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Editorial

Antimicrobial Peptides: An Emerging Hope in the Era of New
Infections and Resistance
Piyush Baindara

Animal Science Research Center, Division of Animal Sciences, University of Missouri, Columbia, MO 65211, USA;
piyush.baindara@gmail.com

Recently, antimicrobial peptides (AMPs) have garnered significant attention as a viable
alternative to traditional antibiotics. AMPs are naturally occurring important elements of
the host defense system that are functional across all biological domains, from prokaryotes
to eukaryotes [1]. AMPs are powerful antimicrobial agents exhibiting a wide range of
biological activity against infectious and pathogenic entities, including bacteria, fungi,
viruses, and parasites [2]. Furthermore, the immuno-modulatory and potential anticancer
properties of AMPs have been well reported [3].

Interestingly, AMPs are extremely diverse, thus leading to endless possibilities for
new variants. The human gut microbiota is one such example of a complex system that is
vital to human health due to its diversity and dynamic competition [4]. Notably, gut AMPs
work synergistically with other gut microbiota and antimicrobials to maintain gut home-
ostasis. Additionally, gut AMPs are evolving under complicated and highly synergistic
co-evolutionary pressure developed by interactions between various competitive micro-
biota and their respective AMPs [5]. The synergistic actions of gut AMPs with conventional
antibiotics have been suggested as a key weapon to fight against multi-antibiotic-resistant
bacteria [6]. In a recent study, Pandey et al. reported multi-antibiotic resistance in different
Vibrio species recovered from environmental water samples [7]. This suggests that antibi-
otic disposal in the environment is also triggering the emergence of drug resistance not
only competition or direct antibiotic intake.

AMPs have been considered one of the potential alternatives to fight against multi-
drug-resistant bacteria, and several are undergoing clinical trials [8]. Similarly, a new
AMP, NNS5-6, produced by mangrove bacteria Paenibacillus thiaminolyticus NNS5-6, has
displayed antimicrobial activity against drug-resistant Pseudomonas aeruginosa and Klebsiella
pneumonia [9]. Furthermore, recombinant mussel adhesive proteins fused with functional
peptides (MAP-FPs) have been characterized and exhibit specific activity against Gram-
negative bacteria such as Escherichia coli, Salmonella typhimurium, and K. pneumonia [9].
Notably, MAP-FPs were found to be nontoxic against mammalian cell lines, suggesting
they are suitable candidates for therapeutic applications.

Natural AMP-inspired synthetic peptides are one strategy to achieve highly efficient
AMPs with low toxicity to combat drug-resistant pathogens in therapeutic settings [10].
Additionally, synthetic peptides and their truncated forms facilitate the easy examination
and characterization of antimicrobial efficacy to design better AMPs against drug-resistant
pathogens [11]. In a recent study, Meier et al. examined and demonstrated the antimicrobial
potential of a synthetic peptide, C18G, and its several truncated forms using model lipid
membranes and vesicles. The findings suggest that peptide length and ensuing hydropho-
bic matching are critical factors to consider in the evolution and design of membrane-
disrupting AMPs [12]. Moreover, Keeratikunakorn et al. synthesized a natural AMP,

Antibiotics 2025, 14, 546 https://doi.org/10.3390/antibiotics14060546
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BiF2_5K7K, using amino acid substitution based on residue composition and distribution.
BiF2_5K7K displayed superior activity against both Gram-positive and Gram-negative
bacteria isolated from boar semen and sow vaginal discharge. Interestingly, BiF2_5K7K
treatment achieved a superior pregnancy and farrowing rate in an artificial insemination
test at a pig farm [13]. Similarly, synthetic AMPs A-11 and AP19 were reported to restrict
the growth of Gram-negative bacteria isolated from fresh and stored boar semen at 18 ◦C
while not harming sperm motility, acrosomal integrity, and viability [14]. Overall, syn-
thetic AMPs, BiF2_5K7K, A-11, and AP19 could be potential alternatives to conventional
antibiotics for use in boar semen extenders.

Other than direct antimicrobial activity, AMPs engage in immunomodulatory activ-
ities, thus shaping the outcomes of antimicrobial therapies. Finkina et al. reported the
immunomodulatory effects of a tobacco defensin, NaD1, on human macrophages, dendritic
cells, and bold monocytes. Also, NaD1 could induce both pro-inflammatory and anti-
inflammatory cytokines, suggesting its possible potential for therapeutic applications [15].
Another synthetic AMP, MV6, showed synergistic interactions and an aminoglycoside
netilmicin. Interestingly, MV6 lacks intrinsic antimicrobial activity; however, it reduces
mutant prevention concentration of an aminoglycoside netilmicin against Acinetobacter bau-
mannii when used synergistically [16]. Conclusively, the development of synthetic AMPs
based on natural AMPs or by using special algorithms has the potential to generate more
efficient and specific AMPs to fight the battle against drug resistance. Slavokhotova et al.
developed an algorithm for the prediction of α-hairpins based on characteristic motifs con-
taining four or six cysteines. There were more than 2000 putative α-hairpins predicted, and
the authors concluded that AMPs containing six cysteines had more potent antimicrobial
activity than the AMPs with four cysteines [16]. Interestingly, AMPs containing cysteine
motifs are evolutionarily conserved in all domains of life, ranging from prokaryotes to
eukaryotes, which also suggests a potential evolutionary link and role with antimicrobial
efficacy [17–19].

In conclusion, AMPs are promising drug candidates to combat drug-resistant
pathogens. Notably, 12 peptide-based drugs with potential antimicrobial or antifungal
properties have been approved by the US Food and Drug Administration (FDA) since
1955. As of now, several AMPs are undergoing clinical trials targeting drug-resistant
pathogens [8]. Interestingly, rezafungin (a novel systemic antifungal), an echinocandin
and a class of cyclic lipopeptides, was approved by the FDA in March 2023 [20]. Overall,
AMPs are an emerging hope in the era of new infections and drug resistance (Figure 1).
AMPs provide endless opportunities to discover new peptides, especially in the case of
bacterial AMPs [21,22]. As bacterial diversity is wide, there are significant possibilities to
discover new AMPs; in fact, more than 99% of bacterial diversity is still unexplored [23].
Additionally, complex biological systems such as skin, the lungs, and gut microbiota are
highly competitive environments that have favorable conditions for the production of
new AMPs [24–26]. Also, recent scientific advances along with artificial intelligence (AI)
have contributed exceptionally to the discovery of novel unexplored AMPs from different
domains of life, including the extinct ones [27,28]. Recently, AMPs have been extensively
explored as an alternative to conventional antibiotics for therapeutic applications; however,
there is a long way to go before AMPs can be fully adopted in clinical settings, as there are
many unanswered questions about AMPs that require further detailed study [29].
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Figure 1. AMPs combating drug resistance and infection.

• How do AMPs selectively target microbes over host cells? Can this selectivity be
manipulated synthetically?

• How do the AMP producers maintain self-immunity?
• Is it possible to develop resistance against AMPs? If so, what are the AMP resistance

genes and what is the global prevalence? Can it be transferred horizontally like
conventional antibiotics?

• How do repeated AMP treatments influence microbial diversity?
• How does AMP treatment influence pro- and anti-inflammatory immune response?
• What signaling pathways are activated upon AMP–host cell interactions?
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Review

FDA-Approved Antibacterials and Echinocandins
Othman Al Musaimi 1,2

1 School of Pharmacy, Newcastle University, Newcastle upon Tyne NE1 7RU, UK;
othman.almusaimi@newcastle.ac.uk

2 Department of Chemical Engineering, Imperial College London, London SW7 2AZ, UK

Abstract: Since 1955, a total of 12 peptide-based drugs with antimicrobial or antifungal
properties have received approval from the Food and Drug Administration (FDA). Peptides
present a promising opportunity to address serious infections that may be challenging to
manage through other means. Peptides exhibit the capability to leverage various mecha-
nisms, and in some cases, multiple mechanisms are employed for this purpose. Despite the
initial approval dating back to 1955, the FDA recently approved an echinocandin peptide
just last year. The ongoing approvals underscore the significance of peptides in addressing
ongoing medical challenges. Approximately 22 peptide therapeutics with an antibacterial
and antifungal spectrum are currently undergoing various phases of clinical trials, showing
promising results. In this review, antimicrobial and antifungal peptides are analyzed in
terms of their chemical structure, indication, mode of action, and development journey,
concluding with their arrival in the pharmaceutical market.

Keywords: peptides; pharmaceuticals; FDA; antimicrobial; echinocandin; bacteria; fungus

1. Introduction
The extraordinary growth in the global pharmaceutical industry has now spread to

include peptides [1]. Thanks to their tolerable safety profile, biocompatibility, biodegrad-
ability, and specificity, they are considered an appealing class of drugs. They have been
incorporated in various medical fields, including cardiology [2], oncology [3], wound
treatment, and others [4,5]. Therapeutic peptides are well suited to address existing unmet
medical challenges, making them excellent complements and sometimes more prefer-
able alternatives to small molecules and very large biologics [6]. With their medium size
(500–5000 Da) [7], peptides possess a substantial binding footprint for interacting with
therapeutic targets, often outperforming small molecules. This allows them to bind to cell
surface receptors and act through agonism/antagonism mechanisms [8]. Additionally,
peptides can exert their biological effects through direct translocation into cells, surpassing
the capabilities of large biologics [9,10]. Peptides are utilized as targeted therapy to deliver
a range of payloads to their therapeutic targets, encompassing small molecules, peptides,
and large proteins [3,7,11,12]. A well-known example of a commonly administered pep-
tide is insulin [13]. At present, there are around 120 peptide drugs on the global market,
and research into new peptide therapeutics continues at a steady pace, with more than
150 peptides in clinical development and another 400–600 peptides undergoing preclinical
studies [14]. These new medicines require pharmaceutical companies to adopt new syn-
thetic strategies to deliver these peptide therapeutics more effectively and in a green and
sustainable fashion wherever possible [15].

The UK pharmaceutical industry, valued at USD 53 billion annually, accounts for
2.6% of the global pharmaceutical market. Peptides, monoclonal antibodies, and oligonu-

Antibiotics 2025, 14, 166 https://doi.org/10.3390/antibiotics14020166
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cleotides constitute the three largest and fastest-growing classes of new biotherapeutic
products under development. Projections indicate that the peptide therapeutic market will
expand from USD 38 billion to USD 106 billion between 2023 and 2033, with a compound
annual growth rate (CAGR) of 10.8% [16]. Over the last five years, the FDA has approved
23 peptides for a range of applications, including therapeutic, diagnostic, and, in some
instances, theranostic uses, representing almost half of the approvals seen in the previous
decade [1,17]. This indicates a growing prominence of peptides, with expectations to secure
a significant share by 2030, potentially surpassing the threshold of 60 approvals.

Antimicrobial peptides (AMPs) typically comprise 10–50 amino acid residues, and
are found in a variety of organisms, including plants (e.g., Brassica species) [18], insects
(e.g., fruit fly Drosophila melanogaster) [19], amphibians (e.g., African clawed frog Xenopus
laevis) [20], and mammals (e.g., humans Homo sapiens) [21]. They exhibit a wide range of
effectiveness against various microbes including bacteria, viruses, and fungi [22–24]. The
existing antibiotic regimen has been excessively utilized and is now confronted with the
challenge of microbial resistance [22]. The surge in multidrug-resistant (MDR) bacteria has
resulted in increased infections and higher mortality rates, and poses a significant threat to
global health [25,26]. Hence, the advancement of various strategies to counter infections
is steadily underway. Antimicrobial peptides (AMPs) have undergone extensive research
and demonstrate promising potential as antibiotics [27,28]. The primary advantage of
AMPs lies in their distinct mode of action, specifically their ability to interact with microbial
membranes and distinguish between host and pathogenic cells [29]. Their antimicrobial
properties and selectivity enable them to effectively target and eliminate bacteria within
mixed cultures. A key reason for their antimicrobial efficacy and safety is that mammalian
cells typically feature neutral zwitterionic phospholipid-containing bilayer membranes,
which lack electrostatic attraction to AMPs. Additionally, the higher cholesterol content in
mammalian cells provides another basis for differentiation from bacterial cells [30]. Lipids
and proteins form the phospholipid bilayer, the core structure of cell membranes. Phos-
phatidylcholine (PC) and phosphatidylethanolamine (PE) are typically uncharged, while
phosphatidylserine (PS), cardiolipin (CL), and phosphatidylglycerol (PG) are negatively
charged. PS, CL, and PG are common in bacterial pathogens but rare in mammalian mem-
branes, where PC and PE dominate. Eukaryotic membranes contain sterols like cholesterol
(mammals) and ergosterol (fungi), which are scarce in prokaryotes. Gram-negative bacteria
have lipopolysaccharide (LPS), and Gram-positive bacteria have lipoteichoic acid, both
adding negative charges. In fungi, negative charges come from phosphomannan and
components like phosphatidylinositol (PI), PS, and diphosphatidylglycerol (DPG) [31,32].

Resistance mechanisms observed against traditional antibiotics like β-lactams, amino-
glycosides, quinolones, and fluoroquinolones are ineffective against AMPs. Consequently,
AMPs hold promise for treating infections caused by antibiotic-resistant microbes [33,34].
Moreover, the mode of action of AMPs on microbial membranes suggests that microbial
resistance to AMPs is challenging to develop. Microbes would potentially need to undergo
significant restructuring of their cell membranes to acquire resistance. Given that such
reorganization would require changes to enzymes across various pathways, the likelihood
of rapid adaptation leading to resistance is low.

This review aims to provide insights into FDA-approved analogs of antimicrobial pep-
tides and echinocandins. The analysis will encompass their chemical structures, indications,
mode of action, administration routes, development journey, and adverse effects.

2. Antimicrobial Peptides (AMPs)
The FDA has granted approval for seven antimicrobial peptides, categorized as com-

mon peptide structures, glycopeptides (containing glycosylated cyclic or polycyclic pep-
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tides), lipopeptides (containing a lipid (fat) component), and lipoglycopeptides (combining
features of both lipids (fats) and glycopeptides) (Table 1).

Table 1. FDA-approved peptide-based antibiotics.

Peptide
(Trade Name) Indication Therapeutic Target Route

FDA
Approval

Year

Common peptide structure

Gramicidin D
(Neocidin)

To treat infected surface wounds, and eye, nose,
and throat infections

Bacterial
membranes

Lotion or
ointment 1955

Glycopeptides

Vancomycin
(Vancocin)

IV: to treat septicemia, infective endocarditis,
skin and skin structure infections, bone

infections, and lower respiratory tract infections
Orally: to treat clostridioides difficile-associated

diarrhea and enterocolitis caused by
Staphylococcus aureus (including

methicillin-resistant strains)

D-alanyl-D-alanine
moieties

IV and
orally 1958

Lipopeptides

Colistin
(Coly-Mycin M)

To treat infections due to MDR
Gram-negative bacteria

Lipopolysaccharide
(LPS) IV 1959

Daptomycin
(Cubicin)

For skin and skin structure infections caused by
Gram-positive infections

Bacterial
membranes IV 2003

Lipoglycopeptides

Telavancin
(Vibativ)

To treat the following infections in adult
patients: complicated skin and skin

structure infections

D-alanyl-D-alanine
moieties IV 2013

Dalbavancin
(Dalvance)

To treat acute bacterial skin and skin structure
infections (ABSSSIs)

D-alanyl-D-alanine
moieties IV 2014

Oritavancin
(Kimyrsa)

To treat adult patients with acute bacterial skin
and skin structure infections

D-alanyl-D-alanine
moieties IV 2015

IV, intravenous; LPS, lipopolysaccharide; MDR, multidrug-resistant.

Glycopeptides consist of a peptide and a sugar unit, with varied classes determined
by substituents and the type of residues at positions 1 and 3 of the heptapeptide [35].
These peptides are used in the treatment of severe infections caused by methicillin-resistant
Staphylococcus aureus (MRSA) or Enterococcus bacteria resistant to β-lactams and other
antibiotics. Notably, they operate independently of penicillin-binding proteins (PBPs),
enabling them to overcome the PBP mutations responsible for MRSA’s resistance to
β-lactams.

Several antimicrobial agents are currently undergoing different phases of clinical
trials (Figure 1) [36]. Cresti and colleagues have provided a concise overview of AMPs
progressing through various clinical phases [37].

AMPs can be categorized as membrane-acting or non-membrane-acting. Membrane-
acting AMPs primarily target anionic microbial membranes, leading to disruptions in
the membrane structure, whereas non-membrane-acting peptides facilitate membrane
translocation without causing membrane destruction (Figure 2) [38]. The membrane-
targeting mechanisms of AMPs can be explained using various models, such as the carpet
model and the pore model. The pore model can be further categorized into the toroidal
pore and barrel-stave models. AMPs enter cells through direct penetration or endocytosis.

7
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Once inside the cytoplasm, they identify and interact with specific targets. Based on these
targets, AMPs can be categorized into distinct groups [39]. Enninful et al. has extensively
detailed the major mechanisms of AMP–membrane interactions [40].
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Figure 2. General mechanism of action of AMPs. Lipopeptides disrupt the bacterial cell membrane
through electrostatic interactions between their positively charged amino acid residues and the
negatively charged membrane components. Glycopeptides and lipoglycopeptides inhibit cell wall
synthesis by binding to the tetrapeptide motif, preventing its involvement in peptidoglycan synthesis.
Created with www.biorender.com (accessed on 19 January 2025).

Glycopeptides exert their inhibitory effect on cell wall biosynthesis by binding to
tetrapeptide chains, hindering their linkage by the PBP enzyme. Specifically, they bind
to the D-Ala-D-Ala terminus of N-acetylmuramic acid (NAM) and N-acetylglucosamine
(NAG) peptides, preventing their incorporation into peptidoglycan, a crucial component of
the cell wall (Figure 2).

2.1. Gramicidin D (Neocidin)

Gramicidin D is a 15-mer linear acid peptide, and it is composed of a heterogeneous
mixture of three pore-forming peptides, A (80%), B (5%), and C (15%) (Figure 3) [41,42]. Gram-
icidin D is used to treat infected surface wounds, as well as eye, nose, and throat infections.

Gramicidin D exhibits a robust binding affinity towards cell membranes, particularly
targeting the membranes of Gram-positive bacteria. This interaction disrupts and per-
meabilizes the membrane, serving as a channel. Consequently, a cascade of detrimental
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effects ensues, including (i) depletion of intracellular solutes such as K+ and amino acids;
(ii) dissipation of the trans-membrane potential; (iii) inhibition of respiration; (iv) reduction
in ATP pools; and (v) interference with DNA, RNA, and protein synthesis, ultimately
leading to cell death (refer to the colistin mechanism of action, Section 2.3).

Antibiotics 2025, 14, x FOR PEER REVIEW 5 of 20 
 

2.1. Gramicidin D (Neocidin) 

Gramicidin D is a 15-mer linear acid peptide, and it is composed of a heterogeneous 
mixture of three pore-forming peptides, A (80%), B (5%), and C (15%) (Figure 3) [41,42]. 
Gramicidin D is used to treat infected surface wounds, as well as eye, nose, and throat 
infections. 

 

Figure 3. Chemical structure of gramicidin D. 

Gramicidin D exhibits a robust binding affinity towards cell membranes, particularly 
targeting the membranes of Gram-positive bacteria. This interaction disrupts and perme-
abilizes the membrane, serving as a channel. Consequently, a cascade of detrimental ef-
fects ensues, including (i) depletion of intracellular solutes such as K+ and amino acids; 
(ii) dissipation of the trans-membrane potential; (iii) inhibition of respiration; (iv) reduc-
tion in ATP pools; and (v) interference with DNA, RNA, and protein synthesis, ultimately 
leading to cell death (refer to the colistin mechanism of action, Section 2.3). 

In 1939, gramicidin was initially discovered in the soil bacterium Bacillus brevis [43]. 
In 1964, the sequence of gramicidin A was elucidated by Reinhard Sarges and Bernhard 
Witkop [44,45]. Gramicidin was approved by the FDA in 1955. Gramicidin D is not ad-
ministered intravenously/systemically due to the risk of hemolysis, where significant in-
take may lead to the rupture of red blood cells. Therefore, it is typically used in the form 
of a lotion or ointment. Side effects may include redness, burning, stinging, or itching of 
the eye or ear, as well as blurred vision. 

2.2. Vancomycin (Vancocin) 

Vancomycin is a tricyclic glycopeptide antibiotic originally derived from the organ-
ism Streptococcus orientalis (Figure 4). When administered intravenously, it is used to treat 
conditions such as septicemia, infective endocarditis, skin and skin structure infections, 
bone infections, and lower respiratory tract infections. When administered orally, it is 
used to treat clostridioides difficile-associated diarrhea and enterocolitis caused by Staph-
ylococcus aureus, including strains that are methicillin-resistant [46]. 

Vancomycin forms hydrogen bonds with the terminal D-alanyl-D-alanine moieties 
present in the NAM and NAG peptide subunits (Figure 5). This interaction hinders their 
integration into the peptidoglycan matrix, the primary structural element of Gram-posi-
tive cell walls. As a result, the antibiotic disrupts cell wall synthesis, causing changes in 
bacterial–cell–membrane permeability and impeding RNA synthesis [46]. 

Figure 3. Chemical structure of gramicidin D.

In 1939, gramicidin was initially discovered in the soil bacterium Bacillus brevis [43].
In 1964, the sequence of gramicidin A was elucidated by Reinhard Sarges and Bernhard
Witkop [44,45]. Gramicidin was approved by the FDA in 1955. Gramicidin D is not
administered intravenously/systemically due to the risk of hemolysis, where significant
intake may lead to the rupture of red blood cells. Therefore, it is typically used in the form
of a lotion or ointment. Side effects may include redness, burning, stinging, or itching of
the eye or ear, as well as blurred vision.

2.2. Vancomycin (Vancocin)

Vancomycin is a tricyclic glycopeptide antibiotic originally derived from the organism
Streptococcus orientalis (Figure 4). When administered intravenously, it is used to treat
conditions such as septicemia, infective endocarditis, skin and skin structure infections,
bone infections, and lower respiratory tract infections. When administered orally, it is used
to treat clostridioides difficile-associated diarrhea and enterocolitis caused by Staphylococcus
aureus, including strains that are methicillin-resistant [46].
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Figure 4. Chemical structure of vancomycin. CID. 14969.

Vancomycin forms hydrogen bonds with the terminal D-alanyl-D-alanine moieties
present in the NAM and NAG peptide subunits (Figure 5). This interaction hinders their
integration into the peptidoglycan matrix, the primary structural element of Gram-positive
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cell walls. As a result, the antibiotic disrupts cell wall synthesis, causing changes in
bacterial–cell–membrane permeability and impeding RNA synthesis [46].
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blocking peptidoglycan synthesis in Gram-positive bacteria. This disrupts cell wall formation, alters
membrane permeability, and inhibits RNA synthesis, leading to bacterial cell death. Created with
www.biorender.com (accessed on 19 January 2025).

Zhejiang Novus Pharmaceuticals developed vancomycin, and it received FDA ap-
proval in 1958 [46]. Vancomycin can be administered both orally and intravenously, with
associated side effects such as acute kidney injury, hearing loss, neutropenia, anaphylaxis,
and vancomycin infusion reaction. The predominant adverse reactions observed with oral
administration include nausea, abdominal pain, and hypokalemia [46].

2.3. Colistin (Coly-Mycin M)

Colistin is a 10-mer lipopeptide, a polymyxin antibiotic. It comprises three parts,
hydrophobic acyl tail, linear tripeptide, and hydrophilic heptapeptide (Figure 6) [47].
Colistin is used for the treatment of infections caused by MDR Gram-negative bacteria [48].

The mechanism entails the interaction between the cationic cyclic segment of colistin
and the anionic lipopolysaccharide (LPS) molecules, resulting in the displacement of Mg2+

and Ca2+ ions from the outer cell membrane of Gram-negative bacteria. Consequently, this
interaction induces permeability changes in the cell envelope, ultimately leading to the
leakage of cellular contents (Figure 7) [49].

Colistin was developed by JHP Pharmaceuticals and received FDA approval in
1959 [49]. Colistin is administered intravenously and may entail side effects such as
gastrointestinal upset, tingling of extremities and tongue, slurred speech, dizziness, vertigo,
paresthesia, generalized itching, urticaria, rash, and fever [48].
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Polymyxin B and colistin both belong to the polymyxin class, and they are used for
similar indications. Polymyxin B received FDA approval in 1964 [50]. Polymyxin B can be
administered via several routes including intramuscular, intravenous drip, intrathecal, or
ophthalmic use. However, it is associated with various adverse effects such as nephrotox-
icity (kidney damage), neurotoxicity (nerve damage), drug fever, urticarial rash (hives),
and pain at injection sites. Thrombophlebitis (inflammation of veins) can also occur at
intravenous injection sites [50].
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2.4. Daptomycin (Cubicin)

Daptomycin is a cyclic lipopeptide, derived from the fermentation of Streptomyces
roseosporus (Figure 8). Daptomycin is used for the treatment of skin and skin struc-
ture infections caused by Gram-positive bacteria, S. aureus bacteremia, and right-sided
S. aureus endocarditis.
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Daptomycin operates through a distinct mechanism of action by binding to bacterial
membranes, inducing rapid depolarization of their potential through ion leakage [51]. This
action leads to the inhibition of protein, DNA, and RNA synthesis, ultimately resulting
in bacterial death (Figure 9) [52,53]. Huang conducted a more in-depth exploration to
elucidate its distinctive mechanism [54]. Daptomycin forms a Dap2Ca3PG2 complex in the
membrane, acting as a transient ionophore. It binds and releases ions at the membrane
boundary, facilitating ion transport from high to low concentrations. Mobility is key
to its function, with only small dimeric complexes likely acting as ionophores. Over
time, daptomycin aggregates grow, eventually exiting the membrane in a lipid-extracting
effect [55], supporting its transient ionophore role [54].
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Figure 9. Daptomycin mechanism of action. Daptomycin binds bacterial membranes, causing
depolarization through ion leakage, which inhibits protein, DNA, and RNA synthesis, leading to cell
death. Created with www.biorender.com (accessed on 19 January 2025).

Daptomycin was first discovered by in 1980s by researchers at Eli Lilly and company in
soil samples from Mount Ararat in Turkey [53]. Subsequently, it was developed by Cubist
Pharmaceuticals and obtained FDA approval in 2003 [56]. Daptomycin is administered
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intravenously and may elicit adverse effects such as anemia, anxiety, asthenia, constipation,
diarrhea, dizziness, fever, flatulence, gastrointestinal discomfort, headache, hypertension,
hypotension, increased risk of infection, insomnia, nausea, pain, skin reactions, and vomit-
ing [52].

2.5. Telavancin (Vibativ)

Telavancin is a 7-mer lipoglycopeptide, derived from vancomycin. It consists of a
lipophilic side chain (decylaminoethyl) attached to an amino sugar, and a hydrophilic
moiety (phosphonomethyl aminomethyl) at the 4′-position of amino acid 7, anchored to a
vancosamine sugar (Figure 10). Telavancin is used in the treatment of various infections in
adult patients, including complicated skin and skin structure infections (CSSSIs), as well as
hospital-acquired and ventilator-associated bacterial pneumonia (HABP/VABP) caused by
Staphylococcus aureus [57].

Antibiotics 2025, 14, x FOR PEER REVIEW 9 of 20 
 

 

Figure 9. Daptomycin mechanism of action. Daptomycin binds bacterial membranes, causing depo-
larization through ion leakage, which inhibits protein, DNA, and RNA synthesis, leading to cell 
death. Created with www.biorender.com (accessed on 19 January 2025). 

2.5. Telavancin (Vibativ) 

Telavancin is a 7-mer lipoglycopeptide, derived from vancomycin. It consists of a 
lipophilic side chain (decylaminoethyl) attached to an amino sugar, and a hydrophilic 
moiety (phosphonomethyl aminomethyl) at the 4′-position of amino acid 7, anchored to a 
vancosamine sugar (Figure 10). Telavancin is used in the treatment of various infections 
in adult patients, including complicated skin and skin structure infections (CSSSIs), as 
well as hospital-acquired and ventilator-associated bacterial pneumonia (HABP/VABP) 
caused by Staphylococcus aureus [57]. 

 

Figure 10. Chemical structure of telavancin. CID. 3081362. 

Telavancin binds to late-stage peptidoglycan precursors, including lipid II, thereby 
preventing the polymerization of NAM and NAG, as well as the cross-linking of 

NH
OH

O
HN

Cl

O
O

O

HO

HO

HO
O

O
HO

H
HNHN

O
Cl

NH

O
OHN

NH2O
H

HN O

NH

O

OH

O
NH

HO
OH

HN
OH

P OHHO
O

O
OH

Chemical Formula: C80H106Cl2N11O27P
Molecular Weight: 1755.65

Figure 10. Chemical structure of telavancin. CID. 3081362.

Telavancin binds to late-stage peptidoglycan precursors, including lipid II, thereby
preventing the polymerization of NAM and NAG, as well as the cross-linking of peptido-
glycan by binding to D-Ala-D-Ala. This dual action ultimately leads to the inhibition of cell
wall synthesis. Additionally, telavancin binds to the cell membrane, disrupting its function
as a barrier [57,58].

Telavancin was developed by Theravance and received FDA approval in 2013 [59].
Telavancin is administered intravenously and is associated with adverse effects such as
diarrhea, taste disturbance, nausea, vomiting, and discoloration of urine [57].

2.6. Dalbavancin (Dalvance)

Dalbavancin is a semisynthetic lipoglycopeptide consisting of a mixture of five closely
related active homologs (A0, A1, B0, B1, and B2). Among these, component B0 is the
major constituent of dalbavancin. The variations lie in the fatty acid side chain of the
N-acylaminoglucuronic acid moiety (R1) structure and/or the presence of an additional
methyl group (R2) on the terminal amino group (Figure 11). Dalbavancin is used in
the treatment of acute bacterial skin and skin structure infections (ABSSSIs) caused by
designated susceptible strains of Gram-positive microorganisms [60].

Dalbavancin has a mechanism of action similar to vancomycin (Figure 5). It disrupts
cell wall synthesis by binding to the D-alanyl-D-alanine terminus of the stem pentapeptide
in nascent cell wall peptidoglycan. This interaction prevents cross-linking, ultimately
halting the process of cell wall synthesis [60,61].
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Dalbavancin was developed by Durata Therapeutics and received FDA approval in
2014 [62]. Dalbavancin is administered intravenously and may be associated with adverse
effects such as nausea, headache, and diarrhea [60].
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2.7. Oritavancin (Kimyrsa)

Oritavancin is a lipoglycopeptide antibacterial drug that distinguishes itself from
vancomycin through the incorporation of an aromatic lipophilic side chain and an unsub-
stituted sugar (Figure 12). Oritavancin is used in the treatment of adult patients with acute
bacterial skin and skin structure infections caused or suspected to be caused by susceptible
isolates of designated Gram-positive microorganisms [63].
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Figure 12. Chemical structure of oritavancin. CID. 16136912.

Oritavancin exerts its effects through three mechanisms: (i) inhibition of the transg-
lycosylation (polymerisation) step in cell wall synthesis by binding to the stem D-alanyl-
D-alanine peptide of peptidoglycan precursors, (ii) inhibition of the transpeptidation
(cross-linking) step in cell wall biosynthesis by binding to the peptide bridging segments of
the cell wall, and (iii) disruption of bacterial membrane integrity, resulting in depolarization,
permeabilization, and ultimately, cell death [63,64].
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Oritavancin was developed by Melinta Therapeutics and obtained FDA approval in
2015 [65]. Oritavancin is administered intravenously and may be associated with side effects
such as headache, nausea, vomiting, limb and subcutaneous abscesses, and diarrhea [63].

3. Echinocandins Analogs
Echinocandins analogs play a crucial role in targeting and inhibiting β-(1,3)-D-glucan

synthase, specifically at the Fks1p extracellular subdomain [66]. This subdomain is an
integral part responsible for constructing the fungal cell wall [67]. The inability of the
organism to synthesize β-(1,3)-D-glucan results in osmotic instability and eventual cell
death (Figure 13) [68–71].
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These analogs are semisynthetic cyclic lipopeptides exhibiting antifungal activity. They
are acylated with different fatty acids attached to the α-amino group of dihydroxyornithine,
facilitating the attachment of the drug to the cell membrane of the therapeutic target [72].

This class of drugs traces its roots back to 1992 when caspofungin was initially synthe-
sized from pneumocandin B0 and subsequently approved for clinical trials [73]. Since 2001,
the FDA has approved four analogs from this class (Table 2).

Table 2. FDA-approved echinocandin peptide analogs.

Peptide
(Trade Name) Indication Therapeutic Target Route FDA Approval

Year

Caspofungin
(Cancidas) To treat serious fungal infections

β-1,3-D-glucan
synthase IV

2001

Micafungin
(Mycamine)

To help the body overcome serious fungus
infections, such as candidemia 2005

Anidulafungin
(Eraxis)

To treat patients with
esophageal candidiasis 2006

Rezafungin
(Rezzayo)

To treat patients 18 years of age or older
who have limited or no alternative options

for the treatment of candidemia and
invasive candidiasis

2023

IV, intravenous.
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3.1. Caspofungin (Cancidas)

Caspofungin is a cyclic lipopeptide and an echinocandin antifungal agent that func-
tions as a β-1,3-D-glucan synthase inhibitor (Figure 14). Caspofungin is used in the treat-
ment of severe fungal infections, encompassing conditions such as candidemia (fungal
infection in the blood), esophageal candidiasis (fungal infection of the esophagus), other
candida infections, and aspergillosis (fungal infection in the lungs) [74].
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Figure 14. Chemical structure of caspofungin. CID. 16119814.

Caspofungin inhibits β-1,3-D-glucan synthase, thereby halting the production of
β-1,3-D-glucan, a crucial component of fungal cell walls. This disruption compromises the
structural integrity of the fungal cell walls, ultimately impeding fungal growth and leading
to the control of the infection [75].

Caspofungin was developed by Merck Laboratories and became the first within
the echinocandin class to receive FDA approval in 2001 [76]. Caspofungin is admin-
istered intravenously and may be associated with adverse effects such as chills, fever,
phlebitis/thrombophlebitis, tachycardia, nausea, vomiting, rash, abdominal pain, headache,
and diarrhea [74].

3.2. Micafungin (Mycamine)

Micafungin is a cyclic lipopeptide and an echinocandin antifungal agent that acts as a
β-1,3-D-glucan synthase inhibitor. Micafungin is utilized to assist the body in overcoming
severe fungal infections, including conditions such as candidemia (Figure 15) [77].
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Figure 15. Chemical structure of micafungin. CID. 477468.

Micafungin functions by inhibiting β-1,3-D-glucan synthase, disrupting the production
of β-1,3-D-glucan, a crucial component of fungal cell walls. This disruption compromises
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the structural integrity of the fungal cell walls, ultimately leading to the control of the
fungal infection [77,78].

It was developed by Fujisawa Healthcare and received FDA approval in 2005 [79].
Micafungin is administered intravenously and may be associated with adverse effects such
as anxiety, black or tarry stools, bleeding gums, bloating or swelling of the face, arms,
hands, lower legs, or feet, cold sweats, coma, and cool, pale skin. Additionally, micafungin
can lead to a decreased frequency or amount of urine [77].

3.3. Anidulafungin (Eraxis)

Anidulafungin is a cyclic lipopeptide and an echinocandin antifungal agent that
operates as a β-1,3-D-glucan synthase inhibitor (Figure 16). Anidulafungin is used in the
treatment of patients with esophageal candidiasis [75].
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Figure 16. Chemical structure of anidulafungin. CID. 166548.

Anidulafungin inhibits β-1,3-D-glucan synthase, disrupting the production of β-1,3-D-
glucan, which is an essential component of fungal cell walls. This interference compromises
the structural integrity of the fungal cell walls, leading to the control of the fungal infec-
tion [75].

Anidulafungin was developed by Vicuron Pharmaceuticals and received FDA ap-
proval in 2006 [80]. Anidulafungin is administered intravenously, may be associated with
adverse effects including black or tarry stools, chills, decreased urine, fever, increased thirst,
irregular heartbeat, and lower back or side pain. Additionally, anidulafungin might lead to
mood or mental changes [81].

3.4. Rezafungin (Rezzayo)

Rezafungin is a semisynthetic echinocandin antifungal lipopeptide designed for the
treatment of patients aged 18 years or older, particularly those with limited or no alternative
options for managing candidemia and invasive candidiasis. Its structure is analogous to
that of anidulafungin, with the exception that an OH group in the latter is replaced by a
(trimethylammonio)ethoxy moiety in the former (Red) (Figure 17) [82].

Rezafungin functions by inhibiting the 1,3-β-D-glucan synthase enzyme complex
found in fungal cells. This inhibition results in the prevention of the formation of 1,3-β-
D-glucan, a crucial component of the fungal cell wall in various fungi, including Can-
dida species. The disruption of 1,3-β-D-glucan synthesis contributes to the compromised
integrity of the fungal cell wall, ultimately inhibiting fungal growth and aiding in the
treatment of infections [82].

Rezafungin was developed by Cidara Therapeutics Inc., and Melinta Therapeutics
LLC obtained an exclusive license to commercialize it. Rezafungin received FDA approval
in 2023 [83]. Rezafungin is administered intravenously and has demonstrated several
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adverse effects, including hypokalemia, pyrexia, diarrhea, anemia, vomiting, nausea,
hypomagnesemia, abdominal pain, constipation, and hypophosphatemia [82].
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4. Model Architecture and Methodology
Key experimental databases provide detailed functional activity annotations, such

as the Antimicrobial Peptide Database (APD3) (containing 5099 peptides from diverse
sources) [83], dbAMP 2.0 (featuring 26,447 AMPs and 2262 antimicrobial proteins from
3044 organisms) [84], LAMP (with 3904 natural and 1643 synthetic AMPs) [85], and AVPdb
(including 2683 peptides, 624 of which are modified and tested for antiviral activity). These
resources are vital for advancing AMP research and discovery.

Computational methods have emerged as a central focus in bioinformatics, with
machine learning-based approaches playing a key role in the identification of AMPs.
Advanced techniques such as deep learning and feature extraction have been leveraged to
develop numerous models and algorithms, improving the accuracy and efficiency of AMP
prediction. Additionally, optimization methods like genetic algorithms, early linguistic
models, and QSAR-based models have been employed to generate and optimize AMPs,
further advancing their discovery and design [86].

AI methods like CAMPr3, iAMPpred, AmPEPpy, AntiBP2, and CS-AMPPred are
widely used for antimicrobial peptide (AMP) discovery. Machine learning (ML) and
deep learning (DL) techniques, including random forests, neural networks (NNs), Hidden
Markov models, and deep-AMPpred—a two-stage AMP predictor—analyze bacterial phe-
notypic fingerprints to predict mechanisms of action, estimate antibiotic potency, and assess
phenotypic changes. These tools also support the creation of AMP discovery databases,
advancing antibiotic research [87,88].

5. Conclusions
Peptides have played a crucial role in the pharmaceutical arena for almost seven

decades, showcasing their significance. Antimicrobial peptides, for instance, contribute
to combating bacterial infections through diverse mechanisms. Glycopeptides have made
significant strides in treating MRSA by circumventing PBP mutations. Another noteworthy
class, echinocandins, proves effective in treating serious fungal infections. The primary role
of peptides as antimicrobial agents is attributed to their mechanism of action, positioning
them as a last resort in this field. Peptides predominantly target microbial membranes,
thereby circumventing known resistance pathways. Simultaneously, microbes would
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need to undergo a complete restructuring of their membrane to develop resistance to
antimicrobial peptides, an occurrence considered unlikely. Even if resistance were to
emerge, the process would likely require an extended period for development.

Despite reluctance in developing new antimicrobial agents, the FDA’s focus on antibi-
otics reflects the urgency of addressing serious infections. Zevtera, a cephalosporin-based
drug approved in 2024, is now approved for treating bloodstream infections, bacterial skin
and soft tissue infections, and community-acquired bacterial pneumonia, emphasizing the
critical need for innovative solutions [89].

Peptides hold promise through the continuous isolation of new ones exhibiting potent
activity against microbes. Moreover, the diverse structures of peptides enable them to
exploit various mechanisms, making them versatile agents for addressing both bacterial
and fungal infections. In contrast to their small molecule counterparts, peptides can inter-
act with their targets through a larger interface and exert their activity through multiple
synergistic mechanisms. Currently, there are around 22 peptide-based therapeutics that are
undergoing clinical trials across different phases. These peptides have shown promising
results in combating bacterial and fungal infections with a broad spectrum of activity.
Moreover, numerous lasso peptides, such as Microcin J25 (MccJ25) and capistruin, demon-
strate promising activity against antibiotic-resistant bacteria and hold potential for various
applications [90].

Experimental databases, computational tools, and AI-based toolkits are invaluable
resources for identifying, engineering, and delivering AMPs capable of overcoming resis-
tance challenges. In addition, the development of a comprehensive computational tool
capable of analyzing multiple aspects and activities of AMPs will significantly enhance the
discovery of potential AMPs with broad-spectrum capabilities.
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Abstract: Background/Objectives: Acinetobacter baumannii is a globally emerging pathogen with
widespread antimicrobial resistance driven by multiple mechanisms, such as altered expression of
efflux pumps like AdeABC, placing it as a priority for research. Driven by the lack of new treatments,
alternative approaches are being explored to combat its infections, among which efficacy-enhancing
adjuvants can be found. This study presents and characterizes MV6, a synthetic cyclic peptide
that boosts aminoglycoside efficacy. Methods: MV6’s activity was assessed through antimicrobial
susceptibility testing in combination with different antibiotic classes against A. baumannii strains
characterized by PCR and RT-qPCR. PAβN served as a reference efflux pump inhibitor. Synergy
was evaluated using checkerboard assays, and spontaneous mutants were generated with netilmicin
with/without MV6 (100 mg/L). Whole-genome sequencing and variant calling analysis were then
performed. Results: MV6 presented low antimicrobial activity in A. baumannii with MICs higher
than 2048 mg/L. MV6 showed a better boosting effect for aminoglycosides, especially netilmicin,
exceeding that of PAβN. Checkerboard assays confirmed a strong synergy between netilmicin and
MV6, and a significant correlation was found between netilmicin MIC and adeB overexpression, which
was mitigated by the presence of MV6. MV6 reduced, by 16-fold, the mutant prevention concentration
of netilmicin. Mutations in a TetR-family regulator and ABC-binding proteins were found in both
groups, suggesting a direct or indirect implication of these proteins in the resistance acquisition
process. Conclusions: MV6 lacks intrinsic antimicrobial activity, minimizing selective pressure,
yet enhances netilmicin’s effectiveness except for strain 210, which lacks the AdeABC efflux pump.
Resistant mutants indicate specific aminoglycoside resistance mechanisms involving efflux pump
mutations, suggesting synergistic interactions. Further research, including transcriptomic analysis, is
essential to elucidate MV6’s role in enhancing netilmicin efficacy and its resistance mechanisms.

Keywords: antimicrobial peptides; antimicrobial resistance; Acinetobacter baumannii; adjuvants; efflux
pump inhibition; aminoglycosides; MV6

1. Introduction

Acinetobacter baumannii is a globally emerging opportunistic pathogen, notable for its
broad range of antimicrobial resistance (AMR) mechanisms, which confer resistance to all
classes of antimicrobials including last-resort carbapenems, therefore becoming a pan-drug
resistant bacteria [1,2]. Its adaptability is driven by two key factors: (i) the acquisition
of foreign resistance-conferring elements, such as transposons, plasmids, and resistance
islands; and (ii) the regulation of innate resistance mechanisms, allowing for it to survive
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under selective pressure in the environment [1,3,4]. The threat of AMR in A. baumannii has
positioned it as a critical priority for research investment and control efforts [5]. It is now
recognized as a significant nosocomial pathogen, ranking among the top five pathogens
responsible for AMR-related deaths globally, which may be recovered from bloodstream
infections, ventilator-associated pneumonia, wound infections, urinary tract infections
(UTIs), or meningitis [6–9].

A. baumannii can acquire AMR through horizontal gene transfer (HGT) via plasmids,
insertion sequences (IS), and other mobile genetic elements. Additionally, it can develop
resistance through spontaneous mutations that affect endogenous genes associated with
membrane permeability or the expression of key resistance and transport proteins [10].
Efflux pumps play a crucial role in the clinically relevant pathogenicity and resistance
profiles of this bacterium, as they actively expel multiple substrates from the cell, includ-
ing a diverse array of antimicrobial agents [11]. The resistance-nodulation-cell division
(RND) superfamily of transporters is notable in A. baumannii, with AdeABC and intrinsic
AdeIJK as its main representatives [12,13]. Overproduction of these two is reportedly asso-
ciated with an increase in resistance that acts synergistically with additional mechanisms,
particularly the ones improving the permeability barrier for efflux pumps’ specific sub-
strates. Therefore, there is an interplay between lower permeability associated with porin(s)
deficiency and overproduction of efflux pumps [14]. Other efflux pumps belonging to
different families, such as CraA, AbeM, and TetA/B, also contribute to multidrug resistance
(MDR) [15–17]. Considering the high prevalence of genes encoding resistance enzymes,
particularly aminoglycoside-modifying enzymes (AMEs), extended-spectrum β-lactamases
(ESBLs), and carbapenemases in A. baumannii, it is becoming a particularly challenging
pathogen to treat [1,18].

The current pipeline for anti-Acinetobacter treatments reveals a concerning lack of
new-in-class antimicrobial agents nearing market approval [19,20]. During the decade from
2010 to 2019, only twelve antimicrobials were approved for market entry [21], of which only
a few are viable options for treating A. baumannii infections. The approved agents include
Cefiderocol [22], Eravacycline [23,24], Plazomicin [25], and Sulbactam/Durlobactam [26].
Recent attention has also been directed toward novel, yet non-approved, compounds
targeting A. baumannii, including carbapenem-resistant strains. Some examples are GT-1, a
siderophore-cephalosporin [27]; DS-8587, a broad-spectrum quinolone [28]; and AIC499, a
β-lactam combined with a β-lactamase inhibitor [29]. Among the most promising novel
antimicrobials is Abaucin, an antibiotic recently discovered through artificial intelligence
that disrupts lipoprotein trafficking and exhibits a narrow spectrum of activity limited to A.
baumannii [30].

In light of the notable lack of new treatments against this species, alternatives have
arisen. The use of bacteriophages has shown success in mice [31,32], and several successful
case studies involving phages have been reported [29]. Monoclonal antibodies are also
studied for pneumonia and sepsis prevention [33,34]. Furthermore, the development
of agents that reverse resistance mechanisms and restore susceptibility is actively being
investigated. A typical example of this approach is the inhibition of β-lactamases; however,
other strategies, such as efflux pump inhibitors (EPIs), also represent promising avenues
for research [35]. Different EPIs, such as phenylalanine-arginine β-naphthylamide (PAβN),
carbonyl cyanide-m-chlorophenylhydrazone (CCCP), and reserpine, have been identified.
However, their use is currently limited to research purposes, as they show toxicity at
therapeutic levels [36].

In this study, we present a synthetic cyclic peptide named MV6, which is able to
resensitize bacteria to specific antibiotics. We investigate MV6’s potential application by
examining its mechanisms of action and the genetic alterations present in spontaneous
resistant mutants.
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2. Results
2.1. MV6 Structure

The MV6 cyclic peptide was selected for further study against A. baumannii from a
synthetic library of 28 cyclic peptides following a small-scale “shot in the dark” approach
in which each peptide was tested in combination with various antibiotics and bacterial
species. Its structure consists of six amino acids, two arginine residues (Arg), two D-proline
residues (D-Pro), and two tryptophan residues (Trp), arranged in a cyclic configuration.
The final structure is &Arg-D-Pro-Trp-Arg-D-Pro-Trp& (Figure 1).
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Figure 1. Chemical structure of MV6 cyclic peptide.

2.2. Strains’ Resistance Mechanisms

A high prevalence of AME among the selected A. baumannii strains was observed.
The aacC1 gene was the most prevalent, found in strains 80, 81, CR17, and CS01, and in
some cases, it was the only AME detected. Strain 210 contained the highest number of
AME-coding genes, including aacC2, aphA6, and aphA1. The aadA1 gene was present in
strains 80 and 81. Surprisingly, strain 306 did not exhibit any AME-related genes. Regarding
efflux pump-related genes, all strains presented tetB, but none had tetA. The genes adeJ and
adeG were present in all strains and so was adeB except for strain 210, which tested negative.
The complete PCR results together with the corresponding protein products and expected
substrates are listed in Table 1.

Table 1. Results of PCR screening and the corresponding products and substrates.

Strain
Aminoglycoside Modifying Enzymes (AMEs) Efflux Pumps

aacC1 aacC2 aacA4 aadA1 aadB aphA6 aphA1 adeB adeJ adeG tetA tetB
80
81
210
306

CR17
CS01

Product AAC(3)-
I

AAC(3)-
II

AAC(6′)-
I

ANT(3′′)-
9

ANT(2′′)-
I

APH(3′)-
VI

APH(3′)-
I AdeABC 1 AdeIJK 1 AdeFGH 1 TetA TetB

Substrates
GM,
TOB,
NET

KN,
NIT,
GM

GM,
AK,
TOB

STR,
SPT

GM,
KN AK

AK,
KN,

NEO

NEO,
KN

AMG, FQ, BL,
CHL, TMP,

TET, E, EtBr

BL, TET, FQ,
CHL, TMP,
FA, RIF, E,
LIN, ACR,
NOV, PYO,

SDS

TET, TGC,
NAL, FQ,

SUL, EtBr, E,
SDS

TET TET,
MIN

Source [37–39] [40] [41] [37] [38,42] [43] [38] [35] [35] [35] [35] [35]

Color code. Light Green: Positive PCR. White: Negative PCR. 1 Refers to the complete efflux pump to which
the AdeB/J/G product belongs. Abbreviations. ACR: Acridine; AK: Amikacin; AMG: Aminoglycosides; BL:
β-lactams; CHL: Chloramphenicol; E: Erythromycin; EtBr: Ethidium Bromide; FA: Fusidic Acid; FQ: Fluoro-
quinolones; GM: Gentamicin; KN: Kanamycin; MIN: Minocycline; NAL: Nalidixic Acid; NIT: Nitrofurantoin;
NOV: Novobiocin; PYO: Pyonine; RIF: Rifampicin; SDS: Sodium Dodecyl Sulphate; SUL: Sulphonamides; SPT:
Spectinomycin; STR: Streptomycin; TET: Tetracycline; TGC: Tigecycline; TMP: Trimethoprim; TOB: Tobramycin.

RT-qPCR revealed a statistically significant overexpression of adeJ in all strains
(p-value < 0.05), with the highest relative quantification (RQ) values compared to the other
genes tested. Although adeG was present in all strains, only constitutive expression was
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detected, with RQ values lower than 1. The expression of adeB varied across strains, with
RQ values ranging from 15 to 200. Despite these differences, all strains except for strain
306 exhibited statistically significant overexpression of adeB. RT-qPCR also confirmed the
absence of adeB in A. baumannii strain 210. All RQ values for adeB, adeJ, and adeG are shown
in Figure 2.
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Figure 2. Expression levels of adeB (a), adeJ (b), and adeG (c) efflux pump genes (RQ) in selected A.
baumannii strains. The symbol (*) indicates statistically significant overexpression of the corresponding
gene in the specified strain (p-value < 0.05). All p-values showing statistical significance for adeB
overexpression were <0.0001. A. baumannii ATCC 17978 was used as the reference strain, with rpoB
and gyrB genes serving as internal controls for basal expression.

2.3. Antimicrobial Susceptibility Testing and Checkerboard Assays

Neither MV6 nor the efflux pump inhibitor PAβN exhibited growth inhibition at the
concentrations used in this study. MICs for MV6 and PAβN were in all cases >2048 mg/L
and 512 mg/L, respectively. All strains were able to tolerate 12.5% DMSO, making it feasible
to use as a solvent, as the maximum concentration reached in the MIC plate was 0.5%. The
results from combined susceptibility testing revealed that the MV6 peptide enhances the
activity of aminoglycosides, particularly netilmicin (NET). No activity-boosting effect of
MV6 was observed with other classes of antimicrobials. MV6 (100 mg/L) reduced the MIC
of NET by 8- to 4-fold except for strain 210, in which the reduction was not significant.
When compared to PAβN, the resensitizing activity of MV6 was slightly superior: strains
80 and 81 had a NET MIC of 256 mg/L, which was reduced to 128–64 mg/L with PAβN
and to 32 mg/L in the presence of MV6 (Table 2). When treated with MV6, four out of
six strains showed a reduction in NET’s MIC below the resistance breakpoint established
by CLSI, lowering it to the intermediate category. The checkerboard assays revealed a
FICI value of 0.0097 for strain 80 and of 0.0166 for strain 306, in both cases indicating a
synergistic effect of MV6 over NET (Figure 3).

Table 2. Minimum inhibitory concentrations (MICs) in mg/L of NET, alone or in combination with
PAβN and MV6, for selected A. baumannii strains. Both PAβN and MV6 are used at a constant
concentration of 100 mg/L.

Strains A.
baumannii NET NET + MV6 Fold-Change NET + PAβN Fold-Change

80 256 32 8-fold 128 2-fold
81 256 32 8-fold 64 4-fold

210 16 8 * 2-fold 8 * 2-fold
306 64 8 * 8-fold 16 4-fold

CR17 32 8 * 4-fold 8 * 4-fold
CS01 32 8 * 4-fold 16 2-fold

* MIC that breaks the CLSI resistance breakpoint of NET (≥16 mg/L) for A. baumannii.
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replicates. (a) Checkerboard assays for strain 80. (b) Checkerboard assays for strain 306.

The analysis of the correlation between the increasing NET MIC values among the
studied A. baumannii strains and the expression levels of the adeB gene indicated that,
for both the NET and NET/MV6 datasets, adeB expression is significantly related to the
log2(MIC) values, as shown in Figure 4. Moreover, the R2 values, 0.802 and 0.773 for NET
and NET/MV6, respectively, suggest a strong relationship between the two parameters.
The estimated intercept coefficients of 0.4678436 and 0.225576, respectively, represent the
expected adeB expression values for a MIC = 0, with an increase in the logarithmic scale of
adeB expression by 0.0067306 and 0.061134, respectively, for each treatment.
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2.4. Resistance Profile Characterization of Spontaneous Mutants

Population studies, as illustrated in Figure 5, demonstrate that the mutant prevention
concentration (MPC) is significantly reduced when NET is combined with 100 mg/L of
MV6. This combination inhibited the emergence of resistant mutants at 64 mg/L, whereas
NET alone limited resistant mutant generation at 512 mg/L. Therefore, the presence of
MV6 reduces the MPC by 8-fold. For perspective, the MIC for the combination and for NET
alone was determined at 16 mg/L and 64 mg/L, respectively. Analysis of the resistance
mechanisms in ten spontaneous mutants obtained from various resistance levels revealed,
as expected, resistance to NET (Table 3). In the NET/MV6 mutant group, the median
MIC to NET stands between 512 and 1024 mg/L, which decreased to 256 mg/L when
MV6 was added. In contrast, in the NET-generated mutants, the median MIC for NET
was 2048 mg/L, again dropping to 256 mg/L in the presence of MV6. The addition of
MV6 resulted in an average 8-fold reduction in MIC for NET/MV6 compared to NET
alone. No significant differences in the degree of MIC reduction were observed between
the two groups.
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Figure 5. CFU/mL recount of mutant spontaneous generation for NET treatment and NET (+MV6
100 mg/L) combination treatment. The first concentration with no CFU recovered determines the
mutant prevention concentration (MPC).

