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Abstract

Since antimicrobial resistance is a major global issue, "One Health" approaches such as the use of antimicrobial
peptides (AMPs) were developed as an alternative antimicrobial agent which might be used in pig farms to reduce or
replace non-rational antibiotics usage. Although AMPs showed several effects on antimicrobial agents, including
against bacteria, fungi, protozoa, and viruses, as well as effects on host immunity, the ability to eliminate bacteria while
providing the minimum amount of damage to the host cell is a particularly outstanding characteristic. Two major
mechanisms of action of AMPs include membrane-active and intracellular-active. During the past decade, many AMPs
have been tested for a replacement of antibiotics in boar semen extenders. Many studies reported the potential for using
AMPs, whether as single or cocktail AMPs; however, their antibacterial effectiveness depends on the concentration and
incubation time. Using AMPs also showed promising results on boar sperm quality and fertility tests on the pig farm.
This review article discusses the use of AMPs as antibacterial agents for supplementation in boar semen extenders and
provides future perspectives on the development of AMPs and how to use them properly.
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Introduction

Antimicrobial resistance (AMR) has triggered
concerns regarding the use of antibiotics in human as
well as animal treatment, especially in the livestock
industry. Antibiotic-resistant bacteria of animal origin
have been detected in the ecosystems of livestock farms
(Landers et al., 2012). Notably, these antibiotics belong
to the critically important antibiotic group (CIA)
(Lekagul et al., 2020). The most commonly used
antibiotics on pig farms at all production stages by feed
medication are amoxicillin and tiamulin, this may lead
to the non-rational use of antibiotics (Landers et al.,
2012; Lekagul et al., 2020).

In addition to directly supplying antibiotics to the
pigs, the practice of adding antibiotics to liquid boar
semen preservation aims to extend the shelf life of the
semen storage and minimize spermatozoa damage,
minimize endometritis or post-mating vaginal
discharge caused by infection or inflammation in
sows/ gilts that results from bacterial contamination in
the semen dose (Kaeoket et al., 2003; 2005; Maes et al.,
2008; Schulze et al., 2016; Vickram et al., 2017).
Antimicrobial resistance genes, such the mcr-2 gene,
have been detected in sow with vaginal discharge
samples, while the use of antibiotics in boar semen
extenders might similarly affect the bacteria flora in
sow vagina, possibly resulting in resistance, as it had
happened in boar semen (Kellerman et al., 2022;
Keeratikunakorn et al., 2023; 20244; Ngo et al., 2024).
This might happen when using a commercial semen
extender to dilute swine semen, which depends on the
concentration of sperm in the original ejaculate rather
than the number of bacteria present, resulting in
decreased antibiotic concentrations and not enough to
inhibit bacteria growth (Schulze et al., 2017). Boar
semen with antibiotics is used annually in around 12.8
million liters worldwide (Contreras et al., 2022). Many
techniques have been developed to manage bacterial
growth in boar semen by minimizing the use of
antibiotics (Santos and Silva, 2020). Strategies for
controlling bacterial growth in semen doses encompass
various approaches: (i) physically removing bacteria
through methods such as single-layer centrifugation
(Morrell et al., 2019; Ngo et al., 2024); (ii) utilizing
antimicrobial peptides (AMPs) or short antimicrobial
lipopeptides (Hensel et al., 2020); (iii) using other
substances like lysozyme, kojic acid, and silver
nanoparticles (AgNPs) (Schulze et al., 2019; Shaoyong
et al., 2019; Pérez-Duran et al., 2020); and (iv) storing the
semen dose at a low temperature (5°C) without
antibiotic supplementation (Jakel et al., 2021; Waberski
and Luther, 2024). Currently, AMPs serve as a
beneficial option for adding to semen extenders
because of their ability to eliminate bacteria without
detrimental effects on sperm cells (Andersson et al.,
2016; Keeratikunakorn et al., 2024b). Lysozyme, the first
AMP, was discovered by Alexander Fleming in the
1920s; in the 2000s, AMPs gained more attention and
research (George et al., 2023). Studies have been
performed on the practical application of AMP, which
is often used as a feed additive in pig farms. One of
those studies examined the use of lactoferricin to
prevent E. coli infection (ETEC) in 21-day-old piglets
and reduce antibiotics use on farm (Tang et al., 2011; Xu
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et al., 2020; Robles Ramirez et al., 2024). The purpose of
the present review was to summarize previous
research publications on preserving boar semen by
applying AMPs as an alternative to antibiotics as One
Health approach.

