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Lactoferricins are positively charged, highly basic peptides that are generated upon gastric pepsin
cleavage of various lactoferrins. In the past decade, there has been active investigation of the key
antimicrobial segments of the various shorter synthetic bovine and human lactoferricins, but not in
porcine lactoferricin. These studies have demonstrated the distinct solution structures of lactoferricin
in bovine and human and established the multifunctional nature of the antibacterial, antifungal,
antiendotoxin, and antiviral activities of lactoferricins. However, the protective effects of porcine
lactoferricins have yet to be elucidated. In the present study, a series of synthetic derivatives of porcine,
bovine, and human lactoferricins with 20-residue and 9-residue peptides were prepared to investigate
their antimicrobial nature. We found that the 20-residue porcine lactoferricin (LFcin P-20) displayed
antimicrobial activity against Escherichia coli ATCC25922, Staphylococcus aureus ATCC25923, and
Candida albicans ATCC14053. The minimal inhibitory concentrations and minimal bactericidal
concentrations of LFcin P-20 ranged from 12 to 25 µM when tested in bacteria and fungi. LFcin P-20
was 4 times more effective than human lactoferricin (LFcin H-20), but slightly less effective than
bovine lactoferricin (LFcin B-20).
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INTRODUCTION

Lactoferrin (LF) has antimicrobial properties, activates gene
transcription, regulates iron absorption, and promotes the
production of macrophages, granulocytes, and neutrophils (1-
3). Lactoferrin is a cationic protein exhibiting bacteriostatic and
bactericidal functions that contribute to both systemic and
mucosal immune defense (4). It serves as a scavenger of free
iron and acts to deprive microorganisms of that essential nutrient
(5). Lactoferrin destabilizes the outer membrane of Gram-
negative bacteria by inducing the release of lipopolysaccharides
(LPSs) from their cell walls, which leads to depolarization of
the cytoplasmic membrane (6). LF is also capable of reducing
LPS-induced proinflammatory cytokine release by monocytes,
as well as blocking the LPS priming of neutrophils for
superoxide production (7).

Lactoferricin, which is generated upon gastric pepsin cleavage
of LF, has been demonstrated to have a much higher antimi-

crobial efficacy than intact lactoferrin (8). Lactoferricin is
composed of a cationic distorted antiparallelâ-sheet joined by
a disulfide bridge (9). LF crystallography has revealed that this
peptide structure forms a loop with a cationic charge at the tip.
Lactoferricin derived from bovine LF is active against a wide
range of Gram-negative and Gram-positive bacteria, fungi,
protozoa, and tumors (10-13). Bovine lactoferricin (LFcin B)
consists of 25 amino acid residues (17-41 in bovine LF). It
has been demonstrated that several synthetic shorter derivatives
of only 11-15 core residues of bovine lactoferricin, which were
devoid of the disulfide bond, also exhibited strong bactericidal
activity (14,15). Moreover, spectroscopic studies have shown
that the core hexapeptide of LFcin B caused similar membrane
disturbances in model membranes (6,16).

Porcine lactoferrin is secreted in the colostrum at a higher
level than other mammalian lactoferrin (17, 18). The structure
and functions of bovine and human LF have been well
characterized (1, 19), but not porcine LF or porcine lactoferricin
(LFcin P). In a previous study, we generated an expression
system using recombinant methylotrophic yeast,Pichia pastoris,
which harbored the porcine LF gene driven by the inducible
promoter of the alcohol oxidase 1 gene (AOX1) and the yeast
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R-mating factor signal peptide (17). Significant levels of secreted
porcine LF were achieved in culture medium of the yeast
transformants. The recombinant porcine LF was found to be
similar in glycosylation pattern and antimicrobial function to
natural LF derived from sow milk (17). It has been demonstrated
that piglets that consume sufficient colostral milk exhibit
enhanced resistance to diarrhea, respiratory tract infections,
infection-induced wheezing, and anemia after weaning (20-
22). Therefore, we hypothesize that porcine lactoferrin and its
pepsin hydrolysate, LFcin P, may play an important role in
antimicrobial action, immunomodulation, and iron-binding
functions when piglets are raised in a poor growing environment.

In the present study, we identified the porcine lactoferricin
region by sequence homologous BLAST among eight species
including caprine, bovine, buffalo, equine, camel, human,
mouse, and rat. We synthesized 20 and 9 residues of LFcin P,
as well as LFcin B and human lactoferricin (LFcin H), to
investigate the actual antimicrobial domain in the LFcin P core
sequence and to compare the antimicrobial activity of porcine,
bovine, and human lactoferricins.

