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Volume 2015, Article ID 453826, 8 pages
Molecular Detection and Sensitivity to Antibiotics and Bacteriocins of Pathogens Isolated from Bovine
Mastitis in Family Dairy Herds of Central Mexico, Ma. Fabiola León-Galván, José E. Barboza-Corona,
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The evolution of pathogenic bacteria has allowed many
microbes to develop resistance mechanisms against conventional antibiotics, leading to the search for new therapeutic alternatives. As such, the clinical uses of antimicrobial
peptides (AMPs) are among the most promising alternative
options to circumvent the proliferation of antibiotic resistant
pathogens. AMPs are produced by a wide variety of organisms and have a broad and largely nonspecific activity, a characteristic that strongly qualifies them as potent candidates
for pharmacological applications. Indeed, the continuous
discovery of new AMP groups in diverse microorganisms has
expanded their potential as a new generation of antimicrobial
agents for treating bacterial diseases in humans and also
in animals. Intriguingly, the broad spectrum of biological
activities reported for many of these molecules suggests that
AMPs could also be incorporated in integrative regimen
strategies against viral, fungal, and parasitic diseases and
cancer, as well as in modulation of the immune system. These
possibilities of uses reinforce the importance of studying the
biological and applied properties of AMPs.
The articles contained in the present issue include both
reviews and basic scientific studies focused on characterizing
AMPs from different sources to evaluate their numerous
biological activities. This issue comprises the description of
effects of naturally occurring AMPs from bacteria, plants,

humans, and pigs as well as the effect of synthetic AMPs
derived from bovines and humans. In addition, work related
to the regulation of AMP expression is also included.
AMPs are part of the innate response elicited by most living forms. In plants, they are produced ubiquitously in roots,
seeds, flowers, stems, and leaves, highlighting their physiological importance. The contribution by C. E. Salas et al.
“Biologically Active and Antimicrobial Peptides from Plants,”
provides an overview of what is currently known about bioactive peptides from plants, focusing on their antimicrobial
activity and their role in the plant-signaling network and
offering perspectives on their potential application.
The wide-ranging functionality of AMPs against infection
and disease of the urinary tract expands the list of effects beyond the “antimicrobial effects” originally assigned to them.
In the paper by J. Lo and D. Lange “Current and Potential
Applications of Host-Defense Peptides and Proteins in Urology,” the authors discuss the existing and possible applications of these host-defense peptides in the field of urology.
Transkingdom signaling is a mechanism in which molecules produced by bacteria, such as cyclodipeptides (CDPs),
positively or negatively affect the development, growth, or
differentiation of eukaryotic organisms. The paper by D.
Vázquez-Rivera et al. “Cytotoxicity of Cyclodipeptides from
Pseudomonas aeruginosa PAO1 Leads to Apoptosis in Human

2
Cancer Cell Lines” describes that a CDP mixture promoted
apoptosis in cultures of HeLa and Caco-2 cell lines in a dosedependent manner, with 50% inhibitory concentration (IC50 )
of 0.53 and 0.66 mg/mL, respectively.
Bacteriocins are AMPs synthesized by prokaryotes that
inhibit or kill phylogenetically related and/or unrelated
microorganisms that share the same microbial niche. These
peptides have a potential for diversified use in the food
and pharmaceutical industries, agriculture, and apiculture.
In the work by M. F. León-Galvan et al. entitled “Molecular
Detection and Sensitivity to Antibiotics and Bacteriocins of
Pathogens Isolated from Bovine Mastitis in Family Dairy
Herds of Central Mexico,” the authors showed that bacteriocins synthesized by Bacillus thuringiensis, a Gram-positive
bacterium, inhibited the growth of multiantibiotic resistance
bacteria responsible of mastitis, a very important disease in
bovines.
The anticancer activity elicited by AMPs has stimulated
intriguing prospects for their use in chemotherapy as cancer
remains a cause of high morbidity and mortality worldwide
of utmost interest. J. Guzmán-Rodrı́guez et al. in the paper
entitled “Plant Antimicrobial Peptides as Potentials Anticancer Agents” provide an overview of plant AMPs (thionins,
defensins, and cyclotides) with anticancer activities with
particular emphasis on their mode of action, their selectivity,
and their efficacy.
Innate immunity defense is upregulated by antimicrobial
peptide elicitors, which are defined as physical, chemical, and
biological agents that promote upregulation of endogenous
AMPs. The paper by L. A. C. Dı́az et al. entitled “Ascorbic
Acid, Ultraviolet C Rays, and Glucose but Not Hyperthermia
Are Elicitors of Human 𝛽-Defensin 1 mRNA in Normal
Keratinocytes” investigates the effects of hyperthermia, ultraviolet A rays, and ultraviolet C rays, as well as glucose
and ascorbic acid, on the regulation of human 𝛽-defensin 1
(DEFB1), cathelicidin (CAMP), and interferon-𝛾 (IFNG)
genes in normal human keratinocytes.
The effects of AMPs on bacteria have been extensively
studied. However, fewer reports exist regarding their effects
on protozoa. The work by J. L. Hernández-Flores entitled
“Effect of Recombinant Prophenin 2 on the Integrity and Viability of Trichomonas vaginalis” reports that the propeptide
and the processed peptide of prophenin 2 affect the integrity
and growth of T. vaginalis and that proprophenin displays
some resistance to proteolysis by T. vaginalis proteinases. Its
effect on T. vaginalis, as well as its low hemolytic activity and
short-time stability to parasite proteinases, makes prophenin
an interesting candidate for synergistic or alternative treatment against T. vaginalis.
The development of novel synthetic analogs of AMPs
could enhance their activities, facilitating the development of
new drugs. In their paper “Antibacterial Activity of Synthetic
Peptides Derived from Lactoferricin against Escherichia coli
ATCC 25922 and Enterococcus faecalis ATCC 29212”, M. A.
León et al. demonstrate that peptides derived from human
and bovine lactoferricin exhibit higher or similar activity
against E. coli (MIC 4–33 𝜇M) and E. faecalis (MIC 10–33 𝜇M)
compared with lactoferricin protein. Their work shows that it
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is possible to design and obtain synthetic peptides that exhibit
enhanced antibacterial activity.
The low amount of bacteriocins obtained from direct
purification from natural producers and the elevated production costs of chemical synthesis have stimulated interests
in producing these proteins in heterologous microbial hosts
through recombinant genetic manipulations. In the paper by
S. Arbulu et al. entitled “Cloning and Expression of Synthetic
Genes Encoding the Broad Antimicrobial Spectrum Bacteriocins SRCAM 602, OR-7, E-760, and L-1077, by Recombinant
Pichia pastoris”, the authors evaluated the cloning and functional expression and production of several broad spectrum
bacteriocins in recombinant Pichia pastoris and assayed these
antimicrobials against Listeria monocytogenes CECT4032, E.
coli O157:H7, Yersinia ruckeri LMG3279, Campylobacter jejuni
ATCC33560, and C. jejuni NCTC11168.
We hope that this special issue would shed light on major
developments in the area of AMPs and attract attention by
the scientific community to pursue further investigations
leading to the rapid implementation of these molecules in
chemotherapeutics.
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Pseudomonas aeruginosa is an opportunistic pathogen of plants and animals, which produces virulence factors in order to infect
or colonize its eukaryotic hosts. Cyclodipeptides (CDPs) produced by P. aeruginosa exhibit cytotoxic properties toward human
tumor cells. In this study, we evaluated the effect of a CDP mix, comprised of cyclo(L-Pro-L-Tyr), cyclo(L-Pro-L-Val), and cyclo(LPro-L-Phe) that were isolated from P. aeruginosa, on two human cancer cell lines. Our results demonstrated that the CDP mix
promoted cell death in cultures of the HeLa cervical adenocarcinoma and Caco-2 colorectal adenocarcinoma cell lines in a dosedependent manner, with a 50% inhibitory concentration (IC50 ) of 0.53 and 0.66 mg/mL, for HeLa and Caco-2 cells, respectively.
Flow cytometric analysis, using annexin V and propidium iodide as apoptosis and necrosis indicators, respectively, clearly showed
that HeLa and Caco-2 cells exhibited apoptotic characteristics when treated with the CDP mix at a concentration <0.001 mg/mL.
IC50 values for apoptotic cells in HeLa and Caco-2 cells were 6.5 × 10−5 and 1.8 × 10−4 mg/mL, respectively. Our results indicate that
an apoptotic pathway is involved in the inhibition of cell proliferation caused by the P. aeruginosa CDP mix.

1. Introduction
Pseudomonas aeruginosa colonizes many biological environments, such as soil, plants, and animal tissue, being an
important pathogen involved in opportunistic infections in
humans [1] and a major cause of nosocomial infections
[2]. Several mechanisms for driving infection in the host
have been attributed to P. aeruginosa, and, among these,
the production of toxins, adhesins, pyocyanin, and other
virulence factors plays an important role in infecting different
hosts, from plants to animals [3, 4]. P. aeruginosa produces
and senses N-acyl-L-homoserine lactones (AHLs) for cellto-cell communication via a regulatory mechanism known
as quorum sensing (QS), which links the perception of

bacterial cell density to gene expression. QS coordinates
many physiological processes, such as symbiosis, production
of virulence factors, resistance to oxidative stress, antibiotic
resistance, motility, biofilm formation, and the progression of
P. aeruginosa infection in animals [5, 6].
The cyclodipeptides (CDPs) cyclo(D-Ala-L-Val) and
cyclo(L-Pro-L-Tyr) have been identified in P. aeruginosa
cultures, which led to the proposition that CDPs have the
ability to inhibit the activity of regulatory LuxR-type proteins
that are involved in AHL-dependent QS signaling. This in
turn led to the proposition that CDPs and their derivatives,
the diketopiperazines (DKPs), represent a new class of QS
signals and that they could potentially act as interkingdom
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signals. However, the mechanism of action and physiological
relevance of CDPs are poorly understood [7, 8].
DKPs are cyclized molecules comprising two amino acids
bound by two peptide bonds; they are produced by a wide
range of organisms, from bacteria to fungi and animals
(Figure 1(a)) [9, 10]. DKPs belong to the nonribosomal
peptides that are synthesized in microorganisms by a multifunctional assembly of enzymes known as nonribosomal
peptide synthases [10] and by CDP synthases, another kind
of enzymes that utilizes aminoacylated transfer RNAs as
substrates instead of free amino acids [11].
CDPs are structurally diverse, and they have been
implicated in multiple functions; the CDPs cyclo(D-Ala-LVal) and cyclo(L-Pro-L-Tyr) have been identified as a new
class of QS autoinducers in Pseudomonas strains, based
on their ability to activate AHL-dependent biosensors [12–
14]. The CDP cyclo(L-Phe-L-Pro) isolated from Lactobacillus plantarum exhibited an antifungal effect against Fusarium sporotrichioides and Aspergillus fumigatus [15], while
the CDPs cyclo(L-Leu-L-Pro), cyclo(L-Phe-L-Pro), cyclo(LVal-L-Pro), cyclo(L-Trp-L-Pro), and cyclo(L-Leu-L-Val) isolated from the deep-sea bacterium Streptomyces fungicidicus
showed antifouling effects [16]. Moreover, synthetic CDPs
such as cyclo(Phe-Pro) induced apoptosis in the HT-29
colon cancer cell line [17], and cyclo(L-Cys-L-Leu) exhibited
potential for scavenging free radicals [18]. Recently, it was
reported that P. aeruginosa is capable of interacting with the
plant Arabidopsis thaliana via the secretion of CDPs such
as cyclo(L-Pro-L-Tyr), cyclo(L-Pro-L-Val), and cyclo(L-ProL-Phe), appearing to mimic the biological role of auxin, a
natural plant hormone [12] (Figure 1(b)). In Staphylococcus
aureus, the aureusimines A/B, comprised of the CDP cyclo(LVal-L-Tyr) and cyclo(L-Val-L-Phe), respectively, are involved
in the regulation of bacterial virulence factors in a murine
host [19]; similarly, the CDP cyclo(L-Phe-L-Pro) in Vibrio
cholerae, V. parahaemolyticus, and V. harveyi is involved in
controlling the expression of genes that are important in
pathogenicity [20]. Moreover, it was reported that CDPs
and DKPs may induce cell death in several cancer cell lines
[21], by affecting biological processes such as microtubule
polymerization; for example, cyclo(D-Tyr-D-Phe), isolated
from Bacillus species, induced apoptosis via caspase-3 activation in the A549 pulmonary adenocarcinoma cell line [22].
In addition, it was reported that the CDPs cyclo(L-Leu-LPro) and cis-cyclo(L-Phe-L-Pro) isolated from Lactobacillus
exhibited antiviral activity against the influenza A (H3N2)
virus [23].
Although, in the context of bacteria-mammalian interaction, it has been suggested that CDPs could play an
important role in bacterial pathogenesis, bacteria-host signaling, or mammalian cell growth, the mechanisms involved
are unknown. Therefore, in this study, we focused on
investigating the cellular effect of CDPs produced from P.
aeruginosa strain PAO1, a pathogenic bacterium in humans
that is capable of secreting the CDPs, cyclo(L-Pro-L-Tyr),
cyclo(L-Pro-L-Val), and cyclo(L-Pro-L-Phe) into the culture
medium (Figure 1(b)). The biological effects of these CDPs
on the growth and/or pathogenesis of mammalian cells
remain unknown; the P. aeruginosa CDPs could be involved
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in bacterial host colonization phenomena during disease
episodes, where antiproliferative or anti-immune properties
of these compounds could affect the host organism. In this
regard, we employed the HeLa cervical adenocarcinoma and
Caco-2 colorectal adenocarcinoma cell lines as host models
in this study.

2. Materials and Methods
2.1. Chemicals and Reagents. Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), antibiotic antimycotic solution (100X) penicillin, streptomycin, and
amphotericin B were purchased from Sigma-Aldrich Co.
4,6-diamidino-2-phenylindole (DAPI) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma-Aldrich Co. Alexa Fluor 488 annexin
V and the PI/dead cell apoptosis kit were obtained from
Invitrogen Life Technologies (Carlsbad, CA, USA). Tissueculture plastic ware was acquired from Corning (Tewksbury,
MA, USA).
The P. aeruginosa CDP mix was characterized as
described previously [12]. Briefly, the P. aeruginosa WT strain
was placed in 100 mL of Luria Bertani (LB) medium and
incubated for 24 h at 30∘ C for bacterial growth. Cell-free
supernatants were prepared by centrifugation (10,000 ×g,
25∘ C for 10 min). The resulting supernatant was extracted
twice with ethyl acetate supplied with acetic acid (0.1 mL/L).
The extracts were evaporated to dryness using a rotavapor
at 60∘ C (Buchi Co., Lawil, Switzerland). The residue was
solubilized in methanol : acetonitrile (1 : 1) and analyzed by
GC-MS as described [12]. The CDP mix is constituted by
the cyclo(L-Pro-L-Tyr), cyclo(L-Pro-L-Val), and cyclo(L-ProL-Phe) in a 1 : 1 : 1 molar ratio. For dose-response assays,
the CDP mix was evaporated to dryness, weighed out, and
dissolved with DMSO to prepare a 100 mg/mL concentration
as stock solution.
2.2. Cell Line Growth. The human cancer cell lines HeLa
and Caco-2 were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cell procedures
were performed under class II biological safety cabinets.
Cells were cultured in DMEM supplemented with 10% (v/v)
FBS (complete medium) and 1% antibiotic (10,000 units of
penicillin, 10 mg streptomycin, and 25 𝜇g of amphotericin B
per mL) solution. The cultures were fed twice a week and
maintained at 37∘ C under 80% humidity and incubated in an
atmosphere of 5% CO2 . HeLa and Caco-2 cells were collected
by trypsinization using trypsin/EDTA buffered solution for
5 min at room temperature, followed by the addition of 5 mL
of serum-enriched medium (CM) to stop trypsin action.
After trypsinization the cells were collected and washed with
CM. Finally, cells were counted in a hemocytometer chamber
and incubated in fresh CM media.
2.3. Cell Viability Assay. Cell viability was determined by the
MTT colorimetric method using thiazolyl blue tetrazolium
bromide (Sigma-Aldrich Co). Briefly, HeLa and Caco-2 cells
were seeded in 96-well flat-bottomed plates at a density of
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Figure 1: Chemical structures of cyclodipeptides (CDPs) from bacteria. (a) Structures of CDPs synthesized by some bacterial species,
modified from [9, 10]. (b) CDPs isolated from Pseudomonas aeruginosa strain PAO1. Isolation of CDPs was carried out according to the
previously reported protocol [12]. A mixture of CDPs, mainly comprised of cyclo(L-Pro-L-Tyr), cyclo(L-Pro-L-Val), and cyclo(L-Pro-L-Phe)
in a 1 : 1 : 1 molar ratio, was used in this study.

3 × 104 cells per well in 200 𝜇L of CM and incubated for 24 h
at 37∘ C as described above. Then, the medium was removed
and replaced with new CM or serum-free medium (SS). Then,
cells were incubated with CDP mix solution at indicated
concentration. Cells were incubated for another 24 h at 37∘ C.
To determine cell viability, 10 𝜇L of 5 mg MTT per mL in
PBS was added to each well and incubated for 4 h at 37∘ C.
Finally, 100 𝜇L of 2-propanol/1 M HCl (19 : 1 v/v) was added
to dissolve the formazan crystals. Absorbance measurements
were conducted utilizing a microplate spectrophotometer
(IMarK Microplate Reader, BIO-RAD, Hercules, CA, USA)
at 595 nm.
2.4. Necrosis and Apoptosis Assay. HeLa and Caco-2 cell
lines were seeded in 96-well flat-bottomed plates at a density
of 3 × 104 cells per well in 200 𝜇L of CM and incubated
for 24 h at 37∘ C. Then, cells were synchronized with SS
medium for 12 h at 37∘ C and were incubated with different
concentrations of CDPs mixture. DMSO was used as control
at same concentration used to dissolve the CDP mix. To
determinate the apoptotic effect, cells were collected by centrifugation at 2,000 ×g for 10 min. The pellet was suspended
in 20 𝜇L of SS medium and treated with annexin V and

propidium iodide (PI) (Dead Cell Apoptosis Kit; Molecular
Probes, Invitrogen Life Technologies, Carlsbad, CA, USA)
following the indications recommended by the manufacturer.
Fluorescence was immediately quantified by flow cytometry
(FC) using a BD Accuri C6 Flow Cytometer (BD Biosciences,
San Jose, CA, USA). The populations of cells for each of the
treatments were gated in forward scatter and side scatter dot
plots to eliminate cell debris. Populations corresponding to
auto- or basal-fluorescence were located in the left quadrant
and cells with emission of fluorescence increasing at least
one log unit value were located in the right quadrant of
the dot plots. In addition, the percentage of fluorescent
cells (PFC) and median fluorescence intensity (FI) were
determined in monoparametric histograms of fluorescence
emission obtained from the dot plots and labeled as PFC
and as relative units of fluorescence. The equipment was
calibrated using Spherotech 8-peak (FL1–FL3) and 6-peak
(FL-4) validation beads (BD Accuri, San Jose, CA, USA).
For apoptosis and necrosis assays, fluorescence for annexin
V in emission fluorescence channel FL1 at 495/519 nm and
for propidium iodide in the FL2 channel at 535/617 nm
was monitored. A minimum of 20,000 cellular events were
analyzed.

4
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Figure 2: Effect of cyclodipeptides from Pseudomonas aeruginosa on HeLa and Caco-2 cell viability. HeLa and Caco-2 cells were incubated
in CM medium containing the CDP mix for 24 h. (a) Viability was determined by the MTT assay and quantitation of fluorescence. Bars
represent the mean value ± the standard error (SE) of three independent experiments. One-way analysis of variance was carried out, with
Tukey’s post hoc test; 𝑛 = 6. Values for SE (𝑃 < 0.05) are shown in lowercase letters. (b) Nonlinear regression analysis of dose-response for
the inhibition of viability by the CDP mix; 95% confidence interval, 𝑃 < 0.001. HeLa: 50% inhibitory concentration (IC50 ) = 0.53 mg/mL; 𝑅2
= 0.96. Caco-2: IC50 = 0.66 mg/mL, 𝑅2 = 0.93.

2.5. Cell Image Captures. HeLa and Caco-2 cells were seeded
in 12-well flat-bottomed plates with sterile-covered round
objects covered with collagenase at a density of 1 × 104 cells
per well with one mL of CM and incubated for 24 h at
37∘ C. Cells were incubated with serum-free medium (SS) for
12 h at 37∘ C and an atmosphere of 5% CO2 and incubated
with different concentrations of the CDP mix. After 12 h
of treatment, the cells were washed with PBS. Cells were
fixed with paraformaldehyde (PFA at 4%) for 10 min on ice.
Then, cells were incubated with DAPI (1 : 1,000) for 10 min
at room temperature. Finally, cells were washed with PBS,
and the cover glass was removed and placed into a holder
with a drop of PBS and glycerol 1 : 1. Cultured cells were
photographed using an inverted phase-contrast microscope
(Carl-Zeiss HB0-50, San Diego, CA, USA) equipped with an
AxioCam/Cc1 digital camera. Cultures of HeLa and Caco-2
cells were grown in CM and incubated with DAPI and visualized using a confocal microscope (Olympus FV1000, Center
Valley, PA, USA). The cells were observed by fluorescence
emission between 405 and 505 nm.

3. Results and Discussion
3.1. CDPs from P. aeruginosa Cultures Affect the Viability
of Human Cancer Cell Lines. In order to test the effect of
CDPs from P. aeruginosa on mammalian cell growth, we
used the HeLa and the Caco-2 cell lines as models in this

study. The HeLa cell line has been extensively employed to
test anticancer drugs [24], while the Caco-2 cell line has
been used to evaluate the ability of chemicals to cross the
intestinal barrier and to study their transport mechanisms
[25]. A mixture of CDPs, mainly comprised of cyclo(L-Pro-LTyr), cyclo(L-Pro-L-Val), and cyclo(L-Pro-L-Phe) in a 1 : 1 : 1
molar ratio, was isolated from the P. aeruginosa PAO1 strain,
grown on Luria Bertani broth. The CDP mix was applied
in a dose-dependent manner to human cells grown in CM
medium. The results obtained showed that CDPs caused
a decrease in the viability of HeLa and Caco-2 cells in a
dose-dependent manner, cell cultures exhibiting 75% dead
cells following treatment with the CDP mix at 100 mg/mL
(Figure 2(a)). The 50% inhibitory concentration (IC50 ) for the
CDP mix from the PAO1 strain was 0.53 and 0.66 mg/mL, for
HeLa and Caco-2 cells, respectively (Figure 2(b)). Although
CDPs incubated in serum-free (SS) medium showed slight
differences in activity compared to those incubated in serumcontaining (CM) medium, these differences were not significant (see Figure S1 in Supplementary Material available
online at http://dx.doi.org/10.1155/2015/197608). These findings indicate that the CDP mix from P. aeruginosa inhibited
the viability of HeLa and Caco-2 cells and that this effect was
independent of the presence or absence of serum.
Microscopic observation of cells following treatment with
the CDP mix and staining with DAPI showed that while HeLa
cells treated with DMSO solvent alone did not exhibit nuclear
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Figure 3: Morphological changes in HeLa cells, induced by cyclodipeptides from Pseudomonas aeruginosa. ((a), (b)) Images of HeLa cells
were taken under phase-contrast confocal microscopy following treatment with the P. aeruginosa CDP mix for 24 h and staining with DAPI.
Images of cells were taken at 20x magnification (a) or 40x magnification (b). (c) Assessment of nuclear condensation by DAPI staining of cells
treated with P. aeruginosa PAO1 CDPs (20x magnification). After treatment, the number of apoptotic nuclei was increased and more nuclear
condensation was observed in cultures of both cell lines, in comparison with untreated controls. Arrows indicate apoptotic nuclei.

DNA fragmentation (Figure 3(a)), HeLa cells did exhibit
nuclear DNA fragmentation after treatment with the CDP
mix at a concentration of 10 mg/mL for 24 h (Figure 3(b)); in
addition, apoptotic bodies were clearly visible in cells treated
with CDPs (Figure 3(c)). These results indicate that the CDP
mix from P. aeruginosa produced a decrease in cell viability
by means of a mechanism of DNA fragmentation.
3.2. Inhibition of HeLa and Caco-2 Cell Viability by CDPs
from P. aeruginosa Involves an Apoptotic Pathway. In order to
identify the mechanism underlying the decrease in viability of
HeLa and Caco-2 cells due to CDP treatment, flow cytometric
analysis was carried out using markers for apoptosis (annexin
V) or necrosis (propidium iodide; PI), with cultures of both
cell lines, after their treatment with the CDP mix. The value
for the percentage of fluorescent cells (PFC), corresponding
to cells that were positive for the annexin V marker, was
≤14% for negative controls of both HeLa and Caco-2 cells
(Figures 4(a) and 4(e)), but ≥97% for both cell lines when
actinomycin D was used as an apoptosis inducer (Figures 4(b)
and 4(f)). Importantly, HeLa and Caco-2 cells treated with
the P. aeruginosa CDP mix at a concentration of 0.01 mg/mL
showed PFC values ≥50% for the annexin V marker (Figures
4(c) and 4(g); lower-right quadrants), increasing to ≥90%
when treated with 1 mg/mL and 0.1 mg/mL CDP mix (Figures
4(d) and 4(h); resp.); however, at higher concentrations of the
CDP mix, the PFC values did not show a further significant
increase (Figure 4(i)). With respect to PI staining, to identify
necrosis in HeLa and Caco-2 cell cultures, positive cells
were not detected under the same CDP-treatment conditions
(Figures 4(c), 4(d), 4(g), and 4(h); upper-right quadrants).
The IC50 CDP-mix doses for apoptosis of HeLa and Caco2 cells, after treatment for 24 h, were calculated as 6.5 ×
10−5 mg/mL and 1.8 × 10−4 mg/mL, respectively (Figure 4(j)).
These findings indicate that the CDP mix from P. aeruginosa

caused inhibition of the viability of these two cancer cell lines
via an apoptotic mechanism, in a dose-dependent manner.
Interestingly, the CDP concentration for apoptosis induction
in HeLa cells was 30-fold lower than for Caco-2 cells (Figure 4(j)). In addition, the CDP concentration for apoptosis
induction was two log units lower than that for nonapoptotic cell death in both the cancer cell lines tested. These
findings were confirmed by microscopic observation of cells;
HeLa and Caco-2 cells exhibited apoptotic cell morphology
following treatment with the CDP mix, at a concentration of
0.1 mg/mL (Figure 5), and similar morphology was observed
following treatment with actinomycin D (apoptosis control;
Figures 5(b) and 5(h)). These results indicate that CDPs from
P. aeruginosa caused a decrease in the cell viability of HeLa
and Caco-2 cell lines by means of a mechanism that involves
apoptotic pathways.
These two cell lines are the most commonly used for
testing drugs, for which details of molecular mechanisms
of transport and cell signaling, among other biological
processes, have been described. It is noteworthy that similar
compounds from other organisms induce apoptosis in different cell lines, for example, cyclo(L-Pro-L-Tyr) and cyclo(LPro-L-Phe) isolated from Bacillus species. Although these
CDPs were not tested for their effects on mammalian cell
viability, they provoked a slight decrement in the phosphorylation of the AKT1 serine/threonine kinase at a concentration
of 0.01 mg/mL in U-87 MG cells from human glioblastoma,
where AKT1 inactivation is an important event that leads
to apoptosis [26, 27]. The quest for novel molecules with
properties involved in the control of cancer cell growth is a
scientific field in growing demand [28]. Natural molecules
with antiproliferative activity are considered more specific
for their target than synthetic molecules; one of the probable
reasons for this is that molecules produced from biological
organisms such as P. aeruginosa tend to have more chiral
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Figure 4: Induction of apoptosis in HeLa and Caco-2 cells by cyclodipeptides from Pseudomonas aeruginosa. HeLa and Caco-2 cells were
incubated in CM medium after treatment with the CDP mix for 24 h. HeLa cells were stained with annexin V and propidium iodide and
analyzed by flow cytometry. ((a)–(h)) Schematic diagrams of dot plots, showing the quadrant divisions for the determination of apoptosis
using the annexin V and PI probes. The populations of cells for each of the treatments were gated in the forward scatter and side scatter
analyses, in order to eliminate dead cells and cell debris. Populations corresponding to autofluorescence or basal fluorescence are located
in the lower-left quadrants. Cells with increased fluorescence emission of at least one log unit are located in the lower-right quadrants. The
percentage of fluorescent cells is indicated in the dot plots. HeLa cell treatment: (a) DMSO (0.05%; negative control); (b) actinomycin D
(50 mg/mL; positive control); (c) 0.01 mg/mL CDP mix; (d) 1.0 mg/mL CDP mix. Caco-2 cell treatment: (e) DMSO (0.05%; negative control);
(f) actinomycin D (50 mg/mL; positive control); (g) 0.01 mg/mL CDP mix; (h) 0.1 mg/mL CDP mix. (i) Dose-response plot of apoptotic cell
induction by CDP treatment. Percentages of fluorescent cells, determined from dot plots, were used in this analysis. Bars represent the mean
value ± the standard error (SE) of three independent experiments. One-way analysis of variance was carried out, with Tukey’s post hoc test;
𝑛 = 6. Values for SE (𝑃 < 0.05) are shown in lowercase letters. (j) Nonlinear regression analysis of dose-response for the induction of apoptosis
by the CDP mix; 95% confidence interval, 𝑃 < 0.001. HeLa: 50% inhibitory concentration (IC50 ) = 6.5 × 10−5 mg/mL; 𝑅2 = 0.92. Caco-2: IC50
= 1.8 × 10−4 mg/mL; 𝑅2 = 0.99.
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Figure 5: Apoptotic morphological changes in HeLa and Caco-2 cells induced by cyclodipeptides from Pseudomonas aeruginosa. Images
of cells were taken under phase-contrast inverted microscopy after treatment with the P. aeruginosa CDP mix for 24 h. HeLa cell treatment:
(a) DMSO (0.05%; negative control); (b) actinomycin D (50 mg/mL; positive apoptosis control); ((c)–(f)) CDP mix at a concentration of
0.1, 1.0, 10, and 100 mg/mL, respectively. Caco-2 cell treatment: (g) DMSO (0.05%; negative control); (h) actinomycin D (50 mg/mL; positive
apoptosis control); ((i)–(l)) CDP mix at a concentration of 0.1, 1.0, 10, and 100 mg/mL, respectively.
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centers, which give them stereochemical specificity [29]. The
synthetic CDP cyclo(L-Phe-L-Pro) is capable of inducing
apoptosis via cleavage of poly(ADP-ribose) polymerase in a
caspase-dependent manner; however, treatment with 5 mM
CDP led to apoptosis in only ≤18% of cells after 72 h [17].
In contrast, in this study, CDPs from P. aeruginosa induced
apoptosis at a lower concentration (∼0.04 mM CDP mix), in
67% and 86% of HeLa and Caco-2 cells, respectively, after
24 h. Our results indicate that the CDP mix from P. aeruginosa
is more active in inducing cell death, leading us to suggest that
the CDPs from P. aeruginosa could constitute a novel factor
that plays important roles in the steps leading to colonization
by P. aeruginosa of its host; these roles probably result in
the inhibition of cellular growth or affect the viability of
immunoprotective cells. Further investigations are necessary
in order to determine the molecular target(s) of the CDPs
from P. aeruginosa that induces apoptosis in mammalian
cells.
In conclusion, this study indicates that a CDP mix
composed of cyclo(L-Pro-L-Tyr), cyclo(L-Pro-L-Val), and
cyclo(L-Pro-L-Phe), isolated from the P. aeruginosa PAO1
strain, promotes cell death of HeLa and Caco-2 cell cultures
in a dose-dependent manner and suggesting an apoptotic
pathway as the mechanism underlying the inhibition of cell
proliferation.
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We have evaluated the cloning and functional expression of previously described broad antimicrobial spectrum bacteriocins
SRCAM 602, OR-7, E-760, and L-1077, by recombinant Pichia pastoris. Synthetic genes, matching the codon usage of P. pastoris,
were designed from the known mature amino acid sequence of these bacteriocins and cloned into the protein expression vector
pPICZ𝛼A. The recombinant derived plasmids were linearized and transformed into competent P. pastoris X-33, and the presence
of integrated plasmids into the transformed cells was confirmed by PCR and sequencing of the inserts. The antimicrobial
activity, expected in supernatants of the recombinant P. pastoris producers, was purified using a multistep chromatographic
procedure including ammonium sulfate precipitation, desalting by gel filtration, cation exchange-, hydrophobic interaction-, and
reverse phase-chromatography (RP-FPLC). However, a measurable antimicrobial activity was only detected after the hydrophobic
interaction and RP-FPLC steps of the purified supernatants. MALDI-TOF MS analysis of the antimicrobial fractions eluted from
RP-FPLC revealed the existence of peptide fragments of lower and higher molecular mass than expected. MALDI-TOF/TOF MS
analysis of selected peptides from eluted RP-FPLC samples with antimicrobial activity indicated the presence of peptide fragments
not related to the amino acid sequence of the cloned bacteriocins.

