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The purpose of this study is to determine the growth performance and immune characteristics of
early weaned piglets receiving rice bran expressing porcine lactoferrin as a feed additive. Full-length
cDNA encoding porcine lactoferrin (LF) driven by a rice actin promoter was transformed into rice
plants, and its integration into the rice genome was verified by Southern blot analysis. The
expression of recombinant LF (rLF) in whole grains and rice bran was also confirmed, and the
amount of rLF accumulated in rice bran was estimated by immunoblot assay to be approximately
0.1% of rice bran weight. An iron-binding assay showed that the rLF retained iron-binding activity
and the binding capacity of 1 mg/mL rLF would be saturated by 100 uM of FeCls. Thirty-six early
weaned piglets at 21 days old were randomly selected into two groups and fed a diet containing 5%
transgenic rice bran containing 50 mg/kg rLF (rLF group) and 5% rice bran (control group) to
investigate the piglets’ growth performance and immune characteristics. The results showed no
significant difference in growth performance between the groups during the feeding period.
However, the aerobic bacteria, anaerobic bacteria, and coliform counts in the cecal contents of
the rLF-fed group were significantly lower than those of the control group. Additional immune
characteristics such as the IgG concentration in the rLF group was higher than the control group at
the 28th day, but leukocyte counts and the peripheral lymphocyte ratio remained similar. In
summary, porcine LF expressed in rice bran, a byproduct of rice, can be used as a functional
additive to improve antimicrobial capabilities and IgG concentration of early weaned piglets.
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INTRODUCTION

There are many stress conditions that affect growth during
piglets’ early weaning period when their feed is changed from
liquid to solid form. Bacterial and viral infections, as well as
environmental changes, can result in retarded growth during
this stressful period, and outbreaks of diarrhea and even morta-
lity of the piglets may occur (/). Incorporating additives to the
solid feed, such as antibiotics, can help lower infection rates,
but widespread application is restricted due to possible anti-
biotic residues and the development of bacterial resistance (2).
An alternative animal feed additive, lactoferrin, has been used
to reduce or eliminate antibiotic consumption in animal hus-
bandry (3) and to strengthen the piglets’ natural immune
systems (4).
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Lactoferrin (LF) is an iron binding glycoprotein belonging
to the transferrin family. Its molecular mass ranges from 72 to
85 kDa depending on the mammalian species. It is commonly
found in physiological fluids such as gland secretions and
neutrophilic leukocytes, and is most abundant in colostrums (3).
LF consists of a single polypeptide chain folded into two struct-
urally homologous lobes which are linked by a short hinge-like
peptide, and each lobe has an iron-binding site to bind one
molecule of ferric ion Fe’* (6). The antimicrobial characteristic
of LF is due to its high affinity for Fe*" ion, which competes with
the free iron needs of bacteria, and the LF proteolysis process
generates lactoferricin (1—47 amino acids) and kaliocin-1
(152—182 amino acids), both of which are small peptides with
antimicrobial activity (7, 8).

LF has been used for protection against microbial infection (9),
modulation of inflammatory responses (/0), regulation of im-
mune functions (/7), and cellular growth promotion (/2) as well
as transcriptional regulation and intestinal iron absorption (/3).

©2010 American Chemical Society
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Figure 1. Schematic diagram of plasmid construct pCAM-ActLF. A plas-
mid construct in vector pCAMBIA1300 (8958 bp, accession number
AF234296) with a porcine lactoferrin (LF) cDNA fragment (2061 bp,
accession number NM 214362), driven by a rice actin promoter (1255 bp)
(22) and an NOS terminator (300 bp, 3’-Nos) was created for rice
transformation. Restriction enzyme sites of Hindlll, Xbal, and Sacl are
indicated. LB, RB, and hpt represent the left border, right border, and the
hygromycin phosphotransferase gene, respectively.

The combination of iron and lactoferrin in mucosal secretions
affects the aggregation of pathogenic bacteria and inhibits the
attachment of both bacteria and viruses to the cell membrane by
binding to host cells and viral particles (/4).

Further immunomodulatory studies, such as those on mice
which received oral administrations of LF, showed increased IgG
and IgA concentrations in small intestinal mucous and stimulated
growth in both Peyer’s patches and spleen cells (/5). Additional
studies indicated that, when directly injected with LF, mice would
have strengthened small intestine immune systems due to in-
creased activation of natural killer cells, such as macrophages and
T-cells (16). In weaned piglets, LF used as a feed additive im-
proved the animals’ immune functions and serum iron level as
well (4). These studies demonstrate the positive effects of LF on
animal immunomodulatory regulation.