Bacteria contamination in boar semen

Artificial insemination (AI) with liquid boar semen
is a common practice in the swine industry for the
reason that Al can minimize disease transmission,
improve genetics, and increase piglet production and
quality (Pezo et al., 2019). Semen extenders are essential
for maintaining the viability and quality of sperm
because they prevent cold shock, control pH and
osmotic pressure, and inhibit bacteria from developing
(Pezo et al., 2019). For producing the Al dose, boar
semen is diluted with a nutrient-rich semen extender
and kept at a low temperature. As a result of nutrients
in the extender that are good for bacterial growth and
consequently impair semen quality, antibiotics are
usually added to boar semen extenders for Al (Hensel
et al., 2020; Schulze et al., 2020). The most common
causes of bacterial contamination in boar include
people, the barn, the preputial diverticulum, hair, skin,
respiratory secretions, and boar feces, as well as
contaminating the collector's hands or the instrument
used for collecting containers (Althouse and Lu, 2005;
Kuster and Althouse, 2016; Costinal et al., 2021).
Despite  being non-pathogenic, the bacterial
contamination in the semen still negatively impacts
spermatozoa and other semen quality parameters. This
consequently causes a decrease in semen quality,
which may affect the productivity of pig farms (Maes
et al., 2008). Furthermore, the contaminated semen also
resulted in embryonic or fetal death and endometritis
in sows (Maes et al., 2008). In addition to the bacteria
themselves, the secondary metabolites (such as
endotoxins and exotoxins) also contributed to the
adverse consequences of contamination (Althouse,
2024). This indicates that in addition to living bacteria,
dead bacteria can also harm sperm by producing toxins
such as glycoproteins and lipopolysaccharides
(Farsimadan and Motamedifar, 2020).

Bacteriospermia was associated with fertility rate,
according to the study of infertile men, the prevalence
of bacteriospermia is 35.3%, while Enterococcus faecalis
and coagulase-negative Staphylococcus are the major
organisms of contamination (Vilvanathan et al., 2016).
Bennemann et al. (2018) reported that 80% of the boar
semen samples from southern Brazil were
contaminated with bacteria and the major species of
bacteria, including Staphylococcus hyicus, E. coli, and
Alcaligenes faecalis. In addition to that, P. aeruginosa, E.
coli, and P. mirabilis were among the Gram-negative
bacteria that were discovered to be contaminated in
fresh boar semen in particular experiments
(Keeratikunakorn et al, 2023). Meanwhile, the
extended semen was mostly Staphylococcus spp. and E.
coli (Bennemann et al., 2018). In addition, it was
demonstrated that 99% of boar semen samples found
aerobic bacterial contamination, which caused a
decrease in sperm motility, sperm agglutination,
acrosome damage, and plasma membrane disruption
as well as an increase in the total bacterial count after
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storage for 3 days (Gaczarzewicz et al., 2016;
Keeratikunakorn et al., 2024b). Sperm agglutination is
often the primary effect and significantly influences
other semen quality parameters (Althouse and Lu,
2005). The degree of negative effects may be related to
the species and concentration of bacterial
contamination (Althouse and Lu, 2005; Gaczarzewicz
et al., 2016). In addition to pathogenic bacteria, it has
also been found that pig semen contains probiotic
bacteria, including Lactobacillus spp. (Ngo et al., 2023).
Although some substances can be produced by
Lactobacillus spp. that inhibit the growth of bacteria
isolated from boar semen (Keeratikunakorn et al.,
2023), which could enhance the quality of the semen.