1. Introduction
The antimicrobial peptides (AMPs) are broad spectrum
small molecular weight compounds with antagonistic activity
against bacteria, viruses, and fungi. Among them, bacteriocins form a widely studied and well-characterized group
of ribosomally synthesized peptides produced by bacteria,
and those produced by lactic acid bacteria (LAB) attract
considerable interest primarily as natural food preservatives
but also with great interest in exploring their application
as therapeutic antimicrobial agents [1–3]. Most LAB bacteriocins are synthesized as biologically inactive precursors
or prepropeptides containing an N-terminal extension that
is cleaved off during export to generate their biologically
active or mature form. The mature peptides are often cationic,
amphiphilic molecules that are generally classified into two

main classes: the lantibiotics or class I bacteriocins that consist of modified bacteriocins and the class II or nonmodified
bacteriocins [4, 5]. The class II bacteriocins have been further
divided into several subgroups, from which the class IIa or
pediocin-like bacteriocins show a strong antilisterial activity
and the N-terminal consensus sequence YGNGV(X)C [5].
Considering the low amount of AMPs obtained from
their direct purification from natural producers and the elevated production costs of chemical synthesis, the biological
production of bacteriocins by heterologous microbial hosts
may provide an opportunity for their production in large
amounts and with higher specific antimicrobial activity [6–
8]. Furthermore, the production of bacteriocins by yeasts
may have some advantages over bacterial cells regarding
specific posttranscriptional and posttranslational modifications [9]. Yeasts are also cost-effective producers with large
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production and high yields of the desired protein [10]. Pichia
pastoris (currently reclassified as Komagataella pastoris) is
being used as heterologous producer of bacteriocins because
of its ability to produce large amounts of properly folded
and biologically active bacteriocins [8, 11, 12]. P. pastoris
also produces disulfide-bonded and glycosylated proteins,
which are crucial features for functionality [13]. The use of
synthetic genes may also constitute a successful approach
for heterologous production and functional expression of
bacteriocins by recombinant yeasts when the DNA sequence
encoding the bacteriocin is not available or difficult to obtain
[12]. Furthermore, the use of synthetic genes matching the
codon usage of the host microorganism can have a significant
impact on gene expression levels and protein folding [14].
Several bacteriocins with broad antimicrobial spectrum
have been identified from chicken commensal bacteria
including bacteriocin SRCAM 602 produced by Paenibacillus
polymyxa [15, 16], bacteriocins OR-7 and L-1077 produced
by Lactobacillus salivarius [17, 18], and bacteriocins E760 and E 50-52 produced by Enterococcus spp. [19, 20].
All these bacteriocins have been reported to be active
against Gram-positive and Gram-negative bacteria including
Campylobacter spp., reducing Campylobacter colonization in
poultry and considered potentially useful towards on-farm
control of this foodborne human pathogen [21]. Most animal
studies suggest that these bacteriocins considerably reduce
C. jejuni colonization in chicken intestine and thus may
reduce Campylobacter spp. infections in humans [17, 19, 20].
However, to our knowledge, none of the genes encoding these
bacteriocins have been sequenced so far. Accordingly, in this
study we report the use of synthetic genes designed from the
published amino acid sequence of the mature bacteriocins
SRCAM 602, OR-7, E-760, and L-1077 and with adapted
codon usage for expression by P. pastoris, their cloning into
the protein expression vector pPICZ𝛼A, and their expression
by recombinant P. pastoris X-33.

2. Materials and Methods
2.1. Microbial Strains and Plasmids. Microbial strains and
plasmids used in this study are listed in Table 1. Enterococcus
faecium T136 and Pediococcus damnosus CECT4797 were
grown in MRS broth (Oxoid Ltd., Basingstoke, UK) at 32∘ C.
P. pastoris X-33 (Invitrogen S.A., Barcelona, Spain) was
cultured in YPD medium (Sigma-Aldrich Inc., St. Louis, MO,
USA) at 30∘ C with shaking (200–250 rpm). Escherichia coli
JM109 (Promega, WI, USA) was grown in LB broth (SigmaAldrich) at 37∘ C with shaking (250 rpm). Listeria monocytogenes CECT4032 was grown in LB at 37∘ C and Salmonella
typhimurium CECT443 was grown in TSB (Oxoid) at 37∘ C.
Campylobacter jejuni ATCC33560 and C. jejuni NCTC11168
were grown in BHI supplemented with 1% defibrinated horse
serum (BD Bioscience, CA, USA) at 37∘ C in microaerophilic
conditions. E. coli O157:H7 was grown in LB at 37∘ C with
shaking (250 rpm). Yersinia ruckeri LMG3279 was grown in
TSB at 28∘ C. Zeocin (Invitrogen) was added when needed
at concentrations of 25, 100, or 1000 𝜇g/mL. Strains cited
as CECT belong to the Colección Española de Cultivos
Tipo (Valencia, Spain), ATCC to the American Type Culture
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Collection (Rockville, MD, USA), and NCTC to the National
Collection of Type Cultures (London, UK).
2.2. Basic Genetic Techniques and Enzymes. The published
amino acid sequences of mature bacteriocins SRCAM 602,
OR-7, E-760, and L-1077 were used as templates to design the
nucleotide sequence of the synthetic genes srcam602, or-7, e760, and l-1077 matching the codon usage of P. pastoris X33. These synthetic genes contained a 5 -nucleotide appendix
including a XhoI restriction site and a 3 -nucleotide appendix
including the termination of translation codon (TAA) and
the NotI restriction site. All synthetic genes were supplied by
GeneArt (Life Technologies, Paisley, UK). DNA restriction
enzymes were supplied by New England BioLabs (Ipswich,
MA, USA). Ligations were performed with the T4 DNA ligase (Roche Molecular Biochemicals, Mannheim, Germany).
E. coli JM109 cells were transformed as described by the
supplier. Competent P. pastoris X-33 cells were obtained
as recommended by the supplier and electroporation of
competent cells was performed as previously described [22].
Electrocompetent cells were transformed with a Gene Pulser
and Pulse Controller apparatus (Bio-Rad Laboratories, Hercules, CA, USA).
2.3. PCR Amplification and Nucleotide Sequencing. Oligonucleotide primers were obtained from Sigma-Genosys Ltd.
(Cambridge, UK). PCR amplifications were performed in
50 𝜇L reaction mixtures containing 1 𝜇L of purified DNA,
70 pmol of each primer, and 1 U of Platinum Pfx DNA
Polymerase (Invitrogen) in a DNA thermal cycler Techgene
(Techne, Cambridge, UK). The PCR-generated fragments
were purified by a NucleoSpin Extract II Kit (MachereyNagel GmbH & Co., Düren, Germany) for cloning and
nucleotide sequencing. Nucleotide sequencing of the purified
PCR products was performed using the ABI PRISM BigDye
Terminator cycle sequence reaction kit and the automatic
DNA sequencer ABI PRISM, model 377 (Applied Biosystems,
Foster City, CA, USA), at the Unidad de Genómica, Facultad
de Ciencias Biológicas, Universidad Complutense de Madrid
(UCM), Madrid, Spain.
2.4. Cloning of the srcam602, or-7, e-760, and l-1077 Synthetic
Genes in P. pastoris X-33 and Antimicrobial Activity of the
Transformants. The primers and inserts used for construction of the recombinant plasmids are listed in Table 2.
Derivatives of plasmid pPICZ𝛼A were constructed as follows:
primers S602-F, S071-F, and SARP-R were used for PCR
amplification from plasmids pMATSRCAM602, pMATOR7, pMATE-760, and pMATL-1077 of nucleotide fragments in
frame with the S. cerevisiae 𝛼-factor secretion signal, without
the Glu-Ala spacer adjacent to the Kex2 protease cleavage
site, fused to the srcam602, or-7, e-760, and l-1077 synthetic
genes. Digestion of the above cited fragments with the XhoINotI restriction enzymes permitted ligation of the resulting R-SRCAM602, R-OR7, R-E760, and R-L1077 nucleotide
fragments of 136-, 181-, 242-, and 167-bp, respectively, into
pPICZ𝛼A digested with the same enzymes to generate the
plasmid-derived vectors pSRCAM602, pOR-7, pE-760, and
pL-1077, respectively. Competent E. coli JM109 cells were used

GeneArt Life Technologies
GeneArt Life Technologies
GeneArt Life Technologies

Ampr ; pMA-T plasmid carrying the or-7 synthetic gene with the P. pastoris codon usage
Ampr ; pMA-T plasmid carrying the e-760 synthetic gene with the P. pastoris codon usage
Ampr ; pMA-T plasmid carrying the l-1077 synthetic gene with the P. pastoris codon usage
pPICZ𝛼A derivative with the srcam602 synthetic gene
pPICZ𝛼A derivative with the or-7 synthetic gene
pPICZ𝛼A derivative with the e-760 synthetic gene
pPICZ𝛼A derivative with the l-1077 synthetic gene

pMATOR-7

pMATE-760

pMATL-1077

pSRCAM602

pOR-7

pE-760
pL-1077

This work

This work

This work

This work

GeneArt Life Technologies

Ampr ; pMA-T plasmid carrying the srcam602 synthetic gene with the P. pastoris codon usage

Ampr : ampicillin resistance; Zeor : zeocin resistance.
b
DNBTA: Departamento de Nutrición, Bromatologı́a y Tecnologı́a de los Alimentos, Facultad de Veterinaria, Universidad Complutense de Madrid (Madrid, Spain); CECT: Colección Española de Cultivos Tipo
Valencia, Spain).

a

GeneArt Life Technologies

Ampr ; carrier of synthetic genes
Zeor ; integrative plasmid carrying the secretion signal sequence from the S. cerevisiae 𝛼-factor
prepropeptide and functional sites for integration at the 5 AOX1 locus of P. pastoris X-33

Invitrogen Life Technologies

DNBTA
CECT
Promega
Invitrogen Life Technologies

Source and/or
referenceb

Enterocin A and B producer; MPA positive control
MPA indicator microorganism
Selection of recombinant plasmids
Yeast producer

Descriptiona

pMATSRCAM602

Strains
Enterococcus faecium T136
Pediococcus damnosus CECT4797
Escherichia coli JM109
Pichia pastoris X-33
Plasmids
pMA-T
pPICZ𝛼A

Strain or plasmid

Table 1: Bacterial strains and plasmids used in this study.
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R-SRCAM602, R-E760, R-L1077
R-SRCAM 602, R-E760, R-L1077, R-OR7
R-OR7
pPICZ𝛼A amplification fragment including the cloned synthetic
gene
pPICZ𝛼A amplification fragment including the cloned synthetic
gene

GCCATGAGCTCGAATTCTCGAGAAAAG
GTCCAGAGCTCGAATTCTCGAGAAAAG
AGGTACCATAAGTTGCGGCCGC
TACTATTGCCAGCATTGCTGC

167-bp XhoI/NotI fragment containing the 𝛼-factor Kex2 signal cleavage
fused to the mature synthetic l-1077 gene with the P. pastoris codon usage

R-L1077

ATYYGNGLYCNKQKHYTWVDWNKASR
EIGKITVNGWVQH
BacSRCAM602 (P. pastoris codon usage) gctacttactacggtaacggtctttactgtaacaagcagaagcact
acacttgggttgactggaacaaggcttccagagagatcggtaag
atcactgttaacggttgggttcaaca
BacOR-7 (amino acid sequence)
KTYYGTNGVHCTKNSLWGKVRLKNMK
YDQNTTYMGRLQDILLGWATGAFGKTFH
BacOR-7 (P. pastoris codon usage)
aagacttactacggaactaacggtgttcactgtactaagaattcctt
gtggggtaaggttagattgaagaacatgaagtacgaccagaaca
ctacttacatgggtagattgcaggacatcttgttgggttgggctact
ggtgctttcggtaagacttttcat
BacE-760 (amino acid sequence)
NRWYCNSAAGGVGGAAVCGLAGYVGE
AKENIAGEVRKGWGMAGGFTHNKACKS
FPGSGWASG
aacagatggtactgtaactccgctgctggtggtgttggtggtgct
BacE-760 (P. pastoris codon usage)
gctgtttgtggtttggctggttatgttggtgaggctaaagaaaacat
tgctggtgaggttagaaagggttggggtatggctggtggtttcac
tcataacaaggcttgtaagtccttcccaggttctggttgggcttctggt
BacL-1077 (amino acid sequence)
TNYGNGVGVPDAIMAGIIKLIFIFNIRQGY
NFGKKAT
BacL-1077 (P. pastoris codon usage)
actaactacggtaacggtgttggtgttccagacgctattatggctg
gtatcatcaagttgatcttcatcttcaacatcagacagggttacaac
ttcggtaagaaggctact

Bacteriocins
BacSRCAM602 (amino acid sequence)

242-bp XhoI/NotI fragment containing the 𝛼-factor Kex2 signal cleavage
fused to the mature synthetic e-760 gene with the P. pastoris codon usage

136-bp XhoI/NotI fragment containing the 𝛼-factor Kex2 signal cleavage
fused to the mature synthetic srcam602 gene with the P. pastoris codon
usage
181-bp XhoI/NotI fragment containing the 𝛼-factor Kex2 signal cleavage
fused to the mature synthetic or-7 gene with the P. pastoris codon usage

GCAAATGGCATTCTGACATCC

Amplifications

Nucleotide sequence (5 -3 ) or description

R-E760

R-OR7

PCR products
R-SRCAM602

3AOX1-R

ALFA-F

Primers, PCR products, or bacteriocins
Primers
S602-F
S071-F
SARP-R

Table 2: Primers and PCR products used in this study.
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for cloning and vector propagation and the resulting transformants were confirmed by PCR amplification and sequencing
of the inserts. Subsequently, the SacI-linearized pSRCAM602,
pOR-7, pE-760, and pL-1077 vectors were transformed into
competent P. pastoris X-33 cells yielding zeocin resistant
derivatives on YPD agar supplemented with zeocin (100
and 1,000 𝜇g/mL) and sorbitol (1 M). The presence of the
integrated synthetic genes in the transformed yeast cells was
confirmed by PCR and DNA sequencing of the inserts.
The antimicrobial activity of individual P. pastoris X33SRCAM602, P. pastoris X-33OR-7, P. pastoris X-33E-760,
and P. pastoris X-33L-1077 was screened by a streak-onagar test (SOAT). Briefly, the P. pastoris transformants were
streaked onto BMMY buffered methanol complex medium
(1% yeast, 2% peptone, 100 mM potassium phosphate (pH
6), 1,34% yeast nitrogen base (YNB) without amino acids,
4 × 10−5 % biotin, 0.5% methanol) agar and grown at 30∘ C
to induce production of the bacteriocins. After incubation
of the plates at 30∘ C during 24 h, 40 mL of MRS softagar containing 105 cfu/mL of the indicator microorganism
Pediococcus damnosus CECT4797 was added to the plates
that were further incubated at 32∘ C for 24 h inhibition halos
visualization.

To determine the amino acid sequence of the purified
peptides, the eluted purified fractions with antimicrobial
activity were further subjected to MALDI-TOF/TOF tandem
mass spectrometry. The samples were reduced, alkylated,
digested with trypsin [23], and analysed in a 4800 Proteomics
Analyzer MALDI-TOF/TOF mass spectrometer (Applied
Biosystems). The acquisition method for MS analysis was
1 KV reflector positive mode. Peptides from the MS spectra were manually selected for fragmentation analysis. The
acquisition method for MS/MS analysis was MS/MS-1 KV
in reflector positive mode with CID for fragmentation. The
collision gas was atmospheric and the precursor mass window was ±5 Da. The plate model and default calibration were
optimized for the MS/MS spectra processing. The parameters
used to analyze the data were signal to noise = 20, resolution
>6000. For protein identification, the de novo amino acid
sequence from the fragmentation spectra of selected peptides
was performed using the De Novo tool software (Applied
Biosystems), and tentative sequences were manually checked
and validated. Homology searches of the deduced amino acid
sequences were performed through the NCBI/Blast. All mass
spectrometry (MS) analyses were performed at the Unidad de
Proteómica, Facultad de Farmacia, Universidad Complutense
de Madrid (UCM), Madrid, Spain.

2.5. Purification of the Antimicrobial Activity of Supernatants
from the Recombinant Yeasts. The antimicrobial activity of
supernatants from P. pastoris X-33 and P. pastoris X-33
(pPICZ𝛼A) and the recombinant P. pastoris X-33SRCAM602,
P. pastoris X-33OR-7, P. pastoris X-33E-760, and P. pastoris
X-33L-1077 was purified using a previously described procedure [12]. Briefly, supernatants from early stationary phase
0.5 L cultures of the recombinant yeasts, grown in BMMY
buffered methanol complex medium at 30∘ C, were precipitated with ammonium sulfate, desalted by gel filtration, and
subjected to cation exchange-chromatography, followed by
hydrophobic interaction-chromatography and reverse phasechromatography in a fast protein liquid chromatography
system (RP-FPLC) (GE Healthcare, Barcelona, Spain). The
antimicrobial activity of the purified fractions was evaluated
against Pediococcus damnosus CECT4797 by the microtiter
plate assay (MPA).

2.7. Antimicrobial Activity of Purified Supernatants from
the Recombinant Yeasts. The antimicrobial activity of purified supernatants from the recombinant P. pastoris X33SRCAM602, P. pastoris X-33OR-7, P. pastoris X-33E-760,
and P. pastoris X-33L-1022 was evaluated against Listeria
monocytogenes CECT4032, E. coli O157:H7, Yersinia ruckeri
LMG3279, Campylobacter jejuni ATCC33560, and C. jejuni
NCTC11168 by using a MPA, as previously described [12].

2.6. Mass Spectrometry Analysis of Purified Supernatants.
For determination of the molecular mass of peptides in
supernatants of the recombinant yeasts, the eluted purified fractions with antimicrobial activity were subjected
to matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS). Briefly, 1 𝜇L samples
were spotted onto a MALDI target plate and allowed to airdry at room temperature. Then, 0.4 𝜇L of a 3 mg/mL of 𝛼cyano-4-hydroxy-transcinnamic acid matrix (Sigma) in 50%
acetonitrile were added to the dried peptide to digest spots
and allowed again to air-dry at room temperature. MALDITOF MS analyses were performed in a 4800 Proteomics
Analyzer MALDI-TOF/TOF mass spectrometer (Applied
Biosystems, Framingham, MA), operated in 1 KV reflector
mode. All mass spectra were calibrated externally using a
standard peptide mixture (AB Sciex, MA, USA).

3. Results
3.1. Cloning of Synthetic Genes Encoding Bacteriocins and
Their Expression by Recombinant P. pastoris. The cloning of
PCR-amplified fragments from plasmids encoding synthetic
genes designed from the published amino acid sequence of
the mature bacteriocins SRCAM 602, OR-7, E-760, and L1077 into the protein expression vector pPICZ𝛼A resulted
in the recombinant plasmids pSRCAM602, pOR-7, pE-760,
and pL-1077 (Table 1). Similarly, transformation of the linearized plasmids into competent P. pastoris X-33 permitted
isolation of the P. pastoris X-33SRCAM602 (srcam602), P.
pastoris X-33OR-7 (or-7), P. pastoris X-33E-760 (e-760), and P.
pastoris X-33L-1077 (l-1077) recombinants. However, none of
the recombinant yeasts showed direct antimicrobial activity
against P. damnosus CECT4797, even those recombinant
yeasts selected for their high zeocin resistance (1,000 𝜇g/mL).
Colonies of P. pastoris X-33 and P. pastoris X-33 (pPICZ𝛼A)
were used as bacteriocin-negative controls to discard the
possibility that the antimicrobial activity possibly observed
was due to metabolites other than bacteriocins.
3.2. Purification of the Antimicrobial Activity of Supernatants
from the Recombinant P. pastoris and Mass Spectrometry Analysis. When supernatants from P. pastoris X-33SRCAM602, P.
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Figure 1: Mass spectrometry analysis of purified supernatants from P. pastoris X-33SRCAM602 (a), P. pastoris X-33OR-7 (c), P. pastoris X33E-760 (b), and P. pastoris X-33L-1077 (d), eluted after RP-FPLC. Numbers indicate the molecular mass in daltons of most of the observed
peptide fragments.

pastoris X-33OR-7, P. pastoris X-33E-76, and P. pastoris X-33L1077 were purified by a multistep chromatographic procedure, only eluted fractions after the hydrophobic interactionchromatography step showed full antimicrobial activity
against Pediococcus damnosus CECT4797 as the indicator
microorganism (Table 4). MALDI-TOF MS analysis of eluted
fractions after the RP-FPLC step showed that supernatants
from P. pastoris X-33SRCAM602 showed a major peptide
fragment of 3388.8 Da (Figure 1(a)). However, the purified
supernatant from P. pastoris X-33OR-7 showed a major
peptide fragment of 3094.4 Da and peptide fragments of
major and minor molecular mass (Figure 1(b)). Similarly,
a large display of peptide fragments of different molecular
masses was observed in the purified supernatants from P.
pastoris X-33E-760 (Figure 1(c)) and P. pastoris X-33L-1077
(Figure 1(d)). MALDI-TOF MS/MS spectrometry analysis of
trypsin-digested peptides from purified supernatants from
all recombinant P. pastoris, determined that none of the
most probable or de novo amino acid sequence of the
evaluated peptide fragments matched the expected amino
acid sequence of the bacteriocins SRCAM 602, OR-7, E760, and L-1077 (Table 5). However, some of the determined
peptide fragments were homologous to those observed in
proteins from ABC-transporter systems, histidine kinase
protein family, peptidase C1 superfamily, and nucleosome
binding proteins.
3.3. Antimicrobial Activity of Purified Supernatants from
the Recombinant Yeasts. The purified supernatants from

recombinant P. pastoris, constructed for expression of
the bacteriocins SRCAM 602, OR-7, E-760, and L-1077
showed antimicrobial activity against Pediococcus damnosus
CECT4797 but did not display a measurable antimicrobial
activity against L. monocytogenes CECT4032, E. coli O157:H7,
Y. ruckeri LMG3279, C. jejuni ATCC33560, and C. jejuni
NCTC11168, when evaluated by a microtiter plate assay
(MPA). The purified supernatants from P. pastoris X-33 and
P. pastoris X-33 (pPICZ𝛼A) did not show antagonistic activity
neither against Pediococcus damnosus CECT4797 nor against
any of the indicator bacteria cited above.

4. Discussion
To circumvent the proliferation of emerging pathogenic
and antibiotic-resistant bacteria, bacteriocins produced by
LAB emerge as natural antimicrobial peptides with potential
applications in food preservation, livestock protection,
and medical applications [1, 24]. However, the high cost
of synthetic bacteriocin synthesis, their low yields, and the
production of potential virulence factors from some natural
bacterial producers drive the exploration of microbial
systems for the biotechnological production of bacteriocins
by heterologous LAB and yeasts [6, 8]. Furthermore, the use
of synthetic genes may become a useful tool for production
and functional expression of bacteriocins by heterologous
microbial hosts [12].
The development of heterologous expression systems
for bacteriocins may offer a number of advantages over
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Table 3: Amino acid sequence of cloned bacteriocins and other class IIa bacteriocins.
Bacteriocin

Amino acid sequence

SRCAM 602

ATYYGNGLYCNKQKHYTWVDWNKASREIGKITVNGWVQH
KTYYGTNGVHCTKNSLWGKVRLKNMKYDQNTTYMGRLQDILLGW
ATGAFGKTFH
NRWYCNSAAGGVGGAAVCGLAGYVGEAKENIAGEVRKGWGMAGG
FTHNKACKSFPGSGWASG
TTKNYGNGVCNSVNWCQCGNVWASCNLATGCAAWLCKLA
TNYGNGVGVPDAIMAGIIKLIFIFNIRQGYNFGKKAT
ATRSYGNGVYCNNSKCWVNWGEAKENIAGIVISGWASGLAGMGH
TTHSGKYYGNGVYCYKNKCTVDWAKATTCIAGMSIGGFLGGAI
PGKC
ATYYGNGLYCNKEKCWVDWNQAKGEIGKIIVNGWVNHGPWAP
RR
ARSYGNGVYCNNKKCWVNRGEATQSIIGGMISGWASGLAGM

OR-7
E-760
E 50-52
L-1077
EntP
EntA
HirJM79
SakA

Number of amino acids
39
54
62
39
37
44
47
44
41

Underlined, the class IIa N-terminal consensus sequence YGNGV(X)C.

Table 4: Antimicrobial activity of fractions generated during purification of supernatants from P. pastoris X-SRCAM602, P. pastoris X-33OR-7,
P. pastoris X-33E-760, and P. pastoris X-33L-1077, grown in BMMY with methanol.
Strain

Antimicrobial activity (BU/mL) of the purified fractionsa
SN

AS

GF

SE

OE

P. pastoris X-33SRCAM602

NA

NA

NA

NA

12,800

RP-FPLC
1,106,531

P. pastoris X-33OR-7

NA

NA

127

32

1,391

10,027

P. pastoris X-33E-760

NA

NA

NA

NA

687

14,442

P. pastoris X-33L-1077

NA

NA

35

23

2,069

13,213

Most of the data are mean from two independent determinations in triplicate.
a
Antimicrobial activity against Pediococcus damnosus CECT4797 as determined by microtiter plate assay (MPA). BU: bacteriocin units. NA: no activity.
Purification fractions: SN: supernatant; AS: ammonium sulfate precipitation; GF: gel filtration; SE: Sepharose fast flow eluate; OE: Octyl Sepharose eluate; RPFPLC: reversed-phase eluate.

native systems, facilitating the control of bacteriocin gene
expression or achieving higher production levels. Although a
number of yeast platforms have been used for the production
of peptides and proteins, including bacteriocins [10, 11, 25],
the use of synthetic genes has been only barely explored
for their expression by recombinant yeasts [12]. In this
study, the protein expression vector pPICZ𝛼A containing an
strong and inducible promoter and the Kex2 signal cleavage
site for processing of fusion proteins [26] has been used
to drive the expression of synthetic genes encoding the
mature bacteriocins SRCAM 602, OR-7, E-760, and L-1077,
by recombinant P. pastoris X-33 derivatives.
Initial results with P. pastoris X-33SRCAM602, P. pastoris
X-33OR-7, P. pastoris X-33E-760, and P. pastoris X-33L-1077
determined that none of the recombinant yeasts, encoding
synthetic genes for expression of the cloned bacteriocins,
showed antimicrobial activity when individual colonies were
screened by a streak-on-agar test (SOAT). Highly variable
yields of secreted proteins have been achieved using the P.
pastoris expression system and cases of low secretory yields
or complete failure in protein production have also been
reported [3, 27, 28]. A number of factors may affect the production of foreign peptides by heterologous yeasts including

copy number integration of the expression vectors in the
yeast DNA, mRNA stability, errors in mRNA translation,
uncoordinated rates of protein synthesis, folding and translocation, and undesired proteolysis of heterologous proteins
by resident proteases or by proteases in the extracellular
space being secreted, cell-wall associated, or released into the
culture medium as a result of cell disruption [29–31]. The
use of the P. pastoris expression system for overproduction
of peptides and proteins is known to be somewhat hampered
by its unpredictable yields of production of heterologous
proteins, which is now believed to be caused in part by
their varied efficiencies to traffic through the host secretion
machinery [3, 28].
The amino acid sequence following the Kex2 secretion
signal may also interfere with the secretion of fused peptides
or proteins by recombinant P. pastoris. Furthermore, the
yields of many recombinant proteins seem to be influenced
by the Kex2 P1 site residue [3]. In this study, the Kex2 P1
site residues for mature SRCAM 602, OR-7, E-760, and L-1077
were the amino acids A, K, N, and T, respectively (Table 3).
However, the cloning in P. pastoris of the bacteriocins enterocin A (EntA) and enterocin P (EntP) with the Kex2 P1 site
residues A and T, respectively, showed an overproduction of
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Table 5: Results obtained by MALDI-TOF/TOF MS analysis of the eluted RP-FPLC fractions from purified supernatants of the recombinant
P. pastoris X-33 derivatives.
Bacteriocin

Predicted molecular mass (Da)

Trypsin-digested precursor (Da)

SRCAM 602

4,630.1

926.65
1,500.95
1,614.97

OR-7

6,215.1

Deficient signal

E-760

6,179.8

1,166.63
1,579.68

VGNPLHGIFGR
SLSAYMFFANEQR

L-1077

4,002.6

1,638.76
1,718.73

IVGSQAGIGEYLFER
LVELSEQELVDCER

both bacteriocins over their natural producers and an intense
antimicrobial activity when colonies of the recombinant
yeasts were evaluated by the SOAT [11, 22].
The use of a multistep chromatographic procedure
for purification of the expected antimicrobial activity in
supernatants of the recombinant P. pastoris determined
that only eluted fractions after the hydrophobic interactionchromatography step showed full antimicrobial activity
(Table 4), probably due to removal of antimicrobial
inhibitors, disaggregation of the bacteriocins, or changes
in conformation of the bacteriocins in the hydrophobic
solvent. The antimicrobial activity of the supernatant
from P. pastoris X-33SRCAM602 was much higher than
that of the rest of the recombinant P. pastoris. While
being interesting, this was not an unexpected observation
since purification of the circular bacteriocin garvicin ML,
produced by Lactococcus garvieae DCC43, showed a higher
antibacterial activity and a broader antimicrobial spectrum
as it was increasingly purified [32]. However, MALDI-TOF
MS analysis of the purified supernatants from P. pastoris
X-33SRCAM602, P. pastoris X-33OR-7, P. pastoris X-33E-760,
and P. pastoris X-33L-1077 mostly showed a large display
of peptide fragments of different molecular mass than
deduced from the calculated molecular mass of the cloned
bacteriocins (Figure 1). The different molecular mass of the
resulting peptide fragments may suggest the existence of
truncated bacteriocins, the interaction of the bacteriocins
with unknown biological compounds or the bacteriocins
being subjected to posttranslational modifications (PTM)
such as phosphorylation, acetylation, methylation, oxidation,
formylation, disulfide bond formation, and N-linked and
O-linked glycosylation [8, 33]. The presence of cysteine
residues in the bacteriocins SRCAM 602, OR-7, and E-760
would permit the formation of disulfide bridges but also
permits its oxidation, glutathionylation, and cysteinylation.
The absence in all cloned bacteriocins of attachment sites for
N-linkages precludes its N-glycosylation, but the presence of
threonines and serines makes the bacteriocins sensitive to
O-glycosylation [8, 12, 33].
However, MALDI-TOF MS/MS analysis of trypsindigested peptides from purified supernatants from all recombinant P. pastoris determined that none of the evaluated peptide fragments matched the expected amino acid sequence

Amino acid sequence (MS/MS analysis)
SANALRPPT
GDKENAAKASSVPAR
KTGGNRAVSGAGEIAAR
—

of the bacteriocins SRCAM 602, OR-7, E-760, and L-1077
(Table 5). From the results obtained it may be suggested
that very low yields of secreted and/or purified bacteriocins
are obtained after cloning of synthetic genes encoding the
bacteriocins SRCAM 602, OR-7, E-760, and L-1077 in P.
pastoris. This observation was also not unexpected because
bacteriocins cloned into Saccharomyces cerevisiae, P. pastoris,
Kluyveromyces lactis, Hansenula polymorpha, and Arxula
adeninivorans have been produced with variable success
regarding their production, secretion, and functional expression [11]. Furthermore, since one of the main bottlenecks in
recombinant protein production is the inability of foreign
peptides to reach their native conformation in heterologous
yeast hosts, it could also happen that incorrectly folded
SRCAM 602, OR-7, E-760, and L-1077 are accumulated in
the endoplasmic reticulum (ER) of recombinant P. pastoris,
activating the unfolded protein response (UPR) and the
ER-associated degradation (ERDA) of the misfolded bacteriocins, leading to persistent ER stress conditions causing
much lower efficiencies to traffic through the host secretion
machinery, apoptosis, and cell death [8, 28, 34, 35]. In any
case, the inconsistent secretory productivity among recombinant proteins has always been a major obstacle for routine
application of P. pastoris as an eukaryotic protein expression
system in both research and industry [3].
The purified supernatants from the recombinant P. pastoris constructed for expression of the bacteriocins SRCAM
602, OR-7, E-760, and L-1077 showed a measurable antimicrobial activity against Pediococcus damnosus CECT4797
(Table 4), but not against L. monocytogenes CECT4032, E. coli
O157:H7, Y. ruckeri LMG3279, C. jejuni ATCC33560, and C.
jejuni NCTC11168. One of the remarkable features of bacteriocins is that they are very potent, being active in nanomolar
concentrations, thereby surpassing by about 1,000-fold the
activity of AMPs produced by eukaryotic cells [36]. One of the
major reasons for this extreme potency is that bacteriocins
apparently recognize specific receptors on target cells, while
the interactions between AMPs and microorganisms are
mostly nonspecific. Furthermore, the target receptor for class
IIa bacteriocins has been identified as proteins of the sugar
transporter mannose phosphotransferase system (Man-PTS),
with the most potent receptors being those found in Listeria
spp. [37, 38]. However, the very low yields of secreted or
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purified bacteriocins in supernatants of the recombinant P.
pastoris may be responsible for their nondetected antilisterial
activity.
It could be also hypothesized that peptide fragments
aggregated to or coeluting with the purified bacteriocins
may be responsible for the antimicrobial activity of the
eluates against the sensitive indicator Pediococcus damnosus
CECT4797, but not against any other of the indicator bacteria
tested. Many proteins contain encrypted within their primary structure bioactive peptides with antimicrobial activity
following hydrolytic release from the native molecule [39,
40]. Incorrect disulfide bond formation, misfolding of the
secreted bacteriocin and extensive PTMs were suggested to
be responsible for the lower antilisterial activity and the
nonmeasurable antimicrobial activity against Gram-negative
bacteria of the bacteriocin E 50-52 (BacE50-52), produced
by recombinant P. pastoris X-33BE50-52S and K. lactis
GG799BE50-52S [12]. This bacteriocin, originally produced
by Enterococcus faecium B-30746, was also reported to display
a high and broad antimicrobial activity against Gram-positive
and Gram-negative bacteria, including Campylobacter spp.
[20, 41].
The correct processing, secretion and functional expression of the bacteriocins EntP [22], hiracin JM79 (HirJM79)
[42] and EntA [11], produced by recombinant yeasts, contrast
with the low biological activity of the sakacin A (SakA)
and the chimera EntP/SakA, produced by recombinant P.
pastoris and K. lactis producers [8]. Misfolding of SakA and
EntP/SakA and induction of the yeasts’ UPR may be responsible for apoptosis in recombinant P. pastoris producers of
SakA and for extensive PTMs in recombinant P. pastoris
and K. lactis, producers of SakA and EntP/SakA [8]. These
results, obtained by our research group, also contrast with
the low antimicrobial activity against Pediococcus damnosus
CECT4797 and the absence of antimicrobial activity against
Gram-positive and Gram-negative bacteria of the purified
supernatants from recombinant P. pastoris encoding the
mature bacteriocins SRCAM 602, OR-7, E-760, and L-1077.
Nevertheless, it should be also worth to notice that
bacteriocins SRCAM 602 [16], OR-7 [17], E-760 [19], and
L-1077 [18], although being reported as bacteriocins with
a broad antimicrobial activity against Gram-positive and
Gram-negative microorganisms including Campylobacter
spp., have not been fully characterized at their biochemical
and genetic level, the genetic identification of their structural and adjacent genes has not been yet reported, and
their molecular masses, deduced from their reported amino
acid sequences, were not identical to the experimentally
determined molecular mass from the purified bacteriocins
[16–19]. Furthermore, recent reports suggest that bacteriocin SRCAM 602, previously reported to be produced
by Paenibacillus polymyxa NRRL B-30509 and claimed to
be responsible for inhibition of C. jejuni, could not be
detected in the purified supernatants of the producer strain
while the srcam602 structural gene was not found via a
PCR-based approach using degenerate nucleotide primers
or by genomic sequencing of the bacteriocin producer
[43]. Similarly, Bacillus circulans (now Paenibacillus terrae)
NRRL B-30644 previously reported to produce SRCAM 1580,
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a bacteriocin active against C. jejuni [16], has been recently
suggested not to produce this bacteriocin and no genetic
determinants for its production were shown. Instead the antiCampylobacter activity of this strain is due to the production
of the lipopeptide tridecaptin A1 whereas this strain also
produces the novel lantibiotic paenicidin B, active against
Gram-positive bacteria [44].
Although the cloning in recombinant yeasts of synthetic
genes encoding bacteriocins drives the production, antimicrobial activity, and specific antimicrobial activity of the
cloned bacteriocins in the absence of dedicated immunity and
secretion proteins [12], these results contrast with the negligible antimicrobial activity against Gram-positive and Gramnegative bacteria of purified supernatants from recombinant
P. pastoris encoding the bacteriocins SRCAM 602, OR-7, E760, and L-1077. Accordingly, since production of bacteriocins from synthetic bacteriocin genes is difficult to predict,
further efforts should be performed for a more efficient
genetically engineered production and functional expression
of other bacteriocin synthetic genes or their chimeras by
heterologous producer yeasts. The design of further and novel
successful genetic approaches for production and functional
expression of bacteriocins by yeasts would facilitate their
biotechnological applications as natural antimicrobial agents
in food, animal husbandry, and medicine.
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H. Prévost, “The continuing story of class IIa bacteriocins,”

10

BioMed Research International
Microbiology and Molecular Biology Reviews, vol. 70, no. 2, pp.
564–582, 2006.
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[11] J. Borrero, G. Kunze, J. Jiménez et al., “Cloning, production,
and functional expression of the bacteriocin enterocin A,
produced by Enterococcus faecium T136, by the Yeasts Pichia
pastoris, Kluyveromyces lactis, Hansenula polymorpha, and Arxula adeninivorans,” Applied and Environmental Microbiology,
vol. 78, no. 16, pp. 5956–5961, 2012.