The results of microdilution assays using DKNGM Sensititre plates revealed the resis-
tance profiles of the selected mutants. As expected, NET was not the only aminoglycoside
impacted; variations in the MICs for tobramycin, amikacin, and gentamicin were also
observed. This confirms that the mutation conferring resistance to NET affected resistance
mechanisms involved in aminoglycoside resistance more broadly. No other significant cross
resistances were observed for antibiotics belonging to other classes. The 30-day mutant
reversion study demonstrated that the mutations conferring resistance to NET, whether
generated in combination with MV6 or through monotherapy, were largely stable. Only one
strain, generated with NET alone (Rev.3), exhibited a reduction in the MIC for NET/MV6,
decreasing from 256 mg/L to 64 mg/L, representing a 4-fold reduction in MIC. However,
no significant changes in the MIC for NET were observed in any of the four mutants tested
over the 30-day experiment. Consequently, the original resistance levels were not regained,
showing stable mutations across time, as represented in Figure 6.
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mutants generated with NET.

2.5. Prediction of Resistance Mechanisms

Whole-genome sequencing (WGS) revealed recurrent mutations across the sponta-
neous mutants. As expected, mutations were identified in genes associated with resistance
to aminoglycosides and regulators, especially those regulating the expression of efflux
pumps. In the group of NET-generated mutants, alterations were identified in genes encod-
ing ATP-binding proteins, TetR family regulators, and TetR-AcrR-like regulators as well as
in the intergenic region between adeR (part of the AdeRS two-component system) and adeA
(which encodes the membrane fusion protein of the efflux pump) within the ade operon
responsible for expressing the AdeABC efflux pump. Additionally, mutations in various
hypothetical proteins were detected, suggesting a potential, yet unknown, role of these
genes in aminoglycoside resistance. Contrary to expectations, mutants generated from
exposure to NET/MV6 exhibited similar mutations, including those affecting regulators
of efflux pump systems. However, one exception was observed: a mutated tyrosyl-tRNA
synthetase found in strain AB21, which was generated in NET at 128 mg/L. This mutation
was not detected in any members of the NET/MV6 group. No other known resistance
mechanisms were identified.

Most of the mutations exhibited a moderate to high impact, suggesting a potentially
significant contribution to the resistance profile of the mutants. The most prevalent type of
mutations were single nucleotide polymorphisms (SNPs), although insertions and deletions
(INDELs) were also detected. Based on the results, high-impact mutations are typically
associated with frameshift variants, moderate-impact mutations are commonly linked
to missense variants, and low-impact mutations are mostly found in intergenic regions.
All high-impact mutations correspond to a mutated TetR family gene (GBFHJJIP_01215).
Table 4 lists the identified mutations for each mutant, their respective nature, and reference.
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Table 4. Variant calling analysis of spontaneous mutants of NET and netilmicin with MV6
(NET/MV6).

NET/MV6

Mutant Gene Mutation Annotation (NCBI) Reference (NCBI) Impact Type

AB2
ATP-binding protein SNP 865 G>A/A289T GBFHJJIP_03385 WP_001207474.1 MOD MV
Intergenic TetR/AcrR

family SNP (T>C) GBFHJJIP_02069_gene-
CHR_END GBFHJJIP_02069 M/L IR

AB3 ATP-binding protein SNP 865 G>A/A289T GBFHJJIP_03385 WP_001207474.1 MOD MV

AB4
ATP-binding protein SNP 865 G>A/A289T GBFHJJIP_03385 WP_001207474.1 MOD MV

adeR DEL 40274
(TCTCCACACTTA>T)

GBFHJJIP_02896_gene/
GBFHJJIP_02897_gene WP_000459542.1 M/L IR

AB5
TetR family INS 363 (C>CAT) GBFHJJIP_01215 GBFHJJIP_01215 HIGH FV

ATP-binding protein SNP 865 G>A/A289T GBFHJJIP_03385 WP_001207474.1 MOD MV

AB6
TetR family DEL 364 (182

nucleotides>C) GBFHJJIP_01215 GBFHJJIP_01215 HIGH FV

HP [domain cpo] INS 155
(T>TGGACGTGGA) GBFHJJIP_03384 HMPREF0010_00495 MOD DII

ATP-binding protein SNP 865 G>A/A289T GBFHJJIP_03385 WP_001207474.1 MOD MV

AB7 ATP-binding protein SNP 1069 A>C/T357P
SNP 1086 A>C/E362D GBFHJJIP_03385 WP_001207474.1 MOD MV

AB8 HP [domain fadD] SNP 192 T>G/H64Q GBFHJJIP_03655 D0CB89_ACIB2 MOD MV

AB9
adeR DEL

(TCTCCACACTTA>T)
GBFHJJIP_02896_gene-
GBFHJJIP_02897_gene WP_000459542.1 M/L IR

TetR/AcrR family SNP (T>C) GBFHJJIP_02069_gene-
CHR_END GBFHJJIP_02069 M/L IR

AB10 ATP-binding protein SNP 1069 A>C/T357P
SNP 1086 A>C/E362D GBFHJJIP_03385 WP_001207474.1 MOD MV

AB11
HP [domain fadD] SNP 192 T>G/H64Q GBFHJJIP_03655 D0CB89_ACIB2 MOD MV
HP [domain GntR

family] SNP 197 T>C/I66T GBFHJJIP_03660 HMPREF0010_00945 MOD MV

NET

Mutant Gene Mutation Annotation (NCBI) Reference (NCBI) Impact Type

AB12 ATP-binding protein SNP 865 G>A/A289T GBFHJJIP_03385 WP_001207474.1 MOD MV
AB13 ATP-binding protein SNP 865 G>A/A289T GBFHJJIP_03385 WP_001207474.1 MOD MV

AB14
adeR–adeA DEL

(TCTCCACACTTA>T)
GBFHJJIP_02896_gene-
GBFHJJIP_02897_gene WP_000459542.1 M/L IR

TetR/AcrR family SNP (A>G) GBFHJJIP_02069_gene y
CHR_END GBFHJJIP_02069 M/L IR

AB15
TetR family INS 512 (T>20 nucleotides) GBFHJJIP_01215 GBFHJJIP_01215 HIGH FV/S

HP [domain fadD] SNP 192 T>G/H64Q GBFHJJIP_03655 D0CB89_ACIB2 MOD MV
HP [domain GntR

family] SNP 197 T>C/I66T GBFHJJIP_03660 HMPREF0010_00945 MOD MV

AB16
TetR family DEL 174 (18 nucleotides>A) GBFHJJIP_01215 GBFHJJIP_01215 HIGH FV

ATP-binding protein SNP 865 G>A/A289T GBFHJJIP_03385 WP_001207474.1 MOD MV

AB17
ATP-binding protein SNP 1069 A>C/T357P GBFHJJIP_03385 WP_001207474.1 MOD MV

HP [domain GntR
family] SNP 197 T>C/I66T GBFHJJIP_03660 HMPREF0010_00945 MOD MV

TetR family INS 511 (T>TCTG) GBFHJJIP_01215 GBFHJJIP_01215 HIGH DII

AB18
adeR–adeA DEL

(TCTCCACACTTA>T)
GBFHJJIP_02896_gene-
GBFHJJIP_02897_gene WP_000459542.1 M/L IR

TetR/AcrR family SNP (A>G) GBFHJJIP_02069 GBFHJJIP_02069 M/L IR

AB19
ATP-binding protein SNP 1069 A>C/T357P GBFHJJIP_03385 WP_001207474.1 MOD MV
HP [domain fadD] SNP 192 T>G/H64Q GBFHJJIP_03655 D0CB89_ACIB2 MOD MV

AB20

HP [domain fadD] SNP 192 T>G/H64Q GBFHJJIP_03655 D0CB89_ACIB2 MOD MV
TetR/AcrR family SNP (A>G) GBFHJJIP_02069 GBFHJJIP_02069 M/L IR

adeR–adeA DEL
(TCTCCACACTTA>T)

GBFHJJIP_02896_gene-
GBFHJJIP_02897_gene WP_000459542.1 M/L IR

HP [domain fadD] SNP (A>G) CHR_START/GBFHJJIP_03655 GBFHJJIP_03655 M/L IR

AB21

TetR/AcrR family SNP (T>C) GBFHJJIP_02069 GBFHJJIP_02069 M/L IR
HP [domain fadD] SNP (A>C) GBFHJJIP_03655 D0CB89_ACIB2 M/L IR

PA4642 family
protein/tyrosyl-tRNA

synthetase
INS (>CAATCAAATCA) GBFHJJIP_01042_gene/

GBFHJJIP_01043_gene
WP_001218560.1–
WP_031969348.1 M/L IR

adeR–adeA DEL (TCTCCACACTTA>) GBFHJJIP_02896_gene-
GBFHJJIP_02897_gene WP_000459542.1 M/L IR

Column gene. HP: Hypothetical protein. Column Mutation. SNP: Single Nucleotide Polymorphism; DEL:
Deletion; INS: Insertion. Column impact. MOD: Moderate; M/L: Modifier/Low. Column Type. MV: Missense
variant; IR: Intergenic Region; FV: Frameshift Variant; S: Stop gained; DII: Disruptive In-frame Insertion. Mutations
with a prediction of High Impact are marked in bold.

3. Discussion

Antimicrobial peptides (AMPs) represent a promising alternative for the treatment
of A. baumannii in the emerging post-antibiotic era. AMPs typically attack bacterial mem-
branes, which form the basis of their anti-A. baumannii activity, although some AMPs have
been shown to act intracellularly as well. A well-known example is the human cathelicidin
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LL-37, a 37-amino acid AMP, whose primary antimicrobial mechanism involves the neutral-
ization of lipopolysaccharides (LPS) in the bacterial outer membrane [44,45]. Nonetheless,
an alternative use for AMPs has been explored, involving the enhancement of antibiotic
efficacy by combining them with short peptides, which may or may not be conjugated to
the antibiotic [46,47]. The six-amino acid peptide MV6 follows this approach by acting as
an adjuvant that enhances the activity of other antimicrobials, specifically aminoglycosides.
Lacking intrinsic antimicrobial activity, shown by MICs over 2048 mg/L, MV6 reduces
selective pressure from antibiotics and minimizes the rate of spontaneous mutations, as
demonstrated by MPC determinations. However, the generated mutations appear stable
over long periods, with no reversion observed, which may pose a limitation to address in
future development stages.

Among all the antimicrobials tested in combination with MV6, only aminoglycosides
showed a decrease in MICs, particularly netilmicin, which revealed the higher fold changes
in MIC reductions. This suggested a potential interaction between MV6 and the mechanism
responsible for aminoglycoside resistance, which warranted further exploration. Regres-
sion analyses indicate a correlation between the expression levels of adeB and the MIC
values of netilmicin, with MICs increasing in proportion to adeB overexpression. Although
the addition of MV6 did not disrupt this correlation, it effectively reduced the MICs in
strains with elevated adeB expression. A larger sample size will be required to explore
this relationship in greater depth. MV6 at 100 mg/L manages to limit the increase in
MIC to 32 mg/L, a concentration that could be reduced with a higher MV6 concentration,
as demonstrated by the checkerboard assays. To highlight, strain 210 was the only one
showing no significant effect of the MIC when combined with MV6 and was the only one
lacking the AdeABC efflux pump. This finding reinforces the premise of a potential rela-
tionship between MV6 activity and adeABC expression, which will be further investigated.
The strong synergistic effect of MV6 on netilmicin, as shown by FICI values considerably
below the synergy threshold of 0.5, along with its low antimicrobial activity provide room
to increase the MV6 dose and achieve a greater effect in enhancing netilmicin’s activity,
achieving concentrations below the susceptibility breakpoint. Future toxicity, cytotoxicity,
and hemolysis assays will be essential to define the therapeutic window for safe and effec-
tive use of MV6. Additionally, in vivo efficacy assays will be needed to assess its stability
and bioavailability once it enters the bloodstream of mice, which may pose a limitation to
address in future studies.

The resistance mechanisms of NET and NET/MV6 mutants were determined in strain
306, which was specifically selected for the absence of AMEs and constitutive expression of
the adeABC efflux pump. Overexpression of the adeABC efflux pump is known to confer
resistance to a wide range of agents, including aminoglycosides, trimethoprim, fluoro-
quinolones, chloramphenicol, β-lactams, erythromycin, and tetracyclines [35,48]. Other
efflux pumps, such as AbeM (present in strain 306 according to WGS analysis), AbeD, and
ArpAB, have also been associated with aminoglycoside resistance in A. baumannii [17,49–51].
The resistance profile of the mutants showed a reduction in susceptibility to aminoglyco-
sides, particularly netilmicin with up to a 64-fold MIC increase, while no changes were
observed with other antibiotics from the aforementioned classes, such as aztreonam or
meropenem. This suggests a resistance mechanism more specific to aminoglycosides than
to general adeABC overexpression.

Mutations identified in these spontaneous mutants included genes related to efflux
pumps, specifically TetR-like regulators and ATP-binding proteins. No differences were
found between NET mutants and NET/MV6 mutants, indicating that either no specific
resistance mechanisms against the MV6 peptide were generated or that any existing mech-
anisms overlap with those for netilmicin. A hypothesis worth exploring is that MV6 and
NET may compete for distinct substrate-specific binding sites within the efflux pump. Thus,
a mutation causing transporter overexpression could potentially influence susceptibility to
both treatments, whether used alone or in combination. Regulators from the TetR family,
also referred to as TRFs, possess a helix-turn-helix (HTH) DNA-binding domain that typi-
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cally enables them to function as repressors and regulates bacterial AMR [52,53]. More than
2300 nonredundant sequences belonging to this family of regulators have been identified,
and it is predicted that A. baumannii encodes 42 of them [53–55]. Apart from regulating
efflux pumps, such as TetA, which is associated with resistance to tetracycline-like antibi-
otics, other functions have also been attributed to them [56]. Examples include the gene
adeN, which belongs to the TRF family and regulates the RND AdeIJK efflux pump [57],
and arpR, known to regulate another RND efflux pump, ArpAB, which has been related
to A. baumannii’s opaque/translucent colony phase variation [51]. The present mutated
TetR-like regulator could potentially be involved in negatively regulating the expression of
a netilmicin-related efflux pump, but its specific activity remains unstudied.

On the other hand, the ATP-binding cassette (ABC) family of transporters relies on the
hydrolysis of ATP to ADP to expel substrates across the bacterial membrane [58,59]. The
MacB–MacA complex is a representative member of this group, also found in A. baumannii,
and is known to transport macrolides and gramicidin as substrates [35,60]. Moreover,
a potential involvement of this ABC-type transporter in protecting Serratia marcescens
against aminoglycosides and polymyxins has been reported [61]. Additionally, the ABC
transporter MsbA requires an ATP-binding protein to export major lipids, such as LPS and
phospholipids, thereby contributing to membrane integrity. The action of MV6 on altering
the export of LPS, potentially affecting membrane stability, is a noteworthy area for further
investigation. Strains harboring simultaneous mutations in both TetR-like regulators and
ATP-binding proteins have been identified, indicating a potential synergistic effect between
these alterations. In the Gram-positive Streptomyces coelicolor A3, sets of TRFs and adjacent
ABC transport systems have been reported, where the TRFs repressed the expression of the
ABC transporters within the operon [62], a relation that should be further investigated in A.
baumannii and aminoglycosides, as it has not been documented yet.

Finally, the identification of mutations in various hypothetical proteins suggests a
potential, though uncharacterized, role for these proteins in conferring netilmicin resistance.
Combining computational tools such as AlphaFold and Foldseek, which can predict the
functions of uncharacterized proteins, may provide valuable insights into their involve-
ment [63]. Transcriptomic analysis and docking simulations may shed light on the specific
resistance mechanism to MV6 in combination with netilmicin, strategies that are planned
to be explored in the future.

Limitations of This Study

While MV6 has demonstrated strong synergy with netilmicin, a larger and more di-
verse sample set encompassing various resistance profiles and mechanisms would provide
deeper insights into its performance across different scenarios. Additionally, analyzing
more strains that overproduce AdeABC would improve our understanding of the rela-
tionship between netilmicin resistance and MV6’s capacity to counteract the increased
activity of this efflux pump. This study has also provided comprehension of the resistance
mechanisms against MV6 in combination with netilmicin, which suggest the involvement
of altered efflux pump expression. However, the precise mode of action could not be
determined with the current experiments, highlighting the need for more specific and
targeted assays in future research.

4. Materials and Methods
4.1. Molecules Used in This Study

The MV6-peptide molecules utilized in this study were commercially synthesized by
GenicBio Limited (Shanghai, China). The composition and purity of MV6 were confirmed
via mass spectrometry and high-performance liquid chromatography (HPLC). In addition,
the reference EPI, PAβN (Sigma Aldrich, St. Louis, MO, USA), was selected to compare its
activity alongside MV6. The molecular formula of PAβN is C22H25N5O. For experimental
use, MV6 and PAβN were dissolved in pure dimethyl-sulfoxide (DMSO).
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4.2. Strain Selection and Characterization of Aminoglycoside Modifying Enzymes (AMEs) and
Relevant Efflux Pumps

A selective collection of six MDR A. baumannii strains with distinct antimicrobial resis-
tance profiles was used for this study. These strains included A. baumannii 80, 81, 210, 306,
and the colistin-resistant strain A. baumannii CR17 alongside its colistin-sensitive counter-
part A. baumannii CS01 [64]. All strains are clinical isolates; strains 80, 81, 210, and 306 were
isolated from patients at hospitals in a previous multicenter study [38,65]. To further char-
acterize these strains, the presence of AMEs and relevant efflux pump genes was explored
by PCR. The core cycling conditions applied were as follows: 95 ◦C–3 min, [94 ◦C–1 min;
Tm–1 min; 72 ◦C–X min (1 min per kb)] × 35 cycles, 72 ◦C–45 s (final extension).

Additionally, the expression of RND-family efflux pumps (adeABC, adeIJK, and ade-
FGH) was confirmed by reverse-transcriptase real-time PCR (RT-qPCR), targeting the genes
encoding the membrane transporter proteins adeB, adeJ, and adeG. The strains were grown
overnight in LB broth, diluted 1:100 in fresh medium, and incubated at 37 ◦C with shaking
at 180 rpm until reaching an OD600nm of 0.5. RNA was extracted using the Maxwell (R)
16 LEV simply RNA Blood Kit (Promega, Madison, WI, USA) according to the manufac-
turer’s instructions. To remove any potential DNA contamination, the Ambion DNA-free™
DNA Removal Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used. Quality control
for the RNA extractions was performed using a Nanodrop ND-1000 (Thermo Fisher), with
acceptable quality parameters being a 260/280 ratio between 1.9 and 2.1 and a 260/230 ratio
between 1.8 and 2.0.

For reverse transcription and cDNA generation, the PrimeScript RT Reagent Kit
(Takara Bio, Kusatsu, Japan) was used following the manufacturer’ s instructions. RT-qPCR
was performed using the standard protocol from Applied Biosystems™ (Fisher Scientific):
95 ◦C–30 s; (95 ◦C–15 s; 60 ◦C–34 s) × 45 cycles, melting curve (95 ◦C–15 s; 60 ◦C–15 s;
95 ◦C–15 s). Primers were designed using the Primer Express™ Software v3.0.1 from
Applied Biosystems™, and different primer concentration combinations were tested to
identify the most efficient conditions for the assays. A. baumannii ATCC 17978 was used as
the reference strain for RT-qPCR quantification. Basal expression levels were controlled
with rpoB and gyrB genes. Biological and technical triplicates were performed for each
strain. Primer sequences and conditions are listed in Table 5.

Table 5. PCR primers used in this study.

Gene Primer Sequence (5′–3′) Tm (◦C) Length (bp) Source

aacC1
1: ATGGGCATCATTCGCACATGTAGG

52 456 [66]2: TTAGGTGGCGGTACTTGGGTC

aacC2
1. ATTGATTCAGCAGGCCGAAC

59 247 [67]2: CTCTTGATGGTGCATGCCTC

aacA4
1: TTGCGATGCTCTATGAGTGGCTA

63 482 [68]2: CTCGAATGCCTGGCGTGTTT

aadA1
1: ATGAGGGAAGCGGTGATCG

52 792 [66]2: TTATTTGCCGACTACCTTGGTG

aadB
1: ATGGACACAACGCAGGTCGC

55 534 [66]2: TTAGGCCGCATATCGCGACC

aphA6 1: ATGGAATTGCCCAATATTATTC
55 797 [66]2: TCAATTCAATTCATCAAGTTTTA

aphA1 1: AAACGTCTTGCTCGAGGC
56 461 [68]2: CAAACCGTTATTCATTCGTGA
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Table 5. Cont.

Gene Primer Sequence (5′–3′) Tm (◦C) Length (bp) Source

adeB
1: ATGTCACAATTTTTTATTCGTCGTC

56 3104 [69]2: TTAGGATGAGATTTTTTTCTTAGAGG

adeJ 1: CTGGCTTATGACACGACTC
61 988 [69]2: GGATCCCCATACCACGCTGG

adeG
1: GTTGCTCGTGTCGAACTTGC

57 918 [69]2: AGGAACGAAACCACCTGGAAC

tetA
1: GTAATTCTGAGGACTGTCGC

55 950 [16]2: CTGCCTGGACAACATTGCTT

tetB
1: TTGGTTAGGGGCAAGTTTTG

56 659 [16]2: GTAATGGGCCAATAACACCG

adeB (RT-qPCR) 1: CTGCTGTACCGGAGGTATCTGTT
60 ~60 This study

2: GCGCGAATTATCGGGTGTAA

adeJ (RT-qPCR) 1: AGGCGAATGGACGTATGGTT
60 ~60 This study

2: AACCGATGACACGCCGTTA

adeG (RT-qPCR) 1: CGCGACCGAAATTGTGAAT
60 ~60 This study

2: GATTGTACCCGCTGCAACCT

gyrB (RT-qPCR) 1: CTGCAGCAGAAACCCCTTCT
60 ~60 This study

2: ATAATGGCCGCGGTATTCC

rpoB (RT-qPCR) 1: TCCATTCCTTGAACACGATGAC
60 ~60 This study

2: CTGCCTGACGTTGCATGTTT

Tm: annealing temperature. bp: base pairs.

4.3. Antimicrobial Susceptibility Testing

For minimum inhibitory concentration (MIC) determination, antimicrobial suscep-
tibility testing (AST) was performed following the Clinical and Laboratory Standards
Institute (CLSI) guidelines using the microdilution technique in 96-well microtiter plates.
The growth medium utilized for AST was the commercial BD Phoenix™ AST Broth (Becton
Dickinson, Franklin Lakes, NJ, USA) [70]. A variety of antimicrobials were evaluated,
including amikacin, ceftazidime, chloramphenicol, gentamicin, levofloxacin, meropenem,
netilmicin, tedizolid, and tobramycin. The MICs of MV6 alone, DMSO, and PAβN were
also assessed to exclude potential interactions among these compounds in subsequent AST
involving combination treatments. Preliminary studies aimed at identifying an effective
concentration of MV6 for combination with antimicrobials and established that a concentra-
tion of 100 mg/L was sufficient for combined therapy. Consequently, the MV6–antibiotic
combinations were tested using a fixed concentration of 100 mg/L of MV6 along with the
serial dilutions of each antibiotic. Three biological replicates were conducted for each MIC
determination. Subsequent studies focused on the use of NET. After AST performance,
linear regression analysis was performed to assess the relationship between the adeB ex-
pression (relative quantification) previously mentioned and MIC values of NET alone and
combined with MV6.

4.4. Statistical Analysis

To determine whether the expression levels of adeB, adeJ, and adeG differed significantly
from those of the control strain A. baumannii ATCC 17978, a two-way analysis of variance
(ANOVA) was performed. The analysis considered the RQ values as the primary factor,
comparing the expression levels of these genes across different clinical strains and the
control. The analysis was carried out using IBM SPSS Statistics for Windows, version 23.0
(IBM Corp., Armonk, NY, USA), following its standard procedures for two-way ANOVA.
Statistical significance was set at p-value < 0.05. For visualization and statistical analysis
of the potential correlation between NET MICs and ade genes expression, gene expression
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values were log transformed (log10(x + 1)) to reduce skewness and variance across samples,
and AST values were log2 transformed. Data were visualized as a scatter plot with a
regression line (“lm” model) superimposed onto the plot using ggplot2 package [71]
(v. 3.5.1) in R [72] (v. 4.4.0). The data fit to the linear model was assessed by the coefficient
of determination (R2), and its significance was assessed via the p-value using the lm function
of stats package (v. 4.4.0) in R. The R2 value was displayed directly onto the plot for clarity.

4.5. Checkerboard Assays

To assess the in vitro interaction between NET and MV6, checkerboard assays were
performed in 96-well microtiter plates using strains 80 and 306. Similar to MIC determina-
tion, BD PhoenixTM AST Broth (Becton Dickinson, NJ, USA) medium was used for bacterial
growth. A column and a row of wells were reserved for controls of each agent individually
to ensure the proper concentration of the agents. Positive and negative controls were also
included. Wells in rows contained serial dilutions of MV6 starting from 512 mg/L, while
those in columns varied in concentrations of NET, starting at 128 mg/L and 512 mg/L
for strains 306 and 80, respectively. Inoculum at ~5 × 105 CFU/mL, NET, MV6, and AST
broth were added to a final volume of 200 µL. Incubation followed the CLSI guidelines
for MIC determination. Three biological replicates were performed. Fractional inhibitory
concentration index (FICI) is defined as the summatory of FICs from compound A (MV6)
and compound B (NET). FICIs were calculated and interpreted as follows:

1. FICMV6 = (MIC of MV6 in combination)/(MIC of MV6 alone);
2. FICNET = (MIC of NET in combination)/(MIC of NET alone);
3. FICI = FICMV6 + FICNET;
4. Synergistic effect if FICI ≤ 0.5; additive effect if 0.5 < FICI ≤ 1.0; indifferent effect if

1.0 < FICI ≤ 2.0; and finally, antagonistic effect if FICI > 2.0.

4.6. Mutant Generation Analysis

Mutant generation was performed following a protocol adapted from Billal et al.
(2007) [73]. A. baumannii 306 strain was selected for this process. After overnight incubation
at 37 ◦C in Mueller–Hinton Broth (MHB), 1 × 108 CFU/mL (0.5 McFarland standard) was
inoculated into 2 mL of MHB supplemented with NET at concentrations ranging from 1×
to 8× the MIC. In the case of combination treatments, 100 mg/L of MV6 was also added.
The cultures were incubated overnight at 37 ◦C with shaking at 180 rpm, then plated onto
Mueller–Hinton agar (MHA) plates supplemented with the corresponding concentration of
NET. Ten mutants from each concentration, if any were recovered, were selected for further
characterization. The selected mutants underwent susceptibility profiling using DKMGN
Sensititre™ custom plates (Thermo Fisher Scientific) for Gram-negative bacteria following
the manufacturer’s instructions. Two mutants from each treatment were tested for mutation
reversion by incubating them on LB agar plates for 30 days with daily plating of fresh
inoculum. Every 5 days, the MICs of NET and NET/MV6 were determined following the
previously described procedure.

To determine the MPC, defined as the lowest antibiotic concentration that prevents
the growth of resistant mutants, one-step mutants were generated [74]. Tubes containing
MHB were inoculated with strain 306 and incubated for 24 h at 37 ◦C. The culture was then
diluted to an OD600nm of 0.05 and further incubated until reaching the late-exponential
growth phase. Serial dilutions of A. baumannii 306 were plated on MHA containing varying
concentrations of NET, both alone and in the presence of MV6 at 100 mg/L. In-plate
concentrations of NET ranged from 1 mg/L to 1024 mg/L (Log 2 scale). Control plates
without antibiotic were included to monitor the inoculum. After overnight incubation,
CFUs were counted. The experiments were performed in triplicate, and the mean CFU
counts were plotted to analyze mutant generation.
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4.7. Whole-Genome Sequencing and Variant Calling

Whole-genome sequencing (WGS) was then performed on the mutants for further
analysis. Ten NET/MV6 resistant mutants (one obtained at 8 mg/L, five at 16 mg/L,
two at 32 mg/L, and two at 64 mg/L) and ten NET resistant mutants (five obtained at
128 mg/L and five obtained at 256 mg/L) were characterized through WGS. Genomic
DNA of the mutants was extracted using the High Pure PCR Template Preparation Kit
(Roche Diagnostics, Basel, Switzerland). Indexed paired-end libraries were generated using
the Illumina DNA Prep library preparation kit (Illumina Inc., San Diego, CA, USA). The
samples were then sequenced in a MiSeq desktop sequencer cartridge (MiSeq Reagent Kit
v3, Illumina).

The variant calling analysis was performed using a pipeline developed in NextFlow
DSL2. A de novo assembly, mapping, and variant identification were conducted to obtain
point mutations: Single nucleotide polymorphisms (SNPs) and insertion/deletions (IN-
DELS). De novo assembly was conducted using SPAdes (v. 3.15.3). After raw reads quality
control and filtering, the “–mode novo” was followed, which performs mapping against
the assembled reference strain using Bowtie2, (v. 2.2.5) [75] and SAMtools, (v. 1.14) [76].
For variant handling and identification, PicardTools, Genome Analysis Toolkit (GATK),
version 4.5.0.0 [77], and FreeBayes (v. 0.9.21.7) were used after genome annotation with
Prokka (v. 1.14.6) [78] and Bakta (v. 1.9.4) [79]. From the obtained VCF (variant call format)
files, SNPs were listed to meet the following criteria: a quality score > 50, a root mean
square (RMS) mapping quality > 25, and a coverage depth > 30. Indels were extracted from
the totalpileup files using the following criteria: a quality score > 200, an RMS mapping
quality > 25, and a coverage depth > 30. SNPs and INDELs for each isolate were annotated
using SnpEff software (v. 4.3) [80].

5. Conclusions

MV6 is a cyclic peptide that lacks direct antimicrobial activity against A. baumannii but
potentiates the activity of aminoglycosides, such as netilmicin. With a strong synergistic
interaction, MV6 can reduce the MIC of netilmicin by several folds, making it a promising
candidate for reversing A. baumannii’s resistance to this antibiotic. While the exact mode
of action remains unclear, this study suggests a potential interaction with aminoglycoside
efflux pumps, supported by the mutations observed in resistance mutants. These mutations
are often mediated by changes in TetR-like regulators and ATP-binding proteins, both of
which are involved in both the expression and activity of bacterial transporters.

6. Future Perspectives

A. baumannii is a critical pathogen, making it urgent to develop new treatment options
and thoroughly investigate the resistance mechanisms that enable its extensive multidrug
resistance. This study lays the foundation for further exploration of yet unknown TetR
regulators and novel efflux pumps involved in aminoglycoside resistance and efflux pump
expression in A. baumannii, underscoring the extent of what remains to be uncovered about
this pathogen’s resistance mechanisms. Despite this study’s limitations, it highlights the
strong relationship between aminoglycoside resistance and altered efflux pump expression.
It also emphasizes how the use of adjuvant boosters, such as cyclic peptides, can help
restore susceptibility, giving previously ineffective antibiotics a second chance and thereby
expanding treatment options.
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1. Error in Figure
In the original publication [1], there was a mistake in Figure 1 as published. The

molecule represented in Figure 1 is inaccurate, as the order of the amino acids is re-
versed, and the amine group of D-Pro(NH2) must be eliminated. The corrected Figure 1
appears below.
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Figure 1. Chemical structure of MV6 cyclic peptide.

2. Text Correction
There was an error in the original publication [1]. The sequence of MV6 specified

in the Section “2.1. MV6 Structure” is incorrect. It includes an additional amino group
in the first D-Proline composing the peptide. Additionally, the correct pattern of MV6 is
Arg-D-Pro-Trp, not Trp-D-Pro-Arg.

A correction has been made to Section 2. Results, “2.1. MV6 Structure”, first paragraph:
The MV6 cyclic peptide was selected for further study against A. baumannii from a

synthetic library of 28 cyclic peptides following a small-scale “shot in the dark” approach
in which each peptide was tested in combination with various antibiotics and bacterial
species. Its structure consists of six amino acids, two arginine residues (Arg), two D-proline

Antibiotics 2025, 14, 174 https://doi.org/10.3390/antibiotics14020174
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residues (D-Pro), and two tryptophan residues (Trp), arranged in a cyclic configuration.
The final structure is &Arg-D-Pro-Trp-Arg-D-Pro-Trp& (Figure 1).

The authors state that the scientific conclusions are unaffected. This correction was
approved by the Academic Editor. The original publication has also been updated.

Reference
1. Roson-Calero, N.; Lucas, J.; Gomis-Font, M.A.; de Pedro-Jové, R.; Oliver, A.; Ballesté-Delpierre, C.; Vila, J. Cyclic Peptide MV6, an

Aminoglycoside Efficacy Enhancer Against Acinetobacter baumannii. Antibiotics 2024, 13, 1147. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

43



Citation: Finkina, E.I.; Bogdanov, I.V.;

Shevchenko, O.V.; Fateeva, S.I.;

Ignatova, A.A.; Balandin, S.V.;

Ovchinnikova, T.V.

Immunomodulatory Effects of the

Tobacco Defensin NaD1. Antibiotics

2024, 13, 1101. https://doi.org/

10.3390/antibiotics13111101

Academic Editors: Jean-Marc Sabatier,

Marisa Di Pietro and Piyush Baindara

Received: 9 October 2024

Revised: 13 November 2024

Accepted: 14 November 2024

Published: 19 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Immunomodulatory Effects of the Tobacco Defensin NaD1
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Abstract: Background/Objectives: Defensins are important components of the innate plant immune
system, exhibiting antimicrobial activity against phytopathogens, as well as against fungi pathogenic
to humans. Along with antifungal activity, plant defensins are also capable of influencing various
immune processes, but not much is known about these effects. In this study, we investigated the
immunomodulatory effects of the tobacco defensin NaD1, which possesses a pronounced antifun-
gal activity. Methods and Results: We showed that NaD1 could penetrate the Caco-2 polarized
monolayer. Using a multiplex assay with a panel of 48 cytokines, chemokines and growth factors,
we demonstrated that NaD1 at a concentration of 2 µM had immunomodulatory effects on human
dendritic cells and blood monocytes, mainly inhibiting the production of various immune factors.
Using the sandwich ELISA method, we demonstrated that NaD1 at the same concentration had
a pronounced immunomodulatory effect on unstimulated THP-1-derived macrophages and those
stimulated by bacterial LPS or fungal zymosan. NaD1 had a dual effect and induced the production
of both pro-inflammatory cytokine IL-1β as well as anti-inflammatory IL-10 on resting and pro-
inflammatory THP-1-derived macrophages. We also found that the immunomodulatory effects of the
tobacco defensin NaD1 and the pea defensin Psd1 differed from each other, indicating nonuniformity
in the modes of action of plant defensins. Conclusions: Thus, our data demonstrated that the tobacco
defensin NaD1 exhibits different immunomodulatory effects on various immune cells. We hypothe-
sized that influence on human immune system along with antifungal activity, could determine the
effectiveness of this peptide under infection in vivo.

Keywords: antimicrobial peptides (AMPs); host defense peptides; plant defensins; tobacco defensin
NaD1; pea defensin Psd1; human β-defensin 2 (HBD2); human cathelicidin LL-37; immunomodulatory
effects; lipopolysaccharide (LPS); zymosan; cytokines

1. Introduction

It is well known that host defense antimicrobial peptides (AMPs) such as human
defensins and cathelicidins not only effectively inhibit the growth of pathogenic microor-
ganisms but also possess immunomodulatory activity, which helps to prevent infection. In
addition, it has been shown that a number of AMPs from marine organisms [1], insects [2],
plants [3] and others also exhibit immunomodulatory properties. Recent data demonstrated
that plant defensins were also able to influence the human immune system [4].

Plant defensins are AMPs which protect plants against pathogen and parasite invasion.
Plant defensins effectively inhibit the growth of human pathogenic fungi of the Candida,
Aspergillus and Cryptococcus genera, which, according to phenotypic tests, PCR assays and
metagenomic-based studies, are a common cause of life-threatening fungal infections [5].
Nowadays, plant defensins are considered as high-potential prototypes of new antifungal
drugs [4,6]. These AMPs have similar spatial organizations but are characterized by
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low amino acid sequence homology, which is probably the reason for the diversity of
mechanisms of their antifungal action [4].

Several plant defensins have been demonstrated to have immunomodulatory action
on epithelial, immune and endothelial cells. γ-Thionin from Capsicum chinense upregulated
the expression of TLR2 receptor, cytokines TNF-α, IL-1β and IL-10 and also activated the
transcriptional factors of inflammatory response in untreated bovine mammary epithelial
cells (bMECs) and those infected by Staphylococcus aureus [7,8]. This peptide significantly
reduced the internalization of S. aureus cells into bMECs, which was not related to its
antibacterial activity [7]. The peptide solyC, based on the γ-motif of tomato defensins,
exhibited an anti-inflammatory activity, decreasing the production of pro-inflammatory
cytokines by LPS-stimulated THP-1 cells [9]. The pea defensin Psd1 up-regulated the ex-
pression of human β-defensin 2 (HBD-2) and pro-inflammatory cytokines in epithelial cells
Caco-2, decreasing the effects of Candida albicans [10]. The pea Psd1 and the lentil Lc-def de-
fensins induced the production of both pro- and anti-inflammatory cytokines/chemokines
and growth factors by monocyte-derived dendritic cells and monocytes [10,11]. PaDef from
avocado and γ-thionin from C. chinense reduced the VEGF-induced proliferation of bovine
endothelial cells, as well as other effects of pro-angiogenic factor VEGF [12].

Floral defensin NaD1, a peptide with pronounced antifungal activity, is found in
tobacco, which is known to be abundantly rich in biologically active phytochemicals [13].
This peptide is characterized by a complex mechanism of antifungal action, interacts with
the fungal cell wall, affects the permeability of the plasma cell membrane by interacting
with phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2), penetrates into the cell and causes
oxidative cell stress [14,15]. As shown, the development of yeast resistance to NaD1 can
take place, but it arises more slowly than to the conventional antimycotic caspofungin [16].
At the same time, to date, nothing is known about the immunomodulatory effects of the
tobacco defensin NaD1.

The main goal of this study was to investigate the immunomodulatory action of
NaD1. At the first stage, we investigated the ability of NaD1 to penetrate the epithelial
barrier by using a monolayer Caco-2 cells model. The effects of this peptide on interleukin
production by such immune cells as monocytes and dendritic cells were studied by using
the multiplex xMAP assay. Finally, the effects of NaD1 on THP-1-derived macrophages
under inflammation caused by such pathogen-associated molecular patterns (PAMPs)
as the lipopolysaccharide (LPS) of Gram-negative bacteria and zymosan from yeast cell
walls were studied by using the sandwich ELISA method. The host defense antimicrobial
peptides HBD2 and LL-37, produced by epithelial and immune cells, as well as the pea
defensin Psd1, exhibiting immunomodulatory activity, were used by way of comparison.

2. Results and Discussion
2.1. Cytotoxic Effects of NaD1 Towards Epithelial and Immune Cells

It was shown previously that the tobacco defensin NaD1 exhibited cytotoxic properties.
The IC50 for umbilical vein endothelial cells (HUVEC), human smooth muscles (CASMC)
and human dermal fibroblast cells (AHDF) was approximately 10 µM in the MTT cell
viability assay [17]. Therefore, we investigated the cytotoxicity of NaD1 towards epithelial
and immune cells by using the resazurin-based method to exclude cytotoxic effects of the
peptide on these cells at concentrations of 0.2, 2 and 5 µM applied in subsequent experi-
ments. The membrane-active peptide melittin from the venom of honeybees, exhibiting
high hemolytic and nonspecific cytotoxic activity [18], was used for comparation.

Human peripheral blood mononuclear cells (PBMCs) were chosen as a commonly
used heterogeneous population of immune cells, consisting of lymphocytes (B cells, T cells
and NK cells) and a smaller fraction of monocytic and dendritic cells. NaD1 had a rather
low cytotoxic activity on PBMCs. Cell viability of approximately 90% was observed at
the peptide concentration of 50 µM (Figure 1A). Even at NaD1 concentration of 180 µM,
the viability of PBMCs was more than 50% (Supplementary Materials, Figure S1A). At the
same time, melittin induced approximately 50% cell death at a concentration of 2.5 µM (the
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calculated cytotoxic concentration of melittin corresponding to 50% viability of PBMCs
(CC50) was 2.54 µM) (Figure 1B).
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Caco-2 monolayer, but at rather high concentrations; it had no effects on the Caco-2 cells 
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Figure 1. Cytotoxic effects of the tobacco defensin NaD1 towards PBMCs (A) and Caco-2 cells in
monolayer (C). The membrane-active peptide melittin from the venom of honeybees (B,D) was
used for comparison. Error bars represent a standard deviation (±SD) between two biological and
two technical replications. Significance levels are * p ≤ 0.05, *** p < 0.001 and **** p < 0.0001. The
significance was calculated by comparing untreated cells (control) with treated by NaD1 or melittin
cells. Viability cells in control and experimental samples was compared with un-paired two-sample
t-test.

A Caco-2 monolayer mimicking the gastrointestinal epithelial barrier was also used
in the cytotoxic assay. The tobacco defensin NaD1 exhibited cytotoxic effects towards the
Caco-2 monolayer, but at rather high concentrations; it had no effects on the Caco-2 cells in
a monolayer at a concentration of 12.5 µM. Cell viability of approximately 85% and 70%
was observed at the peptide concentrations of 25 and 50 µM, respectively (Figure 1C). For
comparison, a decrease in cell viability was observed even at a concentration of melittin of
0.8 µM. Cell viability was less than 40% at a concentration of this peptide of 3.1 µM (the
calculated CC50 of melittin was 2.4 µM) (Figure 1D). A similar situation was observed in the
case of Caco-2 cells not in a monolayer. Cell viability of approximately 62% was observed at
a NaD1 concentration of 53.3 µM. A significant increase in cell death was observed at high
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peptide concentrations. Cell viability of only 8% was observed at a NaD1 concentration of
180 µM (the calculated CC50 of NaD1 was 61.8 µM) (Supplementary Materials, Figure S1B).

Thus, NaD1 did not exhibit a cytotoxic effect against the tested immune and epithelial
cells at a concentration of 12.5 µM. Earlier, it had been shown that the human defensin
HBD2 did not increase the level of THP-1 cell death at the concentration of 1.2 µM [19]. The
human cathelicidin LL-37 has been previously shown to have a toxic effect on PBMCs at
the concentration of 12 µM [20]. The pea defensin Psd1, as we have shown in a previous
study, had no cytotoxic activity against PBMCs at the concentration of 50 µM [10].

2.2. Transfer of the Tobacco Defensin NaD1 Across the Caco-2 Polarized Monolayer

To find out whether the tobacco defensin NaD1 can penetrate epithelial barriers we
evaluated the permeability of the Caco-2 polarized monolayer to this peptide. Bidirectional
transport of NaD1 at the concentration of 5 µM through the polarized Caco-2 monolayer
was assessed in two directions: (1) from the apical to basolateral chamber (A→B, absorptive)
and (2) from the basolateral to apical chamber (B→A, secretory) (Figure 2).
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Figure 2. Assessment of bidirectional transport of the tobacco defensin NaD1 through the polarized
Caco-2 monolayer. A→B, absorptive transport; B→A, secretory transport; Papp—apparent perme-
ability coefficient. Six and four independent biological replications were used for absorptive and
secretory directions, respectively. The normality of Papp coefficient distribution was assessed using
Shapiro–Wilk test. Papp coefficients were compared by unpaired two-sample t-test.

Mean values of apparent permeability coefficients for absorptive and secretory direc-
tions were quite similar: 2.72 × 10−6 and 2.22 × 10−6 cm/s, respectively. Almost equal
permeability in both directions suggests the passive transport of NaD1 through the Caco-2
monolayer. As we have shown earlier, the pea defensin Psd1 is probably subjected to active
efflux, as apparent permeability coefficients were higher in the secretory direction than in
the absorptive one [10]. This may mean that Psd1 is probably a weak substrate of some
efflux pumps in Caco-2 cells. At the same time, the apparent permeability coefficients of
NaD1 and Psd1 for A→B direction were nearly the same. This difference in the transfer of
NaD1 and Psd1 through the Caco-2 polarized monolayer could be explained by discrepan-
cies in their structural organization. It is well known that despite the similarity in spatial
structures, plant defensins do not contain conserved regions in their amino acid sequences
(Supplementary Materials, Figure S2) [4]. In particular, the primary structure of the tobacco
NaD1 is very different from that of the pea Psd1 and has only 26% homology with the latter.
In addition, the Psd1 isoelectric point is 7.73, in contrast to that of the more cationic NaD1
(pI 9.08).
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Thus, based on the data obtained, we assumed that NaD1 is able to transfer across the
human intestinal epithelium and interact with immune cells.

2.3. Immunomodulatory Action of the Tobacco Defensin NaD1 on Human Dendritic Cells and
Blood Monocytes

In the next step of this work, we studied the immunomodulatory properties of NaD1
by using primary monocytes and monocyte-derived immature dendritic cells (DCs). DCs
represent a type of antigen-presenting cells, playing a key role in adaptive immune response.
Their primary functions involve phagocytosis, processing and presentation of captured
antigens to T cells. In most tissues, they are present in a state known as “immature” DCs,
unable to activate and stimulate T lymphocytes; their activation and maturation typically
starts when DCs identify danger signals [21]. This is why immature DCs are present
where antigen entrance is expected; for instance, in lower and upper airways, skin and gut
epithelial barriers, etc. In the case of immature DCs, NaD1 at the concentration of 2 µM
mainly inhibited the production of cytokines and chemokines, including ones with pro-
and anti-inflammatory action: IL-1RA (from 199 to 133 pg/mL, p = 0.0311), CXCL8 (from
1856 to 1037 pg/mL, p = 0.0003), CCL2 (from 514 to 288 pg/mL, p = 0.0044), CCL7 (from
62.22 to 44.12 pg/mL, p = 0.0237), CXCL9 (from 76.28 to 16.72 pg/mL, p = 0.0007), CCL3
(from 62.72 to 35.36 pg/mL, p = 0.0023), CCL4 (from 204 to 120 pg/mL, p = 0.0018) and
M-CSF (from 101 to 45.07 pg/mL, p = 0.0079). In the case of IL-6, IL-12(p40), TGF-α and
GM-CSF, a very slight but statistically significant inhibition of the production was observed
(Figure 3). Apparently, NaD1 did not induce the activation and maturation of immature
DCs, according to their cytokine profiles. In our previous studies of the immunomodulatory
properties of plant defensins, we have shown that the pea defensin Psd1, on the contrary,
induced an elevation of the production of cytokines IL-1RA, IL-5, IL-6, IL-10, IL-12, IL-15,
IL-27 and TNFα and chemokines CXCL8/IL-8, CCL2/MCP-1 and CCL7/MCP-3 by mature
DCs [9]. At the same time, the lentil defensin Lc-def, having 48% and 34% homology with
the pea Psd1 and the tobacco NaD1, respectively, did not induce significant changes in the
secretion of cytokines and chemokines by mature DCs [11].

Then, primary human monocytes were chosen to study the immunomodulatory
properties of NaD1. Monocytes circulating in the blood can be recruited and extravasated
into tissues during inflammatory processes [22]. Moreover, the recruitment of monocytes
to the sites of inflammation is critical for host defense not only when infected, but also in
the case of sterile injury [22]. In the case of monocytes, NaD1 at the same concentration
induced a decrease of chemotactic CXCL1/GROα and CXCL8/IL-8 levels and elevation
of the fibroblast growth factor 2 (FGF-2) production; however, these changes were not
statistically significant (Figure 3). At the same time, NaD1 induced a slight but statistically
significant (p = 0.0049) elevation of the production of pro-inflammatory CCL4/MIP-1β
(from 29.57 to 34.19 pg/mL), which is a potent monocyte and lymphocyte chemoattractant,
recruiting neutrophils, eosinophils, basophils, immature dendritic cells and natural killer
cells to the site of inflammation [23]. NaD1 also increased the production of the platelet-
derived growth factor (PDGF-AB/BB) (from 984 to 1457 pg/mL, p = 0.0232), which is a
potent mitogen for cells of mesenchymal origin and plays a significant role in angiogenesis
and wound healing [24]. NaD1 also induced an elevation of the PDGF-AA level, but this
effect was not statistically significant (Supplementary Materials, Table S1). Interestingly,
the lentil defensin Lc-def also increased the production of PDGF-AA, PDGF-AB/BB and
CCL3/MIP-1α by monocytes [11], while the pea defensin Psd1 increased the production of
both CCL3/MIP-1α and CCL4/MIP-1β by monocytes [10].

48



Antibiotics 2024, 13, 1101

Antibiotics 2024, 13, x FOR PEER REVIEW 6 of 18 
 

 Figure 3. Production of cytokines, chemokines and growth factors upon stimulation of DCs and
monocytes by NaD1 at the concentration of 2 µM. Error bars represent a standard deviation (±SD)
between two biological replications. The levels in control and experimental wells were compared by
unpaired two-sample t-test.
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According to the cytokine profile, NaD1 appeared to be not capable of activating and
inducing the maturation of dendritic cells. Instead, NaD1 inhibited the production of cy-
tokines by immature DCs, and this effect was statistically significant. In primary monocytes,
NaD1 also induced minor effects. Other plant defensins, such as the pea Psd1 and the lentil
Lc-def, induced much more significant changes in cytokine production by mature DCs
and monocytes, suggesting that the tobacco NaD1 causes mild immunomodulatory effects
on these cell cultures. Taking these results together, we concluded that representatives
of plant defensins could induce diverse immunomodulatory effects on various human
immunocompetent cells.

2.4. Immunomodulatory Action of the Tobacco Defensin NaD1 on Unstimulated and Stimulated by
LPS or Zymosan THP-1-Derived Macrophages

Next, we investigated the effects of NaD1 on THP-1-derived macrophages under
inflammation caused by bacterial or fungal PAMPs, such as LPS and zymosan. LPS is
the most abundant component of the cell wall of Gram-negative bacteria and an agonist
of the TLR4 receptor, which stimulates the production of TNF-α, IL-1β, IL-6, IL-8 and
other inflammatory cytokines in various cell types in response to pathogens [25]. Zymosan
prepared from yeast cell walls mainly consists of polysaccharides including β-glucan
and, to a lesser extent, of mannan and activates secretion of inflammatory factors, in
particular TNF-α and IL-8, by macrophages, monocytes and leukocytes via TLR2 and
Dectin-1 receptors [26]. Macrophages maintain tissue homeostasis, resist pathogen invasion
and, therefore, are one of the key players in tissue immunity [27]. They are present in
different tissues and can be activated and polarized depending on their environment
into pro-inflammatory (M1) or anti-inflammatory macrophages (M2) [28]. LPS or pro-
inflammatory cytokines (IFNγ, IL-12) induce the polarization of macrophages with the
resting phenotype (M0) to the M1 phenotype while anti-inflammatory cytokines (IL-4, IL-10
and IL-13) can drive their polarization towards M2 [27]. Recently, it has been shown that
zymosan induced upregulation of pro-inflammatory genes, intrinsic to M1 macrophages,
and downregulated the M2 genes [29]. Host defense cationic antimicrobial peptides with
immunomodulatory properties, which are produced by epithelial and immune cells, namely
the human β-defensin HBD2 and the cathelicidin LL-37, were used for comparison. The pea
defensin Psd1 was also used in this experiment. Previously, we have shown a pronounced
immunomodulatory effect of Psd1 on DCs or monocytes as well as on a Caco-2/immune
cells co-culture upon a fungal infection [10].

To perform this analysis, cytokines IL-1β, IL-6, TNF-α and IL-10 were chosen. IL-
1β, TNF-α and IL-6 are the major pro-inflammatory cytokines, playing a key role in
inflammation, whereas IL-10 is an anti-inflammatory cytokine that suppresses excessive
immune responses and antigen-presentation capacity [30]. THP-1-derived macrophages
were pre-treated with antimicrobial peptides at concentrations of 2 or 0.2 µM for 2 h
followed by stimulation with LPS and zymosan for an additional 24 h. LPS induced the
secretion of all cytokines tested, but the most pronounced effect was observed in the case
of IL-6 (p < 0.0001) and TNF-α (p < 0.0001). Zymosan had the same but less pronounced
pro-inflammatory effect, and a statistically significant increase in cytokine production was
observed only for IL-6 (p = 0.0023) and TNF-α (p = 0.0015) (Figure 4A–D).

At a concentration of 2 µM, AMPs by themselves had the following effects on THP-1-
derived macrophages. Only NaD1 significantly increased IL-1β level (p < 0.0001). Plant
defensins NaD1 (p = 0.0329) and Psd1 (p = 0.001) induced the production of IL-10. Among
all tested AMPs, only LL-37 slightly increased TNF-α secretion (p = 0.0454). All AMPs did
not influence IL-6 production (Figure 4A–D).
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Figure 4. Influence of the tobacco defensin NaD1 and other AMPs at the concentration of 2 µM on
production of pro- (A–D) and anti-inflammatory (B) cytokines either unstimulated or stimulated by
LPS or by zymosan THP-1-derived macrophages. Error bars represent a standard deviation (±SD)
between two biological and two technical replications. Significance levels are * p ≤ 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001. The significance of difference in cytokine production was calculated
by comparing: unstimulated cells (control) with stimulated by AMPs cells (grey bars); stimulated
by LPS (blue bars) or zymosan (green bars) cells alone or in the presence of AMPs. Release of the
cytokines in control and experimental samples was compared with unpaired two-sample t-test.
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Along with that, all AMPs in different ways influenced the LPS-induced pro-inflammatory
response of THP-1-derived macrophages. As expected, LL-37 inhibited the LPS-induced
production of all cytokines tested, although for IL-10 this effect was insignificant. Among
defensins, only NaD1 increased the LPS-induced production of IL-1β (p = 0.0009). Plant
defensins NaD1 and Psd1 increased the LPS-induced production of IL-10, but reduced the
LPS-induced secretion of TNF-α. On the contrary, cell pre-incubation with Psd1 (p = 0.0436)
and HBD2 (p = 0.0121), but not with NaD1, increased the LPS-stimulated production of
IL-6 (Figure 4A–D).

AMPs also affected zymosan-induced inflammation. LL-37 slightly decreased the
zymosan-induced production of TNF-α and IL-6, although only for IL-6 this effect was
significant (p = 0.0349). NaD1 in the presence of zymosan induced the production of IL-1β
(p <0.0001) more strongly than without this PAMP. At the same time, Psd1 slightly reduced
the production of IL-1β (p = 0.0121) in the presence of zymosan. NaD1 (p = 0.0116) and Psd1
(p = 0.0202) increased the production of IL-10 in the presence of zymosan, but these effects
were less pronounced than in the case of individual AMPs. All of the three defensins did not
influence the TNF-α production. HBD2 caused a slight decrease in the zymosan-induced
production of IL-6 (p = 0.0184) (Figure 4A–D).

At the concentration of 0.2 µM, AMPs by themselves or in the presence of PAMPs had
approximately the same action, but the effects were generally less pronounced (Supplemen-
tary Materials, Figure S3).

LL-37, also known as hCAP18, has been widely shown to exhibit different effects
on various types of human cells. In particular, LL-37 suppresses the LPS-induced cell
inflammatory response via the direct binding of LPS [31]. As shown, LL-37 interacts not
only with LPS but also with polysaccharides from fungal cell walls, such as mannan, chitin
and glucan [32]. In our experiments, we observed similar effects of LL-37 on the LPS- and
zymosan-induced production of TNF-α and IL-6, probably due to the ability of this peptide
to also bind the fungal PAMP zymosan.

As is known, HBD2 modulated various immune processes. It has been reported
that pre-stimulation of primary human macrophages or THP-1 cells with HBD2 and its
subsequent removal from the culture medium resulted in the enhanced production of
pro-inflammatory cytokines and chemokines induced following cell stimulation by LPS or
zymosan, apparently through activation of the P2X7 receptor [19]. At the same time, co-
treatment with HBD2 at different concentrations mitigated the release of TNF-α and IL-1β
by LPS-stimulated PBMCs [33]. In our case, pre-treatment of THP-1-derived macrophages
with HBD2 followed by the addition of LPS or zymosan had no significant effect. At the
same time, HBD2 increased or, conversely, decreased PAMP-induced IL-6 production in
the case of LPS or zymosan, respectively.