Although many factors influence boar semen
quality, including housing, feed, health management,
and environmental conditions, efforts to enhance
semen storage must also address bacterial
contamination as a contributing factor (Rodriguez et
al., 2017). To avoid the adverse effects of bacterial
contamination, antibiotics are commonly added to
semen extenders to restrict bacterial growth and
reduce the negative effects of bacteriospermia and
bacterial toxins, which depend on bacterial count
(Althouse and Lu, 2005; Rodriguez et al., 2017). A
variety of antibiotics are frequently used in boar semen
extenders, either individually or in combination;
subsequently, antibiotic resistance in fresh boar semen
and bacteria isolated from pig vaginas and feces has
been reported (Nguyet et al., 2022; 2023; 2024;
Kaewchomphunuch et al., 2022). These bacteria have
been reported for resistance to many antibiotics,
including gentamicin, colistin, tiamulin, and penicillin,
along with third-generation cephalosporins like
ceftriaxone (Bresciani et al., 2014; Bennemann et al.,
2018; Keeratikunakorn et al., 2023). A commonly
utilized antibiotic used in boar semen extenders,
gentamicin was found to be highly effective in limiting
the growth of Gram-negative bacteria than Gram-
positive bacteria (Gaczarzewicz et al., 2016).

Antimicrobial peptides (AMPs)

Antimicrobial peptides are amphipathic biological
molecules composed of 10-50 amino acids with a small
positive charge ranging from +2 to +13. They have a
broad spectrum and dose-dependent activity against
bacteria, fungi, protozoa, and viruses through direct
killing (Xiao et al, 2015, Andersson et al., 2016;
Mahlapuu ef al., 2016; Wang et al., 2016; Zhang and
Gallo, 2016; Kumar ef al., 2018). The majority of AMPs
are produced by animals, plants, bacteria, fungi, and
archaea, respectively (Kumar et al., 2018).

AMPs usually interact directly and immediately
with the outer cell wall of bacteria, binding rapidly to
components such as lipopolysaccharide (LPS) in Gram-
negative bacteria or teichoic acid in Gram-positive
bacteria (Mahlapuu et al., 2016; Wang et al., 2016; Fazly
Bazzaz et al., 2021). This specificity arises from
distinctions in membrane composition between
bacteria and animals (Figure 1). Consequently, AMPs
primarily target bacterial membranes while sparing
animal membranes (Mahlapuu et al, 2016). The
positively charged AMPs strongly interact with the
negatively charged lipopolysaccharides or teichoic

3

acid on the outermost surface of the bacterial cell
(Pushpanathan ef al., 2013; Bechinger and Gorr, 2017;
Fazly Bazzaz et al., 2021), but have weak interactions
with the sperm membranes because the negatively
charged are at the innermost, near the cytoplasm
(Mahlapuu et al., 2016; Kumar et al., 2018) (Figure 1). In
addition, the amphipathic property of AMPs can be
used for folding into structures with both hydrophobic
and hydrophilic surfaces (Andersson et al., 2016). A
single AMP can interact via several mechanisms
depending on the peptide's structure, peptide-lipid
ratio, and the characteristics of the lipid membrane
(Bechinger and Gorr, 2017). Generally, AMPs are
generated by chemical methods rather than by
bioreaction. Nevertheless, some AMPs such as beta-
defensins have been produced in E. coli (Li et al., 2018).
AMPs mechanisms are divided into two classes of
action: membrane-active AMPs and intracellular-
active AMPs (Xiao et al., 2015). Membrane-active AMPs
are a primary mechanism for killing target cells by
disrupting the cell membrane, resulting in membrane
dysfunction, rupture, and lysis of bacterial cells, which
can be proved through the investigations of bacterial
DNA leakage and scanning electron micrographs as
recently shown by a study of PA-13 (Figure 2A)
(Keeratikunakorn et al., 20242). The AMPs action can be
divided into three models, including barrel-stave,
toroidal, and carpet models (Figure 3) (Xiao et al., 2015;
Wang et al., 2016). The barrel-stave model is a
transmembrane pore model in which AMPs directly
insert into the lipid bilayer of target cells by forming a
peptide-lined transmembrane pore (Xiao et al., 2015;
Mahlapuu et al., 2016; Kumar et al., 2018), which causes
a leakage of cytoplasmic content, resulting in cell death
(Guilhelmelli et al., 2013). A few AMPs, such as
protegains and paradoxin, exhibit barrel-stave models
(Kumar et al., 2018). The toroidal model, also known as
the wormhole model, is considered one of the most cell
membrane-active mechanisms in a transmembrane
pore, like a barrel-stave model (Yeaman and Yount,
2003; Kumar et al., 2018). However, this particular
model inserts AMPs into the target cell membrane by
inducing membrane curvature and forming membrane
pores (Xiao et al, 2015, Kumar et al, 2018).
Nevertheless, the end outcome is similar to the barrel-
stave model (Guilhelmelli et al., 2013). The AMPs have
been shown to have toroidal models such as magainin
2, lacticin Q, and melittin (Kumar et al., 2018). The
carpet model is  non-specific = membrane
permeabilization which degenerates the target cell by
covering the cell membrane surface like a "carpet"
without forming a membrane pore (Xiao et al., 2015;
Wang et al., 2016; Kumar et al., 2018). Changes in
membrane fluidity or reductions in membrane barrier
properties cause the loss of membrane integrity
(Yeaman and Yount, 2003), which in turn produces a
detergent-like effect and the formation of micelles
(Mahlapuu et al., 2016; Kumar et al., 2018). AMPs,
including cecropin, indolicidin, aurein 1.2, and LL-37,
exhibit carpet models in their action (Kumar et al.,
2018). For a not-complete carpet model, the AMPs will
remove the bacterial membrane by partial
micellization (Figure 3) (Bechinger and Gorr, 2017).
Intracellularly active AMPs have the ability to kill a
target cell by limiting the synthesis of proteins, DNA,
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RNA, and cell walls without rupturing the target cell According to Yeaman and Yount (2003), the
membrane (Xiao ef al., 2015; Kumar et al., 2018). Kumar interactions of charge, conformation, polar angle,
et al. (2018) suggested that these mechanisms are hydrophobicity, and amphipathicity determined how
similar to penicillin. However, most of the action of the AMP structure affected action (Figure 4).

