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Abstract
Human lysozyme is a natural non-specific immune factor in human milk that plays an impor-

tant role in the defense of breastfed infants against pathogen infection. Although lysozyme

is abundant in human milk, there is only trace quantities in pig milk. Here, we successfully

generated transgenic cloned pigs with the expression vector pBAC-hLF-hLZ-Neo and their

first generation hybrids (F1). The highest concentration of recombinant human lysozyme

(rhLZ) with in vitro bioactivity was 2759.6 ± 265.0 mg/L in the milk of F0 sows. Compared

with wild-type milk, rhLZ milk inhibited growth of Escherichia coli K88 during the exponential

growth phase. Moreover, rhLZ in milk from transgenic sows was directly absorbed by the in-

testine of piglets with no observable anaphylactic reaction. Our strategy may provide a pow-

erful tool for large-scale production of this important human protein in pigs to improve

resistance to pathogen infection.

Introduction
Lysozyme is a natural, non-specific, immune factor, which widely exists in animals, plants, and
microorganisms. Lysozyme has broad-spectrum antimicrobial activities both in vivo and in vitro
against Gram-positive and-negative bacterial species, including Bacillus subtilis, Bacillus cereus,
Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Strep-
tococcus agalactiae, and Salmonella typhimurium, as well as the fungus Candida albicans [1–4].
Lysozyme directly kills bacteria (especially Gram-positive species) through hydrolysis of tetra-
saccharide β-(1!4)-glycosidic linkages in the cell wall [5]. Besides muramidase enzymatic activ-
ity, previous studies have indicated that lysozyme may also possess a muramidase-independent
mechanism to kill bacteria [1,6,7]. Since it received a status of “generally recognized as safe” by
the World Health Organization and US Food and Drug Administration, lysozyme is now used
widely as a food preservative [8]. Previous experimental and clinical studies demonstrated that
lysozyme can enhance the function and proliferation of polymorphonuclear neutrophils and
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phagocytes by non-specific immune regulation, as well as plays an important role in antitumor
activities [9–11]. Moreover, lysozyme can serve as a potential alternative to antibiotics,
since it has demonstrated similar functions in improving growth performance of poultry and
pigs [12–14].

During the first 12 weeks of the lactation period, lysozyme concentrations in human milk
range from 0.27 to 0.89 g/L [15], that is 1500–4000 times greater than that present in the milk
of cows, goats, and pigs [16,17]. Besides the high concentration in milk, human lysozyme
(hLZ) also possesses much greater enzymatic activity and stability than that in other species
[18]. Therefore, hLZ is more applicable in genetically modified animals. Studies of recombinant
human lysozyme from transgenic goats demonstrated that it can reduce concentrations of det-
rimental microbes and enrich those of beneficial microbes, without disturbing overall commu-
nity populations [19,20]. It also benefits gut morphology by increasing intestine villus height
and thinning lamina propria [21].

Diarrheal diseases are problematic in intensive pig farms, as millions of piglets die annually
because of bacterial and viral infections. By feeding pigs with rhLZ milk after infection with en-
terotoxigenic E. coli, diarrheal diseases can be overcome more rapidly. In fact, pigs fed rhLZ
showed less intestinal inflammation, less damage to the intestinal villus, and faster recovery to
normal proportions of blood leukocytes [21,22]. Together, these results demonstrated that
rhLZ is a promising candidate for treatment of diarrhea among suckling pigs. Therefore, we at-
tempted to produce genetically modified pigs expressing rhLZ in the milk to lay a foundation
for breeding of diarrhea-resistant pigs.

Although large quantities of rhLZ can be produced by transgenic mice, goats, and cows that
exceed 1.0 g/L [23–25], rhLZ expression in the transgenic pigs mammary glands remains less
than satisfactory [17,26]. Previously, we produced rhLZ transgenic-cloned pigs with the vector
pBC1-hLZ-GFP-Neo that resulted in an average rhLZ concentration in transgenic milk of
116.34 μg/mL. Piglets nursed by those transgenic pigs showed greater growth inhibition of
E. coli in the duodenum and positive influence in intestinal morphology compared with piglets
from control group [26]. However, we observed no other obvious improvements in piglets fed
with transgenic milk because the low rhLZ concentration in milk might have been insufficient
to greatly effect piglet health. Our previous study showed the vector pBAC-hLF-hLZ-Neo effi-
ciently expressed rhLZ in the mammary gland of mice [24]. Thus, in the present study, we used
this vector to produce transgenic pigs expressing high levels of recombinant human lysozyme
in milk.

Materials and Methods

Ethics statement
Our study protocols were approved by the Institutional Animal Care and Use Committee of
the China Agricultural University with approved number SKLAB-2012-04-05. All the proce-
dures were performed in strict accordance with the Guide for the Care and Use of Laboratory
Animals. We performed all surgeries under sodium pentobarbital anesthesia and tried our best
to minimize animals suffering.

Production of transgenic-cloned pigs
The expression vector pBAC-hLF-hLZ-Neo (Fig 1A), which was shown to express high levels of
rhLZ in the mammary gland of transgenic mice [24], was used to produce transgenic-cloned pigs.
Landrace fetal pig fibroblast lines were established and cultured as described previously [27]. The
bacterial artificial chromosome (BAC) DNA was purified using the NucleoBond BAC 100 Kit
(Macherey-Nagel GmbH & Co. KG, Duren, Germany) and the linearized pBAC-hLF-hLZ-Neo,
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containing NotI restriction sites, was introduced into porcine fetal fibroblasts using the Amaxa
Nucleofector Transfection System (Amaxa Biosystems, Cologne, Germany). The nucleofector so-
lution was from the Basic Nucleofector Kit for PrimaryMammalian Fibroblasts (Lonza, Basel,
Switzerland). Briefly, 5×106 cells in 100 μL of Amaxa nucleofector solution were mixed with 3 μg
of BAC DNA and immediately transferred to the Amaxa cuvette with a 2.5-mm gap using the
preprogrammed settings T016. After 24 h of transfection, aminoglycoside antibiotic G418 was
added into the culture at a final concentration of 600 μg/mL and the cells were cultured under se-
lection for two weeks. The surviving cells were then passaged twice under the selection of G418 at
a final concentration of 300 μg/mL. At the end of culture, the cells were frozen and stored in liq-
uid nitrogen. Nuclear transfer was performed as described previously [26,28,29].