Given the limited amounts of LF available in colostrum as well
as human and cow’s milk, there have been numerous attempts to
obtain large amounts of LF by using transgenic rice (/7—19) and
transgenic potatoes (20), which can yield relatively larger
amounts of LF. These plant-expressed rLFs have also been
shown to retain the biochemical and physiological properties of
their native counterparts (/7—21). As such, application of these
purified plant-based rLFs in infant formula or animal feed have
been suggested; however, studies related to feeding plant materi-
als containing LF directly to early weaned animals, such as
piglets, and evaluating its antimicrobial and immunomodulatory
activity have not been performed. As there has been no study to
date on the biofunctionality of rice-expressed recombinant LF
(rLF) used as an animal feed additive for early weaned piglets,
and in an attempt to provide a cost-effective solution, we have
recently engineered a porcine LF gene to be expressed in rice
grains to enable large scale production of LF and to allow the rice
bran to be added directly to the feed. The present study utilizes
transgenic rice bran expressing LF as a feed additive and
evaluates its effects on the growth performance and immune
characteristics of early weaned piglets. Positive results from this
study will demonstrate the economic value of LF transgenic rice
and its application benefits to the feed industry.

MATERIALS AND METHODS

Plasmid Construction. A full-length cDNA fragment (2061 bp) of
porcine lactoferrin (accession number NM 214362) driven by a rice actin
promoter (1255 bp) (22) was first constructed in pUC18, then inserted into
the HindlIlI site of vector pPCAMBIA1300 (accession number AF234296)
to form pCAM-ActLF (Figure 1). This plasmid vector was then trans-
ferred to Agrobacterium tumefaciens strain EHA105 for rice transforma-
tion. The hygromycin phosphotransferase (hpt) gene driven by the 35S
promoter was used as a selection marker.
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Agrobacterium-Mediated Transformation and Selection for
Transgenic Rice. Oryza sativa japonica cv. TNG67, a major rice variety
cultured in Taiwan, was selected as the target plant for transformation.
Rice calli, derived from immature embryos, were used as the material for
Agrobacterium-mediated transformation, according to the report of Lee
et al. (23, 24). Rice calli were incubated in a suspension of Agrobacterium
tumefaciens containing pPCAM-ActLF for 30 min, then removed from the
suspension, and transferred to a solid 2N6-AS medium (2-fold N6 salts,
2 mg/L 2,4-dichlorophenoxyacetic acid, 1 g/L casamino acid, and 30 g/L
sucrose, pH 5.2) for another 72 h of cocultivation at 28 °C in the dark.
After cocultivation, rice calli were washed in a liquid medium with
cefotaxime (250 mg/L) and plated on a solid 2N6-CH medium (2-fold
N6 salts, 2 mg/L 2,4-dichlorophenoxyacetic acid, and 30 g/L sucrose, pH
5.7) for 3 weeks. These rice calli were then transferred to RS-selection
medium (MS salts, 1 g/L casamino acid, 0.02 mg/L naphthalene acetic
acid, 2 mg/L kinetin, 30 g/L sorbitol 30 g/L, sucrose 50 mg/L, hygromycin,
pH 5.7) and subcultured every 2 weeks until the shoot regenerated.
Regenerated plantlets (TO plants) were transplanted to soil in pots in a
greenhouse at the Taiwan Agricultural Research Institute, Taichung. Put-
ative transgenic rice plants were selected by resistance to hygromycin, and
the existence of the LF gene was detected by PCR using primers LF27A:
5'-CCAACATGTTCATGAAGCTCTTCATCC-3' and LF25B: 5'- CT-
CGAGCTCCGGTTTTACCTCATCA-3'.

Rice Genomic DNA Isolation and Southern Blot Analysis. Geno-
mic DNA was isolated from 3-week-old seedlings of transgenic rice lines
according to Dellaporta et al. (25). Aliquots of DNA (20 ug) were digested
with HindIII or Xbal, fractionated on a 1% agarose gel, transferred onto
the Zeta-probe GT membrane (BioRad, USA), and hybridized with a 32P-
labeled LF probe. Hybridization and detection were carried out according
to the manufacturer’s instructions.

Selection of Homozygous Transgenic Lines. T1 seeds from four
representative transgenic lines were germinated in media containing
hygromycin, and 40 seedlings chosen from each transgenic line were
grown in the greenhouse. To screen homozygous transgenic rice lines,
30 T2 seeds harvested from each T1 transgenic plant were cultured in the
presence of hygromycin. Lines with all 30 seeds germinated in the hygro-
mycin-containing media were picked up as putative homozygous trans-
genic lines as described by Lee et al. (22). The same screening methods were
applied to the progeny of T3 through T6 generations to obtain homo-
zygous lines, and the seeds from these T6 homozygous lines were used for
further assays. The existence of the LF gene for each line in the seedling
stages was also confirmed by PCR and Southern blot analysis as described
in the previous section.