AMPs is membrane-active (Bechinger and Gorr, 2017).
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Figure1 The selective mechanism of antimicrobial peptide between animal and bacterial membrane. On the bacterial cell's
outermost surface, the negatively charged lipopolysaccharides or teichoic acid interact strongly with the positively
charged AMPs. (adapted from Mahlapuu et al., 2016; Kumar et al., 2018).
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Figure2  The scanning electron micrograph of AMPs on E. coli (A) and boar sperm morphology (B-C). E. coli with ruptured cell
surface after incubation with PA-13 at 15.625 ng/mL (white arrow) (A). The abnormal (red arrow) and normal (blue arrow)
boar sperm were stored in a semen extender supplemented with BiF2_5K7K (C). The non-antibiotic semen extender
incubation showed anomalies on the sperm's head (red arrow) and attracted bacteria (white arrow) (D). The antibiotic-
treated semen extender presented normal boar sperm morphology (blue arrow) (B).
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Figure3  The action of membrane-active AMPs, including barrel-stave, toroidal, and carpet models (adapted from Pushpanathan

et al., 2013; Mahlapuu et al., 2016; Kumar et al., 2018).

One of the most important ideas in selecting the most
effective  AMPs is  the  structure-activity
relationship (Yeaman and Yount, 2003). An example of
the relationship between the charge and conformation
of antimicrobial peptides is shown in Figure 5. AMPs
that have a positive electrical charge and are localized
on the same side of the helical wheel exhibit varying
levels of bactericidal performance (Klubthawee et al.,
2020).

Generally, it is understood that using AMPs would
not cause widespread resistance due to their mode of
action. Compared to antibiotics, the development of
antimicrobial resistance is less probable (Assoni et al.,
2020). However, there remains a potential for bacterial
resistance, as indicated by Bechinger and Gorr (2017).
The development of bacterial resistance may be
impeded by the capability of individual AMPs to
interact with multiple targets or multiple AMPs to
interact with a single target (Bechinger and Gorr, 2017).
A primary mechanism enabling bacterial survival
involves the modification of the bacterial surface
charge (Andersson et al., 2016). Presently, the
development of AMPs-resistant pathogens cannot be
definitely predicted (Schulze et al., 2016). In order to
design AMPs that have the opportunity to be effective
antimicrobial agents, it was important to understand
the possibility of AMP resistance mechanisms
(Guilhelmelli et al., 2013).