MATERIALS AND METHODS

Bacterial and Fungal Strains.The strains used were Gram-negative
bacterium Escherichia coli ATCC25922, Gram-positive bacterium
Staphylococcus aureusATCC25923, and the fungal strainCandida
albicansATCC14053. All strains were stored at-80 °C, and further
grown in tryptic soy broth (TSB; Difco, France), pH 6.8, at 37°C. All
tests were performed with cells in the exponential growth phase, and
the cell suspension was adjusted in 1% Bacto peptone water (BPW;
Becton Dickinson Co., Sparks, MD) to give a final density of 1× 106

colony-forming units (CFUs)/mL.
Synthesis of Peptides.The N-terminal 45-amino-acid sequences of

porcine, bovine, buffalo, caprine, equine, camel, human, mouse, and
rat lactoferrins with a putative antimicrobial domain were identified
and compared by the MegAlign clustal method (DNASTAR Inc.,
Madison, WI). The 20-residue porcine lactoferricin derivatives (LFcin
P-20) containing the two-amino-acid-deleted region and the corre-
sponding fragments from bovine (LFcin B-20) and human (LFcin H-20)
(seeTable 1 for detailed sequences) were synthesized for antimicrobial
determination. The nine-residue core peptide of bovine lactoferricin
(LFcin B-9) and its corresponding sequences from porcine (LFcin P-9)
and human (LFcin H-9) were also tested in this study. All peptides
were synthesized with a 9050 Plus PepSynthesizer (Milligen, Milford,
MA) using solid-phase fluorenylmethoxycarbonyl (FMOC) chemistry.
The peptides were analyzed and purified by reversed-phase HPLC on
a Waters 600E chromatograph (Millipore, Billerica, MA) with UV
detection at an optical density (OD) of 254 nm, according to previous
reports (23, 24). The peptides were dissolved in doubly distilled sterile
water and stored at-80 °C until use.

Antimicrobial Activity Testing. The minimal inhibitory concentra-
tions (MICs) and minimal bactericidal concentrations (MBCs) of the
various lactoferricins were determined according to previously described
methods (17,24). Briefly, a standard microdilution technique with an

inoculum of 1× 106 CFUs/mL was used. The MIC of the various
lactoferricins was determined in 1% BPW after incubation at 37°C
for 12 h. The concentration for the various lactoferricins ranged from
8 to 512 µg/mL. The MIC was defined as the lowest concentration at
which bacterial growth was inhibited. For determination of the MBC,
aliquots of 10µL were transferred onto agar plates. The plates were
incubated overnight at 37°C, and the number of colony-forming units
was determined. The MBC was set as the lowest concentration that
reduced the number of CFUs by 99%. All assays were performed in
triplicate.

Scanning Electron Microscopy Observation.The test trains ofE.
coli, S. aureus, andC. albicanswere individually grown to midloga-
rithmic phase in 2% BPW, and further diluted in 2% BPW to reach a
final concentration of 2× 106 CFUs/mL. Equal amounts of microbes
and synthetic 20-residue porcine LFcin (dissolved in water) were mixed
to give a total volume of 50 mL, yielding a final concentration of 100
µg/mL LFcin P-20 peptide. The solutions were placed in a water shaker
(37 °C) for 2 h, and then centrifuged for 10 min at 1700g; the resulting
pellet was kept for electron microscopy. The specimens were cut and
washed in phosphate buffer prior to fixation under 0.7% glutaraldehyde
and 1% OsO4 and dehydration in 20%, 40%, 60%, 80%, 95%, and
100% ethanol sequentially; they were then further dried by a critical
point dryer (Samdri-PVT-3B, Tousimis, Rockville, MD). The samples
were observed under 10000-20000×magnification with a scanning
electron microscope (JSM-6300, JEOL, Japan) as described (17).

Statistical Analysis.All values are expressed as modes (Tables 2
and3). The MIC and MBC data for each strain were analyzed using
the statistical software package SAS version 9.1 (SAS Institute, Cary,
NC), and the significances of differences among groups were evaluated
using the Wilcoxon test (25). AP value of<0.05 was considered as
significant.