Protein Extraction and Immunoblot Assay. Antibody to be used
against LF was raised in a rabbit, and an anti-LF antiserum was prepared
and purified as described by Wu et al. (26). Proteins from whole grains of
TNG67 (WT) and rice bran (RB) as well as the whole grains (WG) and
leaves (L) of transgenic lines were extracted as described by Lee et al. (27).
The protein samples were then fractionated on a 12.5% SDS—PAGE gel
and transferred onto nitrocellulose membrane with a BioRad Trans-Blot
system according to the manufacturer’s instructions. The membrane was
first probed with primary anti-LF antibody and then treated with secon-
dary antirabbit antibody conjugated with alkaline phosphatase (Sigma,
St. Louis, MO, USA). After antibody recognition, the membrane was
incubated with NBT (nitro blue tetrazolium chloride, 50 mg/mL) and
BCIP (5-bromo-4-chloro-3-indolyphosphate, 50 mg/mL) in a 10 mL alk-
aline phosphatase buffer (100 mM NaCl, 5 mM MgCl,, and 100 mM Tris-
HCI, pH 9.5) for color development as described by Lee et al. (27).

Preparation of Porcine rLF from Rice Grains and Iron-Binding
Assay. Fifty grams of matured rice grains from transgenic rice line A14
were ground in liquid nitrogen with an extraction buffer (50 mM Tris/HCI,
1 mM EDTA, 100 mM NaCl, and 0.1%(v/v) Triton X-100, pH 6.5). The
extracted proteins were partially purified by 40—55% of ammonium
sulfate precipitation, and the precipitated proteins were collected by cen-
trifugation and then resuspended and dialyzed against the initial buffer to
remove excess salts. These proteins were further purified through a
heparin-Sepharose column with an AKTA purifier 10 system (Amersham
Pharmarcia Biotech. Inc.). The amounts of purified protein were detected
by the Bradford method using a protein assay kit (Bio-Rad, USA).

Determination of the iron-binding assay was performed according to
the methods described by Sorrentino et al. (28). The partially purified
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Table 1. Composition of the Experimental Diet (g/kg)

treatments
ingredients control rLF
yellow corn 534.9 534.9
soybean meal (CP, 445 g/kg) 150.0 150.0
full fat soybean meal (CP, 380 g/kg) 100.0 100.0
fish meal (CP, 650 g/kg) 82.5 82.5
rice bran 50.0 0.0
transgenic rice bran® 0.0 50.0
dried whey 50.0 50.0
soybean oil 11.8 11.8
limestone 9.0 9.0
dicalcium phosphate 7.3 7.3
sodium chloride 25 25
vitamin premix® 1.0 1.0
mineral premix® 1.0 1.0
Calculated Values
metabolizable energy (kcal/kg) 3349.1 3349.1
crude protein (%) 21.0 21.0
calcium (%) 0.78 0.78
total phosphorus (%) 0.72 0.72
lysine (%) 1.27 1.27
lactoferrin (mg/kg) 0.00 50.00

@0ne kilograms of transgenic rice bran expressed approximately 1g of lacto-
ferrin. The 50 g of transgenic rice bran in the rLF-diet contains 50 mg of
lactoferrin. © Supplied per kg of diet: vit. A, 15000 IU; vit. D3, 3000 IU; vit. E, 30 mg;
vit. K3, 4 mg; riboflavin, 8 mg; pyridoxine, 5 mg; vit. B12, 4 mg; Ca-pantothenate,
19 mg; niacin, 50 mg; folic acid, 1.5 mg; biotin, 60 meg. ©Supplied per kg of diet: Co
(CoCOs), 0.255 mg; Cu (CuSO,-5H,0), 10.8 mg; Fe (FeSO,-H,0), 90 mg; Zn
(Zn0), 68.4 mg; Mn (MnSQO,-H,0), 90 mg; Se (Na,Se0s), 0.18 mg.

porcine rLF was treated with iron-removing buffer (0.1 M acetic acid,
0.1 M sodium acetate, 40 mM EDTA, and 0.2 M sodium phosphate, pH
4.0) to remove ferric ions from the rLF, then transferred to the initial
reaction buffer (5 mM Tris-HCI, pH 7.4, and 50 mM NaCl), and then
subjected to dialysis to remove all of the released ions in the rLF
preparation. The same amount (1 mg) of original rLF (orLF) or iron-
removed rLF (irLF) dissolved in 1 mL of reaction buffer was subjected to
absorption analysis with an absorbance reading of 465 nm for 20 min in the
presence of different concentrations (0, 10, 100, and 1000 uM) of FeCls.
Data are presented as the mean values of three independent assays.

Proteolytic Digestion of Lactoferrin. The purified porcine rLF and
transgenic rice bran were dissolved in the HCI solution with pepsin (Sigma
P-7000,4 g/L). The hydrolysis reaction was performed at 39 °C for 2 h. The
reaction mixtures were then neutralized to pH 6.6 by adding 1 N NaHCOs.
The reaction mixtures were removed by centrifugation at 3,000g for 10 min.
The supernatants were retained and freeze-dried. The resulting lyophilized
powders were used in further antimicrobial experiments (29).