As mentioned above, plant defensins also exhibit immunomodulatory effects. In
particular, the peptide solyC, corresponding to the γ-motif of the tomato defensin family,
affected THP-1 cells stimulated with LPS but had no effect on unstimulated cells. Co-
stimulation of THP-1 cells with this peptide and LPS resulted in a decrease of the LPS-
induced production of the pro-inflammatory cytokines TNF-α and IFN-γ [9]. According to
our data, the plant defensins Psd1 and NaD1 had different effects on unstimulated THP-1-
derived macrophages and those stimulated by LPS and zymosan. Both peptides induced
the synthesis of the anti-inflammatory cytokine IL-10 by THP-1-derived macrophages, but
only NaD1 increased the IL-1β level. Both plant defensins increased IL-10 production and
decreased the TNF-α level under LPS-induced inflammation, but NaD1 also significantly
increased the secretion of IL-1β and Psd1 slightly increased the IL-6 level. Both plant
defensins increased IL-10 production under zymosan-induced inflammation, but only
NaD1 also significantly increased the secretion of IL-1β.

As is known, a number of AMPs exhibit immunomodulatory properties and trigger
both anti-inflammatory and pro-inflammatory immune responses via distinct mechanisms
which depend on biological context [34]. Our data also demonstrated that NaD1 had a
pleiotropic action on resting and pro-inflammatory THP-1-derived macrophages, affecting
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the production of both pro- and anti-inflammatory cytokines. A comparison of the effects of
the plant defensins NaD1 and Psd1 revealed that different representatives of plant defensins
could have various effects on unstimulated and PAMP-induced pro-inflammatory THP-1-
derived macrophages.

Key pro-inflammatory cytokines (IL-1, IL-6 and TNF-α) during infection stimulate the
production of acute-phase proteins and attract inflammatory cells. At the same time, an
elevated level of IL-6 was found to be associated with the highest risk of death in patients
with sepsis [35]. We did not observe any statistically significant changes induced by NaD1
in the production of IL-6. Any immunosuppression or anti-inflammatory signals during the
acute-phase response can be responsible for late death in patients with sepsis. For instance,
the increase of IL-10 during sepsis was found to be the main predictor of severity and fatal
outcome [35]. NaD1 induced an elevation in anti-inflammatory IL-10 production by M0
and M1 macrophages; however, this elevation was mild (from 150 to 180 pg/mL), while the
increase in pro-inflammatory IL-1β was much more profound (from 4500 to 6500 pg/mL).
Taken together, we demonstrated in this study that the tobacco defensin NaD1 can impact
macrophages by inducing changes in the production level of the key cytokines involved in
the acute-phase response.

2.5. Possible LPS- and Zymosan-Binding Capacity of the Tobacco Defensin NaD1

As mentioned above, LL-37 (pI 10.61) binds to bacterial LPS and polysaccharides from
fungal cell walls, including β-glucan, and electrostatic interactions have been shown to
play an important role in peptide–PAMP interaction [31,32]. At the same time, NaD1 is
cationic peptide with pI 9.08 that could potentially bind to the negatively charged PAMPs.
The ability of the tobacco defensin NaD1 to bind β-glucan and chitin has been shown
previously [6,36]. To the best of our knowledge, nothing is known about the ability of
NaD1 to interact with LPS. In order to test this and estimate the possible influence of
PAMP-binding on immunomodulatory effects, in particular, a decrease in the LPS-induced
production of TNF-α, we examined the antimicrobial activity of NaD1 in the presence of
LPS or zymosan. LL-37 was used for the comparison in these experiments.

The tobacco defensin NaD1 is known to have a pronounced antifungal activity [6,14–16].
We tested the activity of this peptide against Candida albicans ATCC 18804. Taking into
consideration a significant decrease in the activity of NaD1 in the presence of sodium
chloride at physiological concentrations, a low-salt media such as Sabouraud broth was
used. NaD1 effectively inhibited the growth of C. albicans at MIC 6.25 µM. LL-37 also
exhibited anticandidal activity at MIC 12.5 µM under the test conditions. The next step was
to test the influence of LPS and zymosan on the antifungal activity of AMPs.

The antifungal activity of LL-37 was reduced in the presence of both LPS and zymosan
(Table 1). Both PAMPs at concentrations of 40 µg/mL and higher doubled the MIC of LL-37
against C. albicans. Higher concentrations of LL-37 were also required for the fungicidal
effect on yeast-like cells in the presence of LPS or zymosan at concentrations of 100 µg/mL.
At the same time, the presence of LPS or zymosan had a slight effect on the anticandidal
activity of NaD1. An increase of the MIC of NaD1 was observed only in the presence of LPS
at the concentration of 100 µg/mL. The fungicidal effect of NaD1 decreased in the presence
of zymosan or LPS. Plating the contents of the wells with NaD1 in MIC concentrations
showed a larger number of colonies of C. albicans cells in the case of a higher concentration
of LPS or zymosan (Supplementary Materials, Figures S4 and S5). A doubling of the MFC,
but not MIC, of NaD1 was found in the presence of zymosan at concentrations of 40 µg/mL
and higher (Table 1). Thus, we assumed that NaD1 could potentially bind LPS, but to a
lesser extent than LL-37. However, unlike LL-37, the immunomodulatory effects of NaD1
most likely did not relate to its ability to bind the PAMPs used.
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Table 1. Effects of LPS and zymosan on antifungal activities of the tobacco defensin NaD1 and the
human cathelicidin LL-37 towards Candida albicans ATCC 18804.

Test Variant
NaD1, µM LL-37, µM

IC50 MIC MFC IC50 MIC MFC

Without PAMP 3.12–6.25 6.25 12.5 6.25–12.5 12.5 25

10 µg/mL LPS 3.12–6.25 6.25 12.5 6.25–12.5 12.5 25
40 µg/mL LPS 3.12–6.25 6.25 12.5 6.25–12.5 25 25
100 µg/mL LPS 3.12–6.25 12.5 12.5 12.5–25 25 >25

10 µg/mL Zymosan 3.12–6.25 6.25 12.5 6.25–12.5 12.5 25
40 µg/mL Zymosan 3.12–6.25 6.25 25 12.5 25 >25
100 µg/mL Zymosan 3.12–6.25 6.25 25 12.5–25 25 >25

MIC values of the peptides in the presence of PAMPs exceeding those without them are shown in bold.

2.6. Limitations

In this study, we showed that the tobacco defensin NaD1 exhibits different im-
munomodulatory effects on various immune cells, including monocyte-derived dendritic
cells, primary blood monocytes and THP-1-derived macrophages. However, a plenty of
cells other than the immune cells used are involved in various immune responses, including
in the acute-phase response during infection. This is why the overall immunomodulatory
action of NaD1 hard to be predicted ex vivo and need to be further investigated in inflam-
matory mouse models. It is also worth noting that the safety of NaD1 should be tested due
to the cytotoxic activity of the peptide, which it exhibits in high concentrations.

3. Materials and Methods
3.1. Materials

Candida albicans ATCC 18804 was kept at −70 ◦C in 10% non-fat milk with 10% glycerol.
Synthetic melittin (>98% pure) was provided by Dr. Sergey V. Sychev in M.M. Shemyakin
and Yu.A. Ovchinnikov Institute of Bioorganic Chemistry of the Russian Academy of
Sciences (Moscow, Russia).

3.2. Recombinant Production of Antimicrobial Peptides

The pea defensin Psd1 (UNIPROT P81929) was obtained as described previously [9].
Recombinant tobacco defensin NaD1 (UNIPROT Q8GTM0), human cathelicidin LL-37
(UNIPROT P49913) and human β-defensin 2 (HBD2, UNIPROT O15263) were obtained
by heterologous expression in E. coli cells (Supplementary Materials, Figure S2). DNA
fragments encoding AMPs were synthesized using PCR with overlapping primers and
inserted into the expression plasmid vector pET-His8-TrxL (Supporting Materials, Figure
S6 and Figure S7 and Table S2). Correct plasmid assembly was verified by DNA sequencing
performed in two directions. Heterologous expression was carried out in E. coli BL-
21 (DE3) cells transformed with plasmid constructs pET-His8-TrxL-NaD1/LL-37/HBD2
using 0.2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) as an inductor. Recombinant
peptides were purified from clarified cell lysates using metal chelate chromatography,
cyanogen bromide cleavage of the fusion proteins and two-stage reversed-phase high
performance liquid chromatography (RP-HPLC). Homogeneity and the identity of the
recombinant peptide samples were confirmed by MALDI mass spectrometry and CD
spectroscopy (Supplementary Materials, Figures S8, S9 and Table S3).

3.3. Human Cell Lines and Cultures

Peripheral blood mononuclear cells (PBMCs) from healthy donors were purchased
from American Type Culture Collection (ATCC PCS-800-011). Primary monocytes were
isolated from PBMCs by adherence to the plastic surface [37]. For that, PBMCs were thawed,
resuspended in RPMI-1640 culture medium (Corning, Corning, NY, USA) without serum
at a concentration of 2 × 106 cells/mL, seeded into the wells of a 24-well plate and placed
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in a humidified CO2-intubator (CellXpert C170i, Eppendorf, Hamburg, Germany) for 1
h. After that, non-adherent cells were removed from the wells and attached monocytes
were thoroughly washed with PBS and cultured in a CO2-intubator in complete RPMI-
1640 containing 10% human serum (HS Type AB, Capricorn Scientific, Ebsdorfergrund,
Germany) and 1×antibiotic-antimycotic (1×AA) solution (Sigma, St. Louis, MO, USA).

Immature monocyte-derived dendritic cells (moDC) were obtained from primary
monocytes by a differentiation protocol involving a cytokine cocktail with IL-4 and GM-
CSF [38]. For this, the monocytes were cultured in complete RPMI-1640 containing 10% HS,
1×AA solution, 500 U/mL rhIL-4 (Sci-Store, Moscow, Russia) and 800 U/mL rhGM-CSF
(Sci-Store) for 3 days. Then, the cells were re-fed with the fresh medium with rhIL-4 and
rhGM-CSF and cultured for 4 more days.

THP-1 (ATCC TIB-202) cells were thawed and cultured in complete RPMI-1640, con-
taining 10% FBS (Capricorn Scientific) and 1×AA solution in CO2-intubator. Monocytic
THP-1 cells were differentiated into resting M0 macrophages by stimulation for 24 h with
100 ng/mL phorbol 12-myristate 13-acetate (PMA) in complete RPMI-1640. Then, the
attached macrophage-like cells were washed out with culture medium without serum and
incubated for another 48 h in PMA-free complete culture medium with 10% HS and 1×AA
solution.

Caco-2 (ATCC HTB-37) cells were thawed and cultured in complete DMEM/F-12
culture medium (Corning), supplemented with 10% FBS in a humidified CO2-intubator.
After the culture was subcultivated three times, the cells were seeded on cell inserts (PET,
0.4 µm, 0.6 cm2 surface area, SPL Life Sciences, Pocheon-si, Republic of Korea) at a density
of 2.5 × 105 cells/cm2. Cells were grown for 21 days with re-feeding with the fresh medium
every 2–3 days. To evaluate integrity of Caco-2 monolayer, a transepithelial electrical resis-
tance (TEER) was measured by Millicell ERS-2 Voltohmmeter (Merck-Millipore, Burlington,
MA, USA). Only inserts with TEER > 400 Ω cm2 were used in the transport assay.

C. albicans ATCC 18804 cells in stock were inoculated onto modified YPD (yeast extract
5 g/L, peptone 10 g/L, glucose 10 g/L) agar plates and incubated for 24 h at 37 ◦C.

3.4. Cytotoxicity Assay

The cytotoxic effects of the tobacco defensin NaD1 towards PBMCs or Caco-2 cells
were investigated in 96-well plates using the resazurin method as previously described [10].
In brief, 4 × 105 per well Caco-2 cells not in a monolayer as well as Caco-2 cells in a
monolayer in DMEM/F12 (1:1) medium with 10% FBS or 2 × 106 PBMCs per well in RPMI-
1640 also with 10% FBS were incubated with serial dilutions of NaD1 at final concentrations
from 0.39 to 50 µM or from 2.1 to 180 µM for 24 h. After that, resazurin (Sigma, St. Louis,
MO, USA) was added at a final concentration of 70 µM and the plates were incubated
overnight (16–18 h). Untreated cells and cells treated by non-ionogenic detergent Triton
X-100 were used as negative and positive controls, respectively. The membrane-active
peptide melittin from honeybee venom was used for comparison. The cell viability was
estimated by resorufin fluorescence registered at 595 HM via the following equation: cell
viability (%) = (Fsample/Fcontrol) × 100%. Experiment was carried out twice in duplicate.

3.5. Labeling of the Tobacco Defensin NaD1 with FITC

The labeling of NaD1 with FITC was performed as previously reported in [21].

3.6. Caco-2 Permeability Assay

The permeability assay was conducted in transfer buffer (HBSS solution, containing
1 mM CaCl2, 1 mM MgCl2, 10 mM D(+)glucose, pH 7.4). For the measuring transport of
NaD1 in the absorptive direction (from the apical to basolateral chamber, A→B), 0.7 mL of
the transport buffer was placed in the basolateral chamber and 0.4 mL of 5 µM FITC-labeled
NaD1 in the transport buffer was placed in the apical chamber. For the measuring transport
of NaD1 in the secretory direction (from the basolateral to apical chamber, B→A), 0.7 mL
of 5 µM FITC-labeled NaD1 was placed in the basolateral chamber and 0.4 mL of the
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transport buffer was placed in the apical chamber. The permeability assay through the
Caco-2 polarized monolayer was conducted for 90 min in 6 independent inserts for the
absorptive direction and 4 independent inserts for the secretory direction. The Caco-2
permeability assay was performed twice on two different days.

The apparent permeability coefficients (Papp) were calculated for each insert according
to the following equation: Papp = dQ/dt × (1/(A × C0)), where dQ/dt is an amount
of product present in the basolateral or apical chamber as a function of time (nM/s), A
is an area of the insert (in cm2) and C0 is an initial concentration of NaD1 in the apical
or basolateral chamber (nM/mL). In order to verify the cell monolayer, the apparent
permeability of a paracellular marker, Lucifer Yellow (Sigma), was estimated.

3.7. Stimulation of Human Cell Cultures with NaD1

For the study of the immunomodulatory properties of NaD1, monocytes and immature
dendritic cells (moDC) were seeded into the wells of a 24-well plate at densities of 4 × 105

and 1.3 × 105 cells per well, respectively, in complete RPMI-1640 with 10% HS and AA
solution. Then, 24 h later, the culture medium was replaced by a fresh one either with 2 µM
NaD1 for stimulation of the cells or without if for the control wells. The cultures were kept
in a humidified CO2-intubator for 24 h and then the samples of the culture media were
taken and frozen.

THP-1-derived macrophages were seeded into the wells of a 24-well plate at a density
of 2.7 × 105 cells/well in complete RPMI-1640 with 10% HS and 1×AA solution. Then,
24 h later, the culture medium was replaced by the fresh complete RPMI-1640 containing
lipopolysaccharide from Escherichia coli 0111:B4 (LPS, Sigma, St. Louis, MO, USA) or
zymosan from the cell wall of Saccharomyces cerevisiae (Serva, Heidelberg, Germany) at
concentrations of 1 or 10 µg/mL, respectively; antimicrobial peptides NaD1, Psd1, LL-37 or
HBD2 at concentrations of 2 or 0.2 µM; and combinations of antimicrobial peptides with
LPS or zymosan at the same concentrations. Insoluble zymosan was resuspended in sterile
water and sonicated twice for 30 s; after that, the stock solution was heated to 80 ◦C for
20 min. Peptides were added 2 h before stimulation with LPS and zymosan. After that,
PAMPs solutions were added and the cells were cultured for 24 h. Complete RPMI-1640
only was used in the control wells. Culture supernatants were collected and stored at
−70 ◦C prior to the cytokines’ assessment.

3.8. Multiplex Assessment of Cytokine Production by Monocytes and Immature Dendritic Cells
upon Stimulation with NaD1

The absolute levels of 48 cytokines, chemokines and growth factors were determined at
a protein level by multiplex xMAP technology (Luminex, Austin, TX, USA). For this, a MIL-
LIPLEX Human Panel A kit (HCYTA-60K-PX48, Merck, Darmstadt, Germany) was used
and the following 48 analytes were evaluated in two biological replications: sCD40L, EGF,
CCL11/Eotaxin-1, FGF-basic/FGF-2, Flt-3 ligand, CX3CL1/Fractalkine, G-CSF, GM-CSF,
GROα, IFNα2, IFN-γ, IL-1α, IL-1β, IL-1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, CXCL8/IL-
8, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17A/CTLA8, IL-17E/IL-25, IL-17F,
IL-18, IL-22, IL-27, CXCL10/IP-10, CCL2/MCP-1, CCL7/MCP-3, M-CSF, CCL22/MDC,
CXCL9/MIG, CCL3/MIP-1α, CCL4/MIP-1β, PDGF-AA, PDGF-AB/BB, CCL5/RANTES,
TGF-α, TNF-α, TNF-β and VEGF-A. The fluorescent data were obtained on a MAGPIX sys-
tem (Merck) operated with xPONENT 4.2 software (Merck). Final analysis was performed
in MILLIPLEX Analyst v5.1 software (Merck).

3.9. ELISA Assay of Cytokine Production by THP-1-Derived Macrophages

The production of pro- and anti-inflammatory cytokines IL-1β, IL-6, TNF-α and IL-10
by stimulated and non-stimulated THP-1-derived macrophages were estimated by using
ELISA kits (Vector-Best, Koltsovo, Russia). Briefly, 96-well plates with adsorbed mono-
clonal antibodies to the corresponding cytokine were used. Undiluted or diluted 5, 20 or
80 times in the case of IL-10, TNF-α and IL-1β or IL-6, respectively, culture supernatants
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from the wells of 24-well plates were taken for analysis. Biotinylated polyclonal antibodies
to cytokines, streptavidin conjugated to HRP and TMB substrate were further used for the
detection of immune complexes. A panel of calibration solutions containing different con-
centrations of cytokines was used in each experiment. Experiments were performed using
two biological and two technical repeats. The release of the cytokines in the control and
experimental samples was compared with an unpaired two-sample t-test using GraphPad
Prism v.8.0.1 (GraphPad Software, Inc., San Diego, CA, USA). The p values ≤ 0.05 were
considered significant.

3.10. Antifungal Activity of NaD1 and LL-37

The antifungal assay was performed by the microdilution method using 96-well mi-
croplates as described [11]. Briefly, C. albicans ATTC 18804 cells in stock were inoculated
onto Sabouraud agar plates with 2% glucose and incubated for 24 h at 37 ◦C. After replating,
cells were inoculated in Sabouraud broth and cultured at 37 ◦C for 2 h. The cell concentra-
tion was determined using a LUNA-II cell counter (Logos Biosystems, Anyang-si, Republic
of Korea). Yeast cells in Sabouraud broth diluted to concentration of 4 × 104 cells/mL
were mixed with equal volumes of serial two-fold dilutions of the peptides in water and
the plates were incubated at 30 ◦C for 24 h. The final peptide concentrations in the wells
were 25, 12.5, 6.25, 3.13, 1.56, 0.78 and 0.39 µM. Controls without peptides were also tested.
The wells of the microplate were previously blocked with 0.1% BSA. Yeast growth was
assessed using an inverted light microscope and also by measuring absorbance at 630 nm.
The minimum inhibitory concentrations IC50 and MIC were defined as the lowest peptide
concentrations inhibiting fungal growth by at least 50 and 100%, respectively. To assess
the minimum fungicidal concentrations (MFCs), the entire contents of the plate wells with
peptides at MIC concentrations and higher were seeded on Sabouraud agar and incubated
at 37 ◦C for 24 h. The MFCs corresponded to the minimal peptide concentration, in which
no colony growth was observed.

To estimate the effects of LPS and zymosan on the antifungal activity of NaD1
and LL-37, these PAMPs were added in culture media at concentrations of 10, 40 and
100 µg/mL [39,40]. All of the experiments were performed twice in triplicate.

4. Conclusions

In this work, for the first time, we investigated immunomodulatory properties of
the plant defensin NaD1 from tobacco flowers, which has a pronounced antimicrobial
activity against pathogenic fungi. Using a monolayer of Caco-2 cells as a model system,
we showed that NaD1 has the ability to permeate epithelial barriers. Using the mul-
tiplex xMAP assay, we revealed that NaD1 at the concentration of 2 µM exhibited an
immunomodulatory effect on immune cells, such as primary monocytes and immature
dendritic cells. In contrast to other plant defensins, such as the pea Psd1 and the lentil
Lc-def, the action of NaD1 is mainly inhibitory, since the production of a wide range of
cytokines/chemokines/growth factors by these cells is reduced in the presence of NaD1.
Moreover, using the sandwich ELISA method, we demonstrated that NaD1, also at the
concentration of 2 µM, had a pronounced immunomodulatory effect on unstimulated
THP-1-derived macrophages and those stimulated by bacterial LPS or fungal zymosan. We
showed that NaD1 had a pleiotropic action on resting and LPS- or zymosan-stimulated
pro-inflammatory THP-1-derived macrophages, affecting the production of both pro- and
anti-inflammatory cytokines. We also noted that the immunomodulatory effects of NaD1
on THP-1-derived macrophages under inflammation in vitro were somewhat different
from those of the pea Psd1 and it was unlikely that these effects were due to the ability of
tobacco defensin to bind such PAMPs as LPS or zymosan. These data demonstrated a lack
of uniformity in the immunomodulatory action of plant defensins and suggested that not
only differences in antimicrobial activities, but also various effects on the human immune
system could influence the effectiveness of these peptides under infection in vivo. Our
results indicate the need for further in vitro and in vivo study of the immunomodulatory
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effects of these plant AMPs, including a mice model of acute inflammation induced by LPS
or other TLR-stimulating agents.
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Figure S2: Comparison of the amino acid sequences of antimicrobial peptides used; Figure S3:
Influence of the tobacco defensin NaD1 and other AMPs at concentration of 0.2 µM on production
of pro- and anti-inflammatory cytokines by unstimulated or stimulated by LPS or zymosan THP-1-
derived macrophages; Figure S4: Effect of LPS on candidacidal action of the tobacco defensin NaD1
and human cathelicidin LL-37; Figure S5: Effect of zymosan on candidacidal action of the tobacco
defensin NaD1 and human cathelicidin LL-37; Figure S6: Agarose electrophoresis of amplicons
encoding LL-37 (A), NaD1 (C) and HBD2 (E) and assembled plasmid constructs pET-His8-TrxL-LL-
37 (B), pET-His8-TrxL-NaD1 (D) and pET-His8-TrxL-HBD2 (F); Figure S7: Schematic representation
of the plasmid vectors pET-His8-TrxL-NaD1/LL-37/HBD2; Figure S8: MALDI mass spectra of the
recombinant antimicrobial peptides; Figure S9: Circular dichroism spectra of antimicrobial peptides
(0.3 mM) in an aqueous solution and in micellar detergents (30 mM); Table S1. Absolute levels of
48 cytokines, chemokines and growth factors assessed by multiplex xMAP technology; Table S2: List
of overlapping primers; Table S3: Antimicrobial peptide secondary structure estimation (%) predicted
from far-UV CD spectra.
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Abstract: Background: α-Hairpinins are a family of antimicrobial peptides, promising antimicrobial
agents, which includes only 12 currently revealed members with proven activity, although their real
number is supposed to be much higher. α-Hairpinins are short peptides containing four cysteine
residues arranged in a specific Cys-motif. These antimicrobial peptides (AMPs) have a characteristic
helix−loop−helix structure with two disulfide bonds. Isolation of α-hairpinins by biochemical meth-
ods is cost- and labor-consuming, thus requiring reliable preliminary in silico prediction. Methods:
In this study, we developed a special algorithm for the prediction of putative α-hairpinins on the
basis of characteristic motifs with four (4C) and six (6C) cysteines deduced from translated plant
transcriptome sequences. We integrated this algorithm into the Cysmotif searcher pipeline and then
analyzed all transcriptomes available from the One Thousand Plant Transcriptomes project. Results:
We predicted more than 2000 putative α-hairpinins belonging to various plant sources including
algae, mosses, ferns, and true flowering plants. These data make α-hairpinins one of the ubiquitous
antimicrobial peptides, being widespread among various plants. The largest numbers of α-hairpinins
were revealed in the Papaveraceae family and in Papaver somniferum in particular. Conclusions: By
analyzing the primary structure of α-hairpinins, we concluded that more predicted peptides with
the 6C motif are likely to have potent antimicrobial activity in comparison to the ones possessing
4C motifs. In addition, we found 30 α-hairpinin precursors containing from two to eight Cys-rich
modules. A striking similarity between some α-hairpinin modules belonging to diverse plants was
revealed. These data allowed us to assume that the evolution of α-hairpinin precursors possibly
involved changing the number of Cys-rich modules, leading to some missing middle and C-terminal
modules, in particular.

Keywords: antimicrobial peptide; plant defense; α-hairpinin; plant transcriptome

1. Introduction

During the last decade, humanity faced the problem of antibiotic resistance of pathogenic
and opportunistic bacteria and the reduction in the effect of using antibiotics to over-
come the infections caused by these bacterial agents. According to the study published
in The Lancet, in the year 2019, nearly 1.3 million people died from diseases caused by
antimicrobial-resistant pathogens, while the total number of fatal cases associated partly
with antimicrobial resistance (AMR) was estimated to be about 5 million [1]. Consequently,
searching for novel antimicrobial agents with various types of action became one of the
major challenges in human healthcare.

Antimicrobial peptides (AMPs) have recently been a point of a special interest as natu-
rally occurring molecules with a broad spectrum of antifungal, antibacterial, and antiviral
activities [2,3]. These small proteins have been found in almost all living organisms from
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bacteria to eukaryotes [4] and have been considered as the innate immunity components,
serving as the first line of defense [5]. Being widely diverse, AMPs share some common
features, including small size, positive surface charge, and amphiphilic structure [6]. Nu-
merous studies showed that many AMPs interact with membranes of pathogens and induce
membrane permeabilization, thus killing the microorganisms [7]. This mechanism of action
suggests small risks of AMR developing, making AMPs a prospective source of natural
antibiotics [8].

Plant AMPs were first discovered in the early 1970s [9], and currently, their number
exceeds 800 [10]. The majority of plant AMPs have a compact spatial structure due to the
presence of several cysteine residues forming the so-called cysteine motif (Cys-motif) [11].
The structure of many AMPs was previously shown to be stabilized by disulfide bonds,
and cysteines play an essential role in such bond formation [12,13]. According to Cys-motif
and some other characteristics, AMPs are divided into several families, including a small
family of α-hairpinins [14]. The latter are small peptides with a very specific Cys-motif that
can be denoted as C1X3C2XnC3X3C4, where Ci shows cysteine residues (i = 1. . .4), X can
independently be any amino acid residue except cysteine, and subscripts 3 and n indicate
the number of such non-cysteine residues. This cysteine arrangement facilitates a common
helix−loop−helix spatial structure comprising two α-helices oriented antiparallel and
joined by a loop (Figure 1) [14]. Motif sequences can be highly heterogeneous, even within
the same plant species, with cysteines sometimes being the only conservative residues, a
fact that significantly complicates the possibility of detecting a new α-hairpinin using a
homology search only.
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Figure 1. Examples of α-hairpinin spatial structures. On the left, Ec-Amp1 (PDB code 2L2R) with four
cysteines is displayed, and on the right, Nigellin-1.1 (PDB code 2NB2) with six cysteines is shown.
Disulfide bridges are shown as yellow sticks, cysteine residues are highlighted in yellow, and their
positions are specified.

It should be noted that until recently, α-hairpinins were considered to contain only
four cysteines. However, according to the primary Cys-motif of the precursors, the fifth
or sixth cysteines located one to three amino acids apart from the main ones can also be
presented. Moreover, novel antibacterial α-hairpinin with six cysteines has been recently
discovered in a ghost pepper [15]. In addition, α-hairpinin with six cysteines and the
characteristic helix−loop−helix structure was isolated from Nigella sativa (Figure 1, PDB
ID: 2NB2, https://www.rcsb.org/structure/2nb2, accessed on 29 September 2024). Thus,
we can conclude that α-hairpinins are peptides with the specific 4–6 cysteine residue motif
sharing common helix−loop−helix structure (Figure 1).

Representatives of this family exhibit a broad spectrum of activity [14]. For example,
several α-hairpinins can bind a trypsin used by insects for protein digestion and inhibit its
proteinase activity [16–18]. Some α-hairpinins display antiviral activity; in particular, they
can inhibit protein synthesis of invaders and possess strong ribosome-inactivating activity [19,
20]. Finally, the majority of α-hairpinins show strong antifungal activity against a wide range
of fungi [14]. Some of these peptides were also active against bacterial pathogens [21]. The
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mechanism of α-hairpinin action was studied on the antifungal peptide EcAMP1, which
exhibited activity via initial binding with components of a fungal cell wall, glycoproteins,
proteins–amyloids, and glycans, in particular. After binding, EcAmp1 was distributed evenly
over the cell surface and interacted with the plasma membrane, which provoked the peptide
internalization into the cell surface and presumably induced apoptosis [22].

Biochemical isolation of plant AMPs is always time- and labor-consuming since acidic
extraction followed by multistage stepwise chromatography is usually used [23]. On the
other hand, a wide range of transcriptomic and genomic data of diverse plant species are
currently available in public databases. Therefore, it is highly preferable to use these data
for AMP prediction. There are many platforms for a novel AMP search (e.g., ACEP [24],
amPEPpy [25], AmPEP [26], sAMPpred-GAT [27]), most of which are based on machine-
learning methods. However, they usually lack specificity in their predictions and do
not allow the revealing of the peptides belonging to a particular class. A recent study
highlighted an existing bias in AMP predictors when dealing with disordered regions
within AMP sequences and considered this as a specificity-limiting factor [28]. To the
best of our knowledge, no existing algorithm is able to correctly predict α-hairpinins in
wide-scale analysis.

Recently, we developed the Cysmotif searcher computational pipeline for AMP
predictions in silico [29]. Using this software, several plant transcriptomes were ana-
lyzed to reveal their specific AMP profiles [30,31]. In the current study, we developed
a novel algorithm for the prediction of α-hairpinin peptides. This algorithm was later
integrated into Cysmotif searcher software and is now available for users in Github
(https://github.com/fallandar/cysmotifsearcher, accessed 20 October 2024). We ana-
lyzed more than 1200 transcriptomes available in the One Thousand Plant Transcriptomes
project (1KP) [32] that resulted in the prediction of more than 2000 putative α-hairpinins.
Besides classification of putative α-hairpinins and their distribution among plant families,
the diversity of α-hairpinin precursors was also analyzed. Below, we will refer to all pre-
dicted α-hairpinin-like peptides as ‘α-hairpinins’ for the sake of brevity, although not all of
them might exhibit antimicrobial activity in vitro and in vivo.

We believe that the data obtained will facilitate the isolation and activity confirmation
for this AMP family, which can ultimately lead to the discovery of potent antimicrobial
agents against various plant and, possibly, human pathogens.

2. Results
2.1. Prediction of α-Hairpinin Peptides Using the 4C Cys-Motif

A general α-hairpinin motif, C1X3C2X4-20C3X3C4, was deduced from the primary
structure of α-hairpinins with proven antimicrobial activity and named 4C by us. It
includes three non-cysteine amino acid residues between the first and the second cysteines,
as well as between the third and fourth ones. The number of residues between the second
and the third cysteines in the motif can vary from 4 to 20. For example, both sequences
C1AVRC2KLTMC3VRDC4 (Seq. 1) and C1WMPC2SLQPDC3LTWC4 (Seq. 2) possess the
motif generalized above, although their similarity is low, and they have different numbers
of residues (four and five, respectively) between the second and the third cysteines. At
the same time, a sequence C1AVRC2KLTC3VRDC4 (Seq. 3) does not contain the motif,
although it is highly similar to Seq. 1, since it includes three residues between the second
and the third cysteines, and this number is not within the range of 4–20.

The motif provided above was used for an in silico AMP search in transcriptomes
available from the 1KP [32]. As a result, 1269 predicted α-hairpinins were found (Figure 2A,
Table S1). Among them, 869 contained four cysteine residues arranged in the 4C motif that
varied by different numbers of amino acids between the second and the third cysteines
shown as ‘Xn’. The top five n values were 6, 4, 13, 5, and 7 occurred in 106, 92, 81, 78, and
68 predicted α-hairpinins, respectively (Figure 2C).

Considerably less predicted AMPs (pAMPs), namely, 289, had five cysteines in their
primary structure. Among them, 84 detected peptides possessed a 4C+1 motif, which meant
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that one more cysteine located further than four amino acids ahead of the C1 was present
in addition to the ‘classic’ 4C motif. The n values for this motif are shown in Figure 2A. A
total of 205 α-hairpinins had a motif named 5C (C5X1–3C1X3C2X4–20C3X3C4). This motif
was separated from the 4C+1 by us since the fifth cysteine located so close to the first one
might be involved in the formation of an elongated α-helix. The most frequent were 5C
putative peptides with eight amino acids between the second and the third cysteines, and
their number was 93; other n values are indicated in Figure 2D and Table S1.
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Figure 2. Diversity of the first class of putativeα-hairpinins predicted using the 4C motif. (A) Classification
ofα-hairpinins depending on the Cys-motif. Outside of a pie chart, the designations of the motifs are shown
(4C, C1X3C2X4-20C3X3C4; 4C + 1, C5X≥4C1X3C2X4-20C3X3C4; 4C + 2, C6XC5X≥4C1X3C2X4-20C3X3C4; 5C,
C5X≤3C1X3C2X4-20C3X3C4; 5C + 1, C6X C5X≤3C1X3C2X4-20C3X3C4); inside the pie chart, the numbers
display the amount of α-hairpinins with the corresponding Cys-motif. (B) The top 10 plant families
including putative α-hairpinins with the 4C motif and its derivatives. (C,D) Schemes and bar charts of
two prevailing Cys-motifs. Cysteine residues are displayed as orange boxes and signified as C1-5, where
the superscripts designate a serial number in the motif. Numbers between cysteines independently
denote any amino acids except cysteine; Xn, any amino acids except cysteine between the second
and the third cysteines, independently. Bar charts display the number of predicted α-hairpinins with
different n values.

Finally, 111 α-hairpinins predicted in silico had six cysteines, including 95 pAMPs with
4C+2 motifs. Putative 4C+2 peptides possessed two additional cysteines located further than
three amino acids apart from C1 besides the basic 4C motif (Figure S1B, Table S1). Among these
predicted α-hairpinins, the most common motif was C6X2C5X30C1X3C2X7C3X3C4, which
occurred in 68 peptides. The other 16 predicted peptides were arranged to a group sharing
the 5C + 1 motif that contained one additional cysteine to the main motif 5C (Table S1).
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The distribution of 1269 α-hairpinins among plant families and groups, as well as
their expression in various plant organs, are reported in Figure 2B. These pAMPs were
mostly found in plants belonging to the Papaveraceae family (73 predicted peptides); the
second abundant family was, surprisingly, Chlamydomonadaceae (48 pAMPs), followed
by Poaceae (46 pAMPs) and Fabaceae (40 pAMPs). Cupressaceae, Onagraceae, Lamiaceae,
Asteraceae, Pteridaceae, and Linaceae had from 34 to 20 predicted α-hairpinins, while other
families had less than 20 predicted peptides. The predicted α-hairpinins belonged mainly
to dicots (607 pAMPs), algae (267 pAMPs), ferns (168 pAMPs), and monocots (118 pAMPs).
Significantly smaller numbers of pAMPs were revealed in mosses (43), horn- and liverworts
(43), lycophytes (22), and eusporangiate monilophytes (16), while less than 10 α-hairpinins
were found in Euglenozoa, basalmost angiosperms, Dinophyceae, Gnetales, and Cycadales
families. Predicted α-hairpinins were mainly expressed in leaves (548 pAMPs), algae cells
(195 pAMPs), flowers (137 pAMPs), shoots (128 pAMPs), stems (50 pAMPs), and roots
(21 pAMPs) (Table S2).

The sequence logo for the most widespread 4C motif, C1X3C2X6C3X3C4, is shown in
Figure 3. There were no dominating residues in non-cysteine positions, except for slightly
prevalent serine (S) in the eighth position.
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Furthermore, we analyzed the sequences of the predicted α-hairpinins in order to
check whether they can possess antimicrobial activity with antifungal and antibacterial
activity prediction web-servers. The results of this analysis are presented in Table S2.
In total, 83% of the peptides found were predicted to possess antifungal or antibacterial
activity, or both. However, these results are greatly affected by changing the possible
proteolysis site, which is rather hard to reliably detect in silico but can alter the length of a
resulting peptide and, in turn, its predicted activity. Thus, the real number of 4C peptides
with antifungal activity can be even higher.

2.2. Prediction of α-Hairpinins Using the 6C Cys-Motif

In addition to the basic 4C α-hairpinin motif, a novel one with six cysteines was
recently discovered. This motif, denoted 6C (C1X3C2X3C3X4-20C4X3C5X3C6), was used for
in silico search within 1KP plant transcriptomes. Surprisingly, the 6C motif was widely
distributed, with 1069 pAMPs assigned to this second class of putative α-hairpinins. In
particular, 1057 of them had six cysteines, while the remaining 12 included one or two
cysteines in addition. Among the 1057 peptides, the most frequent were those with 10, 9,
12, 11, 6, and 8 amino acids between the third and the fourth cysteines observed in 558, 134,
110, 64, 54, and 51 pAMPs, respectively (Figure 4A, Table S1). Considerably less predicted
peptides contained 13, 4, and 7 amino acids in these positions (29, 18, and 13 pAMPs,
respectively), and less than 10 pAMPs were contained in each group of peptides with 5 or
14–18 amino acids between the third and the fourth cysteines. Concerning the predicted
peptides with additional cysteine residues, eight of them had the seventh cysteine located
42 amino acids apart from the 6C motif, while two pAMPs had a more compact motif and
contained eight amino acids between the seventh cysteine and the main motif (Table S1).
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Moreover, two predicted α-hairpinins had eight cysteines in their Cys-motif, which were
located close to each other (C8X4C7X2C1X3C2X3C3X8C4X3C5X3C6).
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We also studied the distribution of pAMPs with 6C motifs among plant taxons together
with their expression in different parts of the plant. Similarly to 4C α-hairpinins, the 6C
pAMPs were abundant in the members of the Papaveraceae family that contained 162
predicted peptides (Figure 4B, Table S2). A total of 58, 53, 30, 29, 26, and 22 pAMPs
were detected in Onagraceae, Solanaceae, Boraginaceae, Fabaceae, Apocynaceae, and Lamiaceae,
respectively, which was significantly less than in Papaveraceae. Interestingly, besides the
listed families, as many as 143 families contained from 2 to 15 α-hairpinins with the 6C
motif (Table S2). The described motif was found predominantly in dicots and was much
less common, e.g., in monocots (about 60 pAMPs) and mosses (22 pAMPs) (Table S2). The
predicted 6C α-hairpinins were detected in different plant organs; the most abundant were
leaves (more than 500 pAMPs in total), flowers and fruits (almost 300 pAMPs), and shoots
(118 pAMPs), while roots contained considerably less AMPs (Table S2).

In total, 95% of the revealed 6C peptides were predicted to possess antimicrobial
activity, mostly antifungal, with third-party prediction servers. The activity prediction
results are shown in Table S2.

A sequence logo for the most widespread 6C motif, C1X3C2X3C3X10C4X3C5X3C6, is
shown in Figure 5. In this case, the prevalence of particular non-cysteine residues was more
prominent than for the 4C motif. For example, charged residues aspartic acid (D), arginine (R),
and lysine (K) dominated in the 3rd, 13th, 15th, 19th, 22nd, 23rd, and 27th positions, while
polar threonine (T) and hydrophobic valine (V) held 7th and 10th positions, respectively.
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2.3. Prediction of Precursor Proteins with Several α-Hairpinin Domains

A special algorithm predicting α-hairpinin precursor proteins with more than one
α-hairpinin module was developed. As a result, 30 precursors were identified with a
number of α-hairpinin modules varying from 2 to 8. A total of 16 precursors had two AMP
modules, including five relatively short putative precursors in which α-hairpinin sequences
were separated by spacers and had short C-terminal regions at their ends (group 2M α-
hairpinins; Table S1, Figure S2). Another 10 predicted precursors possessed a structure
typical for vicilin seed storage proteins: variable N-terminal part with two α-hairpinin
modules followed by N- and C-terminal cupin 7S vicilin-like domains (group 2M vicilin-
like α-hairpinins; Table S1, Figure S2). One more predicted precursor had two α-hairpinin
domains on the opposite termini separated by a large middle part exhibiting similarity only
to hypothetical proteins with unknown functions (group 2M termini α-hairpinin; Table S1,
Figure S2).

Besides two-modular α-hairpinin precursors, eight precursors with three domains,
four with four domains, one with seven domains, and one with eight domains were detected
in this work. Among them, four three-modular precursors contained also two cupin 7S
vicilin-like domains (Table S1, Figure S2), while another four three-modular precursors, as
well as precursors with four, seven, and eight α-hairpinin modules, did not include these
vicilin-like domains and were not terminated by the short C-region (Table S1, Figure S2).

A total of 19 out of 30 predicted prepropeptides exhibited similarity to vicilin proteins;
however, 6 of them did not contain cupin 7S vicilin-like domain (Table S1). These six
putative peptides, as well as some other α-hairpinin precursors available in GenBank,
were incorrectly annotated as vicilin seed storage proteins, when in fact they had a typical
modular structure. Moreover, two detected precursors exhibited similarity to antimicrobial
peptides from various Poacea plants, while another two precursors had high homology
with MBP-1 α-hairpinin [21] previously isolated from corn (Zea mays; Table S1). Seven pre-
dicted proteins had considerable similarity only with uncharacterized proteins, including a
precursor from Anemone hupenhensis with two closely located Cys-rich domains having 6C
and 5C motifs simultaneously.

3. Discussion
3.1. In Silico Prediction of More Than 2000 α-Hairpinins

Until recently, it was thought that the family of α-hairpinins was a small group of
AMPs including only 12 representatives with proven antimicrobial activity [14,15,33]. All
these peptides were isolated from different plants by basic procedures including extraction
and stepwise purifications. In this work, we applied a completely different approach and
developed a special algorithm for in silico α-hairpinin prediction. Two Cys-motifs, namely,
4C and 6C, were used for the detection of α-hairpinins in the transcriptomes available in
the 1KP project [32]. Surprisingly, more than 2000 putative α-hairpinins were found. Our
pipeline relies on a conserved pattern search followed by several filtration steps, and it does
not involve 3D structure prediction or antimicrobial activity verification. Nevertheless,
most of the α-hairpinins revealed were found to possess antimicrobial activity by third-
party prediction software (83% for 4C and 95% for 6C putative peptides, respectively). Thus,
Cysmotif searcher should be used carefully, taking into account the described limitations,
as with any other in silico prediction software.

It is worth noting that our pipeline has been recently used to reveal a novel 6C α-
hairpinin peptide from ghost pepper [15]. The authors used the motifs developed by us as
a starting point for revealing novel CC-AMP1-like α-hairpinin and confirmed its activity
against bacterial pathogens from the ESKAPE group in vitro. In another publication, the
authors used Cysmotif searcher for α-hairpinin mining in the genome of lima bean and
revealed the PlHrp1 peptide, which was shown to possess antifungal and antibacterial
activity using in silico analysis [34]. These recent discoveries confirm the possibility of
Cysmotif searcher application for α-hairpinin mining in plant transcriptomes and genomes.
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3.2. α-Hairpinins Are Ubiquitous Components of the Plant Defense System

In this study, more than 1200 4C and 1000 6C α-hairpinins were predicted, which com-
pletely changed our notions regarding this family. First, α-hairpinins seem to be ubiquitous,
since they were observed in more than 200 plant families and occurred in various plant
taxons from primitive plants and algae to true flowering plants such as Asterids and Rosids.
Interestingly, the family most abundant with α-hairpinins was Papaveraceae, which includes
numerous latex-bearing plants rich in different bioactive compounds such as alkaloids,
carotenoids, phenols, and terpenoids [35]. Secondly, our previous study detected about
4000 putative defensins and 3000 putative lipid-transfer proteins [36] within 1KP, being
known as one of the major components of plant immunity [37,38], and their number was
comparable to the one of α-hairpinins found in this work. These data together with various
types of α-hairpinin antimicrobial activity may point to the unique role of α-hairpinins
in plant defense. Thirdly, one particular plant (Papaver somniferum) contained more than
40 various α-hairpinins with different 4C and 6C motifs (Table S2). It should be mentioned
that Papaver somniferum is an underestimated source of plant AMPs; although it is abundant
with α-hairpinins (shown in this study) and thionins [39], we failed to find any information
regarding peptides with proven antimicrobial activity isolated from this plant. In order to
facilitate the investigations in this field, our study revealed a collection of α-hairpinins with
4C and 6C motifs, so that particular peptides can be selected and then expressed in vitro for
the further investigation of their antimicrobial activities, spatial structures, or mechanisms
of action.

The chi-squared test allowed us to reveal that the distribution of α-hairpinins among
groups (e.g., core eudicots, conifers), families, and organs of plants was not as expected
according to the frequencies of the corresponding cohorts in the initial 1KP dataset with
α-values lower than 10−10. The numbers for particular species were too low to perform the
test. The most significant differences of expected and observed values were found for basal
eudicots (85 motifs vs. 56 expected), core eudicots (76 vs. 114), and green algae (205 vs. 166).
For the families and organs, the most significant differences were revealed for Asteraceae (21
vs. 41 expected), Chlamydomonadaceae (48 vs. 22), and Papaveraceae (73 vs. 33), as well as for
leaves (sum for all categories including ‘leaves’ or ‘leaf’: 398 vs. 501 expected). However,
the only reliable conclusion found in these data could be a confirmation of Papaveraceae as a
source of α-hairpinins.

We believe that the number and variety of predicted α-hairpinins in plants also
indicates a significant role of these peptides in plant immunity. Furthermore, our results are
in good coincidence with other studies devoted to AMP repertoire prediction. For example,
a transcriptome of healthy Stellaria media seedlings contained 18 predicted α-hairpinin
transcripts, while 12 such sequences were found in the transcriptome of shoots infected
with Fusarium oxysporum [31]. Other examples were transcriptomic studies of Peltophorum
dubium and Leymus arenarius seedlings that contained 10 and 16 α-hairpinin sequences,
respectively [30,40]. At the same time, α-hairpinins were not found in some transcriptomes,
although the goal of a study was to reveal the maximum numbers of defense peptides [41].
It is also worth noting that α-hairpinins were found in various plant organs: putative
peptides with 4C motifs mostly occurred in leaves, algae cells, and flowers, while the
majority of 6C putative peptides were observed in flowers and fruits, leaves, and shoots.

3.3. The Diversity of Detected Cys-Motifs

Another focus of this study was an analysis of Cys-motif diversity presenting among
the predicted α-hairpinins. All the putative peptides were divided into two large classes
possessing either the 4C or 6C motif. The first finding was that putative 6C peptides were
more uniform than 4C peptides. In particular, 1057 out of 1069 6C α-hairpinins shared the
same 6C motif and contained only six cysteines. In comparison, 4C α-hairpinins could be
divided into five groups including the largest one with putative peptides sharing the 4C
motif, as well as considerably smaller groups of predicted α-hairpinins with five and six
cysteines. We speculate that additional cysteine residues may be involved in the formation
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of coils in α-helices, shorten unstructured tails, and provide the peptide with enhanced
stability. Similar peptides with one or two additional cysteines were detected earlier in some
modules of precursors of Sm-Amp-X, Tk-Amp-X [14], and MiAMP2c [42], and the presence
of mature peptides with elongated Cys-motifs was confirmed by mass spectrometry and
biochemical isolation [42]. The next assumption is that the 6C α-hairpinin class most likely
contains more active AMPs than the first one. The prediction of antimicrobial activity
in silico proved this assumption, since the fraction of 6C peptides possessing antifungal
and/or antibacterial activity was higher than the one for 4C peptides (95% versus 83%,
respectively). This conclusion also coincides with ‘n’ values and their frequencies among
putative peptides. Previously known α-hairpinins with proven antimicrobial activity had
the distance between the second and the third cysteines equal to 11–13 amino acids [14],
but we detected a number of 4C peptides with 4–7 residues in this segment. At the
same time, almost 900 putative 6C peptides had n values equal to 9–13 amino acids. In
comparison, the number of 4C peptides with the same distance in the loop was only 250.
Therefore, it seems plausible that considerably more peptides might be functional among
6C predicted α-hairpinins; they could occur as mature peptides in a plant and exhibit
antimicrobial activity.

3.4. α-Hairpinin Precursors Could Evolve by Changing the Number of Cys-Rich Modules

A total of 30 α-hairpinin precursors containing from two to eight Cys-rich modules
were predicted in this work using a specially developed algorithm. It is known that α-
hairpinin precursors are divided into two types depending on the presence of the vicilin-like
region [14]. Indeed, both of the types were found in the current study. The first type of
precursors, termed vicilin-like, consists of a signal peptide, several Cys-rich α-hairpinin
modules, and a vicilin-like C-terminal region [14,42,43]. Due to proteolysis, Cys-rich α-
hairpinin modules are released from prepropeptide, become mature, and acquire their
antimicrobial activity [14,44]. The hydrophobic C-terminal part serves as a seed storage
protein and contains two cupin-7S vicilin domains that are peculiarly widespread within
legumes, playing a role in sucrose binding and oxidative stress response, and they are also
widely known as major food allergens [45]. We detected 13 vicilin-like precursors with two
cupin-7S vicilin domains and two or three α-hairpinin modules.

The second type of precursor, named modular, usually exhibits no similarity to vicilins
and consists of a signal peptide followed by a cassette with up to 12 α-hairpinin modules,
and it ends with a short C-terminal domain [14]. Again, mature α-hairpinins start to
function as antimicrobial peptides upon proteolysis of the precursor. Remarkably, this
modular type of precursor is also typical for various antimicrobial peptides from animals
including spiders [46,47] and scorpions [48,49]. We detected 17 plant modular precursors
containing from two to eight α-hairpinin motifs.

We analyzed putative α-hairpinin precursors using multiple alignments of the whole
precursors or their separated Cys-rich modules. As a result, two main conclusions were
drawn. First, different plants belonging to distinct families can contain highly similar
α-hairpinin modules or even whole precursors, and possibly have one common AMP
ancestor. Second, the diversity of α-hairpinin precursors found in this work or those
deposited to GenBank is based on changing the number of α-hairpinin modules (Figure 6).
Specifically, N-terminal Cys-rich modules are mainly similar, while some middle and
C-terminal modules can be removed.

These conclusions are common for both vicilin-like and modular α-hairpinin precur-
sors. In particular, two highly similar Cys-rich modules of vicilin-like precursors isolated
from plants belonging to primitive fern (Danaea nodosa), true flowering Caryophyllaceae (Si-
lene latifolia), and Acteraceae (Matricaria matricarioides) families were observed (Figure S3A,B).
Then, N-terminal α-hairpinin modules of a succulent (Delosperma echinatum), a parasitic
plant (Orobanche fasciculate), and plants from Caryophyllaceae (Saponaria officinalis) and Lami-
aceae (Lavandula angustifolia) families were very similar as well (Figure S3C). Moreover, these
precursors exhibited rather high similarity throughout the whole protein length, which
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supports the idea of one possible common precursor for some vicilin-like prepropeptides.
In modular α-hairpinin precursors, three out of five Cys-rich motifs of Setaria italica (Gen-
Bank ID XP_022685044; Figure S4A) were absolutely identical and the other two differed
by single amino acid substitutions. Highly similar to them were modules from Australian
cereals Thyridolepis multiculmis and Neurachne minor predicted in this study (Figure S4A).
When their whole precursors were aligned, the high similarity was observed between the
first two domains together with 13 C-terminal amino acids, while C-terminal Cys-rich
modules were missed in precursors from T. multiculmis and N. minor (Figure 6 and Figure
S4B). This finding confirms the idea of developing α-hairpinin variety by removing some
C-terminal Cys-rich modules. One more discovery supporting this assumption was the
revelation of precursors from Pycnanthemum tenuifolium and Microstegium vimineum with
three and seven Cys-rich motifs, respectively, which were similar to MBP-1 containing eight
modular prepropeptides. Precursors from P. tenuifolium had only four mismatches among
166 amino acids (Figure S5), while precursors from M. vimineum contained considerably
more substitutions. However, it exhibited high similarity along the whole precursor length
and contained 11 identical C-terminal amino acids, while lacking the last eighth domain
(Figure 6).
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nal peptide; 1–8, α-hairpinin modules; C, C-terminal region. Precursor from S. italica has GenBank ID
XP_022685044. Precursors from N. minor, T. multiculmis, Allionia spp., M. vimineum, and P. tenuifolium
have the following designations in Table S1: 3M_BXAY, 2M_WCOR, 8M_EGOS, 7M_YPIC, and
3M_DYFF. 9M_Sorg, 8M_Sorg, and 7M_Sorg are precursors with GenBank IDs XP_002449751.1,
XP_021316824.1, and XP_021316825.1, respectively. MBP-1 is a precursor of antimicrobial peptide
MBP-1 from Z. mays (NP_001142639). EcAMP precursor was deduced from partial sequences with
GenBank IDs KF478770 and KF478781. Tk-Amp-X1 is proteolysed from L, M, and S precursors with
Uniprot accession numbers HF562352, HF562351, and HF562347, respectively.

We also analyzed some cereal AMP precursors available in GenBank or described in
the papers, and again found that within the cassette, some modules close to C-terminus
can be removed, while in N-terminal regions, the last Cys-rich motif and C-terminal
region remained intact. For example, Sorghum bicolor contains three different α-hairpinin
precursors with 7–9 Cys-rich modules. The sixth and the seventh modules could be omitted
when forming middle and short forms of precursors, while the last two Cys-rich motifs
are presented in all isoforms (Figure 6 and Figure S6). Tk-Amp-X precursors isolated
from Triticum kiharae [14] had a similar organization; in particular, the long form contained
seven α-hairpinin modules, while short and middle precursors had reduced cassettes, in
which the fifth and/or the sixth C-terminal modules were excluded (Figure 6). Moreover,
precursor prepropeptide from Echinochloa crus galli [14], which was highly similar to eight-
modular MBP-1, included a truncated cassette without the seventh domain (Figure 6).
The same was also found in some vicilin-like α-hairpinin precursors. In particular, the
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precursors from D. echinatum, O. fasciculate, S. officinalis, and L. angustifolia mentioned above
contained a quite similar N-terminal signal peptide, two first α-hairpinin modules, and
two cupin-like domains, while the third Cys-rich motif was present only in a precursor
from L. angustifolia (Figure S3C).

Remarkably, during BLAST annotation, we many times observed the proteins similar
to our predicted precursors, which possessed additional middle or next-to-last modules;
however, we did not find any α-hairpinin precursors with a modified order of modules. We
may speculate that elongation of α-hairpinin precursors by the addition of some Cys-rich
modules led to increasing antimicrobial activity since more mature AMPs will be released
from elongated precursor upon proteolysis, which, in turn, will lead to increasing the
number of active AMPs and amplification of the antimicrobial activity as a whole, helping
the plant to resist pathogen invasion. Arguably, proteolysis of different modules can be
dependent on a stage of plant development reaching maximum in immature seeds and
during seedling development, which are the most vulnerable stages.