Table 1. Amino Acid Sequence and Molecular Mass for Synthetic
Lactoferricins from Different Species

lactoferricin location
molecular mass

(g/mol) amino acid sequencea

LFcin P-20 18−37 2590.1 KCRQWQSKIRRTNPIFCIRR
LFcin B-20 18−37 2448.1 KCRRWQWRMKKLGAPSITCV
LFcin H-20 19−38 2433.9 KCFQWQRNMRKVRGPPVSCI
LFcin P-9 20−28 1257.5 RQWQSKIRR
LFcin B-9 20−28 1374.7 RRWQWRMKK
LFcin H-9 21−29 1293.5 FQWQRNMRK

a Amino acid sequences are listed in the direction from the NH2 terminus to the
COOH terminus.

Table 2. MICs (µg/mL) (Concentration (µM) in Parentheses) of the
Various Lactoferricins against E. coli, S. aureus, and C. albicansa

strain

lactoferricin
E. coli

ATCC25922
S. aureus

ATCC25923
C. albicans

ATCC14053

LFcin P-20 64 (25) 32 (12) 32 (12)
LFcin B-20 16 (7) 16 (7) 8 (3)
LFcin H-20 256 (105) 128 (53) 256 (105)

P ) 0.009b P ) 0.013 P ) 0.006
LFcin P-9 512 (407) 256 (204) 512 (407)
LFcin B-9 32 (23) 16 (12) 32 (23)
LFcin H-9 512 (396) 256 (198) 256 (198)

P ) 0.009 P ) 0.019 P ) 0.008

a The MIC values of the six peptides from porcine, bovine, and human
lactoferricin derivatives against E. coli, S. aureus, and C. albicans are the modes
of three to six different experiments. b A P value of <0.05 was considered as
statistically significant (Wilcoxon test).

Table 3. MBCs (µg/mL) (Concentration (µM) in Parentheses) of the
Various Lactoferricins against E. coli, S. aureus, and C. albicansa

strain

lactoferricin
E. coli

ATCC25922
S. aureus

ATCC25923
C. albicans

ATCC14053

LFcin P-20 64 (25) 64 (25) 32 (12)
LFcin B-20 32 (13) 32 (13) 16 (7)
LFcin H-20 512 (210) 256 (105) >512 (>210)

P ) 0.008b P ) 0.014 P ) 0.004
LFcin P-9 >512 (>407) >512 (>407) >512 (>407)
LFcin B-9 64 (47) 32 (23) 64 (47)
LFcin H-9 >512 (>396) 512 (396) >512 (>396)

P ) 0.019 P ) 0.014 P ) 0.017

a The MBC values of the six peptides from porcine, bovine, and human
lactoferricin derivatives against E. coli, S. aureus, and C. albicans are the modes
of three to six different experiments. b A P value of <0.05 was considered as
statistically significant (Wilcoxon test).
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RESULTS

Sequence Alignment of the N-Terminal Lactoferricin
Fragment among Nine Species.The N-terminal amino acid
sequences of lactoferrin exhibiting antimicrobial activity in
various species have been identified and are referred to as
lactoferricin fragments (10, 19). An alignment analysis of
putative lactoferricin fragments among nine species was done
using the clustal method (MegAlign software) (Figure 1). After
alignment of the first 45 N-terminal amino acids of porcine
lactoferrin with the corresponding sequences of eight species,
the sequence identity (%) was as follows: caprine (53.3%),
bovine (48.9%), buffalo (46.7%), equine (44.4%), camel
(44.4%), human (42.2%), mouse (35.6%), and rat (33.3%). The
first five amino acids of the mature lactoferrins from porcine,
bovine, buffalo, caprine, equine, and camel contain two basic
amino acids (Arg or Lys), whereas the proteins from mouse
and rat do not. This region is important for interaction and
bactericidal ability (14, 15). It has been well documented that
LFcin B comprises residues 17-41 of the mature bovine
lactoferrin and contains a disulfide bond between the cysteine
residues in positions 19 and 36 (8, 10).

LFcin sequences of eight species corresponding to LFcin B
could readily be identified on the basis of the conserved residues
Lys 18, Cys 19, Gln 23, Pro 32, and Cys 36 and the two basic
residues (Arg and Lys) in positions 27 and 28 and 38 and 39 as
shown in Figure 1. Only the porcine protein among the nine
alignment sequences has two additional deletions within the
lactoferricin fragment in positions 31 and 33 as shown inFigure
1.