Antimicrobial Activity Assay. For the determination of inhibitory
activity, strains of Salmonella typhimurium E29, E. coli DH5a., and Lac-
tobacillus reuteri Pgd (30) were cultured for 16 to 20 h with the XLD
(Xylose Lysine Desoxycholate agar, Difco 27885), Coliform (Merck
110426, Darmstadt, Germany) and MRS (de Man Rogosa and Sharpe
agar, Difco 288130) media, respectively. The treatments were (1) PBS
buffer (pH 7.2), (2) purified rLF hydrolysate (62.5 ug LF/plate), and (3)
transgenic rice bran hydrolysate (including 25 ug LF/plate). A standard
inoculum of logarithmic phase cells at a final concentration of approxi-
mately 10 or 10° cfu/mL (Salmonella 10° and E. coliand Lactobacillus 10°)
was diluted and cultured on agar plates mixed with 500 uL of PBS
dissolved hydrolysates (lyophilized powder for transgenic rice bran
hydrolysate), and colony-forming units were then determined.

Animals Feeding and Diet. Thirty-six cross-bred 21-day-old weaning
piglets were randomly allotted into two dietary treatments of 5% rice bran
(control group) and 5% rLF transgenic rice bran (rLF group). Each
treatment had three replicates of 6 piglets for a 28-day feeding period. The
piglets were housed in traditional weaning pens. Fresh feed and water were
provided ad libitum during the experimental period. The average tem-
perature during the experiment was 26.3 °C. Diets were formulated to meet

Lee et al.

Hindlll Xbal
kb Al A2 A13 Al14 WT kb A1 A2 A13 A14 WT
8.0— go— W
- -
5.8— 19 - - 5.8 —

Figure 2. The insertion of the porcine rLF gene in the genome of
transgenic lines. Twenty micrograms of genomic DNA extracted from
seedlings of the TNG 67 (WT) and four transgenic rice lines (A1, A2, A13,
and A14) were digested with Hind Ill (A) or Xba | (B) and loaded on an
agarose gel for separation, then transferred to membranes, and probed
with a 32P-labeled LF cDNA fragment as indicated in Figure 1. The
molecular size markers in kb are shown on the left side of each gel.

the NRC (37) recommendations and formulated to be isonitrogenous and
isocaloric with 21% CP and 3350 kcal of ME/kg as shown in Table 1. The
body weight and feed intake of each pen was determined on the 28th day.
On the 14th and 28th days of the feeding period, cecal contents were
collected to analyze the total aerobic bacteria, total anaerobic bacteria,
and coliform counts, and blood was collected to measure the IgG, T-cell,
and B-cell counts in plasma. We did not analyze the values of the different
parameters prior to the dietary treatments to reduce the number of piglets
slaughtered. In addition, all weaning piglets of this study were in excellent
physical condition; we therefore assumed that all of the parameters were at
similar levels in the beginning and that the difference resulted from the
treatments. The experiment was carried out at National Chung Hsing
University, and the experimental protocol for animal use was approved by
the Animal Care and Use Committee.

Bacterial Counts in Cecal Contents. The cecal contents of weaning
piglets measuring approximately 1 g were collected and then diluted with
9 mL of sterile PBS. The plate media used were Plate Count Agar (PCA,
Difico) for the total aerobic bacterial count, Reinforced Clostridial Agar
(RCA, Oxide) for the total anaerobes count, and Coliform Agar (Difico,
USA) for the coliform count. The plates were incubated in an incubator at
37 °C for 1 day (PCA and RCA) or 2 days (Coliform). The bacterial
colonies were counted at the end of each incubation period.

IgG Content. IgG concentration was determined by using a double
antibody technique ELISA kit (Bethyl Laboratories Inc., Montgomery,
TX). Absorbance was measured at 450 nm as described by Hankins
et al. (32).

White Blood Cells Counts. Blood collected from the piglets was
diluted by an autodilutor, and white blood cell counts were measured using
amicrocell counter (Sysmex F-800, Japan) as described by Lien et al. (33).

T-Cell and B-Cell Contents. Fluid cell fluorescence detection was
used to measure the percentages of T-cells and B-cells, and MSA4 and 76-
7-4 antibodies were used to evaluate these two cells. The ratio of both cells
was then analyzed by WinMDI 2.8 software as described by Hankins
et al. (32).

Statistical Analysis. Data was analyzed as a randomized complete
block design using the general linear model procedure (SAS Institute, Inc.,
Cary, NC). A difference between the two means was tested using Duncan’s
multiple range tests (34). A significant level of 0.05 was used.