Identification of transgenic-cloned pigs by PCR and Southern blot
analysis
Tissues from ears of transgenic-cloned pigs and wild-type (WT) pigs were used to extracted ge-
nomic DNA, which then subjected to PCR and southern blot analysis using the primers listed
in S1 Table. Water and genomic DNA fromWT pigs were used as PCR controls. Primers

Fig 1. Production and identification of transgenic pigs. (A) Structure of expression vector pBAC-hLF-hLZ-Neo. It contains a 4.8-kb hLZ genomic DNA, 5’
and 3’ flanking region of the hLF gene and a selection cassette Neo. The lower bars represent the position of the PCR products from the primer pairs P5–
P10, which were used for verification of the intactness of the BAC vector.(B) Identification of transgenic pigs by PCR analysis. PC, positive control vector; NC,
genomic DNA from threeWT pigs; B, water; lane 5–20: genomic DNA from transgenic cloned pigs; M, 100-bp DNA ladder or 1-kb DNA ladder.(C)
Identification of transgenic pigs by southern blot analysis. P1, plasmid vectors with one copy of the hLZ gene; P3, plasmid vectors with three copies of the
hLZ gene; NC, genomic DNA from aWT pig.

doi:10.1371/journal.pone.0123551.g001
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P-HLZ-637 and P3 were used to identify the positive transgenic-cloned pigs, and their product
sizes were 637 bp and 1.5 kb, respectively. For southern blot analysis, 10 μg of genomic DNA
from transgenic-cloned pigs and WT pigs was digested with EcoRI. After resolved by 0.8% aga-
rose gel electrophoresis and transferred to nylon membrane (Roche Applied Science, Mann-
heim, Germany), the samples were hybridized with a digoxigenin (DIG)-labeled probe
amplified with the primer P-HLZ-637 to produce a 3.3-kb positive hybridization signal.

RT-PCR analysis of rhLZ mRNA
We extracted total RNA from different tissues using TRIzol reagent (Tiangen Biotech (Beijing)
Co., Ltd., Beijing, China). First-strand cDNA of hLZ and GAPDH (internal control) was syn-
thesized using oligo-dT primers. RT-PCR primers were designed based on the hLZ coding se-
quences (S1 Table).

Copy number detection by qPCR
The copy number of transgene was detected by qPCR, as described previously [30], using
Roche LightCycler 480 System (F. Hoffmann-La Roche AG, Basel, Switzerland). First, all the
genomic DNA from transgenic pigs and WT pigs were diluted to 10 ng/μL. To establish a stan-
dard curve, the plasmid DNA with different transgene copies (1, 2, 4, 8, 16 and 32 copies) were
mixed with WT pigs genomic DNA. All the reactions were performed in 20-μL reaction
valume contained template DNA (1 μL), primers (3 μL), Power SYBR Green Mix (10 μL) and
ddH2O (8.4 μL). We used myostain gene (MSTN; gene ID, 399534) as an internal control to
calculate transgene copy number. The qPCR primers were designed based on the hLZ and
MSTN coding sequences (S1 Table).

Milk sample collection
Milk samples were collected from transgenic-cloned sows at different time points (3 h, 6 h, 9 h,
12 h, 24 h, 48h, 7 d, 14 d, 21d, and 28 d) after the completion of farrowing. After aliquoted, all
samples were stored at -20°C.

Blood sample collection and histamine analysis by ELISA
Two groups of WT piglets were nursed by transgenic-cloned sows andWT sows for 21 days
and their blood samples were collected once a week. The serum samples were obtained by
centrifuging the blood samples at 3000 × g for 10 min and stored at -80°C. Histamine concen-
trations in blood samples were measured using an ELISA kit (Beijing Dong Songs biological
technology Co., Ltd., Beijing, China) with a sensitivity detection threshold of 0.3–16 μg/L.
After stopping the reaction, absorbance at a wavelength of 450 nm was measured by a Spectra-
Max 340 PC Plate Reader (Molecular Devices Corp., Sunnyvale, CA, USA).

Western blot analysis
All milk samples were centrifuged at 10,000 × g for 15 min at 4°C for defatting. After diluted
three times with ddH2O, 3 μL samples were resolved on a 15% SDS–PAGE gel and transferred
to a nitrocellulose membrane. The primary antibody was polyclonal rabbit anti-hLZ (dilution,
1:2,000; US Biological Inc., Swampscott, MA, USA) and the secondary antibody was horse-
radish peroxidase-conjugated goat anti-rabbit IgG (dilution, 1:20,000; Sino-American Co.,
Beijing, China).
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rhLZ quantification using a radioimmunoassay (RIA)
For the RIA, hLZ (Sigma-Aldrich Corporation, St. Louis, MO, USA) was radiolabeled by the
chloramine-T method as described previously [31]. The 125I-labeled samples were purified by
chromatography using Sephadex G-25 column. All milk samples were diluted 100-fold. The
five hLZ standards ranged from 0.1 to 1,000 μg/mL. Diluted samples or standard protein solu-
tions were incubated for 16–24 h in 100 μL 16,000 cpm of 125I-labeled hLZ and a polyclonal
rabbit anti-hLZ antibody (dilution, 1:100). Then donkey anti-rabbit immune precipitating re-
agent were added for an additional 15 min incubation. Bound and free ligands were separated
by centrifugation at 3500 rpm/min for 15 min. Radioactivity was measured using an automatic
gamma counter (Xi'an Nuclear Instrument Factory, Xi'an, China).