3.5. The Limitations of the Current Study

The current study represents an in silico investigation of α-hairpinin features that can
be used for the prediction of putative peptides from this family in plant transcriptomic
sequences. Although the motifs used for such a prediction underwent careful curation
using rather stringent criteria, it should be mentioned that unambiguous and specific in
silico identification of α-hairpinins is a challenging task. Thus, the putative α-hairpinins
predicted by Cysmotif searcher should be subjected to an additional selection process
according to specific investigation goals before they will be ready for experimental verifica-
tion. The investigators with a significant background in the field of plant AMP isolation
and verification can readily propose additional filtration steps for the predicted peptide set
to achieve better specificity or applicability in a particular case.

Another limitation is that we used the plant transcriptome dataset from the 1KP project
for our prediction, and more recent and/or more specific datasets can provide slightly
better results. In addition, our goal was to capture the general patterns for the α-hairpinin
family and not to predict as many potentially active peptides as possible. For this reason,
we excluded rarely occurring motifs from the downstream analysis, but they can potentially
represent more specific cases and thus be of interest in some future investigations. The list
of these single motifs can be found in Table S3.

To conclude, α-hairpinins predicted by Cysmotif searcher provide a good starting
point for future in vitro and in vivo activity investigations, but the limitations described
above should always be taken into account when performing such analyses.

4. Materials and Methods
4.1. Development of the Criteria for α-Hairpinin Prediction

Most part of AMPs represent cysteine-rich peptides possessing a special type of
signature sequences called cysteine motifs. The structure of such motifs is rather flexible,
and sequence similarity between the motifs of a particular AMP family could be rather low,
so that sometimes only cysteine residues have conserved positions in them. This makes
their searching and classification a complex task when using homology-based methods
only. Previously, we developed the computational pipeline ‘Cysmotif searcher’ [29] for
revealing such motifs and classifying the peptides containing them into AMP families.
The motifs used in the pipeline were deduced from literature data and AMP databases
and manually curated by us to achieve the required sensitivity and specificity. The AMP
families that could be revealed included defensins, thionins, cyclotides, snakins, hevein-like
peptides, and lipid-transfer proteins. We revealed more than 10,000 potential AMPs [36] in
1267 plant transcriptomes from the 1KP project [32].

However, an important AMP class of α-hairpinins [14] was not covered by the motifs
developed at that time due to insufficient data available. In order to reveal α-hairpinin se-
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quences, we deduced several motifs using the verified α-hairpinin data currently available
in public databases and the literature. The list of motifs is shown in Table S2.

The difficulty of predicting α-hairpinins lies in the fact that their Cys-motifs are
widespread and could be a part of Cys-motifs belonging to other AMPs such as defensins,
lipid-transfer proteins, and thionins. For this reason, all the predicted peptides were
additionally manually curated and annotated by BLAST search, and only the sequences
that have passed all filtration steps were characterized as putative α-hairpinins. The
curation criteria for inclusion and exclusion of the peptides from α-hairpinin class are
shown in Table 1.

Table 1. Inclusion and exclusion criteria for the manual curation of potential α-hairpinin peptides.

Inclusion Criteria Exclusion Criteria

1. The presence of the 4C motif
(CX3CX4–20CX3C) 1. The absence of the 4C/6C core motif

2. The presence of the 6C motif
(CX3CX3CX4–20CX3CX3C) 2. The presence of ‘CC’ before or after the 4C/6C core motif

3. The presence of one or two additional cysteines located
before or after the 4C/6C core motif

3. The presence of three or more cysteines, which are not arranged in
the 4C/6C core motif, before or after the core motif itself
4. The presence of X1CX3C after the motif
5. BLAST annotation of a peptide as belonging to some other protein
family, except vicilins and unknown proteins

Inclusion criteria were the presence of either the 4C or 6C motifs. The possibility of
a presence of one or two additional cysteines before or after the motif was based on the
reports that some precursors of α-hairpinins contained additional cysteines, which can be
located either quite close to the source 4C/6C motif or at a significant distance from it.

Exclusion criteria were the absence of the 4C/6C motifs. Furthermore, the presence
of additional cysteine residues beyond the α-hairpinin motif was also assessed. If double
cysteines before or after the motif were present, this sequence was excluded, since this
feature was a characteristic of other plant AMPs (thionins, hevein-like peptides, lipid-
transfer proteins etc.). Moreover, if there were three or more cysteines outside the core
motifs, they had to be arranged in an additional α-hairpinin motif or its part, otherwise this
sequence was excluded. The reason for such exclusion is that there are some plant AMP
families that have 4C/6C core motifs as a part of more broad Cys-motifs, but other cysteines
in such motifs have a different arrangement. Another exclusion criterion was the presence
of X1CX3C immediately after the motif, since this is the characteristic C-tail sequence of
defensins. Finally, if BLAST annotation characterized a sequence as representing non-
hairpinin protein (e.g., thionin) except vicilins and unknown proteins, it was also excluded
from further study.

We used the same set of 1267 plant transcriptomes as in our previous investigations [36]
in order to make the results of two studies comparable with each other and exclude non-
hairpinin motifs as described above.

4.2. Description of the Prediction Pipeline

Searching for motifs in translated transcriptomic sequences from the 1KP project was
performed by Cysmotif searcher. The version used to obtain the results in this manuscript
was 3.3.3 (source code is available at https://github.com/fallandar/cysmotifsearcher
under GNU GENERAL PUBLIC LICENSE Version 3, accessed on 29 September 2024).
Novel motifs are included in the file ‘motifs_hairpinin.txt’ available from the repository
given above.

The flowchart of the pipeline is shown in Figure 7.
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In general, the pipeline includes three stages, namely, prediction of the cysteine motifs,
their filtration, and classification of the results. Cysmotif searcher accepts nucleotide or
translated transcriptomic sequences and motif list as input, performs 6-reading frame
translation when necessary, and then reveals open reading frames (ORFs) starting from me-
thionine residues in resulting amino acid sequences. The presence of methionine provides
additional evidence that these sequences are unlikely to be the artifacts. The transcripts are
not subjected to homology- or similarity-based filtration to avoid the algorithm overfitting.
In the next step, checking for the presence of the motifs from the provided list in the
revealed ORFs is performed. If two motifs overlap each other, then the one containing
greater number of cysteine residues is selected. In addition, no cysteines are allowed to
appear after the motif revealed in the same ORF, except for the case of motif extension or
searching for modular motifs, as described below. These steps are intended to select the
most reliable motifs from the transcriptomes. Next, the amino acid sequences containing
motifs are filtered based on the presence of a signal peptide in them (using SignalP 5.0 [50]),
and the sequences not containing a signal peptide are excluded from further processing.
Finally, the sequences are filtered based on the length of a mature peptide (<=600 aa), again
to exclude possible artifacts. The peptides that have passed all the filters are classified
based on the motifs revealed in them. In the case of α-hairpinin searching, the classification
includes 4C and 6C classes.

An additional set of dedicated software (scripts) developed by us was used to collect
the descriptive statistics on plant families possessing each type of motif. The script cys-
motif_stat.sh can be found at Github ((https://github.com/fallandar/cysmotifsearcher,
accessed on 29 September 2024). This dedicated script collects the motif distribution among
plant groups, families, species, and parts. It takes the output file of the main pipeline
and annotation file from 1KP project as input and distributes the sequences revealed into
cohorts based on the annotation provided. The first level includes high-order groups (e.g.,
core eudicots), the second includes families, the third level is for species, and the fourth
one is for tissues. The output is provided as text files in tabular form.

Upon obtaining a filtered and curated set of potential α-hairpinin sequences, we
excluded the motifs revealed in only one sequence in order to increase the reliability of
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the analysis. Our main goal was to provide future activity determination experiments
with more reliable and generalized data, not to capture the complete possible diversity
of potential α-hairpinins. Single sequences can represent rare peptides, but they can also
arise from sequencing errors or artifacts introduced by transcriptome assembly software.
However, such sequences can be of interest for some researchers, so we added them to
a separate Table S3, but we did not include them in the downstream analysis since they
were not supposed to reflect the general properties of the plant families or groups to which
they belonged.

In order to check whether the peptides revealed could in fact possess antimicrobial
activity against some fungi or bacteria, we submitted all the sequences obtained to predic-
tion servers. Antibacterial activity was assessed by AntiBP3 [51] (https://webs.iiitd.edu.
in/raghava/antibp3, accessed on 24 September 2024, threshold value = 0.5), and antifungal
activity—by Antifp [52] (http://webs.iiitd.edu.in/raghava/antifp, accessed on 24 Septem-
ber 2024, threshold value = −0.3) and AfpTransferPred [53] (https://selectFigureht.org/
afptransferpred/, accessed on 24 September 2024, threshold value = 0.5). In the latter case,
a peptide was considered antifungal if both servers predicted this.

It is essential to verify the results of all in silico prediction procedures for transcriptomic
sequences using some random shuffling algorithm to exclude possible artifacts [54]. For the
purpose of additional verification of the prediction consistency and exclusion of possible
false positives, the motif searching was additionally conducted in the amino acid sequences
built with a random number generator. We took ORFs, in which the motifs were found,
performed their random shuffling using the Fisher–Yates shuffle procedure, and subjected
the obtained amino acid sequences to motif searching. Only two motifs corresponding
to 4C peptides and no motifs corresponding to 6C peptides were revealed, which makes
less than 0.2% of the corresponding numbers for the real transcriptomic sequences. This
procedure confirms that the probability of revealing the exact motif structure by chance is
very low.

4.3. Prediction of Modular α-Hairpinin Precursors

Another important addition to the pipeline was the procedure of revealing the se-
quences possessing ‘modular’ motifs, which included several repeats (up to 6) of a particu-
lar motif in the same ORF. These repeats could have similar, but not identical, sequences.
This improvement was achieved by a semi-automated algorithm, the implementation of
which is a script cysmotif_modular.sh available in Github (see link above). The algorithm
includes running cysmotif_searcher.pl several times with the same set of motifs to search,
but the output of the previous run becomes an input to the next run. The motifs revealed
are marked in lower case in the corresponding amino acid sequence of a peptide, and
cysmotif_searcher.pl is instructed with the –u option to skip conversion of input sequences
to upper case. Such a trick, together with a processing logic set to report only the first one
from two non-overlapping motifs within a single sequence, allows the program to ignore
the previously revealed motifs and search for additional ones within the same sequence in
order to reveal multiple domains in a peptide. The exemplary sequential pipeline calls are
as follows:

cysmotif_searcher.pl -i AAAA_translated.fasta.bz2 -m motifs_hairpinin.txt -t -b -n 55
-l 600 –c;

cysmotif_searcher.pl -i AAAA_translated_motifs_orfonly_withM.fasta -m motifs_hair
pinin.txt -t -b -n 55 -l 600 -c –u.

The description of all options can be found in Github (see above).
An example of a modular structure is provided in Figure S2. Previously, a sequence

including additional cysteines beyond the motif was classified as belonging to the artificial
‘cysteine-rich peptide’ class and excluded from further analysis due to uncertainty regarding
its tertiary structure [36].

74



Antibiotics 2024, 13, 1019

4.4. Statistics Collection and Result Presentation

Sequence logos for 4C and 6C motifs were generated using the Weblogo resource
(https://weblogo.berkeley.edu/logo.cgi, accessed on 20 October 2024).

Then, we collected the descriptive statistics on the motif distribution among plant
families and parts of the plants using the cysmotif_stat.sh script described above. The full
list of the peptide sequences revealed is available in Table S1 (multidomain), Table S2 (4C
and 6C motifs), and Table S3 (4C and 6C sequences with motifs revealed only once, which
were excluded from the downstream analysis).

We also performed statistical analysis using the chi-square test to check whether
the distribution of the revealed α-hairpinins among various transcriptome groups (plant
families, organs, etc.) simply reflects the frequency of such groups in the total number
of transcriptomes or not. For example, our null hypothesis was that the distribution of
α-hairpinins is independent of the plant family. We used the p-value of 0.01 as a threshold
value in the test. To ensure the significance of the results and criterion applicability, we
excluded the groups containing less than six sequences from the analysis.

5. Conclusions

In this study, we developed a novel algorithm for reliably detecting α-hairpinins in
plant transcriptomic sequences and expanded it to reveal peptides possessing a complex
modular structure, which cannot be predicted by a simple homology search. Several
important findings were revealed in this study based on the application of this novel
algorithm to the analysis of transcriptomic sequences from the 1KP project:

i. being widely widespread among various plant families, α-hairpinins are especially
prevalent in Papaveraceae, in particular, Papaver somniferum, which contains 43 various
α-hairpinins with different Cys-motifs belonging to two large classes 4C and 6C;

ii. more than 2000 putative α-hairpinins were predicted, among which the peptides with
the 6C motif are more likely to possess strong antimicrobial activity and are more
important to isolate by biochemical methods from the corresponding plants, at least
according to in silico activity prediction;

iii. the diversity of α-hairpinin precursors was possibly developed by changing the
number of α-hairpinin modules; specifically, some middle and C-terminal Cys-rich
modules can be removed without losing the peptide function;

iv. the unambiguous identification of α-hairpinins represents a very difficult and chal-
lenging task, and thus a careful curation of the sequences obtained using the provided
motifs is needed since their prediction was based solely on the transcriptomic se-
quences; researchers with a significant background in the field can propose their
own curation and filtration steps, which will supplement the steps included in the
Cysmotif searcher pipeline.

The data and software provided will facilitate the transcriptome-based mining and
possible isolation of peptides with high antimicrobial activity from different plants, which
can ultimately contribute to developing better antimicrobial drugs.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/antibiotics13111019/s1. Figure S1: A bar chart displaying a distribution of
different X values found in predicted peptides with 4C + 1 and 4C + 2 motifs. Figure S2: Structure of
predicted modular α-hairpinin precursors. Figure S3: Multiple alignments of α-hairpinin-modules
referring to the first class of precursors. Figure S4: Multiple alignments of α-hairpinin-modules
referring to the second class of precursors. Figure S5: Multiple alignments of selected modular
α-hairpinin precursors. Figure S6: Multiple alignments of modular α-hairpinin precursors found in
Sorghum bicolor. Table S1: Variety of α-hairpinin Cys motifs found using Cysmotif searcher. Table S2:
Distribution of predicted α-hairpinins among plant taxons. Table S3: The list of motifs appearing
only once in the dataset, which were excluded from the downstream analysis.
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Abstract: This study focused on the discovery of the antimicrobial peptide (AMP) derived from
mangrove bacteria. The most promising isolate, NNS5-6, showed the closest taxonomic relation to
Paenibacillus thiaminolyticus, with the highest similarity of 74.9%. The AMP produced by Paenibacillus
thiaminolyticus NNS5-6 exhibited antibacterial activity against various Gram-negative pathogens,
especially Pseudomonas aeruginosa and Klebsiella pneumoniae. The peptide sequence consisted of
13 amino acids and was elucidated as Val-Lys-Gly-Asp-Gly-Gly-Pro-Gly-Thr-Val-Tyr-Thr-Met. The
AMP mainly exhibited random coil and antiparallel beta-sheet structures. The stability study indi-
cated that this AMP was tolerant of various conditions, including proteolytic enzymes, pH (1.2–14),
surfactants, and temperatures up to 40 ◦C for 12 h. The AMP demonstrated 4 µg/mL of MIC and
4–8 µg/mL of MBC against both pathogens. Time-kill kinetics showed that the AMP acted in a time-
and concentration-dependent manner. A cell permeability assay and scanning electron microscopy
revealed that the AMP exerted the mode of action by disrupting bacterial membranes. Additionally,
nineteen biosynthetic gene clusters of secondary metabolites were identified in the genome. NNS5-6
was susceptible to various commonly used antibiotics supporting the primary safety requirement.
The findings of this research could pave the way for new therapeutic approaches in combating
antibiotic-resistant pathogens.

Keywords: antimicrobial peptide; antimicrobial resistance; bacterial genome; biosynthetic gene
cluster; Klebsiella pneumoniae; Mangrove; mass spectrometry; NNS5-6; Paenibacillus thiaminolyticus;
Pseudomonas aeruginosa

1. Introduction

Antimicrobial resistance (AMR) poses a significant challenge to global public health.
Its severity is exacerbated by the overuse and inappropriate application of antimicrobial
agents in humans, animals, and plants. This contributes to an increase in new resistant
microorganisms in the environment. Presently, AMR results in over 700,000 deaths an-
nually worldwide, creating substantial economic and health impacts [1]. The “ESKAPE”
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pathogens a group that includes Enterococcus faecium, Staphylococcus aureus, Klebsiella pneu-
moniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species [2]. This
group is categorized as “critical” on the World Health Organization’s (WHO) priority
list of bacterial pathogens, underscoring the urgent need for novel antibiotics to address
drug resistance. Pseudomonas aeruginosa, a ubiquitous Gram-negative bacterium, is widely
recognized as an opportunistic pathogen notorious for its antibiotic resistance. It is a
leading cause of nosocomial infections and ventilator-associated pneumonia, presenting
a substantial challenge in clinical settings because of its ability to form biofilms, which
complicates treatment [3,4]. P. aeruginosa contributes to more than 5% of infectious exacer-
bations in patients with chronic obstructive pulmonary disease (COPD) and is associated
with elevated mortality rates among these individuals [3]. Similarly, Klebsiella pneumoniae
has emerged as a virulent pathogen, attributable to the rising number of severe infections.
Given the evolutionary diversity among clinical strains, it plays a significant role in various
infection models, including pneumonia, liver abscesses, and gastrointestinal tract coloniza-
tion [5]. Exploring new antimicrobial agents is critical in addressing the persistent threat of
infectious diseases caused by P. aeruginosa and K. pneumoniae.

Microorganisms, especially bacteria, are well-suited for the large-scale synthesis of
bioactive compounds. Since the discovery of penicillin, microbial secondary metabolites
have been a primary source of novel antimicrobial agents. Marine bacteria have emerged as
promising sources of therapeutic compounds, including antibacterial, antiviral, antifungal,
and anticancer agents [6]. The mangrove ecosystem, characterized by harsh environmental
conditions such as high tides, hypersaline waters, and large temperature fluctuations, pro-
vides a unique habitat that fosters the production of bioactive compounds [7,8]. Genomic
studies suggest that bacteria from harsh environments, with their often-large genomes,
have the potential to produce a diverse array of secondary metabolites, surpassing previous
estimates. This highlights the importance of exploring these unique habitats for novel an-
timicrobial compounds [9]. Attention has been focused on antimicrobial peptides (AMPs),
which have been investigated for the treatment of infections [10]. AMPs are an essential
component of the innate immune system present in all living organisms, playing a crucial
role as the frontline defense against pathogens. They vary in the length of their amino acid
residues and are composed of charged and hydrophobic amino acids. In general, AMPs
are unstructured and potentially form amphipathic alpha-helical or beta-sheet structures
in bacterial cell membranes. These peptides disrupt membranes without target–receptor
specificity and have high-affinity binding interactions; therefore, they are less likely to
induce resistance in pathogens [11].

The objective of this study was to isolate mangrove bacteria capable of producing
an AMP effective against P. aeruginosa and K. pneumoniae. The amino acid sequence and
properties of the AMP were characterized. The genomic information of the promising
bacterial isolate was explored, including the biosynthetic gene clusters for secondary
metabolites. This research seeks to identify new antimicrobial resources and provide
valuable insights to develop alternative agents for facing the emergence of antimicrobial-
resistant infections.

2. Results
2.1. Antimicrobial Investigation of Bacterial Isolates from Mangrove Sediments

Mangrove sediments were collected from five different locations at Banlaem Man-
grove, Thasala District, Nakhon Si Thammarat Province, Thailand. The pH of the sediments
ranged from 6.26 to 8.00, and the salinity was between 9.00 and 10.00 ppt. Colonies grown
on Mueller Hinton (MH) agar, Zobell Marine (ZM) agar, and Starch Casein (SC) agar
were screened for antibacterial activities against P. aeruginosa TISTR 357 using the soft
agar overlay technique. The antibacterial activity of the isolates was expanded to include
activity against various bacterial pathogens. Only one isolate, NNS5-6, cultured on MH
agar, exhibited antibacterial activity against P. aeruginosa TISTR 357. The cell-free super-
natant (CFS) collected from a 24-h preculture of NNS5-6 in MH broth showed an expanded
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antibacterial spectrum against Gram-negative bacteria, including P. aeruginosa TISTR 357,
K. pneumoniae TISTR 1383, Escherichia coli (E. coli) TISTR 887, Salmonella typhimurium (S. ty-
phimurium) TISTR 1469, and Vibrio parahaemolyticus (V. parahaemolyticus) TISTR 1596, with
inhibition zones ranging from 12.70 ± 0.25 to 14.84 ± 0.15 mm. In contrast, there was no
activity against Gram-positive bacteria, such as Staphylococcus aureus (S. aureus) TISTR 517
and methicillin-resistant Staphylococcus aureus (MRSA) strain 2468 (Table 1). The standard
antibiotics vancomycin and colistin were used as positive controls to compare the degree
of antibacterial activity of the active isolate. Therefore, the NNS5-6 isolate was selected for
further antibacterial studies.

Table 1. Antibacterial activities of the CFS of NNS5-6 against bacterial pathogens. The antibacterial
spectrum was studied using the agar well diffusion method and compared with standard antibiotics.

Isolate

Zone of Inhibition (mm ± SD; n = 3)

S. aureus
TISTR 517

MRSA Strain
2468

E. coli TISTR
887

K. pneumoniae
TISTR 1383

P. aeruginosa
TISTR 357

S. typhimurium
TISTR 1469

V. para-
haemolyticus
TISTR 1596

NNS5-6 0.00 ± 0.00 0.00 ± 0.00 14.24 ± 0.15 13.34 ± 0.53 14.84 ± 0.15 12.70 ± 0.25 13.09 ± 0.64
Vancomycin

(30 µg) 21.59 ± 0.51 21.76 ± 0.78 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Colistin
(1 µg) 0.00 ± 0.00 0.00 ± 0.00 18.13 ± 0.88 18.81 ± 0.39 18.05 ± 0.67 20.4 ± 0.89 18.8 ± 0.76

2.2. Production Kinetics of Antibacterial Compounds of NNS5-6

This study investigated the production of antibacterial compounds by NNS5-6 over
the incubation period with culture growth monitored through cell suspension turbidity. The
antibacterial activity of the collected CFS at different incubation times was determined by
measuring inhibition zones against various bacterial pathogens. The antibacterial activity
was observed during the early stationary phase of the growth curve. The results revealed
that the initial and maximum activity of the antibacterial compounds production by NNS5-
6 was found at 12 h and 20 h of incubation, respectively. The maximum inhibition zone of
NNS5-6 CFS at 20 h was in the range of 15.50 ± 0.20 to 16.89 ± 0.50 mm. The antibacterial
activity declined after 20 h of incubation until it diminished at 24 h during the stationary
phase of growth, except in E. coli TISTR 887, where the antibacterial activity of NNS5-6
CFS remained until 96 h of incubation. In contrast, the Gram-positive bacteria, S. aureus
TISTR 517 and MRSA strain 2468, were not inhibited by NNS5-6 CFS at any incubation
period. NNS5-6 demonstrated the ability to produce antibacterial compounds against
Gram-negative bacteria within 20 h of incubation (Figure 1).
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2.3. Purification of Antibacterial Compounds of NNS5-6

The antibacterial components produced by a twenty-hour-old NNS5-6 culture were pu-
rified through sequential steps, including ammonium sulfate precipitation, cation-exchange
chromatography, and size-exclusion chromatography. The fractions obtained at each step
were tested for antibacterial activity against P. aeruginosa TISTR 357 using the agar well
diffusion assay. A bioassay-guided approach was used to identify the fraction with an-
tibacterial activity (Figure S1a). The active fraction was collected to determine the presence
of the active peptide band, and the purity of the purified peptide was confirmed using a
15% gel of SDS-PAGE. The SDS-PAGE analysis revealed a single stained protein band in
Lane 1 of the half-excised gel, with a molecular weight below approximately 5 kDa. The
same location of the inhibition zone was observed in the other half-excised gel overlaid
with P. aeruginosa TISTR 357, demonstrating the effectiveness of the purification procedures
(Figure S1b). The efficiency of these procedures was assessed using a purification balance
sheet. The specific activity increased with each purification step, indicating the effectiveness
of the procedures in purifying the active peptide. The final purification step resulted in a
13.17-fold increase in purification power and yielded 10.55% of the active peptide compared
with the initial crude product (Table 2).

Table 2. The purification balance sheet of the antibacterial components of NNS5-6. The four purifica-
tion steps were used to obtain the purified compound.

Purification
Procedure

Volume
(mL)

Total Dried
Weight (mg)

Activity
(AU/mL)

Total
Activity

(AU)

Specific Activity
(AU/mg)

Purification
Factor %Yield

Crude product 976.50 453.30 20.00 19,530.00 43.08 1.00 100.00
Salt precipitation 72.78 102.40 80.00 5822.40 56.86 1.32 29.81
Cation-exchange
chromatography 42.67 37.92 80.00 3413.60 90.02 2.09 17.48

Size-exclusion
chromatography 12.88 3.63 160.00 2060.80 567.40 13.17 10.55

2.4. De Novo Amino Acid Sequence of the Purified AMP and Determination of Its
Secondary Structure

The purified AMP of NNS5-6 was subjected to amino acid sequencing using tan-
dem mass spectrometry. The molecular weight of the peptide was determined by mass
spectrometry. The peptide fragmentation detected the parent molecule having a mass of
1297.61 Da in the positive ion mode. The de novo algorithm was used to predict the amino
acid sequence from b-ion and y-ion fragmentations. The AMP, composed of 13 amino acid
residues, was sequenced as Val-Lys-Gly-Asp-Gly-Gly-Pro-Gly-Thr-Val-Tyr-Thr-Met, with
an average local confidence (ALC) score of 75% (Figure 2a). The results of de novo sequenc-
ing indicated that the final amino acid, methionine, was oxidized with an incorporated
oxygen atom. Therefore, the molecular weight of the peptide was 1280.6121 Da. The physic-
ochemical properties of the peptide were predicted using ProtParam on the Expasy server
(https://web.expasy.org/protparam/, accessed on 10 July 2024). The analysis revealed
a theoretical pI of 5.81. The peptide contained one positively charged amino acid, lysine,
and one negatively charged residue, aspartic acid. The predicted net charge was 0 at pH
7.4. The grand average of hydropathy (GRAVY) value of the peptide was calculated to be
−0.231, predicted by hydrophobic amino acids valine, proline, and methionine, as well as
hydrophilic amino acids lysine, glycine, aspartic acid, threonine, and tyrosine.
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Figure 2. The amino acid sequence of the purified AMP was elucidated by de novo amino acid
sequencing using a molecular fragmentation technique (dashed blue line and dashed red line indicate
b-ion and y-ion, respectively) from mass spectrometry (a). The secondary structure of NNS5-6 AMP
was determined by CD spectroscopy. The experiment was designed to compare the structural changes
in the dissolved AMP in purified water and 50 mM SDS. The proportion of secondary structures was
analyzed by BeStSel and compared in different solvents (b). The 3D molecular model of NNS5-6 AMP
was predicted using PEP-FOLD4. The beta-sheet structure of the AMP is shown in a cartoon style. The
molecular surface reveals the hydrophobic region represented by grey and the hydrophilic regions
with negative and positive electrostatic potentials represented by red and blue, respectively (c).

Circular dichroism (CD) spectroscopy was used to determine the secondary struc-
ture of NNS5-6 AMP in different solvents. Purified water was used to study its native
conformation, while 50 mM SDS, above the critical micelle concentration, was employed
to simulate the negatively charged environment of bacterial cell membranes for study-
ing AMP interactions. The CD spectra of NNS5-6 AMP showed similar delta epsilon in
both purified water and 50 mM SDS solution. The CD spectra scanned in the range of
190–240 nm revealed a positive band with a magnitude at 195 nm and a negative band
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with a magnitude at 215 nm in both solvent systems. The CD spectra indicated a beta-sheet
conformation of the peptide in both solvents. In addition, the negative band at 200–210 nm
suggested the presence of a random coil structure. The secondary structure components
of the NNS5-6 AMP were calculated using CD spectra via the BeStSel web-based service.
In purified water, the NNS5-6 AMP showed structural components of 46.9% random coil
conformation, 36.8% antiparallel beta-sheet, and 16.3% turn conformation. A slight differ-
ence in secondary structure components was observed when NNS5-6 AMP was dissolved
in the SDS micelle environment. The major component remained as a random coil at
49.6%, while the beta-sheet (antiparallel) structure was 37.4%, and the turn conformation
was 13.0% (Figure 2b). The findings indicated that the NNS5-6 AMP primarily exhibited
a beta-sheet (antiparallel) secondary structure with a random coil conformation. In the
presence of SDS micelles, the interaction between NNS5-6 AMP and SDS micelles slightly
altered the secondary structure components of the AMP but did not change the overall
type of secondary structures compared with the native environment. The 3D molecular
model further supported the analyzed CD spectra results. The NNS5-6 AMP displayed
the beta-sheet conformation with an antiparallel orientation, with a turn at the proline
amino acid and a random coil at the N- and C-termini. The predicted molecular surface
revealed the hydrophobic and hydrophilic regions of NNS5-6 AMP (Figure 2c). The results
suggest that the NNS5-6 AMP likely maintains a stable antiparallel beta-sheet structure
at membrane surfaces, supporting the hypothesis that the cationic side of the AMP first
interacts electrostatically with the anionic membrane surface and destabilizes the lipid
bilayer of the cell membrane with the hydrophobic part of the peptide [12].

2.5. Investigation of the Antibacterial Activities of the AMP

The antibacterial activities of the NNS5-6 AMP against P. aeruginosa TISTR 357 and
K. pneumoniae TISTR 1383 were studied using a microdilution assay, with colistin as the
standard. Both P. aeruginosa TISTR 357 and K. pneumoniae TISTR 1383 were inhibited
by NNS5-6 AMP at the same MIC of 4 µg/mL, compared with an MIC of 1 µg/mL for
colistin. However, the concentrations required for the bactericidal effect of NNS5-6 AMP
differed between the two pathogens. The bactericidal activity of NNS5-6 AMP required a
concentration with a two-fold higher MIC concentration for killing K. pneumoniae TISTR
1383, while for P. aeruginosa TISTR 357, the bactericidal concentration was equal to the MIC.
Colistin exhibited bactericidal activity at the MIC for both bacterial pathogens (Table 3).

Table 3. The MIC and MBC values of the purified AMP of NNS5-6 were determined using the
microdilution method against two bacterial pathogens. Colistin was used as the positive control.

Active Compounds Tested Strains MIC (µg/mL) MBC (µg/mL)

NNS5-6 AMP
P. aeruginosa TISTR 357 4 4

K. pneumoniae TISTR 1383 4 8

Colistin
P. aeruginosa TISTR 357 1 1

K. pneumoniae TISTR 1383 1 1

2.6. The Antibacterial Activity of NNS5-6 Derived AMP on Bacterial Pathogens Observed Using
Scanning Electron Microscopy (SEM) Analysis

Alterations in cell morphology and membrane integrity of P. aeruginosa TISTR 357 and
K. pneumoniae TISTR 1383 treated with antibacterial compounds were observed using SEM.
The NNS5-6 AMP and colistin demonstrated antibacterial activity against these bacterial
pathogens at 1× MIC. The cell surfaces of both pathogens responded differently to the
antibacterial compounds. In untreated P. aeruginosa, the intact cell membrane retained its
original rod shape with a smooth surface, indicating membrane integrity (Figure 3a). NNS5-
6 AMP caused the P. aeruginosa cells to develop a rough surface and shrink. The center
region of the treated cells appeared intruded, indicating cell membrane breakage and the
release of cytoplasm after the cell ruptured (Figure 3b). The action of colistin is well-known
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for its antibacterial activity through membrane disruption. Colistin-treated P. aeruginosa
cells exhibited a killing effect, observed as holes at the center of the cells and deflated cells,
confirming membrane disruption (Figure 3c). For K. pneumoniae, untreated cells maintained
their shape and showed some exopolysaccharide deposits around them, indicating vigorous
growth (Figure 3d). Upon treatment with NNS5-6 AMP, K. pneumoniae cells exhibited signs
of rupture and cytoplasmic leakage, characterized by a porous morphology (Figure 3e).
Similarly, colistin-treated cells displayed membrane damage, leading to pore formation
(Figure 3f). The observed differences in morphological changes between treated P. aeruginosa
cells and K. pneumoniae compared with untreated controls highlight the distinct membrane
disruption characteristics induced by NNS5-6 AMP and colistin. This investigation suggests
that NNS5-6 AMP effectively targets and damages bacterial membranes.
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Figure 3. The effects of NNS5-6 AMP and colistin on P. aeruginosa TISTR 357 and K. pneumoniae TISTR
1383 were observed as morphological changes visualized under a scanning electron microscope at
20,000× magnification. The untreated condition of both bacteria was incubated with 0.85% NaCl,
P. aeruginosa TISTR 357 (a) and K. pneumoniae TISTR 1383 (d). Effects of 1× MIC of NNS5-6 AMP
on P. aeruginosa TISTR 357 (b) and K. pneumoniae TISTR 1383 (e). Effects of 1× MIC of colistin on
P. aeruginosa TISTR 357 (c) and K. pneumoniae TISTR 1383 (f).

2.7. Time-Kill Assay of NNS5-6 AMP

The time-kill assay was conducted to determine the mode of antibacterial action of
NNS5-6 AMP. The NNS5-6 AMP exhibited different inhibitory effects on P. aeruginosa TISTR
357 compared with K. pneumoniae TISTR 1383. For P. aeruginosa TISTR 357, a significant
reduction in viable cells was observed within the first hour of treatment with 1×MIC and
2× MIC of NNS5-6 AMP (Figure 4a). The eradication effect of NNS5-6 AMP on viable
cells was achieved when treatment time reached 8 h with concentrations of 1× and 2×
MIC. From the initial treatment until the viable cells were eradicated, the reduction rate of
viable cells was similar for 1×MIC (0.6297 log CFU/h) and 2×MIC (0.6421 log CFU/h).
In contrast, K. pneumoniae TISTR 1383 showed a delayed response, with bacterial suppres-
sion beginning 2 h after treatment with 1× MIC. The reduction rate of viable cells was
slower with 1×MIC (0.05790 log CFU/h) compared with 2×MIC (0.5715 log CFU/h). In
addition, the eradication effect was observed at different concentrations of NNS5-6 AMP.
The treatment with 2×MIC achieved eradication of viable cells within 8 h, whereas 1×MIC
only suppressed cell growth and reduced viable cells by up to 2 log (CFU/mL) until 24 h
of treatment (Figure 4b). The differences in antibacterial activity observed in the time-kill
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assay were consistent with the results from the microdilution assay and SEM micrography,
both of which demonstrated the eradication effect. The killing curve for K. pneumoniae
TISTR 1383 was both concentration- and time-dependent, whereas, for P. aeruginosa TISTR
357, it was time-dependent.
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Figure 4. The time-kill assay was performed to determine the time- and concentration-dependent
effects of NNS5-6 AMP. The experiments used 1× and 2×MIC of NNS5-6 AMP for P. aeruginosa TISTR
357 (a) and K. pneumoniae TISTR 1383 (b). The efficacy of the AMP was monitored by counting viable
cells during the treatment period of up to 24 h. The experiment was performed in triplicate, and the
log of viable cells is expressed as the mean with standard deviation (SD). The statistical significance
between different concentrations in treatment and non-treatment conditions was determined using
two-way ANOVA (p-value < 0.05).

2.8. Studies of Cell Permeability

The Sytox Green uptake assay was used to investigate cell permeabilization of bacterial
pathogens after treatment with the AMP. The loss of cell membrane function due to the
AMP disturbance was monitored by the fluorescence intensity, which reflects the binding
of Sytox Green to DNA as a result of membrane malfunction [13]. For P. aeruginosa TISTR
357, the addition of NNS5-6 AMP caused an immediate increase in fluorescence intensity.
Fluorescence was found to have a plateau characteristic until 24 h of treatment. Different
levels of fluorescence intensity were observed at different concentrations of NNS5-6 AMP

86



Antibiotics 2024, 13, 846

(0.125×MIC to 2×MIC) and Triton X-100 (0.125% to 2% w/v). Higher fluorescence intensity
was observed with NNS5-6 AMP at concentrations of 0.5×, 1×, and 2×MIC compared with
lower concentrations of 0.25× and 0.125×MIC. Additionally, the fluorescence intensity of
NNS5-6 AMP treatment at concentrations of 0.5×, 1×, and 2×MIC showed no significant
differences and was comparable with the fluorescence intensity observed with Triton X-100
treatment in the concentration range of 0.125% to 0.5% (Figure 5a). The fold increase in
fluorescence intensity caused by NNS5-6 AMP treatment compared with non-treatment
ranged from 1.95 ± 0.28 to 5.87 ± 0.31 when using 0.125× to 2× MIC of NNS5-6 AMP,
while 5.93 ± 0.34 to 6.34 ± 0.39 was observed with 0.125% to 2% Triton X-100 treatment
(Figure 5c). The increased cell permeability due to NNS5-6 AMP and Triton X-100 treatment
against P. aeruginosa TISTR 357 can be attributed to a concentration-dependent action.
However, the increased fluorescence intensity distinguished the degree of permeability
into two groups, with one group including concentrations of 0.5×, 1×, and 2× MIC,
and the other group including 0.25× and 0.125×MIC. The 0.25×MIC was identified as
the cut-off concentration for the different degrees of cell permeability caused by NNS5-6
AMP treatment in P. aeruginosa TISTR 357. The different permeability was observed in
K. pneumoniae TISTR 1383 treated with NNS5-6 AMP and Triton X-100. The concentration-
dependent manner was found in both NNS5-6 AMP and Triton X-100 (Figure 5b). The
similar levels of fluorescence intensity in the range of 0.125×, 0.25×, 0.5×, and 1×MIC
of NNS5-6 AMP showed 1.66 ± 0.37 to 1.94 ± 0.29-fold increase. Moreover, 2× MIC of
NNS5-6 AMP treatment resulted in a distinguishable and the highest fluorescence intensity,
with a 3.21 ± 0.29-fold increase compared with other concentrations. Triton X-100 showed
increases of 4.64 ± 0.62 to 8.12 ± 2.86-fold in fluorescence intensity, which was higher
than those observed with NNS5-6 AMP for the treatment of K. pneumoniae TISTR 1383
(Figure 5d). These findings suggest that increased cell membrane permeability due to
NNS5-6 AMP is concentration-dependent in both P. aeruginosa TISTR 357 and K. pneumoniae
TISTR 1383. Although the cell permeability measurement during the treatment could not
distinguish between live and dead cells, the results from the Sytox Green uptake assay
support the concentration- and time-dependent effects observed in the time-kill assay.
These results confirm the eradication of viable cells through membrane disruption, as
captured by SEM micrography.
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Figure 5. The Sytox Green uptake assay of NNS5-6 AMP-treated bacterial cells demonstrated the effect
of NNS5-6 AMP on cell permeability. Cell cultures of P. aeruginosa TISTR 357 (a) and K. pneumoniae
TISTR 1383 (b) were incubated with different concentrations of AMP (0.125×, 0.25×, 0.5×, 1×, and
2×MIC). Various concentrations of Triton X-100 (0.125%, 0.25%, 0.5%, 1%, and 2% w/v) were used as
positive controls to indicate the levels of cell membrane permeability. Membrane permeabilization of
bacterial cells was monitored by the increase in fluorescence intensity caused by the Sytox Green-DNA
complex. The fluorescence intensity was observed over 24 h. The inset graph provides an expanded
view of the fluorescence baseline before sample addition and the fluorescence intensity in the initial
30 min after sample addition. The increase in fluorescence intensity during the entire treatment
period was expressed in folds, comparing different concentrations of samples to the non-treatment
condition of P. aeruginosa TISTR 357 (c) and K. pneumoniae TISTR 1383 (d). The experiments were
conducted in triplicate, with the mean and standard deviation presented. The statistical analysis was
performed to compare the overall time points between treatments and non-treatments using one-way
ANOVA (p-value < 0.05) shown in (c,d).

2.9. Stability Studies of NNS5-6 AMP under Various Conditions

The stability of NNS5-6 AMP was evaluated under various conditions (Table 4). The
antibacterial activity of NNS5-6 AMP against P. aeruginosa TISTR 357 was used as the
primary indicator of its stability. The AMP demonstrated thermostability at temperatures
up to 40 ◦C for 12 h (99.07 ± 0.72% to 99.80 ± 0.94% residual activity). However, at
50 ◦C, the activity of AMP was reduced by almost half within 1 h and was completely lost
after 6 h. Furthermore, the antibacterial efficacy of NNS5-6 AMP was entirely lost when
exposed to 60 ◦C, 80 ◦C, and 100 ◦C for 1 h and under autoclave conditions. The residual
activity of the AMP was significantly reduced when incubated with proteinase K from
1 h to 12 h (83.62 ± 1.34% to 96.08 ± 3.41% residual activity). The AMP was stable when
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incubated with trypsin for up to 6 h (99.38 ± 1.99% residual activity). Additionally, the
AMP maintained its activity for up to 12 h when incubated with α-chymotrypsin, indicating
its stability under α-chymotrypsin incubation (98.46 ± 0.88% to 99.42 ± 1.22% residual
activity). The results indicated the proteinaceous nature of the AMP, making it susceptible
to digestion by proteinase K and trypsin while not being digested by α-chymotrypsin. The
overall residual activity after digestion with proteinase K, trypsin, and α-chymotrypsin
was up to 80%.

Table 4. The stability of NNS5-6 AMP against temperatures, proteolytic enzymes, surfactants, and
pH treatments was evaluated. The residual activity after each treatment is reported along with the
incubation times (mean ± SD; n = 3).

Conditions
% Residual Activity of NNS5-6 AMP against P. aeruginosa TISTR 357

1 h 6 h 12 h

Effect of Temperatures
Non-treated NNS5-6 AMP 100.00 ± 1.23 100.00 ± 0.70 100.00 ± 0.62
37 ◦C 99.39 ± 1.98 99.39 ± 0.61 99.69 ± 0.95
40 ◦C 99.80 ± 0.94 99.19 ± 0.93 99.07 ± 0.72
50 ◦C 65.16 ± 3.07 * 0.00 ± 0.00 * 0.00 ± 0.00 *
60 ◦C 0.00 ± 0.00 * 0.00 ± 0.00 * 0.00 ± 0.00 *
80 ◦C 0.00 ± 0.00 * 0.00 ± 0.00 * 0.00 ± 0.00 *
100 ◦C 0.00 ± 0.00 * 0.00 ± 0.00 * 0.00 ± 0.00 *
121 ◦C, 15 psi, 15 min 0.00 ± 0.00 *
121 ◦C, 15 psi, 30 min 0.00 ± 0.00 *

Effect of Proteolytic enzymes
Non-treated NNS5-6 AMP 100.00 ± 0.95 100.00 ± 0.34 100.00 ± 0.58
NNS5-6 AMP with Proteinase K (1 mg/mL) 96.08 ± 3.41 * 86.58 ± 1.22 * 83.62 ± 1.34 *
NNS5-6 AMP with Trypsin (1 mg/mL) 99.38 ± 1.99 90.47 ± 2.02 * 88.90 ± 1.46 *
NNS5-6 AMP with α-chymotrypsin
(1 mg/mL) 99.38 ± 0.95 99.42 ± 1.22 98.46 ± 0.88

Effect of Surfactants
Non-treated NNS5-6 AMP 100.00 ± 0.60 100.00 ± 0.93 100.00 ± 0.61
NNS5-6 AMP with 1% SDS 116.77 ± 1.80 * 122.52 ± 1.86 * 119.19 ± 1.53 *
NNS5-6 AMP with 1% Triton X-100 116.17 ± 0.60 * 120.28 ± 1.53 * 120.81 ± 1.53 *
1% SDS alone 121.76 ± 2.42 *
1% Triton X-100 alone 126.83 ± 2.72 *

Effect of pH variation
Non-treated NNS5-6 AMP 100.00 ± 1.19 100.00 ± 1.28 100.00 ± 0.72
pH 1.2 89.62 ± 1.85 * 83.83 ± 1.72 * 81.14 ± 1.71 *
pH 4.5 97.31 ± 0.33 95.69 ± 1.75 95.62 ± 1.19
pH 6.8 97.31 ± 3.33 96.46 ± 0.57 96.00 ± 0.57
pH 7.4 98.65 ± 0.58 98.18 ± 1.15 98.48 ± 0.66
pH 8.0 99.23 ± 1.15 97.22 ± 0.98 98.48 ± 0.87
pH 10.0 98.85 ± 1.20 97.42 ± 0.82 98.10 ± 1.44
pH 12.0 94.31 ± 0.68 * 93.40 ± 0.78 * 90.10 ± 2.38 *
pH 14.0 90.77 ± 0.88 * 84.40 ± 1.15 * 79.05 ± 1.75 *

* Significance according to Student’s t-test at a p-value < 0.05 compared with non-treated NNS5-6 AMP.

Surfactants above the critical micelle concentration were used to assess their interfer-
ence with NNS5-6 AMP activity. The combination of the AMP with SDS or Triton X-100
resulted in increased antibacterial activity compared with the AMP alone. However, SDS or
Triton X-100 alone showed higher antibacterial activity (121.76 ± 2.42% to 126.83 ± 2.72%
residual activity) compared with the AMP combined with these surfactants (116.17 ± 0.60%
to 122.52 ± 1.86% residual activity) and the AMP alone (100.00 ± 0.60% to 100.00 ± 0.93%
residual activity). The results from combining the AMP with surfactants at a concentration
above the critical micelle concentration suggested that interactions between NNS5-6 AMP
and surfactants occurred, but further studies are needed to understand these interactions
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fully. The activity of the AMP after incubation at pH 1.2 was significantly lower than that
of non-treated AMP at all time points (81.14 ± 1.71% to 89.62 ± 1.85% residual activity).
In contrast, the activity of AMP remained above 95% when treated in a pH range of 4.5 to
10.0 (95.62 ± 1.19% to 99.23 ± 1.15% residual activity). The activity of AMP decreased in a
pH- and time-dependent manner in a pH range of 12–14 (94.31 ± 0.68% to 79.05 ± 1.75%
residual activity). These findings indicated that the AMP was less tolerant to extremely
acidic and alkaline environments but retained activity in the pH range of 4.5–10.0. Overall,
NNS5-6 AMP exhibited a stable profile against proteolytic enzymes, surfactants, and pH,
with up to 80% residual activity over 12 h of treatment.

2.10. Phenotypic Characterization of NNS5-6

A single colony of NNS5-6 appeared as a circular, cream-colored colony with an
undulating margin and a smooth surface (Figure S2a). The bacterial cells were observed
under a light microscope at 1000×magnification. The one-day-old vegetative cells appeared
Gram-positive-stained and rod-shaped bacilli (Figure S2b). Three-day-old endospores were
oval-shaped, as confirmed by malachite green staining (Figure S2c). High-resolution
SEM images showed rod-shaped bacilli with dimensions of 0.4–0.5 µm in diameter and
2.0–2.3 µm in length (Figure S2d). The endospores had ridge-like characteristics with
dimensions of 0.8–1.0 µm in diameter and 1.8–2.0 µm in length (Figure S2e). The light
microscope and SEM images provided consistent morphological results for both vegetative
cells and spores. The reduction in cell dimensions from vegetative cells to spores can be
attributed to the dormant process, which helps the species tolerate stressful environments
and enhances survival adaptability.

2.11. Genome Insight for Coding Sequence Annotation and Whole-Genome Phylogenetic Analysis

The read quality was high, and the assembled genome had a size of 6,522,808 bp with
a 139× sequencing depth, constructed by de novo assembly using the Velvet version 1.2.10.
The assembled genome contained 283 contigs with an average contig length of 74,721 bp.
The GC content was 53.20%. The genome presented a completeness of 99.68%. The
genome assembly had 0.82% contamination. A single chromosome sequence of Paenibacillus
thiaminolyticus NNS5-6 was deposited in the National Center for Biotechnology Information
(NCBI) database under the accession number CP160395.

The taxonomy of NNS5-6 was predicted using genome-based sequencing and analyzed
by the Type (Strain) Genome Server (TYGS). NNS5-6 was found to show the closest relation
to Paenibacillus thiaminolyticus NRRL B-4156. The pairwise-comparison calculated by the
Genome BLAST Distance Phylogeny (GBDP) method against reference genomes in the
TYGS database showed similarity scores of 74.9% (95% CI, 70.9–78.5%), 61.7% (95% CI,
58.8–64.5%), and 74.8% (95% CI, 71.3–78.0%) as d0, d4, and d6, respectively. The GC content
of the type strain Paenibacillus thiaminolyticus NRRL B-4156 is 53.64%, which is similar to that
of Paenibacillus thiaminolyticus NNS5-6 (53.20%), supporting the classification. TYGS results
indicated that the NNS5-6 strain was most closely related to Paenibacillus thiaminolyticus
NRRL B-4156 at the species level. The identity score (%) from FastANI analysis between
Paenibacillus thiaminolyticus NRRL B-4156 and Paenibacillus thiaminolyticus NNS5-6 was
95.02%, supporting the GBDP results and confirming that these organisms belong to the
same species. The pairwise comparison between the two species was performed by genome
sequence breakdown and mapped with the fragments of orthologous DNA sequence. The
similarity of each pairwise DNA fragment was visualized using FastANI v1.1.0 (Figure 6a).
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Figure 6. The genome-based phylogenetic tree of NNS5-6 was constructed using the GBDP method
to identify the closest species and strains, via the TYGS web service. The inset visualized by FastANI
demonstrates that the DNA fragments in the NNS5-6 genome are similar to the orthologous DNA
fragment against the closest related genome, Paenibacillus thiaminolyticus NRRL B-4156 (a). The
circular map of the NNS5-6 genome (6.5 Mb) displays the predicted coding sequences relevant
to biological processes, including BGCs of secondary metabolites and antibiotic resistance genes
(b). The subsystem technology via RAST covers 15% of the predicted subsystems, revealing the
cellular machinery. The inset shows the distribution of subsystem categories from the 15% subsystem
coverage, identifying 1514 features responsible for the biological processes of the bacterium (c).
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The protein-coding sequences (CDS) were annotated using Rapid Prokaryotic Genome
Annotation (Prokka) version 1.14.6, including biosynthetic gene clusters (BGCs) of sec-
ondary metabolites, which were annotated by Antibiotics and Secondary Metabolite
Analysis Shell (antiSMASH) version 7.0. The prediction of antibiotic resistance genes
localized in the genome was performed using the Resistance Gene identifier (RGI) predic-
tion in the Comprehensive Antibiotic Resistance Database (CARD). The circular genome
map and gene annotations were visualized using Proksee (CGViewBuilder version 1.1.6,
https://proksee.ca, accessed on 14 July 2024), showing the number of different functions
of genes, which are classified and expressed by various colors (Figure 6b). There were
6091 features annotated by Prokka, including 6024 CDS, 4 rRNA, 59 tRNA, and 4 ncRNA in
the genome. The BGCs of secondary metabolites as antimicrobial compounds were counted
by antiSMASH, which provided 19 BGCs with varying similarity based on orthologs in
the Minimum Information about Biosynthetic Gene cluster (MIBiG) databases. The RGI
prediction identified 11 possible antibiotic-resistance genes.

Rapid Annotations using Subsystems Technology (RAST) was used to predict cellular
machinery based on genomic information. The genes were categorized into subsystem
and non-subsystem classifications. Of the total 6786 coding sequences (CDS), 15% were
categorized into subsystems and 85% into non-subsystems. The encoding proteins an-
notated by subsystem functionalization included 1015 genes, of which 965 genes were
encoded to non-hypothetical proteins and 50 genes to hypothetical proteins. In contrast,
5771 genes annotated by familial gene evidence in the database were non-subsystem. There
were 1867 genes encoding non-hypothetical proteins and 3904 genes encoding hypothetical
proteins. The gene functions in the subsystem were categorized into 1514 features that
ensemble for the cellular machinery (Figure 6c).

2.12. Comparative Analysis of Biosynthetic Gene Clusters in NNS5-6

The secondary metabolites of the NNS5-6 genome were predicted using antiSMASH,
which identified 19 BGCs that were thoroughly mapped in the genome. The known cluster
BLAST was used to search for similar orthologs in the MIBiG database for each identified
BGC, which could indicate potential secondary metabolite productions. The results from
the known cluster BLAST search revealed that fifteen BGCs matched with similarities
ranging from 8% to 100% based on similar orthologs, whereas four BGCs did not match
any BGCs in the database. The types of secondary metabolites produced by these BGCs
were categorized as non-ribosomal peptides (NRPs), ribosomally synthesized and post-
translationally modified peptides (RiPPs), polyketides (PKs), co-processed production
of non-ribosomal peptide and polyketide (NRP + Polyketide), and others. The identical
orthologs matched to BGCs of the antimicrobial peptides with NRP and NRP + Polyketide
types such as paeninodin, paenibactin, and colistin A/B exhibited 100% similarity. The
high similarity of the matched orthologs ranged from 60% to 85%, including relevant BGCs
for ulbactin, paenibacterin, and colistin as NRPs, while ectoin was identified as an amino
acid derivative. Orthologs with less than 50% similarity could represent less explored
BGCs. Among those with 8–37% similarity matched to reference BGCs in the database
were polyketides (pellasoren, myxothiazole, and chejuenolide), NRPs (pelgipeptide and
laterocidin), and NRP + Polyketide (paenilamicin). The matched secondary metabolites
support the secondary metabolism in the Paenibacillus genus. However, BGCs 6, 8, 9, and 12
did not match any similar reference BGCs in the database, but antiSMASH predicted these
types of secondary metabolites as thiopeptide, ranthipeptide, linear azol(in)e-containing
peptides, and NRP, respectively (Figure 7).
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Figure 7. The predicted biosynthetic gene clusters (BGCs) of secondary metabolism in the NNS5-6
genome (6,522,808 nucleotides; nt) were investigated using antiSMASH. The known cluster BLAST
was performed to match the reference BGCs in the MIBiG database. Nineteen BGCs were predicted
and annotated for BGCs with the most similar orthologs, whereas 4 BGCs (6, 8, 9, and 12) did not
match any BGCs found. The matched BGCs revealed a variety of secondary metabolites produced by
the NNS5-6 genome. The color-coding of genes in the cluster followed the visualization provided
by antiSMASH.
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The NNS5-6 AMP shared an amino acid sequence similar to fusaricidins, which
were reported AMPs derived from Paenibacillus polymyxa. All predicted BGCs from the
antiSMASH results were analyzed to find the biosynthetic gene relevant to fusaricidin
production in the NNS5-6 genome. The translated protein from the core biosynthetic gene of
BGC 13 (9142 amino acid residues) showed the highest similarity to fusaricidin synthetase
(8524 amino acid residues; sequence ID: SUA94926.1) using the Domain Enhanced Lookup
Time Accelerated BLAST (DELTA-BLAST) algorithm in the NCBI database. The result
showed that the protein identity and coverage were 72.79% and 75.45%, respectively, and
the mismatches were 534 amino acid residues. The comparison of translated protein
sequences between the NNS5-6 core biosynthetic gene and fusaricidin synthetase showed
the conserved region pattern (indicated by grey color). In contrast, the variable region
contained differences in amino acid sequences (indicated by red color) (Figure 8a). The
compared amino acid sequences between the two proteins support the reason that the
AMP derived from NNS5-6 shares a similar amino acid sequence to fusaricidin conserved
sequences (Thr-Val-Tyr-Thr) (Figure 8b). Therefore, NNS5-6 AMP could potentially be a
novel AMP related to fusaricidin derivatives. However, the production mechanisms of
NNS5-6 AMP and the fusaricidin-like core biosynthetic gene require further confirmation
through a molecular genetic approach.
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Figure 8. The comparative BGC of NNS5-6 AMP was proposed by the non-ribosomal peptide
synthesis in antiSMASH. The BGC was composed of core biosynthetic genes, regulatory genes, and
transport-related genes. The translated protein from the core biosynthetic genes showed a similar
amino acid sequence to fusaricidin synthetase in the DELTA-BLAST search within the NCBI database
(red and grey colors indicate different and identical amino acids, respectively). The different amino
acids in the gene product comparison are indicated by red color, as visualized by the NCBI MSA
viewer (a). The similar amino acid sequences between NNS5-6 AMP and fusaricidin A–D were
compared using multiple sequence alignment with MEGA X software (version 10.1.8) (b).