RESULTS

Expression and Accumulation of Porcine rLF in Transgenic Rice
Plants. More than 20 transgenic rice lines containing recombinant
porcine lactoferrin gene were obtained through Agrobacterium-
mediated transformation, and the existence of the rLF gene in the
rice genome was confirmed by PCR and Southern blot analysis.
Four homozygous lines (A1, A2, A13, and A14) stably expressing
rLF for more than 6 generations (T6) were selected for further
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Figure 3. The protein levels of rLF in transgenic rice. Proteins, 30 «g each,
isolated from leaves (L), rice bran (RB), and whole grains (WG) of
transgenic rice lines A2 and A14, and the whole grains of TNG 67 (WT)
were resolved by 12.5% SDS—PAGE gel and stained with Coomassie blue
(A). A duplicated gel was transferred onto a nitrocellulose membrane and
then subjected to immunoblotting with antibodies against rLF (B). Numbers
on the left (M) indicate the molecular weight markers.
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Figure 4. Iron binding activity of rice-expressed rLF. The same amount
(1 mg) of rice-expressed rLF originally purified from transgenic rice (orLF,
0O) and iron-removed rLF (irLF) from the original rLF were dissolved in
1 mL of reaction buffer, then subjected to absorption reading analysis at
465 nm for 20 min in the presence of FeClz in 0 uM (O), 10 uM (),
100 uM (v), and 1000 «M (). Protein extracted from TNG 67 (WT, @)
incubated with 100 «M FeCl; was used as a control. Data presented are
the mean values of three independent assays.

analysis. The insertion of the porcine rLF gene in the genome of
these 4 transgenic lines was detected by Southern blot (Figure 2).
As expected, all four transgenic lines possessed an approximately
5.8 kb Hindlll fragment (Figure 2A) when hybridized with the
32p_jabeled LF probe (Figure 1). Hybridization with Xbal di-
gested fragments revealed only one copy of the porcine LF gene in
each of the selected transgenic rice lines (Figure 2B).

The accumulation of rLF in leaves and mature rice grains of A2
and A 14 homozygous lines was detected by immunoblot analysis
(Figure 3). An equal amount (30 ug) of protein extracted from
each sample was subjected to SDS—PAGE and stained with
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Figure 5. Antimicrobial activity of pepsin-treated porcine rLF and trans-
genic rice bran. The hydrolysates of pepsin-digested porcine rLF (62.5 ug
LF/plate) and transgenic rice bran (approximately 25 ug LF/plate) were
incubated with Salmonella typhimurium E29, E. coli DH5¢., and Lactoba-
cillus reuteri Pg4 grown in the XLD, Coliform, and MRS medium,
respectively, for the determination of inhibitory activity. The CFU/mL (in
logarithmic values) were determined for each treatment.

Coomassie blue R-250 (Figure 3A). The rLFs were recognized in
all samples of transgenic lines, and accumulation was higher in
rice bran (RB) and whole grain (WG) than in leaves (Figure 3B).
The transgenic rice expressed rLF was further subjected to MS/
MS sequencing, and the sequences of digested peptide fragments
confirmed the success of transgenic porcine rLF expression
(Supporting Information, Figure 1). The expression level of
porcine rLF in rice bran was estimated to be approximately 1%
of the total extractable protein by comparing it to the known
amount of purified porcine lactoferrin in the immunoblot assay
(Figure 3 and data not shown).

Iron Binding Activity of Rice-Expressed Porcine rLF. The iron-
binding activity of rLF can be measured by its characteristic
absorbance at 465 nm (/7). The original purified porcine rLF
(orLF) revealed a reading of 0.10 throughout the 20 min reaction
period with the same amount of protein extracted from TNG67
(WT) background reading at 0.02 (Figure 4). This result suggested
that the porcine rLF expressed in transgenic rice was already
saturated with ferric ions.

The iron bound to the original purified porcine rLF was then
removed with an acidic pH (pH 4.0) iron-removing buffer. These
iron-removed rLF (irLF) were incubated with various concentra-
tions of FeCl; to measure their iron-binding activity, and results
showed that after application of the iron-removing buffer, the
irLF has a reading of 0.04, suggesting that most ferric ions have
been removed but that some residual amounts remain. When
adding 10 uM FeCl; to the irLF, the absorbance characteristic at
465 nm increases until the 10 min mark and then levels off at 0.08.
The reactions with 100 uM and 1000 uM FeCl; added reached the
same levels of absorbance, of approximately 0.10. These results
demonstrated that the rice-expressed porcine rLF retained certain
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Table 2. Effect of Transgenic Rice Bran on the Growth Performance of
Weaning Piglets

Lee et al.

Table 4. Effect of Transgenic Rice Bran on the IgG Content of Weaning
Piglets?

treatments® treatments®
items control rLF SEM (mg/mL)
initial weight (kg) 5.9 5.9 0.13 days/items control ILF SEM
end weight (kg) 10.9 10.8 0.65
average daily gain (g) 1934 189.3 132 at the 14th day 30.3 35.0 3.98
average daily feed intake (g) 323.6 306.1 22.4 at the 28th day 14.0 a 242 b 2.15
feed conversion (feed/gain) 1.85 1.75 0.05

#The treatments were the same as those described in Table 1. The rLF-diet
contains 50 mg of lactoferrin.