Lysozyme activity assays
We used both a turbidimetric assay and gel diffusion assay to measure the enzymatic activity of
rhLZ in milk. As we have been described previously [26,32],M. lysodeikticus (China General
Microbiological Culture Collection Center, Beijing) is an sensative substrate of lysozyme, since
the cell wall of this bacteria is composed of peptidoglycan polymer. For the turbidimetric assay,
we preparedM. lysodeikticus cell suspension with potassium phosphate buffer, which the ab-
sorbance of 450 nm (A450) is around 0.7. Diluted milk samples (100 μL) from trasgenic pigs
were added into 2.5 mL ofM. lysodeikticus cell suspension and monitor the reduction of A450.
One unit will produce a ΔA450 of 0.001 nm/min and all samples were measured three times.
For the gel diffusion assay, we prepared the agar plate containingM. lysodeikticus first, and put
the 6-mm filter paper discs on those plate. Diluted milk samples (dilution, 1:3, 6 μL) were
added to 6-mm quantitative filters. The positive control is commercial natural hLZ standard
(1 μg) and the negative contol is milk fromWT pig.

Bacterial strains and culture
E. coli K88 is a Gram-negative bacteria that is the main cause of diarrhea in pigs, and previous
study described the use of E. coli K88 to induce diarrhea in pigs [33]. Therefore, we choose this
pathogen to detect the influence of rhLZ in milk on the growth of piglets. Escherichia coli K88
(O149:K91, K88ac) was purchased from the China Veterinary Culture Collection Center. The
bacteria were grown in Luria-Bertani medium at 37°C for 12 h and then diluted to approxi-
mately 2000 CFU/mL. The experimental groups were fed with defatted milk from transgenic
pigs with final rhLZ concentrations of either 100 or 50 μg/mL, while the control group was fed
the same volume of defatted WTmilk. For each group, 1 mL of diluted bacteria was added to
the culture tubes for a final volume of 8 mL. We set up two replicates for each group. All groups
were cultured at 37°C for 3 h and then the concentration at an optical density at 600 nm
(OD600) was measured using a spectrophotometer (Molecular Devices Corp., Sunnyvale, CA,
USA). Afterward, the OD600 value was measured every hour for 5–7 h. All experimental data
was analyzed by a Student’s t-test using SPSS software (ver. 19.0; SPSS Inc., Chicago, IL, USA).
The results of comparisons with P<0.05 and P<0.01 were considered statistically significant
and very statistically significant, respectively.

Results

Production and identification of transgenic-cloned pigs
The expression vector pBAC-hLF-hLZ-Neo was constructed previously by replacing the
human lactoferrin (hLF) gene with a 4.8-kb hLZ genomic DNA fragment in hLF BAC, and it
also contained a Neo cassette for selection (Fig 1A). This vector was used to generate transgenic
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mice with large quantities of rhLZ expressed in milk [24]. After cell selection, we retrieved five
positive cell colonies for use in somatic cell nuclear transfer. We transferred 3338 embryos into
eight recipient gilts (Table 1), resulting in the birth of 45 female cloned pigs, although four died
soon after birth. The integration of the hLZ gene was confirmed by PCR analysis. The primers
P-HLZ-637 and P3 were used to amplify positive amplicons with expected sizes of 637 bp and
1.5 kb, respectively. The results showed that 31 pigs were transgene positive (Fig 1B). The inte-
gration of hLZ in transgenic pigs was also confirmed by southern blot analysis (Fig 1C). The in-
tegrity of transgenic constructs in all transgenic-cloned pigs were detected by long-fragment
PCR. Five pairs of primers, P5–P10 (S1 Table), that produced amplicons with partial overlaps
were used to amplify the 15-kb 5’ flanking region and 10-kb 3’ flanking region of the hLF gene
(Fig 1A). We detected these regional regulatory fragments in all piglets. Copy numbers of the
hLZ gene in all transgenic pigs were also detected by qPCR. Pigs from the same cell colonies
showed similar transgene copy numbers. Among them, pigs from the cell colonies Slw12-lf-
LYZ3-2 and Slw12-lf-LYZ25 had up to seven copy numbers (Table 2).

rhLZ expression
RT-PCR was conducted to assess rhLZ expression in transgenic-cloned pigs. Briefly, we isolat-
ed total RNA from different tissues, including lactating mammary gland, liver, heart, spleen,
kidney, stomach, lung, intestine, and muscle of transgenic sows. As a negative control, the total
RNA from the mammary gland tissue of a WT sow was also isolated. To make sure extraction

Table 1. Transplantation results of transgenic cloned embryos.

Donor cell colonies Recipient gilts Number of transferred embryos Viable offspring Transgenic offspring

Slw12-lf-LYZ3 1431 380 7 8

Slw12-lf-LYZ3 1281 400 10 1

Slw12-lf-LYZ25 235 420 3 3

Slw12-lf-LYZ25 468 400 8 8

Slw12-lf-LYZ25 880 380 7 6

Slw12-lf-LYZ11 344 390 3 2

Slw12-lf-LYZ11 702 590 1 1

Slw12-lf-LYZ12 463 378 2 2

doi:10.1371/journal.pone.0123551.t001

Table 2. Expression level of rhLZ in the milk of transgenic pigs.