[24] World Health Organization (WHO), “Antimicrobial resistance: global report on surveillance 2014,” http://www.searo
.who.int/thailand/publications/2013/9789241564748/en/.

[12] J. J. Jiménez, J. Borrero, L. Gútiez et al., “Use of synthetic
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The use of antibiotics has become increasingly disfavored as more multidrug resistant pathogens are on the rise. A promising
alternative to the use of these conventional drugs includes antimicrobial peptides or host-defense peptides. These peptides typically
consist of short amino acid chains with a net cationic charge and a substantial portion of hydrophobic residues. They mainly target
the bacterial cell membrane but are also capable of translocating through the membrane and target intracellular components,
making it difficult for bacteria to gain resistance as multiple essential cellular processes are being targeted. The use of these peptides
in the field of biomedical therapies has been examined, and the different approaches to using them under various settings are
constantly being discovered. In this review, we discuss the current and potential applications of these host-defense peptides in the
field of urology. Besides the use of these peptides as antimicrobial agents, the value of these biological molecules has recently been
expanded to their use as antitumor and anti-kidney-stone agents.

1. Introduction
The use of antibiotics can be dated back to the 1930s,
when the sulfonamide Prontosil was introduced as the first
commercially available antibiotic [1]. Several other classes of
antibiotics emerged soon after, and by the 1940s, the “golden
age of antibiotics” began with the introduction of penicillin
[2]. In 1967, the use of antibiotics seemed so promising
that the United States surgeon, William H. Stewart, even
stated “. . .we had essentially defeated infectious diseases and
could close the book on them. . .” [3]. However, although this
statement looked true at that time, it was soon refuted when
pathogenic bacteria with resistance against conventional
antibiotics become increasingly prominent by the end of
the 20th century; bacteria had gained resistance to multiple
drugs [4]. The rise in multidrug resistant (MDR) bacteria
became alarming, with a prevalence rate increase of 57%
from the 1950s to the 2000s, with more resistance observed
towards drugs that had been used for humans and animals
for the longest time [4–6]. With MDR pathogens becoming a
leading cause of nosocomial infections, and with the lack of

novel, effective antibiotics, there is an urgent need to discover
alternative drugs to control bacterial infections [4].
Antimicrobial peptides (AMPs) are ancient defense
molecules of the innate immune system that has gained
substantial attention over recent years [4, 7]. These peptides
are found within a wide variety of species, including bacteria, insects, fungi, amphibians, birds, crustaceans, fishes,
mammals, and humans, and can be obtained from many
different sources, such as neutrophils, macrophages, and
epithelial cells [7–9]. Similar to many conventional antibiotics, they have broad spectrum activity against a wide range
of microorganisms, including both Gram-positive and Gramnegative bacteria, fungi, viruses, yeast, and protozoa [7, 10,
11]. However, unlike current antibiotics, these AMPs have
multiple sites as targets rather than single genes or proteins
[4]. Although these peptides are mainly known for their
ability to disrupt the cell membrane of target organisms,
they are also known for their ability to translocate through
the cell membrane and alter other essential cellular activities
and promote immune responses, including but not limiting
to upregulating or downregulating DNA, RNA, and protein
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Table 1: Summary of host-defense peptides discussed.

Peptide
name/inducers
Lactoferrin-derived
peptide HLD1
Lactoferrin-derived
peptide HLD2
Tachyplesin III
Tet-20
RK1 (salt-tolerant)
RK2 (salt-tolerant)
Magainin II
Cecropin A
Cecropin B
Peptoids
Human 𝛽-defensin-1
OPN-derived
peptides

Peptide sequence
EATKCFQWQRNMRKVRGPPVSCIKR-NH2
TK©FQWQRNMRKVRGPPVS©IKR-NH2
KWCFRVCYRGICYRKCR-NH2
KRWRIRVRVIRKC-NH2
RWKRWWRRKK
RKKRWWRRKK
GIGKFLHSAKKFGKAFVGEIMNS-NH2
KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK-NH2
KWKVFKKIEKMGRNIRNGIVKAGPAIAVLGEAKAL-NH2
Most potent one analyzed:
H-(Nlys-Nspe-Nspe)4-NH2
DHYNCVSSGGQCLYSACPIFTKIQGTCYRGKAKCCK-NH2
Many OPN-derived peptides were analyzed; one of the more
promising ones being OPN-derived peptide D9:
ADAAADDAAADAAADDAA-NH2

synthesis, altering gene expressions, enhancing neutrophil
chemotaxis and function, promoting histamine release of
mast cells, inhibiting tissue proteases, and stimulating wound
healing [7, 8, 12–14]. The ability of these peptides to target
multiple systems makes it difficult for bacteria to gain MDR
against them, putting them at a great advantage compared
to conventional antibiotics [4]. Because AMPs also stimulate
the immune system in addition to being “antimicrobial,” in
2006, it was suggested that these peptides should be named
“host-defense peptides” rather than “antimicrobial peptides,”
where the latter name was given simply based on their
initially discovered characteristic [12]. For this reason, these
peptides will be referred to as “host-defense peptides” for the
remaining of this review.
Host-defense peptides (HDPs) are typically 12 to 50
amino acids in length, are amphipathic with a net positive
charge of +2 to +9, and consist of a substantial portion of
hydrophobic residues (≥30%) [8, 12, 15]. These properties
allow the peptides to interact with bacterial membranes
and insert and form pores; cationic portions of the peptide
interact with the negatively charged surface of the bacterial
outer membrane via electrostatic bonding [16]. Hydrophobic
residues of the HDPs then allow them to be inserted into the
lipid bilayer and permeabilize the membrane [16]. The exact
mechanisms of how HDPs go beyond the bacterial membrane
and affect other essential cellular activities, however, have yet
to be discovered [13].
With the promising antimicrobial effects and host
immune enhancements offered by HDPs, it is not surprising
that they are now of high interest in the biomedical area.
Here, we discuss the current and potential applications of
these peptides in the field of urology, including urinary tract
infections, urological devices, urologic cancers, and kidney
stone disease. A summarizing table has been included to help

Current/potential
application in
urology

References

Oral
administration for
UTI

[17]

Antimicrobial
coating for
urologic devices

Target bladder
cancer cells

[7]
[18]
[19]
[19]
[20–22]
[23]
[24]
[25–27]

Target kidney
stones

[28]

the reader thoroughly understand the HDPs which will be
discussed throughout this review (Table 1).

2. Current and Potential
Applications of Host-Defense Peptides in
the Field of Urology
2.1. Urinary Tract Infections. The urinary tract functions
in close proximity with fecal microflora and the outside
environment [29, 30]. Yet, it must remain sterile to avoid
disease [29, 30]. Our body possesses several mechanisms to
help clear the urinary tract of bacteria, including urine flow,
changes in urine pH, regular bladder emptying, chemicaldefense components of the uroepithelium, and, when stimulated with bacteria, epithelial shedding and influx of effector
immune cells [29–31]. More recently discovered is the natural
prevalence of HDPs released into our urine upon stimulation
with bacteria [29, 30, 32]. When our body fails to keep
the urinary tract sterile, bacterial infections may take place.
Urinary tract infections (UTI) are one of the most common
infections in humans, affecting predominantly females of any
age [17].
Several HDPs of the urinary tract have been studied to
determine their expression and function, including human
beta-defensin-1 (hBD-1), cathelicidin, and ribonuclease 7 [29,
30, 32]. All three peptides are amongst a group of HDPs
that are highly expressed by epithelial cells of the urinary
tract upon stimulation with bacteria [29, 30, 32]. Although
they are present in the urine of both healthy individuals
and those with UTI, their level of expression significantly
increases with acute pyelonephritis or cystitis, effectively
revealing antibacterial activity at micromolar concentrations
[29, 30, 32].
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However, despite the regular release of HDPs into our
urinary tract system by uroepithelial cells, it is apparent that
the level of naturally produced HDPs may sometimes not
be enough, hence giving rise to the frequent occurrence of
UTI. Current therapies for UTI consist of antibiotics [17].
However, as previously mentioned, the high prevalence of
MDR pathogens renders the treatment ineffective. Moreover, antibiotics have been associated with adverse effects,
and they are often not recommended during pregnancy
or in young children [17]. To overcome this predicament,
Haversen et al. have examined the effectiveness of human
HDP lactoferrin and lactoferrin-derived peptides, HLD1
(EATKCFQWQRNMRKVRGPPVSCIKR-NH2) and HLD2
(TK(C)FQWQRNMRKVRGPPVS(C)IKR-NH2) in clearing
UTI when administered orally [17]. Lactoferrin possesses
both antimicrobial and anti-inflammatory properties and is
associated with host-defense at mucosal surfaces [17]. When
orally administered to female mice 30 min after instillation
of 107 Escherichia coli colony forming units (CFU) into the
urinary bladder, bacterial numbers in both the kidneys and
the bladder were decreased to at least 1000-fold lower than
that in control groups which received either phosphatebuffered saline or water when examined 24 h after inoculation
[17]. Hence, oral administration of HDPs was shown to
be sufficient in treating infection and inflammation at the
urinary tract, possibly via renal secretion of the peptides
to the site of infection [17]; it has been previously reported
that lactoferrin often leaves the body of UTI patients via the
urinary tract [33]. Other studies suggest that the molecule
may remain intact throughout the gastrointestinal tract,
allowing it to be absorbed into the blood under certain
medical conditions [34]. Although the exact mechanism of
action used by lactoferrin is far from being elucidated, this
finding is extremely valuable as it suggests the potential
use of orally administered peptides in place of conventional
antibiotics. Using this protocol, other HDPs may also be
tested to access their effectiveness towards targeting other
remote sites of the body when taken orally.
Alternatively, instead of introducing external sources
of HDPs into our system, the expression of peptides may
be upregulated as a treatment for UTI; past findings have
suggested the deficiency in natural HDP production to be
one of the main factors leading to the development of certain
infectious diseases as well as UTI [35]. This was confirmed
by a recent study, where LL-37 levels were significantly
lower in UTI patients after infection compared to uninfected
individuals [36]. Hence, it has been suggested that induction
of certain HDPs may be an effective treatment for UTI
[35]. This was confirmed by Hertting et al.; when bladder
biopsies were infected with uropathogenic E. coli, a significant
increase in cathelicidin expression was induced using vitamin
D [37]. Similarly, using a mouse model, Rivas-Santiago et al.
were able to upregulate the expression of 𝛽-defensins 3 and 4
using L-isoleucine [38]. Other approaches include the use of
butyrate and vitamin D to upregulate the expression of HDPs
LL-37 and cathelicidin, respectively [39, 40].
Estrogen may also indirectly induce HDPs; postmenopausal women suffer from recurrent UTI frequently as
a result of low levels of estrogen, leading to structural and
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chemical changes in the urogenital tract which increases the
likelihood of contracting UTI [41]. When estrogen is locally
supplemented, the improved integrity of the urinary tract is
accompanied by an increased production of HDPs, including
𝛽-defensins 1–3, cathelicidin, ribonuclease 7, and psoriasin
[41].
Indeed certain inducers are capable of upregulating the
expression of various HDPs. This is important as many
studies suggest the expression of particular peptides, such as
𝛽-defensins 3 and 14, to serve key roles in mucosal defense
of the urinary tract, combating infections associated with the
system [42].
2.2. Medical Devices. Catheter-associated urinary tract infections (CAUTI) are one of the most common sources
of healthcare-associated infections, accounting for 80% of
hospital-acquired infections worldwide [43]. In the United
States alone, there are approximately 450,000 cases a year, and
direct treatment amounts to over $350 million annually [43,
44]. Upon insertion of the urinary catheter into the human
body, bacteria adhere onto the surfaces of the implant [18,
19, 43, 45]. Once adhered, they can grow and form colonies,
eventually leading to a biofilm and causing infection and
encrustation [7]. Biofilms are complex, multilayered communities of microorganisms adhered onto a surface and embedded in self-produced extracellular polymeric substances,
which generally consist of extracellular DNA, proteins, and
polysaccharides [45–47]. The extracellular matrix reduces the
diffusion of antimicrobial compounds and the close proximity of the cells facilitates horizontal gene transfer between
antibiotic-resistant and nonresistant bacterial strains, making
them extremely resistant to antibiotic treatment [45, 48].
Since fully developed biofilms are difficult to treat,
coating urinary catheters with antimicrobial compounds
prior to implantation has been of high interest to prevent
the formation of biofilms [43]. To date, several different
types of coatings have been tested, including antibiotics,
silver, triclosan, gendine, and heparin [43]. However, these
compounds are often found to be cytotoxic, are associated
with the development of antibiotic resistance, or are only
effective in vitro and not in vivo [19, 43].
Recently, HDPs have been examined as a potential
coating for urinary catheters and ureteral stents [18, 19,
43]. Tachyplesin III (KWCFRVCYRGICYRKCR-NH2) is a
HDP isolated from horseshoe crabs and has been shown to
have broad spectrum activity [7]. Minardi et al. investigated
the effect of coating Tachyplesin III on ureteral stents in
preventing biofilm formation in vivo using a rat subcutaneous
pouch model and found coated samples to inhibit bacterial
growth up to 1000 times [7]. No drug related adverse effects
were physically observed in any of the treated animals [7].
HDP implant coatings were further advanced when
the use of polymer brushes was introduced [18, 19]. By
covalently grafting hydrophilic copolymer (poly(N,N-dimethylacrylamide) (PDMA) and poly(N-(3-aminopropyl)
methacrylamide) (PAPMA)) chains onto a surface, and
conjugating them to an optimized series of HDPs, Gao
et al. were able to demonstrate the effective antimicrobial
activity of a peptide-brush coating [18]. Polymer brush
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structures served as a flexible linker between HDPs and the
surface while maximizing the density of peptides per coating
[18]. In vitro, when 1–5 × 105 CFU/mL of Gram-positive or
Gram-negative bacteria was introduced to titanium wires
(Ti-wires) coated with peptide Tet-20 (KRWRIRVRVIRKCNH2), there was a 100,000-fold decrease in CFU for treated
Ti-wires 4 hours after incubation in comparison to uncoated
controls [18]. The activity was also demonstrated in vivo
using a rat infection model; when coated and uncoated
Ti-wires were implanted into subcutaneous pockets of the rat
and were challenged with 108 CFU of Staphylococcus aureus
under a 7-day implantation period, CFU was decreased by
85% for treated rats compared to controls [18]. Moreover,
using scanning electron microscopy (SEM), modified 50%
haemolytic complement (CH50) analysis, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assays, the authors were able to demonstrate that peptides
gave insignificant platelet activation and adhesion, no
complement activation in human blood, and were nontoxic
to osteoblast-like cells, respectively [18]. All these results
suggest HDPs to be a promising alternative to catheter
coatings.
More recently, Li et al. demonstrated the effectiveness
of another brush-peptide coating; they utilized allyl glycidyl
ether (AGE) polymer brushes in place of PDMA/PAPMA
brushes and novel peptides with salt-tolerant properties
(engineered from C-terminus of salt-resistant human beta
defensin 28) instead of Tet-20 [19]. These novel peptides
were referred to as RK1 (RWKRWWRRKK-NH2) and RK2
(RKKRWWRRKK-NH2) [19]. The authors stated that many
HDPs succumb to salt inactivation at physiological salt
concentrations, and thus the HDPs must be tolerant to salt
[19]. The particular brush-peptide coating was immobilized
onto polydimethylsiloxane and urinary catheter surfaces and
was introduced to E. coli, S. aureus, and Candida albicans
[19]. In vitro assays showed coated slides exhibited >70%
killing activity towards all pathogens tested, with almost
100% inhibition of microbial colonization to surfaces [19].
Additionally, no toxicity towards smooth muscle cells was
observed, as demonstrated using the MTT assay [19].
Indeed, brush-peptide coatings may be the next golden
coating for urinary catheters to help prevent biofilm formation and infection. However, more clinically relevant in vivo
models must be used to further test these coatings before they
can be made available to the public.
2.3. Cancer. Besides taking a role in UTI and urologic
devices, HDPs also serve a prominent role in a disease which
affects 14.1 million adults per year worldwide and results in
8.2 million deaths annually: cancer [49]. In this section, we
discuss the use of HDPs in bladder cancer, prostate cancer,
and kidney cancer.
2.3.1. Bladder Cancer. Each year, approximately 75,000 new
cases of bladder cancer are diagnosed, with 20% of them
leading to death [50]. If treated by transurethral resection
alone, recurrence and progressiveness of nonmuscle invasive
bladder cancers can occur in 80% of the cases [20]. Various
chemotherapeutic drugs have been established for treatment,
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including postoperative adjuvant intravesicle instillations of
mitomycin, epirubicin, doxorubicin, and immunotherapy
with Bacillus Calmette-Guérin (BCG) [23, 51, 52]. However,
current treatments have been disappointing with respect
to long-term outcomes and, due to their lack of specificity, are often associated with many side effects; 38.8% of
patients treated with BCG and 46.4% of patients treated
with mitomycin C developed tumor recurrences within 2
years after treatment [24, 53]. BCG is also associated with
moderate to severe side effects, including arthritis, febrile
episodes, and risk of sepsis [23, 54, 55]. It is also common for
patients to develop multidrug resistance, rendering multiple
chemotherapeutics ineffective [56]. Thus, it is important to
search for alternative treatments.
Interestingly, although the use of HDPs has mainly been
used to target pathogens, the peptides, particularly with magainin II (GIGKFLHSAKKFGKAFVGEIMNS-NH2), have
recently been reported to have significant cytotoxic effect
against a wide range of cancer cell lines, including breast and
lung cancers, melanoma, lymphomas, and leukemias [20–
22, 57, 58]. Lehmann et al. were particularly interested in evaluating the activity of magainin II, a peptide originally isolated
from the skin of African frog Xenopus laevis, against bladder
cancer cells [20]. Using water soluble 2-(4-iodophenyl)-3-(4nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetra-zolium (WST1), bromodeoxyuridine (BrdU), and lactate dehydrogenase
(LDH) assays, the authors tested antitumor activity of the
HDP against 3 different bladder cell lines as well as 2 benign
fibroblast cell lines as noncancerous controls [20]. Magainin
II significantly inhibited both cell proliferation and DNA synthesis in all bladder cancer cells tested while having no effect
on the fibroblast cell lines, demonstrating the specificity of the
peptide towards cancer cell lines [20]. Potent concentrations
of magainin II for tumor cells were significantly lower than
that required to damage normal fibroblasts, erythrocytes,
and peripheral blood lymphocytes [59]. The peptide was
also shown to be highly resistant against serum proteolysis
[60]. In another study using an in vivo severe combined
immunodeficiency mouse model, introduction of magainins
and their analogues to melanoma cells leads to a complete
tumor regression [22]. When administered intraperitoneally
to mice with ascites tumors, magainin analogues were also
able to increase the rodents’ survival time [21].
With magainin II looking promising, other studies looked
into other HDPs that may also give similar antitumor effects
[23]. One HDP family with structural and functional similarity to magainin II was the cecropin family, first isolated from
the giant silk moth, Hyalophora cecropia [23]. Cecropins have
been previously demonstrated to possess specific anticancer
activity against small cell lung cancer, mammalian leukemia,
gastric cancer cells, and lymphoma and colon carcinoma cell
lines [61]. Using the same tests performed to evaluate the
tumoricidal activity of magainin II, Lehmann and his colleagues evaluated the potency of cecropin A (KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK-NH2) and
cecropin B (KWKVFKKIEKMGRNIRNGIVKAGPAIAVLGEAKAL-NH2) against bladder cancer cells [23]. Similar to
magainin II, cecropins were selective for cancer cell lines,
sparing all benign cells [23]. Inhibition of cell viability and
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proliferation was observed at a dose-dependent manner [23].
Scanning electron microscopy allowed visualization of lethal
membrane disruption in all bladder cancer cells tested, which
was not present in control cells [23]. Moreover, transfection
of human bladder tumor cells with cecropin genes has been
shown to reduce tumor sizes in nude mouse models [62].
Cecropins have also been shown to be largely resistant against
serum and urine proteolysis, giving them an advantage over
classic chemotherapeutic agents such as mitomycin, which is
highly unstable in urine [63].
Although both magainin and cecropins seem to be
promising, some reports have suggested making synthetic
modifications to further optimize their bioactivity and
rate of biodegradation [24, 64]; Huang et al. worked to
bypass potential proteolytic sensitivity by using nonnatural
peptidomimetics [24]. They developed poly-N-substituted
glycines (peptoids), which mimic the cationic, amphipathic
structural feature of magainin II but consist of slight
molecular changes, ensuring them to be protease-resistant
and more stable [24]. Based on 3-(4,5-dimethylthiazol-2-yl)5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assays, the peptoids exhibited fast,
potent cytotoxicity at low micromolar concentrations against
a wide range of human cancer cell lines, with increased
cytotoxicity when treatment duration was longer [24]. When
subjected to primary dermal fibroblasts and red blood cells,
the peptides showed minimal influence, validating their
selectivity for cancer cells [24]. Looking into structureactivity correlations, hydrophobicity and amphipathicity
seem to be important for the tumoricidal activity, with
peptoid chains of approximately 13 residues having highest
potency. The efficacy of peptoids in vivo has been validated
using a clinically relevant orthotopic xenotransplantation
model, where human breast cancer cells were implanted into
immunocompromised mice [24]. When peptoid was injected
2 weeks after implantation, tumor growth was significantly
inhibited [24].
Although some HDPs appear to have significant specific
tumoricidal activity against cancer cell lines, the cytotoxic
mechanisms remain to be discovered [23]. The mechanism
behind the ability of these peptides to selectively target cancer
cells while leaving benign cells spared also remains to be
mapped [23]. A possibility may be due to physiochemical
differences in the target cell membranes, such as differences
in lipoprotein content or fluidity [23]. However, their high
selectivity and tumoricidal capabilities may allow for optimal
therapy in vivo at low therapeutic concentrations, potentially
limiting any side effects associated with them [23]. It is also
important to point out that the antitumor effect appears to
be unaffected by the multidrug resistant cells, which is a
common phenotype observed in cancer cells [23, 24]. Such
advantages may allow these HDPs to be used as treatments
for bladder cancer patients in the near future.
2.3.2. Prostate/Kidney Cancer. Prostate cancer is the second
most common cause of death in the United States, and
approximately 1 of every 6 men will get diagnosed with the
deadly disease during their lifetime [50]. Kidney cancer is not
fatal, but with approximately 65,000 new cases a year and 20%
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of those resulting in death, it still presents a major concern to
public health [50]. Although the two types of cancers affect
different parts of the urinary tract, one of the similar characteristics between them involves the loss of human 𝛽-defensin1 (DHYNCVSSGGQCLYSACPIFTKIQGTCYRGKAKCCKNH2) [25].
Human 𝛽-defensin-1 (hBD-1) has been known as a HDP
of the urogenital tissues for approximately two decades [32].
However, it was only within the past 10 years when the peptide
started gaining extensive attention in its role as an anticancer
agent [25–27, 65]. By performing immunohistochemical
analysis for hBD-1 in clinical specimens of both prostate cancer and renal cell carcinoma, Donald et al. found significant
cancer-specific downregulation of the peptide in 82% and
90% of prostate cancer and renal cell carcinomas, respectively,
while adjacent benign regions were unaffected [25]. Based
on the authors’ analysis on promoter polymorphisms, it was
suggested that hBD-1 acts as a tumor suppressor, promoting
caspase-3-mediated apoptosis of prostate and renal cancer
cells when overexpressed [26, 27]. hBD-1 is located in chromosome 8 at segment region 8p23.2, a region where multiple
tumor suppressor genes reside and genetic alternations are
common in prostate and renal carcinoma [26, 27].
To gain insight into how hBD-1 may affect the behavior of cancer cells, Bullard et al. cloned the peptide and
expressed it ectopically in different prostate cancer cell lines,
including DU145, PC3, and LNCap [27]. Introduction of
the peptide showed cytotoxic effects against DU145 and
PC3, but not LNCap, which suggests hBD-1 targets mainly
late-stage prostate carcinoma cells [27]. As such, with the
specificity against prostate and renal cancer cells and its
tumor-suppressive activity, hBD-1 may be used as an effective
anticancer agent [27]. It may be interesting to see what may
happen when hBD-1 inducers, such as the ones mentioned in
Section 2.1 of this review article, are introduced to the cancer
cell lines.
2.4. Kidney Stone Disease. Kidney stone disease is a common
pathological disorder in industrialized countries and affects
10–15% of men and 3–5% of women in the United States, with
prevalence on the rise [66, 67]. The disease causes significant
morbidities, and adverse effects are often experienced when
the stones reach an appreciable size, which can become
dislodged from the epithelial membrane [28]. Current treatments are limited to increased water intake, supervised
dieting, and alkalinization agents [28, 68]. Although such
treatments can provide temporary relief, they do not lower
the incidence of stone formation [69].
Kidney stones can consist of different types of components, but the main component is calcium oxalate, which
comprises 70% of kidney stones [70]. Two polymorphs of
calcium oxalate can form, one being the monohydrate (COM)
and the other being dihydrate (COD) [71]. COM is the most
abundant phase in stone formers and typically constitutes the
core of kidney stones [72]. They are rarely excreted via the
urine by healthy individuals [70]. COD on the other hand
is excreted regularly by both healthy individuals and stone
formers [70]. They are less adherent and less stable and cause
less damage to cell membrane compared to COM [28, 70, 73].
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Figure 1: Applications of host-defense peptides in the field of urology.

By preventing the dissolution of COD to COM, crystal
deposition and kidney stone formation may be suppressed
[73].
The inhibition of COM formation and initiation of
COD polymorph has been demonstrated by osteopontin
(OPN), which are highly acidic or hydrophilic peptides [70].
Although it is not consistent with the typical cationic and
hydrophobic properties that define HDPs, OPN has been
reported to play crucial roles as an immune modulator,
being involved with chemotactic properties to recruit cells
to inflammatory sites, with mediating cell activation and
cytokine production and with wound healing [12, 74, 75]. As
such, for this review, we consider it as a member of HDP.
OPN-derived peptides have been shown to be effective in
inhibiting COM formation while promoting COD precipitation, with the main active properties being the considerable
portion of aspartic acid-rich regions, motifs, phosphorylated
peptides, hydrophilic residues, net negative charges, and peptide length [28, 70, 76]. Some of the most potent OPN-derived
peptides have been shown to be capable of reducing COM
growth by more than 90% [77]. Farmanesh et al. have recently
focused on designing and screening short peptides with
functional moieties made to mimic COM inhibitors [28].
Different peptide sequences were tested to determine the
difference in anti-COM activity when alanine and aspartic
acid amino acids were arranged differently [28]. The authors
found that subtle alterations in the sequence of the acidic
residues had profound effects on the anti-COM potential
[28]. By using high-throughput in situ calcium ion-selective
electrode (ISE) screening to rapidly and reproducibly screen

large peptide libraries, peptide sequences were discovered
which inhibited COM formation more effectively than wellknown COM inhibitors, such as citrate [28]. With bulk
crystallization which involved optical and scanning electron
microscopy, effective inhibitors were validated and were
found to have a high tendency to shift for morphology
of COM crystals from hexagonal morphology to diamondshaped platelets, possibly due to the preferential binding of
peptides to particular faces of the COM [28]. Effective COMinhibiting peptides were also found to reduce the growth
rates of COM [28]. These particular results suggest these antiCOM peptides may be valuable candidates as future therapies
for kidney stone formers.
Table 1 and Figure 1 have been included to aid in understanding the characteristic of HDPs discussed in this review,
as well as their current and potential applications in the field
of urology (Table 1, Figure 1).

3. Conclusions
As shown in this review, the wide-ranging functionality of
HDPs against infection and disease of the urinary tract
expands the peptides’ activity list to well beyond the “antimicrobial peptide” originally assigned to them. From targeting
bacteria and cancer cells to preventing kidney stone formation, no single peptide carried all the different traits necessary
to fully treat each condition. Within urology, many potential
applications of HDPs have been studied, with very promising
results observed. Given that these HDPs do not appear to
be susceptible to MDR bacteria and cancer cells, they may
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potentially form the compounds of the next “golden age” of
new antimicrobials in the near future. However, before they
reach that stage, further studies are required to thoroughly
understand their advantages, limitations, and mechanisms of
action.
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Peptides derived from human and bovine lactoferricin were designed, synthesized, purified, and characterized using RP-HPLC
and MALDI-TOF-MS. Specific changes in the sequences were designed as (i) the incorporation of unnatural amino acids in
the sequence, the (ii) reduction or (iii) elongation of the peptide chain length, and (iv) synthesis of molecules with different
number of branches containing the same sequence. For each peptide, the antibacterial activity against Escherichia coli ATCC
25922 and Enterococcus faecalis ATCC 29212 was evaluated. Our results showed that Peptides I.2 (RWQWRWQWR) and I.4
((RRWQWR)4 K2 Ahx2 C2 ) exhibit bigger or similar activity against E. coli (MIC 4–33 𝜇M) and E. faecalis (MIC 10–33 𝜇M) when
they were compared with lactoferricin protein (LF) and some of its derivate peptides as II.1 (FKCRRWQWRMKKLGA) and IV.1
(FKCRRWQWRMKKLGAPSITCVRRAE). It should be pointed out that Peptides I.2 and I.4, containing the RWQWR motif, are
short and easy to synthesize; our results demonstrate that it is possible to design and obtain synthetic peptides that exhibit enhanced
antibacterial activity using a methodology that is fast and low-cost and that allows obtaining products with a high degree of purity
and high yield.

1. Introduction
The World Health Organization has stated that control
and/or treatment of infections caused by bacteria resistant
to conventional drugs is considered a public health goal [1].
Indiscriminate use and inadequate dosage of conventional
antibiotics have contributed to the development of resistant
bacterial strains, decreasing the therapeutic options [1]. Over
the last few decades, several investigations have addressed
the development of drugs that do not induce resistance in
pathogens and can thus be considered an alternative for the
treatment of bacterial infections. Antimicrobial peptides
(AMPs) have received special attention as a possible alternative way to combat infections caused by antibiotic-resistant
bacterial strains. AMPs are considered to be an important

part of the innate immune response, and they have been
isolated from tissues and organisms from every kingdom and
phylum and have been characterized [2–4]. AMPs have the
following characteristics: they are (i) positively charged,
(ii) amphipathic, (iii) structurally diverse, and (iv) of short
length. AMPs have exhibited antimicrobial activity against
Gram-positive and Gram-negative bacteria, fungi, viruses,
and parasites [4]. Additionally, AMPs exhibit antibacterial
activity over a broad range of pH and temperatures. Interestingly, AMPs have been identified in body fluid proteins in
mammals [5], specifically lactoferrin (LF), an 80 kDa nonheme iron-binding protein that is located in mucosal secretions such as breast milk, saliva, seminal plasma, and vaginal mucus [2, 3, 6]. This protein has been associated with
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biological activities such as antihypertensive, immunomodulator, antitumor, anti-inflammatory, transcription factor,
procoagulant, and protease inhibitor activities, among others
[7]. Additionally, it has been reported that LF exhibits antimicrobial activity against pathogenic bacteria, fungi, proto
zoa, parasites, and viruses [8–11]. It has been suggested that
LF activity is due to the N-terminal domain [10–13]. When the
LF protein reaches the digestive tract, it is digested by gastric pepsin, and the protein hydrolyzate contains a peptide called lactoferricin (Lfcin), which belongs to the
N-terminal region [12, 13]. Lfcin has shown greater
antibacterial activity against Gram-negative and Grampositive bacteria than that shown by the protein itself. Some
authors have stated that the LF antibacterial activity is
mainly due to the Lfcin peptide [2, 12–16]. Lfcin has been
identified in several mammals, such as humans (LfcinH),
bovine (LfcinB), goats, horses, and pigs [2]. The LfcinB
(17 FKCRRWQWRMKKLGAPSITCVRRA41 F) has exhibited
greater antibacterial activity than what was exhibited
by the LfcinH (20 GRRRRSVQWCAVSQPEATKCFQWQRNMRKVRGPPVSC-IKRDSPIQC67 I). LfcinB inhibits
the growth of a wide range of bacteria, viruses, fungi, and
parasites [3, 5, 13, 17–21]. Additionally, LfcinB exhibited
cytotoxic activity against cancer cell lines, suggesting that
LfcinB could be used as an anticancer agent [22–24].
LfcinB contains aromatic amino acids, such as tryptophan
(W) and phenylalanine (F), as well as basic residues (e.g., arginine, R and lysine, K) whose side chains provide a net charge
of +8 to the peptide. LfcinB contains two cysteine residues
that form an intrachain disulfide bridge so that charged and
hydrophobic residues are located at opposite sides, providing
amphipathic properties to the peptide. Positively charged
residues interact electrostatically with the negative charges
of bacterial cell wall lipopolysaccharide (LPS), allowing the
peptide to approach the bacterial membrane. Then, LfcinB
hydrophobic residues interact with the membrane lipid
bilayer, causing its disruption and cell lysis [3, 7]. It has been
reported that the RRWQWR sequence is the antimicrobial
LfcinB center and is considered the smallest motif that exhibits antibacterial and anticancer activity [24, 25]. AMPs can
be obtained through solid phase peptide synthesis (SPPS)
quickly and inexpensively, with a high degree of purity and
good yields [26]. SPPS is a powerful and versatile tool in
the design and development of antibacterial agents, which
allows the fast and easy production of peptides carrying nonnatural amino acid residues and polyvalent molecules, that
is, dimeric, tetrameric, and polymeric peptides of a specified
amino acid sequence.
In the present paper, the antibacterial activity of synthetic
peptides derived from LfcinB containing specific changes in
the amino acid sequence was evaluated. These changes were
as follows: (i) non-natural amino acid inclusion at specific
positions, (ii) sequence length variation, and (iii) multivalent
motif presentation, that is, the dimer and tetramer of the
RRWQWR sequence. For the experimental strains, E. coli
ATCC 25922 and E. faecalis ATCC 29212 were selected. Our
results show that antibacterial activity is enhanced for peptides containing multiple presentations of the RWQWR motif
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and for peptides derived from LfcinB and LfcinH that contain
specific changes in the amino acid sequence.