Table 3. Effect of Transgenic Rice Bran on the Bacterial Population of the
Cecal Contents of Weaning Piglets®

treatments®
log CFU/g

days/items control rLF SEM
At the 14th Day
aerobic bacteria 8.54 8.30 0.345
anaerobic bacteria 10.00 10.18 0.521
coliform 8.03 7.98 0.325
At the 28th Day
aerobic bacteria 8.40a 7.51b 0.575
anaerobic bacteria 10.29 a 9.48b 0.416
coliform 9.05a 7.00b 0.440

@Means in the same row without the same letters are significantly different (p <
0.05). ©The treatments were the same as those described in Table 1. The rLF-diet
contains 50 mg of lactoferrin. Each value represents the mean of 3 pens (2 pigs per
pen).

levels of iron-binding activity and that the binding capacity of
rLF will reach saturation at 100 uM of FeCl;.

Antimicrobial Activity Assay in Vitro. An assay against a
laboratory E. coli strain was first performed to test antimicrobial
activity using original purified porcine rLF (orLF), iron-removed
rLF (irLF), and bovine LF. The results showed that both forms of
rLF inhibited the growth of E. coli, and a better antimicrobial
activity was observed when iron was partially removed
(Supporting Information, Figure 2). In order to mimic the effect
of transgenic rice bran as a feed additive on early weaned piglets,
purified porcine rLF (62.5 ug) and transgenic rice bran, contain-
ing approximately 25 ug of rLF, were digested in vitro by pepsin
before adding to the cultures of a pathogenic bacterium S.
typhimurium E29, a beneficial bacterium L. reuterin Pg4, and a
laboratory E. coli strain DHS5a.. The results from the rLF and
transgenic rice bran treatments showed an antimicrobial effect on
S. typhimurium E29 and E. coli DH5a, but not on the beneficial
bacterium L. reuterin Pg4 (Figure 5).

Growth Performance and Intestinal Morphology. Thirty-six
cross-bred 21-day-old weaning piglets were randomly allotted
into two dietary treatments of 5% rice bran and 5% rLF
transgenic rice bran. The body weight and feed intake of each
pen were determined on the 28th day. Table 2 shows the growth
disparity in weaning piglets when fed rLF transgenic rice bran
feed. The initial body weights of the weaned piglets in both groups
were 5.9 kg. During the 28 day experiment period, the end
weights, average daily gain, and feed intake of both groups were
similar, but the feed conversion ratio (feed/gain) of the rLF fed
group was lower than that of the control group (1.75 vs 1.89),
indicating a better feed-to-gain ratio. In addition, other parameters,
such as xylose absobance capacity (Supporting Information,

@Means in the same row without the same letters are significantly different (p <
0.05). ° The treatments were the same as those described in Table 1. The rLF-diet
contains 50 mg of lactoferrin. Each value represents the mean of 3 pens (2 pigs
per pen).

Table 5. Effect of Transgenic Rice Bran on Leukocyte Counts and Peripheral
Lymphocyte Ratios of Weaning Piglets at the 28th Day

treatments®
items control rLF SEM
leukocyte counts ((x 108)/ul) 6.70 6.83 0.69
lymphocytes in leukocyte (%) 30.51 22.81 2.99
T-cells in lymphocyte (%) 79.34 81.57 4.33
B-cells in lymphocyte (%) 6.21 4.96 1.22

@The treatments were the same as those described in Table 1. The rLF-diet
contains 50 mg of lactoferrin. Each value represents the mean of 3 pens (2 pigs
per pen).

Table 1), jejunum villus height, and crypt depth (Supporting
Information, Table 2) were analyzed. However, these parameters
of rLF group did not reveal a significant difference from those of
the control group (Supporting Information, Table 2).

Bacterial Population in Cecal Contents. Table 3 lists the effects
on aerobic, anaerobic, and coliform bacterial populations in cecal
contents when weaning piglets were fed rLF transgenic rice bran.
Although bacterial populations in the cecal contents of both
groups showed no difference on the 14th day after treatment, all
bacterial populations in the cecal contents of the rLF group were
significantly reduced and were smaller than that of the control
group on the 28th day, and in particular, the coliform count was
lower by 2 log CFU/g.

IgG in the Plasma. Table 4 shows the effect of transgenic rice
bran on IgG content of weaning piglets. The 1gG concentration
detected in weaning piglets fed with rLF transgenic rice bran
showed no statistical difference from those of the control group at
the 14th day. On the 28th day, the IgG concentration was signi-
ficantly higher than that of the control group (24.2 mg/mL vs
14.0 mg/mL, p < 0.05).