NO. Cell clone Copy number Average expression level (mg/L)* Expression level for each copy (mg/L)

133 Slw12-lf-LYZ3-1 1 508.4 ± 153.9 508.4

137 Slw12-lf-LYZ3-1 1 600.5 ± 125.4 600.5

132 Slw12-lf-LYZ3-2 6 1625.5 ± 283.3 270.9

138 Slw12-lf-LYZ3-2 7 1852.2 ± 618.8 264.6

303 Slw12-lf-LYZ11 1 552.5 ± 210.7 552.5

315 Slw12-lf-LYZ12 3 1284.2 ± 450.3 428.1

299 Slw12-lf-LYZ25 7 1450.5 ± 344.8 207.2

301 Slw12-lf-LYZ25 7 1491.3 ± 337.7 213.0

312 Slw12-lf-LYZ25 7 1557.0 ± 402.2 222.4

313 Slw12-lf-LYZ25 7 1108.7 ± 378.2 158.4

* Data are presented as averages ± standard deviations.

doi:10.1371/journal.pone.0123551.t002
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of RNA and PCR had been done properly, the housekeeping gene GAPDH was used as an in-
ternal control. As expected, we detected the rhLZ expression only existed in the mammary
gland tissues from the transgenic sows (Fig 2A). To detect rhLZ expression in milk, 10 trans-
genic pigs were mated with a WT Landrace boar as the founder animals. We collected milk
samples from the 10 transgenic sows at 24 h after farrowing. The result of western blot showed
that all the samples from transgenic sows contained rhLZ, and the molecular weight is the
same as the natural hLZ standard (14.7 kDa) (Fig 2B).

rhLZ concentration and activity
We assessed rhLZ content in all milk samples using a RIA. As shown in S2 Table, rhLZ expres-
sion varied in different transgenic pigs and at different stages of lactation. The concentrations
of rhLZ on all assessed time points of lactation ranged from 342.0 to 2759.6 mg/L and the high-
est concentration was present at 48 h postpartum from transgenic pig no. 138 (S2 Table). We
compared the rhLZ expression levels in different transgenic pigs with different copy numbers.
The results showed that higher copy number resulted in higher concentration of rhLZ. But this
relationship was not linear. The one copy transgene transgenic pigs (133, 137 and 303) showed

Fig 2. rhLZ expression in transgenic-cloned pigs. (A) RT-PCR analysis of RNA extracted from the mammary gland and other tissues of transgenic-cloned
pigs. The sizes of RT-PCR products from rhLZ and GAPDH were 322-bp and 421-bp, respectively. M, 1-kb DNA ladder; WT, mammary gland tissue from
wild-type pig; H, Li, Sp, Lu, K, St, I, Mu, and MG represent heart, liver, spleen, lung, kidney, stomach, intestine, muscle and mammary gland from transgenic
pig, respectively.(B) Western blot analysis of rhLZ expression in transgenic pigs. Milk samples from transgenic-cloned sows on lactation day 1 were collected
and detected by western blot analysis. PC1, 100 ng commercial natural hLZ standard; PC2, 50 ng commercial natural hLZ standard; NC, milk fromWT pigs;
lanes 4–13, diluted milk from transgenic-cloned pigs (dilution, 1:3, 3 μL).(C) Image of F0 and F1 transgenic pigs. Left, 4-month-old F0 transgenic pigs; Right,
F1 neonatal transgenic piglets.

doi:10.1371/journal.pone.0123551.g002
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higher rhLZ concentration per transgene copy that is above 500 mg/L. However, transgenic
pigs with 7 transgene copies showed a lower rhLZ concentration per transgene copy that is
around 200 mg/L (Table 2). Next, we attempted to identify trends in rhLZ expression in milk
during lactation with four transgenic pigs from the same clone (Slw12-lf-LYZ25) (Fig 3A). The
average expression level of rhLZ gradually increased from lactation day 3 to day 21 compared
to that of colostrum. On lactation day 28, the average rhLZ concentration slightly decreased.

Fig 3. rhLZ concentration and enzymatic activity in transgenic milk. A)hLZ expression levels of transgenic sows during the lactation period. Values are
means ± standard deviations. B)Expression level and antibacterial activity of rhLZ on day 7 in transgenic milk. Values are means ± standard deviations. C)
The gel diffusion assay. Dilution milk samples (dilution, 1:3, 6 μL) were added to 6-mm small white quantitative filters. PC, commercial natural hLZ standard
(1 μg); NC, milk fromWT pig.

doi:10.1371/journal.pone.0123551.g003
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Turbidimetric assay was used to quantify rhLZ enzymatic activity. Here we examined the
milk samples from transgenic sows on lactation day 7. As shown in S2 Table, rhLZ activity ran-
ged from 246.0 ± 44.2 to 1311.0 ± 508.6 U/μL. The general trend of rhLZ expression level and
enzymatic activity at the indicated time points was similar (Fig 3B). Gel diffusion assay was
also used as a more intuitive detection method to observe the enzymatic activity of transgenic
milk. The negative controls were water and milk fromWT sow and the positive control was
1.0 μg commercial natural hLZ standard (Fig 3C). From the transparent zones around filters,
we can see that rhLZ activity from sample nos. 133 and 303 was quite lower than the activity of
positive control, while that from sample nos. 132, 299, and 315 was much higher than demon-
strated by the positive control. These results were consistent with those of western blotting and
RIA analysis.

rhLZ milk can inhibit growth of E. coli K88 in vitro
To detect the influence of rhLZ in milk on the growth of E. coli K88, the E. coli K88 was incu-
bated with rhLZ milk and observed by measuring OD600 value. With a concentration of rhLZ
in milk of 50 mg/L, there was no obvious growth inhibition of E. coli K88 at different time
points (S3 Table). When the concentration of rhLZ in milk was increased to 100 mg/L, the
growth of E. coli K88 showed significant differences at 5 and 6 h compared with the control
group (p = 0.0004 and 0.0146, respectively; S3 Table). The OD values of samples from the rhLZ
milk-treated group were much lower than those of the control group. Those results indicated
that the presence of rhLZ can inhibit the growth of E. coli K88 during the exponential growth
period (Fig 4 and S3 Table).