2. Materials and Methods
2.1. Reagents and Materials. Mueller-Hinton, Agar SPC,
E. coli ATCC 25922, and E. faecalis ATCC 29212 were
obtained from ATCC, USA. Rink amide resin, FmocArg(Pbf)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Lys(Boc)-OH,
Fmoc-Trp(Boc)-OH, Fmoc-Gln(Trt)-OH, Fmoc-𝛽-Ala-OH,
Fmoc-Phe-OH, Fmoc-Met-OH, Fmoc-Leu-OH, Fmoc-GlyOH, Fmoc-Ala-OH, Fmoc-Ile-OH, Fmoc-Glu(OtBu)OH,
Fmoc-Thr(tBu)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Val-OH,
Fmoc-Pro-OH, Fmoc-Cys(Trt)-OH, Fmoc-Lys(Fmoc)-OH,
6-(Fmoc-amino)hexanoic acid (Fmoc-Ahx-OH), 1-hydroxybenzotriazole (HOBt), and N,N-dicyclohexylcarbodiimide
(DCC) were purchased from AAPPTec (Louisville, KY, USA).
N,N-Diisopropylethylamine (DIPEA), triisopropylsilane
(TIPS), 1,2-Ethanedithiol (EDT), 4-methyl-piperidine, pyridine, ninhydrin, phenol, and KCN were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Methanol, diethyl ether,
N,N-dimethylformamide (DMF), absolute ethanol, dichloromethane (DCM), acetonitrile (ACN), isopropyl alcohol
(IPA), and trifluoroacetic acid (TFA) were obtained from
Honeywell-Burdick & Jackson (Muskegon, Michigan, USA).
All reagents were used without further purification.
2.2. Peptide Synthesis. Peptides were synthesized using the
SPPS-Fmoc/tBu methodology [27]. Briefly, Rink amide resin
(100 mg) was used as solid support. (i) The resin conditioning
and Fmoc group removal were carried out through treatment
with 20% 4-methyl-piperidine in DMF at room temperature
(RT) for 10 minutes twice. Then, the resin was exhaustively
washed with DMF, IPA, and DCM. (ii) For the coupling
reaction, 0.21 mmol of Fmoc-amino acids was preactivated
with DCC/HOBt (0.20/0.21 mmol) in DMF at RT. The activated Fmoc-amino acid was added to a reactor containing
deprotected resin; the coupling reaction was shaken for two
hours at RT, and then the resin was washed. (iii) Fmoc
group elimination and the incorporation of each amino
acid were confirmed through the ninhydrin test [28]. Side
chain deprotection reactions and peptide separation from
the resin were carried out with a cleavage cocktail containing TFA/water/TIPS/EDT (93/2/2.5/2.5% v/v). The cleavage
mixture was filtered and the solution was collected. Crude
peptides were precipitated via treatment of the solution with
cool ethyl ether, and finally the products were washed with
ether 5 times and dried.
2.3. Analytical Methods. Reverse phase HPLC (RP-HPLC)
analysis was performed on an Agilent Eclipse XDB-C18 (4.6 ×
150 mm, 3.5 𝜇m) column using an Agilent 1200 liquid chromatograph (Omaha, Nebraska, USA). For the analysis of
crude peptides (20 𝜇L, 1 mg/mL), a linear gradient was
applied from 5% to 70% Solvent B (0.05% TFA in ACN) in
Solvent A (0.05% TFA in water) for 45 min at a flow rate
of 1.0 mL/min at RT and 210 nm detection. The crude products were purified through solid-phase extraction (SPE),
using Supelclean LC-18 SPE columns that were activated
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and equilibrated prior to use. Crude peptides were passed
through the column, and a gradient was used for their elution
[29]. Collected fractions were analyzed using RP-HPLC (as
describe above) and MS. MALDI-TOF MS analysis was
performed on an Ultraflex III TOF-TOF mass spectrometer
(Bruker Daltonics, Bremen, Germany) in reflectron mode,
using an MTP384 polished steel target (Bruker Daltonics),
2,5-dihydroxybenzoic acid, or sinapinic acid as a matrix, 500
shots with 25–30% power laser.
2.4. Susceptibility Testing. The bacterial strain E. coli ATCC
25922 was grown in Mueller Hinton broth (MH) from 18
to 24 hours at 37∘ C in an aerobic atmosphere. CFU/mL was
calculated, and the inoculum was diluted to a 1 × 106 CFU/mL
concentration. An aliquot was placed on MH agar plates,
mixed, and allowed to solidify. Five wells were drilled using a
punch of 8 mm, and then each hollow was filled with 100 𝜇L
of peptide (2000 𝜇g/mL). Incubation for 24 hours at 37∘ C was
then performed.
2.5. Antibacterial Activity. The minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) were determined using the microdilution assay [30].
Briefly, bacterial strains were incubated for 18 to 24 hours
at 37∘ C in MH broth until an optical density of 0.15 to 0.30
(620 nm) was obtained. Using a 96-well microtiter plate,
peptide serial dilution (200, 100, 50, 25, 12.5. 6.2 𝜇g/mL) was
performed, and then they were incubated for 24 h at 37∘ C,
with an inoculum of 2 × 106 CFU/mL in MH broth. The
final volume in each well was 100 𝜇L. After incubation for
18 h, the absorbance at 620 nm was measured using an Asys
Expert Plus ELISA reader. For determining the MBC, using
an inoculation loop, a small sample was taken from each
well and then was spread on MH agar plates and incubated
overnight at 37∘ C (𝑛 = 2).

3. Results
Peptides derived from LfcinB and LfcinH proteins were
designed (Table 1) and synthesized through SPPS using the
Fmoc/tBu strategy. The crude products were characterized
using RP-HPLC and then purified via SPE chromatography.
In all cases, chromatographic profile of the purified products
exhibited a mainly specie. MALDI-TOF-MS analysis showed
that synthesized peptides had the expected molecular weight.
Table 1 presents a summary of the RP-HPLC and MALDITOF-MS analysis.
Designed peptides were organized in four groups as follows: Group I and Group II, peptides containing the sequence
RWQWR. The peptides in these groups were designed to
establish if the antimicrobial activity could be affected by the
introduction of non-natural amino acids, amino acid substitutions, truncated sequences, and/or multiple motif presentation, that is, palindromic or tetrameric sequence. Group
III corresponds to sequences derived from N-terminal region
of LfcinH. Finally, controls (Group IV) comprised the LFB
protein, LfcinB synthetic peptide (Peptide IV.1), and a nonrelevant sequence PrM protein belonging to Dengue virus
(Peptide IV.3).
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Figure 1: Susceptibility assays against E. coli ATCC 25922. Peptide
II.8 (1), Peptide II.4 (2), Peptide II.3 (3), Peptide I.3 (4), and Peptide
II.5 (5).

Susceptibility assays were performed to determine if the
designed peptides exhibited antibacterial activity against the
selected strains. All peptides showed an inhibition zone
ranging from 12 to 14 mm, indicating that these peptides can
inhibit bacterial growth (Figure 1). Significant differences in
the size of the inhibition zone caused by the tested peptides were not found. This could be due to the high concentration (2000 𝜇g/mL) used. Then optimal conditions were
established to determine the MIC and MBC for each peptide
against E. coli and E. faecalis (Table 1).

4. Discussion
4.1. Antibacterial Activity of Lactoferricin-Derivated Peptides
against E. coli ATCC 25922. MIC and MBC values obtained
against E. coli ATCC 25922 showed that Peptides I.2 and
I.4 (Table 1) have the highest antibacterial activity against
this strain, MIC 4 and 27 𝜇M, respectively. Peptide I.4 corresponds to a branched peptide that contains 4 copies of
the RRWQWR motif; it showed greater antibacterial activity than the sequence RRWQWR itself (Peptide I) and the
controls, synthetic LfcinB (Peptide IV.1), and native protein
(IV.2). This result indicates that multiple copies of the
RRWQWR sequence could enhance the antibacterial activity.
Peptide I has been considered as the minimum motif with
antibacterial action, and its activity has been attributed to
the presence of Trp and Arg residues in an alternating way.
These amino acids have been considered important in the
mechanism of antibacterial activity of LfcinB [31–33]. For
E. coli, the palindromic sequence RWQWRWQWR (Peptide
I.2) exhibited greater antibacterial activity than that showed
by Peptide I and was similar to the controls (IV.1 and IV.2).
This palindromic sequence contains the motif WQW, flanked
by Arg residues, conferring amphipathic characteristics to
peptides that have been considered as relevant in the action
mechanism proposed for Lfcin. When a beta-alanine residue
was introduced at the N-terminal end (Peptide I.3), the
antibacterial activity was reduced. This result suggests that
positive charge density over the Arg residue at the N-terminal
is relevant to the activity of this peptide, probably because
of electrostatic interaction with the bacterial membrane. Our
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1487,12
1558,16

MALDI-TOF MS

32,2
25,0
1589,1

69,3

69,2

72,8
65,9

69,3

15,0

140,8
145,2
64,8
62,0

136,7

58,2
68,4

10,9
25,1
116,3

202,9
189,1
26,9
32,1

32,2
25,0
1589,1

138,5

138,3

145,7
131,9

69,3

29,9

140,8
145,2
129,6
123,9

136,7

116,3
136,7

10,9
25,1
116,3

202,9
189,1
33,7
32,1

MCB (𝜇M)

E. faecalis
ATCC 29212
MIC (𝜇M)

This 𝑚/𝑧 signal corresponds to the dimer before oxidation (see Figure 2). The reported antimicrobial LfcinB center [24, 25] is underlined and changes in amino acid sequences are in box.

IV

III

II

I

Group

Table 1: Synthetic peptides derived from lactoferricin protein. Summary of characterization (RP-HPLC and MALDI-TOF MS) and antibacterial activity of purified products.
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Figure 2: Synthesis of Peptide I.4. A dimer (top) was first synthesized and purified; this molecule contains two copies of the sequence
RRWQWR, a spacer (Ahx, in blue), and a cysteine residue (in red). The tetra branched peptide (bottom) was obtained by oxidation of dimer
molecule.

results indicate that antibacterial activity was increased with
the multiplicity of motif RRWQWR and are in agreement
with a previous report, where it was demonstrated that
MAPs (multiple antigen peptides) of a sequence derived from
LfcinH have significant antibacterial activity [34]. However,
the synthesis of a sixteen-branched peptide is a high-cost
process that gives low yields and is time consuming, due
principally to steric hindrance. Our synthetic strategy is
simpler because a two-branched peptide was first synthetized
using SPPS-Fmoc/tBu. This reduced the problems related to
steric hindrance. This method allowed us to obtain a dimeric
peptide carrying a cysteine residue with no major difficulties
in a process that is rapid and reproducible, gives high yields,
and is of high purity. Purified dimer was oxidized using
DMSO to generate the tetra-branched peptide (I.4) through
disulfide bond formation (Figure 2). Comparing our results
with previous reports of other authors, it was reported that
RRWQWR presented a MIC of 15 𝜇M against E. coli ML35
[33], whereas in our study this sequence (Peptide I) showed
a MIC of 100 𝜇M against E. coli ATCC 25922, showing that

antibacterial activity of this sequence is dependent on the
strain.
For Group II, the highest antibacterial activity against E.
coli was exhibited by Peptide II.1, followed by Peptides II.2,
II.8, and II.4. When the results obtained with Peptides II.4 to
II.7 are compared, it was possible to establish that (i) cysteine
residue at the 17th position is not relevant to the antibacterial
activity; previously, for LfcinB, it was reported that reduction
of disulfide bridge does not affect the antibacterial activity
[35]; (ii) the replacement of Arg by Leu residues at positions
20 and 21 dramatically reduced the activity (Peptides II.6
and II.7); (iii) a beta-alanine residue at the N-terminal end
(Peptides II.8 and II.9) considerably reduced the antibacterial
activity, similar to the result discussed above (Peptide I.3).
Our results suggest that RRWQWRM corresponds to the
minimum sequence that exhibits activity against E. coli.
When this motif was flanked, the antibacterial activity was
affected. Peptide II.1 has been tested by other authors and
has received several names (LFB, LFB (17-31), LfcinB 17-31,
and LfcinB15). Our results for Peptide II.1 (MIC and MCB
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25 𝜇M) are in agreement with those reported by others, that
is, MIC 24 𝜇M [36], MIC 24 𝜇M [36, 37], MIC 20 𝜇M [38],
MIC 30 𝜇g/mL and MBC 40 𝜇g/mL [39], and MIC 32 𝜇g/mL
[32]. In the same way, our Peptide II.8 exhibits an activity
(MIC and MBC 32 𝜇M (50 𝜇g/mL)) similar to that reported
by others, that is, MIC/MBC 32/128 𝜇g/mL [32], 50/50 𝜇g/mL
[40] and MIC 50 𝜇M [41].
The antibacterial activity obtained for Peptide III.1 that
corresponds to LfcinH (20-30) was MIC 18 𝜇M. Modification
of this sequence by the incorporation of a beta-alanine (𝛽A)
residue at the N-terminal end does not change the activity
(Peptide III.4, MIC 17 𝜇M). However, when the 𝛽A was
introduced at the C-terminal end, the activity was reduced
significantly (Table 1. III.2, III.3). Peptide III.1 is known as
hLF (1-11), and it has exhibited antibacterial activity against
E. coli O54 and has reduced the number of viable bacteria
in mice infected with resistant strains of S. aureus and K.
pneumonia. The authors stated that Arg residues at the Nterminal end (21 R and 22 R) are relevant to the antibacterial
activity of this sequence [42].
The antibacterial activity of Peptide IV.1 was similar to
that of the native protein LF (control IV.2). The results for synthetic Peptide IV.1 (MIC and MBC 32 𝜇M, corresponding to
100 𝜇g/mL) against E. coli ATCC 25922 are in agreement with
the results reported by other authors for the same synthetic
peptide (MIC/MBC 30/80 𝜇g/mL [39] and MIC 30 𝜇g/mL
[38]). Interestingly, it has been reported that LficnB, obtained
by protein hydrolysis, presents higher antibacterial activity:
MIC 6 𝜇g/mL (E. coli O111), MIC 6 𝜇g/mL (E. coli IID861)
[43], MIC 50 𝜇g/mL (E. coli IID861) [44], MIC 32 𝜇g/mL (E.
coli ATCC 25922), and MIC 64 𝜇g/mL (E. coli K88) [32].

Arg- and Trp-rich sequences exhibited a high degree of antibacterial activity against E. faecalis ATCC 29212. It is also
interesting to note that peptides from Group III did not show
a high degree of antibacterial activity against E. faecalis.
The results obtained for both strains can be summarized
as follows: (i) three sequences (Peptides I.2, I.4, and II.1)
exhibited a high degree of antibacterial activity against E. coli
and E. faecalis, suggesting that these peptides may present
a broad spectrum of antibacterial activity. Some peptides
exhibited antibacterial activity against a specific strain; thus,
(ii) Peptides II.2, II.4, II.8, III.1, and III.4 only exhibited
activity against E. coli, and (iii) Peptide II.10 exhibited activity
specifically against E. faecalis. We studied the influence,
for antibacterial activity, of introducing specific changes to
peptide sequences from bovine lactoferricin, such as (i)
incorporation of non-natural amino acids, (ii) reduction or
elongation of the motif, (iii) replacement of basic residues
by noncharged residues, and (iv) multiple presentations of
the RWQWR motif, such as a tetra-branched or palindromic
sequence. We found that these changes directly influenced the
antimicrobial activity. The types of microorganisms and their
characteristics also affected the action of each peptide. The
behavior of the antibacterial activity with the changes in the
sequences did not follow a characteristic pattern; its behavior
was specific to each microorganism. Our results suggested
that peptide antibacterial activity is probably dependent on
bacteria and/or the bacterial strain evaluated. This is in
agreement with the results found by other authors [2, 32, 40,
46] who had reported that antibacterial activity of peptides
derived from LfcinB was dependent on both the kind of
bacteria and its strain.

4.2. Antibacterial Activity of Lactoferricin-Derivated Peptides
against E. faecalis ATCC 29212. The antibacterial activity
results for Peptides I.4, I.2, and II.1 against E. faecalis were
similar to those established for E. coli; that is, in the same
way as for E. coli, Peptide I.4 (tetramer peptide) exhibits
the best antibacterial activity against this strain, showing a
smaller MIC than Peptide II.1 and the native protein itself.
Interestingly, and in contrast to E. coli, the inclusion of
beta-alanine residue at the N-terminal end does not affect
the antibacterial activity against E. faecalis (Peptides I.2 and
I.3). Additionally, Peptide II.10 shows good activity against
this strain (Table 1). Please note that, for this peptide, two
lysine residues (K) were replaced by arginine residues (R),
suggesting that not only the charge but also its nature is
significant and relevant to the activity. For Group II, it is
important to note that most of the specific changes performed
in the Peptide II.1 sequence reduced the antibacterial activity
against E. faecalis ATCC 29212. The synthetic LfcinB and
the LF native protein exhibit antibacterial activity against E.
faecalis ATCC 29212 (Table 1). These results contrast with
those obtained by Bellamy et al. [43], who reported that the
E. faecalis ATCC E19433 strain was resistant to all evaluated
concentrations of LfcinB. That group had obtained LfcinB by
hydrolysis of lactoferrin using pepsin. On the other hand,
our results are in agreement with the analysis presented by
Chen et al. [45], which demonstrated that peptides containing
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Médi-ca Panamericana, Buenos Aires, Argentina, 2007.
A. Shestakov, H. Jenssen, I. Nordström, and K. Eriksson,
“Lactoferricin but not lactoferrin inhibit herpes simplex virus
type 2 infection in mice,” Antiviral Research, vol. 93, no. 3, pp.
340–345, 2012.
E. N. Baker and H. M. Baker, “A structural framework for understanding the multifunctional character of lactoferrin,” Biochimie, vol. 91, no. 1, pp. 3–10, 2009.
S. Farnaud and R. W. Evans, “Lactoferrin: a multifunctional
protein with antimicrobial properties,” Molecular Immunology,
vol. 40, no. 7, pp. 395–405, 2003.
B. Masschalck, R. van Houdt, and C. W. Michiels, “High pressure increases bactericidal activity and spectrum of lactoferrin,
lactoferricin and nisin,” International Journal of Food Microbiology, vol. 64, no. 3, pp. 325–332, 2001.
I. A. Garcı́a-Montoya, T. S. Cendón, S. Arévalo-Gallegos, and
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Thirty-two farms (𝑛 = 535 cows) located in the state of Guanajuato, Mexico, were sampled. Pathogens from bovine subclinical
mastitis (SCM) and clinical mastitis (CLM) were identified by 16S rDNA and the sensitivity to both antibiotics and bacteriocins of
Bacillus thuringiensis was tested. Forty-six milk samples were selected for their positive California Mastitis Test (CMT) (≥3) and any
abnormality in the udder or milk. The frequency of SCM and CLM was 39.1% and 9.3%, respectively. Averages for test day milk yield
(MY), lactation number (LN), herd size (HS), and number of days in milk (DM) were 20.6 kg, 2.8 lactations, 16.7 animals, and 164.1
days, respectively. MY was dependent on dairy herd (DH), LN, HS, and DM (𝑃 < 0.01), and correlations between udder quarters
from the CMT were around 0.49 (𝑃 < 0.01). Coagulase-negative staphylococci were mainly identified, as well as Staphylococcus
aureus, Streptococcus uberis, Brevibacterium stationis, B. conglomeratum, and Staphylococcus agnetis. Bacterial isolates were resistant
to penicillin, clindamycin, ampicillin, and cefotaxime. Bacteriocins synthesized by Bacillus thuringiensis inhibited the growth of
multiantibiotic resistance bacteria such as S. agnetis, S. equorum, Streptococcus uberis, Brevibacterium stationis, and Brachybacterium
conglomeratum, but they were not active against S. sciuri, a microorganism that showed an 84% resistance to antibiotics tested in
this study.

1. Introduction
In Mexico, the national milk production has an average
annual growth rate of ∼1.3%, representing an increase of 9,784
to 10,677 million liters per year during the period from 2003
to 2010 [1]. The backyard livestock is one of the oldest production systems in Mexico; however, the governments have
not considered it important enough [2]. In the last few years,
family dairy herds or small-scale dairy enterprises contribute

to the national milk production with values ranging from
35 to 40% [3]. Milk is mainly sold locally in different sale
channels directly to consumers, or through intermediaries or
the rural or commercial industry. Intermediaries collect milk
either to supply fluid milk in urban areas or to manufacture
traditional cheese that is in remarkable demand in cities or
suburban areas [4, 5].
According to the Food and Agriculture Organization [6],
small herds are a majority in the developing world. In these
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herds, animal health care is scarce because producers carry
out neither preventive medicine nor a hygienic handling of
milk during milking [4]. Even though mastitis is the largest
cause of antimicrobial use in dairy herds [7, 8], very little
is known about the use of antibiotics in small dairy herds.
Mastitis is the inflammation of the mammary gland and it is a
complex and costly disease in dairy herds [9, 10]. Subclinical
mastitis (SCM) has a tendency to persist because it usually
remains undetected. About 70 to 80% of the estimated $140
to $300 dollar loss per cow per year from mastitis relates to
decreased milk production caused by asymptomatic subclinical mastitis [11]. The bacterial contamination of milk from
the affected cows makes it unhealthy for human consumption
and has zoonotic importance [12]. The mastitis occurrence
in Mexico has been reported [13, 14], but there are few
reports about bovine udder health, including the etiology of
intramammary infections (IMI), antimicrobial susceptibility
patterns, and mastitis frequency [15].
Alternatively, bacteriocins are antimicrobial peptides
ribosomally synthesized by prokaryotes that inhibit or kill
phylogenetically related and/or unrelated microorganism
that share the same microbial niche. These peptides have
a potential for diversified use in different areas such as
food, pharmaceutical industries, agriculture, and apiculture
[16, 17]. In particular, bacteriocins produced by Bacillus
thuringiensis, the most important microbial insecticide, have
showed potential to inhibit Staphylococcus aureus isolates
associated with bovine mastitis [18]. Unfortunately, no
other bacteria associated with this disease in Mexico have
been tested using antimicrobial peptides synthesized by B.
thuringiensis. In this study, our objective was to isolate
and to identify molecularly microorganisms from bovine
mastitis, determine antimicrobial susceptibility to antibiotic
and bacteriocins synthesized by B. thuringiensis, and estimate
the frequency of mastitis in family dairy herds from the
central region of Mexico.

2. Material and Methods
2.1. Study Area and Herds. The study was developed in four
municipalities in the state of Guanajuato, Mexico: Abasolo,
Cuerámaro, Irapuato, and Silao. This region is located in
central Mexico, to the south of the Mexican high plateau.
Geographically, there are three climatic zones defined in Guanajuato with a pleasant climate with temperatures ranging
from 11.7∘ C to 24.2∘ C, an average altitude of 2,015 meters
above sea level, and annual average rainfall of 635 mm. Guanajuato is located at west longitude 99∘ 40 –102∘ 6 and north
latitude 21∘ 51 –19∘ 55 . Thirty-two family dairy herds were
included in this study, which were selected for convenience
based on the readiness to participate in the research and the
existence of productive and reproductive data at the sampling
time. All farms included in this study were classified as
family dairy herds, according to [19], who report that farms,
including the management system and facilities, should be
directly served by the owner and family members, as is the
case in the present study [20]. Most herds were HolsteinFriesian breed type with different herd sizes, cows with
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a different number of days in milk, number of calving, age,
and level of milk yield.
2.2. Milk Sample Collection. Subclinical mastitis (SCM) was
detected by reactive application (Masti test, BIVE, Mexico) to
California Mastitis Test (CMT) in all lactation cows, including a total of 535 animals, following the method described
by Schalm and Noorlander [21]. The results were interpreted
in scores (range 0–4): 0 for no reaction, 1 a trace, 2 a weak
positive, 3 a distinct positive, and 4 a strong positive, or in the
case of clinical mastitis cases considering visual abnormalities
such as flakes, clots, or any color changes in the milk, or
by detecting slight swelling of the affected quarter udder.
Once the udder quarters affected by subclinical (CMT 3)
and clinical (any visual abnormality) mastitis were identified,
teats were disinfected with swabs soaked in 70% ethyl alcohol.
After discarding the first few streams, 10–15 mL milk samples
were collected in sterile caped tubes and numbered, according to standard procedures of the National Mastitis Council
[22]. Samples were cooled and immediately transported to
the Laboratory of Proteomic and Genic Expression of the Life
Science Division at the University of Guanajuato, Mexico.
2.3. Microbiological Culture and Isolation. Forty-six milk
samples from udder quarters affected by mastitis were sent
to microbiological analysis. Each sample was taken in clean
conditions and a sown dilution of 1 : 10, 1 : 100, and 1 : 1000.
The dilution was made using PBS buffer (130 mM NaCl2 ,
10 mM NaPO4 , and pH 7.2) and then it was added to culture
medium with agar as per standard procedures [22]. The
different culture media used were Todd-Hewitt, Tryptic Soy
Agar, and culture medium containing peptone trypticase,
10 g/L; yeast extract, 1.0 g/L; KH2 PO4 , 3.0 g/L; K2 HPO4 ,
4.8 g/L; (NH4 )2 SO4 , 30 g/L; MgSO4 ⋅7H2 O, 0.2 g/L; L-cysteine
HCl⋅H2 0, 0.5 g/L; sodium propionate, 15 g/L; agar, 15 g/L; pH
6.0–7.9, all with the addition of 5% of sheep blood. The plates
were incubated under aerobic conditions at 37∘ C for 72 h. For
molecular identification those culture plates with growing of
one or two different colonies were included. Culture plates
showing the growth of three or more different colonies were
discarded and registered as contaminate sample [22]. They
also were subcultured in LB liquid at 37∘ C for 72 h, and after
this time 20% glycerol was added. Bacteria stocks were stored
at −80∘ C.
2.4. 16S rDNA Amplification. For confirmation of the identity, isolation of genomic DNA was carried out by picking one
colony from fresh culture plate. The 16S rDNA was amplified
by colony-PCR using 10 pM of the universal oligonucleotide
set that amplifies both bacterial domains: forward UBF 5 AGAGTTTGATCCTGGCTGAG-3 and reverse 1492 R5 GGTTACCTTGTTACGACTT-3 . For the amplification of
16S rDNA a proof fidelity enzyme (BioRad) was used under
the following conditions: 5 min at 95∘ C; 30 cycles of 30 s at
95∘ C, 30 s at 58∘ C, and 1 : 30 min at 72∘ C; and finally 5 min at
72∘ C. An aliquot of 5 𝜇L of the PCR products was subjected to
electrophoresis in 1% agarose gels and stained with ethidium
bromide to visualize the amplified products. The sequencing
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was performed in Molecular Cloning Laboratories (MCLAB;
San Francisco, CA, USA). Amplicons were treated for analysis
restriction of amplified fragments (ARDRA) with 10 U of
enzymes MboI and BamHI (New England, Bio-Lab UK). The
digestion reaction was performed at 37∘ C for 3 h. The digestion products were analyzed in 2% agarose gels stained with
ethidium bromide and digitalized. The amplified fragment
from microorganisms that presented different restriction
patterns was selected for sequencing. The sequencing was
performed in Molecular Cloning Laboratories (MCLAB; San
Francisco, CA, USA).
2.5. Bioinformatics Analysis. The ambiguous bases from the
5 and 3 terminal sequences were eliminated, and the
resulting sequences were confirmed using BioEdit software. Sequences were then compared against the Ribosomal
Database Project and GenBank using BLAST against the
NCBI nonredundant nucleotide database “nt.”
2.6. Antibiotic Susceptibility Testing. For susceptibility testing, isolates were suspended in 5 mL trypticase soy broth
(TSB) at 28∘ C or 37∘ C to a turbidity of 0.5 on a scale of
McFarland and with a sterile swab extension covered by the
surface of a Petri dish with Muller-Hinton agar gel (MH)
(Difco). The antibiotic susceptibility was identified by routine
diagnostic methods using standard disk diffusion for Grampositive and Gram-negative (MultiBac I.D., México D.F).
Zones of inhibition (in mm) were recorder after ∼18 h of
incubation at 35–37∘ C. The zones of inhibition (mm) were
determined and compared with the standards of performance
of the supplier to determine whether the tested strain was
sensitive (S), intermediate (I), or resistant (R).
2.7. Susceptibility to Antimicrobial Peptides of B. thuringiensis.
Mexican strains of B. thuringiensis subsp. morrisoni, B.
thuringiensis subsp. kurstaki, B. thuringiensis subsp. kenyae, B.
thuringiensis subsp. entomocidus, and B. thuringiensis subsp.
tolworthi produce the bacteriocins Morricin 269, Kurstacin
287, Kenyacin 404, Entomocin 420, and Tolworthcin 524,
respectively. These bacteria were cultured at 28∘ C, 200 rpm,
for 24 h in tryptic soy broth (TSB). Extracellular proteins
were precipitated with ammonium sulfate to 80% saturation
at 4∘ C, resuspended in 100 mM phosphate buffer (pH 7.0), and
dialyzed overnight using a 1 kDa cut-off membrane (Amersham Biosciences) to obtain partially purified bacteriocins.
To carry out the well-diffusion assay, indicator bacteria were
cultivated overnight in tryptic soy broth (TSB), and 105 𝜇L
(∼1 × 109 cell/mL) of each culture was mixed with 15 mL of
TSB with warm soft agar 0.7% (w/v) and plated. Five wells
of 8 mm in diameter were dug into the agar and 100 𝜇L
of partially purified Morricin (∼150 U), Kenyacin (∼260 U),
Entomocin (∼260 U), Tolworthcin (∼260 U), and Kurstacin
(∼360 U), whose inhibitory activities were standardized with
Bacillus cereus 183 as indicator bacterium, was added to each
well. Then samples were incubated for 12 h at 4∘ C to allow
diffusion of samples, followed by an additional incubation
at 28∘ C or 37∘ C for 1 day before diameters of zones of
inhibition were measured. The minimum detectable zone
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measured for analytic purposes was 1 mm beyond the well
diameter. One unit (U) of bacteriocin activity was defined
as equal to 1 mm2 of the zone of inhibition of growth
of the target indicator bacterium [17, 18, 21]. Additionally,
the inhibitory effect of bacteriocins against bacteria was
also performed using gel-screening assay. Partial purified
bacteriocins in Laemmli’s buffer without 𝛽-mercaptoethanol
were loaded in two continuous sodium dodecyl sulfate(SDS-) polyacrylamide gels for electrophoresis (SDS-PAGE).
One gel was stained with Coomassie blue and the other was
fixed in 25% (v/v) isopropanol and 10% (v/v) acetic acid. The
gel was washed with double-distilled water and equilibrated
in phosphate buffer (pH 6.5). The gel was overlaid with
TSB with soft agar 0.7% (w/v) containing ∼1 × 109 cell/mL
of indicator bacteria and incubated at 28∘ C. The next day
zones of inhibition were examined and molecular mass of the
bacteriocins was calculated [17].
2.8. Data and Statistical Analyses. Data registered in the
herds were entered into a spreadsheet in electronic format
with Excel for Windows and edited to guarantee the quality
of analyses. The dependent variables studied were the test
day milk yield in kg (MY) and CMT results by udder
quarter. Independent variables were lactation number (LN),
family dairy herd (DH), herd size (HS), number of days in
milk (DM), and municipality (M). Descriptive analysis was
used for the variables included in this study. Normality was
evaluated for the dependent variables to define the type of
statistical analysis. The variables were recorded and grouped
into the next categories: HS (0–15, 16–25, and >25 cows), LN
(1, 2, 3, and >4), and DM (0–90, 91–180, and >180 days). In
order to know the independence between some variables and
because most of these were discrete and without normal distribution, the chi-square test was applied between MY, DH,
HS, LN, and DM. To estimate the probability of association
between results of CMT, udder quarters were estimated using
the Spearman rank correlation. For the statistical analyses,
the Statgraphics Centurion program version 15.2 was used.