2.13. Prediction of Antibiotic Resistance Genes in the NNS5-6 Genome and Determination of
Antibiotic Susceptibility

Assessing antimicrobial resistance is crucial when considering the use of newly dis-
covered bacteria in various industries and healthcare sectors. To ensure safety for further
utilization, it is important to investigate the NNS5-6 strain for antibiotic resistance genes
and susceptibility. The whole genome sequence of NNS5-6 was analyzed for antibiotic-
resistance genes using the RGI prediction in the CARD database. The analysis identified
11 predicted antibiotic-resistance genes. Among these, seven were related to glycopep-
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tide antibiotic resistance genes with various percentages of identity and coverage when
compared with reference genes in the database. Two vanY genes in the vanB cluster, two
vanW genes in the vanI cluster, a vanT in the vanG cluster, a vanXY in the vanG clus-
ter, and a vanG were identified. These predicted glycopeptide resistance genes had low
percentages of identity, ranging from 33.04% to 53.47%, with 88.62% to 128.15% reference
gene coverage. Additionally, other predicted antibiotic resistance genes were Otr(A) for
tetracyclines, potxA for oxazolidinone antibiotics, norC for fluoroquinolone antibiotics,
and qacG for antibiotic efflux pump. The identity ranged from 36.48% to 59.69%, with
coverages ranging from 99.25% to 127.10% compared with the reference genes (Table 5).
The antibiotic susceptibility test of NNS5-6 was conducted using the disk diffusion method
to verify the predicted antibiotic resistance genes corresponding to phenotypic expression.
The NNS5-6 bacterial strain exhibited high susceptibility to the combination of piperacillin
(100 µg) and tazobactam (10 µg), ceftriaxone (30 µg), imipenem (10 µg), ciprofloxacin (5 µg),
erythromycin (15 µg), doxycycline (30 µg), gentamicin (10 µg), cefoxitin (30 µg), and van-
comycin (30 µg) (Table 6). The antibiotic susceptibility results contrasted with the predicted
antibiotic resistance genes, which could be attributed to the low percentage of gene identity
or reduced gene expression in the culture environment. Thus, while the resistance gene
predictions provide important insights, they must be corroborated by susceptibility tests.
The results indicate that NNS5-6 exhibits low resistance to commonly used antibiotics in
both healthcare and industry settings.

Table 5. The prediction of antibiotic-resistance genes in the NNS5-6 genome was determined by their
similarity to genetic sequences in the CARD database.

Antibiotic
Resistance Gene

Antibiotic Resistance Gene
Family

Resistance
Mechanism

Position in
Genome

Identity
(%)

Coverage
Length (%)

vanY gene in vanB
cluster

vanY, glycopeptide resistance
gene cluster

antibiotic target
alteration

291,432 to
292,277 33.04 104.85

Otr(A)
tetracycline-resistant

ribosomal protection protein
of tetracycline antibiotics

antibiotic target
protection

1,037,370 to
1,039,346 45.40 99.25

vanW gene in vanI
cluster

vanW, glycopeptide resistance
gene cluster

antibiotic target
alteration

1,132,154 to
1,133,269 34.43 99.46

qacG small multidrug resistance
(SMR) antibiotic efflux pump antibiotic efflux 1,236,341 to

1,236,751 42.86 127.10

potxA

Miscellaneous ABC-F
subfamily ATP-binding

cassette ribosomal protection
proteins of oxazolidinones

antibiotics

antibiotic target
protection

1,668,816 to
1,670,789 36.48 121.22

norC
major facilitator superfamily
(MFS) antibiotic efflux pump
of fluoroquinolone antibiotics

efflux pump complex
or subunit conferring
antibiotic resistance

3,712,623 to
3,714,038 59.69 101.95

vanW gene in vanI
cluster

vanW, glycopeptide resistance
gene cluster

antibiotic target
alteration

3,898,660 to
3,900,096 36.69 128.15

vanY gene in vanB
cluster

vanY, glycopeptide resistance
gene cluster

antibiotic target
alteration

5,289,399 to
5,290,199 33.56 99.25

vanT gene in vanG
cluster

vanT, glycopeptide resistance
gene cluster

antibiotic target
alteration

5,756,379 to
5,758,274 48.63 88.62

vanXY gene in
vanG cluster

vanXY, glycopeptide
resistance gene cluster

antibiotic target
alteration

5,758,264 to
5,759,118 43.70 111.81

vanG Van ligase, glycopeptide
resistance gene cluster

antibiotic target
alteration

5,759,115 to
5,760,176 53.47 101.15
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Table 6. Antibiotic susceptibility test results for NNS5-6, following the CLSI M100 guidance protocol.

Antibiotics Zone of Inhibition (mm ± SD); n = 3

Ciprofloxacin (5 µg) 36.24 ± 0.63
Piperacillin (100 µg) and Tazobactam (10 µg) 50.29 ± 0.41

Imipenem (10 µg) 38.52 ± 0.52
Ceftriaxone (30 µg) 42.50 ± 0.48

Cefoxitin (30 µg) 25.40 ± 0.36
Doxycycline (30 µg) 31.07 ± 0.73
Vancomycin (30 µg) 21.51 ± 1.25

Erythromycin (15 µg) 34.88 ± 0.73
Gentamicin (10 µg) 25.57 ± 0.32

3. Discussion

WHO published a critical list of pathogens requiring urgent antimicrobial develop-
ment, which aimed to guide research priorities in 2017. The ESKAPE pathogens (Enterococ-
cus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species) were designated as top priority. These bacterial species
are notorious for their antibiotic resistance and present the greatest challenge in combating
infectious diseases [14]. Among these, Pseudomonas aeruginosa and Klebsiella pneumoniae are
of particular concern, prompting the exploration of new antimicrobial strategies.

Our research identified a novel bacterial strain, NNS5-6, from mangrove sediment
samples, which exhibited strong antibacterial activity against P. aeruginosa TISTR 357 and
K. pneumoniae TISTR 1383. This strain was characterized morphologically and genetically,
confirming its identity as Paenibacillus thiaminolyticus.

The CFS of Paenibacillus thiaminolyticus NNS5-6 showed effective antibacterial activity
against Gram-negative bacteria such as P. aeruginosa TISTR 357, K. pneumoniae TISTR 1383,
and E. coli TISTR 887, but not against Gram-positive bacteria such as S. aureus TISTR 517
and MRSA strain 2468. The antibacterial components of NNS5-6 were found among the
early stationary phase of the growth curve. The active components were purified using
ammonium sulfate precipitation, cation-exchange chromatography, and size-exclusion
chromatography. The components precipitated at 75% ammonium sulfate saturation,
suggesting that the antibacterial compounds were strongly hydrophilic [15].

Our analysis identified the AMP from Paenibacillus thiaminolyticus NNS5-6 as having a
conserved amino acid sequence similar to fusaricidins produced by Paenibacillus polymyxa.
Fusaricidins are known for their activity against Gram-positive bacteria and fungi. Fusari-
cidin C and D have been reported to have similar amino acid sequences, particularly in
the Thr-Val-Tyr-Thr region [16–19]. Secondary structure determination of NNS5-6 AMP, as
indicated by CD studies, revealed that when dissolved in purified water or SDS micelles,
the conformation of NNS5-6 AMP slightly changed, increasing the antiparallel beta-sheet
and random coil structures upon contact with the lipid membrane of SDS micelles. The
percentage of secondary structure proportions showed that the antiparallel beta-sheet
and random coil structures were in equilibrium in both solvents. The forces governing
self-assembly processes, which allow peptides to achieve a stable low-energy state, include
weak interactions such as hydrogen bonding, electrostatic attractions, and Van der Waals
forces. These interactions underpin the formation of secondary structures, such as alpha-
helices and beta-sheets, which are crucial in all biological processes. The self-assembly
processes are influenced by several factors: (i) the amino acid sequence, (ii) the degree of
hydrophobicity, (iii) the length of the peptides, and (iv) the self-assembly duration. For
beta-sheet structure, each beta-strand is connected laterally by hydrogen bonds, creating
a pleated sheet structure that is rigidified through interpeptide and interchain hydrogen
bonds. These hydrogen bonding patterns can form two different structures, parallel or an-
tiparallel beta-sheets. Antiparallel beta-sheets are energetically more favored than parallel
ones because their hydrogen bonds are better aligned [20].
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NNS5-6 AMP demonstrated strong antibacterial activity with an MIC of 4 µg/mL
against both P. aeruginosa TISTR 357 and K. pneumoniae TISTR 1383. Time-kill kinetics
showed rapid eradication of P. aeruginosa TISTR 517 and K. pneumoniae TISTR 1383 within
8 h at 1× and 2× MIC, respectively. NNS5-6 AMP could be effective in limiting infec-
tions by these pathogens during the initial hours of bacterial colonization. Sytox Green
penetration through the bacterial membrane indicates compromised cellular membrane
integrity. This dye interacts with nucleic acids, leading to intense fluorescence, which
reflects increased cellular permeability following the AMP action. In this study, the cell
permeability test revealed that in P. aeruginosa TISTR 357, the AMP exhibited similar fluores-
cence intensity at concentrations of 2× and 1×MIC. This finding aligned with the results
of time-kill kinetics, which showed comparable killing rates for 2× and 1×MIC. The AMP
at a concentration of 2×MIC exhibited greater killing activity than at 1×MIC in K. pneumo-
niae TISTR 1383, which was consistent with the significantly higher fluorescence intensity
observed at 2×MIC compared with 1× MIC. This study on cell permeability indicated
that P. aeruginosa TISTR 357 exhibited greater sensitivity to NNS5-6 AMP compared with
K. pneumoniae TISTR 1383. This observation suggests that the bactericidal effect of NNS5-6
AMP is mediated through membrane permeabilization, which correlates with the findings
from time-kill kinetics and the antibacterial activity assessed using the agar well diffusion
assay. However, the findings from the cell permeability experiment and the time-kill assay
showed differences in the characteristics of action. This suggests that when the AMP con-
tacts the cell membrane, it disrupts the cell membrane immediately, resulting in substantial
fluorescence detection right after the addition of Sytox Green. However, the pathogen cells
require sufficient time to be killed. Additionally, the differences observed in the time-kill
assay and cell permeability between P. aeruginosa TISTR 357 and K. pneumoniae TISTR 1383
could be attributed to the distinct chemical compositions of their cell membranes. The outer
membrane (OM) of Gram-negative bacteria is a unique structure serving as a permeability
barrier against antibiotics. It consists of phospholipids, lipopolysaccharides (LPS), outer
membrane beta-barrel proteins (OMP), and lipoproteins [21]. The lipid compositions of the
cell membranes in P. aeruginosa contain 21% 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-
rac-glycerol) (POPG), 60% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),
and 11% cardiolipin. The lipid compositions of the cell membrane in K. pneumoniae con-
sist of 5% POPG, 82% POPE, and 6% cardiolipin. Furthermore, the lipid composition
ratios of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC):POPG: Cardiolipin in
P. aeruginosa and K. pneumoniae was 1:9:1 and 7:3:1, respectively [22]. The reasons and
mechanisms underlying why P. aeruginosa TISTR 357 is more sensitive to NNS5-6 AMP
than K. pneumoniae TISTR 1383 requires further investigation. It is proposed that this
sensitivity could be attributable to differences in the interaction between the AMP and the
cell membranes of P. aeruginosa and K. pneumoniae. Therefore, the approach to determining
the mechanism of action of the AMP is to investigate the AMP–membrane interaction, as
bacterial membranes consist of various types of lipids and proteins [23]. Negative GRAVY
values indicate a hydrophilic peptide [24]. This finding correlated with the results of
NNS5-6 AMP, which has a GRAVY value of −0.231. The NNS5-6 AMP was composed of
hydrophilic amino acids such as Lys, Asp, Thr, and Tyr. Hydrophobicity and hydrophilicity
are crucial for understanding peptide–membrane interactions, which play a key role in
permeation through target cells. Typically, highly hydrophobic peptides are more likely
to form pores, whereas more polar peptides tend to interact with the negative charges
on membranes. The ratio of polar to non-polar amino acids determines the interaction
mechanism, thereby affecting the ability of the peptides to cross the membrane [24,25]. The
positive charge of NNS5-6 AMP, containing lysine, could bind to the negatively charged
bacterial membranes via electrostatic interactions. Subsequently, the hydrophobic side
chains insert into the lipid bilayer, causing membrane disruption [10]. AMPs generally
exert their activity by interacting with and disrupting cell membranes. This disruption
can occur through several mechanisms, including pore formation (either barrel–stave or
toroidal) or a carpet-like action. The secondary structure of NNS5-6 AMP was an antiparal-
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lel beta-sheet conformation, which plays an important role in forming pores in bacterial cell
membranes [26]. Nevertheless, the structure–activity relationship of beta-sheet structures
has been less studied than alpha-helix structures. SEM studies revealed that NNS5-6 AMP
affected the surface morphology and membrane integrity of P. aeruginosa TISTR 357 and
K. pneumoniae TISTR 1383. The bactericidal mechanism of NNS5-6 AMP differed based on
the bacterial species. Consequently, the effect of NNS5-6 AMP on bacterial cell morphology
differed distinctly between the two tested species. This variation could be attributed to
differences in bacterial cell membrane compositions [27]. After treatment with NNS5-6
AMP, P. aeruginosa TISTR 357 cells tended to shrink and displayed noticeable holes, while
K. pneumoniae TISTR 1383 showed signs of cell rupture with pore formation and leakage of
cytoplasmic contents. P. aeruginosa TISTR 357 and K. pneumoniae TISTR 1383 cells treated
with NNS5-6 AMP showed distinct characteristics to those observed in cells treated with
colistin. However, these SEM results suggest the mechanisms by which the antibacterial
compound interacts with the membrane.

The AMP of Paenibacillus thiaminolyticus NNS5-6 was sensitive to proteinase K and
trypsin, confirming its proteinaceous nature. The AMP activity was found to be stable at
temperatures below 40 ◦C. The AMP was also stable across a wide pH range (pH 4.5–10)
compared with extremely acidic and alkaline environments. This information could help
inform temperature conditions and buffer choices during purification and guide the formu-
lation development of drug delivery systems for suitable administration routes. Previous
research has demonstrated that fusaricidin A, produced by Paenibacillus bovis sp. nov
BD3526, exhibits good heat stability even at 121 ◦C for 15 min. These compounds retain
their antimicrobial activity across a broad pH range (2.0 to 9.0) and are insensitive to pro-
tease treatment [28]. The findings of this report differ from our observations regarding the
fusaricidin-like AMP derived from Paenibacillus thiaminolyticus NNS5-6.

Phylogenetic analysis indicated that NNS5-6 had the closest taxonomic relation
to Paenibacillus thiaminolyticus NRRL B-4156 based on genome comparison. Paenibacil-
lus thiaminolyticus NRRL B-4156 was isolated from a high salinity area (5% w/v NaCl)
in Japan and had a single linear chromosome with a size of 6,537,496 bp (accession
number: NDGK00000000.1), 53.64% GC content, 5756 CDS, and 15 BGCs of secondary
metabolisms [29]. The investigating strain, NNS5-6, showed a genome composition similar
to Paenibacillus thiaminolyticus NRRL B-4156. Paenibacillus belongs to the genus within
the family Paenibacillaceae. The genus is known for its aerobic or facultatively anaerobic,
rod-shaped, endospore-forming, Gram-positive bacilli [30]. Paenibacillus thiaminolyticus was
initially included in the genus Bacillus and was later reclassified into the genus Paenibacillus
based on the results of 16S rRNA gene and cellular fatty acid composition analyses [31]. The
vegetative cells and endospores of Paenibacillus thiaminolyticus NNS5-6 resembled those of
Paenibacillus thiaminolyticus NRRL B-4156. The size of Paenibacillus thiaminolyticus NNS5-6
was similar to that of Paenibacillus thiaminolyticus NRRL B-4156 [29]. It has been reported
that Paenibacillus species had the ability to synthesize a variety of antimicrobial compounds,
including antimicrobial peptides. Paenibacillus polymyxa OSY-DF exhibits a promising
broad spectrum of antimicrobial activity [32]. The strain produces polymyxin E1 and
paenibacillin, which belong to the group of lantibiotics [33]. The antimicrobial lipopeptide,
paenibacterin, derived from a soil isolate, Paenibacillus OSY-SE, exhibits antibacterial activ-
ity against Gram-positive and Gram-negative bacteria. Paenibacterin is a cyclic lipopeptide
consisting of 13 amino acids and a C15 fatty acyl moiety [34]. There have been reports
that Paenibacillus sp. produces polymyxins. Paenibacillus thiaminolyticus SY20 has been
reported to produce polymyxin A1 [15]. Antimicrobial assays showed that they could
inhibit numerous Gram-negative species, including Escherichia coli ATCC 25922, Salmonella
enteritidis CCTCC AB 94018, Klebsiella pneumoniae ATCC 10031, Enterobacter sakazakii ATCC
29544, Vibrio parahaemolyticus ATCC 10031, Psychrobacter pulmonis, Pseudomonas aeruginosa
PAO1, and Salmonella typhimurium ATCC 14028. However, the compound was ineffective
against Gram-positive bacteria. On the other hand, one of the polymyxins of Paenibacillus
sp. strain B2 was reported to be active against Gram-positive bacteria, which might be
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related to the presence of the unusual amino acid [35]. The predicted BGCs of the NNS5-
6 genome showed paeninodin, paenibacterin, and polymyxin biosynthesis, which were
consistent with the secondary metabolites reported in the Paenibacillus genus. Paenibacillus
thiaminolyticus NRRL B-4156 has some BGCs similar to the NNS5-6 genome. There is a re-
port of a fusaricidin A synthase enzyme produced by Paenibacillus thiaminolyticus (sequence
ID: SUA94926.1) in the NCBI database. The NNS5-6 AMP is active against Gram-negative
bacteria; this finding was not in accordance with previous reports of fusaricidin from Bacil-
lus polymyxa KT-8, which exhibited antibacterial activity against S. aureus but not against
Gram-negative bacteria [16]. However, a novel cyclic lipopeptide analog of fusaricidin has
demonstrated antibacterial activity against Gram-negative bacteria, such as P. aeruginosa.
The addition of positively charged exocyclic residue, such as diaminobutyric acid, has
been shown to enhance activity against Gram-negative bacterial strains [36]. The predicted
BGC that appeared to be relevant to NNS5-6 AMP showed high similarity to the fusari-
cidin synthetase found in the Paenibacillus thiaminolyticus NCTC11027 (accession number:
UGRZ01000003.1). The fusaricidin-like core biosynthesis gene found in the Paenibacillus
thiaminolyticus NNS5-6 genome contained a different amino acid sequence, which could be
responsible for the different synthesis of the NNS5-6 AMP structure. The antibacterial effect
against Gram-negative bacteria of the fusaricidin-like peptide of Paenibacillus thiaminolyticus
NNS5-6 is hypothesized to be related to the additional amino acid sequence of the NNS5-6
AMP and could potentially alter the typical activity spectrum of the peptide [37]. The exact
mechanism of action of fusaricidins and their analogs remains unclear. Studies on cyclic
lipopeptides derived from the fusaricidin family have shown that they can depolarize the
cytoplasmic membranes of Gram-positive bacteria in a concentration-dependent manner.
However, membrane depolarization does not necessarily correlate with bacterial cell death,
suggesting that membrane-targeting activity may not be the primary mode of action for
fusaricidins [38]. Other research has shown that fusaricidin inhibits purine and pyrimidine
synthesis. Fusaricidin treatment leads to increased degradation of nucleotide precursors,
suggesting that this can reduce the availability of nucleic acid-related substances in Bacillus
subtilis. Moreover, fusaricidin causes membrane destruction. An increase in OH production
interferes with protein and nucleic acid biosynthesis in the cells [39]. Genome annotation
of Paenibacillus thiaminolyticus NNS5-6 against the CARD database using the RGI feature re-
vealed 11 antibiotic resistance genes, conferring resistance to four classes of antibiotics, with
a low percentage of identity to the reference genes. These included glycopeptide antibiotic
resistance genes, fluoroquinolone antibiotic resistance genes, tetracycline antibiotic resis-
tance genes, oxazolidinone antibiotic resistance genes, and antibiotic efflux pump genes.
The results were relevant to antibiotic-resistance genes found in Paenibacillus thiaminolyticus
PATH554 [40]. However, antibiotic susceptibility test of Paenibacillus thiaminolyticus NNS5-6
verified that this strain was susceptible to commonly used antibiotics, including carbapen-
ems, macrolides, glycopeptides, penicillins, tetracyclines, fluoroquinolones, cephalosporins,
and aminoglycosides. This verification indicated that the antibiotic resistance genes iden-
tified in the RGI results showed low identity or were present at low expression levels,
affecting the translation of antibiotic resistance gene products.

Although NNS5-6 AMP shows potential for killing Gram-negative bacterial pathogens
through membrane disruption, the AMP would require further improvement to enhance
its stability through structure optimization and delivery systems. These enhancements
would assist in the successful delivery to the target site and prevent degradation due to
physiological barriers. For clinical application, the study of structure-activity relationships
is mandatory. However, oral and parenteral administration requires further investigation to
verify therapeutic efficacy, toxicity, pharmacokinetic and pharmacodynamic properties [41].
Future research should identify the molecular mechanisms of NNS5-6 AMP and verify
the predicted genes involved in its production. Safety assessments, including cytotoxicity
tests In Vitro, and toxicity evaluations in vivo are essential for its applications in the health
sectors. The NNS5-6 AMP represents a valuable candidate for addressing infections caused
by P. aeruginosa and K. pneumoniae, potentially offering an alternative to current treatments.
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4. Materials and Methods
4.1. Sample Collection and Bacterial Isolation

Mangrove sediment was collected from Thasala district, Nakhon Si Thammarat, Thai-
land. The five samples were randomly collected from mangrove areas at a depth of
10–15 cm. The surface part of the sediment (1–2 cm) was removed before collecting the
samples. The collected samples were then placed in clean polyethylene bags and packed
into an ice box. Subsequently, ten grams of sediment were transferred into a sterile flask
and diluted with 90 mL of 0.85% NaCl solution (RCI Labscan Ltd., Bangkok, Thailand). Ad-
ditionally, a 10% w/v sediment suspension was prepared with deionized water. Then, the
pH and salinity were measured. The sediment underwent agitation in a shaking incubator
at 150 rpm for 30 min under ambient conditions, followed by an additional incubation at
60 ◦C for 30 min. The samples were then subjected to 10-fold serial dilutions up to 10−6.
Each dilution (100 µL) was then spread onto Mueller Hinton (MH) agar, Zobell Marine
(ZM) agar, and Starch Casein (SC) agar supplemented with 1.5% NaCl (Titan Biotech Ltd.,
Rajasthan, India). The plates were incubated at 30 ◦C for a week before being re-streaked to
obtain pure isolates [42].

4.2. Antibacterial Screening Using the Soft Agar Overlay Method against P. aeruginosa TISTR 357

A single colony of the isolate was transferred to the same solid medium used for the
initial isolation and incubated at 30 ◦C for 3 days. P. aeruginosa TISTR 357 was used as test
strain. The test strain was subcultured in MH agar and incubated at 37 ◦C for 18 h. The
suspension of P. aeruginosa TISTR 357 was prepared by dispersing a single colony in a 0.85%
sterile NaCl solution and adjusting the turbidity to be equivalent to 0.1 optical density
(OD) at 625 nm (1.5 × 108 CFU/mL) using a UV-visible spectrophotometer (Genesys 20,
Thermo Scientific, Waltham, MA, USA). One mL of P. aeruginosa TISTR 357 was uniformly
mixed into 9 mL of molten 0.7% agar containing MH medium and then overlaid onto the
bacterial isolate-seeded plates. The soft agar overlaid plates were incubated at 37 ◦C for
24 h. The antibacterial compounds-producing isolates were observed by the appearance of
an inhibition zone [43].

4.3. Verification of Antibacterial Activity Using the Agar Well Diffusion Technique

The active isolates from the agar overlay assay were transferred into broth media
identical to that used during the initial isolation. The cultures were incubated at 30 ◦C
with shaking at 150 rpm for 18 h. The optical density of the starter culture was adjusted
to a turbidity of 0.1 OD at 625 nm using a 0.85% sterile NaCl solution before transferring
1 mL of the culture into 49 mL of fresh broth. The inoculum was then incubated at 30 ◦C
with shaking at 150 rpm for 24 h. The CFS was obtained by centrifugation at 10,000× g
at 4 ◦C for 15 min and filtered through a 0.2 µm sterile cellulose acetate syringe filter.
The antibacterial activity of the CFS derived from each isolate was investigated using P.
aeruginosa TISTR 357, K. pneumoniae TISTR 1383, E. coli TISTR 887, S. typhimurium TISTR
1469, V. parahaemolyticus TISTR 1596, and S. aureus TISTR 517 from the Thailand Institute
of Scientific and Technological Research (TISTR), Thailand. The antibiotic-resistant strain,
MRSA strain 2468, was kindly provided by the medical technology laboratory at the School
of the Allied Health Sciences, Walailak University, Thailand. The microbial indicators were
incubated at 37 ◦C for 18 h on MH agar. Then, the bacterial indicators were prepared to a
turbidity equivalent to 0.1 OD at 625 nm before being spread on MH agar. The CFS (100 µL)
was aseptically transferred to 9 mm diameter wells, followed by an incubation period at
37 ◦C for 18 h. Colistin (1 µg) and vancomycin (30 µg) (Sigma-Aldrich Co., St. Louis, MO,
USA) were used as a positive control, while broth media was used as a negative control.
The experiment was conducted in triplicate, and the mean ± SD of the diameters of the
inhibition zones was measured [44].
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4.4. Investigation of the Production Kinetics of Antimicrobial Compounds of NNS5-6

The preculture of NNS5-6 was adjusted to an OD of 0.1 at 625 nm. It was then
inoculated into 50 mL of MH broth at a 2% concentration. The mixture was placed in an
incubator at 30 ◦C with agitation at 150 rpm for 7 days. Samples were aseptically collected
at intervals of 2, 4, 6, 8, 12, 16, 20, 24, 48, 72, 96, 120, 144, and 168 h. Bacterial growth
was monitored by the OD at 625 nm. The CFS was collected using the same procedure
as the previous experiment. The agar well diffusion assay was conducted with bacterial
pathogens as described in the previous experiment. This experiment was performed in
triplicate. Statistical analysis was used to compare the antibacterial activity of CFS at
each incubation time. The presence of significant differences was determined by Student’s
t-test at a p-value < 0.05. The kinetic of antibacterial compounds production curve with
mean ± SD was presented [45].

4.5. Purification of the Antimicrobial Peptide

A single colony of NNS5-6 was suspended in a 0.85% sterile NaCl solution. The
bacterial suspension was adjusted to a turbidity of 0.1 OD at 625 nm. The OD-adjusted
suspension was used to prepare a 2% inoculum in 200 mL of MH broth in a 1 L sterile
Erlenmeyer flask. The 1 L total culture was incubated at 30 ◦C with shaking at 150 rpm
for 20 h. The CFS was collected as described in the previous experiment. Ammonium
sulfate was then added stepwise to the CFS to achieve saturation levels of 25%, 50%, and
75%. The precipitates formed at each saturation level were collected by centrifugation at
18,000× g at 4 ◦C for 15 min. The collected precipitates were then dissolved in 50 mM
ammonium acetate buffer solution, pH 5.0, and desalted using a dialysis bag with a 3.5 kDa
molecular weight cut-off membrane (SnakeSkin membrane, Pierce, Rockford, IL, USA).
The dissolved protein was dialyzed in the same buffer solution at 4 ◦C for 16 h. Each
dialyzed fraction was tested for antibacterial activity against P. aeruginosa TISTR 357 using
the agar well diffusion assay. Fractions exhibiting antibacterial activity were subjected to
cation-exchange chromatography using HiTrap SP column (GE Healthcare Bio-Sciences
AB, Uppsala, Sweden). The samples were equilibrated with a 50 mM ammonium acetate
buffer solution at pH 5.0 to allow binding to the column. A gradient elution was performed
using the same buffer solution with 1 M NaCl, gradually increasing from 0% to 100%
over 25 mL. The eluates, detected at 214 nm absorbance, were collected and tested for
antibacterial activity. Fractions containing the antibacterial compound were then injected
into a size-exclusion chromatography column (Superdex™ 75 10/300 GL, GE Healthcare
Bio-Sciences AB, Uppsala, Sweden). The samples were separated by molecular sieving
using a mobile phase of 50 mM ammonium acetate buffer at pH 5.0. The active compound
was eluted over two column volumes (50 mL) at a flow rate of 0.5 mL/min. The eluted
samples were monitored by UV absorption at 214 nm, and each 1 mL fraction was collected
and evaporated using a speed vacuum concentrator (RVC 2-25 CDplus, Martin Christ,
Osterode am Harz, Germany). The dried residues were reconstituted in purified water to
their original fraction volumes and subsequently assayed for antibacterial activity against
P. aeruginosa TISTR 357 using the agar well diffusion method. Active fractions were then
lyophilized (Gamma 2-16 LCSplus, Martin Christ, Osterode am Harz, Germany), and their
masses were determined. These dried fractions were reconstituted in sterile purified water
to their pre-lyophilization volumes. The reconstituted samples were subjected to serial
two-fold dilutions and evaluated for antibacterial activity against P. aeruginosa TISTR 357.
The arbitrary activity of each active fraction was calculated by taking the final dilution
showing an inhibition zone to the power of 2 and multiplying it by 10.

4.6. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Agar
Overlay Assay

The fractions purified by size-exclusion chromatography were subjected to analysis
using 15% SDS-PAGE with two sets of samples to confirm the purity of the peptide by
estimating the molecular weight and determining the active protein band [46]. After
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electrophoresis was completed, the gel was split into two parts. One part was stained
with Coomassie brilliant blue G-250 for visualization of protein bands, while the other was
treated with a mixture of 25% ethanol and 5% glacial acetic acid for 1 h and then washed
with purified water for 3 h. The protein-fixed gel was subsequently overlaid with soft MH
agar containing P. aeruginosa TISTR 357 (106 CFU/mL) and incubated at 37 ◦C for 18 h to
determine the position of the inhibition zone.

4.7. Peptide Sequencing

Peptide sequencing was performed following previously reported methods [47]. The
purified sample was analyzed using an UltiMate 3000 liquid chromatography (LC) sys-
tem coupled with high-resolution mass spectrometry (MS) (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). The peptide was dissolved in 0.1% formic acid and 1% acetoni-
trile before being injected into a reversed-phase UHPLC column (4.6 mm × 30 mm; C18
Hypersil Gold, Thermo Fisher Scientific Inc., Waltham, MA, USA). The sample was sepa-
rated by gradient elution from buffer A (0.1% formic acid) to buffer B (0.1% formic acid
in acetonitrile) over 40 min at a flow rate of 300 µL/min. The separated peptides were
ionized using an electrospray ionization (ESI) source with a capillary voltage of 3.2 kV at
a temperature of 300 ◦C. De novo sequencing was conducted to determine the peptide
sequences using LC-MS data in full mass scanning mode. The MS parameters for detecting
the peptide fragmentation mass were as follows: resolution of 120,000, automatic gain
control (AGC) target of 1 × 106, maximum injection time of 100 m s, and scanning range
of m/z 400–2200. The results of the full MS scan were processed using Freestyle software
(version 1.4) (Thermo Fisher Scientific Inc., Waltham, MA, USA) for peak identification. The
identified peaks from the parallel reaction monitoring system were analyzed for fragmenta-
tion by the second mass spectrometry (MS2). MS2 parameters were as follows: resolution of
30,000, AGC target of 1 × 106, maximum injection time of 100 ms, and isolation window of
m/z 1.4. The collected mass data were used to predict the amino acid sequences using Peak
Studio X (Bioinformatics Solutions Inc., Waterloo, ON, Canada). The predicted peptide
sequences were included in the analysis if the ALC score was above 70%. The prediction of
physicochemical parameters was performed using ProtParam on the Expasy server [48].

4.8. Determination of the Peptide Secondary Structure

The secondary structure of the purified AMP was determined using CD spectroscopy
(JASCO Corporation, Tokyo, Japan) over a wavelength range of 190–250 nm. The purified
AMP (1 mg/mL) was dissolved in purified water or 50 mM SDS to determine the native
conformation and to simulate the bacterial membrane environment, respectively. CD
spectra were analyzed to determine the secondary structure, and the components were
calculated using the BeStSel method via a web-based service [49]. Molecular modeling of
the AMP structure in a three-dimensional conformation was predicted using PEP-FOLD4
for visualizing and determining molecular surface area [50].

4.9. Determination of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) of NNS5-6 AMP

The MIC and MBC of the purified AMP were determined using the broth microdilution
method following the guidance provided by the Clinical and Laboratory Standards Institute
(CLSI) [51]. P. aeruginosa TISTR 357 and K. pneumoniae TISTR 1383 were cultured on MH
agar and incubated at 37 ◦C for 18 h. A single colony of the tested bacteria was suspended
in 0.85% NaCl until the suspension turbidity reached an OD of 0.1 at 625 nm. The cells were
then diluted to 5 × 106 CFU/mL using cation-adjusted Mueller Hinton broth (CAMHB).
The diluted cell suspension of 10 µL was transferred into each well of a 96-well plate with
a final volume of 100 µL per well. The AMP was added to achieve final concentrations
ranging from 0.125 to 64 µg/mL. Colistin was used as the positive control, while antibiotic-
free samples were used as negative controls. The 96-well plate was incubated at 37 ◦C for
24 h. Each strain was tested in triplicate. The MIC was defined as the lowest concentration
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of the AMP that showed no observable growth of bacteria. Subsequently, 100 µL of each
dilution was spread on MH agar and then incubated at 37 ◦C for 24 h. The MBC was
identified as the lowest concentration at which no bacterial colony growth was observed
on the agar plate.

4.10. Scanning Electron Microscopy (SEM) of Cells Treated with NNS5-6 AMP

The effect of NNS5-6 AMP on P. aeruginosa TISTR 357 and K. pneumoniae TISTR 1383
was assessed by examining morphological alterations under SEM. P. aeruginosa TISTR
357 and K. pneumoniae TISTR 1383 were cultured in MH broth for 18 h and subsequently
centrifuged to harvest the cell pellets. The cell pellets were washed with 0.85% sterile
NaCl solution. The washed cells were resuspended in CAMHB to achieve a turbidity
equivalent to 0.1 OD at 625 nm. The prepared cells were diluted to a concentration of
5 × 105 CFU/mL in CAMHB before being treated with NNS5-6 AMP at 1×MIC for 12 h.
The sample for SEM micrography was prepared by fixing the bacterial sample in 2.5%
glutaraldehyde in 0.1 M phosphate buffer pH 7.2 for 24 h before ethanol dehydration of
the sample. Complete ethanol removal was achieved using a critical point drying machine
(Quorum Technologies Ltd., Lewes, East Sussex, UK). The dehydrated sample was coated
with gold using a sputter coater machine. The micrograph image was displayed by SEM
at 20,000×magnification [52]. The morphological changes in P. aeruginosa TISTR 357 and
K. pneumoniae TISTR 1383 cells treated with NNS5-6 AMP were compared with those
treated with 1×MIC of colistin.

4.11. Time-Kill Kinetics of NNS5-6 AMP

P. aeruginosa TISTR 357 and K. pneumoniae TISTR 1383 were separately adjusted to an
initial treatment cell density of 5× 105 CFU/mL with CAMHB. The experiment preparation
followed the microdilution assay procedures. Briefly, the NNS5-6 AMP concentrations
were prepared by diluting to 1× and 2×MIC using CAMHB, while AMP-free CAMHB
served as the non-treatment condition. The reactions were carried out at 37 ◦C, followed
by spreading the entire volume from each well in each treatment condition on MH agar at
specific time intervals (0–24 h). The plates were placed in a 37 ◦C incubator for 24 h before
counting the colonies. The trends in bacterial reduction were graphically depicted using a
logarithmic scale of viable cells. The bacterial cell reduction was determined within 24 h.
Each experiment was performed in triplicate on the 96-well plates [53]. The presence of
significant differences (p-value < 0.05) was assessed by two-way ANOVA, followed by post
hoc Tukey’s test for conducting multiple comparisons between treated and non-treated
samples at each time interval.

4.12. Stability Studies of NNS-5-6 AMP

The stability of the NNS5-6 AMP under various conditions at different exposure times
of 1, 6, and 12 h was examined [54]. The AMP was dissolved in sterile purified water and
adjusted a final concentration to 16 µg/mL. The sensitivity of the AMP to temperatures
of 37, 40, 50, 60, 80, and 100 ◦C, as well as autoclaving at 121 ◦C for 15 and 30 min was
evaluated. The sensitivity of the AMP to proteolytic enzymes with different digesting
characteristics was studied by incubating with a concentration of 1 mg/mL of proteinase
K, trypsin, and α-chymotrypsin (Sigma-Aldrich, Warren, MI, USA). The compatibility of
the AMP with surfactants was evaluated by exposing the AMP to 1% SDS or 1% Triton
X-100 (AppliChem GmbH, Darmstadt, Germany). The degradation of the AMP under
various pH conditions, including physiological and extended alkaline conditions, was
evaluated by adjusting the pH of the solution to 1.2, 4.5, 6.8, 7.4, 8.0, 10.0, 12.0, and 14.0.
After incubation, the pH of the AMP solution was neutralized to the original pH before
being assessed for antibacterial activity. The antibacterial assay against P. aeruginosa TISTR
357 was conducted using the agar well diffusion assay in triplicate. The stability profiles
are presented as the percentage of the residual activity compared with the non-treatment
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conditions (mean ± SD), and statistical significance was determined by the Student’s t-test
at a p-value < 0.05.

4.13. Effect of the AMP on Cell Membrane Permeability

The overnight precultured inoculum of P. aeruginosa TISTR 357 and K. pneumoniae
TISTR 1383 was collected and washed three times with sterile phosphate-buffered saline
(PBS) pH 7.4 supplemented with 0.2% CAMHB as a diluent. The cell suspension was
diluted with the diluent until the OD at 625 nm was equal to 0.1 (1.5 × 108 CFU/mL). An
aliquot of the diluted cells (100 µL) was introduced into each well and incubated with
10 µM of Sytox Green (Thermo Fisher Scientific Inc., Waltham, MA, USA) in the dark for
15 min. The AMP was diluted with sterile PBS pH 7.4 supplemented with 0.2% CAMHB,
and 100 µL was added to the wells to achieve final concentrations of 0.125×, 0.25×, 0.5×,
1×, and 2×MIC. After the introduction of the AMP, the cell membrane permeability of
treated bacteria was evaluated by monitoring the fluorescence intensity resulting from
the penetration of Sytox Green across the compromised cell membrane and subsequently
binding to nucleic acid. The fluorescence intensity was measured using a microplate reader
(Thermo Scientific Inc., Waltham, MA, USA) with excitation and emission wavelengths of
504 and 523 nm, respectively. Significant differences in fluorescence intensity of overall
time points were analyzed by one-way ANOVA (p-value < 0.05) and post hoc Tukey’s test
for multiple comparisons between treated and non-treated conditions [52].

4.14. Characterization of Bacterial Morphology

A single colony of NNS5-6 was cultured on MH agar for 1 and 3 days to obtain
vegetative cells and spores, respectively. The general appearance of colony morphology
was determined under a stereo microscope (Carl Zeiss, Oberkochen, Germany). Gram
staining and malachite green staining were performed to determine the vegetative cell
morphology and spore-forming capability, respectively, under a light microscope at 1000×
magnification (Carl Zeiss, Oberkochen, Germany). The SEM micrography (Carl Zeiss,
Oberkochen, Germany) was employed to examine the bacterial and spore morphology
with high-resolution images at 20,000×magnification [55,56].

4.15. Whole Genome Sequencing and Bioinformatic Analysis

The chromosome of NNS5-6 was extracted before sequencing by Illumina Hiseq
(PE150 mode, Illumina, San Diego, CA, USA) using the service of U2Bio Co., Ltd. (Seoul,
Republic of Korea). Data cleaning of raw reads and genome assembly were performed
using the Galaxies Australia platform version 24.0 [57]. The quality of raw reads before and
after trimming the adapters was checked by FastQC version 0.12.1 [58]. The raw reads were
trimmed by Fastp version 0.23.4 to remove the adapter sequences and filter out low-quality
reads and reads that had a base length below 30 bases [59]. The bacterial genome was
assembled by Shovill version 1.1.0 using Velvet version 1.2.10 as the assembler [60]. The
quality and genome parameters of the assembled genome were evaluated by QUAST
version 5.2.0 [61]. The genome completeness and contamination in the genome sequence
were assessed using CheckM version 1.0.18 [62]. The known genes were annotated and
predicted using Prokka version 1.14.6, and the cellular machinery was predicted using
RAST [63,64]. The prediction of BGCs of secondary metabolism of antibacterial agents was
carried out using antiSMASH version 7.0 [65]. The predicted secondary metabolites from
the NNS5-6 BGCs were compared with the reported reference BGCs in the database that
was connected to MIBiG version 3.1 and GenBank in the NCBI database [66,67]. NNS5-
6 was identified at the genus and species levels using genomic data to determine the
closest taxonomic relationship. Digital DNA-DNA hybridization was performed using
the GBDP method to provide the similarity of the genome-based comparison between
the NNS5-6 genome and the reference genome. The genome-based phylogenetic tree was
constructed using the TYGS genome server [68]. FastANI version 1.1.0 in the Proksee web-
based service was used to support the phylogenetic result. The sequence identity of DNA
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fragments in the NNS5-6 genome was calculated using the average nucleotide identity
method, comparing it to the closest species identified from the GBDP result. FastANI
also provided the visualization of the position of the matched DNA fragments between
the two compared genomes [69]. The insights into the BGC responsible for NNS5-6 AMP
production were proposed by comparing the encoded protein of the core biosynthetic gene
in the NNS5-6 genome with the conserved domains of the biosynthetic enzymes in the NCBI
database. The search method was performed using the Domain Enhanced Lookup Time
Accelerated BLAST (DELTA-BLAST) algorithm. The matched protein from the database
and the encoded protein of the core biosynthetic gene of NNS5-6 were inspected for amino
acid sequences, which were aligned using the Multiple Sequence Comparison by Log-
Expectation (MUSCLE) algorithm in MEGA X software version 10.1.8 [70]. The NCBI
Multiple Sequence Alignment (MSA) viewer version 1.25.0 was used to determine the
similarity percentage and visualize the different amino acid sequences between the encoded
protein of the core biosynthetic gene in the NNS5-6 genome and database-matched protein.
The antibiotic resistance genes (ARGs) in the NNS5-6 genome were assessed to support
one of the safety requirements for the future utilization of the NNS5-6 isolate. The ARGs
were predicted by the RGI feature provided by the CARD database [71]. The ARGs were
presented with percentages of identity and coverage compared with the matched reference
ARGs in the database [72]. The NNS5-6 genomic information was visualized by the Proksee
web-based service [73]. The circular genome map displayed general information, including
the in-depth characterization of annotated genes and predicted biosynthetic gene clusters
of secondary metabolisms. The genome map information was classified using different
colored tracks to better understanding and readability.

4.16. Antibiotic Susceptibility Studies of NNS5-6

The susceptibility of NNS5-6 to standard antibiotics was assessed using a disc diffu-
sion assay [74]. A single colony of 18 h-precultured NNS5-6 was adjusted to an OD of 0.1
at 625 nm before being spread onto MH agar plates. Antibiotic discs (Oxoid Ltd., Hamp-
shire, UK) of ciprofloxacin (5 µg), piperacillin (100 µg) combined with tazobactam (10 µg),
imipenem (10 µg), ceftriaxone (30 µg), cefoxitin (30 µg), doxycycline (30 µg), vancomycin
(30 µg), erythromycin (15 µg), and gentamicin (10 µg) were placed on the culture-seeded
agar and then incubated at 30 ◦C for 18 h. The susceptibility tests were conducted in
triplicate. The inhibition zones were reported as the mean ± SD.

5. Conclusions

The AMP from mangrove-derived Paenibacillus thiaminolyticus NNS5-6 was effective
against P. aeruginosa TISTR 357 and K. pneumoniae TISTR 1383. This novel AMP had a
similar amino acid sequence to fasaricidins and exhibited potent antibacterial activity by
disrupting the cell membrane. The stability profile of NNS5-6 AMP showed tolerance
across a wide range of pH levels, proteolytic enzymes, and surfactants, but the temperature
above 40 ◦C should be concerned about losing activity. Genetic analysis of the NNS5-6
genome identified BGCs responsible for various secondary metabolite productions. The
high susceptibility of NNS5-6 to commonly used antibiotics could serve as preliminary
safety data. Future research will explore the molecular mechanisms of NNS5-6 AMP that
contribute to antibacterial activity, including verification of proposed genes responsible
for secondary metabolite production. The pharmacodynamics and pharmacokinetics of
NNS5-6 AMP should be further studied to evaluate the efficacy of AMP, along with the
comprehensive safety assessments, which are vital requirements for its clinical applications
and utilizations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics13090846/s1, Figure S1: The purification of NNS5-6
AMP was performed using size-exclusion chromatography. Figure S2. The physical characteristics
of NNS5-6.
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Abstract: The purpose of this study was to determine the impact of an antimicrobial peptide,
BiF2_5K7K, on semen quality and bacterial contamination in boar semen doses used for artificial
insemination. A key factor affecting semen quality and farm production is bacterial contamination
in semen doses. Using antibiotics in a semen extender seems to be the best solution for minimizing
bacterial growth during semen preservation. However, concern regarding antibiotic-resistant mi-
croorganisms has grown globally. As a result, antimicrobial peptides have emerged as interesting
alternative antimicrobial agents to replace the current antibiotics used in semen extenders. BiF2_5K7K
is an antimicrobial peptide that can inhibit Gram-negative and Gram-positive bacteria isolated from
boar semen and sow vaginal discharge. In this study, ten fresh boar semen samples were collected and
diluted with one of two types of semen extender: with (positive control) or without (negative control)
an antibiotic (i.e., gentamicin). The semen extender without an antibiotic contained antimicrobial
peptide BiF2_5K7K at different concentrations (15.625, 31.25, 62.5, and 125 µg/mL). The samples
were stored at 18 ◦C until use. Semen quality parameters were assessed on days 0, 1, 3, and 5, and
the total bacterial count was also evaluated at 0, 24, 36, 48, and 72 h after storage. A fertility test on
a pig farm was also performed via sow insemination with a commercial extender plus BiF2_5K7K
at a concentration of 31.25 µg/mL. No significant difference was found in terms of semen quality
on days 0 or 1. On days 3 and 5, the total motility, progressive motility, and viability remained
normal in the 15.625 and 31.25 µg/mL groups. However, the sperm parameters decreased starting
on day 3 for the 125 µg/mL group and on day 5 for the 62.5 µg/mL group. For total bacterial
count at 0, 24, 36, 48, and 72 h, the lowest bacterial count was found in the positive control group,
and the highest bacterial count was found in the negative control group compared with the other
groups. Comparing antimicrobial peptide groups from 0 to 48 h, the lowest bacterial count was
found in the 125 µg/mL group, and the highest bacterial count was found in the 15.625 µg/mL
group. For the fertility test, artificial insemination was conducted by using a commercial extender
plus BiF2_5K7K at a concentration of 31.25 µg/mL. The results showed a superior pregnancy rate,
farrowing rate, and total number of piglets born compared with artificial insemination conducted
using a commercial extender plus antibiotic. In conclusion, BiF2_5K7K can inhibit bacterial growth in
extended boar semen for 24 h, and thereafter, the bacterial count slightly increases. However, the
increase in the number of bacterial counts from days 0 to 3 had no negative effect on sperm quality
in the positive control, 15.625, or 31.25 µg/mL groups. This indicates that BiF2_5K7K might be an
antimicrobial peptide candidate with potential for use as an alternative antimicrobial agent to replace
the conventional antibiotic used in boar semen extenders.
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1. Introduction

Liquid boar semen preservation is routinely used in artificial insemination (AI) in the
swine industry [1,2], as AI can reduce the risk of disease transmission and improve genetics,
as well as increase the production or quality of piglets [1,3]. In the modern pig business,
more than 93% of sows are inseminated via artificial insemination, and boar semen diluted
with semen extenders is mostly used in the breeding herd [2]. The use of a semen extender
is necessary to support the longevity and quality of sperm; that is, the extender protects
sperm from cold shock, controls pH and osmotic pressure, and inhibits bacterial growth [1].

Although AI can reduce the transmission of disease from boar to gilt/sow, bacterial
contamination in semen may affect their reproductive performance [3]. Bacteriospermia in
humans and animals results in reduced quality, quantity, and longevity of spermatozoa [3,4].
In addition to reduced semen quality, it can result in embryonic or fetal death, endometritis,
and vaginal discharge in sows [3]. Fresh boar sperm contain both Gram-negative and
Gram-positive bacteria, including Staphylococcus spp., Streptococcus spp., E. coli, Klebsiella
spp., Aeromonas spp., Pseudomonas spp., Proteus spp., and Providencia spp. [5–8]. It has
been reported that contamination of boar semen with E. coli, Proteus mirabilis, Pseudomonas
aeruginosa, Clostridium perfringens, and Staphylococcus aureus not only causes poor motility,
but also reduces the integrity of the sperm membrane and acrosome [2]. Antibiotics play
an important role in boar semen extenders, controlling bacterial contamination, reducing
transmission of pathogens to the gilt/sow, and increasing the longevity of spermatozoa
during storage [4,9].

It has been reported in tropical countries, including Thailand, that bacteria found in
boar semen have developed resistance to multiple antibiotics commonly used in pig farms
and added to boar semen extender. These antibiotics include amoxicillin, gentamicin, and
colistin [8,10]. Consequently, bacteria isolated from boar semen have shown critical antibi-
otic resistance genes such as mcr-3 and int1 [8,10]. The medical world is concerned about
antibiotic resistance, as many antibiotics are liberally used not only in humans, but also in
livestock, and the pace of new antibiotic discoveries is slow [11]. In practice, many antibi-
otics are mixed into semen extenders to inhibit bacterial growth and limit the deleterious
effects of contamination [4,9,12]. Gentamicin, neomycin, streptomycin, and other antibiotics
are commonly used in boar semen extenders [13–15]. In many cases, more than one antibi-
otic is mixed into the boar semen extender; for example, combinations of gentamicin and
florfenicol as well as gentamicin and polymyxin B have been used [16]. Since the emergence
of antibiotic-resistant bacteria, many alternative antibacterial agents have been studied to
reduce the use of antibiotics, including antimicrobial peptides (AMPs) [17]. To date, more
than 2500 AMPs have been deposited in the Antimicrobial Peptide Database (APD) [18].
Antimicrobial peptides (AMPs), including proline-rich antimicrobial peptides (PrAMPs),
tryptophan- and arginine-rich antimicrobial peptides, histidine-rich antimicrobial peptides,
and glycine-rich antimicrobial peptides, have been identified as potential antimicrobial
agents. These peptides show potential in combating antibiotic-resistant bacteria [19–21].
AMPs provide an alternative option to reduce or replace antibiotics used in swine and
poultry production [22]. As observed since 2004, the number of publications on the topic
of AMPs has increased every year [23]. In human medicine, AMPs, including Nisin A
S26A, S29D, and S29E, have been applied for the prevention of food-borne pathogens
such as E. coli and Salmonella Typhimurium [24]. In addition to using AMPs to prevent
food-borne disease, AMPs are utilized as additional medical treatments, for example, in
the treatment of burn wound infections using PXL150 and D2A21 [25]. With regard to
the broad-spectrum antimicrobial activities of antimicrobial peptides, they are used to
replace antibiotics in pig farms as growth promoters [26]. In a meta-analysis study, it was
found that AMPs can improve average daily gain (ADG) and decrease the diarrhea rate in
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piglets [26]. The primary characteristic of AMPs is their ability to eliminate bacteria while
minimizing harm to the host cell. This makes them a compelling option for reducing or
substituting antibiotics in semen extenders [27].

The objective of this study was to investigate the antimicrobial peptide properties
of BiF2_5K7K against bacteria isolated from sow vaginal discharge and boar semen. Fur-
thermore, we tested the bacterial inhibition efficiency of the BiF2_5K7K antimicrobial
peptide when mixed with boar semen extender to investigate its potential as an antibiotic
replacement and its effect on extended boar semen quality.

2. Results
2.1. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC) Assay

The results of MIC and MBC assays of BiF2_5K7K against pathogens isolated from boar
semen and sow vaginal discharge are presented in Table 1. Except for Klebsiella pneumoniae,
Morganella morganii, Proteus mirabilis, and Providencia rettgeri (MIC > 250 µg/mL), MIC
values of BiF2_5K7K between 15.625 and 250 µg/mL inhibited the growth of bacteria
isolated from boar semen and sow vaginal discharge (Table 1). Meanwhile, MBC values
of BiF2_5K7K between 15.625–250 µg/mL showed bactericidal effects. However, several
bacteria, including Klebsiella pneumoniae, Morganella morganii, Proteus mirabilis, Providencia
rettgeri, and Staphylococcus hyicus, showed MBC values of more than 250 µg/mL (Table 1).

Table 1. MIC and MBC values of BiF2_5K7K tested against 12 bacteria isolated from boar semen and
sow vaginal discharge.

Gram ID Sample Bacteria

BiF2_5K7K

MIC
(µg/mL)

MBC
(µg/mL)

Negative

S1LLF Boar semen Citrobacter koseri 15.625 31.25
S8-6LF Boar semen Enterobacter hormaechei 250 250
S5LF3 Boar semen Escherichia coli 15.625 15.625

MI912-2LF/62 Sow vaginal discharge Klebsiella pneumoniae >250 >250
V5-6 Sow vaginal discharge Morganella morganii >250 >250
S6-4 Boar semen Providencia alcalifaciens 15.625 62.5
S3 Boar semen Proteus mirabilis >250 >250

V2-5 Sow vaginal discharge Providencia rettgeri >250 >250
S2NLF Boar semen Pseudomonas aeruginosa 31.25 125
V4-3 Sow vaginal discharge Pasteurella aerogenes 125 125

Positive
S7-5W Boar semen Staphylococcus sciuri 15.625 15.625
V2-3 Sow vaginal discharge Staphylococcus hyicus 125 >250

2.2. Total Bacterial Count

The mean total bacterial count of fresh boar semen was log2.27 ± 0.80 CFU/mL
(ranged from log1.81 to log2.98 CFU/mL) (Table 2). After incubation at 18 ◦C, semen
samples with different concentrations of BiF2_5K7K were measured at 0, 24, 36, 48, and
72 h, and the results of the total bacterial count are presented in Table 3. With increasing
incubation time, the total bacterial count increased. At 0 h after incubation, the lowest
total bacterial count was found in the positive control group (log1.22 CFU/mL, BTS plus
antibiotic) when compared with other groups. Comparing treatment groups (BTS without
antibiotic plus BiF2_5K7K), the total bacterial count varied from log1.33 to log1.47 CFU/mL,
which was lower than in the negative control group (log1.79 CFU/mL, BTS without antibi-
otic). At 24 h after incubation, the pattern of total bacterial count in all groups was more or
less the same compared with the slightly increased bacterial count at 0 h. The lowest and
highest total bacterial counts were found in the positive control group (log0.67 CFU/mL)
and the negative control group (log2.35 CFU/mL), respectively. Meanwhile, the total
bacterial count in the treatment groups depended on the concentrations of BiF2_5K7K
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and varied from log1.51 to log1.84 CFU/mL. The total bacterial count of BiF2_5K7K at
concentrations of 62.5 and 31.25 µg/mL at 24 h after incubation were the lowest in the
treatment group, and were not significantly different from the positive control group (BTS
with antibiotic) (Table 3). The total bacterial count in treatment groups decreased with an
increased concentration of BiF2_5K7K (Table 3).