Absorption of rhLZ in piglets
To study the absorption of rhLZ in piglets, blood samples from suckling piglets nursed by
transgenic-cloned sows and WT sows were collected on postpartum days 1, 7, 14, and 21.
Western blot analysis was conducted to identify the presence of rhLZ during the lactation

Fig 4. The influence of rhLZmilk on growth of E. coliK88. The influence of rhLZ transgenic milk on the
growth of E. coli K88. Values are showed as means ± standard deviations. The growth of individual bacterial
strains in the presence of milk from transgenic pigs was significantly different from controls (*p < 0.05,
**p < 0.01).

doi:10.1371/journal.pone.0123551.g004
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period. Commercial hLZ (1 μg) as a positive control and 5 μL of blood samples were loaded
into 15% gel for SDS-PAGE. The results demonstrated positive bands of samples from piglets
nursed by transgenic sows, while there were no bands of samples collected from piglets nursed
by non-transgenic sows. Moreover, rhLZ was absorbed by nursing piglets during the entire lac-
tation period. From the band signals and time of exposure, the concentration of rhLZ in piglets
decreased from day 1 to 21 (Fig 5).

We next determined whether a high concentration rhLZ as a foreign protein in piglet blood
could cause an immunoreaction, such as a hypersensitivity response. As shown in Fig 6, there
was no significant difference in the histamine concentrations in the blood of piglets nursed by
transgenic-cloned and WT sows (p> 0.05).

Fig 5. Detection of rhLZ in plasma of piglets. Blood samples were detected by western blot analysis. PC,
commercial natural hLZ (1 μg); NC, blood from piglets nursed byWT sows; lanes 3–6, diluted blood samples
(5 μL) from piglets nursed by transgenic sows.

doi:10.1371/journal.pone.0123551.g005

Fig 6. Detection of histamine in plasma of piglets.Data are means ± standard deviations. There was no
significant difference in the histamine concentrations in the blood of piglets nursed by transgenic-cloned and
WT sows (p > 0.05).

doi:10.1371/journal.pone.0123551.g006
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Discussion
hLZ is a major component in human milk and plays an important role in the innate immune
response of breastfed infants against infection of pathogenic bacteria and viruses. Here, we
produced a herd of rhLZ transgenic cloned pigs with high rhLZ expression levels in milk. To
the best of our knowledge, this is also the highest expression level of rhLZ reported in geneti-
cally modified pigs. Since rhLZ can improve the gut health of pigs and resist diarrhea, our
model is ideal to explore whether pigs can achieve resistance to diarrheal diseases through
genetic modification.

Recently, the use of yeast artificial chromosomes (YACs) and BACs to express foreign proteins
has become more prevalent, in which transgenes can achieve expression at physiological levels.
High expression levels of heterologous proteins, such as human and goat alpha-lactalbumin [34],
porcine whey acidic protein [35], porcine follicle-stimulating hormone [36], human lactoferricin
[37], and hLZ [24], have been achieved with the use of both YACs or BACs. Previous studies
demonstrated that transgene expression driven by BAC demonstrated copy number-dependent
and position-independent [35]. From our experiment results, the higher copy number resulted
higher concentration of rhLZ in milk, but rhLZ yield per transgene copy changed significantly in
different trasgenic pigs. The estimated rhLZ yield per transgene copy varied from 158.4 to 600.5
mg/L among the 10 transgenic pigs. These findings indicated that the positional effect in our
study may play a more important role in the expression of rhLZ in transgenic pigs.

During the lactation period, the presence of rhLZ was continuous in the milk of transgenic
sows. As reported in previous studies of human milk, hLF expression was highest in colostrum
(5–7 g/L) and decreased over time with the period of lactation (3.7 g/L in transitional milk and
1–2 g/L in mature milk) [38–40]. However, although all the regulatory region of vector pBAC-
hLF-hLZ-Neo was from the hLF gene, the expression pattern of rhLZ was different from that
of hLF. On the contrary, it was more similar to the expression pattern of hLZ, which showed a
trend of gradual increase during the lactation period [15].

Previous studies have indicated that goat milk with rhLZ can slow the growth of E. coli [3]
and E. coli is the main bacterial source of infection inducing diarrhea in piglets. In our study,
we found similar patterns of growth inhibition of E. coli K88, which occurred during the early
stage of logarithmic growth. Besides, in vivo experiments confirmed that lysozyme can help
pigs to recover from diarrhea after infection with E. coli [21]. These results paved a good foun-
dation to support our strategy of breeding diarrhea-resistant pigs by genetically adding rhLZ
in milk.

It is essential that piglets absorb intact rhLZ for proper function of the enzyme. Several
studies indicated that the intestine can absorb intact lysozyme by endocytosis and paracellular
pathways using immunological or biological methods, and the intestinal absorption of lyso-
zyme is segment-selective, absorbing preferentially from the upper intestine [41–43]. In our
study, intact rhLZ was detected by western blotting of plasma from piglets, which was consis-
tent with the findings of previous reports [41,43]. The decrease in plasma rhLZ content may
be due to maturation of the intestine with tightening the adjacent epithelial cells. Lysozyme is
a major egg-white allergen that can induce food-dependent and exercise-induced anaphylaxis
[44]. In the present study, although a large amount of rhLZ, as a heterologous protein,
existed in the plasma of piglets, no anaphylaxis was detected by measurement of plasma
histamine content.

In summary, we efficiently produced transgenic-cloned pigs with the expression vector
pBAC-hLF-hLZ-Neo. The highest concentration of rhLZ presented in the transgenic sows was
2759.6 ± 265.0 mg/L, which demonstrated bioactivity in vitro. rhLZ was directly absorbed by
the intestine of piglets through milk from transgenic sows and there were no anaphylactic
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reaction. Our strategy may provide a powerful tool for large-scale production of this important
human protein in pigs to improve their resistance against diarrheal diseases.