3. Results and Discussion
3.1. Characteristics and Parameters of Dairy Farms. Table 1
shows the variability among farms according to the herd size
(from 3 to 47 heads), number of lactations (from 1.7 to 4.1
lactations), number of days in milk (from 52 to 275 days),
and average of test day milk yield (from 9.0 to 26.4 Kg).
The family dairy herds are one of the dominant and widely
distributed production systems in Mexico, in small scale
units run by the family. It was estimated that 10% of all
milk production in Mexico comes from family dairy herds.
According to the livestock census carried out in 2007, it was
found that ∼73% of units correspond to the small farms
[4]. It is interesting that although in Mexico a decrement in
the family dairy participation has been reported to domestic
supplies it has been observed that it does not have a direct
influence on the number of small farms as it remains without
important changes. The herd size of the family farms reported
in this study is much lower than suggested from family
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Table 1: Descriptive statistics for variables studied from family dairy
herds (𝑛 = 32) from the central region of Mexico.
Parameter

Mean

Herd size (heads) 16.7
Days in milk
161.4
Lactation number 2.8
Milk yield (Kg)
20.6

Standard
deviation
9.4
108.2
1.6
7.2

Minimum Maximum
3
7
1
3

47
730
16
45

dairy farms in Los Altos, Jalisco, Mexico, where an average
population of 61 lactating cows was described. However, the
average of milk yield per cow obtained in this study (20.6 L/d)
was higher than 17.8 L/d (Jalisco) [23] and 11.4 L/d (Jalisco
and Michoacán) [24]. As indicated above, of all the dairy
production systems in Mexico, the familial system is the
most heterogeneous. The farms that compose this system
range from subsistence operations (milk and cheese are used
exclusively to feed the family) to large-scale operations (milk
sale is the primary but not the unique source of income for the
family). The family production system is centered in the west
central region of the country, including the states of Jalisco,
Michoacán, Aguascalientes, and Guanajuato [23].
3.2. Frequencies of Subclinical and Clinical Bovine Mastitis.
CMT global results in this study showed that 48% of animals
(𝑛 = 257) were negative, and 52% of animals (𝑛 = 278)
showed a positive reaction to SCM. However, SCM per
animal among herds ranged from 11 to 75%. Concerning the
quarter reaction degree of CMT, milk samples registered a
10.3% (trace), 6.12% (grade 1), 2.9% (grade 2), 5.28% (grade
3), and 1.59% dry-off gland, and the remaining percentage
was negative (72.2%). In general, at least one case of clinical
mastitis was detected in 66% of the dairy herds studied (21
of 32). The percentage of CLM per animal among herds
ranged from 0 to 25 (Table 2). In small-scale dairy herds,
hygiene and health management are often poor, a situation
that contributes to the development of clinical mastitis cases
[13]. This might explain the higher prevalence of CLM
registered in this study (0–25%), especially when datum is
compared with the results obtained in family dairy herds
from State of Mexico (3.4–9.8%) [13] and also with Jalisco
(4.0%) [25]. Furthermore, it is necessary to consider that
there is a clear variation in the epidemiology of mastitis and
mastitis inducers among different regions in Mexico [25].
The frequency of clinical cases based on quarter udder signs
was 78% (25/32), moderately acute; 16% (5/32), chronic; and
6.2% (2/32), severe acute. Statistical analysis showed that
MY was dependent on the farm, HS, DIM, and LN (𝑃 <
0.01) (Table 3). The estimated correlation between results
of CMT for each udder quarter ranged from 0.46 to 0.52
(𝑃 < 0.01). Mastitis is an expensive disease, where a high
proportion of dairy farms might have avoidable losses [26].
The frequency of SCM obtained in our study (11–75%) was
as high as that obtained (23–52%) in dairy cattle located in
province of Huaral, Lima, Peru [27]. In addition, our data
are comparable with two studies carried out in smallholder

Table 2: Frequency of subclinical (SCM) and clinical (CLM)
mastitis in family dairy herds from the central region of Mexico.

Farm
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
∗

Frequency (%)∗
SCM
4/12 (33)
0/3 (0)
4/8 (50)
8/14 (57)
4/9 (44)
5/9 (56)
3/14 (21)
5/17 (29)
10/16 (63)
5/10 (50)
9/26 (35)
6/16 (38)
3/11 (27)
9/12 (75)
13/28 (46)
7/13 (54)
19/31 (61)
2/12 (17)
3/19 (16)
8/20 (40)
8/47 (17)
17/36 (47)
2/18 (11)
18/29 (62)
3/12 (25)
7/15 (47)
5/9 (56)
10/16 (63)
3/9 (33)
4/24 (17)
3/6 (50)
2/14 (14)

CLM
1/12 (8)
0/3 (0)
2/8 (25)
2/14 (14)
0/9 (0)
0/9 (0)
0/14 (0)
0/17 (0)
1/16 (6)
0/10 (0)
2/26 (8)
0/16 (0)
0/11 (0)
3/12 (25)
6/28 (21)
2/13 (15)
6/31 (19)
2/12 (17)
1/19 (5)
3/20 (15)
9/47 (19)
4/36 (11)
4/18 (22)
0/29 (0)
1/12 (8)
2/15 (13)
0/9 (0)
2/16 (13)
1/9 (11)
4/24 (17)
0/6 (0)
1/14 (7)

Denominator represents the total number of animals in the herd.

Table 3: Results of the chi-square independence test between
different variables.
Variables
Milk yield—herd
Milk yield—herd size
Milk yield—days in milk
Milk yield—lactation number

Statistical values
1684.197
1706.651
2548.930
533.235

Probability
0.0000
0.0064
0.0000
0.0000

and/or family dairy farms located in the Jalisco and State of
Mexico, Mexico, where SCM prevalence per animal was of
34.1 and 48.3%, respectively [13, 25]. It is important to indicate
that both SCM and CLM were associated with herd size,
parity, management practices, and time of lactation [25]. The
prevalence of mastitis might change between countries and
geographical regions, but frequently the highest prevalence is
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Table 4: Potential microbial pathogens isolated from dairy cattle and their susceptibility to antibioticsa .
Bacteria
Accession number
Antibioticsb
Gram-positive
E PE TE AM CFX CPF CLM SXT VA CF DC GE
Staphylococcus aureus
KP224443
S
R
S
R
R
S
R
S
S
S
S
S
Staphylococcus agnetis
JQ394696
S
R
S
R
R
S
R
S
S
S
S
S
Staphylococcus epidermidis
KP224442
S
R
S
I
R
S
R
S
S
S
S
S
Staphylococcus sciuri
KP224448
I
R
I
R
R
R
R
R
R
R
R
R
Staphylococcus haemolyticus
KP224444
S
R
S
R
R
S
R
S
S
S
S
S
Staphylococcus equorum
KP224447
S
R
S
R
S
S
I
S
S
S
S
S
Streptococcus dysgalactiae
KP224445
S
R
S
R
R
S
R
S
S
S
S
S
Streptococcus uberis
KP224446
S
I
S
R
S
S
I
S
S
R
S
S
Brevibacterium stationis
KP224449
I
R
S
I
I
S
R
S
S
S
S
S
KP224450
S
R
I
S
R
S
R
S
S
S
S
S
Brachybacterium conglomeratum (1)∘ cvbnm
Gram-negative
CL AK CB NET NF NOF CF AM CFX CPF SXT GE
Raoultella sp.
KP224451
S
S
R
S
I
S
R
R
S
S
S
S
a

R, resistant; S, susceptible; I, intermediate.
Erythromycin (E), penicillin (PE), tetracycline (TE), ampicillin (AM), cefotaxime (CFX), ciprofloxacin (CPF), clindamycin (CLM), sulfamethoxazoletrimethoprim (SXT), vancomycin (VA), cephalothin (CF), dicloxacillin (DC), gentamicin (GE), amikacin (AK), carbenicillin (CB), chloramphenicol (CL),
netilmicin (NET), nitrofurantoin (NF), and norfloxacin (NOF).
b

found in countries with a poorly developed dairy sector and
with a lack of udder health control programs.
3.3. Isolation and Bacterial Identification. A total of eleven
milk samples plated (24%) were selected for bacterial isolation and identification. The remaining milk samples plated
were not considered for showing a lack of growth or a
contaminated bacteria growth. It is necessary to highlight
that most of the milk samples of this study were from SCM
cases, where (i) the colony-forming units of the organism
in the milk were below the detection limit of the assay, (ii)
special media or growth conditions were required, or (iii)
presence of inhibitors in the milk sample, such as antibiotics,
had interfered with the growth of the pathogen. If it is
common that 20–30% of clinical quarters will result in no
microbial growth, this percentage could be increased when
milk samples come from SCM as in this study. Also, clinical
signs could be present but the pathogen might be eliminated
or controlled by the cow’s immune system [22]. Bacterial
PCR amplification and subsequent ARDRA analyses of 16S
rDNA gene were successful for all samples. The 16S rDNA
sequences that presented different ARDRA profiles were
selected for sequencing (Table 4). Five genera and eleven
bacterial species involved in cases of mastitis were identified.
Table 4 shows that 42% of the isolated microorganisms were
coagulase-negative staphylococci (CNS). Similar results were
obtained in smallholder dairy farms from Jalisco state of
Mexico, where the most common udder pathogens were
CNS (15.6%), followed by S. aureus (5.9%), S. agalactiae
(6.8%), Corynebacterium spp. (14%), and coliform bacteria
(4.1%) [25]. CNS are considered minor pathogens, especially
in comparison with major pathogens such as S. aureus,
streptococci, and coliforms [28]. However, these bacteria are
of great interest because they are regularly isolated from milk
samples obtained from cows and are currently considered
emerging pathogens of bovine mastitis and the main cause of

intramammary infection (IMI) in modern dairy herds [29–
31].
Alternatively, a total of 124 milk samples were collected
from 124 multiparous lactating dairy (Holstein) cows at the
province of Nanning, China. Positive CMT was recorded
from 65 (52.4%) glands. Bacteria were isolated from 45
(36.3%) of milk samples. Distributions of microbial isolates
responsible for infected milk samples have been reported as
follows: S. aureus (47%), CNS (27%), Escherichia coli (9%), S.
agalactiae (9%), S. uberis (4%), and Cryptococcus neoformans
(4%) [32]. In another study, Lago et al. [33] found 422 cows
affected by clinical mastitis in 449 quarters, where coliform
bacteria were the most commonly isolated pathogen (24% of
clinical mastitis cases).
According to results of sequence analysis of isolates
conducted in the present study (retrieved from the GenBank, http://www.ncbi.nlm.nih.gov/, using the nucleotidenucleotide BLAST algorithm) Staphylococcus agnetis (NCBI/
EMBL accession JQ 394696) was isolated from milk samples
of mastitis cases. It is important to emphasize that S. agnetis
is mentioned only once before in the literature as a pathogen
causing mastitis in dairy cattle. Recently, it has been reported
that S. agnetis was associated with bovine mastitis based
on the characteristics of 12 isolates originating from milk
samples of cows with subclinical or mild clinical IMI and
one isolate from the apex of the teat [34]. We also identified
the bacteria Brevibacterium stationis and Brachybacterium
conglomeratum. Although these microorganisms have not
been reported as etiological agents of cow mastitis, they
have occasionally been isolated from goat raw milk samples
and also from different areas of the farm (e.g., teat surfaces,
milking parlors, hay, air, and dust) [35].
3.4. Antibiotic Susceptibility Patterns. Six isolates of this study
(54.54%) showed resistance to two or three antimicrobial
agents, mostly to penicillin, clindamycin, and cefotaxime;

BioMed Research International
Antibiotic susceptibility
patterns (%)

6
100
90
80
70
60
50
40
30
20
10
0
E

PE

TE AM CFX CPF CLM SXT VA CF DC GE

Figure 1: Percentage of sensitivity in vitro by standard disk diffusion (MultiBac-ID) of different antibiotics against bacterial isolates
from bovine mastitis. Graphic bars represent the percentage of sensitive (white), intermediate (grey), or resistant (black). Erythromycin
(E), penicillin (PE), tetracycline (TE), ampicillin (AM), cefotaxime (CFX), ciprofloxacin (CPF), clindamycin (CLM), sulfamethoxazoletrimethoprim (SXT), vancomycin (VA), cephalothin (CF), dicloxacillin (DC), and gentamicin (GE).

meanwhile resistance to four or more antimicrobial agents
was found in 5 isolates (45.45%). All isolates showed a
variable susceptibility (∼60%) to the 12 antimicrobials tested.
Special consideration showed Staphylococcus sciuri isolated
that was resistant to 10 of 12 antimicrobials tested and the rest
were detected with intermediate susceptibility (Table 4). The
microorganisms were mainly resistant to penicillin (90%),
clindamycin and cefotaxime (both 80%), and ampicillin
(70%). In this study we found a high frequency of penicillinresistant bacteria, which is higher than those reported in
subclinical milk samples obtained from dairy herds located
in state of Michoacán, Mexico (74%) [18]. In addition,
percentage of ampicillin-resistant microorganisms (i.e., 70%)
was very similar to that reported (67.4%) in a study performed
in dairy herds of south of Brazil [36]. In particular, in
Mexico it is very common that, at the end of period of
lactation in dairy cattle, farmers use a prophylactic dose
of antimicrobial (i.e., penicillins and cephalosporins) into
the udder. Although the purpose of this treatment is the
prevention of future mastitis, it is obvious that this procedure might generate penicillin-resistant microorganisms
[37]. In addition, some isolates were highly sensitive (90%) to
trimethoprim/sulfamethoxazole, dicloxacillin, ciprofloxacin,
and gentamicin (Figure 1). All microorganisms shown in
Table 4 were identified as Gram-positive bacteria. Only one
Gram-negative microorganism was isolated and identified as
Raoultella sp., which had resistance to ampicillin, carbenicillin, and cephalothin. Raoultella sp. (before Klebsiella sp.) is
one of the most frequent Gram-negative pathogens isolated
from bovine clinical mastitis [38]; and it has been isolated
from bedding material [39].
The emergence of antimicrobial resistance among
pathogens that affect animal health is a growing concern in
veterinary medicine. Furthermore, the use of antimicrobial
drugs has also been considered as a potential health risk
for humans [40, 41]. S. agnetis showed resistance (33.0%) to
penicillin, ampicillin, cefotaxime, and clindamycin (Table 4).
It should be noted that, in another study, S. agnetis was
resistant to lysozyme, polymyxins, and deferoxamine, and
it was susceptible to novobiocin and lysostaphin [34].
Phylogenetically, S. agnetis is a novel species of the genus
Staphylococci and can be differentiated from the coagulasepositive species, such as S. hyicus, S. simulans, S. schleiferi,

S. chromogenes, S. intermedius, and S. epidermidis. Compared
to S. aureus, streptococci, and coliforms, coagulase-negative
staphylococcus (CNS) has been considered an emerging
bovine mastitis pathogen in several countries [30, 42, 43]
with a high degree of resistance to some conventional
drugs [30, 40, 43, 44]. CNS mastitis responds much better
to antimicrobial treatment than S. aureus mastitis, but
resistance to different antimicrobials is more common
in CNS than S. aureus. CNS tends to be more resistant
to antimicrobials than S. aureus and can easily develop
multiresistance. The most common resistance mechanism
in staphylococci is 𝛽-lactamase production, which results in
resistance to penicillin G and aminopenicillin [28].
3.5. Inhibitory Activity of Bacteriocins. We recently showed
that antimicrobial peptides or bacteriocins (Morricin 269,
Kurstacin 287, Kenyacin 404, Entomocin 420, and Tolworthcin 524) synthesized by B. thuringiensis are able to
inhibit food-borne pathogenic bacteria [17]. In addition it
was demonstrated that Staphylococcus strains isolated from
bovine with mastitis are also susceptible to this kind of
bacteriocins [18]. In the present study the five bacteriocins
inhibited the growth of S. agnetis, S. equorum, Streptococcus
uberis, B. stationis, and B. conglomeratum, bacteria that
showed multiantibiotic resistance (Table 5). Unfortunately,
bacteriocins did not show activity on S. sciuri, microorganism
with an 84% resistance to antibiotics tested in this study.
This bacterium has been found to be associated not only
with bovine subclinical mastitis [45], but also with serious
infections in humans such as endocarditis [46], peritonitis
[47], wound infections [48], and urinary infections [49].
In addition, we did not find susceptibility of S. aureus to
the bacteriocins, which is very interesting as we previously
demonstrate that different isolates of this bacterium are
susceptible to the five antimicrobial peptides tested in this
work [18]. We do not have a clear explanation for this
observation, but it has been shown that, within the same
genus or strains of the same species, microorganisms can
differ in their susceptibilities to a particular bacteriocin.
For example, (i) B. licheniformis strain P40 produces an
antimicrobial peptide with inhibitory action to S. intermedius
but not to S. aureus [50]. (ii) Also, S. aureus strains isolated
from dairy cow mastitis [18] showed different susceptibilities
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Table 5: Inhibitory activity (Ua ) of partial purified bacteriocin determined by the well-diffusion method against potential microbial pathogens
associated with mastitis in dairy bovines.
Indicator bacteria

Morricin 269
151
0
0
53
0
204
0
0
186
62
103
264

b

Bacillus cereus 183
Staphylococcus aureus
Streptococcus dysgalactiae
Staphylococcus agnetis
Staphylococcus epidermidis
Streptococcus uberis
Staphylococcus sciuri
Staphylococcus haemolyticus
Staphylococcus equorum
Brevibacterium stationis
Brachybacterium conglomeratum
Raoultella sp.

Bacteriocins
Kenyacin 404
264
0
365
142
0
264
0
0
231
329
296
296

Kurstacin 287
365
0
0
28
0
296
0
0
245
28
44
264

Entomocin 420
264
0
365
148
0
296
0
0
374
204
480
296

Tolworthcin 524
264
0
330
104
0
233
0
0
225
150
150
264

a
One unit is defined as 1 mm2 of the zone of inhibition as determined by the well-diffusion method (see text). Data are the average of triplicate assays. A value
of “0” indicates no inhibition.
b
Bacterium used as positive control. It was used to determine the units of bacteriocins contained in the crude extracts used in the assay [17, 18].
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Figure 2: Inhibitory detection of bacteriocins against bacteria using gel-screening assay. (a) SDS-PAGE; gel was overlaid with (b) Bacillus
cereus 183 (control), (c) Raoultella sp., and (d) Staphylococcus agnetis. Bacteria (c) and (d) were isolated from bovines with mastitis. Lane 1,
Morricin 269; lane 2, Kurstacin 287; lane 3, Kenyacin 404; lane 4, Entomocin 420; lane 5, Tolworthcin 524. Growth inhibition zones show
the relative position of bacteriocins with molecular mass of ∼10 kDa. Protein marker (BioRad) was used to estimate the molecular masses of
bacteriocins.

to the five bacteriocins used in this study. In addition, it seems
that pathogenic microorganisms have acquired the ability to
sense and to respond to bacteriocins in different way, often
resulting in reduced negative charge of their cell envelope
due to specific surface modifications, which in consequence
induce the generation of bacteriocin-resistant bacteria [51].
Alternatively, in order to detect the molecular mass of
the bacteriocins, we carried out gel-screening assays using
Raoultella sp. and S. agnetis as reporter bacteria. Morricin
269, Kurstacin 287, Kenyacin 404, Entomocin 420, and Tolworthcin 524 exhibited molecular mass of ∼10 kDa as shown
previously (Figure 2) [17]. It is important to indicate that
because we used different units of bacteriocins, we did not
carry out comparisons in the inhibitory effects of the different
bacteriocins against the bacteria assayed in this work, as our
purpose was only to detect whether microorganisms were
susceptible or not to the antimicrobial peptides.

4. Conclusions
In this work, the most common udder pathogens isolated
from mastitis milk samples were coagulase-negative staphylococci (42%), followed by streptococci (17%), and S. aureus,
B. stationis, B. conglomeratum, and Raoultella sp. with an 8%
each. We found that 72.7% of isolates had a resistance pattern
to three or more antimicrobial agents mainly to penicillin,
clindamycin, and cefotaxime. Studies on the prevalence
rate of clinical and subclinical mastitis of different mastitis
pathogens in a cow population from small-scale dairy herds
are scarce. Although it is difficult to compare results obtained
in this work with those obtained in other countries, CNS,
S. aureus, and streptococci have been reported to be the
most prevalent pathogens [52, 53]. Alternatively, bacteriocins
of B. thuringiensis inhibited the growth of different bacteria
tested here and they could have a viable potential for use
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in integrated management programs to control or prevent
mastitis in animals. However, it is obvious that a higher
number of bacterial isolates with different genus or different
strains of the same genera and species obtained from bovine
mastitis must be tested in future studies.
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Bioactive peptides are part of an innate response elicited by most living forms. In plants, they are produced ubiquitously in roots,
seeds, flowers, stems, and leaves, highlighting their physiological importance. While most of the bioactive peptides produced in
plants possess microbicide properties, there is evidence that they are also involved in cellular signaling. Structurally, there is an
overall similarity when comparing them with those derived from animal or insect sources. The biological action of bioactive
peptides initiates with the binding to the target membrane followed in most cases by membrane permeabilization and rupture.
Here we present an overview of what is currently known about bioactive peptides from plants, focusing on their antimicrobial
activity and their role in the plant signaling network and offering perspectives on their potential application.

1. Introduction
No doubt proteins were designed to be versatile molecules.
The number of functions in which they participate during
metabolism supports this affirmation. Proteins act as defense,
integrating the immunological system, as part of the enzymatic network required during metabolism, as a nutrient,
as storage, contractile, structural, and motile molecules, as
transporters, and as signaling and regulatory mediators.
These are well-established functions for which proteins
have gained undisputed roles. Aside from these functions
other roles are associated with these molecules, such as
antifreezers, sweeteners, and antioxidants. A relatively new
role involves their ability to interact with cellular membranes
in a nonreceptor-ligand type of binding.
Antimicrobial peptides (AMPs) are often the first line of
defense against invading pathogens and play an important
role in innate immunity [1]. The list of identified antimicrobial peptides has been growing steadily over the past twenty
years. Initially, the skin of frogs and lymph from insects
were shown to contain antimicrobial peptides, but now over
1500 antimicrobial peptides have been described, in living
organisms including those from microorganisms, insects,
amphibians, plants, and mammals [2].

In 1963, Zeya and Spitznagel described a group of basic
proteins in leukocyte lysosomes endowed with antibacterial
activity [3]. Later, Hultmark et al. [4] purified three inducible
bactericidal proteins from hemolymph of immunized pupae
of Hyalophora cecropia. The vaccinated insects survived a
posterior challenge with high doses of the infecting bacteria,
indicating the relevance of the bactericidal proteins. Additional research identified a 35-residue peptide (cecropin) as
responsible for the antibacterial effect. Further investigation
by Boman and other groups confirmed that antimicrobial
peptides (AMPs) are distributed ubiquitously in all invertebrates investigated, generating academic and commercial
interest [1, 5–9].
Because the rapid increase in drug-resistant infections
poses a challenge to conventional antimicrobial therapies,
there is a need for alternative microbicides to control infectious diseases [2, 10–13]. Bioactive peptides can fulfill this
role because they display antibacterial, antiviral, antifungal,
and/or antiparasitic activities. A comparative analysis of
these molecules reveals that there are no unique structural
requirements useful to discriminate these activities and to
facilitate their classification. Most bioactive peptides have a
high content of cysteine or glycine residues; the disulphide
bridges that may be formed between cysteinyl residues
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increase their stability. Most of them contain charged amino
acids, primarily cationic, and also hydrophobic domains.
Both, 𝛽-sheets or 𝛼-helices, looped or extended, structures
or combinations of these domains can be found in natural
bioactive peptides [3, 6, 7, 14–24]; their length varies between
12 and 55 residues. There is evidence that cationic charged
peptides are relevant for antibacterial or antiviral activity but
few exemptions of anionic peptides also exist.
This review updates information on plant bioactive peptides. When little or no available information exists on a
specific group, we use examples taken from other lifer forms,
assuming that upcoming studies may reveal information
on peptides whose attributes have not yet been found in
plants. The review does not cover in detail the antimicrobial
mechanism underlying the effect of bioactive peptides since
two recent reviews on the subject were published [4, 5, 11, 14,
15, 25–31].

2. Antimicrobial Peptides Isolated from Plants
As mentioned above, AMPs are part of important immunological barriers to counter microorganism microbial infections and represent another aspect of the resistance phenomenon known as the hypersensitive response (HR). This
phenomenon was described by H. Marshall Ward in cultures
of leaf rust (Puccinia dispersar or Puccinia triticina) and
by several plant pathologists 100 years ago [1, 5, 7, 8]. The
hypersensitive reaction (HR) is considered the maximum
expression of plant resistance to pathogen attack and is
defined as a fast death of the plant cells associated with growth
restriction and pathogen isolation. Cell death that happens
during HR is considered a lysosomal-type of programmed
cell death (PCD) or autophagy [2, 10, 12], unlike mammalian
apoptosis. Also, signaling by resistance gene products (RGP)
triggered during the HR response is not associated with death
effectors (mammalian caspases), or with the death complex
equivalent to the mammalian apoptosome. It is hypothesized
that RGP signaling is required to initiate deployment of nonHR defenses, most likely via the production of so-called “dead
signals” like ROS (reactive oxygen species), NO (nitric oxide),
and SA (salicylic acid), all of them initiators of resistance in
the absence of a HR [3, 14, 16]. Therefore, HR is viewed as
part of a continuum of effects mediated by defense elicitors
[4, 5, 15, 25, 27–29].
Although many AMPs are generically active against
various kinds of infectious agents, they are generally classified
as antibacterial, fungicides, antiviral, and antiparasitic. The
antibacterial activity of peptides results from the amphiphilic
character and presence of motifs with high density of
positively charged residues within their structure [6–9].
This type of arrangement facilitates peptide attachment and
insertion into the bacterial membrane to create transmembrane pores resulting in membrane permeabilization. The
amphipathic nature of antimicrobial peptides is required for
this process, as hydrophobic motifs directly interact with lipid
components of the membrane, while hydrophilic cationic
groups interact with phospholipid groups also found in the
membrane.
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The antifungal activity of AMP was initially attributed
to either fungal cell lysis or interference with fungal cell
wall synthesis. A comparison of plants antifungal peptides
suggests a particular structural-activity arrangement involving polar and neutral amino acids [11–13, 32]. However, like
for antibacterial peptides, there are no obvious conserved
structural domains clearly associated with antifungal activity.
The cell wall component “chitin” has been implied as fungal
target for bioactive peptides [6, 7, 15, 17–24]. Peptide binding
induces fungal membrane permeabilization and/or pore
formation [4, 11, 14, 15, 26, 29–31].
The antiviral effect of some AMPs depends on their
interaction with the membrane by electrostatic association
with negative charges of glycosaminoglycans facilitating
binding of AMP and competing with viruses [11]. Such is
the case of the mammalian cationic peptide lactoferrin that
prevents binding of herpes simplex virus (HSV) by binding to
heparan moieties and blocking virus-cell interactions [3, 32–
34]. Alternatively, defensins (described below) bind to viral
glycoproteins making HSV unable to bind to the surface of
host cells [25, 27]. The antiviral effect of peptides can also
be explained by obstruction of viral interaction with specific
cellular receptors, as shown during binding of HSV and the
putative B5 cell surface membrane protein displaying a heptad repeat alpha-helix fragment. The effect was demonstrated
with the synthetic 30-mer peptide that has the same sequence
found in the heptad repeat that inhibits HSV infection of B5expressing porcine cells and human HEp-2 cells [7, 15, 19, 20,
22–24]. Another mechanism involves the interaction between
AMP and viral glycoprotein as shown with a retrocyclin2 analogue that binds with high affinity (Kd = 13.3 nM) to
immobilized HSV-2 glycoprotein B (gB2) while it does not
bind to enzymatically deglycosylated gB2 [25, 28]. A less specific interaction between AMP and viruses causes disruption
or destabilization of viral envelope yielding viruses unable to
infect host cells [15, 17, 19, 21–24]. Finally, a peptide mediated
activation of intracellular targets induces an antiviral effect
as demonstrated with the antiviral peptide NP-1 from rabbit
neutrophils that crosses the cell membrane migrating into
the cytoplasm and organelles, followed by inhibition of viral
gene expression in the infected cell. The proposed mechanism
involves downregulation of VP16 viral protein entry into the
nucleus that prevents expression of early viral genes required
to propagate viral infection [4, 11, 26, 30, 31].
The initial characterization of molecules displaying
AMP activity was followed by isolation of purothionin,
the first plant-derived AMP. Purothionin is active against
Pseudomonas solanacearum, Xanthomonas phaseoli and X.
campestris, Erwinia amylovora, Corynebacterium flaccumfaciens, C. michiganense, C. poinsettiae, C. sepedonicum, and
C. fascians [25]. Since then, several plant peptides have been
discovered. The major groups include thionins (types I–
V), defensins, cyclotides, 2S albumin-like proteins, and lipid
transfer proteins [15, 19, 22–24]. Other less common AMPs
include knottin-peptides, impatiens, puroindolines, vicilinlike, glycine-rich, shepherins, snakins, and heveins (Table 1)
[35–44].
Full isolation of plant AMP has been attained in some
cases. It is the case of lunatusin a peptide with molecular
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Table 1: Selected plant antimicrobial peptides.
Peptide

Biological activity

Peptide size

Reference

Thionins (types I–V)

Antibacterial

[15, 22–24]

Thionein: alpha-1-purothionin (Triticum aestivum)

Antibacterial

45–47 residues
5 kDa
45 residues
28–37 residues

[15, 19, 22–24]

105 residues

[15, 24]

Cyclotides: kalata B1 and B2 (Oldenlandia affinis)

2S albumin-like Malva parviflora, Raphanus sativus

Antibacterial,
Antifungal,
insecticide
nematicide
Antibacterial,
allergen

[15, 25, 81]

Lipid transfer proteins (LTPs) (Zea mays)
Knottin-peptides: PAFP-S (Phytolacca americana)
knottin-type (Mirabilis jalapa)

Antibacterial

90–95 residues

[15, 22–24]

Antibacterial

36-37 residues

[15, 35–43]

Puroindolines: PINA and PINB (Triticum aestivum)

Antibacterial

13 kDa

[15, 35–43]

Antibacterial
Antibacterial and
antifungal
Antibacterial and
antifungal
Antibacterial and
antifungal

63 residues, 6.9 kDa

[15, 35–43]

43 residues, 4.7 kDa

[15, 35–43]

2.2 and 6 kDa

[2, 49, 50]

6 kDa

[60, 75]

Antibacterial
Antibacterial and
antifungal
Antibacteriala and
antiviral
Antibacterial,
antifungal, and
antiviral
Antibacterial and
antifungal

7.3 kDa

[15, 50]

5 kDa

[25, 53]

7.0 kDa

[45]

7.0 kDa

[46]

5.7 kDa

[48]

Antifungal
Antifungal and
antiviral
Antifungal and
antiviral
Antifungal and
antibacterial

47 residues

[37, 79]

8.2 kDa

[49, 60, 61]

5.6 kDa

[36, 49, 60, 61]

22 residues

[36, 44]

Ay-AMP Amaranthus hypochondriacus

Antifungal

3.18 kDa

[47]

PR1, PR2 Chitinases (Vitis vinifera)

Antifungal

26 and 43 kDa

[19, 38, 41, 64]

Proteins from latex of Calotropis procera (CpLP)
Proteinases from Carica candamarcensis, Carica papaya and
Cryptostegia grandiflora (Cg24-I)
Impatiens (Impatiens balsamina) Ib-AMP1, Ib-AMP2,
Ib-AMP3, and Ib-AMP4

Antifungal

13 kDa

[38, 60, 61]

Antifungal

23–25 kDa

[36, 60, 61]

Antibacterial

20 residues

[36, 52, 53, 57]

28 residues

[38, 41]

45 residues

[38]

Antiviral

ND

[82]

Anthelmintic

23-24 kDa

[52, 53, 57]

Snakins (Solanum tuberosum)
Heveins (Hevea brasiliensis)
Peptides (Phaseolus vulgaris)
Peptide PvD1 (Phaseolus vulgaris)
Defensin-like (Phaseolus vulgaris)
Defensins (Triticum aestivum and Hurdeum vulgare)
Lunatusin (Phaseolus lunatus)
Vulgarinin (Phaseolus vulgaris)
Hispidulin (Benincasa hispida)
Lc-def (Lens culinaris)
Cicerin (Cicer arietinum)
Arietin (Cicer arietinum)
Peptide So-D1 (Spinacia oleracea)

Shepherins (Capsella bursa-pastoris)
Vicilin-like (Macadamia integrifolia)
Peptidesa (Brassica napus)
Proteinases from Ananas comosus, Carica papaya, Ficus
carica, and Asclepias sinaica
a

Mitogenic activity; ND: not determined.