Table 2. Descriptive statistics for sperm parameter measurements of fresh boar semen (n = 10).

Semen Parameters Mean ± S.D. Range

Concentration (×106 spz/mL) 211.50 ± 71.10 146–345
Osmolality (mOsm/kg) 304.80 ± 8.50 288–315

Total motility (%) 94.40 ± 3.90 86.60–99.40
Progressive motility (%) 90.90 ± 5.80 80.00–98.50

Sperm viability (%) 88.3 0± 2.80 85–93
Intact acrosome (%) 85.40 ± 2.90 80–91

MMP (%) 82.50 ± 2.70 80–89
Total bacterial count (CFU/mL) log1.81 ± 0.80 log1.81–log2.98

MMP: Sperm with high mitochondrial membrane potential.

Table 3. Total bacteria count (mean ± SEM) from boar semen samples (n = 10) at 0, 24, 36, 48, and
72 h after incubation at 18 ◦C.

Group Concentration
(µg/mL)

Total Bacterial Count (log) (CFU/mL)

Incubation Time

0 h 24 h 36 h 48 h 72 h

BTS - 1.79 ± 0.23 2.35 ± 0.26 b 3.47 ± 0.58 b 3.98 ± 0.76 b 6.25 ± 1.75 b

BTS + ABO - 1.22 ± 0.52 0.67 ± 0.33 a 0.85 ± 0.15 a 1.12 ± 0.42 a 0.00 ± 0.00 a

BiF2_5K7K * 125 1.33 ± 0.30 1.78 ± 0.31 b 2.58 ± 1.06 b 3.55 ± 0.97 b 6.14 ± 2.79 b

BiF2_5K7K * 62.5 1.42 ± 0.34 1.53 ± 0.31 a 3.36 ± 0.75 b 3.72 ± 0.83 b 6.23 ± 2.68 b

BiF2_5K7K * 31.25 1.39 ± 0.27 1.51 ± 0.29 a 3.21 ± 0.89 b 4.32 ± 1.15 b 6.59 ± 2.82 b

BiF2_5K7K * 15.625 1.47 ± 0.19 1.84 ± 0.33 b 3.82 ± 0.94 b 3.02 ± 1.03 b 7.09 ± 2.16 b

* Combination of BiF2_5K7K and BTS without antibiotics. a,b Significant difference among groups at the same
incubation time (p < 0.05). ABO: antibiotic; BTS: Beltsville Thawing Solution.

2.3. Sperm Quality Parameter Analysis

The sperm quality of fresh boar semen samples is presented in Table 2. On day 1,
the sperm quality parameters remained normal and there were no significant differences
in all sperm parameters among the six groups, except in the STR (straightness) and LIN
(linearity) parameters. The straightness and linearity values of the 15.625 µg/mL group
were significantly different from the other groups (75.2% and 33.3%) (Table 4). On day 3,
inferior progressive motility occurred in the negative control, 125 µg/mL, and 62.5 µg/mL
groups compared with the other groups. The 125 µg/mL dose of BiF2_5K7K had signifi-
cantly lower effects on sperm motility patterns, including the VCL, VSL, VAP, and ALH
parameters, compared with the other groups, especially the negative control group (Table 5).
In addition, lower percentages of total motility, viability, intact acrosome, and sperm with
high MMP were found in the 125 µg/mL group compared with the other control and
treatment groups (Table 5), and these decreased as incubation times increased in some
parameters on day 5 (Table 6). On day 5, significantly superior percentages of total motility
and progressive motility were found in the 15.625 and 31.25 µg/mL groups compared with
the 125 µg/mL group (p < 0.05, Table 6). There were significantly lower percentages of
sperm motility patterns in the 125 µg/mL group compared with the other groups (p < 0.05),
except in the STR and LIN parameters. However, there were no significant differences in
sperm viability or intact acrosomes among the six groups (Table 6).
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Table 4. Mean ± SEM of semen quality parameters on day 1 after incubation at 18 ◦C (n = 10).

Sperm Parameters
Group

BTS BTS + ABO BiF2_5K7K
125 µg/mL *

BiF2_5K7K
62.50 µg/mL *

BiF2_5K7K
31.25 µg/mL *

BiF2_5K7K
15.625 µg/mL *

MOT (%) 90.5 ± 1.6 90.7 ± 1.5 90.3 ± 1.3 92.3 ± 1.0 92.6 ± 1.0 90.5 ± 1.1
PMOT (%) 81.8 ± 2.6 81.23 ± 2.8 81.3 ± 2.0 84.1 ± 2.0 83.8 ± 1.9 81.6 ± 2.2

VCL (µm/s) 120.4 ± 9.4 125.4 ± 8.2 188.1 ± 6.9 116.1 ± 6.3 113.8 ± 6.9 110.6 ± 5.6
VSL (µm/s) 37.4 ± 3.1 38.8 ± 3.7 37.2 ± 3.4 37.7 ± 3.1 37.3 ± 3.1 36.8 ± 2.4
VAP (µm/s) 51.4 ± 3.6 53.9 ± 3.9 50.9 ± 3.6 50.8 ± 3.3 49.9 ± 3.3 48.6 ± 2.5
ALH (µm) 1.18 ± 0.09 1.21 ± 0.67 1.14 ± 0.05 1.11 ± 0.04 1.08 ± 0.04 1.06 ± 0.04

STR (%) 72.1 ± 1.7 a 71.2 ± 1.8 a 72.2 ± 1.7 a 73.89 ± 1.5 a 74.0 ± 1.3 a 75.2 ± 1.3 b

LIN (%) 31.1 ± 1.2 a 30.7 ± 1.4 a 31.1 ± 1.3 a 32.2 ± 1.1 a 32.6 ± 1.0 a 33.3 ± 0.8 b

Viability (%) 85.4 ± 0.9 86.3 ± 0.8 84.0 ± 0.7 85.5 ± 0.5 86.3 ± 0.8 84.8 ± 0.5
Intact acrosome (%) 83.5 ± 0.8 83.8 ± 0.7 82.4 ± 0.9 82.4 ± 0.8 82.5 ± 1.0 82.7 ± 0.9

MMP (%) 77.2 ± 1.6 78.3 ± 1.2 77.7 ± 1.0 77.9 ± 1.2 79.9 ± 1.4 78.7 ± 0.9

* Combination of BiF2_5K7K and BTS without antibiotics. a,b Significant difference among groups at the same
incubation time (p < 0.05). ABO: antibiotic; BTS: Beltsville Thawing Solution; MOT: total motility; PMOT:
progressive motility; VCL: curvilinear velocity; VSL: straight-line velocity; VAP: average pathway velocity; ALH:
amplitude of lateral head displacement; STR: straightness; LIN: linearity; MMP: sperm with high mitochondrial
membrane potential.

Table 5. Mean ± SEM of semen quality parameters on day 3 after incubation at 18 ◦C (n = 10).

Sperm Parameters
Group

BTS BTS + ABO BiF2_5K7K
125 µg/mL *

BiF2_5K7K
62.50 µg/mL *

BiF2_5K7K
31.25 µg/mL *

BiF2_5K7K
15.625 µg/mL *

MOT (%) 85.9 ± 2.7 86.1 ± 2.6 73.3 ± 6.9 85.5 ± 3.4 87.5 ± 2.9 86.3 ± 2.9
PMOT (%) 73.3 ± 3.9 a 73.4 ± 4.1 a 60.8 ± 7.3 b 73.6 ± 4.6 a 76.4 ± 3.9 a 75.1 ± 4.2 a

VCL (µm/s) 106.3 ± 10.9 a 109.9 ± 12.1 a 89.8 ± 13.9 b 107.1 ± 11.9 a 102.2 ± 11.7 a,b 100.4 ± 11.5 a,b

VSL (µm/s) 33.0 ± 3.5 a 34.1 ± 4.1 a 27.8 ± 4.7 b 35.0 ± 4.5 a 33.6 ± 4.2 a 33.4 ± 4.3 a

VAP (µm/s) 45.3 ± 4.7 a 47.4 ± 5.4 a 38.2 ± 5.9 b 46.0 ± 5.5 a 44.3 ± 5.3 a,b 44.0 ± 5.1 a,b

ALH (µm) 1.09 ± 0.09 a 1.09 ± 0.10 a 0.94 ± 0.12 b 1.05 ± 0.09 a,b 1.01 ± 0.09 a,b 0.99 ± 0.09 a,b

STR (%) 72.9 ± 1.0 a 71.8 ± 1.3 a 72.1 ± 1.5 a 75.0 ± 1.4 a,b 75.8 ± 1.7 b 75.4 ± 1.2 b

LIN (%) 31.2 ± 0.0 a,b 31.0 ± 0.9 a,b 30.8 ± 0.8 a 32.7 ± 1.1 a,b 32.9 ± 1.1 a,b 33.1 ± 1.0 b

Viability (%) 81.6 ± 1.5 82.1 ± 1.4 77.6 ± 2.3 80.3 ± 1.7 82.8 ± 1.1 81.3 ± 1.1
Intact acrosome (%) 80.0 ± 1.5 80.3 ± 0.9 75.3 ± 0.3 78.6 ± 1.5 79.4 ± 1.2 78.6 ± 1.2

MMP (%) 71.3 ± 1.8 72.0 ± 2.3 66.4 ± 3.8 72.4 ± 2.3 73.9 ± 2.5 74.1 ± 2.0

* Combination of BiF2_5K7K and BTS without antibiotics. a,b Significant difference among groups at the same
incubation time (p < 0.05). ABO: antibiotic; BTS: Beltsville Thawing Solution; MOT: total motility; PMOT:
progressive motility; VCL: curvilinear velocity; VSL: straight-line velocity; VAP: average pathway velocity; ALH:
amplitude of lateral head displacement; STR: straightness; LIN: linearity; MMP: sperm with high mitochondrial
membrane potential.

Table 6. Mean ± SEM of semen quality parameters on day 5 after incubation at 18 ◦C (n = 10).

Sperm Parameters
Group

BTS BTS + ABO BiF2_5K7K
125 µg/mL *

BiF2_5K7K
62.50 µg/mL *

BiF2_5K7K
31.25 µg/mL *

BiF2_5K7K
15.625 µg/mL *

MOT (%) 72.6 ± 7.2 a,b 79.3 ± 4.7 a 57.3 ± 10.1 b 75.5 ± 6.5 a,b 80.0 ± 5.6 a 80.3 ± 4.8 a

PMOT (%) 60.2 ± 7.6 a,b 66.0 ± 5.3 a,b 45.9 ± 10.1 b 63.9 ± 7.7 a,b 69.8 ± 6.5 a 71.1 ± 6.0 a

VCL (µm/s) 79.7 ± 11.8 a 94.9 ± 10.7 a 71.2 ± 16.3 b 90.6 ± 14.1 b 95.2 ± 14.4 b 94.4 ± 12.5 b

VSL (µm/s) 24.4 ± 3.9 a 29.9 ± 3.7 b 23.5 ± 6.1 a 28.1 ± 5.2 a,b 30.3 ± 5.5 a,b 29.8 ± 4.9 a,b

VAP (µm/s) 33.6 ± 5.1 a 41.0 ± 4.7 b 30.9 ± 7.4 c 38.0 ± 6.4 a,b 40.7 ± 6.8 a,b 39.6 ± 5.9 a,b

ALH (µm) 0.86 ± 0.11 a 0.98 ± 0.09 a 0.76 ± 0.13 b 0.93 ± 0.12 a 0.96 ± 0.11 a 0.95 ± 0.09 a

STR (%) 71.4 ± 1.3 72.4 ± 1.7 72.9 ± 2.0 72.8 ± 1.3 73.0 ± 1.5 73.6 ± 1.6
LIN (%) 30.0 ± 0.6 31.4 ± 1.1 31.1 ± 1.3 30.0 ± 1.1 30.8 ± 1.5 30.4 ± 1.3

Viability (%) 79.2 ± 2.0 79.6 ± 1.0 73.1 ± 3.3 78.9 ± 1.2 79.6 ± 1.8 79.6 ± 1.4
Intact acrosome (%) 74.8 ± 1.4 77.1 ± 0.9 73.0 ± 3.0 77.1 ± 0.8 77.8 ± 1.5 78.1 ± 1.3

MMP (%) 64.4 ± 2.5 a 66.0 ± 2.7 a 51.0 ± 6.7 b 64.2 ± 3.5 a 64.6 ± 3.0 a 67.9 ± 1.7 a

* Combination of BiF2_5K7K and BTS without antibiotics. a,b,c Significant difference among groups at the same
incubation time (p < 0.05). ABO: antibiotic; BTS: Beltsville Thawing Solution; MOT: total motility; PMOT:
progressive motility; VCL: curvilinear velocity; VSL: straight-line velocity; VAP: average pathway velocity; ALH:
amplitude of lateral head displacement; STR: straightness; LIN: linearity; MMP: sperm with high mitochondrial
membrane potential.
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2.4. Scanning Electron Microscopy

The sperm morphology evaluation, conducted using scanning electron microscopy
(SEM), is presented in Figure 1. The sperm morphology in the positive control group (BTS
with antibiotic) revealed normal morphology (Figure 1C,D), whereas abnormal sperm mor-
phology, including membrane detachment, acrosomal damage, and sperm agglutination, as
well as the attachment of bacteria on spermatozoa, was found in the negative control group
(BTS without antibiotic) (Figure 1A,B). For the 62.5 µg/mL treatment groups (BTS plus
BiF2_5K7K at different concentrations), the sperm morphology in these groups showed
both normal and abnormal morphology (Figure 1E,F), with a lesser degree of abnormal
morphology than in the negative control group (Figure 1E,F).
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Figure 1. Scanning electron micrographs of boar sperm on day 3 after incubation with non-antibiotic
BTS (A,B), BTS with antibiotic (C,D), and BiF2_5K7K at 62.5 µg/mL (E,F). The non-antibiotic BTS
group (A,B) presented sperm with abnormal heads (red arrows), swelling acrosomes (black arrow),
and rod bacteria (blue arrows). The BTS with antibiotic group (C,D) presented normal boar sperm.
The BiF2_5K7K at 62.5 µg/mL group (E,F) showed both normal (red star) and abnormal boar
sperm (blue star), and attracted bacteria (E) (blue arrow) as well as normal boar sperm at high
magnification (F).
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2.5. Fertility Test on the Pig Farm

For the fertility tests on the pig farm, the pregnancy rate, the percentage of pregnancy,
the percentage of farrowing rate, the total number of piglets born, the number of piglets born
alive, stillbirths, and mummies, as well as the litter birthweight, are presented in Table 7.
In the treatment group, BTS supplemented with BiF2_5K7K peptide at a concentration of
31.25 µg/mL showed higher fertility results, such as pregnancy rate, farrowing rate, total
number of piglets born, and number of piglets born alive, than those of commercial boar
semen extenders.

Table 7. Reproductive performance (mean± SD) of sows inseminated using liquid stored semen with
commercial BTS with antibiotic (control) and BTS supplemented with 31.25 µg/mL of BiF2_5K7K
peptide (treatment).

Parameters
Groups

Control (n = 20) Treatment (n = 20)

Average parity 3.7 ± 0.4 3.7 ± 0.5
Pregnancy rate (%) 90.0 ± 0.3 100.0 ± 0.0
Farrowing rate (%) 80.0 ± 0.4 85.0 ± 0.4

Total number of piglets born 12.6 ± 3.0 14.1 ± 2.6
Number of piglets born alive 10.8 ± 3.1 a 13.1 ± 2.4 b

Stillborn piglets (%) 0.06 ± 0.25 0.17 ± 0.52
Mummified fetuses (%) 0.0 ± 0.0 0.0 ± 0.0
Litter birthweight (kg) 15.5 ± 4.9 a 18.8 ± 3.9 b

a,b Significant difference using Student’s t-test between control and treatment groups (p < 0.05).

3. Discussion

The results of this study clearly show that BiF2_5K7K inhibits the growth of both
Gram-negative and Gram-positive bacteria isolated from boar semen and in extended boar
semen. Most of the bacteria contaminating fresh boar semen were E. coli, Pseudomonas
aeruginosa, Proteus mirabilis, and Staphylococcus spp., which is in agreement with the most
common bacteria contaminated in fresh boar semen reported by previous studies [8,28–30].
In contrast to Ngo et al. [31], Gram-positive bacteria such as Staphylococcus spp. were the
most frequently contaminated in fresh boar semen. It has been documented that contam-
ination with Pseudomonas aeruginosa and E. coli negatively impacts boar sperm through
either causing sperm agglutination or decreasing sperm motility [5,29]. The presence of
E. coli in boar semen prior to artificial insemination is primarily responsible for sow en-
dometritis and accounts for 72.3% of cases [5,32,33]. Clinical endometritis often presents
with vaginal discharge, which can be attributed to various factors, including hormonal
imbalance [34] or post-ovulatory insemination [32]. While a range of antibiotics can help
reduce the severity of acute endometritis, it is important to note that this condition can
worsen and develop into chronic endometritis, which can have a significant negative effect
on pigs’ reproductive performance [35]. BiF2_5K7K at concentrations of 15.625 and 31.25
showed an ability to inhibit bacteria isolated from boar semen for only 24 h; however, it
did not show a deleterious effect on semen quality during storage for 3 days. As a result,
this peptide might be an alternative to antibiotics for supplementation into boar semen
extenders in order to diminish the negative effect of bacterial contamination in fresh boar
semen. In commercial semen extenders, antibiotics including amoxicillin, gentamicin,
neomycin, penicillin, and streptomycin are added and widely used to inhibit the growth of
bacteria [12,13,29,36]. These antibiotics have also been routinely used for the treatment of
bacterial infections via both injection and feed medication on many pig farms worldwide. It
has been reported that bacteria isolated from boar semen [8] and diarrheic piglets [10] show
high resistance to many antibiotics. This is in accordance with the present result, where
we found that some bacteria (i.e., Enterobacter spp., Klebsiella spp., Proteus spp., Providencia
spp., and Staphylococcus spp.) had high levels of MIC and MBC. It is worth noting that
at concentrations of 250 µg/mL, BiF2_5K7K cannot inhibit Proteus mirabilis, whilst it can
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inhibit E. coli and Pseudomonas aeruginosa at concentrations of 15.625 and 31.25 µg/mL,
respectively. Similar outcomes were also reported when using synthetic cyclic hexapep-
tides c-WWW and c-WFW, which are unable to inhibit Proteus spp. [9,37]. Considering the
results of the total bacterial count of fresh boar semen on day 0 and extended boar semen
from days 1 to 5 in all groups, the BiF2_5K7K antimicrobial peptide at concentrations of
15.625, 31.25, 62.5, and 125 µg/mL is able to inhibit bacterial growth in extended boar
semen stored at 18 ◦C for at least 24 h after incubation. The number of bacterial counts
in those treatment groups was as low as log1.51 to log1.78 CFU/mL, respectively, when
compared with the bacterial count of log2.35 CFU/mL in the negative control group. It has
been reported that the total bacteria count in fresh boar semen should range from 22.40 to
188.20 (×103 CFU/mL) in order to optimize reproduction in pig farms [38]; moreover, a re-
duction in sperm viability of 6.4% has been documented, which corresponds to every log10
increase in the total bacterial count [31]. Previous research has indicated that the quality
of boar semen is affected by the bacteria count. It has been reported that sperm viability
decreases with an E. coli concentration of approximately 103 CFU/mL [39]. In addition,
boar semen contaminated with an E. coli concentration greater than 3.5 × 103 CFU/mL
resulted in inferior reproductive performance by reducing litter size in pig farms [35].
Fertilizing ability was also found to have decreased by 104–106 CFU/mL in boar semen
contaminated with Pseudomonas aeruginosa [40]. Moreover, in a study of the effects of
anaerobic bacteria, including Clostridium perfringens, the total motility of boar semen was
reduced at a concentration of 107–108 CFU/mL [41]. Although, after storage for 36 h, the
total bacterial count in treatment groups increased from log1.51 to log1.78 at 24 h to log0.85
to log3.82 CFU/mL, this total bacterial count was considerably lower than in the negative
control group (log3.47 CFU/mL, BTS without antibiotic). This indicates that pig farmers can
use the alternative BiF2_5K7K peptide as a replacement for antibiotics in semen extenders;
however, this extended semen should be used for artificial insemination within 24 h and
no later than 36 h in order to avoid deleterious effects from a high number of bacteria.

Considering semen quality from days 0 to 5 in different groups, despite the fact that
the total bacterial count increased over time after storage of the extended boar semen at
18 ◦C, this negative effect on semen quality was not observed until day 3; in particular, a
negative effect was observed in progressive motility values in a BiF2_5K7K concentration of
125 µg/mL. Only BiF2_5K7K at concentrations of 31.25 and 15.625 µg/mL was able to main-
tain all sperm parameters comparable to the positive control group (BTS with antibiotic).
On day 5, a BiF2_5K7K concentration of 125 µg/mL showed lesser total motility, progres-
sive motility, and mitochondrial membrane potential than other groups. This might be due
to the fact that too high a concentration of antimicrobial peptide may cause deleterious
effects on the spermatozoa [19]. During storage on days 3 and 5, besides the negative effect
found for sperm parameters, as mentioned above, the sperm morphology determined via
scanning electron microscopy revealed that most of the plasma membrane damage around
the head and acrosome region was found in the BTS without an antibiotic group, which
may have been caused by a high number of bacteria, as described earlier by Bonet et al. [42].
It is worth noting that the ability to inhibit bacterial growth without damaging spermatozoa
is considered an imperative property of the antimicrobial peptide for supplementation in
boar semen extenders [9,19,43]. It has been suggested that direct and rapid binding to the
external bacterial cell wall, such as lipopolysaccharide (LPS) in Gram-negative bacteria or
teichoic acid in Gram-positive bacteria, might be the mechanism through which antimicro-
bial peptides interact [22,44,45], due to the fact that there is a difference in charge between
the bacterial and animal membranes. Although the total net charge of the sperm is negative
on the sperm head, the sperm head position has a positive charge [46]. Consequently,
the possibility of interacting with AMPs is lower; as a result, antimicrobial peptides act
on the bacterial membrane rather than the sperm membrane [41,47]. The positive charge
AMPs have strong interactions with the negative charge on the outermost bacterial cell
surface due to the presence of lipopolysaccharides or teichoic acid [45,47–49]; however,
the AMPs have weak interactions with the sperm membrane, which has a negative charge
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in the innermost region near the cytoplasm [11,44]. It has previously been reported that
certain antimicrobial peptides such as Nisin and Protegrine 1 (PG 1) have a detrimental
effect on sperm [50,51]. Nisin has shown a prompt effect on spermicidal activities and
immobilization of spermatozoa within 20 s; moreover, the toxic dose of Nisin varies from
50–400 µg depending on the animal species [50]. PG 1 has also shown a negative effect
on sperm motility and viability, although it has demonstrated compromised antibacterial
activity when compared with the antibiotic group [51]. Even though antimicrobial peptides
have shown greater antimicrobial activity at high concentrations than at low concentrations,
they can also damage boar spermatozoa during storage at 17 ◦C, as reported by Shaoyong
et al. [52]. A combination of antimicrobial peptides and antibiotics is occasionally used
for reducing antibiotics and reducing the negative effect of too high a concentration of
antimicrobial peptide on boar sperm. It has been shown that a combination of 0.16 g/L of
epsilon-polylysine (ε-PL) and 0.125 g/L of gentamycin provides sperm quality equivalent
to adding 0.25 g/L of gentamycin alone in liquid-stored pig semen [52]. Nevertheless,
utilizing BiF2_5K7K as a semen extender at a concentration of 31.25 µg/mL may lead to
increased production expenses. Hence, further investigation may be necessary to diminish
the concentration of BiF2_5K7K, such as by combining minimal amounts of antibiotics with
BiF2_5K7K or using two or more AMPs as a cocktail peptide. Moreover, the use of a single
antimicrobial peptide, an antimicrobial peptide combined with a commercial antibiotic, or
a combination of antimicrobial peptides in order to cope with multidrug-resistant bacteria
has also been reported [53]. The short-term semen extender (BTS) utilized in the present
study can preserve semen quality for a maximum of three days after dilution [54]. However,
it may be stored for as long as five days [55]. For the reasons mentioned above, this study
evaluated the sperm quality at days 0, 1, 3, and 5 after storage to ensure sure the BTS
maintained the sperm quality ensured by the manufacturer. The total bacterial count was
determined after 0, 24, 36, 48, and 72 h of storage, as the bacteria increased rapidly during
storage and significantly after 72 h [2,5,56]. It is also important to emphasize that extended
boar semen was generally utilized by the pig farms within 24 h of storage. Consequently,
the present experimental design corresponded to standard clinical practice.

In the present study, the antimicrobial peptide BiF2_5K7K showed its effectiveness
against both Gram-positive and Gram-negative bacteria isolated from fresh boar semen and
sow vaginal discharge. This antimicrobial peptide not only has an effect on antibacterial
activity, but also causes less damage to boar sperm during storage at 17 ◦C compared with
antibiotics. In this study, the toxic impact of BiF2_5K7K was observed at high concentrations
(62.5 and 125 µg/mL) and varied based on the incubation time during storage in boar
sperm. Considering the sperm quality and the total bacterial count in each treatment group,
it seems likely that BiF2_5K7K at concentrations of 15.625 and 31.25 µg/mL are the optimal
doses to replace antibiotics in boar semen extenders. For the fertility test, it has been
demonstrated in bovine sperm that beta-defensin 126 improves sperm motility but does
not promote the fertilizing ability during in vitro tests [57]. BiF2_5K7K at a concentration of
31.25 µg/mL was selected to test the impact on reproductive performance in relation to the
standard farm condition (BTS with antibiotic) because of the bacterial inhibitory effect after
incubation at 24 h (log1.51 ± 0.29 CFU/mL) and the less negative effect on semen quality.
The reproductive performance parameter for the above experiment was based on the work
of Koketsu et al. [58]. In agreement with the present results, the fertility test conducted on a
pig farm using BiF2_5K7K supplemented in boar semen extenders for artificial insemination
showed a superior pregnancy rate, farrowing rate, total number of piglets born, and number
of piglets born alive compared with the commercial semen extender used at the pig farm.
BiF2_5K7K has the ability to inhibit bacterial growth without affecting the efficiency of
reproductive ability, which is no different from the use of BTS with antibiotics. The extended
boar semen in the present study, which contained BiF2_5K7K, may be responsible for the
positive effects observed on various reproductive parameters, including the increase in
the number of piglets born alive, the improvement in the farrowing rate and pregnancy
rate, and other related factors. Antimicrobial peptides, such as β-defensin, cathelicidin,
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PMAP23, and PMAT37, have been observed to be present in the endometrium of female
pigs during the reproductive cycle and in the placental tissue of pregnant sows [59,60]. The
mechanism underlying of the particular antimicrobial peptides could influence the number
of piglets born need further studies. Therefore, BiF2_5K7K may be of interest to the swine
industry in order to minimize the use of antibiotics in pig farms. Nevertheless, it is worth
noted that field fertility test was performed by using 20 sows in each group, and as a result,
a further experiment with a greater number of sows in each group may be needed.

4. Materials and Methods
4.1. Peptide Synthesis

The BiF2_5K7K antimicrobial peptide was inspired by natural AMPs, as previously
described [61,62]. According to the 2020 study by Klubthawee et al. [62], peptide synthesis
methods were used. As trifluoroacetate salts, the BiF2_5K7K components were purified us-
ing HPLC after being produced using solid-phase methods and 9-fluorenylmethoxycarbonyl
(Fmoc) chemistry (ChinaPeptides, Shanghai, China). The content of residual TFA, quanti-
fied using 19F nuclear magnetic resonance (NMR), was less than 1.7% (wt/wt). Dehydration
condensation was used for producing the TAMRA-labeled BiF2_5K7K, and an amide bond
at the N-terminus was utilized for attaching TAMRA to BiF2_5K7K. Analytical reversed-
phase HPLC determined that all of the peptides were more than 98% purified. Electrospray
ionization mass spectrometry (ESI-MS) was used to identify the peptides.

The characteristics of BiF2_5K7K are presented in Table 8. BiF2_5K7K consisted of
12 amino acid sequence peptides with a molecular weight of 1541.07 g/mol. The net electric
charge and hydrophobicity were +6 and 0.336, respectively [61].

Table 8. Physicochemical properties of the BiF2_5K7K peptide.

Peptide Amino acid
Sequence

Number of
Amino Acids

Molecular
Weight (g/mol) Net Charge Hydrophobicity

Percentage of
Hydrophobic

Residues

BiF2_5K7K FLVKKIKKILRR 12 1541.07 +6 0.336 50%

4.2. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC) Test

The MIC assay of BiF2_5K7K was conducted using 12 bacteria isolated from boar
semen and sow vaginal samples from the stock collection of the Bacterial Laboratory, Vet-
erinary Diagnostic Center, Faculty of Veterinary Science, Mahidol University, Thailand.
The bacterial stock was kept in glycerol at −80 ◦C. Bacteria from the culture stock were
cultured on MacConkey agar (Difco, Reno, NV, USA) or sheep blood agar (Biomedia,
Nonthaburi, Thailand), and then incubated for 18 to 24 h at 37 ◦C. After that, one to three
bacterial colonies were transferred into a regular saline solution (0.85% NaCl) and thor-
oughly mixed. The turbidity of the bacterial sample was measured using a 0.5 McFarland
standard, approximately 108 CFU/mL. Following guidelines from the Clinical and Lab-
oratory Standards Institute (CLSI), the broth microdilution method was used to conduct
the MIC assay. The assays were performed in triplicate using 96-well plates. In each well,
100 µL of the bacterial suspension, which had been diluted in Mueller–Hinton broth (Difco,
USA) to 106 CFU/mL, was added to 100 µL of the appropriate dilutions of BiF2_5K7K at
the selected concentrations using a two-fold dilution method (1.953–250 µg). As a control, a
medium without BiF2_5K7K was used. After incubation, the MIC values were determined
and defined as the lowest concentration of each BiF2_5K7K at which evidence of bacterial
growth was absent. After the MIC assay, 100 µL aliquots from each well of bacterial growth
representing the MIC values were streaked on the culture media agar plate and incubated
for 18–24 h at 37 ◦C. The MBC value was defined as the lowest concentration of BiF2_5K7K
at which nonbacterial colonies did not proliferate on the culture media agar.
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4.3. Boar Semen Collection and Preparation

Ten individual adult boars of ages ranging from 1.5 to 3 years were chosen for semen
collection. The gloved-hand method was used to collect sperm from each boar. Semen was
filtered through gauze, and only sperm-rich fractions were collected during the collection
process. The sperm motility, concentration, percentage of viability, intact acrosomes, mi-
tochondrial membrane potential, osmolality, and total bacterial concentration of the fresh
semen were measured after collection. Only semen ejaculates with progressive motility
values of more than 70% and concentrations of more than 100 × 106 spermatozoa/mL were
included in the experiment.

As shown in Table 9, the fresh boar semen was divided into 6 groups via dilution with
Beltsville Thawing Solution (BTS; Minitube, Tiefenbach, Germany), BTS with antibiotic
(Minitube, Tiefenbach, Germany), and BTS without antibiotic plus various concentrations
of BiF2_5K7K. Each group’s sperm concentration was 4.5 × 109 spermatozoa/100 mL. The
diluted semen samples were incubated at 18 ◦C until evaluation. After incubation, the total
bacterial concentration was assessed at 0, 24, 36, 48, and 72 h. The quality of sperm was
evaluated on days 1, 3, and 5 after storage.

Table 9. Group of experiments with varying BiF2_5K7K concentrations.

Group Antimicrobial Peptide Concentration
(µg/mL)

Group 1 Negative control (BTS) -
Group 2 Positive control (BTS with gentamicin) -
Group 3 BiF2_5K7K * 125
Group 4 BiF2_5K7K * 62.50
Group 5 BiF2_5K7K * 31.25
Group 6 BiF2_5K7K * 15.625

* Combination of BiF2_5K7K and BTS without antibiotics.

4.4. Total Bacterial Count

The spread plate technique was employed to ascertain the total bacterial count subse-
quent to the incubation of a boar semen sample at 18 ◦C. The semen samples were subjected
to ten-fold dilution with normal saline solution (0.85% NaCl). One hundred microliters
(µL) of each semen sample dilution were evenly distributed on Plate Count Agar (PCA)
(Difco, Nevada, USA) and incubated at 37 ◦C. After 48 h of incubation, the colonies were
enumerated and converted into colony-forming units per milliliter (CFU/mL).

4.5. Sperm Parameter Analysis
4.5.1. Sperm Motility

Computer-assisted sperm motility analysis (CASA) was used to examine sperm motil-
ity (AndroVision®, Minitube, Tiefenbach, Germany). In brief, 3 µL of extended semen
was pipetted into a pre-warmed counting chamber (Leja®, IMV Technologies, L’Aigle,
Basse-Normandie, France) and then immediately measured using CASA software (REF.:
12500/0000). Five fields of each sample were evaluated, and at least 600 cells were counted
per analysis. The analysis results expressed the percentages of motile sperm and progres-
sive motile sperm, as well as motility patterns including curvilinear velocity (VCL, µm/s),
average pathway velocity (VAP, mm/s), straight-line velocity (VSL, mm/s), amplitude of
lateral head displacement (ALH, mm), straightness (STR; VSL/VAP, %), and linearity (LIN;
VSL/VCL, %) [63,64].

4.5.2. Sperm Viability

The viability of the sperm was examined using Ethidium homodimer-1 (EthD-1, E1169,
Invitrogen, Waltham, MA, USA) and SYBR-14 (Sperm viability kit, Molecular probes, L7011,
Thermo Fisher Scientific, Waltham, MA, USA). SYBR-14 (0.54 µM in DMSO) and EthD-1
(1.17 µM in PBS) were combined with an aliquot of 10 µL of the semen samples and then
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incubated at 37 ◦C for 15 min. After incubation, 5 µL of the processed sample was placed
onto a pre-warmed glass slide and covered with a coverslip. A total of 200 sperm were
assessed under a fluorescence microscope at 1000×magnification and classified as live or
dead sperm [63,64].

4.5.3. Sperm Acrosomal Integrity

The acrosomal integrity of the sperm was evaluated by using fluorescein isothiocyanate-
labeled peanut (Arachis hypogaea) agglutinin (FITC-PNA) with EthD-1 staining. Next, 10 µL
samples of the diluted semen were mixed with 10 µL of EthD-1 and incubated at 37 ◦C for
15 min. Five µL of the mixture was smeared on a glass slide and fixed with 95% ethanol
for 30 s. Each glass slide was covered with 50 µL of FITC-PNA (diluted with PBS 1:10 v/v)
and incubated in a moist chamber at 4 ◦C for 30 min. After incubation, each sample was
rinsed with cold PBS and air-dried. A total of 200 sperm were assessed using a fluorescent
microscope and classified as intact acrosomes or damaged acrosomes [54,63,65].

4.5.4. Sperm with High Mitochondrial Membrane Potential (MMP)

Fluorochrome 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocyanine io-
dide (1.53 mM) (JC-1; T3168, Invitrogen, Waltham, MA USA) was used in the staining
process to determine the mitochondrial membrane potential of the sperm. A sample of
50 µL of diluted semen was mixed with 3 µL of a 1.53 mM JC-1 solution and 3 µL of a
2.4 mM propidium iodide (PI) solution in DMSO. The mixture was then incubated for
10 min at 37 ◦C in a dark container. Two hundred sperm were analyzed and divided
into groups according to their degree of mitochondrial membrane potential using a 400×
magnification fluorescent microscope [63,66].

4.6. Scanning Electron Microscopy (SEM)

Sperm samples were subjected to evaluation for morphology under a scanning electron
microscope by using the classical conventional procedure as follows: the semen samples
were fixed with 2.5% glutaraldehyde (Electron Microscopy Sciences, Hatfield, UK) in
PBS for 24 h. After fixation, a washing process with PBS was conducted for 15 min and
repeated three times. The samples were then stained with 0.1% osmium tetroxide (Sigma-
Aldrich, Darmstadt, Germany) for 1 h and washed three times for 15 min with PBS. In
the dehydration step, the samples were dehydrated with a graded series of ethanol at
concentrations of 70%, 80%, 90%, and 95% absolute ethanol. The semen samples were
processed and then placed onto an SEM stub and coated with 50 nm platinum particles [42].
Finally, the sperm morphology was observed under the scanning electron microscope
(JEOL, JSM-IT500LA, Tokyo, Japan).

4.7. Fertility Test on the Pig Farm

After weaning, estrus was detected twice a day by monitoring the vulva for swelling
and redness, as well as by performing a back-pressure test when a boar was around [54].
All the sows were inseminated thrice with a conventional AI catheter at 12 h, 24 h, and
36 h after standing estrus with a dose of semen (boar of proven fertility). The semen dose
contained 3 × 109 spermatozoa in 80 mL of BTS with gentamicin (control, n = 20) and
BTS supplemented with 31.25 µg/mL of BiF2_5K7K peptide (treatment, n = 20), and was
stored at 18 ◦C for no more than 24 h. The pregnancy tests were performed on days 23–24
of pregnancy via transabdominal ultrasonography, real-time B-mode (50STringa, sector
probe with 5 MHz, ESAOTE Pie Medical, Maastricht, The Netherlands) [67]. The pregnancy
rate; the percentage of farrowing rate; the total number of piglets born; and the number of
piglets born alive, dead, and mummified, as well as litter birthweight, were recorded.

4.8. Statistical Analysis

For the MIC and MBC data, the descriptive statistic was applied. Using PASW Statis-
tics for Windows, version 18.0 (SPSS Inc., Chicago, IL, USA), the statistical analysis was
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performed. The Shapiro–Wilk test was used to evaluate the data distribution, and the
results showed a normal distribution (p > 0.05). The total bacteria count and the fertility
data were presented as mean ± SD. The semen parameter data included total motility,
progressive motility, curvilinear velocity, straight-line velocity, average pathway velocity,
amplitude of lateral head displacement, straightness, and linearity, as well as sperm with
high mitochondrial membrane potential, and were presented as mean± SEM. The bacterial
count and sperm parameter data analysis were performed using the one-way analysis of
variance (ANOVA) test, and mean values were compared using Duncan’s test. Data on
fertility were compared using the Student’s t-test, and the Chi-square test was used for
the pregnancy and farrowing rates. When dealing with non-normally distributed data,
the Mann–Whitney U (Wilcoxon’s rank sum) test was applied. Statistical significance was
determined at a p-value < 0.05.

5. Conclusions

In this study, the BiF2_5K7K antimicrobial peptide demonstrated the ability to inhibit
the growth of bacteria isolated from boar semen, and, thus, appears to be a worthy al-
ternative to antibiotics in boar semen extenders. Nevertheless, the successful application
of this particular AMP depends on the concentration and incubation time during stor-
age. According to the present study’s findings, adding BiF2_5K7K at a concentration of
31.52 µg/mL in a BTS semen extender without antibiotics, with storage at 18 ◦C for 24 h,
demonstrated the most effective bacterial-inhibitory effect. Furthermore, the 31.52 µg/mL
BiF2_5K7K concentration demonstrated the least harmful impact on boar semen parameters
and revealed superior fertility when tested on a pig farm.
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Abstract: Antibiotic resistance (AMR) is a major public health concern. Antimicrobial peptides
(AMPs) could be an alternative to conventional antibiotics. The purpose of this research was to
investigate the antimicrobial ability of the synthetic AMPs (i.e., A-11 and AP19) on the most frequently
isolated bacteria in boar semen and their effect on extended boar semen quality during storage. We
tested the antimicrobial effect of A-11 and AP19 at different concentrations and compared them with
gentamicin for inhibiting the growth of E. coli, Pseudomonas aeruginosa and Proteus mirabilis that were
isolated from fresh boar semen. In order to evaluate the effect of AMP on semen qualities on days
0, 1, 3, and 5 after storage at 18 ◦C, seven fresh boar semen samples were collected, diluted with
semen extender with antibiotic (i.e., gentamicin at 200 µg/mL, positive control) or without (negative
control), and semen extender contained only A-11 or AP19 at different concentrations (i.e., 62.50,
31.25, and 15.625 µg/mL). The total bacterial count was also measured at 0, 24, 36, 48, and 72 h after
storage. Comparable to gentamicin, both A-11 and AP19 inhibited the growth of E. coli, Pseudomonas
aeruginosa, and Proteus mirabilis at 62.50, 31.25, and 15.625 µg/mL, respectively. Comparing the total
bacterial count at 0, 24, 36, 48 and 72 h after storage, the lowest total bacterial concentration was found
in the positive control group (p < 0.05), and an inferior total bacterial concentration was found in the
treatment groups than in the negative control. On day 1, there is a lower percentage of all sperm
parameters in the AP19 group at a concentration of 62.50 µg/mL compared with the other groups.
On day 3, the highest percentage of all sperm parameters was found in the positive control and A-11
at a concentration of 31.25 µg/mL compared with the other groups. The AP19 group at 62.5 µg/mL
constantly yielded inferior sperm parameters. On day 5, only A-11 at a concentration of 15.625 µg/mL
showed a total motility higher than 70%, which is comparable to the positive control. A-11 and AP19
showed antimicrobial activity against E. coli, Pseudomonas aeruginosa and Proteus mirabilis isolated
from boar semen. Considering their effect on semen quality during storage, these antimicrobial
peptides are an alternative to conventional antibiotics used in boar semen extenders. Nevertheless,
the utilization of these particular antimicrobial peptides relied on the concentration and duration
of storage.

Keywords: antimicrobial peptides; boar semen; semen quality

1. Introduction

Artificial insemination (AI) has been used as assisted reproductive technology in the
pig industry for many years [1]. Liquid boar semen preservation is commonly used for
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AI, and the semen extender must be provided for preserving semen [2,3]. The purpose
of the semen extender is to protect sperm from cold shock, maintain pH and osmotic
pressure, and inhibit bacterial growth, with the goal of preserving the longevity and
quality of sperm [3]. Both Gram-positive and Gram-negative bacteria, such as Streptococcus
spp., Staphylococcus spp., E. coli, Klebsiella spp., Aeromonas spp., Pseudomonas spp., Proteus
spp., and Providencia spp. have been frequently found in fresh boar semen [4–7]. These
abundances of bacteria are resident in boar’s skin, hair, and preputial diverticulum and
contaminated into fresh boar semen during semen collection [8]. Bacteria contamination
has several adverse impacts on the performance and quality of sperm as well as sow
reproductive health [8]. In practice, many antibiotics are mixed into the semen extender
to inhibit bacterial growth and limit the deleterious effect of this contamination [3,9,10].
Gentamicin, neomycin, streptomycin, and other antibiotics are commonly supplemented in
boar semen extenders [3,11,12]. Further, more than one antibiotic is mixed with the boar
semen extender, for example, gentamicin and polymyxin B or gentamicin and florfenicol,
in order to inhibit both Gram-positive and Gram-negative bacteria [3,13]. Recently, it has
been reported that the bacteria isolated from boar semen carried antibiotic resistance genes
such as mcr-3 and int1 [7,14]. In addition, most bacteria from boar semen are prone to
resistance to gentamicin and penicillin [15]. Antibiotic resistance is a worldwide problem
owing to the overuse of unnecessary antibiotics in animals and humans, as well as the slow
development of novel antibiotic discoveries [14].

Many studies have been performed on substitute strategies that can lower the usage of
antibiotics in pig farms, including reducing or replacement the antibiotic supplementation
in boar semen extenders. Antimicrobial peptides (AMPs) have been determined to be
an alternative antimicrobial agent of interest, in which it showed compromised results
for inhibiting Escherichia coli isolated from boar semen that carry antibiotic resistance
genes [16]. To date, it has been documented that altogether 3257 AMPs were added to
the Antimicrobial Peptide Database (APD) [17]. Most AMPs have been discovered and
identified as antimicrobial agents, and can be applied for the treatment of antibiotic-resistant
bacteria [16,18]. These include proline-rich antimicrobial peptides (PrAMPs), tryptophan-
and arginine-rich antimicrobial peptides, histidine-rich antimicrobial peptides, and glycine-
rich antimicrobial peptides [19,20]. The differences in the charge between the membranes of
animals and bacteria can enable AMPs to become active through direct and rapid binding
to the outer bacterial cell wall, such as lipopolysaccharide (LPS) in Gram-negative bacteria
or teichoic acid in Gram-positive bacteria [14,21–23]. Additionally, the outermost surface of
bacterial cells contains lipopolysaccharides, or teichoic acid [21,24,25]. The positive charge
of AMPs strongly interacts with the negative charge there, but it has a weak interaction with
the positively charged animal membrane [20–24]. More significantly, the key characteristic
of AMPs is their capacity to kill bacteria without damaging the host cell [26]. Therefore,
AMPs is an interesting choice to reduce or replace antibiotic usage in boar semen extender.
A-11 and AP19 are two novel AMPs, when used in high concentrations, are not damaging
animal cells and inhibiting the growth of both Gram-positive and Gram-negative bacteria,
including Salmonella enterica serovar Typhimurium and Acinetobacter baumannii [27,28].
However, the application of these two peptides on the inhibition of bacteria isolated from
boar semen has not been reported.

The purpose of this study was to determine the antimicrobial ability of A-11 and AP19
whether to inhibit the growth of most frequently found bacteria (i.e., E. coli, Pseudomonas
aeruginosa and Proteus mirabilis) in boar semen and, subsequently, their effect on boar semen
quality while being used as a replacement of antibiotics in boar semen extender.

2. Results
2.1. Bacterial Survival Assay

The growth curves of E. coli, Pseudomonas aeruginosa, and Proteus mirabilis are shown
in Figures 1–3. Similar to gentamicin, A-11 and AP19 showed their ability to inhibit
the growth of E. coli (Figure 1). After 12 h of growth, the OD600 values of E. coli in the
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gentamicin group increased, while A-11 (Figure 1A) and AP19 (Figure 1B) plateaued.
In addition, the OD600 value of E. coli at 14 h in the A-11 at 15.625 µg/mL was slightly
increased (Figure 1A). Pseudomonas aeruginosa was inhibited by gentamicin and AP19
(Figure 2B) throughout the investigation period. However, A-11 at 15.625 µg/mL was
able to inhibit Pseudomonas aeruginosa only for 10 h (Figure 2A). Similar to E. coli and
Pseudomonas aeruginosa, Proteus mirabilis was inhibited by gentamicin and AP19 throughout
the investigation period (Figure 3B). However, A-11 at 15.625 µg/mL was able to inhibit
Proteus mirabilis only for 16 h (Figure 3A). The OD600 value of Proteus mirabilis at 21 h in the
A-11 at 31.25 µg/mL was also slightly increased (Figure 3A).
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2.2. Sperm Quality Parameters Analysis

The sperm quality of fresh boar semen samples is presented in Table 1. On day 1
(Table 2), the sperm quality parameters remained normal, and there was no significant
difference in all sperm parameters among the 8 groups. However, there were inferior
values for all sperm parameters, particularly viability and MMP, in AP19 at a concentration
of 62.50 µg/mL than in other groups. On day 3 (Table 3), no significant difference was
observed when compared all sperm parameters in AP19 at a concentration of 31.25 µg/mL
with the positive control group. In addition, there was a significantly lower percentage for
all sperm quality parameters of AP19 at a concentration of 62.50 µg/mL (p < 0.05). The A-11
and AP19 at the same concentration of 15.625 µg/mL yielded an acceptable percentage of
more than 70 in terms of total motility, viability and intact acrosome. On day 5 (Table 4),
only total motility, viability and intact acrosome parameters in the positive control, negative
control and AP19 at a concentration of 31.25 µg/mL remained higher than 70%.

Table 1. Descriptive statistics for sperm parameters measurements of fresh boar semen (n = 7).

Parameters Mean ± S.D. Range

Concentration (×106

sperm/mL)
381.9 ± 72.4 292–495

Osmolality (mOsm/kg) 308.80 ± 3.69 305–316
Total motility (%) 90.3 ± 2.22 87.4–94.1
Progressive motility (%) 84.5 ± 3.2 79.7–88.3
Sperm viability (%) 88.2 ± 2.7 85–91
Intact acrosome (%) 88.2 ± 4.5 84–95
MMP (%) 86.1 ± 1.7 83–88
Total bacterial count (log10;
CFU/mL) 2.36 ± 0.51 1.74–3.04

MMP: sperm with high mitochondrial membrane potential.
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2.3. Total Bacterial Concentration

The mean total bacterial concentration of fresh boar semen was log2.36 ± 0.5 CFU/mL
(ranged log1.74 to log 3.04 CFU/mL) (Table 1). The total bacterial concentration of di-
luted semen at 0, 24, 36, 48, and 72 h after storage at 18 ◦C is shown in Table 5. The total
bacterial concentration increased as the incubation period was prolonged. At 0 h after
incubation, the highest total bacterial concentration was found in the negative control
group (log1.32 CFU/mL, BTS without antibiotic) when compared with other groups. Com-
paring among the AMP groups, AP19 at a concentration of 31.25 µg/mL showed a higher
bacterial concentration than the other groups (i.e., log0.78 CFU/mL). At 24 h after storage,
the total bacterial concentration of the positive control group (BTS with gentamicin) was
still absent, while the concentration in other groups continued increasing. However, the
negative control group (BTS without antibiotic) had the highest total bacterial concentration
(log2.38 CFU/mL), compared with the AMPs and positive control groups. At 36 h after
storage, the highest total bacteria concentration was found in the negative control group
(log3.11 CFU/mL, BTS without antibiotic) when compared with other groups. However,
there was no significant difference in the bacterial concentration among the AMP groups
which varied from log2.47 to 2.78 CFU/mL. At 48 h after storage, the lowest bacterial con-
centration among the AMP groups was found in AP19 at a concentration of 15.625 µg/mL
(log2.86 CFU/mL), while the bacterial concentrations in the negative and positive control
were log3.71 CFU/mL and absent, respectively. At 72 h after storage, the bacterial concen-
tration among the AMP groups varied from log4.54 to 4.96 CFU/mL, while the highest
bacterial concentration was still found in the negative control group (i.e., log5.31 CFU/mL).

Table 5. Total bacteria count (means ± SD) from boar semen samples (n = 7) after incubated at 18 ◦C.

Groups Concentrations
(µg/mL)

Total Bacteria Concentration (log; CFU/mL)

Incubation Time

0 h 24 h 36 h 48 h 72 h

BTS - 1.32 ± 0.27 a 2.38 ± 0.37 a 3.11 ± 0.79 a 3.71 ± 0.96 a 5.31 ± 1.44 a

BTS + ABO - 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b 0.00 ± 0.00 b

A-11 62.50 0.24 ± 0.16 b,c 1.72 ± 0.54 a 2.51 ± 0.91 a 3.50 ± 1.34 a 4.59 ± 1.58 a

A-11 31.25 0.39 ± 0.19 b,c 1.28 ± 0.53 a,b 2.78 ± 0.76 a 3.66 ± 1.23 a 4.78 ± 1.44 a

A-11 15.625 0.41 ± 0.20 b,c 1.32 ± 0.63 a,b 2.65 ± 0.85 a 3.57 ± 1.27 a 4.67 ± 1.50 a

AP19 62.50 0.49 ± 0.18 b,c 1.14 ± 0.54 a,b 2.59 ± 0.92 a 3.68 ± 1.17 a 4.96 ± 1.44 a

AP19 31.25 0.78 ± 0.16 c 1.08 ± 0.51 a,b 2.57 ± 0.70 a 3.63 ± 0.99 a 4.95 ± 1.22 a

AP19 15.625 0.34 ± 0.17 b,c 1.16 ± 0.55 a,b 2.47 ± 0.90 a 2.86 ± 1.35 a 4.54 ± 1.44 a

Values in each column marked with different superscript letters differ significantly (p < 0.05). ABO: antibiotic
(gentamicin 200 µg/mL); BTS: Beltsville Thawing Solution.

3. Discussion

The concentration of AMPs (A-11 and AP19) for this study came from the MIC value
(62.50–15.625 µg/mL) for inhibiting Gram-negative bacteria in the previous studies [27,28]
and was further approved for inhibiting the most Gram-negative bacteria observed in fresh
semen by comparing with 200 µg/mL of gentamicin [7], which is the common antibiotic
mixed in boar semen extenders [13]. The results of the bacterial survival assay clearly
showed the inhibitory effect of AMPs on bacterial growth in each stage of bacterial growth
curve. The current findings regarding the total bacterial count clearly demonstrate that
the A-11 and AP19 peptides have the ability to inhibit bacterial growth for a minimum
of 36 h when stored at 18 ◦C. During this period, the total bacterial concentration in all
treatment groups remained below log2.80 CFU/mL (ranging from 2.47 to 2.78), in contrast
to the log3.11 CFU/mL observed in the negative control. Ciornei et al. [29] determined that
the normal range for the overall bacterial concentration in fresh boar semen is between
22.40 and 188.20 × 103 CFU/mL (equivalent to log4.35–5.27) for optimal reproductive
outcomes in pig farming. According to reports, there was a 6.4% reduction in sperm
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viability for every log10 increase in total bacterial concentration [30]. Furthermore, if boar
semen was found to have a contamination level of E. coli exceeding 3.5 × 103 CFU/mL
(log3.54), it led to a reduction in litter size and consequently had a negative impact on
reproductive performance in pig farms [31]. The primary cause of sow endometritis or
post-mating vaginal discharge is typically the presence of E. coli contamination in boar
semen prior to artificial insemination [4,32,33]. This condition, known as acute endometritis,
has the potential to progress into chronic endometritis, which can then have a negative
impact on the reproductive performance of pigs [31]. In addition to E. coli, recent reports
have indicated that Pseudomonas aeruginosa and Proteus mirabilis are the most common
bacteria found in fresh boar semen [7]. In this study, it is noteworthy that A-11 and AP19
effectively inhibited the growth of contaminating bacteria in semen samples, regardless of
the concentration of antimicrobial peptides used. Importantly, this inhibition did not have
any adverse effects on the quality of the semen.

This study used a short-term semen extender (BTS), which has the ability to preserve
semen quality of less than or equal to three days after dilution [34]. For the reasons
mentioned, this study observed the sperm quality at days 0, 1, 3, and 5 during storage to
ensure that the BTS still maintained sperm quality as claim by the manufacturer. While
the bacteria growth during storage was rapid growth and significant growth after 72 h of
storage, as a result, the total bacteria concentration was measured at 0, 24, 36, 48, and 72 h of
storage [4,8,35]. In practice for the pig farms, it is also worth noting that they usually used
extended boar semen within 24 h after storage. Consequently, the present experimental
design was correspondent to those clinical practices. When examining semen qualities,
specifically total motility and progressive motility, after being stored at 18 ◦C from days 0
to 5 in all groups, it was found that the total bacterial count increased over time. However,
the negative impact on semen qualities was only observed when the semen extender was
supplemented with a high concentration of A-11 and AP19 (62.50 µg/mL). The observed
effect was evident on day 3 for AP19 and on day 5 for A-11. The semen extender used in
this study is BTS based and specifically designed for short-term preservation of boar semen,
with a recommended storage period of 3 days. After evaluating the semen quality on day 3
following storage, it was found that only A-11 at a concentration of 31.25 µg/mL produced
semen quality similar to that of the positive control group. The present results of A-11
clearly showed that there is no sign of toxicity to sperm cells for all concentrations. This is
in agreement with the hemolytic activity examination of A-11, which discovered that A-11
did not cause damage to red blood cells at concentrations between 0.98 and 250 µg/mL [27].
The underlying mechanism might be that in the outer membrane of animal cell (i.e., sperm
cell) constituent of neutral components, subsequently the positively charge of AMP were
not interaction with this cell [14,22].