Supporting Information
S1 Table. Primers for transgenic pigs verification. �All the primers were uesed to detected
rhLZ mice and pigs in our previous studies[24,26].
(DOCX)

S2 Table. Expression level of rhLZ in the milk of transgenic pigs (mg/L) and rhLZ enzymat-
ic activities (U/μL) of milk collected on day 7. Values are averages ± standard deviations.
Some samples at particular time were not collected, and here we use “-” to indicate.
(DOCX)

S3 Table. The influence of rhLZ transgenic milk on the growth of Escherichia coli K88. Val-
ues are averages ± standard deviations.
(DOCX)

Acknowledgments
We wish to thank Yunlong Zou, Zaihu Zhang and Jiuming Zhang for their proficient technical
assistance and all the colleagues in our lab who gave us valuable suggestions and comments
about our study and manuscript.

Author Contributions
Conceived and designed the experiments: DL SL QL NL. Performed the experiments: DL SS
FW XW ZL YL. Analyzed the data: DL SL FW. Contributed reagents/materials/analysis tools:
QL NL. Wrote the paper: DL SL. Experimental instruction and discussion: XH YZ.

References
1. Ibrahim HR, Thomas U, Pellegrini A (2001) A helix-loop-helix peptide at the upper lip of the active site

cleft of lysozyme confers potent antimicrobial activity with membrane permeabilization action. J Biol
Chem 276: 43767–43774. PMID: 11560930

2. Maga EA, Anderson GB, Cullor JS, Smith W, Murray JD (1998) Antimicrobial properties of human lyso-
zyme transgenic mouse milk. J Food Prot 61: 52–56. PMID: 9708253

3. Maga EA, Cullor JS, Smith W, Anderson GB, Murray JD (2006) Human lysozyme expressed in the
mammary gland of transgenic dairy goats can inhibit the growth of bacteria that cause mastitis and the
cold-spoilage of milk. Foodborne Pathog Dis 3: 384–392. PMID: 17199520

4. Liu X, Wang Y, Tian Y, Yu Y, Gao M, Hu G, et al. (2014) Generation of mastitis resistance in cows by
targeting human lysozyme gene to beta-casein locus using zinc-finger nucleases. Proc Biol Sci 281:
20133368. doi: 10.1098/rspb.2013.3368 PMID: 24552841

5. Ellison RT 3rd, Giehl TJ (1991) Killing of gram-negative bacteria by lactoferrin and lysozyme. J Clin In-
vest 88: 1080–1091. PMID: 1918365

6. Ibrahim HR, Matsuzaki T, Aoki T (2001) Genetic evidence that antibacterial activity of lysozyme is inde-
pendent of its catalytic function. FEBS Lett 506: 27–32. PMID: 11591365

7. Nash JA, Ballard TN, Weaver TE, Akinbi HT (2006) The peptidoglycan-degrading property of lysozyme
is not required for bactericidal activity in vivo. J Immunol 177: 519–526. PMID: 16785549

8. Masschalck B, Michiels CW (2003) Antimicrobial properties of lysozyme in relation to foodborne vege-
tative bacteria. Crit Rev Microbiol 29: 191–214. PMID: 14582617

9. Cappuccino JG, Reilly HC, Winston S (1962) Elevation of lysozyme in extracts of kidneys and spleens
from tumor-bearing animals. Cancer Res 22: 850–856. PMID: 13876372

10. LeMarbre P, Rinehart JJ, Kay NE, Vesella R, Jacob HS (1981) Lysozyme enhances monocyte-
mediated tumoricidal activity: a potential amplifying mechanism of tumor killing. Blood 58: 994–999.
PMID: 7296007

Production of Pigs Expressing Recombinant Human Lysozyme in Milk

PLOS ONE | DOI:10.1371/journal.pone.0123551 May 8, 2015 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123551.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123551.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123551.s003
http://www.ncbi.nlm.nih.gov/pubmed/11560930
http://www.ncbi.nlm.nih.gov/pubmed/9708253
http://www.ncbi.nlm.nih.gov/pubmed/17199520
http://dx.doi.org/10.1098/rspb.2013.3368
http://www.ncbi.nlm.nih.gov/pubmed/24552841
http://www.ncbi.nlm.nih.gov/pubmed/1918365
http://www.ncbi.nlm.nih.gov/pubmed/11591365
http://www.ncbi.nlm.nih.gov/pubmed/16785549
http://www.ncbi.nlm.nih.gov/pubmed/14582617
http://www.ncbi.nlm.nih.gov/pubmed/13876372
http://www.ncbi.nlm.nih.gov/pubmed/7296007


11. Sava G, Benetti A, Ceschia V, Pacor S (1989) Lysozyme and cancer: role of exogenous lysozyme as
anticancer agent (review). Anticancer Res 9: 583–591. PMID: 2669620

12. Humphrey BD, Huang N, Klasing KC (2002) Rice expressing lactoferrin and lysozyme has antibiotic-
like properties when fed to chicks. J Nutr 132: 1214–1218. PMID: 12042436

13. Oliver WT, Wells JE (2013) Lysozyme as an alternative to antibiotics improves growth performance
and small intestinal morphology in nursery pigs. J Anim Sci.

14. May KD, Wells JE, Maxwell CV, Oliver WT (2012) Granulated lysozyme as an alternative to antibiotics
improves growth performance and small intestinal morphology of 10-day-old pigs. J Anim Sci 90:
1118–1125. doi: 10.2527/jas.2011-4297 PMID: 22064735

15. Montagne P, Cuilliere ML, Mole C, Bene MC, Faure G (2001) Changes in lactoferrin and lysozyme lev-
els in human milk during the first twelve weeks of lactation. Adv Exp Med Biol 501: 241–247. PMID:
11787687

16. Chandan RC, Parry RM, Shahani KM (1968) Lysozyme, Lipase, and Ribonuclease in Milk of Various
Species. Journal of Dairy Science 51: 606–607.