Application AMPs in boar semen
preservation

Boar semen can be contaminated by bacteria, which
are usually found in the boar reproductive tract or
during semen collection (Pezo et al., 2019). To prevent
the previously mentioned problem, semen extenders
can be supplemented with antibiotics or other
antimicrobial agents, including AMPs. The
antimicrobial additive must show characteristics as

follows: broad-spectrum activity, non-cytotoxicity
(dose- and time-dependent toxic), no effect on fertility,
high stability, ease of use, and low cost, and decreasing
antimicrobial resistance by target cells (Figure 6)
(Schulze et al., 2015; 2016; Li et al., 2018; De Mandal et
al., 2021). Additionally, because of these characteristics,
itisimportant to perform an extended study to identify
the optimal concentration of each kind of AMP for use
in practice in the Al unit. Consequently, AMP use is not
yet widespread (Keeratikunakorn et al, 2023¢).
However, occasionally, the quality of semen wasn't
impacted by low concentrations of bacteria in boar
semen. However, it's additionally critical to consider
the possibility of endometritis from using boar semen
contaminated with bacteria (Constinar et al., 2021). For
the most effective outcomes, using AMPs to minimize
the number of bacteria should be performed in
conjunction with extremely thorough hygiene
management (Ros-Santaella et al., 2024). According to
the examination of three AMPs (A-11, AP19, and PA-
13) on bacteria that were isolated from fresh boar
semen. The growth of Gram-negative bacteria, which
include E. coli, P. aeruginosa, and P. mirabilis, was
inhibited by these three AMPs (Keeratikunakorn et al.,
2024a<). Especially PA-13, this AMP can inhibit E. coli
carrying antibiotic-resistant genes (mcr-3 and intl)
(Keeratikunakorn et al., 20242). However, the efficacy of
PA-13 was concentration-dependent; an excessive
concentration may decrease PA-13's ability to kill
bacteria due to the electrostatic repulsion, which leads
the antimicrobial peptides to attach to the bacterial
membrane less effectively (Lépez Cascales et al., 2018;
Keeratikunakorn ef al., 20242). Similar to gentamicin,
both AMPs (A-11 or AP-19) were able to limit bacterial
growth in boar semen for Al for 24 hours after storage
at 18°C when combined with a boar semen extender,
but the use of gentamicin can control the growth of
bacteria during 3-4 days of storage (Keeratikunakorn et
al., 2024b<). Although AMPs are an effective alternative
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to antibiotics for boar semen extenders, not all AMPs
are spermatozoa safe. For example, Nisin is a cationic
AMP that shows spermicidal activities and
immobilizes spermatozoa. Therefore, Nisin is tested
for developing contraceptives in humans (Aranha et al.,
2003). Sancho et al. (2017) investigated the effect of
antimicrobial peptide protegrine 1 (PG 1) on boar
semen and found that PG 1 can reduce the bacterial
count in boar semen stored at 17°C. Unfortunately, the
PG 1 treated group had lower sperm viability as
compared to the control group. In contrast, the boar
sperm quality remained maintained following
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incubation with 15.625-62.50 pg/mL of BiF2_5K7K at
18°C, especially in terms of total and progressive
motility during 3 days of incubation. Furthermore, it
was discovered that BiF2_5K7K protects against
bacterial damage to the morphology of the boar sperm
(Figure 2B-D) (Keeratikunakorn et al., 2024%). Similarly
to the effects of A-11 and AP19, the optimal
concentrations for boar sperm quality during storage
at 18°C for 3 days were 15.625-62.5 and 15.625-31.25
ug/mL, respectively (Keeratikunakorn et al., 2024¢).

Figure4  The relationship between charge, conformation, polar angle, hydrophobicity, and amphipathicity for the AMP structure.
The ideal AMP efficacy is shown as a pink circle (adapted from Yeaman and Yount, 2003).
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Figure5 The graphic demonstrates the relationship between the charge and conformation of four AMPs, including PA-13, A-11,
AP19, and BiF2_5K7K, with the helical wheel projections. The structure and order of amino acids affect the distribution of
electric charges, causing variations in antibacterial efficiency, as demonstrated by a helical-wheel diagram of AMPs.