Antibacterial and
antifungal
Antibacterial and
antifungal
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mass of 7 kDa purified from Chinese lima bean (Phaseolus
lunatus L.) (Table 1). Lunatusin exerted antibacterial action
on Bacillus megaterium, Bacillus subtilis, Proteus vulgaris,
and Mycobacterium phlei. The peptide also displays antifungal activity towards Fusarium oxysporum, Mycosphaerella
arachidicola, and Botrytis cinerea. Interestingly, the antifungal
activity was retained after incubation with trypsin [45].
Another peptide, named vulgarinin, from seeds of haricot beans (Phaseolus vulgaris), with a molecular mass of
7 kDa showed antibacterial action against Mycobacterium
phlei, Bacillus megaterium, B. subtilis, and Proteus vulgaris and antifungal activity against Fusarium oxysporum,
Mycosphaerella arachidicola, Physalospora piricola, and Botrytis cinerea. Its antifungal activity was also retained after
incubation with trypsin. Another example is a peptide from
Amaranthus hypochondriacus seeds that displays antifungal
activity (Table 1) [46, 47].
Both lunatusin and vulgarinin inhibited HIV-1 reverse
transcriptase and inhibited translation in a cell-free rabbit
reticulocyte lysate system, suggesting a similarity of action
between these two peptides and that antimicrobial activity
might be linked to protein synthesis [46]. Lunatusin also
elicited a mitogenic response in mouse splenocytes [45]
and proliferation of breast cancer MCF-7b cell line while
vulgarinin inhibited proliferation of leukemia L1210 and M1
cell lines and breast cancer MCF-7 cell line [46].
A peptide named hispidulin was purified from seeds
of the medicinal plant Benincasa hispida that belongs to
the Cucurbitaceae family (Table 1). Hispidulin exhibits a
molecular mass of 5.7 kDa, is composed of 49 amino acid
residues, and displays broad and potent inhibitory effects
against various human bacterial and fungal pathogens [48].
Two additional antifungal peptides with novel N-terminal
sequences, designated cicerin and arietin, were isolated from
seeds of chickpea (Cicer arietinum), respectively. These peptides exhibited molecular masses of approximately 8.2 and
5.6 kDa, respectively. Arietin expressed higher translationinhibitory activity in a rabbit reticulocyte lysate system and
higher antifungal potency toward Mycosphaerella arachidicola, Fusarium oxysporum, and Botrytis cinerea than cicerin.
Both lack mitogenic and anti-HIV-1 reverse transcriptase
activities [2, 49, 50].
There are also some studies on AMP peptides from dry
seeds of Phaseolus vulgaris cv. brown kidney beans; these
AMPs exhibit antifungal and antibacterial activity [2, 50,
51]. Another AMP (So-D1-7) was isolated from a crude cell
wall preparation from spinach leaves (Spinacia oleracea cv.
Matador) and was active against Gram-positive (Clavibacter
michiganensis) and Gram-negative (Ralstonia solanacearum)
bacterial pathogens, as well as against fungi, such as, Fusarium culmorum, F. solani, Bipolaris maydis, and Colletotrichum
lagenarium [44].
Antiparasitic peptides are another group of bioactive
peptides. Following an initial report describing the lethal
effect of magainin isolated from Xenopus skin on Paramecium caudatum, another peptide (cathelicidin) confirmed the
antiparasitic activity of AMPs [52–56].
Anthelmintic activity is also a recognized feature
attributed to vegetable proteinases (Table 1). For instance,
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bromelain, the stem enzyme of Ananas comosus (Bromeliaceae), shows anthelmintic effect against Haemonchus
contortus [52, 53], similar to the reference drug pyrantel
tartrate. A similar effect was confirmed with proteinases
from papaya (Carica papaya), pineapple (A. comosus), fig
(Ficus carica), and Egyptian milkweed (Asclepia sinaica)
in vitro against the rodent gastrointestinal nematode
Heligmosomoides polygyrus [57]. The anthelmintic effect
cannot be fully explained by the proteolytic effect of these
enzymes, as the inhibited enzymes partially preserve
antiparasitic activity. It is suggested that selected domains
within the proteinase molecule different from the active site
could be responsible for the antiparasitic effect (unpublished
observations). The notion that specific regions within a
protein are responsible for the biocide effect is supported
by the observation that some AMPs become functional
upon protein hydrolysis, like in egg [58, 59] and milk
proteins hydrolysates [58, 60–63]. At present, there are not
many studies on plant protein hydrolysates with antibiotic
properties; this situation encourages the search in protein
databases for motifs featuring the signature of AMPs.
Plant proteinases also display antifungal activity as
demonstrated with latex proteinases from Calotropis procera,
Carica candamarcensis, and Cryptostegia grandiflora [27, 60,
61]. Using a collection composed of Colletotrichum gloeosporioides, Fusarium oxysporum, F. solani, Rhizoctonia solani,
Neurospora sp., and Aspergillus niger, fungal germination,
growth, and IC50 were determined. The observed IC50 for
Rhizoctonia solani with proteinases from C. procera was 20.7±
1.6 𝜇g/mL while with proteinases from C. candamarcensis
was 25.3±2.4 𝜇g/mL. Chitinases are also chitinolytic enzymes
found in different plants that display antifungal activity [64].
Plant Defensins. There is no consensus about the size of
defensins. According to some authors defensins are AMPs
that range from 18 to 48 amino acids, while other groups
define them as having 12–54 residues. Regardless of their size
they contain several conserved cysteinyl residues structuring
disulphide bridges that contribute to their stability. Two kinds
of defensins have been described, 𝛼-defensin and 𝛽-defensin,
the latter probably emerged earlier based on its similarity with
insect forms. Defensins are among the best-characterized
cysteine-rich AMPs in plants [27, 65]. All known members
of this family have four disulphide bridges and are folded
into a globular structure that includes three L-strands and
a K-helix [65, 66]. Initially, these proteins were described in
human neutrophils [66, 67], more specifically in granules of
phagocytes and intestinal Paneth cells [67–71]. Later, they
were described in human, chimpanzee, rat, mouse, marine
arthropods, plants, and fungi [68–71].
Defensins are structurally classified in four categories,
which correlate with morphological and/or developmental
changes in fungi following treatment with defensins [72–
75]. Defensins of group I cause inhibition of Gram-positive
bacteria and fungi, and fungal inhibition occurs with marked
morphological distortions of hyphae (branching); those of
group II are active against fungi, without inducing hyphal
branching, and are inactive against bacteria; those of group
III are active against Gram-positive and Gram-negative
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bacteria but are inactive against fungi; while group IV are
active against Gram-positive and Gram-negative bacteria,
and against fungi, without causing hyphal branching. The
selective action assigned to these four groups of defensins
suggests that specific determinants within each group are
responsible for targeting different groups of infectious agents.
Several defensins have been purified from plants. The
PvD1 defensin from Phaseolus vulgaris (cv. Perola) seeds
is a 6 kDa peptide (Table 1). Its N-terminal has been
sequenced and the comparative analysis in databases shows
high similarity with sequences of different defensins isolated
from other plants species. PvD1 has been shown to inhibit
the growth of yeasts, Candida albicans, C. parapsilosis, C.
tropicalis, C. guilliermondii, Kluyveromyces marxiannus, and
Saccharomyces cerevisiae. PvD1 also inhibits phytopathogenic
fungi including Fusarium oxysporum, F. solani, F. lateritium,
and Rhizoctonia solani [51, 72]. Analysis of cloned PvD1
cDNA yielded a fragment that contains 314 bp, encoding
a 47-amino-acid polypeptide displaying strong similarity
with plant defensins from Vigna unguiculata (93%), Cicer
arietinum (95%), and Pachyrhizus erosus (87%).
An antifungal peptide with a defensin-like sequence and
exhibiting a molecular mass of (7.3 kDa) was purified from
dried seeds of Phaseolus vulgaris “cloud bean” (Table 1). The
peptide exerted antifungal activity against Mycosphaerella
arachidicola with an IC50 value of 1.8 𝜇M and it was also
active against Fusarium oxysporum with an IC50 value of
2.2 𝜇M [52]. From lentil (Lens culinaris), a 47-amino-acidresidue (Lc-def) defensin was purified from germinated seeds
(Table 1). The molecular mass (5.4 kDa) and the complete
amino acid sequence were determined. Lc-def has eight cysteines forming four disulphide bonds; it shows high sequence
homology with defensins from legumes and exhibits activity
against Aspergillus niger [50, 76].
A 5.4 kDa antifungal peptide, with an N-terminal
sequence highly similar to defensins and with inhibitory
activity against Mycosphaerella arachidicola (IC50 = 3 𝜇M),
Setosphaeria turcica, and Bipolaris maydis, was isolated from
the seeds of Phaseolus vulgaris cv. brown kidney bean
(Table 1). The antifungal activity of the peptide against M.
arachidicola was stable in a wide pH range (3–12) and
progressively decreases at pHs <2 and >12. Similarly, its
activity remains stable between 0 and 80∘ C and partially
declines between 90 and 100∘ C. Deposition of Congo red
at the hyphal tips of M. arachidicola was induced by this
peptide indicating inhibition of hypha growth. The lack of
antiproliferative activity of brown kidney bean antifungal
peptide toward tumor cells, in contrast to the presence of
such activity seen in other antifungal AMPs, suggests that
different domains are responsible for the antifungal and
antiproliferative activities [50].
The biotechnological potential of defensins became evident following experiments aimed at increasing plant resistance to pathogens by genetic transformation of various
recipient plants. In a number of cases increased resistance
to specific pathogens was obtained in transgenic plants
overexpressing a defensing gene [24].
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3. Peptides from Plant Hydrolysates
Plant protein hydrolysates represent an option for production
of bioactive peptides. Hydrolysis can be done enzymatically
or under acidic conditions; the former is preferred because
it is milder and effectively produces bioactive peptides from
a variety of sources, like legumes, rice, chia seeds, and so
forth. Particularly, studies with enzymatic hydrolysates from
leguminous plants, like common bean (P. vulgaris L.), are
relevant since this is a fundamental ingredient of human diet
in several cultures and because it represents up to 10% of total
proteins ingested in developing countries [77, 78].
The characterization of bioactive peptides released by
hydrolysis demonstrates that they preserve their nutritional
value, and at least, some of them behave as biologically active
substances. Protein hydrolysates show antioxidant, antitumoral, antithrombotic, antimicrobial, or antihypertensive
activities, thus qualifying as functional foods [77, 79]. Particularly, total hydrolysates (TH) or peptide fractions from leguminous such as chickpea, soya bean, pea, lentil, mung bean,
and common beans demonstrate important antioxidant and
angiotensin-I converting enzyme activities (ACE) [79, 80].
Our studies using concentrates following enzymatic
hydrolysates from three common bean varieties of P. vulgaris
L., plus black (PB), azufrado higuera (AH), and pinto saltillo
(PS), show evidence of antimicrobial activity. The bactericidal
activity determined by growth inhibition demonstrated that
ten out of twelve bacterial strains were inhibited by these
THs and also by the 3–10 kDa peptide fraction obtained by
subsequent ultrafiltration of TH. The ultrafiltrate fraction
from TH with cutoff of 1 kDa (<1 kDa) also demonstrated
antimicrobial activity against Shigella dysenteriae in each of
the bean varieties (PB, AH, and PS) at 0.1, 0.4, and 0.3 mg/mL,
respectively [81]. A similar antimicrobial activity was seen
in beans Phaseolus lunatus digested with pepsin followed
by pancreatin [81]. Both TH and the partially purified
peptide fraction (<10 kDa) exhibited antimicrobial activity
against Staphylococcus aureus and Shigella flexneri. The largest
antimicrobial effect was seen with the <10 kDa fraction and
the determined MIC was 0.39 mg/mL against S. aureus and
0.99 mg/mL for S. flexneri [81].
Antiretroviral activity has also been described in alcalase
hydrolysates of rapeseed (Brassica napus) protein. The antiviral effect seen in human immunodeficiency virus (HIV) is
due to inhibition of the viral protease, possibly by a 6 kDa
peptide. When rapeseed hydrolysate was purified by sizeexclusion chromatography, two fractions of 6 kDa enriched
in this protease inhibitor were isolated [82].

4. Role of Peptides in Plant Signalling
Since plants are stationary attached to earth, they must
withstand aggressions from predatory activities by herbivores including man or pathogens and environmental variations like water supply, temperature changes, and manmade
aggressions. To successfully meet these challenges, they have
developed an efficient signaling network to elicit appropriate
cellular responses. As in mammals, their signaling processes
rely on efficient and specific interactions between organic
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molecules or simple ions (ligand) and their receptors to
communicate and respond to these signals.
As result many plant peptides and proteins evolved as
signaling molecules and play a key role in homeostasis,
defense, growth, differentiation, and senescence. Most of
these actions require the coaction of hormones (auxin, ethylene, abscisic acid (ABA), gibberellic acid, and cytokinins),
acting as coregulators in these processes. As part of their
defense strategies, a group of peptides evolved to inactivate
microorganisms menacing plant essential functions. The
antimicrobial peptides comprising this category are discussed
in the previous section.
In this section, we focus on peptides whose main established functions provide a physiological attribute to the plant,
but it should be noted that a peptide might participate in
a defense strategy against infectious agents, while being at
the same time a component of a metabolic function of the
host plant without intervention of an infective agent. Some
examples that illustrate this situation include a defensive
peptide of 7.45 kDa from white cloud beans (Phaseolus vulgaris cv.) that shows reverse transcriptase inhibitory activity
when probed in vitro [83, 84]. This type of effect does not
follow a logical evolutionary explanation, unless a retroviral
form yet unidentified is found in plants. In another similar
situation, it is being shown that purothionin, the AMP
from wheat endosperm, can substitute for thioredoxin/from
spinach chloroplasts in the dithiothreitol-linked activation of
chloroplast fructose-1,6 bisphosphatase, suggesting a role for
the thiol carrier during regulation of redox molecules [83, 85].
Human 𝛽-defensins also display diverse immune related
functions in addition to their antimicrobial activity. Such
is the case of human 𝛽-defensin-2 that promotes histamine
release and prostaglandin D2 production in mast cells.
The immune modulatory role of 𝛽-defensin-2 has been
further studied following the finding that 𝛽-defensin-2 binds
to the chemokine receptor CCR-6, the cognate receptor
for macrophage inflammatory protein-3𝛼/CCL20 [85, 86].
Secretion of protein-3𝛼 along with other cytokines is linked
to migration of immature dendritic cells from blood to the
skin and from sites of inflammation to local lymph nodes
triggering activation of memory specific T cells [86, 87]. In
addition, 𝛽-defensins are associated with stimulation of tolllike receptor-4, thus serving as an additional mechanism for
amplification of the innate host defense response [87, 88].
In summary, it is evident that at least some antimicrobial
molecules evolved from host metabolites and share other
functions.
In plants, most of these signaling molecules are found
in seeds, highlighting the necessity to preserve the genetic
material that represents the informational basis to sustain
the species. Following in silico screening in A. thaliana about
15 peptide families were identified plus additional groups
described in other species, most of them monocot [88, 89].
Aside from partial repositories available like in the case of
secreted peptides in A. thaliana obtained by in silico analysis
of unannotated sequences [89, 90], PhytAMP, a database
dedicated to antimicrobial plant peptides http://phytamp
.pfba-lab-tun.org/main.php [90, 91], C-PAmP, a database
of computationally predicted plant antimicrobial peptides
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[2, 91], the antimicrobial peptide database that includes an
algorithm to determine Boman’s index http://aps.unmc.edu/
AP/FAQ.php[2, 92] or attempts to identify a specific family
of signaling peptides [88, 92], no comprehensive database is
available that deposits all the signaling peptides described to
date. The annotation of these sequences would be valuable
to identify and catalogue new peptide sequences that
continuously emerge.
Signaling peptides encompass a myriad of highly diversified sequences showing variation within and across species
and without a common phylogenetic origin. These circumstances defy the efforts to classify them as a single group
[88, 93–95]. A classification attempt involving their suggested
functions includes homeostatic, innate immune responses
(defensive), expansion and proliferation, organ maintenance
and organogenesis, and sexual related functions. Three peptide classes, natriuretic class (PNP), phytosulfokines (PSK),
and rapid alkalinization factors (RAF), participate in homeostatic functions. PNP has been purified from several species
[93–96]. A number of effects are attributed to PNP, such
as H+ , K+ , and Na+ fluxes in roots probably mediated by
cGMP [96–98], transient increase of cGMP levels, water
uptake in mesophyll cells, water exit from xylem, and osmotic
dependent protoplast swelling [97–99]. Unconfirmed evidence suggests that a leucine-rich brassinosteroid receptor
(AtBR1) displaying guanylyl cyclase activity and kinase-like
structure could act as natriuretic peptide receptor [99, 100].
PSKs are sulfated pentapeptides containing two sulfated
Tyr residues synthesized as precusrsors. The ligand acts
on phytosulfokine receptors (PSKR) which are leucine-rich
repeat receptors displaying guanylate cyclase activity [100,
101].
The alkalinization RALF factor and homologues (RALFlike) are 5 kDa peptides, expressed in a tissue specific manner.
Its role in roots is associated with hair growth control by
modulation of intra- and extracellular pH [101, 102]. Indirect
effects such as K+ and Ca+2 currents are linked to protonpump changes [102, 103]. Some of the actions attributed to
RALF may involve the participation of abscisic acid too [103–
105].
The meristematic region at the top of the shoot responds
to many actions related to growth and differentiation of the
plant. The apical meristem contains stem cells that generate
signaling peptides following a genetic program influenced
by the surrounding habitat. The CLE family includes several
groups of peptides capable of triggering signaling pathways.
CLV3 is a 13-residue peptide of this family that plays a fundamental role by promoting stem cell differentiation during
meristematic development [104–106]. A battery of transgenic
assays using the recombinant forms of CLE peptides showed
that overexpression of 10 CLE genes, like the CLV3 positive
control, resulted in growth arrest at the shoot apical meristem
[106, 107]. Contrary to the initial observation that fully active
CLV3 was 13 residues long, a recent report provides evidence
that CLV3 must contain five additional N-terminal residues
that are critical for optimal activity in vitro [107–110].
The identified receptor for CLV3 is CLV1 plus the isoforms CLV2 and CRN [108–112]. These leucine-rich repeat
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receptors are membrane associated and display cytoplasmic
kinase domain. Additional genes include POL, KAPP, and
WUS that likely act as downregulators of this pathway [111–
113]. Senescence-controlling proteins have been also identified; BAX inhibitor-1, the evolutionarily conserved cell death
suppressor found in yeast, is also present in plants. It seems
that BAXI-1 acts by delaying methyl jasmonate-induced
senescence [106, 113]. A similar situation is encountered at the
other end (root meristem) where CLE peptides influence root
growth, as well. Overexpression of CLE peptides following
transformation assays was observed for CLV3, CLV9, CLV10,
CLV11, and CLV13 and linked to root growth inhibition,
while overexpression of CLE2, CLE4, CLE5, CLE6, CLE7,
CLE18, CLE25, and CLE26 was associated with root growth
induction [106, 114]. Overall, it seems that these CLE peptides
keep a balance between differentiation and stem cell status.
Vascular meristematic development is controlled by a
CLE bearing twelve-amino-acid peptide designated by Ito
et al. [114, 115] as tracheary differentiation inhibitory factor
(TDIF). The cognate receptor (TDR) contains a leucine-rich
repeat and kinase domains as described earlier and is located
at the membrane of procambial cells. Its putative role involves
suppression of xylem vessel differentiation [115, 116].
The self-incompatibility response during fertilization of
hermaphrodite plants is another example of signaling mechanism. In Brassicaceae the pollen determinant and ligand are
the S-locus pollen peptide (SP11) [116–118]. The interaction
between SP11 and the S-locus receptor kinase (SRK) triggers
a signaling cascade leading to inhibition of self-pollination.
Structural features of the ligand and the receptor play an
important role in this interaction, in such way that interaction
between noncognate pairs of ligand receptors fails to occur.
Aside from SP-11, additional pollen factors might be needed
for the appropriate interaction between SP11 and SRK receptor [118–120].
An additional signaling pathway involves the genesis of
stomata pores on leaves that regulate gas exchange with the
environment. In A. thaliana, such family of ligands designated as “epidermal patterning factor like” (EPFL) contain
eleven members ranging in sizes between 5 and 9 kDa. While
EPF1 and EPF2 inhibit stomata formation, EPFL9 stimulates
stomata formation [119–121]. A recent report shows evidence
that EPFL5 represses stomata development by inhibiting
meristemoid maintenance in A. thaliana [121, 122]. The
membrane receptors for transducing the EPFL signal are ER,
ER1, and ER2 as described by Shpak et al. [122, 123]. Plant
pores adjust their opening/closure condition in response to
nutritional needs and humidity by changing turgor pressure
of guard cells through intervention of CO2 and ABA leading
to increase in Ca+2 sensitivity (for a review see [123, 124]).
Also, the number of stomata cells varies as a function of CO2
via a light induced mechanism. A recent review discusses
the various pathways involving stomata development in A.
thaliana [124, 125].

assortments of amino acids with antimicrobial activity. In
the likely event of evolutionary changes within the target
offender, new forms of peptides naturally emerge to counter
the resistant infectious agent. Changing the assortments of
amino acids and/or their order in the peptide are simple
alternatives that evolved successfully in living systems during
millenniums. Research is needed to elucidate the strategies
adopted by life forms producing AMPs to counter the
defensive plots posed by invading germs.
Several options are available to improve the quality,
selectivity, durability, and safety of AMPs. For instance,
the functional and immunological properties of proteins
can be improved by partial hydrolysis and the resulting
hydrolysate can be used in food systems as additives for
beverage and infant formulae, as food texture enhancer or as
pharmaceutical ingredient [125, 126]. Bioactive peptides can
be computationally modeled, genetically manipulated, and
expressed in different systems to serve a practical purpose.
In addition to their microbicide activities, other intriguing
functions (opioid, antithrombotic, immunomodulatory, and
antihypertensive) are emerging [58, 126, 127]. These attributes
provide natural alternatives with potential to be used as food
ingredients in a variety of applications [58, 127].
Another promising application of AMPs relates to their
use on bacterial biofilms. Biofilms are thin layers of microorganisms that colonize onto surfaces, such as implants, dental
plaques, ear skin, intestine, and occasioning highly challenging infections and diseases. Several studies demonstrate the
efficacy of AMPs into blocking biofilm formation. Singh et
al. [127, 128] showed that lactoferrin and LL-37, a human
cathelicidin AMP or its derivative, blocked formation of
P. aeruginosa biofilms at concentrations lower than those
required to kill the planktonic cells and, also, reduced biofilm
thickness of colonized P. aeruginosa by 60% and destroyed
microcolony structures of treated biofilms. It also was found
effective against both Gram-positive and Gram-negative
bacteria [128, 129]. In addition, AMPs have potential to be
used in treating persister cells, which are latent phenotypic
variants highly tolerant to antibiotics [129, 130].
Since membrane integrity is essential for bacterial survival regardless of the metabolic stage of the cell and because
AMPs target the membrane, they show good potential to
kill persister microbes. In a recent study, a synthetic cationic
peptide, (RW) NH2, was found to kill more than 99% of E. coli
HM22 persister cells in planktonic culture [15, 19, 22–24, 130].

5. Perspectives
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[123] T.-H. Kim, M. Böhmer, H. Hu, N. Nishimura, and J. I.
Schroeder, “Guard cell signal transduction network: advances
in understanding abscisic acid, CO2 , and Ca2+ signaling,”
Annual Review of Plant Biology, vol. 61, pp. 561–591, 2010.
[124] L. J. Pillitteri and J. Dong, “Stomatal development in arabidopsis,” in The Arabidopsis Book, vol. 11, American Society of Plant
Biologists, 2013.
[125] A. Mannheim and M. Cheryan, “Continuous hydrolysis of milk
protein in a membrane reactor,” Journal of Food Science, vol. 55,
no. 2, pp. 381–385, 1990.
[126] D. A. Clare and H. E. Swaisgood, “Bioactive milk peptides: a
prospectus,” Journal of Dairy Science, vol. 83, no. 6, pp. 1187–
1195, 2000.
[127] P. K. Singh, M. R. Parsek, E. P. Greenberg, and M. J. Welsh,
“A component of innate immunity prevents bacterial biofilm
development,” Nature, vol. 417, no. 6888, pp. 552–555, 2002.
[128] J. Overhage, A. Campisano, M. Bains, E. C. W. Torfs, B.
H. A. Rehm, and R. E. W. Hancock, “Human host defense
peptide LL-37 prevents bacterial biofilm formation,” Infection
and Immunity, vol. 76, no. 9, pp. 4176–4182, 2008.
[129] K. Lewis, “Persister cells,” Annual Review of Microbiology, vol.
64, pp. 357–372, 2010.
[130] X. Chen, M. Zhang, C. Zhou, N. R. Kallenbach, and D. Ren,
“Control of bacterial persister cells by Trp/Arg-containing
antimicrobial peptides,” Applied and Environmental Microbiology, vol. 77, no. 14, pp. 4878–4885, 2011.

Hindawi Publishing Corporation
BioMed Research International
Volume 2015, Article ID 735087, 11 pages
http://dx.doi.org/10.1155/2015/735087

Review Article
Plant Antimicrobial Peptides as Potential Anticancer Agents
Jaquelina Julia Guzmán-Rodríguez,1 Alejandra Ochoa-Zarzosa,1
Rodolfo López-Gómez,2 and Joel E. López-Meza1
1

Centro Multidisciplinario de Estudios en Biotecnologı́a, Facultad de Medicina Veterinaria y Zootecnia,
Universidad Michoacana de San Nicolás de Hidalgo, Km 9.5 Carretera Morelia-Zinapécuaro, Posta Veterinaria,
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Antimicrobial peptides (AMPs) are part of the innate immune defense mechanism of many organisms and are promising candidates
to treat infections caused by pathogenic bacteria to animals and humans. AMPs also display anticancer activities because of their
ability to inactivate a wide range of cancer cells. Cancer remains a cause of high morbidity and mortality worldwide. Therefore, the
development of methods for its control is desirable. Attractive alternatives include plant AMP thionins, defensins, and cyclotides,
which have anticancer activities. Here, we provide an overview of plant AMPs anticancer activities, with an emphasis on their mode
of action, their selectivity, and their efficacy.

1. Introduction
Cancer is a leading cause of death worldwide. In 2012, cancer
caused 8.2 million deaths, and cancers of the lungs, liver,
colon, stomach, and breast are main types [1]. A hallmark
of cancer is the rapid growth of abnormal cells that extend
beyond their usual limits and invade adjoining parts of
the body or spread to other organs, a process known as
metastasis. Cancer treatment requires careful selection of one
or more therapeutic modalities, such as surgery, radiotherapy,
or chemotherapy. Despite progress in anticancer therapies,
the chemotherapeutic drugs used in cancer treatment have
the serious drawback of nonspecific toxicity. Additionally,
many neoplasms eventually become resistant to conventional
chemotherapy because of selection for multidrug-resistant
variants [2]. These limitations have led to the search for new
anticancer therapies. An attractive alternative is the use of
antimicrobial peptides or AMPs, which represent a novel
family of anticancer agents that avoid the shortcomings of
conventional chemotherapy [3].

AMPs are amphipathic molecules produced by a wide
variety of organisms as part of their first line of defense
(eukaryotes) or as a competition strategy for nutrients and
space (prokaryotes) [4]. Currently, over 2400 AMPs are
reported in The Antimicrobial Peptide Database (URL http://
aps.unmc.edu/AP/main.php) [5]. The continuous discovery
of new AMP groups in diverse organisms has made these
natural antibiotics the basic elements of a new generation of
potential biomedical treatments against infectious diseases
in humans and animals. Moreover, the broad spectrum
of biological activities and the low incidence of resistance
to these molecules suggest a potential benefit in cancer
treatment, which reinforces the importance of their study [6].
AMPs are usually short peptides (12–100 aa residues),
which mainly have a positive charge (+2 to +9), although
there are also neutral and negatively charged molecules [7].
AMPs are classified into the following four groups according
to their structural characteristics: (1) cysteine-rich and 𝛽sheet AMPs (𝛼- and 𝛽-defensins); (2) AMPs possessing
𝛼-helices (LL-37 cathelicidin, cecropins, and magainins);
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(3) AMPs with extended structure (rich in glycine, proline,
tryptophan, arginine, and/or histidine); (4) peptide “loop,”
which have a single disulfide bond (bactenecin) [8]. In
recent years, several reviews on the structures, mechanisms
of action, and emergence of resistance to AMPs have been
published, to which the reader is referred for additional information [9–11]. Furthermore, recent reviews of the anticancer
activities and selectivity and efficacy of AMPs, particularly
from animals, have been reported [12–15]. The mechanisms
by which AMPs kill cancerous cells are poorly understood
although evidences indicate that both membranolytic and
nonmembranolytic mechanisms are involved. The membranolytic activity of AMPs depends on their own characteristics
as well as of the target membrane [13]. Also, the selectivity
of some AMPs against cancer cells has been related with
the charge of membrane, which has a net negative charge
[12]. Anionic molecules (phosphatidylserine, O-glycosylated
mucins, sialylated gangliosides, and heparin sulfate) confer a
net negative charge to cancer cells, which contrasts with the
normal mammalian cell membrane (typically zwitterionic)
[14, 15]. On the other hand, the nonmembranolytic activities
of AMPs involve the inhibition of processes such as angiogenesis, which is essential for the formation of tumor-associated
vasculature [14].
Despite the promising characteristics of anticancer agents
such as AMPs, only a few of them have been tested using in
vivo models. Cecropin B from Hyalophora cecropia increases
the survival time of mice bearing ascitic murine colon
adenocarcinoma cells [16]. In the same way, when magainin 2
was tested against murine sarcoma tumors, animals increase
its life span (45%) [17]. However, there is little information
related to the anticancer effects of plant AMPs. Here, we
provide an overview of plant AMP anticancer activities with
an emphasis on their mode of action, selectivity, and efficacy.
We focus on the anticancer activity reported only for the
defensins, thionins, and cyclotides because the cytotoxic
effects of these families have been widely described.
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Table 1: Classification of plant AMPs1 .
Family

Disulfide bonds

Thionins
Defensins

3-4
3-4

Cyclotides

3

Knottin-like
Shepherdins
MBP-1
Ib-AMPs
LTP
Snakins
Hevein-like
𝛽-Barrelins
2S albumins
1

3
0 (linear)
2
2
3-4
6
4
6
2

Activity
Bacteria, fungi, and cytotoxic
Bacteria, fungi, and cytotoxic
Bacteria, virus, insects, and
cytotoxic
Gram (+) bacteria and fungi
Bacteria and fungi
Bacteria and fungi
Gram (+) bacteria and fungi
Bacteria and fungi
Bacteria and fungi
Gram (+) bacteria and fungi
Fungi
Bacteria and fungi

Modified from [21–23].

cysteines forming disulfide bonds. Twelve families have been
described, which are listed in Table 1 [21–23].
The primary biological activities of plant AMPs are antifungal, antibacterial, and against oomycetes and herbivorous
insects [32, 34, 35]. Additionally, plant AMPs also exhibit
enzyme inhibitory activities [36] and have roles in heavy
metal tolerance [37], abiotic stress [38], and development
[39]. In addition, some plant AMPs show cytotoxic activity
against mammalian cells and/or anticancer activity against
cancer cells from different origins [25, 28, 31, 40–56]. Of the
12 plant AMP families, 3 contain members with cytotoxic and
anticancer properties, the defensins, thionins, and cyclotides.
Here, the cytotoxic properties of these peptides are described
and the possibility of their use in cancer treatment is discussed.

3. Thionins
2. Plant AMPs
Plants are a major source of diverse molecules with pharmacological potential. Over 300 AMP sequences have been
described [5]. Plants produce small cysteine-rich AMPs as
a mechanism of natural defense, which may be expressed
constitutively or induced in response to a pathogen attack.
Plant AMPs are abundantly expressed in the majority species,
and small cysteine-rich AMPs may represent up to 3% of the
repertoire of plant genes [18]. Plant AMPs are produced in
all organs and are more abundant in the outer layer, which is
consistent with their role as a constitutive host defense against
microbial invaders attacking from the outside [19, 20]. Plant
AMPs are released immediately after the infection is initiated.
AMPs are expressed by a single gene and therefore require less
biomass and energy consumption [19, 20]. The majorities of
plant AMPs have a molecular weight between 2 and 10 kDa,
are basic, and contain 4, 6, 8, or 12 cysteines that form
disulfide bonds conferring structural and thermodynamic
stability [21]. Plant AMPs are classified based on the identity
of their amino acid sequence and the number and position of

Thionins were the first AMP isolated from plants [57]. These
AMPs belong to a rapidly growing family of biologically
active peptides in the plant kingdom and are small cysteinerich peptides (∼5 kDa) with toxic and antimicrobial properties [58]. Thionins are divided into at least four different types
depending on the net charge, the number of amino acids, and
the disulfide bonds present in the mature protein [59]. Type 1
thionins are highly basic and consist of 45 amino acids, eight
of which are cysteines, forming four disulfide bonds. Type 2
thionins consist of 46 or 47 amino acid peptides, are slightly
less basic than type 1 thionins, and also have four disulfide
bonds. Type 3 thionins consist of 45 or 46 amino acid peptides
with three or four disulfide bonds and are as basic as type
2 thionins. Finally, type 4 thionins consist of 46 amino acid
peptides with three disulfide bonds and are neutral [58].
The primary role for thionins is plant protection against
pathogens [57, 59]. However, they also participate in seed
maturation, dormancy, or germination [58], as well as the
packaging of storage proteins into protein bodies, or in their
mobilization during germination [60]. In addition, thionins
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Table 2: Thionins with anticancer and cytotoxic activity.