Leukocyte Counts and Peripheral Lymphocyte Ratio. Table S
indicates that after a 28 day feeding period of rLF transgenic rice
bran, the leukocyte count difference in weaning piglets was not
statistically significant (control vs rLF is 6.70 vs 6.83). As for the
percentage of lymphocytes in leukocytes, the percentage of T-cells
in lymphocytes increased, and the percentage of B-cells in lymp-
hocytes decreased, resulting in an overall decrease in the percen-
tage of lymphocytes in leukocytes (30.51% vs 22.81%).

DISCUSSION

The present study demonstrated that porcine LF can be
successfully expressed in transgenic rice grains through a plasmid
construct containing the coding region of the porcine LF gene
driven by a rice actin promoter. The expression level of recombi-
nant porcine LF in rice bran was estimated to be approximately
1% of the total extractable protein, a figure obtained by compar-
ing it to a known amount of porcine lactoferrin in an immunoblot
assay. This level of rLF is equivalent to approximately 0.1% of
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the rice bran weight, which is lower than the expression level (up
to 0.5% of grain weight) of recombinant human lactoferrin
(rHLF) in transgenic rice driven by an endosperm-specific
glutelin promoter (17).

The physiological characteristics of rHLF, such as its iron-
binding capacity and antimicrobial activity, have been demon-
strated previously (/7), and its potential economic application
was evaluated as well (35). Although the glycosylation pattern of
rHLF is different from that of the native human LF, a range of
biochemical and biophysical analyses indicates that the purified
rHLF is identical to its native human counterpart (35). The study
of van Berkel et al. (36) revealed that different glycosylations of
human rLF from a human derived 293(S) cell line did not affect
the properties of iron binding and affinity toward bacterial
lipopolysaccharide. It has also been illustrated that rLF still
retained its biochemical properties and structure even when
introduced into different species such as animals, plants, or
bacteria (27). The iron-binding assay in the present study demon-
strated that the porcine rLF, isolated originally from rice grains,
had been saturated with ferric ions and that the iron-removed
porcine rLF could still resume its iron-binding activity. These
iron-binding properties are similar to those of rHLF expressed in
rice (17, 18).

The in vitro antimicrobial activity of rice-based rLF, similar
to that of rice-expressed rHLF (17, 18, 37), was first demon-
strated using laboratory E. coli strain (Supporting Information,
Figure 2). In addition, an in vitro pepsin-mediated digestion of
rLF and transgenic rice bran to mimic the possible proteolyzed
rLF in the gastrointestinal tract revealed positive effects on the
suppression of S. typhimurium E29 and no inhibition on the bene-
ficial bacterium L. reuteri Pg4 (Figure 5). It has been demon-
strated that lactoferrin has crucial antimicrobial activities against
many Gram-positive and Gram-negative pathogens including E.
coli spp., Salmonella typhimurium, Streptococcus spp., Vibrio
cholerae, Enterococcus spp., and Bacillus subtilis (38). Further-
more, rLF seems to promote the growth of beneficial bacteria,
such as Lactobacillus and bifidobacteria (39). On the basis of the
similar results obtained by porcine rLF and rHLF (17, 18,37), we
proposed that rice-expressed porcine rLF would retain the same
antimicrobial properties as its native porcine counterpart. To test
this notion and to analyze the effects of porcine rLF used as an
animal feed additive, we added transgenic rice bran directly into
the feed as a formula supplement to analyze its antimicrobial
activity and to evaluate its modulation of the immune system in
weaned piglets.

The antimicrobial activity of lactoferrin is due to its high
affinity for ferric ions, which exploit the free iron that micro-
organisms require and inhibit the attachment of both bacteria and
viruses to the cell membrane, by binding to host cells and viral
particles (9, 14). In addition, lactoferricin, a LF proteolyzed
polypeptide found in the gastrointestinal tract generated by the
pepsin-mediated digestion of lactoferrin, has an even stronger
antimicrobial activity than lactoferrin (40). It has been suggested
that lactoferricin releases lipopolysaccharide (LPS) intrinsically
from the cell membrane of Gram-negative bacteria and damages
the outer membrane of bacteria (47). In the present study, we
demonstrated antimicrobial activity in the cecum of weaning
piglets by measuring the population change of aerobic/anaerobic
and coliform bacteria on the 14th and 28th day of transgenic rice
bran feeding. Although the bacterial populations showed no
differences on the 14th day of feeding, significant reduction of
the three types of bacterial populations have been observed on the
28th day after treatment. These results not only confirm the
antimicrobial activity of porcine LF but also provide evidence
that the application of LF in the form of transgenic rice bran is an
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effective method. Furthermore, a similar approach constitutively
expressed a human lactoferrin and its N-lobe in rice plants which
could confer disease resistance (42), further extending the poten-
tial application of our transgenic rice plants.