Collectively, the antimicrobial peptides employed in this investigation demonstrate
the capacity to impede bacterial proliferation within the initial 36 h period and sustain
the quality of boar semen for a duration of 3 days. This phenomenon can be attributed
to the interaction between positively charged antimicrobial peptides and the negatively
charged teichoic acid or lipopolysaccharides present on the outermost membrane of bacte-
rial cells [21,22,24]. The negative charge of the animal cell membrane is situated internally
and in close proximity to the cytoplasm and in the outer membrane of were expressed
neutral components. Consequently, the positively charged antimicrobial peptides do not
interact with this cell [14,22,27]. Prior research has shown that the rupture of the E. coli
membrane is triggered by the difference in the charge between animal and bacterial cell
membranes. This allows active AMPs to exclusively bind to the bacterial membrane, lead-
ing to membrane dysfunction. This dysfunction is caused by the induction of membrane
curvature, the formation of membrane pores, and ultimately the lysis of the bacterial
cell [14,17,22–24]. At the optimal concentrations, AMPs caused damage to bacterial cell
membranes. However, at lower concentrations, they moved into the cytoplasm and en-
gaged in electrostatic interactions with bacterial DNA or ribosomes [36–38]. As stated by
Schulze et al. [39], a high concentration of AMPs can have a detrimental effect on sper-
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matozoa, which aligns with the findings of this study. The two AMPs examined in this
study exhibited contrasting outcomes in terms of their ability to inhibit bacterial growth
and preserve semen quality. These differences can potentially be attributed to their varying
hydrophobicity levels (A-11 = 44% and AP19 = 47%), which may also contribute to their
toxicity towards sperm cells. Hydrophobicity plays a role in the effectiveness and specificity
of AMPs in interacting with the target cell. This character facilitates the incorporation of
water-soluble AMPs into the lipid bilayer of the membrane. The activity and selectivity of
a substance are determined by its hydrophobicity. A high level of hydrophobicity can be
harmful to the animal cell membrane and reduce antimicrobial activity [40,41]. In order to
prevent the use of excessively high concentrations of AMPs, it has been shown that combin-
ing antimicrobial peptides with antibiotics can reduce the negative effects on boar sperm.
For instance, in liquid-stored boar semen, a combination of 0.16 g/L epsilon-polylysine
(ε-PL) and 0.125 g/L gentamicin resulted in similar sperm quality compared to using
0.25 g/L gentamicin alone. Studies have reported using a combination of two distinct
AMPs or a combination of an AMP and antibiotics to address the issue of multidrug-
resistant bacteria [42]. However, it is crucial to note that one of the key features of the
AMPs utilized in boar semen extenders is its ability to prevent bacterial growth without
damaging spermatozoa [39,43,44]. Additional research is required to examine the impact
of A-11 and AP19 on farm fertility, specifically in relation to post-mating vaginal discharge,
pregnancy rate, farrowing rate, and litter size, before introducing these peptides into the
pig industry.

4. Materials and Methods
4.1. Synthesis of Peptides and Their Physical-Chemical Analysis

The AMPs in this study were synthesized, determined for physicochemical proper-
ties (Table 6) and validated for inhibiting Pseudomonas aeruginosa isolated from human
clinical cases by Klubthawee et al. [45]. In brief, after being created utilizing solid-phase
methods and 9-fuorenylmethoxycarbonyl (Fmoc) chemistry, the A-11 and AP19 peptides
were synthesized by solid-phase techniques and purified as trifluoroacetate salts by HPLC
(ChinaPeptides, Shanghai, China). 19F nuclear magnetic resonance (NMR) revealed that
there was less than 1.7% (wt/wt) of residual TFA present. The TAMRA-labeled antimi-
crobial peptide was created via dehydration condensation, and TAMRA was bound to
antimicrobial peptide via an amide bond at the N-terminus. Reversed-phase HPLC analysis
revealed that more than 98% of the peptides were purified. Electrospray Ionization Mass
Spectrometry (ESI-MS) was used to identify the peptides [45].

Table 6. Physicochemical properties of the A-11 and AP19 peptides.

Peptide Amino Acid Sequence Number of
Amino Acids

Molecular Weight
(g/mol)

Net
Charge

Percentage of
Hydrophobic

Residues

A-11 WVKKVARKVVKIGRKVAR 18 2121.66 +8 44%

AP19 RLFRRVKKVAGKIAKRIWK 19 2353.94 +9 47%

4.2. Bacterial Strains and Culture Conditions

The bacteria in the present study were obtained from our previous report by Keer-
atikunakorn et al. [7] in which three species of the most frequently found bacteria in fresh
boar semen including E. coli, Pseudomonas aeruginosa, and Proteus mirabilis were isolated
and kept in a culture collection at the Laboratory of Bacteria, Veterinary Diagnostic Cen-
ter, Faculty of Veterinary Science, Mahidol University (Salaya, Phuttamonthon, Nakhon
Pathom, Thailand). The bacteria E. coli, Pseudomonas aeruginosa, and Proteus mirabilis were
all grown in a brain heart infusion (BHI, Difco, Reno, NV, USA) medium and incubated
for 16–18 h at 37 ◦C. Pre-culture was performed by inoculating BHI broth with a single
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isolated colony and then shaking it at 200 rpm for 16–18 h at 37 ◦C. Before being used, a 1%
concentration of the pre-culture was added to the BHI broth and kept to grow at 37 ◦C.

4.3. Bacterial Survival Assay

The bacteria were cultivated in BHI broth before being moved to a normal saline solution
(0.85% NaCl) to achieve the 0.5 McFarland standard (108 CFU/mL). A 500 µL bacterial
suspension diluted to 106 CFU/mL in Mueller–Hinton broth (DifcoTM, Reno, NV, USA),
was used in each well of the triplicate experiments, which used 48-well plates. This was
mixed with 500 µL of appropriate antimicrobial peptide dilutions at the doses of 62.50, 31.25.
15.625, 0 µg/mL (growth control). A positive control, gentamicin 200 µg/mL was used.
The OD600 values were measured every hour for a 24 h period at 37 ◦C using a microplate
spectrophotometer (BMG LABTECH, SPECTROstar Nano, Ortenberg, Germany), and a
growth curve was created [17].

4.4. Boar Semen Collection and Preparation

A semen sample was collected from each of the seven mature Duroc boars, theirs ages
ranged from 1.5 to 3 years. Boar semen was collected using the gloved-hand technique [46].
Only the sperm-rich fractions of the semen were collected after it was filtered via gauze.
The sperm motility, concentration, percentage of viability, intact acrosome, sperm with
high mitochondrial membrane potential, osmolality and total bacterial concentration of the
fresh semen were measured after collection [42]. Only semen ejaculates with a progressive
motility of more than 70% and a concentration more than 100 × 106 spermatozoa/mL were
included in the experiment [47].

As shown in Table 7, the fresh boar semen was divided into 8 groups and diluted
with different semen extenders as follows: Beltsville Thawing Solution with 200 µg/mL
of gentamicin (BTS; Minitube, Tiefenbach, Germany), BTS without antibiotic (Minitube,
Tiefenbach, Germany), and BTS without antibiotic plus various concentrations of A-11 and
AP19. The sperm concentration was adjusted to 3.0 × 109 sperm/100 mL. The diluted
semen samples were stored in a digitally controlled refrigerator at 18 ◦C until evaluation.
The total bacterial concentration was assessed at 0, 24, 36, 48, and 72 h after storage. The
quality of sperm was evaluated on days 1, 3, and 5 after storage.

Table 7. The table shows the experimental and control groups by antimicrobial peptide type and
concentration.

Group Antimicrobial Peptides Concentration (µg/mL)

1 BTS without gentamicin (negative control) -
2 BTS with gentamicin 200 µg/mL (positive control) -
3 A-11 62.50
4 A-11 31.25
5 A-11 15.625
6 AP19 62.50
7 AP19 31.25
8 AP19 15.625

4.5. Sperm Parameters Analysis
4.5.1. Total Motility and Progressive Motility

The sperm motility was analyzed by computer-assisted sperm motility analysis
(CASA) (AndroVision®, Minitube, Tiefenbach, Germany). In summary, 3 µL of expanded
semen was inserted into the counting chamber (Leja®, IMV Technologies, L’Aigle, Basse-
Normandie, France) in which the temperature of glass slide and stage were set at 37 ◦C. The
data were then recorded right away using the CASA. Each sample has five fields that are
evaluated, and each analysis counts at least 600 cells. The percentage of motile sperm, pro-
gressive motile sperm, and motility patterns, including curvilinear velocity (VCL, µm/s),
average pathway velocity (VAP, mm/s), straight-line velocity (VSL, mm/s), beat cross
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frequency straightness (BCF, Hz), amplitude of lateral head displacement (ALH, mm),
straightness (STR; VSL/VAP, %), and linearity (LIN; VSL/VCL, %) were expressed in the
analysis results [46].

4.5.2. Sperm Acrosomal Integrity

To assess acrosomal integrity, fluorescein isothiocyanate-labeled peanut (Arachis hy-
pogaea) agglutinin (FITC-PNA) with staining was employed. A total of 10 µL of the semen
sample was incubated with 10 µL of EthD-1 at 37 ◦C for 15 min A glass slide was covered
with the mixture in 5 µL, air-dried, and fixed in 95% ethanol for 30 sec. Spread all through
the slide, 50 µL of diluted FITC-PNA (diluted with PBS 1:10 v/v) was incubated at 4 ◦C in
a moist chamber for 30 min. Thereafter, the slide was washed with cold PBS and given to
air dry. Under a fluorescence microscope, 200 sperm were examined and separated into
two groups: those with intact and damaged acrosomes [34,46,47].

4.5.3. Sperm Viability

SYBR-14 (L7011; Live/Dead™ Sperm viability kit, Invitrogen, Waltham, MA, USA)
and Ethidiumhomodimer-1 (EthD-1, E1169, Invitrogen, Waltham, MA, USA) staining were
performed to assess the sperm viability. The mixture contained 10 µL of semen sample,
2.7 µL of SYBR-14 (0.54 µM in DMSO), and 10 µL of EthD-1 (1.17 µM in PBS). The mixture
was incubated at 37 ◦C for 20 min. After incubation, 5 µL of the processed sample was
pipetted to the glass slide, and the coverslip was placed over it. A fluorescent microscope
with a 1000×magnification was used to examine 200 sperm, which were then separated
into live and dead sperm [46].

4.5.4. Sperm with High Mitochondrial Membrane Potential (MMP)

The membrane potential of the mitochondria was assessed by a staining approach with
fluorochrome5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocyanine iodide
(JC-1; T3168, Invitrogen, Waltham, MA, USA). The mixture contained 50 µL of diluted
semen samples, 3 µL of a 2.4 mM propidium iodide (PI) solution, and 3 µL of a 1.53 mM
JC-1 solution in DMSO and was then incubated at 37 ◦C for 10 min. Two hundred live
sperm (PI-negative) were examined using a 400×magnification fluorescent microscope and
identified as having high mitochondrial membrane potential (yellow-orange fluorescence)
and low mitochondrial membrane potential (green fluorescence) [46].

4.6. Total Bacterial Concentration

The spread plate technique was used to determine the total bacterial content following
to the incubation of the boar semen samples at 18 ◦C. Using a ten-fold dilution method,
semen samples were diluted with 0.85% NaCl. Each dilution of a semen sample was spared
100 µL, and these were then cultured at 37 ◦C on plate count agar (PCA, DifcoTM, Reno,
NV, USA). After incubation, the colonies were enumerated and converted to CFU/mL at
48 h [48].

4.7. Statistical Analysis

The statistical analysis was performed by using PASW Statistics for Windows, version
18.0 (SPSS Inc., Chicago, IL, USA). The normal distribution test of the data was evalu-
ated using the Shapiro–Wilk test. The total bacterial concentration was presented as the
mean ± SD and semen parameters data were presented as the mean ± SEM. The bacterial
concentration and sperm parameters data analysis were performed by using one-way
analysis of variance (ANOVA) and compared means by using Duncan’s test. p < 0.05 was
considered statistically significant.

5. Conclusions

The antimicrobial peptides A-11 and AP19 demonstrated the capacity to inhibit the
growth of E. coli, Pseudomonas aeruginosa, and Proteus mirabilis that were obtained from fresh

136



Antibiotics 2024, 13, 489

boar semen and extended boar semen stored at 18 ◦C. The potential of these peptides as
an alternative to antibiotics in boar semen extenders is being remarked. Nevertheless, the
utilization of these specific antimicrobial peptides relied on the concentration and duration
of storage.
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Abstract: Many anti-microbial peptides (AMPs) and pro-apoptotic peptides are considered as novel
anti-microbial agents, distinguished by their different characteristics. Nevertheless, AMPs exhibit
certain limitations, including poor stability and potential toxicity, which hinder their suitability for
applications in pharmaceutics and medical devices. In this study, we used recombinant mussel
adhesive protein (MAP) as a robust scaffold to overcome these limitations associated with AMPs.
Mussel adhesive protein fused with functional peptides (MAP-FPs) was used to evaluate anti-
microbial activities, minimal inhibitory concentration (MIC), and time-kill kinetics (TKK) assays
against six of bacteria strains. MAP and MAP-FPs were proved to have an anti-microbial effect
with MIC of 4 or 8 µM against only Gram-negative bacteria strains. All tested MAP-FPs killed four
different Gram-negative bacteria strains within 180 min. Especially, MAP-FP-2 and -5 killed three
Gram-negative bacteria strain, including E. coli, S. typhimurium, and K. pneumoniae, within 10 min. A
cytotoxicity study using Vero and HEK293T cells indicated the safety of MAP and MAP-FP-2 and -3.
Thermal stability of MAP-FP-2 was also validated by HPLC analysis at an accelerated condition for
4 weeks. This study identified that MAP-FPs have novel anti-microbial activity, inhibiting the growth
and rapidly killing Gram-negative bacteria strains with high thermal stability and safety.

Keywords: recombinant anti-microbial protein; mussel adhesive protein; Gram-negative bacteria;
thermal stability

1. Introduction

Infectious diseases, such as SARS-CoV-2, among other viruses, have gained major
attention owing to large-scale pandemics, which can severely affect human quality of life
and be exacerbated by antibiotic resistance [1,2]. A great need exists for effective antivi-
rals and antimicrobials to impede the transmission of infectious diseases [2,3]. Antiviral
and antimicrobial agents are commonly applied on safeguarding materials ranging from
consumer goods to medical devices to mitigate the risk of public outbreaks. Although
many substances exhibit robust antiviral or antimicrobial activities, a prevailing concern is
their unfavorable therapeutic index and resistance [4,5]. Throughout prokaryotes, plants,
and vertebrates, antimicrobial peptides (AMPs) are important biomolecules participating
in the innate immune response and host defense against infections [6–8]. AMPs (typical
length of <200 amino acid residues) are secreted by host cells and act as bacteriostatic
or bactericidal agents [9]. They often exhibit a distinctive composition featuring cationic
and hydrophobic residues that represent amphiphilic structures. Based on their composi-
tional and structural characteristics, AMPs interact with and disrupt the bacterial plasma
membranes bearing negative charges in their outer layers [10,11]. Given their diversity
and potential as antimicrobial agents, active research is being conducted on the use of
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AMPs in the therapeutic, medical, and consumer industries. Some AMPs with strong
and broad-spectrum antimicrobial activities have been developed for use as antimicrobial
substances and antibiotics. FDA-approved AMP-derived antibiotics are used to treat vari-
ous diseases, depending on their specific characteristics and antimicrobial spectrum. For
example, daptomycin, a cyclic lipopeptide sourced from Streptomyces roseosporus, is used to
treat Staphylococcus aureus-associated skin infections [12,13]. Vancomycin, a glycopeptide
originating from Amycolatopsis orientalis, plays a pivotal role in combatting life-threatening
Gram-positive bacterial infections, such as methicillin-resistant S. aureus (MRSA) [14].
Nonetheless, the practical application of AMPs is limited by their half-life, cytotoxicity, and
production costs [15,16]. Representative AMP-derived antibiotics, including daptomycin,
vancomycin, and telavancin, are susceptible to rapid structural degradation owing to in-
stability and high cytotoxicity when administered at high doses, which is often required
in clinical treatment. These limitations can be overcome by using recombinant proteins
derived from natural materials as scaffolds.

Mussels have a remarkable ability to adhere to surfaces with great stability, even
under harsh conditions, such as high pressures and salinity. MAPs are characterized by
good biocompatibility and biodegradability, making them useful scaffolds for recombinant
proteins [17–20]. Among the recombinant MAP scaffold proteins, fp-151 (derived from
Mytilus edulis) is composed of six mussel foot protein 1 decapeptide repeats (fp1) at each
mussel terminus of foot protein 5 (fp5) and commonly employed for its high yield, easy
purification, and cost-effective manufacturing [21]. Extracellular-matrix-derived peptide-
fused MAPs can further be used to regulate cell attachment and growth [22,23]. However,
the antimicrobial activities of AMP-fused MAPs have not yet been examined. In this study,
we constructed AMP-fused MAPs and determined their antimicrobial performance against
various bacteria in vitro.

2. Results
2.1. Recombinant MAP-Fused Functional Peptides (MAP-FPs)

Many different proteins, which are derived from living organisms such as metabolites
and components of some species, have been tried as biocompatible materials to apply phar-
maceutics and medical devices. Although many AMPs were developed in a few decades,
there were some limitations, such as low stability and cytotoxicity. To overcome the lim-
itations of AMPs, MAP-derived recombinant protein system was used to give stability
and safety to AMPs. Since recombinant mussel adhesive proteins, MAP fp-151, have been
developed as biomaterial, having stability and cost-effective manufacturing was used as a
scaffold for recombinant AMPs. MAP fp-151 was composed as fp1-fp5-fp1, derived from
Mytilus edulis [23]. To make MAP-fused functional peptide for anti-microbial application, a
number of antibiotic peptides originating from AMPs and proapoptotic peptides were fused
to C-terminal of MAP fp-151 (Figure 1a). Anti-microbial-activity-associated peptides, in-
cluding AKRHHGYKRKFH from anti-microbial histatin 5-derived P-113 (MAP-FP-1) [24],
LKKLAKLALAF from anti-cancer peptide (MAP-FP-2) [25], THRPPMWSPVWP from
transferrin receptor binding peptide (MAP-FP-3) [26,27], ILRWPWWPWRRK from anti-
microbial omiganan (MAP-FP-4) [28,29], and KLAKLAKKLAKLAK from proapoptotic/anti-
microbial KLAK peptide (MAP-FP-5) [30,31], were selected for MAP-fused functional pep-
tides (MAP-FPs) (Table 1). Recombinant MAP-FPs were overexpressed and purified as
previously described [21]. Since overexpressed recombinant MAP-FPs were aggregated as
an inclusion body in E. coli, they lost anti-microbial activity and could be purified. Purified
recombinant MAP-FPs showed >80% purity, as determined by SDS-PAGE (Figure 1b).
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FPs. (b) Electrophoresis analysis of purified recombinant MAP-FPs for purity. Purified recombinant 
MAP-FPs (5 µg) were loaded with SDS-PAGE and separated using electrophoresis. After electro-
phoresis, SDS-PAGE was stained with Coomassie blue dye. 

Table 1. Chemical properties of the MAP-fused functional peptides (MAP-FPs). 

Peptide Sequence Molecular 
Weight 

Hydrophobic 
Residues (%) 

Net Charge at 
pH 7.0 

MAP-FP-1 AKRHHGYKRKFH 1564.82 42 5.27 
MAP-FP-2 LKKLAKLALAF 1215.59 27 3.00 
MAP-FP-3 THRPPMWSPVWP 1490.75 17 1.09 
MAP-FP-4 ILRWPWWPWRRK 1780.16 33 4.00 
MAP-FP-5 KLAKLAKKLAKLAK 1524.01 43 6.00 

Magainin I 
GIGKFLH-

SAGKFGKAFVGEIMKS 2409.88 30 3.09 
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at concentrations of 0.25–8 µM against Gram-negative bacteria, including Escherichia coli, 

Figure 1. Schematic representation for MAP-FPs. (a) Schematic diagram of construction for MAP-
FPs. (b) Electrophoresis analysis of purified recombinant MAP-FPs for purity. Purified recombinant
MAP-FPs (5 µg) were loaded with SDS-PAGE and separated using electrophoresis. After electrophore-
sis, SDS-PAGE was stained with Coomassie blue dye.

Table 1. Chemical properties of the MAP-fused functional peptides (MAP-FPs).

Peptide Sequence Molecular Weight Hydrophobic Residues (%) Net Charge at pH 7.0

MAP-FP-1 AKRHHGYKRKFH 1564.82 42 5.27
MAP-FP-2 LKKLAKLALAF 1215.59 27 3.00
MAP-FP-3 THRPPMWSPVWP 1490.75 17 1.09
MAP-FP-4 ILRWPWWPWRRK 1780.16 33 4.00
MAP-FP-5 KLAKLAKKLAKLAK 1524.01 43 6.00
Magainin I GIGKFLHSAGKFGKAFVGEIMKS 2409.88 30 3.09

2.2. Determination of Minimal Inhibitory Concentrations (MICs) of MAP-FPs

MICs of MAP-FPs and Magainin I were determined against standard laboratory mi-
crobial strains, including four Gram-negative and two Gram-positive strains, using the
broth microdilution method. The growth inhibitory activities of MAP-FPs were assessed
at concentrations of 0.25–8 µM against Gram-negative bacteria, including Escherichia coli,

142



Antibiotics 2024, 13, 239

Salmonella typhimurium, Klebsiella pneumoniae, and Citrobacter freundii, and Gram-positive
bacteria, including Staphylococcus aureus and Bacillus cereus (Table 2). MAP-FPs and Ma-
gainin I at 4–8 µM inhibited the growth of Gram-negative strains. However, neither the
MAP-FPs nor Magainin I inhibited the growth of Gram-positive strains. Interestingly,
MAP, used as the backbone and adhesive domain for the surface coating, also inhibited
the growth of the Gram-negative E. coli and S. typhimurium strains. Compared to the other
MAP-FPs, MAP-FP-2, -4, and -5 showed a two-fold higher growth inhibitory potency
against E. coli and S. typhimurium. These results demonstrate that 4–8 µM of MAP and
MAP-FPs could inhibit the growth of susceptible Gram-negative bacteria.

Table 2. Minimum inhibitory concentration of MAP-FPs against Gram-negative and -positive
bacteria. Microbials (1.5 × 105 CFU/mL), including E. coli, S. typhimurium, K. pneumoniae, C. freundii, S.
aureus, and B. cereus, were incubated with MAP-FPs and Magainin I (concentration range 0.25~8 µM)
in CAMHB. After 18 h of incubation, the growth inhibition of microbials was measured using CCK-8
reagent. A volume of 10 µL of CCK-8 reagent was added to each well and incubated plate for 90 min
at 37 ◦C. Absorbance of 450 nm wavelength was determined using microplate reader. Data represent
the result of the experiment performed in triplicate. n.d. means not determined. Data are presented
as the mean ± standard deviation.

Peptide

Gram-Negative Gram-Positive

E. coli S. typhimurium K. pneumoniae C. freundii S. aureus B. cereus

MIC
(µM)

p
Value

MIC
(µM)

p
Value

MIC
(µM)

p
Value

MIC
(µM)

p
Value

MIC
(µM)

p
Value

MIC
(µM)

p
Value

MAP 8 <0.0001 8 <0.0001 n. d. - n. d. - n. d. - n. d. -
MAP-FP-1 8 <0.0001 8 <0.0001 8 <0.0001 8 0.0001 n. d. - n. d. -
MAP-FP-2 4 <0.0001 4 <0.0001 8 0.0001 8 0.0011 n. d. - n. d. -
MAP-FP-3 8 <0.0001 8 <0.0001 8 0.0091 n. d. - n. d. - n. d. -
MAP-FP-4 4 <0.0001 4 <0.0001 8 <0.0001 8 <0.0001 n. d. - n. d. -
MAP-FP-5 4 <0.0001 4 0.0001 8 <0.0001 8 <0.0001 n. d. - n. d. -
Magainin 4 <0.0001 4 <0.0001 4 <0.0001 8 <0.0001 n. d. - n. d. -

2.3. Time-Dependent Microbicidal Activity of MAP-FPs

To check the time-dependent microbicidal activity of MAP-FPs, TKK assay was per-
formed on six microbial strains. TKK of MAP-FPs was investigated using the CFU counting
method after indicated times, 0, 10, 30, 60, and 180 min with 1 × MIC of MAP-FPs. Since
some MICs have not yet been determined, for all MAP-FPs against Gram-positive bacteria
and MAP against K. pneumoniae and C. freundii, 8 µM was used as 1 × MIC of MAP-
FPs and Magainin I. Time-kill kinetics of 1 × MIC MAP and MAP-FPs showed all four
Gram-negative bacteria were killed within 180 min, but Magainin I did not (Figure 2a–d).
S. typhimurium and K. pneumoniae were killed within 60 min with MAP and MAP-FPs
(Figure 2b,c). Similar to the findings of a previous MIC study, MAP-FP-2 and -5 showed the
fastest antimicrobial effects and could kill E. coli, S. typhimurium, and K. pneumoniae within
30 min (Figure 2a–c). Although none of the 1 × MIC MAP-FPs killed S. aureus (Figure 2e),
MAP-FP-5 killed B. cereus within 180 min (Figure 2f). A 1/4 × MIC of MAP-FPs killed all
Gram-negative bacteria except C. freundii within 180 min (Figure S1a–f). Compared with the
TKK of 1 × MIC results, it was observed that even smaller amounts of MAP-FPs also killed
susceptible bacteria within 180 min. These results demonstrate the direct microbicidal
effects of MAP and MAP-FPs against susceptible Gram-negative bacteria.

143



Antibiotics 2024, 13, 239Antibiotics 2024, 13, x FOR PEER REVIEW 5 of 11 
 

 
Figure 2. Time-killing kinetics of MAP-FPs against Gram-negative and -positive bacteria. Micro-
bials (1.0 × 107 CFU/mL), including E. coli (a), S. typhimurium (b), K. pneumoniae (c), C. freundii (d), S. 
aureus (e), and B. cereus (f), were treated with 1 × MIC of MAP-FPs and Magainin I in PBS. 1 × MIC 
stands for 4 µM. After indicated times (10, 30, 60, and 180 min), bacteria were harvested and then 
spread onto an agar plate. After 18 h of incubation, the CFU was calculated. All data represent the 
mean value ± standard deviation of three independent experiments.  

2.4. Cytotoxicity of the MAP-FPs 
To investigate the cytotoxicity of MAP-FPs, Vero, monkey kidney epithelial cells, and 

HEK293T, human kidney epithelial cells, cell lines were used. Two normal kidney epithe-
lial cells were treated with MAP-FPs in a dose-dependent manner. After 24 h of incuba-
tion, cell viability was measured to determine the 50% cytotoxic concentration (CC50) of 
MAP-FPs to normal cells. Although MAP showed good safety even at 12 µM, MAP-FP-1, 
-4, and -5, derived from P-113, omiganan, and KLA proapoptotic peptide, showed a CC50 
of 8.3, 5.8, and 7.3 µM, respectively, in only the Vero cell line. Although some MAP-FPs 
were toxic at high concentrations, MAP-FP-2 and -3 demonstrated good safety at 12 µM 
(Table 3 and Figure S2a–f). 

Table 3. Cytotoxicity of the MAP-FPs in mammalian cells. Vero and HEK293T cells were used for 
cytotoxicity of MAP-FPs. Cells (5,000 cells/well) were seeded and then treated with different con-
centration of MAP-FPs for 24 h. After 24 h of incubation, cytotoxicity was determined by CCK-8 

Figure 2. Time-killing kinetics of MAP-FPs against Gram-negative and -positive bacteria. Micro-
bials (1.0 × 107 CFU/mL), including E. coli (a), S. typhimurium (b), K. pneumoniae (c), C. freundii (d),
S. aureus (e), and B. cereus (f), were treated with 1 × MIC of MAP-FPs and Magainin I in PBS. 1 × MIC
stands for 4 µM. After indicated times (10, 30, 60, and 180 min), bacteria were harvested and then
spread onto an agar plate. After 18 h of incubation, the CFU was calculated. All data represent the
mean value ± standard deviation of three independent experiments.

2.4. Cytotoxicity of the MAP-FPs

To investigate the cytotoxicity of MAP-FPs, Vero, monkey kidney epithelial cells, and
HEK293T, human kidney epithelial cells, cell lines were used. Two normal kidney epithelial
cells were treated with MAP-FPs in a dose-dependent manner. After 24 h of incubation, cell
viability was measured to determine the 50% cytotoxic concentration (CC50) of MAP-FPs
to normal cells. Although MAP showed good safety even at 12 µM, MAP-FP-1, -4, and -5,
derived from P-113, omiganan, and KLA proapoptotic peptide, showed a CC50 of 8.3, 5.8,
and 7.3 µM, respectively, in only the Vero cell line. Although some MAP-FPs were toxic at
high concentrations, MAP-FP-2 and -3 demonstrated good safety at 12 µM (Table 3 and
Figure S2a–f).
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Table 3. Cytotoxicity of the MAP-FPs in mammalian cells. Vero and HEK293T cells were used
for cytotoxicity of MAP-FPs. Cells (5000 cells/well) were seeded and then treated with different
concentration of MAP-FPs for 24 h. After 24 h of incubation, cytotoxicity was determined by CCK-8
solution. A volume of 10 µL of CCK-8 reagent was added to each well and incubated plate for 90 min
at 37 ◦C, 5% CO2. Data represent the result of the experiment performed in triplicate.

Peptide
CC50 (µM)

Vero HEK293T

MAP >12 >12
MAP-FP-1 8.3 >12
MAP-FP-2 >12 >12
MAP-FP-3 >12 >12
MAP-FP-4 5.8 >12
MAP-FP-5 7.3 >12

2.5. Thermal Stability of the MAP-FPs

Since MAP-FP-2 exhibited anti-microbial activity without cytotoxicity in normal mam-
malian cells among MAP-FPs, thermal stability of MAP and MAP-FP-2 was analyzed
using RP-HPLC. For thermal stability, MAP and MAP-FP-2 were incubated at 42 ◦C for
14 and 28 days, and then stability was determined by RP-HPLC. MAPs, incubated at 42 ◦C,
showed 100.02 ± 0.19% and 96.36 ± 0.3% stabilities after 14 and 28 days, respectively.
Stabilities of MAP-FP-2 were exhibited as 90.89 ± 1.44% and 91.33 ± 2.6% after 14 and
28 days incubation at 42 ◦C (Table 4). Although MAP-FP-2 showed a 9% decrease in stabil-
ity compared to MAP, its stability did not decrease in a time-dependent manner, and its
antimicrobial activity was sustained (Table 4). Based on these results, MAP and MAP-FP-2
exhibit strong thermal stability.

Table 4. Thermal stability analysis of MAP and MAP-FP-2. MAP and MAP-FP-2, dissolved in
deionized water (8 µM), were incubated at 42 ◦C for 14 and 28 days. After incubation, MAP and
MAP-FP-2 were analyzed using RT-HPLC. To check anti-microbial activity, the MIC of incubated
MAP and MAP-FP-2 against E. coli was determined by the microdilution method.

Day of Storage
MAP MAP-FP-2

Recovery ± RSD MIC (µM) Recovery ± RSD MIC (µM)

0 100.00 ± 0.78 8 100.00 ± 3.61 4
14 100.02 ± 0.19 8 90.89 ± 1.44 4
28 96.36 ± 0.30 8 91.33 ± 2.60 4

3. Discussion

There is an urgent global need for new strategies and drugs to treat anti-microbial-
resistant bacterial infections. While the presence of antibiotic-resistant strains does not
render all existing antibiotics completely useless, it significantly reduces the survival rates
of individuals infected with antibiotic-resistant strains. To eliminate antibiotic-resistant
bacteria, novel anti-microbial agents should be developed. The traditional antibiotic devel-
opment pipeline has been unable to address the clinical issues associated with antimicrobial
resistance. Thus, the development of novel classes of antibiotics with new targets or modes
of action is necessary. New anti-microbial alternatives such as AMP are especially promis-
ing because of their potent and broad anti-microbial activity with their slow rate inducing
resistance in bacteria [32,33]. In this study, AMPs exhibiting antimicrobial, anticancer, and
proapoptotic activities were fused with a biocompatible MAP scaffold to produce a novel
antimicrobial MAP-FP, serving as a functional peptide domain. The manufactured MAP
and MAP-FPs exhibited strong antimicrobial activities against specific Gram-negative bac-
teria. Some antibiotics, including aztreonam, cephalosporin, and polymyxin B, also exhibit
antimicrobial activities against Gram-negative bacteria. In particular, similar to MAP-FPs,
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aztreonam did not show anti-microbial activity against Gram-positive bacteria, but only
against Gram-negative bacteria. Similar to Gram-negative-specific antibiotic mechanisms,
it disrupted the Gram-negative cell wall by binding enriched lipopolysaccharide (LPS) or
synthesis enzyme; MAP-FPs are also expected to have a Gram-negative cell wall targeting
mechanism [34–36].

MAP-FPs not only exhibit unique anti-microbial activity against Gram-negative bacte-
ria but also have favorable therapeutic index and physicochemical properties, such as high
thermal stability and adhesiveness. Unlike synthetic adhesives, MAPs possess distinctive
properties; mussel filaments (byssus) can attach to inorganic surfaces in the sea without
degradation or alteration [37]. This high stability is also reflected in MAP-FPs, which
remained structurally stable at 42 ◦C over 4 weeks, far surpassing the rapid degradation
of peptides under similar conditions. This highlights the potential of MAPs as scaffold
materials for attaching to inorganic surfaces and incorporating with specific peptides as a
functional peptide domain for various applications. Based on these physicochemical prop-
erties of MAP-FPs, MAP-FPs possess promise as anti-microbial coating materials against
Gram-negative bacteria like as E. coli, S. typhimurium, and P. aeruginosa in the medical
devices and consumer goods. Especially, E. coli and P. aeruginosa are representative bacteria
to make biofilm on the surface of medical devices and consumer goods [38,39]. Biofilms,
having resistance to anti-microbial agents and host immunity, are the product of microbial
cells sticking to each other and adhesive surfaces. Because biofilm is not easily removed
by common sterilization and biofilm formation takes some time, biomedical devices need
to be coated with an anti-microbial and stable agent to suppress biofilm formation [40].
Since not only MAP-FPs have stable and adhesive properties based on MAP but also have
anti-microbial activity based on anti-microbial peptides, MAP-FPs could be good candi-
dates for anti-microbial/biofilm coating agents. Further studies are needed to validate the
anti-biofilm activity and adhesiveness to elucidate the practical applications in consumer
products and medical devices.

4. Materials and Methods
4.1. Preparation of Recombinant Proteins

MAP fp-151, cloned into pET-22b(+) vector (Novagen, Darmstadt, Germany), was
used as the backbone vector [2]. cDNAs encoding anti-microbial peptides or cell lytic
peptides were subcloned into C-terminal of MAP fp-151 at sites HindIII and XhoI restriction
enzymes and expressed in E. coli Rosetta (DE3) (Novagen, Darmstadt, Germany) by IPTG
(Sigma-Aldrich, St. Louis, MO, USA) induction. MAP-fused functional peptides (MAP-
FPs) were purified as previously described [21]. Briefly, induced E. coli was lysed using
a high-pressure homogenizer. MAP-FPs were extracted using 25% (v/v) acetic acid from
the inclusion body of lysates. Extracts were dialyzed in phosphate-buffered saline (PBS)
containing 20% glycerol using dialysis tubing (Sigma-Aldrich, St. Louis, MO, USA). Purified
MAP-FPs were freeze-dried and then stored at −80 ◦C.

4.2. Microorganisms

The microorganisms used in this study were Escherichia coli (E. coli, ATCC, 25922),
Salmonella typhimurium (S. typhimurium, ATCC, 13311), Klebsiella pneumoniae (K. pneumoniae,
ATCC, 10031), Citrobacter freundii (C. freundii, ATCC, 6750), Staphylococcus aureus (S. aureus,
ATCC, 29213), and Bacillus cereus (B. cereus, ATCC, 27348), obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). The strains were maintained at −80 ◦C
with broth containing 20% glycerol. The broth that was used for the storage of E. coli,
S. typhimurium, K. pneumoniae, C. freundii, and B. cereus in cryogenics was nutrient broth (MB
Cell, Seoul, Republic of Korea), while Tryptic soy broth (MB Cell, Seoul, Republic of Korea)
was used for S. aureus.
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4.3. Minimal Inhibitory Concentrations (MICs) Determinations

The minimal inhibitory concentrations (MICs) of the MAP-FPs were determined using
the broth microdilution method in Cation-adjusted Mueller Hinton Broth (CAMHB, MB
Cell, Seoul, Republic of Korea) against all six strains following the guidelines of the Clinical
and Laboratory Standard Institute (CLSI). The M7-A9 protocol was used for MIC assay.
Briefly, E. coli, S. typhimurium, K. pneumoniae, C. freundii, and B. cereus were incubated in
nutrient broth, and S. aureus was incubated in Tryptic soy broth overnight at 37 ◦C. Then,
six strains of bacteria were grown overnight at 37 ◦C, 150 RPM in the CAMHB and were
diluted with CAMHB to achieve 0.5 McFarland turbidity standard (1.5 × 108 CFU/mL,
OD600: 0.07~0.08) using a microplate reader. Next, a total of 100 µL of the 0.5 McFarland so-
lution was added to 9900 µL of CAMHB (1/100 dilution, 1.5 × 106 CFU/mL). To make final
inoculum as 1.5 × 105 CFU/mL, 10 µL of bacterial inoculum containing 1.5 × 106 CFU/mL
cells was added into the plate (SPL, Gyeonggi-do, Republic of Korea) wells containing
90 µL of serially diluted peptide samples (final concentrations ranging from 0.25 to 8 µM)
and incubated at 37 ◦C for 18 h. The inhibition of microbial growth was determined by
cell counting kit-8 (CCK-8) reagent (Dojindo, Kumamoto, Japan). Incubated broth of each
well was diluted 10-fold with PBS using a multi-channel pipette. A volume of 10 µL of
CCK-8 reagent was added to each well and incubated for 90 min. The absorbance at 450 nm
wavelength was measured using the microplate reader (BioTek Synergy, Winooski, VT,
USA, S1LFA). All measurements were performed in triplicate.

4.4. Time-Kill Kinetics (TKK) Assay

The time-kill kinetics (TKK) assay of the MAP-FPs was studied against six different
microbial strains. A volume of 670 µL of the 0.5 McFarland turbidity standard solution,
having microbials of 1.5 × 108 CFU/mL, was added to 9330 µL of PBS without bacteria
to adjust the inoculum concentration, having 1.0 × 107 CFU/mL. Adjusted microbials
(1.0 × 107 CFU/mL) were incubated with PBS containing 1 × MIC (4 µM: MAP-FP-2, -4,
-5, Magainin I against E. coli, S. typhimurium; Magainin I against K. pneumoniae/8 µM:
MAP, MAP-FP-1, -3 against E. coli, S. typhimurium; MAP, MAP-FPs against K. pneumoniae;
MAP, MAP-FPs, Magainin I against C. freundii, S. aureus, and B. cereus) and 1/4 × MIC
(1 µM: MAP-FP-2, -4, -5, Magainin I against E. coli, S. typhimurium; Magainin I against
K. pneumoniae/2 µM: MAP, MAP-FP-1, -3 against E. coli, S. typhimurium; MAP, MAP-FPs
against K. pneumoniae; MAP, MAP-FPs, Magainin I against C. freundii, S. aureus, and
B. cereus) of MAP and MAP-FPs. Then, incubation of PBS containing MAP-FPs and mi-
crobials was performed under the conditions of 37 ◦C, 150 RPM. After 0, 10, 30, 60, and
180 min, incubated microbials were harvested, serially diluted, and then 100 µL of serially
diluted sample containing microbials were spread onto a nutrient agar plate. Agar plates
were then further incubated at 37 ◦C for 24 h. CFUs were determined by counting colonies
manually. Non-treated cultured bacteria were used as a control.

4.5. Cytotoxicity

Vero (KCLB, 10081) and HEK293T (ATCC, CRL-3216) were obtained from the Ko-
rean Cell Line Bank (KCLB, Seoul, Republic of Korea) and ATCC (Manassas, VA, USA),
respectively. Vero and HEK293T cells were cultured at 37 ◦C, 5% of CO2 with Roswell Park
Memorial Institute (RPMI)-1640 and Dulbecco’s Modified Eagle’s Medium (DMEM) High
Glucose (Hyclone, Logan, UT, USA) containing 10% fetal bovine serum (FBS, Hyclone,
Logan, UT, USA), 100 Unit/mL penicillin, 100 µg/mL streptomycin, respectively (Hyclone,
Logan, UT, USA). Vero and HEK293T (5 × 103/well) cells were seeded in 96-well cell
culture plates (SPL, Gyeonggi-do, Republic of Korea) with 10% FBS medium. After 15 h,
cells were exposed to media only or media containing various concentration of MAP and
MAP-FPs for 24 h. Cytotoxicity was measured using CCK-8 solution following manufac-
turer’s instructions (Dojindo, Kumamoto, Japan). Briefly, 10 µL of CCK-8 solution was
added to cultured media and incubated for 90 min to detect absorbance. The absorbance
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was measured at 450 nm wavelength using a microplate reader (BioTek Synergy, Winooski,
VT, USA). CC50 values were calculated using Prism (GraphPad, version 9.1.1).

4.6. Thermal Stability Analysis

MAP and MAP-FPs, dissolved in deionized water, were aliquoted and incubated at
42 ◦C for 2 and 4 weeks (final concentration was 8 µM). After incubation, thermal stability
of MAP-FPs was analyzed by reverse-phase high-performance liquid chromatography
(RP-HPLC) instrument. RP-HPLC was performed on an Agilent 1100 series HPLC system
coupled with a diode array detector (Agilent, Santa Clara, CA, USA, G1315A). A Phe-
nomenex gemini C18 column (250 × 4.6 mm, 5 µm; Phenomenex, 00G-4435-E0, Torrance,
CA, USA) protected by a C18 security guard column (SecurityGuard; Phenomenex, Tor-
rance, CA, USA) was used for chromatographic separation at 40 ◦C. Chromatographic
separation was performed in gradient mode with a flow rate of 1 mL/min. Gradient elution,
consisting of an organic phase (A, 0.1% trifluoroacetic acid (TFA) in acetonitrile (ACN)) and
an aqueous phase (B, 0.1% TFA in water), was changed from 0:100 (A:B, v/v) to 100:0 (A:B,
v/v) in 50 min. The sample injection volume was 10 µL, and protein identification was
made by UV detection at 280 nm. The data were analyzed by ChemStation B.04.03 (Agilent,
Santa Clara, CA, USA). All measurements were performed in triplicate. Stability was
expressed as the percentage recovery which was calculated from the following equation.

Recovery (%) = purity of analyzed sample / purity of analyzed control (day 0) × 100

4.7. Statistical Analysis

Statistical analysis was performed using an unpaired, two-tailed, Student’s t-test
with GraphPad Prism 9.1.1 (GraphPad, San Diego, CA, USA). The data were presented as
mean ± standard deviation. p < 0.05 was considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics13030239/s1, Figure S1: Time killing kinetics of MAP-FPs
1/4 × MIC against Gram-negative and positive bacteria; Figure S2: Cytotoxicity of the MAP-FPs in
Vero and HEK293T cells.
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Abstract: Due to huge diversity and dynamic competition, the human gut microbiome produces a
diverse array of antimicrobial peptides (AMPs) that play an important role in human health. The gut
microbiome has an important role in maintaining gut homeostasis by the AMPs and by interacting
with other human organs via established connections such as the gut–lung, and gut–brain axis.
Additionally, gut AMPs play a synergistic role with other gut microbiota and antimicrobials to
maintain gut homeostasis by fighting against multi-antibiotic resistance (MAR) bacteria. Further,
conventional antibiotics intake creates a synergistic evolutionary pressure for gut AMPs, where
antibiotics and gut AMPs fight synergistically against MAR. Overall, gut AMPs are evolving under a
complex and highly synergistic co-evolutionary pressure created by the various interactions between
gut microbiota, gut AMPs, and antibiotics; however, the complete mechanism is not well understood.
The current review explores the synergistic action of gut AMPs and antibiotics along with possibilities
to fight against MAR bacteria.

Keywords: gut microbiota; gut peptides; multi-antibiotic resistance; co-evolution

1. Introduction

The rapid emergence of MAR and bacterial infections are global health concerns
that urgently need to be addressed. The unavailability of new antibiotics and failure of
available therapeutic strategies due to resistance development results in severe health
complications and a sharp rise in deaths throughout the world [1,2]. In light of these facts,
there is an urgent need for new antimicrobials and the development of new antimicrobial
therapeutic strategies with effective outcomes to win the battle against MAR. AMPs are
one of the promising options to fight against MAR due to their ubiquitous availability and
diverse activity spectrum [3,4]. Additionally, the amenability of AMPs to bioengineering
and drug repurposing may also play an important role in the development of new strate-
gies to treat MAR [5–7]. Interestingly, the human gut is a complex environment where
the cohabitation of pathogens with a beneficial gut microbiome and host appeases the
synergistic co-evolution and action of gut AMPs and antibiotics. AMPs are also known
to have multiple antimicrobial properties within a single peptide including membrane
permeabilization and inhibition of both transcription and translation [8]. In the complex
environment of the gut, high antimicrobial strength and complexity are observed in the
tightly synchronized secretion of AMPs enriched with interdependent properties [9]. Host
defense peptide-producing cells in the gut also take advantage of this synergistic action of
gut AMPs in specific combinations that result in higher efficiency against pathogens at low
concentrations. Similarly, the synergistic action of gut AMPs is observed with conventional
antibiotics and could be used to develop new therapeutics against MAR. Interestingly,
because of their known benefits, AMP-based drugs are now under consideration by the
European Medicines Agency (EMA) and the Food and Drug Administration (FDA) [10,11].
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Although gut AMPs have already been discussed extensively as a potential alternative to
fighting against MAR, new strategies are required to control the development and evolution
of rapid resistance [12–14]. Also, it is important to understand the synergistic and rapid
evolutionary process of gut AMPs with antibiotics. Here in the present review, we discuss
the use of gut microbiota-produced AMPs in conjugation with conventional antibiotics,
their synergistic co-evolution, and their action in controlling MAR.

2. Influence of Antibiotics on Gut Microbiota, Susceptibility to Infections, and
Resistance Development

The most frequent and significant factor altering the normal gut microbiome com-
position and function is the use of antibiotics; however, many other factors that might
impair the beneficial gut microbiota include mental and physical stress, radiation treatment,
altered gut peristalsis, gastrointestinal infections, and dietary changes [15]. Antibiotics
have a major impact on changing the gut microbiota, resulting in decreased bacterial di-
versity and increased numbers of some taxa [16]. This change in gut microbiome further
results in the altered production of AMPs produced by gut microbiota and their associated
functions impacting host immunity. Additionally, antibiotics’ activity spectrum, mode of
action, potency, pharmacokinetics, dosage, and length of administration are also major
factors that influence the gut AMPs and microbiome [17]; however, the presence of preex-
isting antimicrobial resistance genes in an individual’s microbiome is another concerning
factor. Changes in the variety of gut bacteria can result in Clostridium difficile infection,
which is naturally resistant to many antibiotics [18]. Other unintended consequences of
antibiotic use on gut microbiota include selection for a reservoir of bacterial antibiotic
resistance genes, and progression of horizontal gene transfer between bacterial strains that
affects the expression, production, and regulation of gut AMPs further leading to immune
dysregulation and antibiotic resistance development [16].

Antibiotics affect the local gut immune system by changing the composition of the gut
resident microbiota and their metabolites, specifically AMPs. It has been shown that post-
antibiotic treatment, the small intestine showed lower IL-17 and INF-γ production, while
the colon showed decreased numbers of Treg cells. This suggests that antibiotics induce
altered host–microbiota interactions that cause immune imbalance [19]. Additionally, the
gut microbiota stimulates mucin production, whereas antibiotics cause the weakening of
the mucus barrier, making the body more vulnerable to bacterial invasion and subsequent
infections [20]. Intestinal infections may be brought on by newly acquired pathogens or by
the overgrowth and pathogenic potential of opportunistic microorganisms due to changes in
the bacterial populations that ordinarily inhabit the gut lumen. Numerous studies on infants
receiving antibiotics, particularly preterm ones, have been conducted. The normal bacterial
microbiota of infants is changed by treatment with different antibiotics, such as cephalexin,
gentamicin, vancomycin, and erythromycin, by increasing the percentage of potentially
pathogenic Enterobacteriaceae and decreasing the number of bacteria like Bifidobacteriaceae,
Bacilli, and Lactobacillus which are part of the healthy microbiota [21]. Overall, antibiotics
displayed a significant role in the modulation of gut microbiota that leads to infection
susceptibility at one end and resistance development as another counterpart.

3. Interplay of Gut Microbiota with Gut AMPs

Gut microbiota plays an essential role in the regulation of the host defense system by
maintaining gut homeostasis. Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria
form the majority of the gut microbiome [22]. The diverse array of gut AMPs produced by
gut microbiota plays an important role in various functional activities in the gut such as
immunomodulatory activities and protection against pathogens by disrupting bacterial cell
membranes and halting the RNA and DNA synthesis of metabolism [23]. Bacteriocins are
the major bacterially produced gut AMPs and efficiently compete with other microbes in
the gut. However, much of the gut microbiome’s diversity is still unknown; a study of some
isolated microbes and metagenomic analysis suggested that there are many unrevealed
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classes of antibiotics and AMP-producing microbes present in the gut that are as yet
unknown [24]. Gut microbiota-derived AMPs have been reported to protect against various
disease-causing pathogens in the human gut (Table 1). A bacteriocin, Abp118, produced by
a gut microbe Lactobacillus salivarius UCC118 in the gut is confirmed to protect against the
foodborne pathogen Listeria monocytogenes. It has been confirmed that mutant L. salivarius
UCC118, expressing the cognate Abp118 immunity protein AbpIM, failed to protect against
L. monocytogenes infections in mice [25]. Another bacteriocin, thuricin CD, produced by
Bacillus thuringiensis DPC 6431 has been shown to have efficient killing potential against
disease-causing clinical isolates of C. difficile without any antagonistic effect on commensal
gut microbiota [26]. Bacteriocin encoded by pheromone-responsive plasmids is common in
enterococcus strains residing in the gut which are reported as gut commensals as well as for
casing hospital-acquired infections [27]. Bacteriocin 21, produced by conjugative plasmid
pPD1 of Enterococcus faecalis, is demonstrated to protect against vancomycin-resistant
enterococci without affecting the other commensal microbiota in the gut. Interestingly,
E. faecalis containing pPD1 plasmid outcompetes and replaced other E. faecalis lacking pPD1.
This suggests that gut bacteriocin can also regulate the niche in the gut and can be used
as potential therapeutic peptides able to target MAR bacteria specifically [28]. Another
study showed that microcins produced by a probiotic bacterium Escherichia coli Nissle 1917
(EcN) can regulate inter- and intra-species competition among the Enterobacteriaceae and
other related pathogens in the inflamed gut environment and are suggested as potential
narrow-spectrum therapeutic agents against enteric pathogens [29].

Table 1. Gut microbiota-produced AMPs and involvement in the treatment of different diseases.

Gut AMPs Producing Bacteria Targeted Pathogens or Diseases References

Bacteriocin Abp118 L. salivarius Listeriosis [30]

Bacteriocin OR-7 L. salivarius NRRLB Campylobacter jejuni [31]

Bactofencin A L. salivarius Antilisterial, antistaphylococcal [32]

Lactocin AL705 L. curvatus Listeriosis [33]

Lactocin 160 L. rhamnosus Escherichia coli
Bordetella pertussis [34]

Lacticin3147 Lactococcus lactis DPC3147 C. difficile-associated diarrhea (CDAD) [35]

Garvicin ML L. garvieae Streptococcus pneumonia [36]

Nisin Z L. lactis Immunomodulatory effect [37]

Nisin F L. lactis Respiratory infection [38]

Nisin L. lactis Meningitis, sepsis, pneumonia [39]

Nisin Z L. lactis Enteric pathogens [37]

Nisin A L. lactis Colorectal cancer [40]

Pediocin PA1 Pediococcus acidilactici Listeriosis [41]

Pediocin AcH P. acidilactici Enteric pathogens [37]

Enterocin CRL35 Enterococcus mundtii RL35 Listeriosis [42]

Avicin E. avium Listeriosis [43]

Enterocin P E. faecium P13 Enteric pathogens [44]

Piscicolin 126, carnobacteriocin Carnobacterium maltaromaticum Listeriosis [45]

Kimchichin Leuconostoc citreum GJ7 Salmonella typhi [46]

Erwinaocin NA4 Erwinia carotovora NA4 Coliphage [47]
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Gut-epithelium-derived peptides are also reported to have potential antimicrobial
activities against gut pathogens. In the gastrointestinal tract, enterocytes and Paneth cells
are the primary cells responsible for the production of AMPs; however, macrophages, den-
dritic cells, neutrophils, and lymphocytes present in the lamina propria can also produce
AMPs [48,49]. Defensins are the major AMPs secreted within the intestinal mucosa. The α
and β defensins are abundant AMPs in the gut which are primarily secreted by Paneth and
epithelial cells, respectively, in the intestine and the colon [50]. Further, it has been reported
that the secretion of gut AMPs by Paneth cells is regulated and stimulated by exposure
to live pathogens (both Gram-positive and Gram-negative) or bacterial products such as
lipopolysaccharide, lipoteichoic acid, lipid A, and muramyl dipeptide [51]. In another study,
the gut resident Lactobacillus population exhibited a correlation with the gene expression
of α defensins, where α defensin gene expression is restored in antibiotic-treated mice by
Lactobacillus administration. Further, it has been confirmed that α defensin gene expression
by Paneth cells is regulated by commensal bacteria via the TLR-MyD88 signaling pathway
that provides a deeper understanding of the involvement of gut microbiota and AMPs in
gut homeostasis [52]. Overexpression of α defensin 5 is found associated with a severe
reduction in the colonization of segmented filamentous bacteria that are further linked with
reduced levels of Th17 cells in the lamina propia and suggests the role of α defensins in the
regulation of commensal microbiota [53]. Gut epithelial-produced β defensins 2 and 3 were
reported to reduce the intestinal damage caused by a gut pathogen Salmonella typhimurium
via enhancing the probiotic activity of Enterococcus faecium by alteration of cytokine expres-
sion [54]. Similarly to defensins, cathelicidins are also reported to produce and act against
gut pathogens by improving the gut epithelial barrier. In a recent, cathelicidin-WA has
been shown to improve host defense and epithelial barrier functions by reducing enterohe-
morrhagic Escherichia coli-induced inflammation and microbiota reduction in the intestine
of mice [55]. Cathelicidin-related antimicrobial peptides (CRAMP) were found to protect
against an enteric pathogen, Citrobacter rodentium, by reducing epithelial cell damage and
systemic clearance of infection [56]. In another study, cathelicidins significantly improved
the gut barrier against pathogens in mouse colon mucosa where endogenous stimulation or
administration of cathelicidin is able to clear the infection caused by Escherichia coli O157:H7
and also regulate the gut microbiota balance; this aids mucosal homeostasis [57,58]. Other
major gut peptides are regenerating AMPs (RegAMP) which are soluble lectins and mainly
produced by Paneth cells. A RegAMP, RegIIIγ, is demonstrated to play an important role
in maintaining gut homeostasis by spatial segregation of gut microbiota and host in the
intestine [59]. Another study reported that RegIIIγ can protect against L. monocytogenes
infection via MyD88-mediated conditioning of gut epithelium [60]. Further, RegAMP is
reported to have a role in pathogen clearance that is dependent on the presence of initial
healthy gut microbiota and it has been suggested that gut microbiota and gut AMPs are
the key factors that regulate the host response during antibiotic treatment [61]. Overall,
available reports suggest a complex relationship between gut-epithelium-derived AMPs
and gut microbiota; however, further studies are required to explore the regulatory switches
that drive the production of gut epithelium AMPs in response to specific gut commensals
or pathogens.