Name

Species

Cytotoxic activity

Anticancer activity

Reference

Pyrularia

Pyrularia pubera

Yes

Yes

[24]

Viscotoxin B2
Viscotoxins 1-PS,
A1, A2, A3, and B

Viscum coloratum

Rat sarcoma cells

Not tested

Yes

[25]

Viscum album

Human lymphocytes

Yes

Not tested

[26]

Viscotoxin C1

Coloratum ohwi

Ligatoxin B

Phoradendron liga

Rat sarcoma cells

Not tested

Yes

[27]

U-937-GTB ACHN

Not tested

Yes

[28]

Ligatoxin A
Phoratoxins A and
B
Phoratoxins C, D,
E, and F

Phoradendron liga

Animal cells

Yes

Not tested

[29]

Phoradendron tomentosum

Mice

Yes

Not tested

[30]

Phoradendron tomentosum

10 cancer cell lines

Not tested

Yes

[31]

Thi2.1

Arabidopsis thaliana

HeLa, A549, MCF-7, and bovine
mammary epithelial cells

Yes

Yes

[32]

𝛽-Purothionin

Tricum aestivum

p388

Not tested

Yes

[33]

Activity against
B16, HeLa, rat hepatocytes, and
lymphocytes

may play a role in altering the cell wall upon penetration of the
epidermis by fungal hyphae or act as a secondary messenger
in signal transduction [61].
3.1. Cytotoxic and Anticancer Activity of Thionins. In addition to the activities described, several plant thionins show
cytotoxic and anticancer activities (Table 2). The pyrularia
thionin from mistletoe (Pyrularia pubera) showed an anticancer activity against cervical cancer cells (HeLa) and mouse
melanoma cells (B16) with an IC50 of 50 𝜇g/mL (half maximal
inhibitory concentration); however, the pyrularia thionin is
cytotoxic because it causes hemolysis [24]. The anticancer
effect is attributable to a cellular response that involves
the stimulation of Ca2+ influx coupled to depolarization
of the plasma membrane, which leads to the activation
of an endogenous phospholipase A2 and, as consequence,
membrane alteration, and finally the cell death.
Another group of thionins with anticancer and cytotoxic
activity are the viscotoxins from Viscum spp. Viscotoxin B2
showed anticancer activity against rat osteoblast-like sarcoma
(IC50 1.6 mg/L) [42]. On the other hand, viscotoxins A1, A2,
A3, and 1-PS were cytotoxic to human lymphocytes, due
the fact that they induce the production of reactive oxygen
species (ROS) and cell membrane permeabilization [26].
Furthermore, a mixture of viscotoxins (50 𝜇g/mL) induced
apoptosis in human lymphocytes by activating caspase 3
[43]. Conversely, viscotoxins are far less hemolytic than other
thionins. Under the same experimental conditions, pyrularia thionin (20 𝜇g/mL) lysed 50% of human erythrocytes,
whereas viscotoxin B (100 𝜇g/mL) lysed only 10% [62]. An
alignment of the amino acids sequences of both thionins
shows that pyrularia has more hydrophobic amino acids
compared to the viscotoxin B (Figure 1). These differences
could explain the differential hemolytic activity of both thionins because greater hydrophobicity increases the hemolytic
activity of AMPs [63].
Another thionin with anticancer activity is the ligatoxin B
(Phoradendron league). This AMP (100 𝜇g/mL) inhibited the

growth of lymphoma cells (U937GTB) and human adenocarcinoma (ACHN). Ligatoxin B has a DNA binding domain,
which may be related to the inhibition of nucleic acid and
protein synthesis [28]. Unfortunately, the cytotoxic effects of
ligatoxin B have not yet been tested on normal cells.
Several thionins (phoratoxins A–F) have been identified
in Phoradendron tomentosum, all of which possess toxic
activity. Phoratoxins A and B are toxic to rats at doses of
0.5–1 mg/kg, and their mechanism of action is related to
changes in the electrical charge and the mechanical activity
of the rat papillary muscle [30]. Furthermore, phoratoxins
C–F showed differential anticancer activity against different
types of solid tumor cells (NCI-H69, ACHN, and breast
carcinoma) and hematological tumors (RPMI 8226-S and
U-937 GTB). Phoratoxin C was the most toxic with an
IC50 of 0.16 𝜇M, whereas phoratoxin F had an IC50 value of
0.40 𝜇M. Furthermore, phoratoxin C was tested on primary
cultures of tumor cells from patients and showed selective
activity to breast cancer cells from solid tumor samples. These
cells were 18 times more sensitive to phoratoxin C than the
hematological tumor cells [31]. These data suggest that these
compounds are an alternative for developing a new class of
anticancer agents with improved activity against solid tumor
malignancies. Despite the marked differences in the activity
of phoratoxins, they have a high percentage of identity
(∼90%) (Figure 1). The small changes in specific amino acids
could be the key to the biological activity of these thionins;
however, further studies are necessary.
Another thionin with anticancer activity against cancer
cell lines is the Thi2.1 thionin from Arabidopsis thaliana,
which was expressed in a heterologous system [32]. The
conditioned media from cells that express Thi2.1 inhibited
the viability of MCF-7 cells (94%), A549 (29%), and HeLa
cells (38%); however, Thi2.1 also showed cytotoxicity against
bovine mammary epithelial cells (89%) and bovine endothelium (93%). The mechanism of action of Thi2.1 has not yet
been determined.
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Pyrularia
Viscotoxin 1-PS
Viscotoxin A1
Viscotoxin A2
Viscotoxin A3
Viscotoxin B
Viscotoxin B2
Viscotoxin C1
Phoratoxin A
Phoratoxin B
Phoratoxin C
Phoratoxin D
Phoratoxin E
Phoratoxin F
Crambin
Consensus

10
20
30
40
. . . .|. . . .|. . . .|. . . .|. . . .|. . . .|. . . .|. . . .|. . . .|. . . .
KS CC RNTW ARNCYNV C RLPGTI-SREI C AKKCD C KIISGTT C PS-DYPK
KS CC PNTTGRNIYNT C RFGGG--SREV C ARISG C KIISAST C PS-DYPK
KS CC PNTTGRNIYNT C RLTGS--SRET C AKLSG C KIISAST C PS-NYPK
KS CC PNTTGRNIYNT C RFGGG--SRQV C ASLSG C KIISAST C PS-DYPK
KS CC PNTTGRNIYNA C RLTGA--PRPT C AKLSG C KIISGST C PS-DYPK
KS CC PNTTGRNIYNT C RLGGG--SRER C ASLSG C KIISAST C PS-DYPK
KS CC KNTTGRNIYNT C RFAGG--SRER C AKLSG C KIISAST C PS-DYPK
KS CC PNTTGRNIYNT C RFAGG--SRER C AKLSG C KIISAST C PS-DYPK
KS CC PTTTARNIYNT C RFGGG--SRPV C AKLSG C KIISGTK C DSNGWNH
KS CC PTTTARNIYNT C RFGGG--SRPI C AKLSG C KIISGTK C DSNGWDH
KS CC PTTTARNIYNT C RFGGG--SRPI C AKLSG C KIISGTK C DSNGWTH
KS CC PTTTARNIYNT C RFGGG--SRPI C AKLSG C KIISGTK C D-----KS CC PTTTARNIYNT C RFGGG--SRPV C AKLSG C KIISGTK C DS-GWDH
KS CC PTTTARNIYNT C RLAGG--SRPI C AKLSG C KIISGTK C DS-GWDH
TT CC PSIVARSNFNV C RLPGTPSEALI C ATYTG C IIIPGAT C PG-DYAN
∗∗
. : ∗∗ .
. ∗ . : ∗ . ∗∗ : ∗
. ∗ ∗∗ . . : . ∗

Figure 1: Alignment of amino acid sequences from thionins. The asterisk indicates amino acids conserved in all family members. The cysteine
residues present in all sequences and relevant to the classification are indicated in red letters. The red arrows indicate the three residues that
are essential for binding to the head regions of the membrane lipids. The hydrophobic residues are shaded in yellow. The thionin sequences
included in the alignment were pyrularia (GenBank accession P07504) from Pyrularia pubera, viscotoxins 1-PS (GenBank accession P01537),
A1 (GenBank accession 3C8P A), A2 (GenBank accession P32880), A3 (GenBank accession VTVAA3), B (GenBank accession 1JMP A), B2
(GenBank accession 2V9B B), and C1 (GenBank accession P83554) from Viscum album, phoratoxins A (GenBank accession P01539), B, C,
D, E, and F [24] from Phoradendron tomentosum, and crambin (GenBank accession P01542) from Crambe hispanica.

In summary, the cytotoxic activity of thionins is not
selective; however, these peptides can be exploited for the
design of new anticancer molecules. Further investigations
are necessary to determine the clinical potential of this class
of compounds.

4. Plant Defensins
Plant defensins are a class of plant AMPs with structural
and functional properties that resemble the defense peptides
produced by fungi, invertebrates, and vertebrates, called
“defensins.” This group of AMPs has great diversity in amino
acid sequence, but its members show a clear conservation
of some amino acid positions. This variation in the primary sequence is associated with the diversity of biological
activities of plant defensins, which include antifungal and
antibacterial activities, in addition to proteinase or amylase
inhibitory activities [20]. Plant defensins can form three
to four disulfide bridges that stabilize their structure [64].
Studies of the three-dimensional structure of plant defensins
have shown that these peptides consist of an 𝛼-helix and three
antiparallel 𝛽-sheets, arranged in the configuration 𝛽𝛼𝛽𝛽
[19]. These AMPs are classified into two types depending
on the structure of the precursor protein from which they
are derived. Type 1 defensins are the largest group, and
the majority of members contain a signal peptide in the
prepeptide sequence linked to the mature defensin at the Nterminus. Type 2 defensins include plant defensins for which
the precursor has a signal peptide, the active domain of the
defensin, and a C-terminal prodomain [20]. Recently, it was
demonstrated that the C-terminal prodomain of the NaD1
defensin of Nicotiana alata is sufficient for vacuolar targeting
and plays an important role in detoxification of the defensin
[65].

Plant defensins inhibit the growth of a wide range of fungi
and in a lesser extent are toxic to mammalian cells or plants
[66]. The proposed mechanism of action of plant defensins
is to either destabilize the cell membrane by coating its outer
surface or insert themselves into the membrane to form open
pores allowing vital biomolecules to leak out of the cell [34,
64].
4.1. Cytotoxic and Anticancer Activity of Plant Defensins. In
addition to the antifungal activities, plant defensins exhibit
anticancer and cytotoxic effects (Table 3). The first plant
defensin reported with anticancer activity was the defensin
sesquin from Vigna sesquipedalis that inhibited the proliferation of MCF-7 and leukemia M1 (2.5 mg/mL) cells [44].
Furthermore, Wong and Ng [41] reported that the defensin
limenin (0.1 mg/mL), a defensin from Phaseolus limensis,
differentially inhibited the proliferation of leukemia cells,
reaching 60% inhibition for M1 and 30% inhibition for
L1210 cells; however, its effect against normal cells was not
evaluated. Another plant defensin with effects on cancer cell
is lunatusin, a defensin purified from the seeds of the Chinese
lima bean (Phaseolus lunatus L.), which inhibited the proliferation of MCF-7 cells (IC50 5.71 𝜇M). Unfortunately, lunatusin
also possesses cell-free translation-inhibitory activity in the
rabbit reticulocyte lysate system [45]. This indicates that this
defensin may be cytotoxic to normal tissues and other cell
types. However, from all the defensins studied, lunatusin is
the only plant defensin with this effect.
Further studies identified other plant defensins that
inhibit the proliferation of cancer cells, including breast and
colon cancer, without cytotoxic effects on normal cells. A
defensin from the purple pole bean (Phaseolus vulgaris cv.
“Extra-long Purple Pole bean”) inhibited the proliferation of
the cancer cell lines HepG2, MCF-7, HT-29, and Sila (IC50
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Table 3: Plant defensins with anticancer and cytotoxic activity.
Cytotoxic activity Anticancer activity Reference

Name

Species

Activity against

Sesquin

Vigna sesquipedalis

MCF-7 and M1

Not tested

Yes

[44]

Limenin

Phaseolus limensis

L1210 and M1

Not tested

Yes

[41]

Lunatusin

Phaseolus lunatus

MCF-7
rabbit reticulocyte

Yes

Yes

[45]

Purple pole defensin

Phaseolus vulgaris cv.
“Extra-long Purple Pole bean”

HepG2, MCF7, HT-29,
and SiHa

No

Yes

[46]

Coccinin

Phaseolus coccineus cv. “Major”

HL60 and L1210

No

Yes

[47]

Phaseococcin

Phaseolus coccineus

L1210 and HL60

No

Yes

[48]

𝛾-Thionin

Capsicum chinense

HeLa

No

Yes

[49]

Not tested

Yes

[67]

Yes

Yes

[68]

NaD1

Nicotiana alata

U937

Mitogenic defensin

Phaseolus vulgaris

MCF-7, murine splenocytes

Vulgarinin

Phaseolus vulgaris

MCF-7, L1210, and M1

Not tested

Yes

[69]

Cloud bean defensin

Phaseolus vulgaris
cv. cloud bean

L1210 and MBL2

Not tested

Yes

[70]

Nepalese

Phaseolus angularis

L1210, MBL2

Not tested

Yes

[71]

Gymnin

Gymnocladus chinensis Baill

M1, HepG2, and L1210

Not tested

Yes

[72]

4–8 𝜇M) but did not affect human embryonic liver cells or
human erythrocytes under the same conditions [46]. By
contrast, coccinin from small scarlet runner beans (Phaseolus
coccineus cv. “Major”), a peptide of 7 kDa and an N-terminal
sequence resembling those of defensins, inhibited the proliferation of HL60 and L1210 cells (IC50 30–40 𝜇M); however,
it did not affect the proliferation of mouse splenocytes
[47]. Similarly, phaseococcin from P. coccineus cv. “Minor”
inhibited the proliferation of HL60 and L1210 cells (IC50
30–40 𝜇M). This defensin did not affect the proliferation of
mouse splenocytes or protein synthesis in a cell-free rabbit
reticulocyte lysate system [48]. The lack of adverse effects
of both of these defensins on the proliferation of isolated
mouse splenocytes indicates that these molecules are selective. Finally, the conditioned media from bovine endothelial
cells that express the cDNA of the defensin 𝛾-thionin from
Capsicum chinense inhibited 100% of the viability of HeLa
cells but did not affect immortalized bovine endothelial cells
[49]. Data from our laboratory indicate that this chemically
synthetized defensin has a similar effect on both cells (data
not published).
In general, the anticancer activity mechanism of plant
defensins is poorly understood. However, Poon et al. [67]
described the mechanism of the NaD1 defensin on the
monocytic lymphoma cells U937. Interestingly, this effect was
produced by a novel mechanism of cell lysis in which NaD1
acts via direct binding to the plasma membrane phospholipid
phosphatidylinositol 4,5-bisphosphate (PIP2 ).
Thus, the anticancer activities of plant defensins suggest
that these AMPs may be an alternative therapy for cancer
treatment. The isolation and characterization of these peptides has increased, which allows for the identification of
sequences that exhibit desirable characteristics against cancer
cells.

5. Cyclotides
Cyclotides are macrocyclic peptides (∼30 amino acids) with
diverse biological activities, isolated from the Rubiaceae and
Violaceae plant families. These molecules constitute a family
of plant AMPs, members of which contain six conserved cysteines that stabilize the structure by the formation of disulfide
bonds [74]. Cyclotides have a cystine knot with an embedded
ring in the structure formed by two disulfide bonds and
connecting backbone segments threaded by a third disulfide
bond. These combined features of the cyclic cystine knot
produce a unique protein fold that is topologically complex
and has exceptional chemical and biological stability with
pharmaceutical and medicinal significance for drug design
[75].
Cyclotides are biosynthesized ribosomally as a precursor
protein that encodes one or more cyclotide domains. The
arrangement of a typical cyclotide precursor protein is an
endoplasmic reticulum signal sequence, a prodomain, a
mature cyclotide domain, and a C-terminal region [76].
Although the excision and cyclization processes that yield
cyclic mature peptides from these precursors are not fully
understood, it has been suggested that asparaginyl endoproteinase enzyme activity plays an important role in this
process [77]. This hypothesis is consistent with the presence
of a conserved Asn (or Asp) residue at the C-terminus of the
cyclotide domain within the precursor proteins (Figure 2(a)).
It is also supported by studies of the expression of mutated
cyclotides in transgenic plants, in which substitution of the
conserved Asn by Ala abolished the production of cyclic
peptides in planta [78].
The main role attributable to cyclotides is host defense,
and there are molecules that are expressed in large quantities
in the plant (up to 1 g/kg of leaf material) [75]. Furthermore,
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Figure 2: Alignment of amino acid sequences from cytotoxic cyclotides. (a) The cysteine residues present in all sequences and relevant to
the classification are indicated in red letters. The asparagine residues present in all sequences and relevant to the cyclization process are
indicated in blue letters. (b) Amino acid sequence alignment of cycloviolacins O2 and 13. The replacement of serine by alanine (shaded in
green) increases the hemolytic effect by more than 3-fold. (c) Amino acid sequence alignment of Viphi G, Viphi E, Viphi F, Viphi A, and
Viphi D cyclotides. Shaded in yellow are the sequences with no-toxic effects; the red arrows indicate the residues with specific variations. The
sequences included in the alignment were cliotides T1 (GenBank accession AEK26402), T2 (GenBank accession AEK26403), T3 (GenBank
accession AEK26404), and T4 (GenBank accession AEK26405) from Clitoria ternatea, cycloviolacins O2 (GenBank accession P58434) and
O13 (GenBank accession Q5USNB) from Viola odorata, Vibi D (GenBank accession P85242), Vibi G (GenBank accession P85245), and Vibi
H (GenBank accession P85246) from Viola biflora, Varv A (GenBank accession Q5USN7) and Varv F (GenBank accession 3E4H A) from
Viola odorata, Mram 8, Viphi A, Viphi D, Viphi E, Viphi F, and Viphi G [73] from Viola philippica, and Vaby D [55] from Viola abyssinica.

cyclotides display a wide range of biological and pharmacological activities, including anti-HIV, anthelmintic, insecticidal, antimicrobial, and cytotoxic effects [79]. Therefore,
there is increasing interest in exploring the plant kingdom to
identify new cyclotides.
5.1. Cytotoxic and Anticancer Activity of Cyclotides. One of
the first activities reported for cyclotides was hemolytic
activity, which only occurs in the cyclic condition. Cyclotides
lose their hemolytic activity when they are linearized [80],
demonstrating that the cyclic backbone is important for this
activity, which also appears to be important for the other
activities of cyclotides. A directed mutational analysis of
cyclotide kalata B1, in which all 23 noncysteine residues were

replaced with alanine, shows that both the insecticidal and
hemolytic activities are dependent on a well-defined cluster
of hydrophilic residues on one face of the cyclotide. Interestingly, these molecules retain the characteristic stability
of the framework [73]. In addition, it has been suggested
that the hemolytic activity of the cyclotides depends on the
amino acid sequence. The cyclotides cycloviolacins O2 and
O13 from Viola odorata have different hemolytic activities.
Both molecules differ only in one residue (Figure 2(b)).
Cycloviolacin O2 has a serine residue, whereas cycloviolacin
O13 has an alanine in the same position. The loss of the
hydroxyl group changes the hemolytic activity by more than
3-fold [50].
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Table 4: Cyclotides with anticancer and cytotoxic activity.

Name

Species

Activity against

Cycloviolacin O2

Viola odorata

Viphi A, Viphi F, and Viphi G

Viola philippica

U-937, HeLa
MM96L, HeLa, BGC-823,
and HFF-1

MCoTI-I

Momordica
cochinchinensis

Cytotoxic activity Anticancer activity Reference
Yes

Yes

[54]

Yes

Yes

[51]

LNCaP and HCT116

Not tested

Yes

[81]

HB7

Hedyotis biflora

Capan2 and PANC1

Not tested

Yes

[82]

Vaby A and Vaby D

Viola abyssinica

Not tested

Yes

[83]

Cliotides T1–T4

Clitoria ternatea

U-937
HeLa and human
erythrocytes

Yes

Yes

[84]

Psyle A, Psyle C, and Psyle E

Psychotria leptothyrsa U-937

Not tested

Yes

[85]

Vibi G and Vibi H

Viola biflora

U-937

Not tested

Yes

[86]

10 cancer cell lines
HFF1, MM96L, HeLa,
BGC-823, and HFF-1

Not tested

Yes

[87]

Yes

Yes

[51]

Not tested

Yes

[88]

Yes

Yes

[89]

Varv A and Varv F

Viola arvensis

Viba 15, Viba 17, and Mram 8

Viola philippica

CT-2, CT-4, CT-7, CT-10, CT-12,
and CT-19

Clitoria ternatea

A549

Kalata B1 and kalata B2

Oldenlandia affinis

U-937 GTB
HT-29
Ht116

In general, cyclotides also show anticancer activity against
human cancer cells (Table 4); however, two cyclotides from
Viola philippica (Viphi D and Viphi E) did not show activity
against the human gastric cancer BGC-823 cell line [51].
These peptides have similar sequences to the cyclotides Viphi
F and Viphi G (Figure 2(c)), indicating that even minimal
sequence changes can significantly influence the bioactivity.
It has been suggested that the potency and selectivity of
cyclotides is dependent on their primary structure. For
example, a single glutamic acid plays a key role in the
anticancer activity of cycloviolacin O2, and when this residue
is methylated, a 48-fold decrease in potency is observed [52].
Cycloviolacin O2 from Viola odorata is particular promising because of its selective toxicity to cancer cell lines relative
to normal cells, which indicates the possibility of its use as
an anticancer agent [53]. Analysis of the proposed mechanism of action of this cyclotide shows that the disruption
of cell membranes plays a crucial role in the cytotoxicity
of cycloviolacin O2 because the damage to cancer cells
(human lymphoma) can be morphologically distinguished
within a few minutes, indicating necrosis [54]. However,
this activity was not detected when this cyclotide was tested
in a mouse tumor model. The reasons of this discrepancy
are not fully understood, although high clearance rates or
poor distribution to the site of action may be involved.
Cycloviolacin O2 was also lethal to mice (2 mg/kg), but no
signs of discomfort to the animals were observed at 1.5 mg/kg
[55]. Recently the cyclotide MCoTI-I was engineering and
the resulting cyclotide MCo-PMI showed activity in vivo in a
murine xenograft model with prostate cancer cell; treatment
(40 mg/kg) significantly suppressed tumor growth [81]. In
the same way, HB7 cyclotide from Hedyotis biflora in an in
vivo xenograft model significantly inhibited the tumor weight

and size compared to control [82]. These results suggest that
cyclotides may have a good anticancer bioactivity.
With respect to the action mechanism of cyclotides, a
study showed that cycloviolacin O2 and kalatas B1–B9 target
membranes through binding to phospholipids containing
phosphatidylethanolamine headgroups [90]. Therefore, the
biological potency of these cyclotides may be correlated
with their ability to target and disrupt cell membranes. The
knowledge of their membrane specificity could be useful
to design novel drugs based on the cyclotide framework,
allowing the targeting of specific peptide drugs to different
cell types.

6. Small Cationic Peptides Isolated from
Plants with Anticancer Activity
In addition to plant AMPs, other small linear and cyclic
peptides (2–10 aa) with anticancer activity have been reported
in plants. For example, the linear peptide Cn-AMP1, isolated and purified from coconut water (Cocos nucifera), was
tested against Caco-2, RAW264.7, MCF-7, HCT-116 cells, and
human erythrocytes and showed a reduction of cell viability
in cancer cells without causing hemolysis [91]. Other examples are the peptides Cr-ACP, isolated from Cycas revoluta,
and the acetylated-modified Cr-AcACP1, both repressors of
cell proliferation of human epidermoid cancer (Hep2) and
colon carcinoma. These peptides induce cell cycle arrest at the
G0-G1 phase of Hep2 cells [92]. Moreover, four small cyclic
peptides, dianthins C–F, have anticancer activity against Hep
G2, Hep 3B, MCF-7, A-549, and MDA-MB-231 cancer cell
lines (IC50 20 𝜇g/mL) [93]. Furthermore, the cyclic heptapeptide cherimolacyclopeptide C, obtained from a methanol
extract of the seeds of Annona cherimola, exhibited significant
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in vitro cytotoxicity against KB cells (IC50 0.072 𝜇M) [94].
Other examples of small cyclic peptides are RA-XVII and RAXVIII from the roots of Rubia cordifolia L., which have cytotoxicity against P-388 cells at 0.0030 𝜇g/mL and 0.012 𝜇g/mL,
respectively; however, it was not determined whether these
peptides are effective against normal cells [95]. Recently, an
antiproliferative cyclic octapeptide (cyclosaplin) was purified
from Santalum album L. The anticancer activity from this
peptide was tested against human breast cancer (MDA-MB231) cells and exhibited significant growth inhibition in a dose
and time dependent manner (IC50 2.06 𝜇g/mL). Additionally,
cytotoxicity on normal fibroblast cell line at concentrations
up to 1000 𝜇g/mL was not detected [56].

7. Conclusion and Future Perspectives
The identification and development of plant AMPs with anticancer properties will provide good opportunities for cancer
treatment. AMPs with anticancer activities, including plantderived peptides, show many therapeutic challenges that
must be considered before they can be developed commercially. Strategies to solve their poor stability and susceptibility
to proteolytic digestion, such as amino acid substitution,
structural fusion of functional peptides, and conjugation with
chemotherapeutic drugs, must be evaluated. Despite these
limitations, AMPs are an important source of molecules
useful for the design of new drugs. In this sense, cationic
peptides from plants have great potential as anticancer agents,
particularly because of their selectivity towards cancer cells,
as has been demonstrated to coccinin and phaseococcin. The
number of plant AMPs with anticancer activity is increasing
and is expected to rise in the next years, particularly when
the remaining plant AMP families are assessed. A crucial
step in the studies of plant AMPs as anticancer agents is
the identification of their mechanisms of action to discover
new targets. Furthermore, the development of novel synthetic analogs of these natural molecules could enhance
their activities, facilitating the development of new drugs.
With the rapid development in proteomics, bioinformatics,
peptide libraries, and modification strategies, these plant
AMPs emerge as novel promising anticancer drugs in future
clinical applications.
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[32] H. Loeza-Ángeles, E. Sagrero-Cisneros, L. Lara-Zárate, E.
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[52] A. Herrmann, E. Svangård, P. Claeson, J. Gullbo, L. Bohlin, and
U. Göransson, “Key role of glutamic acid for the cytotoxic activity of the cyclotide cycloviolacin O2,” Cellular and Molecular Life
Sciences, vol. 63, no. 2, pp. 235–245, 2006.
[53] S. L. Gerlach, R. Rathinakumar, G. Chakravarty et al., “Anticancer and chemosensitizing abilities of cycloviolacin O2 from
Viola odorata and psyle cyclotides from Psychotria leptothyrsa,”
Biopolymers, vol. 94, no. 5, pp. 617–625, 2010.
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Hosts’ innate defense systems are upregulated by antimicrobial peptide elicitors (APEs). Our aim was to investigate the effects of
hyperthermia, ultraviolet A rays (UVA), and ultraviolet C rays (UVC) as well as glucose and ascorbic acid (AA) on the regulation
of human 𝛽-defensin 1 (DEFB1), cathelicidin (CAMP), and interferon-𝛾 (IFNG) genes in normal human keratinocytes (NHK).
The indirect in vitro antimicrobial activity against Staphylococcus aureus and Listeria monocytogenes of these potential APEs was
tested. We found that AA is a more potent APE for DEFB1 than glucose in NHK. Glucose but not AA is an APE for CAMP. Mild
hypo- (35∘ C) and hyperthermia (39∘ C) are not APEs in NHK. AA-dependent DEFB1 upregulation below 20 mM predicts in vitro
antimicrobial activity as well as glucose- and AA-dependent CAMP and IFNG upregulation. UVC upregulates CAMP and DEFB1
genes but UVA only upregulates the DEFB1 gene. UVC is a previously unrecognized APE in human cells. Our results suggest that
glucose upregulates CAMP in an IFN-𝛾-independent manner. AA is an elicitor of innate immunity that will challenge the current
concept of late activation of adaptive immunity of this vitamin. These results could be useful in designing new potential drugs and
devices to combat skin infections.

1. Introduction
Keratinocytes control skin microbial colonization/infection
in part by synthesizing human 𝛽-defensin 1 (hBD-1) and
cathelicidin LL-37, both of which are wide-spectrum antimicrobial peptides [1–4]. Antimicrobial peptide elicitors (APEs)
are defined as physical (class I), chemical (class II), and
biological (class III) agents that promote upregulation of
endogenous antimicrobial peptides (APs) [5–8].
IFNG is a relevant gene in innate and adaptive responses;
specifically, its product, IFN-𝛾, is an APE for both CAMP
(codes for LL-37) and DEFB1 (codes for hBD-1) in monocytes

and gingival keratinocytes, respectively [6]. In this report we
wanted to know if keratinocytes upregulate IFNG in response
to APE, independently of the IFNG mRNA provided by lymphocytes in adaptive immunity. Probable APEs with potential
application in skin therapy against infections in humans are
hyperthermia, ultraviolet A rays (UVA), ultraviolet C rays
(UVC), ascorbic acid (AA or vitamin C), and glucose.
In a mice model of influenza infection, hyperthermia, a
potential class I APE, is beneficial because it increases leukocyte count and diminishes proinflammatory cytokines, presumably avoiding damage to infected tissue [9]. In humans,
hyperthermia is beneficial in treating several diseases such as
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neurosyphilis, some forms of chronic arthritis, and cancer.
Furthermore, many infections cause fever during certain
phases, including fever caused by Rickettsia sp., Chlamydia
sp., viruses, or parasites. When this fever is associated with
endogen pyrogen, it leads to the activation of T cells which
enhances the host’s defense system [10].
UVA (320–400 nm) are APEs of DEFB1 in scleroderma
skin lesions [11] but they have not been tested in normal
keratinocytes. UVC (180–280 nm) have been suggested as a
prophylactic approach in a mice model of infection against
Pseudomonas aeruginosa and Staphylococcus aureus [12] but
the function as an APE of this wavelength has not been
described. S. aureus is a very common human pathogen
susceptible to LL-37 and hBD-1 [6]. In the case of Listeria
sp., the pathogen is susceptible to LL-37. These APEs have a
therapeutic potential against this pathogen in epithelial cells
[13, 14]. In this study, we indirectly assume that microbicidal
activity is due the increment of the level of synthesis of these
peptides by the APEs as suggested by the mRNA levels and
inhibition zones of the antimicrobial assays.
AA has been widely used to prevent and treat the common cold, malaria, and diarrhea infections and pneumonia.
AA improves the efficacy of antimicrobial and natural killer
cell (NK) activities [15]. Whether this antimicrobial activity
is dependent on induction and/or upregulation of APs is
unknown. Glucose is an APE of DEFB1 in kidney and
colon cells [16] but its effect on both DEFB1 and CAMP in
keratinocytes is unknown.
In this study we assessed the capacity of UVA, UVC,
AA, glucose, and hyperthermia to act as APEs of DEFB1 and
CAMP genes and as inductors of IFNG in a cell line of neonate
normal human keratinocytes (NHK).

2. Materials and Methods
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Quantitative real-time PCR was performed with 33 ng cDNA
with Fast SYBR Green Master Mix (Applied Biosystems).
The reactions were run in a Step One Thermocycler
(Applied Biosystems) using the following primers
sequences designed with Primer Express v. 3.0 software
(Applied Biosystems) and tested for specificity in PRIMERBLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/):
for HPRT (endogenous control suggested for normal
human keratinocytes according to Allen et al. [17]), F
5 -TGTTCAAATTATTACCAGTGAATCTTTGTC-3 , R
5 TTTTAAATTTTTGGGAATTTATTGATTTG-3 ; for
IFNG F 5 -GCTGACTAATTATTCGGTAACTGACTTG3 , R 5 -TAGCTGCTGGCGACAGTTCA-3 ; for DEFB1
F 5 -GAGAACTTCCTACCTTCTGCTGTTTAC-3 ,
R 5 -AAAGTTACCACCTGAGGCCATCT-3 ; for
CAMP F 5 -ACCCAGACACGCCAAAGC-3 , R 5 TTCACCAGCCCGTCCTTCT-3 . The PCR program was
95∘ C for 20 s, 40 cycles of denaturing at 95∘ C for 3 s, and
annealing/extension at 60∘ C for 30 s. Melting curves were
performed at 95∘ C for 15 s, 60∘ C for 1 min, and 95∘ C for 15 s.
Amplification efficiencies for each gene were calculated and
the relative quantitative expression was obtained according to
the Pfaffl method [18]. The normalization of gene expression
included the input RNA and input cell count. The controls
were samples with the vehicle at 24 h, or in the case of
temperatures the normothermic sample (37∘ C) for each day.
2.3. Antimicrobial Assays. Diffusion assays were performed
according to Kirby et al. [19]. We tested culture supernatants
samples with a volume of 50 𝜇L poured into 6 mm diameter
wells. The negative control was the supernatant of the culture
medium without the potential APE and the positive control
was 2.25 𝜇M (1 mg/mL) of tetracycline. Three biological
replicas of each were performed with strains of Listeria
monocytogenes (ATCC 19114, susceptible to LL-37 [13, 14])
and Staphylococcus aureus (ATCC 25923, susceptible to LL37 and hBD-1) [6].

2.1. Cell Culture and Exposure to Potential APEs. Normal
human neonate keratinocytes (ATCC PCS-200-010) were
maintained in K-SFM cell culture media (Gibco) at 37∘ C in a
humidified incubator with 5% CO2 . We exposed 1 × 106 cells
to D-(+)-glucose (5.5, 15.5, 25.5, and 45.5 mM, Sigma, number
of catalog: G8644) or L-ascorbic acid (0, 5, 10, and 20 mM,
Sigma, number catalog: A4544) for 24, 48, and 72 h. The
incubation temperature was also assessed as potential APE
mimicking human mild hypothermia (35∘ C), normothermia
(37∘ C), and hyperthermia (39∘ C) in vitro. Additionally, for the
ascorbic acid at 20 mM, the interaction between time (24, 48,
and 72 h) and temperature (35, 37, and 39∘ C) was assessed.
The exposition to UV rays (UVA at 365 nm, UVC at 254 nm)
was performed with a square source of irradiation of 4 Watts
(UV lamp UVP-UVGL-25, UVP, Cambridge, UK, number of
catalog: 95-0021-12) at 9.2 cm from the adhered cells.

2.4. Cytotoxicity Assays. In the experimental conditions
where gene upregulation was observed, experiments were
repeated and cytotoxicity assays were performed in increasing concentrations of the APEs. This was assessed by applying
0.05% trypsin by 12 min and neutralizing with DMEM (10%
fetal bovine serum). After centrifugation (400 ×g, 5 min),
three 10 𝜇L aliquots of homogeneous precipitated cells were
quantified in a Neubauer chamber. The percentage of viable
cells adhered to the plate was compared with the control
without elicitor, considered as being 100% viable. Quantifications of each day were compared with the control of the
corresponding days (Cruz Dı́az et al., in process).

2.2. Quantitative Real-Time PCR (qPCR). Nucleic acids were
extracted in a MagNA Pure LC 2.0 Instrument (Roche) with
the MagNA Pure LC total nucleic acid kit (Roche, catalog
number 03038505001). Purified RNA was DNAse-treated and
reverse transcribed with a mix containing random primers
(Invitrogen) and ArrayScript enzyme (Applied Biosystems).

2.5. Statistical Analysis. Statistical comparisons were done in
Microsoft Excel 2010. To evaluate if variances were different
or equal among treatments, we performed 𝐹 tests. Depending
of the results of 𝐹 tests, Student’s 𝑡-tests for equal or nonequal
variances were performed. Results are shown as mean +
standard error of the mean (SEM). All experiments were
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Figure 1: Effect of glucose in normal human keratinocytes. (a) Viability percentage of keratinocytes to glucose exposition by 24 h, 48 h, and
72 h in comparison with their controls for each exposure time. (b) DEFB1 expression at 24, 48, and 72 h of keratinocytes exposed to glucose.
Reference group was 5.5 mM (normal concentration of culture medium) at each time. Error bars represent SEM and significant values of
Student’s 𝑡 tests are depicted as ∗ 𝑃 < 0.05; ∗∗∗ 𝑃 < 0.001.

performed at least in triplicate, and a 𝑃 value <0.05 was
considered statistically significant.