The effects of transgenic rice bran on the growth perfor-
mance of weaning piglets were also evaluated, and the results
showed no significant difference between treatments in ADG,
ADFI (Table 3), xylose absobance capacity (Supporting Infor-
mation, Table 1), jejunum villus height, and crypt depth
(Supporting Information, Table 2) except where the rLF group
showed slightly better performance in feed conversion than the
control group. However, previous studies demonstrated that
Holstein calves fed with supplemental LF showed a significant
increase in daily weight gain as well as feed efficiency and reduced
use of daily medication during the preweaning phase (43, 44).
Recently, a study showed that adding 0.1% of pure human LF in
feed could improve growth performance as well as affect the
intestinal microflora and intestinal morphology of weaning pig-
lets (45). Another study showed that when animal feed was
supplemented with 0.1% of pure human LF, although the
ADG, ADFI, and feed conversion showed no differences com-
pared to the control group, there was still a decrease in the
diarrhea ratio of weanling piglets (). The lack of difference in
growth performance levels could be attributed to the weaning age
and body weight of the piglets (/8). The similar growth perfor-
mance results of the present study could be attributed to the
weaning age and body weight of the piglets as well as the 20 times
lower amount of rLF that was provided compared to that of Shan
etal. ()

Three main populations of the peripheral blood leukocytes
of mammals include lymphocytes, monocytes, and granulo-
cytes (46). T-cells and B-cells are known to play major roles in
host immune response, in cell-mediated immunity and antibody-
mediated immunity, respectively. In the present study, porcine
rLF did not enhance the ratio of peripheral lymphocytes and
those of the T-cells and B-cells in the blood of weaning piglets.
Furthermore, in the present study the levels of lymphocytes and
T-cells were not increased by rLF treatment, and such results
could be due to the exclusion of external interference, such as the
presence of tumor cells in groups of weaning piglets, which would
induce strong immune responses. There are two different argu-
ments about the effects of LF on lymphocyte development. One is
the positive effect, that LF could promote the formation of
lymphocytes (47, 48); the other is that it would suppress the
formation of lymphocytes (49). The function of LF as a promoter
or suppressor of lymphocyte formation has not been completely
confirmed, butitis certain that LF increases the growth of natural
killer cells and killer T cells (50). Kuhara et al. (57) and Wang
et al. (50) also presented data showing that when mice are
implanted with cancer cells of the large intestine (Co26Lu), orally
administered LF was able to activate peripheral leukocytes,
including spleen lymphoid T-cells of CD4*, CD8™, and asoalo-
GMI1 cells, which increased the killing abilities of the T-cells. In
addition, Micallef et al. (52) showed that LF could stimulate
intestinal epithelium cells to secrete IL-18, which could promote
the activation of native killer cells and CD4™ T cells to improve
immune function. Therefore, it has been suggested that LF could
activate T-cells and suppress the activities of tumor cells despite
the results of the present study, which do not necessarily demon-
strate that capability.

There have been numerous studies demonstrating the bene-
ficial application of LF in the diet of infant animals during the
postbirth or weaning period due to its advantageous effects in
boosting the specific or nonspecific immune systems and the
attribution of many other physiological functions (4, 21, 45).
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Furthermore, studies show that oral administration of bovine LF
extracted from cow milk could raise the immunity levels of small
intestinal mucous and increase IgG counts in mucous and plasma
in mice. Although the increase of IgG contents in weaned piglets
at the 28th day after treatment cannot directly conclude a
biological significance, Debbabi et al. detected anti-LF IgG in
the intestinal fluid and serum, and the IgG secretion was
enhanced in Peyer’s patches and spleen from LF-fed mice. Their
findings suggested that LF could act as an immunostimulating
factor on the mucosal immune system (/5). Therefore, the
increase of IgG content in the results of this study could be
attributed to the accumulation and stimulation effects of the rLF
provided in the diet during the piglets’ late weaned period. This
suggests that using transgenic rice bran containing procine LF
can be used as a feed additive with positive immunostimulating
effects.

In the present study, although the concentration of plasma IgG
was higher on the 14th day after feeding than on the 28th day,
there is no significant difference between the rLF treatment group
and the control group. This result could be partially attributed to
the possibility that a piglet may receive the influence of antigens
from components of feed such as soybean meal and that this may
lead to a higher IgG concentration at an earlier stage, such as at
the 14th day. However, at the 28th day after being fed with rLF,
higher IgG concentrations in the rLF group than those in the
control group were observed (p < 0.05, 24.2 mg/mL vs 14.0 mg/
mL). This illustrates that even with lower amounts of rLF,
nonspecific immune reactions in piglets can still be improved.
Taken as a whole, this study concludes that porcine LF can be
successfully expressed in transgenic rice bran driven by a rice actin
promoter and that the direct application of transgenic rice bran in
piglet feed can enhance the antimicrobial capabilities and IgG
concentration of early weaned piglets.

ABBREVIATIONS USED

ADFI, average daily feed intake; ADG, average daily gain;
Anti-rLF, antibody against porcine lactoferrin; BW, body weight;
IgG, immunoglobulin G; LF, lactoferrin; pAct, actin promoter
construct with pPCAMBIA plasmid; rLF, recombinant lactoferrin.
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