Antimicrobial Activity of Lactoferricin Derivatives. In the
20-residue LFcin peptides, LFcin B-20 was the most active
against Gram-negative and Gram-positive bacteria and fungi
in the MIC range of 3-7 µM. In addition, LFcin P-20 also
showed high growth-inhibitory activity againstE. coli,S. aureus,
andC. albicansin the MIC range of 12-25µM when compared
with LFcin H-20 (MIC ) 53-105µM) (Table 2, P < 0.05).
However, in the nine-residue LFcin peptides, only LFcin B-9
maintained the same level of growth inhibition as LFcin B-20
against three tested bacteria in the MIC range of 12-23 µM.
The MICs (198-407µM) of LFcin P-9 and LFcin H-9 against
E. coli, S. aureus, andC. albicanswere 16 times less than the
MIC of LFcin B-9, indicating that LFcin B-9 has much greater
antimicrobial activity (P< 0.05).

The antimicrobial activity of various LFcin peptides of
different sizes was further measured by determining the MBC
in 1% BPW medium (Table 3). LFcin B-20 (7µM MBC) and
LFcin P-20 (12µM MBC) exhibited good antimicrobial activity
to the C. albicansyeast cells. According to the MBC, LFcin
P-20 (25µM) had a moderate antimicrobial effect onE. coli
andS. aureus, but LFcin P-9 (>407 µM) did not. LFcin H-20
and LFcin H-9 exhibited the lowest antimicrobial activity against
E. coli, S. aureus, andC. albicans(MBC values ranged from
105 to>396 µM).

Antimicrobial Effect of Porcine Lactoferricin P-20. Mor-
phological changes were visualized by scanning electron
microscopy (SEM) (Figure 2). In the E. coli-treated group
(Figure 2B), a number of bacterium cells exhibited damage in
their cell walls while others had membranes which had
completely broken down. In theS. aureus-treated group (Figure
2D), an altered cell morphology consisting of membrane blisters
was seen. In theC. albicans-treated group (Figure 2F), the yeast
cells displayed severe morphological changes associated with

Figure 1. Comparison of the N-terminal amino acid sequences of porcine,
bovine, buffalo, caprine, equine, camel, human, mouse, and rat lactoferrins.
The figure indicates the residue number of bovine lactoferrin. Solid boxed
areas contain residues that are identical, and dashed boxed areas indicate
residues that have the same property of amino acids in the side chain.
A dash represents the amino acid deletion. Accession numbers of
lactoferrin amino acid sequences of various species in NCBI GenBank
are as follows: NP_999527 (porcine), P24627 (bovine), O77698 (buffalo),
AAV92908 (caprine), O77811 (equine), Q9TUM0 (camel), AAW71443
(human), P08071 (mouse), and XP_236657 (rat).

Figure 2. The antimicrobial activity of synthetic lactoferricin P-20 was
directly observed by SEM. In the tested groups, E. coli (B), S. aureus
(D), and C. albicans (F) were cultured to the logarithmic phase and
resuspended in 2% PBW buffer for a further 2 h incubation with 100
µg/mL LFcin P-20 peptide. In the control groups, E. coli (A), S. aurcus
(C), and C. albicans (E) were cultured in the same conditions but without
LFcin P-20. The bars are equal to 500 nm.
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a large amount of debris which had erupted through the cell
membrane. SEM observations have revealed that LFcin P-20
treatment ofE. coli, S. aureus, andC. albicansdirectly led to
the disruption of the cell wall and breakdown of the outer
membranes. This antimicrobial effect is similar to that of LFcin
B (6, 26), which made the cell permeable by disrupting the inner
membrane, causing immediate development of electron-dense
membrane blisters and subsequent depolarization and aggrega-
tion of cytoplasmic material.

DISCUSSION

In this work, we identified the potential porcine lactoferricin
region by sequence homologous clustering and studied the
antimicrobial activity of short derivatives of porcine, bovine,
and human lactoferricins, corresponding to the cyclic fragment
(residues 18-37) and the core sequence (residues 20-28) of
mature bovine lactoferrin (Table 1). Of these peptide sequences,
LFcin P was two amino acids shorter within the cyclic domain
than lactoferricins obtained from the other eight species (Figure
1).

Current opinion on the mechanism of antimicrobial peptide
action is focused on their interaction with the negatively charged
elements in the membranes of susceptible bacteria (6, 14, 27).
These elements are LPSs in Gram-negative bacteria, while it is
assumed that these structures are lipoteichoic and/or teichoic
acids in Gram-positive bacteria (24, 28). The bactericidal and
candidacidal effects of the antimicrobial peptides are thought
to be caused by disrupting the cell membrane. In this study,
most of the MBC values of lactoferricins (Table 3) were higher
than the MIC values (Table 2). This might indicate that some
of the peptides bind to the cell wall before gaining entry to the
cell membrane, where they exert their lethal effect (29).