3. Results
When we exposed the dermal cells to increasing levels of
glucose, simulating increased absorption and distribution of
glucose after feeding, the viability of keratinocytes increased
at 24 h and was found to be highly significant at 48 h and 72 h
(Figure 1(a)). At 24 h of glucose exposure (45.5 mM), DEFB1
expression was significantly upregulated (Figure 1(b)).
The viability of keratinocytes is not affected at 10 mM
of ascorbic acid (AA, Figure 2(a)) but begins to be affected
at 20 mM and was highly significantly affected at 40 mM
(Figure 2(b)). When keratinocytes were exposed to 10 and
20 mM of ascorbic acid, DEFB1 was upregulated by almost 5
logs after 72 h (Figure 2(c)).
At 72 h rather than at 24 h, glucose also upregulated
IFNG and CAMP genes (Figure 3). AA also upregulated IFNG
(Figure 3), but AA did not affect CAMP expression at any
time or concentration (data not shown). DEFB1 (3 logs),
CAMP (1 log), and IFNG (1 log) were upregulated in both
hypothermia and hyperthermia conditions mainly at 72 h,
although the results were not significant (data not shown).
We then assessed the effect of temperature at 20 mM of AA by
72 h (highest significant upregulation of DEFB1, Figure 2(c)).
Compared with normothermia, DEFB1 was upregulated at
24 h at 35∘ C but downregulated at 72 h at both 35 and 39∘ C
(Figure 2(d)). Interestingly, at hypothermia and 20 mM of AA
both IFNG and CAMP were downregulated at 72 h (Figure 3).
Furthermore, the expressions of DEFB1 and IFNG correlate
linearly with 20 mM at 35∘ C (r2 = 0.9).
UVC upregulated CAMP at 5 and 10 min of exposure
(Figure 4(a)) as well as upregulating DEFB1 (Figure 4(b))

and IFNG genes (Figure 4(c)). Surprisingly, UVA slightly
upregulated DEFB1 at 5 min of exposure and downregulated
it at 10 and 20 min of exposure (Figure 4(d)). UVA do not
impact CAMP or IFNG regulation (data not shown).
The supernatant of NHK in the condition 5 mM AA,
24 h, 37∘ C, that shows upregulation of both CAMP (2.56fold) and IFNG (3.31-fold) showed an increased antimicrobial activity against both L. monocytogenes and S. aureus
(Figure 5) in spite the diminished expression of DEFB1
(0.5-fold). As expected due to diminished viability, both
conditions 37∘ C, 20 mM AA, 72 h, and 35∘ C, 20 mM AA, 24 h,
diminish the activity against S. aureus significantly even at the
former condition which had the highest DEFB1 expression (4
logs).
Both samples from 45.5 mM glucose, 24 h and 72 h,
showed increased antimicrobial activity against S. aureus
and L. monocytogenes respectively, as expected, presumably
because in these samples DEFB1 (90-fold) and CAMP (6.43fold) genes were upregulated, respectively.

4. Discussion
We demonstrate for the first time that AA is an APE for
DEFB1 but not for CAMP. We therefore propose that the
indirect antimicrobial effect of ascorbic acid in NHK could
be at least partially dependent on DEFB1 induction which
challenges the traditional view regarding AA only as being
considered a player in the later activation of the adaptive
immunity [20]. This also could explain why AA acts as an
antitumor agent [21–23], since DEFB1 is considered a tumor
suppressor gene [24, 25].
Regarding cytotoxicity assay, Trypan Blue Exclusion
(TBE) Assay overestimates viable cells [26] and assignment
of trypan-stained cells to viable or nonviable categories
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Figure 2: Effect of ascorbic acid alone or in combination with hypothermia or hyperthermia in normal human keratinocytes. (a) Structure
of L-ascorbic acid. (b) Cytotoxicity assays exposed 24 h with ascorbic acid. (c) Effect of different concentrations of ascorbic acid on DEFB1
expression at 24, 48, and 72 h. The reference group was 0 mM at each time. (d) Effect of hypothermia, normothermia, and hyperthermia, all
plus interaction with 20 mM ascorbic acid on DEFB1 expression. Reference group was normothermia (37∘ C) at each time. Error bars represent
SEM and significant values of Student’s 𝑡 tests are depicted as ∗ 𝑃 < 0.05; ∗∗ 𝑃 < 0.01.

was found to be subjective and arbitrary [27]. Regarding 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay, a lineal relationship exists between reduced
tetrazolium dye and cell number only up to 2 × 104 cells/well
with no relationship at higher cell numbers and/or
absorbance values of greater than 0.8 [27]. Also MTT
was designed to test cytotoxic drugs and the recommended
set of concentrations must include the highest concentration
that kills most of the cells and the lowest concentration
that kills none of the cells [28]. The main advantages

of the proposed protocol is that in adherent cultures it
permits to obtain a number of viable cells that are already
attached, because the nonattached cells, if any, are removed
by aspirating the supernatant. With our method, there is
less ambiguity assigning viability as in TBE and chemical
reactions even in the absence of viable cells. This does not
affect the results as in MTT (Cruz Dı́az et al., in process).
It has been reported that short-term hypothermia (taken
as 30–34∘ C, 2–4 hours,) in cell lines and murine models
increases the level of anti-inflammatory cytokines (IL-4
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Figure 3: Statistically significant results of the effect of ascorbic
acid, hypothermia, and/or glucose exposure in IFNG and CAMP
expression in normal human keratinocytes. Error bars represent
SEM and significant values of Student’s 𝑡 tests are depicted as ∗ 𝑃 <
0.05; ∗∗∗ 𝑃 < 0.001.

and IL-10) and decreases proinflammatory cytokines (IL-1,
IL-2, IL-6, and TNF-𝛼), inhibiting lymphocyte proliferation
and decreasing HLA-DR expression associated with cell
activation. Long term (>24 hours) hypothermia, however,
increases proinflammatory cytokine levels [29]. The hyperthermic conditioning (41∘ C) has been an effective treatment
in mice with sepsis in combination with LL-37. In rats
with hypothermia (32∘ C) prior to sepsis, the IL-10 levels
were significantly increased compared to normothermic rats,
altering the cytokines profile, survival, and recruitment of
granulocytes suggesting immunosuppression [30]. Human
hypothermia (32∘ C) is associated with elevated frequency
of infectious complications; dysfunction of the immune
response caused by hypothermia has been demonstrated
in both clinical and animal studies [31]. Contrary to our
hypothesis, hyperthermia does not upregulate the expression
of DEFB1 or CAMP in a significant manner; nevertheless
the strong tendency to upregulate mainly DEFB1 (data not
shown) deserves further investigation.
On the contrary, we observed that hypothermia improved
the potential of AA (20 mM) both acting as APE at 24 h.
However, in this combination, both extreme conditions
(hypo- and hyperthermia) diminished DEFB1 expression
at 72 h. This could be because in these two scenarios the
keratinocytes are exposed to a prolonged oxidative stress
probably requiring more AA to counteract the adverse environment. Notably, the upregulation of DEFB1 with AA does
not predict antimicrobial activity in vitro probably because in
an amount of equal to or higher than 20 mM we found that
AA is cytotoxic. Also, high oral doses of AA in vivo cause
hyperoxaluria, which is the excessive urinary excretion of
oxalate and often the formation of kidney stones [10]. Clinical

trials must uncover the optimal doses of AA in fever episodes
of diverse infections to reach the expected efficacy of AA as
APE of DEFB1. The role of AA as APE was anticipated because
AA reduces the expression of IL-10 in a dose-dependent way
[32] and this cytokine inhibits the expression of hBD-1 [33].
According to our results, IFNG mRNA levels probably
provided the keratinocyte with an innate immunity against
skin pathogens, independent of the late lymphocyte-derived
IFN-𝛾 (adaptive immunity) in an established infection [34].
Also we found that IFN-𝛾 is upregulated earlier than
DEFB1 suggesting that the former could act as an APE
in NHK of foreskin as is true in gingival keratinocytes
[35, 36], macrophages [37], and monocytes [38]. The condition where IFNG and CAMP were upregulated was the
only one that predicts increment antimicrobial activity in
the two tested Gram-positive pathogens, suggesting that
this IFNG-dependent response is a stronger APE than
IFNG-independent response (e.g., TNF-𝛼-mediated) [6]. The
antimicrobial in vitro prediction of CAMP upregulation is in
concordance with a recent demonstration that transfecting
CAMP mRNA increases resistance to Listeria sp. in oral
epithelial cells [14].
In diabetic and obese rat models, the expression of 𝛽defensin 1 (BD-1) was lower than that of slim rat controls
[39] and only 𝛽-defensin 2 was found to be increased in
diabetic rats, most likely as a result of a proinflammatory
response [40]. Glucose has been described as an APE of
DEFB1 in human embryonic kidney HEK-293 [16, 41] and
colon adenocarcinoma cells HCT-116 [16] but not for keratinocytes. Our results suggest an impact of intracellular
glucose deficiency in susceptibility to skin infections due
to DEFB1 downregulation, for example, ulcers in diabetic
patients. We also demonstrate that glucose induces a faster
and higher expression of DEFB1 compared to CAMP in
normal keratinocytes. The glucose-dependent expression of
DEFB1 and CAMP has a biological relevance because they
show constitutive skin expression, probably explained by
the constant supply of glucose through blood in a nonstarved state and/or normal internalization of glucose in a
nondiabetic host. Interestingly, Barnea et al. did not find
dose-dependent response above 10 mM of glucose in HEK293 cells [16] as we found in NHK, revealing a possible
higher tissue-specific response. Furthermore, some authors
consider that CAMP is an inducible gene. However in our
system of NHK from neonate foreskin it always showed a
constitutive expression as previously suggested in squamous
epithelia of mouth, tongue, esophagus, vagina, and cervix
[42].
UVA makes up 95% of UV light that reaches the earth’s
surface [43]. UVA inhibits cell proliferation due to the arrest
of the S-phase [44] and also acts as an inhibitor of DEFB1
in scleroderma lesional skin, with no effect in unaffected
skin in these patients [11]. On the contrary, we found that in
NHK UVA is a modest APE of DEFB1 but an antimicrobial
peptide inhibitor (API) at longer exposures. These suggest
that in scleroderma lesions the potential of this APE could be
affected by an alteration of DEFB1 overexpression pathways
[7, 45] probably due to a unbalanced cytokine expression
profile [6]. The lack of upregulation of IFNG in the exposure
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Figure 4: Relative gene expression in keratinocytes exposed to UVC (254 nm) and UVA (365 nm). (a) CAMP expression in UVC exposure. (b)
DEFB1 expression in UVC exposure. (c) IFNG expression in UVC exposure. (d) DEFB1 expression in UVA exposure. Exposure is expressed in
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to UVA suggests that the route of DEFB1 expression with
this APE is IFN-𝛾-independent, but this deserves further
investigation.
Our results reinforce and expand the notion that UV light
(beyond UVA and UVB) stimulates APs gene expression.
Furthermore, we were able to induce upregulation of DEFB1
and CAMP genes at 4.25% of energy and 0.347% of exposure
time required to upregulate DEFB4, DEFB103, and S100A7

genes [46]. In spite of the fact that in nature most of UVC
is usually blocked by the stratospheric ozone layer [43], compact fluorescent light bulbs expose our skin to UVC as well as
UVA [44]. UVC causes degradation of I𝜅B𝛼 and nuclear entry
of p65/RelA thus activating the NF-𝜅B pathway (independent
of I𝜅B kinase-IKK-activation) [47]. This nuclear factor is a
probable regulator of DEFB1 expression as suggested by our
group [48]. We demonstrate for the first time that UVC in
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Trichomonas vaginalis is the causal agent of trichomoniasis, which is associated with preterm child delivery, low birth weight, and an
increased risk of infection by human papilloma virus and human immunodeficiency virus following exposure. Several reports have
established increasing numbers of trichomoniasis cases resistant to metronidazole, the agent used for treatment, and it is therefore
important to identify new therapeutic alternatives. Previously, our group reported the effect of tritrpticin, a synthetic peptide
derived from porcine prophenin, on T. vaginalis; however, the hemolytic activity of this small peptide complicates its possible
use as a therapeutic agent. In this study, we report that the propeptide and the processed peptide of prophenin 2 (cleaved with
hydroxylamine) affected the integrity and growth of T. vaginalis and that pro-prophenin 2 displays some resistance to proteolysis
by T. vaginalis proteinases at 1 h. Its effect on T. vaginalis as well as its low hemolytic activity and short-time stability to parasite
proteinases makes prophenin 2 an interesting candidate for synergistic or alternative treatment against T. vaginalis.

1. Introduction
Antimicrobial peptides (AMPs) are natural antibiotics synthesized by all known organisms, from bacteria to vertebrates;
they have antimicrobial and immunoregulatory functions.
AMPs are active against several infectious agents, including
viruses, bacteria, fungi, and parasites [1–3]. Most studies
have examined the effects of AMPs on bacteria, and fewer
reports exist regarding their effects on protozoa [3–8]. In
mammals, defensins and cathelicidins are AMPs that are
widely expressed in phagocytic immune cells that migrate to
infection sites [9].
Pigs have the most diverse collection of cathelicidins
of any mammalian species, among which are the prolinephenylalanine-rich prophenin-1 (PF-1), prophenin-2 (PF-2),

proline-arginine-rich PR-39, and cysteine-rich protegrins 1 to
5 (PG-1 to PG-5), which have been purified from neutrophils
[10].
The protozoan flagellate Trichomonas vaginalis is the
causal agent of trichomoniasis, the most common nonviral
sexually transmitted disease. Trichomoniasis is associated
with membrane rupture in pregnant women and, therefore,
preterm child delivery, low birth weight, and augmented
risk of infection with human papilloma virus or human
immunodeficiency virus type 1 [11–14] following exposure.
Trichomoniasis is treated with metronidazole or tinidazole,
but several reports describe increasing numbers of cases
resistant to these compounds [15–19]. AMPs are potential
alternatives for trichomoniasis treatment, but T. vaginalis
trophozoites are rich in cysteine proteinases that might
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degrade the peptides; some of these enzymes are surface associated, excreted/secreted, and involved in parasite adherence
and cytopathogenicity [20–22].
We reported an interesting trichomonacidal effect of
tritrpticin, a small peptide derived from the porcine
prophenin 2 [23], but the complete prophenin 2 peptide
has not been tested for activity against T. vaginalis or other
protozoan pathogens. In addition, prophenin 2 is interesting
because it should theoretically be resistant to the attack by T.
vaginalis proteinases due to its high proline content, which
may prevent cleavage of the peptide bonds [10, 24]. In this
study, we demonstrated that pro-prophenin 2 is partially
resistant to proteolysis by T. vaginalis proteinases at 1 h and
that the complete propeptide and the processed prophenin 2
peptide diminished the integrity and growth of T. vaginalis.

2. Materials and Methods
2.1. Strains and Plasmids. Plasmids were propagated and
maintained using E. coli DH5𝛼 and purified using a Plasmid
Midi Kit 100 (Qiagen, Cat. 12145). For protein expression,
E. coli BL21 STAR was used. Both strains were grown at
37∘ C in Luria-Bertani medium supplemented with 100 mg/L
carbenicillin (LB/Cb) when necessary. The plasmid pQETriSystem (Qiagen, Cat. 33903) was used to express proprophenin 2.
T. vaginalis strain RFC-1 (ATCC) was grown in 8 mL
screw-cap tubes with 5 mL of TYI-S-33 medium, pH 7.0
[25], supplemented with 6% bovine serum. T. vaginalis was
cultured for 72 h at 36.5∘ C to maintain trophozoites and for
24 h before assays.
2.2. Prophenin 2 Propeptide Cloning and Expression. The
nucleotide sequence of the open reading frame corresponding to porcine pro-prophenin 2 [26] was optimized for E. coli
codon usage. The optimized open reading frame was fused to
an 8-amino acid FLAG tag [27] (Figure 1) followed by Western blot analysis and purification of the recombinant protein
by affinity chromatography. The optimized pro-prophenin
2::FLAG tag was synthesized (Epoch Biolabs), cloned into
the SmaI-EcoRI sites of the pQE-TriSystem expression vector
and transformed into E. coli DH5𝛼. Putative recombinant
clones were confirmed by restriction analysis and sequencing.
Confirmed clones were propagated using E. coli DH5𝛼, and
plasmid DNA was isolated; one clone, pUG2, was selected. To
express pro-prophenin 2, E. coli BL21 STAR was transformed
with the pUG2 construct and grown in LB/Cb. Overnight
cultures were used to inoculate fresh LB/Cb medium supplemented with 0.4% glucose and incubated at 37∘ C until the
OD600 reached 0.5. IPTG was then added to a final concentration of 0.25 mM, and the cells were further incubated
for 4 h at 37∘ C. Cultures were centrifuged at 5,000 ×g for 20
minutes at 4∘ C. Cell pellets were washed twice with buffer A
(100 mM Tris pH 7.5, 150 mM NaCl) and were stored at −80∘ C
until used.
2.3. Pro-Prophenin 2 Purification. Bacterial pellets were
thawed and kept on ice, then 1 mg/mL lysozyme and
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25 𝜇g/mL DNase I were added and incubated 30 minutes at
37∘ C and disrupted with a VirTis sonicator (model VirSonic
60) using 6 pulses of 30 seconds each with 30-second intervals and a 5-watt output. The soluble phase was recovered
by centrifugation at 14,500 ×g for 20 minutes and further
clarified by filtering through a 0.2 𝜇m syringe filter (Nalgene,
Cat. 190-9920). A total of 300 𝜇L of anti-Flag M2 affinity
gel (Sigma, Cat. A2220) was applied to the supernatant and
incubated overnight at 4∘ C with gentle agitation. Anti-Flag
M2 affinity gel was recovered and washed 3 times with 2 mL
of TBS (50 mM Tris-HCl, 150 mM NaCl pH 7.5)/0.02% NaN3 ,
and pro-prophenin 2 was eluted with three 6 mL aliquots of
0.1 M glycine-HCl, pH 3.5, into Eppendorf tubes containing
20 𝜇L of 1 M Tris-HCl, pH 8.0. Anti-Flag M2 affinity gel
was reequilibrated to neutral pH using 30 volumes of TBS.
Pro-prophenin 2 was dialyzed using 14 kDa cutoff dialysis
tubing (Spectra/Por, Cat. 132678) and concentrated using a
Concentrator plus (Eppendorf, Cat. 5305 000.304).
2.4. Hydroxylamine Cleavage of Pro-Prophenin 2. To release
the processed peptide, the purified pro-prophenin 2 was
incubated 4 h at 45∘ C in a hydroxylamine reaction mixture (0.22 M Tris, 1.7 M hydroxylamine hydrochloride, 4 M
guanidine hydrochloride, and pH 9). After incubation, the
reaction mixture was incubated in an ice bath for 20 minutes
and desalted using an Excellulose GF-5 Desalting Column
(Pierce, Cat. 1851850); 10 fractions of 1 mL each were collected
and concentrated using a Concentrator plus (Eppendorf, Cat.
5305 000.304). Because hydroxylamine cleavage is incomplete, uncleaved propeptide and cathelin were removed by
affinity chromatography, using anti-Flag M2 affinity gel as
described for pro-prophenin 2 purification.
2.5. Hemolytic Assay. To determine the hemolytic activity
of the peptides, fresh human red blood cells were used;
peripheral blood was collected from healthy volunteer donors
into Vacutainer tubes containing heparin (Cat. 366480) or
EDTA (Cat. 366450). Erythrocytes were washed three times
with phosphate-buffered saline (PBS, 2.7 mM KCl, 10 mM
Na2 HPO4 , 1.8 mM KH2 PO4 , 150 mM NaCl, and pH 7.0) and
resuspended in PBS at the originally collected blood volume
(erythrocyte concentration of 100%). The assay was performed in sterile 96-well microtiter plates. The final reaction
volume was 200 𝜇L containing 1% erythrocytes and different
concentrations of pro-prophenin 2, processed peptide, and
amidated tritrpticin. Plates were incubated for 1 h at 37∘ C
and centrifuged at 1000 ×g for 5 min. Released hemoglobin
was determined by measuring absorbance at 540 nm in the
supernatant. Erythrocyte integrity was calculated according
to the hemoglobin released from a 100% hemolysis control
(red cells lysed with 0.1% Triton X-100) and a negative
control (red cells incubated with PBS), using the following formula: % hemolysis = [(𝜆 540 in peptide solution −
𝜆 540 PBS)/(𝜆 540 0.1% Triton X-100 − 𝜆 540 PBS)] × 100.
2.6. Peptide-Trichomonas Interactions. To determine the
effect of the propeptide and processed prophenin 2 on the
integrity and growth of T. vaginalis, peptide-trichomonas
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1 MAISREQASD YKDDDDKALS YREAVLRAVD RLNEQSSEAN LYRLLELDQP
51 PKADEDPGTP KPVSFTVKET VCPRPTRRPP ELCDFKENGR VKQCVGTVTL

Hydroxylamine
Flag
tag

Cathelin

101 DQIKDPLDIT CNEGVRRFPW WWPFLRRPRL RRQAFPPPNV PGPRFPPPNV
Active peptide

(a)

151 PGPRFPPPNF PGPRFPPPNF PGPRFPPPNF PGPPFPPPIF PGPWFPPPPP
201 FRPPPFGPPR FPGRR
(b)

Figure 1: Amino acid sequence of pro-prophenin 2. (a) Graphical representation of the DNA fragment cloned into the pQE-TriSystem. (b)
Amino acid sequence. Amino acids derived from the vector (white), Flag tag (black), cathelin (light gray), and processed peptide (dark gray).
In (b) the hydroxylamine cleavage site (shaded) and the tritrpticin sequence (underlined) are shown.

assays were performed, as previously described [23]. Briefly,
T. vaginalis RFC-1 was grown for 24 h in screw-cap tubes
containing 5 mL of TYI-S-33. Cell were collected by centrifugation at 1000 ×g for 5 min and washed with 5 mL of TYI. The
T. vaginalis-peptide interaction took place in 96-well sterile
microtiter plates (Corning Inc., USA) containing 40,000
trophozoites and different concentrations of peptide in a final
volume of 100 𝜇L. The medium for the 4 h interaction assay
was TYI supplemented with 25 mM sodium bicarbonate
and 100 mM HEPES, pH 7.0. Complete TYI-S-33 culture
medium was used for the 24 h interaction assays. The cultures
were incubated at 36.5∘ C in a microaerophilic atmosphere.
After incubation, the trophozoite number was calculated
using a Neubauer chamber and compared with a control
group that did not interact with the peptides. The effect
of the different peptide concentrations on T. vaginalis was
evaluated by ANOVA and a mean comparison using the least
significant difference (LSD) test (𝛼 = 0.05). Using the data
obtained, we estimated the LD50 (lethal dosage 50) for the
24 h interaction, adjusting the model as follows: PERCENT
INHIBITION/MORTALITY = A ∗ log (DOSAGE) + B, using
the lm function in the R environment.
2.7. Stability of Pro-Prophenin 2 to T. vaginalis Proteinases.
The stability of pro-prophenin 2 was determined at 1, 2, and
4 h of interaction with T. vaginalis in TYI supplemented
with 25 mM sodium bicarbonate and 100 mM HEPES, pH
7.0, as described above. A 5 𝜇M final concentration of proprophenin 2 was added to 40,000 T. vaginalis trophozoites
in a volume of 100 𝜇L; after incubation at 37∘ C, samples
were analyzed by Western blot using an anti-Flag antibody.
A similar set of samples was incubated in the presence of the
cysteine proteinase inhibitor E64.

3. Results
3.1. Pro-Prophenin 2 Expression and Purification. To express
pro-prophenin 2, a synthetic gene was obtained and cloned
into the pQE-TriSystem vector. We verified the correct
in-phase insertion of the pro-prophenin 2 open reading
frame into the expression vector by restriction analysis and
sequencing (LANGEBIO, Irapuato, Mexico). Transformed E.
coli induced with 1 mM IPTG expressed a protein with the
expected molecular weight of the FLAG pro-prophenin 2
fusion protein; however, all of the recombinant protein was

found in the pellet. Soluble pro-prophenin 2 was obtained by
inducing the cultures with 0.25 mM IPTG, followed by 4 h
incubation at 37∘ C after induction (Figure 2(a), lane 1).
FLAG pro-prophenin 2 was purified by affinity chromatography with an anti-FLAG M2 antibody using a wash
buffer containing 300 mM NaCl and 3% Tween 20 and
exhaustively washing the column to avoid copurification of
contaminant proteins (Figure 2(b)). Pro-prophenin 2 yield
was 325 𝜇g per liter of culture on average.
To obtain the processed portion of prophenin 2, the
propeptide was cleaved with hydroxylamine; the cleavage site
is located within the cathelin region, 26 amino acid residues
upstream the predicted mature peptide (Figure 1(b), shaded
residues). Pro-prophenin 2 cleavage with hydroxylamine had
an efficiency of approximately 60% (data not shown). Using
an anti-FLAG immunoaffinity column, processed prophenin
2 eluted in the void volume as a single band without
binding to the antibody (Figure 2(c)), whereas uncleaved proprophenin 2 as well as the cathelin region was retained.
3.2. Hemolytic Assays. To determine the hemolytic effect of
pro-prophenin 2 and the processed peptide, we performed
interaction experiments using the peptides pro-prophenin 2,
processed prophenin 2, and tritrpticin with human red blood
cells. Figure 3 shows the integrity of the erythrocytes after
1 h of interaction with different concentrations of peptides.
We observed almost no effect of either the processed peptide
or pro-prophenin 2 on human erythrocytes compared with
erythrocytes treated with 0.1% Triton X-100 (100% hemolysis
control). Hemolytic activity of NH2 -tritrpticin is shown as
control.
3.3. Peptide-Trichomonas Interactions. The effect of prophenin 2 on T. vaginalis was estimated using a 4 h-interaction
assay to examine trophozoite integrity, and a 24 h assay
was used to assess parasite growth. After 4 h incubation
with prophenin 2, refringent trophozoites were decreased by
3% at 6.25 𝜇M to 58% at 100 𝜇M of the processed peptide,
showing a dose-dependent effect (Figure 4). Surprisingly,
pro-prophenin 2 also had a deleterious effect on T. vaginalis
integrity, and the effect was dose dependent, similar to the
processed peptide (Figure 4).
T. vaginalis grew less at 24 h in the presence of proprophenin 2 or processed peptide compared with the culture
in the absence of the peptides. Growth was reduced by
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Figure 2: Electrophoretic analysis of pro-prophenin 2 expression, purification, and cleavage with hydroxylamine. Twelve percent
polyacrylamide gels (20 : 1 acrylamide : bis-acrylamide) were used and proteins were stained with Coomassie blue. (a) Pro-prophenin 2
expression: lane 1, crude extract from E. coli BL21 STAR induced 4 h with 0.25 mM IPTG; lane 2, crude extract from uninduced E. coli
BL21 STAR, otherwise grown as induced. (b) Pro-prophenin 2 purified by affinity chromatography (lane 1). (c) Processed prophenin 2 after
hydroxylamine cleavage and purification (lane 1). M: molecular weight markers.
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Figure 3: Hemolytic activity of prophenin 2. The percentage of
hemolysis was calculated from the absorbance at 540 nm of the
supernatants after 1 h of interaction of red blood cells with proprophenin 2, processed peptide, and NH2 -tritrpticin. Hemolysis of
100% was obtained by the treatment of erythrocytes with 0.1% Triton
X-100.

12% at 6.25 𝜇M and by 60% at 100 𝜇M of the processed
peptide (Figure 5(a)). The results demonstrated high reproducibility because the standard error was low (11.24). Comparing the means of every treatment, we observed a dosedependent effect on the integrity and growth of T. vaginalis
and found that the LD50 is approximately 50 𝜇M of the
processed peptide. Based on the linear regression analysis of

Control

100

50

25

12.5

6.25

Prophenin 2 (𝜇M)

Propeptide
Processed

Figure 4: Effect of prophenin 2 on T. vaginalis integrity. Trophozoites were inoculated in TYI-HEPES-sodium bicarbonate at 40,000
cells/well; serial dilutions of prophenin 2 were added and incubated at 36.5∘ C for 4 h. After incubation, each well was sampled
and trophozoites were counted. The size of the sample for every
treatment was 𝑛 = 44–48, and the standard errors observed were
1.18 or less.

the equation described in Section 2, we determined that the
LD50 for the processed peptide was 47.66 𝜇M (Figure 5(b)).
The significance level of the regression was 𝑃 = 2.2𝑒 − 16,
indicating an effect on the growth of T. vaginalis.
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Figure 5: Effect of prophenin 2 on T. vaginalis growth. (a) Trophozoites were inoculated in TYI-S-33 at 40,000 cells/well; serial dilutions of
pro-prophenin 2 were added and incubated at 36.5∘ C for 24 h. After incubation, each well was sampled, and trophozoites were counted. The
size of the sample for every treatment was 𝑛 = 44–48, and the standard errors observed were 1.18 or less. (b) Estimated LD50 for prophenin 2.
The results from 24 h interaction assays were used to construct a linear regression model, and the LD50 was estimated to be 47.66 𝜇M.
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Figure 6: Stability of pro-prophenin 2 after interaction with T. vaginalis. (a) After parasite-peptide interaction at several incubation times,
contents of wells (cells + supernatant) were analyzed by Western blot using anti-FLAG M2 antibodies and signal developed with luminol.
Lane M: molecular weight markers; lane (+): 5 𝜇M pro-prophenin 2 as a positive control. Lanes 1 to 3: T. vaginalis with 5 𝜇M pro-prophenin
2 incubated 1, 2, and 4 h, respectively. Lanes 4 to 6: same as lanes 1 to 3 but in the presence of 10 𝜇M E64. (b) Signal intensity analysis is done
with Image Lab software (BioRad).

3.4. Stability of Pro-Prophenin 2 to T. vaginalis Proteinases.
Previous work in our group demonstrated that human cathelicidin LL-37 is very sensitive to proteases from E. histolytica,
being degraded in just one hour [28]. We decided to test the
stability of pro-prophenin 2 by Western blot of the propeptide
after 1, 2, and 4 h of interaction with T. vaginalis, using the
anti-FLAG M2 antibody. We detected the presence of proprophenin 2 in all lanes (Figure 6), even in samples that
were not treated with the cysteine proteinase inhibitor E64;
although after 4 h interaction, without E-64, the signal was
very weak (lane 3).

4. Discussion
This study demonstrated that recombinant prophenin 2, both
the propeptide and the processed peptide, diminished the
integrity and growth of T. vaginalis. Prophenin 2 belongs
to the porcine cathelicidin family, which are host defense

peptides sharing a highly conserved N-terminal cathelin
region homologous to the cathepsin L inhibitor [29]. Pigs
possess the largest number of cathelicidins described for
a single species, with 11 members [10, 30]. Originally, the
sequence of prophenin was described by Pungercar et al. in
1993 from a cDNA clone [31]. Later, the protein prophenin1 was purified and characterized as a 79 aa fragment from
porcine leukocytes. It is rich in proline and phenylalanine
and contains 5 nearly perfect tandem repeats of a prolinerich decamer, FPPPNFPGPR [32]. Additionally, Zhao et al.
[26] reported a closely related sequence named prophenin
2. To date, much of the work performed with prophenin
has focused on a small derivative named tritrpticin, which
is 13 amino acid residues long and possesses 3 consecutive
tryptophan residues. Most studies have used bacteria [33, 34],
and only our group has reported the effect of tritrpticin on
a protozoa [23]. In this work we expressed the recombinant pro-prophenin 2; although the yield was low (about
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300 𝜇g/L), this can likely be circumvented using vectors
that fuse pro-prophenin 2 to thioredoxin or glutathione S
transferase; we are currently pursuing this line of research.
The use of vital staining to determine viability of T.
vaginalis in studies involving interaction with antimicrobial
peptides is not a suitable methodology, since these molecules
alter the cell membrane making it more permeable to the
colorant [4]. In a previous report, we demonstrate that
after treatment with tritrpticin, the number of refringent T.
vaginalis trophozoites correlates with their ability to growth
[23]. Additionally we observed that tritrpticin at 105 𝜇M
reduced T. vaginalis viability by approximately 72% after
3 h of interaction and that it reduced growth by 58% after
24 h of interaction [23]. In this study, we reported similar
results, with a reduction of 58% in T. vaginalis integrity at
100 𝜇M of processed prophenin 2 in 4 h interaction assays
and a decrease of 60% in T. vaginalis growth using 100 𝜇M
of processed peptide in 24 h interaction assays.
A major concern regarding the possible therapeutic use
of C-terminus amidated tritrpticin is the hemolytic activity,
as it demonstrates ∼50% hemolysis at 30 𝜇M [35]. Our work
demonstrated that prophenin 2 presents very low hemolytic
activity against human red blood cells. This hemolytic activity
has to be determined on an individual case basis because
it depends not only on the surface selectivity of the target
membrane based on the lipid composition [36], but also on
the composition of the peptide itself [37]. We demonstrated
that prophenin 2 presented good trichomonacidal activity
and very low hemolytic activity, which makes this molecule
an attractive candidate for studying its possible use as a
synergistic or alternative therapy.
In nature, it is accepted that prophenin 2 is processed
by neutrophil elastase [38, 39]; the proteolytic cleavage site
is predicted between Gly114 and Val115 to release a 101 aa
mature peptide [26]. In this study we used as the processed
prophenin 2, the portion obtained by cleavage of the recombinant propeptide at a naturally occurring hydroxylamine site
(cleavage site Asp88-Gly89), which contained 26 extra amino
acids at the N-terminus of the predicted mature peptide. We
do not know if these extra amino acids affect the activity of
the peptide because the antimicrobial activity of the mature
peptide of prophenin 2 is unknown. However, the 79-80 and
17-18 aa prophenin peptides isolated from porcine leukocytes
[32, 40, 41] have antibacterial activity. The predicted site
for processing the propeptide includes 18 amino acids more
than the 79 aa peptide isolated from leukocytes [26]; these
fragments and the 17-18 aa long peptide may be produced by
additional processing of the mature peptide.
In porcine leukocytes, prophenins are amidated at the Cterminus [40, 41], and this extra positive charge may contribute to the binding of negatively charged targets; therefore,
it is expected that the amidated version of the peptide tested
in this study will be active at lower concentrations against T.
vaginalis.
Interestingly, our results demonstrate similar anti-T. vaginalis activity of recombinant pro-prophenin as the processed
peptide, which is in accordance with the observation that
the human pro-cathelicidin HCap18 has similar antimicrobial
activity than the C-terminal LL-37 active peptide [42].
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T. vaginalis secretes cysteine proteinases as virulence factors, and these enzymes may negatively affect the integrity of
most antimicrobial peptides. It is proposed that the prolinerich sequences of some mature cathelicidins are naturally
resistant to serine proteases because these types of sequences
are very poor substrates for proteolysis [10, 24]. In this study,
we demonstrated that pro-prophenin 2 displays an acceptable
stability after 1 h of interaction with T. vaginalis because
protein degradation is not as evident as in our previous work
with peptides derived from human cathelicidin LL-37 [28].
We did not test the stability of processed prophenin 2 after
interaction with T. vaginalis because no antibody targeting
the mature peptide was available.

5. Conclusions
We conclude that T. vaginalis integrity and growth were
significantly diminished in the presence of prophenin 2.
Although T. vaginalis secretes very active cysteine proteinases, pro-prophenin 2 partially overcomes this limitation, which is inherent to antimicrobial peptides, making
prophenin 2 an interestingly candidate for alternative T.
vaginalis treatment.
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