17. Tong J, Wei H, Liu X, HuW, Bi M, Wang Y, et al. (2011) Production of recombinant human lysozyme in
the milk of transgenic pigs. Transgenic Res 20: 417–419. doi: 10.1007/s11248-010-9409-2 PMID:
20549346

18. Yang B, Wang J, Tang B, Liu Y, Guo C, Yang P, et al. (2011) Characterization of bioactive recombinant
human lysozyme expressed in milk of cloned transgenic cattle. PLoS One 6: e17593. doi: 10.1371/
journal.pone.0017593 PMID: 21436886

19. Maga EA, Desai PT, Weimer BC, Dao N, Kultz D, Murray JD (2012) Consumption of lysozyme-rich milk
can alter microbial fecal populations. Appl Environ Microbiol 78: 6153–6160. doi: 10.1128/AEM.00956-
12 PMID: 22752159

20. Maga EA, Walker RL, Anderson GB, Murray JD (2006) Consumption of milk from transgenic goats ex-
pressing human lysozyme in the mammary gland results in the modulation of intestinal microflora.
Transgenic Res 15: 515–519. PMID: 16906451

21. Cooper CA, Garas Klobas LC, Maga EA, Murray JD (2013) Consuming transgenic goats' milk contain-
ing the antimicrobial protein lysozyme helps resolve diarrhea in young pigs. PLoS One 8: e58409. doi:
10.1371/journal.pone.0058409 PMID: 23516474

22. Cooper CA, Brundige DR, RehWA, Maga EA, Murray JD (2011) Lysozyme transgenic goats' milk posi-
tively impacts intestinal cytokine expression and morphology. Transgenic Res 20: 1235–1243. doi: 10.
1007/s11248-011-9489-7 PMID: 21311970

23. Wu X, Lin Y, Xi Y, Shao Z, Zhou Y, Liu F, et al. (2014) The development of transgenic mice for the ex-
pression of large amounts of human lysozyme in milk. Biotechnol Lett 36: 1197–1202. doi: 10.1007/
s10529-014-1476-7 PMID: 24563307

24. Liu S, Li X, Lu D, Shang S, WangM, Zheng M, et al. (2012) High-level expression of bioactive recombi-
nant human lysozyme in the milk of transgenic mice using a modified human lactoferrin BAC. Trans-
genic Res 21: 407–414. doi: 10.1007/s11248-011-9536-4 PMID: 21805108

25. Maga EA, Shoemaker CF, Rowe JD, Bondurant RH, Anderson GB, Murray JD (2006) Production and
processing of milk from transgenic goats expressing human lysozyme in the mammary gland. J Dairy
Sci 89: 518–524. PMID: 16428620

26. Lu D, Li Q, Wu Z, Shang S, Liu S, Wen X, et al. (2014) High-level recombinant human lysozyme ex-
pressed in milk of transgenic pigs can inhibit the growth of Escherichia coli in the duodenum and influ-
ence intestinal morphology of sucking pigs. PLoS One 9: e89130. doi: 10.1371/journal.pone.0089130
PMID: 24586544

27. Zhang Y, Pan D, Sun X, Sun G, Wang X, Liu X, et al. (2006) Production of porcine cloned transgenic
embryos expressing green fluorescent protein by somatic cell nuclear transfer. Science in China Series
C, Life sciences / Chinese Academy of Sciences 49: 164–171. PMID: 16704120

28. Li Q, Wei H, Guo Y, Li Y, Zhao R, Ma Y, et al. (2009) Production of human lysozyme-transgenic cloned
porcine embryos by somatic nuclear transfer. Progress in Natural Science 19: 699–704.

29. Wei H, Li Q, Li J, Li Y, Dai Y, Ma Y, et al. (2008) Effect of leptin on oocyte maturation and subsequent
pregnancy rate of cloned embryos reconstructed by somatic cell nuclear transfer in pigs. Progress in
Natural Science 18: 1583–1587.

30. Ding J, Jia J, Yang L, Wen H, Zhang C, Liu W, et al. (2004) Validation of a rice specific gene, sucrose
phosphate synthase, used as the endogenous reference gene for qualitative and real-time quantitative
PCR detection of transgenes. J Agric Food Chem 52: 3372–3377. PMID: 15161200

31. Liu Z, Zhao C, Fan B, Dai Y, Zhao Z, Wang L, et al. (2004) Variable expression of human lactoferrin
gene in mice milk driven by its 90 KB upstream flanking sequences. Anim Biotechnol 15: 21–31. PMID:
15248598

Production of Pigs Expressing Recombinant Human Lysozyme in Milk

PLOS ONE | DOI:10.1371/journal.pone.0123551 May 8, 2015 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/2669620
http://www.ncbi.nlm.nih.gov/pubmed/12042436
http://dx.doi.org/10.2527/jas.2011-4297
http://www.ncbi.nlm.nih.gov/pubmed/22064735
http://www.ncbi.nlm.nih.gov/pubmed/11787687
http://dx.doi.org/10.1007/s11248-010-9409-2
http://www.ncbi.nlm.nih.gov/pubmed/20549346
http://dx.doi.org/10.1371/journal.pone.0017593
http://dx.doi.org/10.1371/journal.pone.0017593
http://www.ncbi.nlm.nih.gov/pubmed/21436886
http://dx.doi.org/10.1128/AEM.00956-12
http://dx.doi.org/10.1128/AEM.00956-12
http://www.ncbi.nlm.nih.gov/pubmed/22752159
http://www.ncbi.nlm.nih.gov/pubmed/16906451
http://dx.doi.org/10.1371/journal.pone.0058409
http://www.ncbi.nlm.nih.gov/pubmed/23516474
http://dx.doi.org/10.1007/s11248-011-9489-7
http://dx.doi.org/10.1007/s11248-011-9489-7
http://www.ncbi.nlm.nih.gov/pubmed/21311970
http://dx.doi.org/10.1007/s10529-014-1476-7
http://dx.doi.org/10.1007/s10529-014-1476-7
http://www.ncbi.nlm.nih.gov/pubmed/24563307
http://dx.doi.org/10.1007/s11248-011-9536-4
http://www.ncbi.nlm.nih.gov/pubmed/21805108
http://www.ncbi.nlm.nih.gov/pubmed/16428620
http://dx.doi.org/10.1371/journal.pone.0089130
http://www.ncbi.nlm.nih.gov/pubmed/24586544
http://www.ncbi.nlm.nih.gov/pubmed/16704120
http://www.ncbi.nlm.nih.gov/pubmed/15161200
http://www.ncbi.nlm.nih.gov/pubmed/15248598