This is the first study to demonstrate the moderate antimi-
crobial ability in 20-residue LFcin P-20 againstE. coli, S.
aureus, andC. albicans, in contrast to earlier findings that only
bovine lactoferricin showed significant bactericidal activity
against bacteria tested (30, 31). Strom et al. reported that the
15-residue porcine lactoferricin, a linear peptide, did not exhibit
bactericidal activity (31). Cyclic bovine lactoferricin has been

found to be more active in antimicrobial function than linear
bovine lactoferricin (29). In our synthetic LFcin P-20 peptide,
two cysteine residues at both ends might easily form a cyclic
structure via a disulfide bridge, and numerous intrastrand
hydrogen bonds (H-bonds) also contribute to stabilization of
the speculated cyclic structure (Figure 3). Furthermore, this
LFcin P-20 presented better amphiphilicity and more surface
positive charge because of its additional six amino acids
(IFCIRR; seeTable 1) with hydrophobic, aromatic, and polar
charged residues in the C-terminus when compared with the
15-residue porcine lactoferricin sequence reported by Strom et
al. (31). Therefore, we proposed that the cyclic structure and
the special residue properties of LFcin P-20 contributed to the
antimicrobial activity. For comparison, we also studied the
antimicrobial activity of short derivatives of nine-residue LFcin
P-9, LFcin B-9, and LFcin H-9. We found that only LFcin B-9
had measurable growth-inhibitory and bactericidal activity
against the three selected strains (Tables 2and3). In previous
studies, it has been reported that tryptophans at positions 6 and
8 are crucial for the antimicrobial activity of lactoferricin
derivatives and additional tryptophan residues introduced to a
15-residue LFcin B increase antimicrobial activity (14,31).

The development and persistence of multi-drug-resistant
bacteria have created challenges to public health (32,33).
Although the use of antibiotics in human medicine has
influenced the emergence of antibiotic-resistant bacteria, the use
of antibiotics in animal husbandry has markedly contributed to
this critical problem as well (34,35). The swine industry alone
uses an estimated 10.3 million pounds of antibiotics annually
for nontherapeutic purposes, and the frequent use of antibiotics
has been shown to select for resistance to high concentrations
of antibiotics in both pathogenic and commensal bacteria in
animals (36). Therefore, in the future, serious infections may
be treated with systemically and topically active antibiotics
developed from naturally occurring peptides. These peptides
constitute an important part of the innate immunity of animals
and insects, such as lactoferricins, cecropins, defensins, and
magainins (37). This first line of defense is characterized by

Figure 3. Stereoview of the predicted 3D structure of LFcin peptides. The backbones of the cyclic antiparallel structure of LFcin P-20, LFcin H-20, and
LFcin B-20 are represented in green, yellow, and red colors, respectively. Regions of surface positive charge are indicated in gradient blue color (0−7
kT/e). Numbers of residues with surface positive charge and H-bonds presented in intrastrand cyclic formation are calculated by the program SWISS-
MODEL (Deep View Swiss-PdbViewer 3.7). LFcin B-25 was used as a template for homology modeling (9).
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amphipathic peptides consisting of less than 60 amino acids
with a net positive charge (38).

In conclusion, the synthetic 20-residue porcine lactoferricin
peptide exhibited antimicrobial activity againstE. coli, S. aureus,
and C. albicansaccording to MIC and MBC determinations
and direct SEM observation. Short antimicrobial peptides are
both easy to synthesize chemically and simple to purify. A
limited amount of time and solvents are needed, which is
advantageous from both economical and environmental points
of view. Having carefully investigated the sequences of naturally
occurring antimicrobial peptides, LFcin P-20 as well as bovine
LFcin B-20 and LFcin B-9, we can conclude that the high
antimicrobial activity of such lactoferricin derivates makes them
potential novel agents for both topical and systemic treatment
of bacterial infections. Further elucidation of the clinical
efficacies and mechanisms of action of LFcin P-20 will increase
the value of this natural antimicrobial peptide.

ABBREVIATIONS USED

BPW, Bacto peptone water; CFUs, colony-forming units;
H-bond, hydrogen bond; LF, lactoferrin; LFcin B, bovine
lactoferricin; LFcin H, human lactoferricin; LFcin P, porcine
lactoferricin; LPSs, lipopolysaccharides; MIC, minimal inhibi-
tory concentration; MBC, minimal bactericidal concentration;
SEM, scanning electron microscopy.
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