Figure 6  The optimal characteristic of AMPs for boar semen extender supplementation.

The synthetic cyclic hexapeptides, c-WWW and c-
WEW, are cationic AMPs that can inhibit two Gram-
positive and eleven Gram-negative bacterial growth in
liquid boar semen preservation, such as E. coli and
Staphylococcus aureus, but not for Proteus spp. (Speck et
al., 2014; Schulze et al., 2016). According to previous

reports, semen extenders supplemented with cationic
AMPs, showing antibacterial activity —without
damaging boar spermatozoa, can be used for Al after
being stored at 16°C (Schulze et al., 2014). Furthermore,
the use of cationic AMPs has the potential to lower the
concentration of antibiotics in semen extenders
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(Schulze et al., 2014). At its optimal concentration of 4
M, c-WFW can be combined with 16 pg/mL of
gentamicin. This combination effect is similar to
gentamicin at a concentration of 250 pg/mL (Schulze et
al., 2014). It is worth noting that AMPs and antibiotics
may be combined to minimize the adverse effects of an
excessively high AMP concentration on boar sperm
and its high cost compared with antibiotics. It has been
shown in liquid-stored boar semen that a combination
of 0.16 g/L epsilon-polylysine (e-PL) and 0.125 g/L
gentamicin resulted in sperm qualities the same as
when adding 0.25 g/L gentamicin alone (Shaoyong et
al., 2019). Additionally, it has been reported that
combining more than two types of AMPs could
effectively inhibit the growth of multiple drug-
resistant bacteria (Santos et al., 2022).

Porcine myeloid antimicrobial peptide 37 (PMAP-
37) at a concentration of 3 ptM was one interesting
choice for replacing the common antibiotic in boar
semen extenders (Bussalleu et al., 2017). Comparing
this AMP to kanamycin supplemented in BTS semen
extender, PMAP-37 can inhibit bacterial growth and
showed less impact on sperm motility and viability
after 10 days of storage at 17°C than PMAP-36, the
porcine myeloid antimicrobial peptide and PR-39, the
proline-arginine-rich antimicrobial peptide, (Bussalleu
et al., 2017). The latter PR-39 can be isolated from the
porcine small intestine and also from the blood of pigs
(Yu et al., 2010).

Beta-defensins are a large family of AMPs that have
antimicrobial activity (Kalita, 2015; Avila, 2017). Some
beta-defensins are highly expressed in the male
reproductive tissue of vertebrates and localized in
sperm cells (Avila, 2017). It has been reported that
porcine beta-defensins-1 (PBD1) and-2 (PBD2) can be
used at a concentration of 3 pM in the antibiotic-free
extender in order to control bacterial growth and have
no negative effect on sperm quality (Puig-Timonet ef
al., 2018); however, they did not study the effect on
gilt/sow reproductive performance (Puig-Timonet et
al., 2018). Recently, Keeratikunakorn et al. (2024b)
reported that the BiF2_5K7K at a concentration of 31.25
pg/mL inhibited the growth of bacteria in diluted boar
semen and stored at 18 °C without adding antibiotic.
Moreover, it was also found that there was no effect on
semen quality and reproductive performance of sows
after Al in a commercial pig farm. More research is
necessary to determine the mechanism by which the
specific antimicrobial peptides may affect the sow's
reproductive performance (Keeratikunakorn et al.,
2024b). Generally, it is understood that using AMPs on
farms, however, requires careful investigation,
especially in terms of the possible impact on the
environment and the development of bacteria resistant
to AMPs (Naiel et al., 2023).

Conclusion

AMP is a novel antimicrobial agent that can either
reduce or replace the use of antibiotics to solve
antimicrobial resistance in pig farms. The
supplementation of AMPs in boar semen extenders has
been studied, and its effect of controlling bacterial
growth has no negative effect on spermatozoa. It also
has a promising fertility test in pig farms. In order to
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reduce non-rational antibiotic use in pig farms, future
research on AMPs should focus on selecting the best
AMP and whether to use it as a single or cocktail AMP.
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