32. Shugar D (1952) The measurement of lysozyme activity and the ultra-violet inactivation of lysozyme.
Biochim Biophys Acta 8: 302–309. PMID: 14934741

33. Li XQ, Zhu YH, Zhang HF, Yue Y, Cai ZX, Lu QP, et al. (2012) Risks associated with high-dose Lacto-
bacillus rhamnosus in an Escherichia coli model of piglet diarrhoea: intestinal microbiota and immune
imbalances. PLoS One 7: e40666. doi: 10.1371/journal.pone.0040666 PMID: 22848393

34. Fujiwara Y, MiwaM, Takahashi R, Kodaira K, Hirabayashi M, Suzuki T, et al. (1999) High-level express-
ing YAC vector for transgenic animal bioreactors. Mol Reprod Dev 52: 414–420. PMID: 10092121

35. Rival-Gervier S, Viglietta C, Maeder C, Attal J, Houdebine LM (2002) Position-independent and tissue-
specific expression of porcine whey acidic protein gene from a bacterial artificial chromosome in trans-
genic mice. Mol Reprod Dev 63: 161–167. PMID: 12203825

36. Bi M, Tong J, Chang F, Wang J, Wei H, Dai Y, et al. (2012) Pituitary-specific overexpression of porcine
follicle-stimulating hormone leads to improvement of female fecundity in BAC transgenic mice. PLoS
One 7: e42335. doi: 10.1371/journal.pone.0042335 PMID: 22860114

37. Yang P, Wang J, Gong G, Sun X, Zhang R, Du Z, et al. (2008) Cattle mammary bioreactor generated
by a novel procedure of transgenic cloning for large-scale production of functional human lactoferrin.
PLoS One 3: e3453. doi: 10.1371/journal.pone.0003453 PMID: 18941633

38. Hirai Y, Kawakata N, Satoh K, Ikeda Y, Hisayasu S, Orimo H, et al. (1990) Concentrations of lactoferrin
and iron in human milk at different stages of lactation. J Nutr Sci Vitaminol (Tokyo) 36: 531–544. PMID:
2097325

39. Hennart PF, Brasseur DJ, Delogne-Desnoeck JB, Dramaix MM, Robyn CE (1991) Lysozyme, lactofer-
rin, and secretory immunoglobulin A content in breast milk: influence of duration of lactation, nutrition
status, prolactin status, and parity of mother. Am J Clin Nutr 53: 32–39. PMID: 1984349

40. Levay PF, Viljoen M (1995) Lactoferrin: a general review. Haematologica 80: 252–267. PMID:
7672721

41. Takano M, Koyama Y, Nishikawa H, Murakami T, Yumoto R (2004) Segment-selective absorption of ly-
sozyme in the intestine. Eur J Pharmacol 502: 149–155. PMID: 15464101

42. Nishikawa M, Hasegawa S, Yamashita F, Takakura Y, Hashida M (2002) Electrical charge on protein
regulates its absorption from the rat small intestine. Am J Physiol Gastrointest Liver Physiol 282:
G711–719. PMID: 11897631

43. Hashida S, Ishikawa E, Nakamichi N, Sekino H (2002) Concentration of egg white lysozyme in the
serum of healthy subjects after oral administration. Clin Exp Pharmacol Physiol 29: 79–83. PMID:
11906463

44. Yokooji T, Hamura K, Matsuo H (2013) Intestinal absorption of lysozyme, an egg-white allergen, in rats:
kinetics and effect of NSAIDs. Biochem Biophys Res Commun 438: 61–65 doi: 10.1016/j.bbrc.2013.
07.024 PMID: 23872145

Production of Pigs Expressing Recombinant Human Lysozyme in Milk

PLOS ONE | DOI:10.1371/journal.pone.0123551 May 8, 2015 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/14934741
http://dx.doi.org/10.1371/journal.pone.0040666
http://www.ncbi.nlm.nih.gov/pubmed/22848393
http://www.ncbi.nlm.nih.gov/pubmed/10092121
http://www.ncbi.nlm.nih.gov/pubmed/12203825
http://dx.doi.org/10.1371/journal.pone.0042335
http://www.ncbi.nlm.nih.gov/pubmed/22860114
http://dx.doi.org/10.1371/journal.pone.0003453
http://www.ncbi.nlm.nih.gov/pubmed/18941633
http://www.ncbi.nlm.nih.gov/pubmed/2097325
http://www.ncbi.nlm.nih.gov/pubmed/1984349
http://www.ncbi.nlm.nih.gov/pubmed/7672721
http://www.ncbi.nlm.nih.gov/pubmed/15464101
http://www.ncbi.nlm.nih.gov/pubmed/11897631
http://www.ncbi.nlm.nih.gov/pubmed/11906463
http://dx.doi.org/10.1016/j.bbrc.2013.07.024
http://dx.doi.org/10.1016/j.bbrc.2013.07.024
http://www.ncbi.nlm.nih.gov/pubmed/23872145

