombinant pLip
protein by Western blot. (C) Time-course expression assay of pLip protein production in P. pastoris transformant no. 26 during four days of culture.
(D) Recombinant pLip protein was purified from the cell pellets and supernatant of P. pastoris transformant no. 26 cultured for 72 h by a Hitrap polyhistidine-
affinity column (Clontech, CA) and applied to Western blot analysis. The samples of negative control (NC) in panels A, B, and D were proteins collected from
GS115 yeast supernatants as the negative controls.
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recombinant porcine lipase in P. pastoris cell culture are more
efficient. Feeding postweaning piglets with pLip-enriched yeast
culture is also a more convenient and safe way of adding lipase

and is conformable to animal welfare and fodder digestion. This
approach not only requires no complicated procedures for isola-
tion of inclusion bodies, renaturation, or further processing of
pLip but also causes no stress to piglets while being treated.
Therefore, we suggest that feeding lipase-enriched yeast cultures
is a more convenient method to elevate dietary fat digestibility
and absorption, and to promote the growth performance of
postweaning piglets. This allows the large-scale use of yeast
culture containing enriched recombinant lipase in the pig-farming
industry.

Supporting Information Available: Detailed information

for the yield of porcine lipase cDNA products amplified

reverse transcription (RT)-PCR (Figure 1) and the existence of

pGAPZRB-pLip secretion-expression cassette in the GAPDH

gene locus of yeast transformants detected by PCR amplification

(Figure 2). Thismaterial is available free of charge via the Internet

at http://pubs.acs.org.
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