4. Synergistic Action of Gut AMPs with Conventional Antibiotics

Due to the rapid emergence of multidrug resistance and the reduced efficacy of con-
ventional antibiotics, the synergistic action of gut AMPs with antibiotics is explored and
suggested as a new approach to control drug-resistant bacteria (Table 2). Interestingly,
AMPs display multiple mechanisms of action at a time that include membrane pore for-
mation, inhibition of cell wall synthesis, biofilm disruption, inhibition of spore formation,
and inhibition of protein synthesis and folding, along with inhibition of DNA and RNA
synthesis [12]. Especially in the complex gut environment with the possibility of numerous
unknown interactions, the multiple-mode-of-action scenario of AMPs is intriguing. The
synergistic action of conventional antibiotics with gut AMPs is possibly benefited by ex-
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tended pore opening on the target cell membrane, increased membrane permeabilization,
and subsequently increased repair time that further results in altered bacterial intracellular
functions and overall bactericidal activity (Figure 1). In one of our previous studies, we
have shown that laterosporulin10, a defensin-like bacteriocin produced by Brevibacillus
laterosporus SKDU10, exhibits a synergetic effect with rifampicin against Mycobacterium
tuberculosis H37Rv. It is confirmed that the addition of 0.25 µM laterosporulin10 results in a
four-fold reduction of the rifampicin MIC values against M. tuberculosis [62]. Gut AMPs,
nisin Z, and pediocin PA-1 including colistin were reported to have potential synergis-
tic effects against MAR P. fluorescens when used in combination with antibiotics such as
kanamycin, tetracycline, and chloramphenicol [63]. Nisin is also reported to have synergis-
tic antimicrobial action with peptidoglycan-modulating antibiotics and ramoplanin, and
exhibits promising activity against methicillin-resistant S. aureus (MRSA) and vancomycin-
resistant enterococci (VRE). Furthermore, nisin demonstrates improved antibiofilm and
antibacterial activity against E. faecalis by exhibiting synergistic effects with antibiotics
such as penicillin, ciprofloxacin, and chloramphenicol [64]. A different study showed
the synergistic effects of nisin with several antibiotics, including penicillin, amoxicillin,
tetracycline, streptomycin, and ceftiofur against the swine pathogen Streptococcus suis that
is known to cause severe infections in pigs [65]. Another study reported the synergic effects
of subtilosin with clindamycin and metronidazole when used against Gardnerella vaginalis,
which causes bacterial vaginosis [66]. In vitro, the activity of various human AMPs, LL-37,
HBD1 to HBD3, HNP1, and HD5 have been checked against C. difficile in combinations
of different antibiotics including tigecycline, moxifloxacin, piperacillin-tazobactam, and
meropenem. Interestingly, LL-37 and HBD3 were found to have synergistic action against
C. difficile with all the tested antibiotics [67]. Cryptdin 2, an AMP produced by Paneth cells,
showed a synergistic effect against MAR S. typhimurium when used in combination with
ampicillin [68]. HNP-1 was also confirmed to exhibit synergistic action with rifampicin
and isoniazid against M. tuberculosis H37Rv [69]. Further, LL-37-derived membrane ac-
tive analogs, FK13-a1 and FK13-a7, showed synergistic action against multidrug-resistant
P. aeruginosa (MDRPA) and methicillin-resistant S. aureus (MRSA) when used in combina-
tion with chloramphenicol [70]. Next, LL-37 and colistin are reported to have synergistic
action against MAR carbapenem-resistant P. aeruginosa, Klebsiella pneumoniae, and Acine-
tobacter baumannii when used in combination with the antibiotic azithromycin [71]. In
a different study, short-cationic AMPs exhibited a synergistic effect with the antibiotics
polymyxin B, erythromycin, and tetracycline against MDRPA [72]. A pilot study confirmed
the synergistic action of colistin and the antibiotic tobramycin against P. aeruginosa [73].
Although multiple reports are available with improved results concerning the synergistic
actions of gut AMPs with conventional antibiotics, the specific mechanisms of action need
to be studied in further detail. However, in light of the evidence and analyzed results, it is
possible to develop synergistic combinations of gut AMPs and antibiotics for the treatment
of MAR human pathogens.

Table 2. Gut AMPs in synergy with conventional antibiotics.

Gut AMPs Antibiotics Target References

Nisin Ramoplanin MRSA [74]

Polymyxin E Clarithromycin P. aeruginosa [75]

Amoxicillin
Penicillin

Streptomycin
Ceftiofur

Tetracycline

S. suis [65]
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Table 2. Cont.

Gut AMPs Antibiotics Target References

Nisin Z

Ampicillin
Chloramphenicol

Kanamycin
Lincomycin
Penicillin G
Rifampicin

Streptomycin
Tetracycline
Vancomycin

P. fluorescens LRC-R73 and its
Penicillin-resistant/Streptomycin-

resistant/Lincomycin-
resistant/Rifampicin-resistant variant

[63]

Lacticin 3147 Polymyxin B S. aureus 5247 [76]

Actagardine
Ramoplanin

Metronidazole
Vancomycin

C. difficile [77]

Thuricin CD Ramoplanin C. difficile [77]

Vancomycin C. difficile [77]

Subtilosin A Clindamycin phosphate
Metronidazole G. vaginalis [66]

Lauramide arginate
Ester poly-lysine G. vaginalis [66]

PsVP-10 Chlorhexidine S. mutans
S. sobrinus [78]

Plantaricin E, F, J, K Several antibiotics C. albicans [79]

Colistin Tobramycin P. aeruginosa [73]

Cryptdin 2 Ampicillin S. typhimurium [68]

Laterosporulin10 Rifampicin M. tuberculosis H37Rv [62]

Colistin Azithromycin
A. baumannii

K. pneumoniae
P. aeruginosa

[71]

LL-37 Azithromycin
A. baumannii

K. pneumoniae
P. aeruginosa

[71]

Human defensin 5
(HD5) Meropenem C. difficile [67]

Human neutrophil peptide-1
(HNP1) Rifampicin M. tuberculosis H37Rv [69]

Human β-defensin 3
(HBD3)

Meropenem
Moxifloxacin

Piperacillin-Tazobactam
Tigecycline

C. difficile [67]
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Figure 1. Possible model for synergistic antimicrobial activity of gut AMPs with conventional antibi-
otics. As per their membrane-acting properties, continuous pore formation and increased membrane
permeabilization by AMPs allow more influx of antibiotics and AMPs which results in efficient
bactericidal activity along with improved targeting of intracellular components such as transcription,
protein synthesis machinery, and protein folding. Gut AMPs might also facilitate enhanced biofilm
disruption and inhibition of spore formation when used in combination with antibiotics.

5. Gut AMPs, Conventional Antibiotics, and Evolution of Resistance Development

A major global public health concern is bacterial resistance to small-molecule antibi-
otics that are already on the market. The global spread of antibiotic-resistant bacteria
has created the possibility of a post-antibiotic age in which ordinary illnesses and small
wounds could develop into potentially fatal conditions. Such resistance has resulted in
the creation of multidrug-resistant bacteria over the past few decades, which can both en-
danger healthy people and cause serious infections in immunocompromised patients. For
instance, hospital-acquired infections with ampicillin-resistant E. coli, vancomycin-resistant
E. faecalis, and methicillin-resistant Staphylococcus aureus (MRSA) have all increased in
frequency [80,81]. Thus, there is an urgent need for novel antimicrobial strategies given the
rising threat of MAR bacteria.

Antibiotic misuse has contributed to the emergence of MAR organisms. MAR infec-
tions are a leading source of morbidity and mortality worldwide [57]. Microbes can create
and use defense and resistance mechanisms against the substances used to eradicate them
in a complex environment such as the human gut, which is the home of over 100 trillion
bacteria. Interestingly, not only the external antibiotics but also the antimicrobial substances
produced by competitors present a challenge for the gut resident bacterial community to
survive. Further, in the case of dysbiosis, an additional competition force exists between
beneficial and harmful gut microbiota. AMPs are one such strategy used by bacteria (bene-
ficial or harmful) to kill their competitors present in the surrounding complex environment.
In addition to all of this, host-gut-derived AMPs are also present in the gut under the regu-
latory pressure of foreign AMPs, antibiotics, and the presence of their producers. Overall,
there are multiple dynamic interactions present in the complex environment of the gut
between various gut AMPs and antibiotics, whether internal or external. Together, these
dynamic interactions and regulatory pressures create an evolutionary force under which
microorganisms acquire a fair chance to evolve survival strategies and eventually develop
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antibiotic resistance (Figure 2). A pool of resistant genes belonging to several classes of
antibiotics has been identified in a recent metagenomic study of gut resistome conducted
across different continents [82].
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Natural gut resident bacteria, bacteria with acquired resistance genes, and acquired
bacteria with resistance genes that do not typically colonize the gut are all included in
the gut resistance reservoir [83]. Although it is uncommon, it is conceivable for resistance
genes or virulence features to be transferred between pathogenic and non-pathogenic
gut resident bacteria. The interesting question of how the resident gut bacteria and gut
AMPs have maintained their efficiency through evolutionary timeframes is prompted
by the growing issue of antibiotic-resistant bacteria. This question may have a partial
explanation in the fact that there is a huge diversity of AMPs in the gut produced by
intestinal epithelial cells as well as by healthy gut microbiota, decreasing the chance of
combination resistance. Furthermore, since AMPs usually target bacterial cell walls and
cell membranes that bacteria typically cannot modify without endangering their fitness,
targeting crucial cell walls or cell membrane components likely also adds to the long-term
efficiency of gut AMPs.

6. Antimicrobial Stewardship and Modulation of Gut AMPs as a Tool to Fight against
Resistance Development

The rationalized use of antibiotics is an important aspect of fighting against antimicro-
bial resistance by maintaining gut homeostasis and reducing alterations to gut AMPs. The
rationalized use of antibiotics includes the choice, dose, and duration of antibiotic therapy.
It has been reported in several large meta-analysis studies that using antimicrobial stew-
ardship programs resulted in a reduced number of infections with MAR organisms [84,85].
The type and spectrum of antibiotics employed are critical factors in the development of
resistance in the targeted microorganisms. The majority of the commensal population is
anaerobic; thus, inappropriate and extended usage of anti-anaerobic antibiotics has been
linked to an increased risk of MAR [86,87]. It has been reported that the use of narrow-
spectrum antibiotics in place of anti-anaerobic antibiotics is favorable to the human gut
microbiota since fewer commensals are impacted [88,89]. Further, the duration of antibiotic
therapy has a direct impact on gut microbiota composition as it has been reported that
shorter antibiotic courses result in fewer microbial disturbances and quicker gut microbiota
restoration [88,90]. Moreover, the right dose of antibiotic is very important as lower doses
are linked with less chance of resistance gene development; however, lower doses for
extended periods can also cause resistance [91,92].

Interestingly, gut AMPs have great promise as innovative therapeutic antibiotics
because they do not easily develop bacterial resistance. The broad development of AMPs as
medicines, however, has been hampered by several factors. First, AMPs can have relatively
short half-lives because they are extremely sensitive to proteolytic breakdown by microbial
and host enzymes. Second, many AMPs are harmful to the membranes of eukaryotic cells
and display cytotoxicity.

Protein engineering techniques can be used to improve the bioavailability or efficacy of
the AMPs because of their proteinaceous nature. It is possible to generate AMP versions that
are resistant to enzymatic digestion. Also, using engineering peptidomimetics, new variants
of AMPs could be generated with an altered number of charged amino acid residues with
decreased hydrophobicity and cytotoxicity as well [93]. Additionally, the majority of AMPs
kill bacteria by direct interaction with bacterial membranes. Interestingly, D-entantiomers
of AMPs have longer half-lives and are just as effective at penetrating membranes as
their natural L-entantiomers, so they can be used to improve the therapeutic efficacy of
AMPs [94]. Further, packaging and delivering natural AMPs or their peptidomimetic
analogs via nanoparticles can minimize non-specific cytotoxicity and improve stability with
targeted bioavailability [95]. Additionally, novel AMPs should be employed for in vivo
screening because the actual gut environment is completely different with the presence of
different interactions with other commensals and their secreted AMPs which are already
present in the gut. It is worth investigating the efficacy of new AMPs in the real dynamic gut
environment against pathogenic bacteria or in conjunction with conventional antibiotics.
Further new animal models with a controlled gut environment can be employed to check
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AMP efficacy in combination with antibiotics. Additionally, the gut has a diverse microbial
ecology that differs for each individual. It is important to fully understand the gut microbial
ecology for a detailed understanding of the interaction of gut AMPs with conventional
antibiotics in the presence of other eukaryotic organisms including viruses, bacteriophages,
and fungi. The interaction of gut AMPs with these diverse ecological community members
individually or as a whole should be considered to understand their impact on gut AMP
evolution and resistance development. Next-generation sequencing, transcriptomics, and
gene expression analysis can further elucidate the mechanistic overview of complex gut
environments that sheds light on unanswered questions and will further help in the
development of a strategy to fight against resistance development.

7. Conclusions and Future Perspective

Combinatory use of AMPs produced by both host and gut microbiota with conven-
tional antibiotics could result in synergistic actions in different ways. It has been predicted
that every species contains a unique set of AMPs that are evolved to defend the host against
the microorganisms they might encounter [96]. This phenomenon becomes more complex
and functionally specific in the case of the gut. The human gut is inhabited by millions
of commensals which constitute the specific set of bacteria for every individual that is
further affected by dietary habits, environment, and many more factors. Interestingly, there
is a highly competitive environment in the gut so gut microbes are known to produce
AMPs with various biological activities including immunomodulatory activities. Along
with AMPs produced by gut microbiota, there are multiple host AMPs secreted in the gut
in the proximity of gut epithelium and gut microbiota. It is hypothesized that all the gut
AMPs synergistically affect each other’s functions to drive complex gut functions such as
regulation of gut homeostasis; however, the mechanisms of this are not fully understood.
In addition to fighting against infectious pathogens, gut AMPs play an essential role in the
regulation of bacterial symbionts and communities in the gut, thus maintaining a balance
between health and pathogenic microbes [97]. Further, gut microbiota exhibit high intrinsic
resistance to AMPs which suggests that gut AMPs could be a customizable tool to main-
tain healthy gut communities [98]. Additionally, recent accumulating pieces of evidence
suggest a functional synergism among the different gut AMPs [99]. The gut synergism
may also reduce the chances of resistance evolution. Further, the synergistic mechanisms
of gut AMPs could be used effectively in combination with conventional antibiotics to
combat MAR. Another factor is that the host regulates the gut AMPs synergistically in such
a way that limits the chances of rapid resistance evolution. These synergistic strategies
could be further used for the effective translation of AMPs alone or in combination with
conventional antibiotics into therapeutic applications.

The human gut and AMP-producing intestinal epithelium constantly face a challeng-
ing dynamic microbial environment and also produce various antimicrobials for their
survival that eventually affect the overall gut immune response including the efficacy of
antibiotics during infection. To meet this challenge of the dynamic microbiome of the
gut, epithelial cells also produce a wide variety of AMPs that quickly kill or inactivate
bacteria, while a similar action is performed by the gut commensals to maintain the healthy
gut environment which is called homeostasis. However, how the gut immune system
differentiates between the healthy and pathogenic microbiota is still not well understood
and remains a question of further research. On the other hand, in addition to this internal
healthy equilibrium within the gut immune system, antibiotic treatment during infection
creates another challenge for gut homeostasis. While both gut epithelium and commensals
bear the adverse effects of antibiotics, gut AMPs have enough of a chance to interact with
antibiotics, which affects the treatment efficacy as well (Table 2). However, it is not clear
how AMPs interact with antibiotics and what is the response of AMP-producing gut ep-
ithelium and commensals in this dynamic complex gut environment. The emerging picture
is that epithelial AMPs influence the structure and location of gut commensals in addition
to protecting against pathogen colonization and invasion in synergism with the AMPs
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produced by commensals. Overall, gut AMPs are evolved for their antimicrobial action,
efficacy, and spectrum under synergistic co-evolution with host immunity and commensals,
along with interactions with other AMPs and conventional antibiotics (Figure 2).

Finally, MAR resistance is rapidly growing while the discovery and availability of
new antimicrobials are slow which generates an urgent demand for new antimicrobials
along with a fully elucidated mechanism of resistance to overcome this crisis. At this
point, the dissection of the gut microbiome as an antimicrobial resistance reservoir is much
needed. This can be achieved by clinical and translational studies exploring the interaction
of gut microbiome and gut AMPs within the gut microbial ecology and with conventional
antibiotics. Functional metagenomic studies might be very helpful in identifying the
uncultivable gut microbes and their role in resistance development and evolution.

8. Unanswered Questions about Gut Microbiota and Gut AMPs

• What makes the gut microbiome healthy and what are the deciding bio-markers?
• What is the genetic machinery that regulates the production of gut AMPs?
• How do gut AMPs play a role in resistance development?
• Could diet help in the fight against resistance by manipulating gut microbiota? How?
• How do gut AMPs regulate the immune response to fight against resistance?
• How to reconstruct the gut microbiome and gut AMPome to counter antibiotic resistance?
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Abstract: Antimicrobial resistance continues to be a major threat to world health, with the continued
emergence of resistant bacterial strains. Antimicrobial peptides have emerged as an attractive option
for the development of novel antimicrobial compounds in part due to their ubiquity in nature and
the general lack of resistance development to this class of molecules. In this work, we analyzed the
antimicrobial peptide C18G and several truncated forms for efficacy and the underlying mechanistic
effects of the sequence truncation. The peptides were screened for antimicrobial efficacy against
several standard laboratory strains, and further analyzed using fluorescence spectroscopy to evaluate
binding to model lipid membranes and bilayer disruption. The results show a clear correlation
between the length of the peptide and the antimicrobial efficacy. Furthermore, there is a correlation
between peptide length and the hydrophobic thickness of the bilayer, indicating that hydrophobic
mismatch is likely a contributing factor to the loss of efficacy in shorter peptides.

Keywords: membrane destabilization; AMP; liposome; fluorescence spectroscopy

1. Introduction

The rapid development of antibiotic resistance has been recognized by the World
Health Organization and the United States Centers for Disease Control (CDC) as one
of the major challenges that global health faces [1]. Beyond the immediate impacts on
human health, numerous NGOs and academic researchers have estimated that, by 2050, the
continued growth of antimicrobial resistance may impact annual global GDPs by up to 5%,
resulting in increased healthcare costs up to USD 1T per year, with more severe impacts
being found in impoverished and less-developed areas of the globe [2,3].

The resistance phenomenon has been observed in numerous organisms including
both Gram-positive and Gram-negative bacteria, fungi, and viruses. While methicillin-
resistant Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci (VRE) are
widely known, there are many other pathogenic organisms which have been clinically
isolated displaying antibiotic resistance phenotypes [4]. These developments have led
to significant interest in the development of new antibiotics to combat the growing resis-
tance phenomenon. There are numerous different approaches and classes of molecules
being investigated as potential new antimicrobial treatments including traditional small
molecules [5,6], peptides [7–9], peptide and protein mimetics [10–14], hydrogels [15,16], syn-
thetic polymers [17,18], bacterial communication inhibitors [19,20], metals [21–23], nanopar-
ticles [24,25], extracts from natural products [26,27], and combinatorial approaches [28–30].

While many different approaches are being explored for novel antimicrobials, antimi-
crobial peptides (AMPs) represent one of the most thoroughly studied and diverse classes
of potential leads. AMPs represent a broad class of peptides with wide-ranging sources,
structures, and mechanisms of action. While naturally occurring, and although AMPs are
often found as components of the innate immune system (often referred to as host defense
peptides), there have been many modified and synthetic variants investigated. The most
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well studied versions of AMPs are those which adopt an amphiphilic, α-helical secondary
structure when interacting with bacterial membranes. Examples of this class of peptides
include magainin, melittin, LL-37, and cecropins [31,32]. These peptides are typically
short (10–30 amino acids in length), are overall net positively charged, have numerous
hydrophobic groups, and often form facially amphiphilic structures when in an α-helical
conformation. There is significant evidence that these peptides can provoke a disruption of
the bacterial membrane; however, there are also some indications that membrane activity
may only be one component of a multi-faceted mechanism of action [33–36]. Importantly,
AMPs have shown a very low propensity to induce resistance development in bacteria.
Despite these benefits, AMPs have found limited success in clinical applications [37].

Among the many naturally derived AMPs that have been investigated, the peptide
C18G has proven to be a versatile platform for studying AMPs’ mechanism of action.
The C18G sequence was originally developed as a modified extension of the C-terminal
13 amino acids of the platelet factor IV protein [38,39]. Subsequently, C18G was found to
modulate signaling through several different bacterial two-component sensor systems by
the disruption of protein–lipid contacts and that it may be linked to the bacterial “sensing”
of AMPs [40–42]. Biophysical studies from our group on the C18G peptide and derivatives
have demonstrated the importance of overall hydrophobic character as well as the impact
of cationic amino acid side chain length on binding and antimicrobial activity [43–45].
These results demonstrate that C18G can cause the permeabilization of bacterial and model
membranes and this activity is linked to the ability of the peptide to bind to and partition
into the lipid bilayer.

The study presented here extends on the biophysical characterization of C18G with the
goal of further determining the mechanism of membrane disruption. Specifically, a series
of truncated peptides was created which are shorter in length than the parent C18G and
thus have an overall lower hydrophobic character, lower net charge, and an overall shorter
length. Herein, we show that peptide efficacy was directly tied to the length of the peptide
sequence. Moreover, the shortest peptides lost the ability to disrupt model and bacterial
membranes. By varying the bilayer thickness, we demonstrate that a key component of
this phenomenon is linked to hydrophobic mismatch between the peptide and the bilayer.

2. Results
2.1. Peptide Composition

The amino acid sequences and selected physicochemical characteristics of the parent
C18G peptide and the truncated versions are shown in Table 1. The full-length peptide,
C18G-18, was modified from the original sequence by changing the amino acid at position
10 to a tryptophan residue. This change serves two purposes, the first being the incor-
poration of the environmentally sensitive Trp residue allowing for interrogation using
fluorescence methods. The second reason for the incorporation of Trp at position 10 was
to facilitate the synthesis of the series of peptides from a single precursor batch. Since
solid-phase peptide synthesis proceeds from the C-terminus to the N-terminus, all three
peptides would start with the same synthetic protocol, and subsequently batches of resin
can be removed from the synthesis reaction to yield the truncated form while synthesis
continues on the remaining resin to create the longer peptides.

Table 1. Peptide sequences and properties.

Peptide Sequence Length MW Net Charge GRAVY a Hydrophobicity b

C18G-18 ALYKKLLKKWLKSAKKLG-NH2 18 2116.7 +7 −0.45 9.58
C18G-13 LLKKWLKSAKKLG-NH2 13 1512.9 +5 −0.354 7.24
C18G-10 KWLKSAKKLG-NH2 10 1158.5 +4 −0.83 4.97

a—Grand average of hydropathicity calculated from reference [46], b—Total hydrophobic moment calculated
from reference [47]. MW = Molecular weight.
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The full-length and truncated peptides vary in net charge, length, and overall hy-
drophobicity, and all three factors are believed to play a role in the mechanism of action
of many AMPs. The peptide length varies from 18 to 10 amino acids, and it has a re-
sultant effect of varying the molecular weight of the peptides from 2216.7 Da down to
1158.5 Da, while the net charge of the peptides at pH 7 decreases from +7 to +4. The overall
hydrophobic character of the peptides is also impacted because both hydrophobic and
cationic residues are removed with each truncation. The grand average of hydropathicity
calculates the overall hydrophobicity of a sequence, and the calculated values remain rela-
tively similar for each of the peptides ranging from −0.354 (most hydrophobic, C18G-13)
to −0.83 (least hydrophobic, C18G-10), although in the context of the range of the scale
(−4.50 to +4.50), these differences may not be very significant [48]. However, using a more
specialized hydrophobicity scale developed specifically for the partitioning of peptides to
lipid bilayer interfaces, more significant differences are observed in the properties of the
peptides [47]. Helical wheel representations of the peptides can be seen in Supplemental
Figure S1 [49]. These representations show that all of the truncated versions of the peptides
maintain the facial amphiphilicity which is associated with AMP activity.

2.2. Antimicrobial Activity

The overarching goal of this study is to help understand the core physicochemical prop-
erties that drive antimicrobial activity. Thus, the antimicrobial efficacy of the peptides was
evaluated using the standard broth microdilution assay to evaluate the minimal inhibitory
concentration (MIC) of the peptides. MIC values represent the lowest concentration of the
compound able to prevent growth in an overnight assay. The MIC results are shown in
Table 2. The results show that the placement of Trp at position 10 had minimal to no impact
on antimicrobial activity. Additionally, the C18G-13 peptide exhibited mixed antimicrobial
activity compared to the C18G-18, while the C18G-10 peptide lost all antimicrobial activity
against the strains tested over the range of peptide concentrations tested.

Table 2. Minimal inhibitory concentration (µM).

Peptide E. coli S. aureus B. subtilis

C18G 2.5 2.5 2.5
C18G-18 5 2.5 2.5
C18G-13 5 >15 5
C18G-10 >15 >15 >15

2.3. Binding Assays

The first step in the activity of AMPs is the interaction with the bacterial membrane.
This process is driven by both electrostatic and hydrophobic interactions, and it is compli-
cated by the diversity of molecules presented on bacterial cell surfaces such as polysaccha-
rides, complex lipids, and proteins. Tryptophan fluorescence emission was used to monitor
peptide binding to lipid vesicles, as shown in Figure 1A,B. The binding experiments involve
the addition of pre-formed lipid vesicles in which the lipid concentration is controlled to a
sample containing the peptide of interest. In these experiments, we used vesicles containing
100% DOPC lipids, an approximation of mammalian or host cells, and vesicles composed
of 3:1 DOPC:DOPG, an approximation of the bacterial cell membrane. Natural membranes
contain significant complexity in lipid, sterol, and protein components, but these model
systems are meant to replicate the two major components driving the interaction of AMPs
with membranes: hydrophobicity and anionic charge. The Trp emission spectrum exhibits
a blue shift when the Trp moves from a more aqueous environment (in solution) to a more
non-polar environment (bound to the bilayer surface). This is analyzed by monitoring the
barycenter of the emission spectrum. Consistent with previous results on C18G and other
variants, the truncates in this study can interact with liposomes composed of zwitterionic
lipids (Figure 1A) and a mixture of zwitterionic and anionic lipids (Figure 1B). There is a
clear preference for binding to vesicles containing anionic lipids, but all peptides do interact
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with bilayers in the absence of the anionic lipids. Representative emission spectra can be
found in Supplemental Figure S2.
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Figure 1. Vesicle binding assays. (A,B) Peptides C18G-18 (black), C18G-13 (red), or C18G-10 (blue)
were titrated with lipid vesicles composed of (A) 100% DOPC or (B) 75% DOPC 25% DOPG. Trp
fluorescence emission spectra were recorded after each addition, spectra were processed including
barycenter calculation, and the final change in barycenter was calculated from the difference between
the initial, 0 lipid spectra and that from each titration point. (C) Fluorescence intensity changes upon
interaction with lipid bilayers. F/F0 represents the ratio of the fluorescence intensity after binding (F)
compared to the intensity in the absence of vesicles (F0). The ratio was taken at λ = 355 nm and lipid
concentration of 500 µM. All data are the averages of 2–3 independent samples and the error bars
represent the standard deviations.

As C18G-10 and C18G-13 did not exhibit significant spectral shifts, the fluorescence
intensity changes upon addition of vesicles were also examined. In many cases, environ-
mentally sensitive fluorophores will exhibit an increased fluorescence emission intensity
upon binding to the lipid bilayer or other hydrophobic structures [50,51]. The emission
intensity changes for C18G-13 and C18G-13, represented as F/F0 or the final fluorescence
divided by the initial fluorescence, can be seen in Figure 1C. Notably, both peptides exhib-
ited intensity increases upon titration with lipid vesicles 1.5–1.75-fold, indicating binding
to the bilayers. Consistent with the barycenter analysis, the peptides did show a slightly
enhanced fluorescence increase when interacting with anionic vesicles compared to zwitte-
rionic vesicles, although this difference may not be significant.
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2.4. Bacterial Membrane Permeabilization

The mechanism of action of many AMPs has been demonstrated to include bacterial
membrane destabilization or disruption, including C18G. There have been numerous
reported approaches to monitor membrane disruption in live bacterial cells, including
measurement of membrane potential, leakage of DNA-binding dyes into the cell, and
through chromogenic substrate–enzyme pairs [52].

The ability of the peptides to per”eabi’Ize the E. coli inner membrane was assessed us-
ing the cytoplasmic enzyme β-galactosidase and a chromogenic substrate ortho-Nitrophenyl-
β-galactoside (ONPG). Under normal conditions, the bacterial inner membrane is relatively
impermeable to the ONPG substrate; however, if it is disrupted by peptides or other
molecules, the ONPG can more readily cross the membrane, resulting in an increased
degree of substrate conversion. As shown in Figure 2A–C, the peptides induced varying
degrees of leakage across the E. coli inner membrane, and all acted in a dose-dependent
manner. Consistent with the MIC results, the full-length peptide was the most effective at
permeabilization while C18G-10 was the least effective. Results from the control experi-
ments using a membrane-solubilizing detergent can be found in Supplemental Figure S3.
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Figure 2. Bacterial membrane permeabilization. E. coli inner membrane permeabilization is shown
in panels (A–C) where peptide concentrations and corresponding colors are shown in the legends
on the right. Panels represent (A) C18G-10, (B) C18G-13, and (C) C18G-18. Data were recorded in
5 min intervals from triplicate samples and error bars represent the standard deviation. Positive
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permeabilization is shown in (D). The colors associated with each peptide and the control melittin
are shown in the legend. F/F0 is calculated by the ratio of DAPI fluorescence at a given peptide
concentration to the fluorescence prior to peptide addition. Data are from 3–5 independent samples
and error bars represent the standard deviation.

The ability of the peptides to disrupt the membrane of Gram-positive S. aureus cells is
shown in Figure 2D. This assay relies on the passage of the DNA-binding dye DAPI across
the bacterial cell membrane. Under normal conditions, DAPI is minimally permeable across
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the membrane and exhibits very low to negligible fluorescence emission when in aqueous
environments. Upon membrane permeabilization, the DAPI can cross the membrane
and interact with cellular DNA, inducing a dramatic increase in fluorescence emission
intensity. The results in Figure 2D parallel those for E. coli, with both peptide length and
dose dependence being linked to membrane disruption. The bee venom peptide Melittin
was used as a positive control.

2.5. Vesicle Permeabilization

In light of the results of the bacterial membrane permeabilization studies, there appears
to be a link between peptide length and ability to disrupt the bilayer. In an attempt to
gain more insight into this relationship, a series of dye leakage experiments were carried
out in which lipid vesicles were created using lipids with varying acyl chain lengths, thus
varying the thickness of the bilayer. These vesicles were created with the self-quenching
dye calcein trapped in the vesicle lumen which, upon leakage from the vesicle interior, is
diluted, relieves the self-quenching, and results in a large increase in fluorescence intensity.
Leakage was normalized by comparing the intensity before addition to peptide as the zero
value, and after the vesicles were permeabilized with the detergent Triton X-100 as the
complete or 100% leakage value [53].

Here, four different lipids were used to create vesicles: 1,2-dimyristoleoyl-sn-glycero-
3-phosphocholine(14:1 (∆9-Cis) PC; dMoPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(18:1 (∆9-Cis) PC; DOPC), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (16:0–18:1 PC;
POPC), and 1,2-dierucoyl-sn-glycero-3-phosphocholine (22:1 (∆13-Cis) PC; dEuPC). The
acyl chain lengths and approximate resultant hydrophobic thickness of the bilayers can be
found in Figure 3A, based on the measurements in references [54,55]. The results of dye
leakage can be found in Figure 3B–D. These data show that a given peptide’s ability to
cause membrane permeabilization is linked both to bilayer thickness and peptide length,
indicating a hydrophobic matching effect. The shortest peptide, C18G-10, was able to
permeabilize the thinnest bilayers tested to some extent; however, this ability was lost when
moving to thicker bilayers. C18G-13 displayed significantly enhanced leakage compared
to C18G-10 in all bilayer thicknesses, but still incomplete permeabilization of the thickest
bilayers tested. Finally, C18G-18 was able to disrupt the vesicles of all thicknesses tested,
with a nearly complete disruption of the vesicles at the highest concentrations tested. Taken
together, these data indicate that hydrophobic matching of the peptide to the target bilayer
is an important consideration in the mechanism of AMPs, with shorter sequences being
more susceptible to losing activity.
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and (D) C18G-18. Lipid concentration was 200 µM. Leakage percentage was determined by measuring
calcein fluorescence prior to addition of peptides (zero or baseline leakage), after 60 min of incubation,
and after addition of the detergent Triton X-100 (100% leakage). Data are representative samples from
individual paired experiments.

3. Discussion

Hydrophobic mismatch has been an area of study for many years, primarily focused
on the function of transmembrane proteins and peptides. The concept of hydrophobic
matching proposes that protein transmembrane domains have evolved such that the
length of the transmembrane segments “match” the hydrophobic thickness of the mem-
brane in which they are functionally incorporated [56]. Hydrophobic matching has been
linked to numerous proteins and proper function [57–59], sorting and location in the
membrane [60–64], or transport across the membrane [65–67]. Overall, this phenomenon
is important in normal cellular function for a variety of protein systems.

The effect of hydrophobic mismatch on AMPs has been investigated in some model
systems, but this area is still largely unexplored. Much of the early work on hydropho-
bic matching with AMPs was focused on ion channel-forming peptides. These systems,
such as gramicidin and alamethicin, adopt stable transmembrane orientations in order to
functionally transport ions across the bilayer [4,68,69]. These experimental investigations
were corroborated by simulations which showed similar mismatch dependence [70,71].
These molecules function similarly to traditional transmembrane proteins, and thus it is
not surprising that they are impacted by hydrophobic mismatch. Ulrich and coworkers
used model AMPs based on a repeating sequence of amino acids to investigate the role
of hydrophobic mismatch by varying the number of repeats in the final sequence, and
thus the length of the peptide. Using a combination of leakage experiments and NMR
approaches, they demonstrated that the model AMP peptides modulated the tilt angle at
which they were imbedded in the bilayer in response to hydrophobic mismatch, similar to
the paradigm in transmembrane helices [72–74].

The results from the work presented in this paper parallel the results in Grau-Campistany
et al.’s work, with decreased bilayer permeabilization in the case of negative hydrophobic
mismatch (when the protein segment is shorter than the thickness of the bilayer) [74].
While the structures of these peptides were unable to be experimentally determined, three
independent secondary structure prediction algorithms indicate that all three sequences
are likely to adopt α-helical conformations (Supplemental Figure S4) [75–77]. In this
conformation, the length of the helices formed by the peptides would be 15 Å, 19.5 Å,
and 27 Å, respectively. The permeabilization of the vesicles is completely lost for C18G-10
when the mismatch is greater than 7.5 Å, while for C18G-18 the ability to significantly
destabilize bilayers when the mismatch corresponds to ~10 Å in the dEuPC bilayers is
maintained. There have been reports that some AMPs can induce modest bilayer thinning
(1–2 Å); however, it is unclear how overall peptide mass would impact this phenomenon.
Additionally, the peptide sequences were analyzed using the iTasser algorithm for protein
structure prediction [78–80]. This algorithm also predicted that all three sequences would
adopt helical conformations, and the best fit models are shown in Supplemental Figure S5.
The helical length measurements from these models are 14.3 Å (C18G-10), 18.4 Å (C18G-13),
and 26.2 Å (C18G-18), measured from the Cα of the first helical residue to the Cα of the last
helical residue. Overall, the data indicate that negative mismatch (helices shorter than the
hydrophobic thickness of the bilayer) is more detrimental to the AMP permeabilization of
membranes compared to positive mismatch.

In the context of the AMP’s mechanism of action, the results indicate that peptide
length and subsequent hydrophobic matching are important to consider for the evolution
and design of membrane-disrupting AMPs. Importantly, while the mechanism of action
of many AMPs involved membrane destabilization, there are several physical models by
which this can occur: the barrel-stave pore model, the toroidal pore model, and the carpet
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model [81,82]. However, all these models involve AMPs crossing the bilayer in some sort
of transmembrane architecture, either stably or transiently. While the relationship is clear
between hydrophobic mismatch and stable transmembrane structures, the transient trans-
membrane conformations are also impacted. In the case of a peptide acting by the carpet
model, a key proposed component of the mechanism is the transient membrane crossing
and concomitant pore formation in the bacterial membrane. If the peptide physically
cannot transit across the membrane due to any combination of physicochemical limitations,
then the membrane disruption is compromised, likely leading to decreased antimicrobial
activity. While these results can help guide the design of new AMPs, the key factor in
activity is the interaction with bacterial membranes. Bacterial membranes are inherently
more complex than the model vesicles used in this and many other studies, and they
do not modulate hydrophobic thickness as dramatically as shown using synthetic lipids;
thus, any matching or mismatch would be a result of changing the length of the peptide.
Additionally, the inherent changes in overall peptide hydrophobicity are likely to impact
the cytotoxicity of the molecules. Numerous previous studies have linked net hydropho-
bicity to the hemolytic activity of peptides and peptidomimetic polymers, with increased
hydrophobic character resulting in increased cytotoxicity and/or hemolysis [83–87]. Thus,
there will be a necessary interplay between sufficient length to permeabilize membranes
while trying to optimize the necessary hydrophobicity to allow for membrane interaction
while minimizing cytotoxic effects.

4. Materials and Methods
4.1. Materials

All chemicals and supplies were purchased from VWR (Radnor PA, USA) unless
otherwise noted. The lipids 1,2-dimyristoleoyl-sn-glycero-3-phosphocholine(14:1 (∆9-
Cis) PC; dMoPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 (∆9-Cis) PC; DOPC),
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (16:0–18:1 PC; POPC), and 1,2-dierucoyl-sn-
glycero-3-phosphocholine (22:1 (∆13-Cis) PC; dEuPC) were purchased from Avanti Polar
Lipids (Alabaster AL, USA) and were stored at −20 ◦C as stock solutions dissolved in
chloroform. All samples were measured in sodium phosphate buffer (150 mM NaCl, 50 mM
NaH2PO4/Na2HPO4, pH 7.0) unless specifically indicated.

All peptides were synthesized using FMOC solid-phase synthetic methods. A rink-
amide resin was used as the solid support, DMF as the primary solvent, and 20% piperidine
in DMF (v:v) was used for FMOC deprotection. The removal of peptides from the rink-
amide support was achieved by mixing resin with a cleavage “cocktai” of 92.5:2.5:2.5:2.5
trifluoroacetic acid (TFA):water (H2O):triisopropylsilane (TIPS):ethanedithiol (EDT). The
cleaved peptides were isolated from the spent resin by gravity filtration through glass
wool and were subsequently precipitated by dropwise addition into cold diethyl ether
((C2H5)2O). Reversed-phase HPLC (RP-HPLC), using a Jupiter 300 C4 column (Phe-
nomenex, Torrance CA, USA) with the mobile phase being a linear gradient of acetonitrile
and water containing 0.1% TFA, changing from 0–40% acetonitrile over 40 min, was used
to purify the peptides. Confirmation of the peptide identities was performed by ESI-MS in
negative ion mode.

4.2. Bacterial Strains and Culture

The bacterial species used were E. coli D31 [88], B. subtilis ATCC: 6633, and S. aureus
ATCC: 27660. Beginning with a stock culture preserve at −80 ◦C with glycerol, the bacteria
were inoculated and spread on LB–Miller agar (BD-Difco, Franklin Lakes, NJ, USA) plates.
These plates were grown overnight at 37 ◦C to allow for the growth of single, isolated
colonies. A single colony from the plates was subcultured into approximately 3 mL of
fresh LB or Mueller Hinton (MH) media (BD-Difco, Franklin Lakes, NJ, USA) and grown
overnight in a 37 ◦C shaking incubator @ ~250 rpm. After incubation, an aliquot of the
overnight culture was diluted 1:200 in fresh LB or MH media and allowed to grow at 37 ◦C
with shaking until the culture density reached an OD600 of approximately 0.5.
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4.3. Minimal Inhibitory Concentration Assay

Antimicrobial activity was determined using the broth microdilution minimal in-
hibitory concentration (MIC) assay [89]. Briefly, cultures of bacteria were grown as de-
scribed and then diluted to ~105 cfu/mL in fresh MH broth. Next, 90 µL of this diluted
culture was added to each well of a sterile 96-well plate containing 10 µL each of serially
diluted aliquots of the peptides. The plate was covered and incubated at 37 ◦C for 18 h.
After the 18 h incubation, optical density at 600 nm was measured using a Spectramax M5
multimode plate reader (Molecular Devices, San Jose CA, USA). Optical density readings
were compared to untreated controls and sterile media to determine MIC.

4.4. Lipid Binding Assays

Lipid vesicles for the binding assays were created by sonication of multilamellar
vesicles (MLVs). Briefly, the appropriate volumes of lipids in chloroform were dried under
a gentle flow of N2 gas and further dried by incubation in a vacuum dessicator for at least 1 h.
The resultant lipid film was rehydrated by vigorous vortexing immediately upon addition
of the appropriate volume of sodium phosphate buffer to create MLVs. The MLV solution
was then subjected to sonication in a high-power bath sonicator (Avanti) to produce small
unilamellar vesicles (SUVs). Fluorescence experiments were performed using a JY-Horiba
Fluoromax4 (JY Horiba, Edison, NJ, USA) with the emission and excitation slit widths set
to 2.5 nm. The samples were prepared by mixing 2 mM peptides with the phosphate buffer
and then the initial fluorescence spectrum was collected. Samples were excited at 280 nm
with emission recorded over the range of 300–400 nm with 1 nm increments between
measurements in the spectrum. After the spectrum was collected, the appropriate volume
of lipid vesicles was added to the sample, mixed by pipetting, and allowed to incubate for
5 min at room temperature before the next measurement was taken. The spectral barycenter
and ∆barycenter calculations were performed as previously described [44]. All spectra
were corrected for background and dilution before barycenter calculations were performed.
Data are the averages of 2–3 samples and error bars represent the standard deviations.

4.5. Bacterial Membrane Permeabilization

Evaluation of peptide-induced permeabilization of the E. coli and S. aureus membranes
was carried out as described previously [44,45,52,90]. The permeabilization of the E. coli
inner membrane used the chomogenic substrate ortho-Nitrophenyl-β-galactoside (ONPG),
which is broken down by the cytoplasmic enzyme β-galactosidase. A sample containing
E. coli D31 in Z-buffer 0.1 M Na2HPO4/NaH2PO4, 10 mM KCl, 1 mM MgSO4, 0.05 M
β-mercaptoethanol, pH 7.0) T was added to a 96-well plate containing serially diluted
peptides, with the cationic detergent cetyltrimethylammonium bromide (CTAB) serving as
a positive control (see Supplemental Figure S3). ONPG was added immediately prior to
the first measurement, and subsequent measurements were taken every 5 min for 90 min
total. Data are the average of 3–5 independent samples.

The permeabilization of the S. aureus membrane using the membrane impermeable
DNA-binding fluorophore 4′,6-diamidino-2-phenylindole (DAPI). DAPI (final concentra-
tion in 85.7 nM) was added to 100 µL of bacterial cells resuspended in HBS in a 96-well
plate. Peptides were added after initial background readings stabilized. As a control,
only buffer with no peptide was added to control wells. The fluorescence was recorded
immediately before (time 0) and after addition (time 1), at 10, 30, and 60 min using the
excitation wavelength = 358 nm and emission wavelength = 461 nm. The pore-forming
peptide melittin was used as a positive control. Data are the average of 3–5 independent
samples and error bars represent the standard deviations.

4.6. Vesicle Leakage Assays

Vesicles containing calcein were prepared as noted above, with 75mM calcein solution
dissolved in HBS as the solvent. Calcein-loaded vesicles were then subjected to five rounds
of freeze–thaw by alternating the sample between a liquid N2 bath and a 37 ◦C water bath.
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Vesicles were then extruded 21 times through a 200 nm polycarbonate filter using a syringe
extruder (Avanti). Loaded vesicles were separated from untrapped calcein by passage
over a G25 Sephadex column equilibrated in HBS. Fractions containing vesicles were used
directly on the same day. Lipid concentration was estimated using a ratiometric method in
which identical preparations containing a fluorescently labeled lipid was used to determine
the dilution factor from the column separation. Final lipid concentration in the samples
was 200 µM. Fluorescence measurements were taken on the Spectramax M5 plate reader
using excitation 495 nm and emission 520 nm. Normalization of leakage was determined
by adding 20 uL of Triton X-100 to each well, incubating in the dark for 60 min, and then
remeasuring fluorescence which was used as the 100% leakage for each sample.

5. Conclusions

Taken together, the results from this study demonstrate that hydrophobic matching
between AMPs and target membranes is an important component of membranolytic
activity. The ability of AMPs to permeabilize target membranes is at the core of many
AMPs’ mechanism of action, and thus critical to maintain when modifying the sequence
or structure of AMPs in the development pipeline. Additionally, the relationship between
AMP and membrane in hydrophobic matching may be a useful tool in the determination of
mechanisms for novel and uncharacterized AMPs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics12111624/s1, Figure S1: Helical Wheel models; Figure S2:
Representative Trp emission spectra; Figure S3: Detergent control for bacterial membrane perme-
abilization; Figure S4: helical propensity scores; Figure S5: Structural prediction for peptides (A)
C18G-10, (B) C18G-13, (C) C18G-18. Structural predictions were generated using the iTasser server
and software suite which is based on homology.
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Abstract: The outbreak of waterborne diseases such as cholera and non-cholera (vibriosis) is continu-
ously increasing in the environment due to fecal and sewage discharge in water sources. Cholera
and vibriosis are caused by different species of Vibrio genus which are responsible for acute diarrheal
disease and soft tissue damage. Although incidences of cholera and vibriosis have been reported
from the Vaishali district of Bihar, India, clinical or environmental strains have not been characterized
in this region. Out of fifty environmental water samples, twelve different biochemical test results
confirmed the presence of twenty Vibrio isolates. The isolates were found to belong to five different
Vibrio species, namely V. proteolyticus, V. campbellii, V. nereis, V. cincinnatiensis, and V. harveyi. From
the identified isolates, 65% and 45% isolates were found to be resistant to ampicillin and cephalexin,
respectively. Additionally, two isolates were found to be resistant against six and four separately
selected antibiotics. Furthermore, virulent hlyA and ompW genes were detected by PCR in two
different isolates. Additionally, phage induction was also noticed in two different isolates which
carry lysogenic phage in their genome. Overall, the results reported the identification of five different
Vibrio species in environmental water samples. The isolates showed multiple antibacterial resistance,
phage induction, and virulence gene profile in their genome.

Keywords: Vibrio species; environmental isolates; antimicrobial resistance; virulence; vibriophage

1. Introduction

In India, many people have limited access to safe drinking water, especially in rural
areas where the water sources are often untreated and contaminated with sewage/feces.
Contaminated water and food are major risk factors for the spread of waterborne infectious
diseases such as cholera and vibriosis. Cholera is a severe acute watery diarrheal disease
caused by the O1 and O139 serogroup of Vibrio cholerae [1]. Apart from V. cholerae, many non-
cholera pathogenic species of the genus Vibrio which cause vibriosis have been discovered
in America, Europe, Asia, and other low-income countries [2–4]. Vibrio species are naturally
found in freshwater, brackish water, and marine water. Generally, vibriosis infection is
acquired by the ingestion of contaminated water or seafood [5]. It has been observed
that environmental factors affect both eukaryotic and prokaryotic life through direct or
indirect interaction. Jamie et al. mentioned in their study that warm sea surface influences
the growth of pathogenic Vibrio species which increases the occurrence of infections in
humans as well as marine animals [6]. Tropical countries such as India and other Caribbean
countries are the most favorable place for the growth of toxigenic Vibrio species [7].

The pathogenicity of Vibrio species is determined by the virulent factors encoded by
virulent genes. Virulence factors influence the severity of infection and drug resistance [8,9].
It has been reported that Vibrio species acquire external genetic material from environmental
sources or other bacteria by horizontal gene transfer (HGT) [10]. The shared genetic material
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might be encoding virulence factors that help to enhance Vibrio species’ adaptability in
diverse environments [11]. Virulence-associated elements such as toxin production, quorum
sensing (cell to cell communication), presence of lysogenic phage, hemolysin, proteases,
etc., are major pathogenic factors involved in the pathogenicity of Vibrio species [12,13].
Therefore, assessment of virulence factors in environmental Vibrio isolates provides the role
of pathogenesis and helps to begin a path for treatment.

It has been reported that resistance developed by Vibrio species against antibiotics is
associated with virulent factors [8,9]. Over time, due to the immoderate use of antibiotics
in human disease, agriculture, and aquaculture, the Vibrio species developed antimicro-
bial resistance [14]. In another study, it has been characterized that the unique genetic
makeup and competency of Vibrio species help them in adapting to adverse environmental
conditions and resisting the antibacterial agent [15]. Due to the resistance developed by
Vibrio species, they adversely affect marine, terrestrial animals, as well as human life. As
reported by the Centers for Disease Control and Prevention (CDC), in mild infection of
Vibrio species, treatment is not compulsory, but a sufficient amount of liquid should be
consumed by the patient to substitute the fluid that was lost in diarrhea. In the case of
mild to moderate infection of V. cholerae, it can be reversed by the administration of an
oral rehydration solution (ORS) that helps in rehydration. For severe cholera conditions,
antibacterial agents such as tetracycline, fluoroquinolones, ceftriaxone, cefotaxime, and
macrolides are most effective and are used for the treatment of the disease. However, in
severe vibriosis conditions, no such evidence was found that antibiotics reduce the severity
of illness [16–18].

In earlier studies on the hotspot of cholera, most of the Vibrio species have been char-
acterized in marine or brackish water. In the present study, environmental water samples
in the Vaishali district of Bihar, India, have been investigated for Vibrio strains. Therefore,
taking this into consideration, this study was performed with the objective of evaluating
the presence of virulence-associated factors and antibiotic resistance in the environmental
isolates of different Vibrio species. Additionally, it involved the characterization of phage
induction in the identified isolates with the lysogenic phage-inducing agent mitomycin C
(MMC).

2. Results
2.1. Isolation and Biochemical Identification of Vibrio Isolates

Out of 50 environmental water samples, 20 bacterial isolates colony (River-1, Pond-6,
Stagnant water-5, Sevage-8) were picked from the TCBS plate (Figure 1A) and confirmed
to be Vibrio positive by the 12 biochemical tests (Figure 1 and Supplementary Table S1).
The biochemical test strip changed color after the addition of Vibrio culture, and as per the
guidelines of manufacturer kit instruction (HiMedia, Mumbai, India), five different Vibrio
species (V. proteolyticus, V. campbellii, V. harveyi, V. cincinnatiensis, V. nereis) were identified
(Table 1).

Table 1. Different identified Vibrio species from different environmental water resources.

S/N Isolate Code Identified Species

1 V-Gan

V. proteolyticus

2 VR

3 VH-I4

4 VH-II4

5 VP-IA

6 VP-IB

7 VM-IIA

8 VHVB-I
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Table 1. Cont.

S/N Isolate Code Identified Species

9 VH-I3

V. campbellii
10 VH-II1

11 VHMC-A

12 VM-IB

13 VHMC-C

V. cincinnatiensis14 VH-II2

15 VHVB-II

16 VHMC-B

V. nereis17 VHMC-D

18 VM-IA

19 VH-II3 V. harveyi

20 VM-IIB Not identifiable
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Figure 1. Isolation and confirmation of Vibrio isolates: (A) Image of presumed grown Vibrio colonies on
selective TCBS agar plate. (B) Biochemical identification of five different Vibrio species. Zero indicates
blank strip (without the addition of Vibrio culture) of 12 different biochemical tests. Numbers one, two,
three, four, and five represent five different Vibrio species namely, V. proteolyticus, V. cincinnatiensis, V.
nereis, V. harveyi, and V. campbellii, respectively.

2.2. Antibiotic Resistance and Susceptibility Assay

The environmental Vibrio isolates were checked for resistance against 14 commonly
used antibiotics by disk diffusion methods (Figure 2A). Out of twenty isolates, thirteen
isolates (65%) were found ampicillin resistant, and nine isolates (45%) were cephalexin
resistant (Figure 2B and Supplementary Table S2). Co-trimoxazole resistance was observed
in seven isolates (35%) followed by nalidixic acid in six resistant isolates (30%), as depicted
in Figure 2B. Resistance against streptomycin, neomycin, cefotaxime, and furazolidone
was found in one isolate each (Figure 2 and Supplementary Table S2). Antibiotics such as
ciprofloxacin, gentamycin, norfloxacin, tetracycline, chloramphenicol, and polymyxin-B
showed sensitivity to all isolates. Isolate VHMC-D was found to be resistant against six
antibiotics namely ampicillin, cephalexin, nalidixic acid, cefotaxime, co-trimoxazole, and
furazolidone. Another isolate, VHMC-B was resistant to ampicillin, cephalexin, nalidixic
acid, and co-trimoxazole (Supplementary Table S2). Another seven isolates were found to
be resistant to more than one antibacterial agent. Two isolates were found to be sensitive to
all the antibiotics checked in the study (Supplementary Table S2).
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Figure 2. Antimicrobial susceptibility testing of identified different Vibrio isolates: (A) A representa-
tive plate of antibiotic susceptibility test assay of different Vibrio isolates by diffusion disk method
showing the diameter of zone of inhibition. (B) Antimicrobial resistance and susceptibility pattern in
each confirmed Vibrio isolates against selected antimicrobials.

2.3. Virulence Profile of Vibrio Isolates

Out of twenty Vibrio isolates, six isolates were chosen for the amplification of Vibrio
genes primers as mentioned in Table 2. All the mentioned genes primers were tested for
amplification with the six selected isolates. The virulence gene primer hlyA El Tor was found
to be amplified in isolate VH-I4 (V. proteolyticus) at 56 ◦C (Figure 3A), which represents
hemolysin, which is an extracellular pore-forming hemolytic toxin [19]. Another ompW
gene primer amplified in VHMC-A (V. campbellii) isolate at 56 ◦C (Figure 3B). ompW is
a major outer membrane protein in Vibrio and is involved in salt tolerance as well as in
the transferring of hydrophobic small molecules [20]. However, other selected Vibrio gene
primers were not amplified in the selected isolates.
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Figure 3. Amplification of Vibrio isolates’ virulent genes: (A) Image of 1.5% agarose gel run where
Lane 1 (L1) represents 1 Kb marker and Lane 2 (L2) represents virulent gene primer hly-A (El Tor)
amplification by PCR with genomic DNA of VH-I4 isolate. (B) View of 1.5% agarose gel run showing
Lane 1 (L1): 1 kb marker, Lane 2 (L2): unamplified gene primers with selected other isolates, and
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VHMC-A.
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Table 2. Primers for amplification of Vibrio virulent genes.

S/N Primers Nucleotide Sequences (5′−3′)
Amplicon Size (bp)

and Annealing
Temperature in ◦C

Reference

1
ctxA-F CTCAGACGGGATTTGTTAGGCACG 302 (64 ◦C)

[21]
ctxA-R TCTATCTCTGTAGCCCCTATTACG

2
ctxB-F GATACACATAATAGAATTAAGGATG 460 (60 ◦C)

[22]
ctxB-R GGTTGCTTCTCATCATCGAACCAC

3
O1 rfbF GTTTCACTGAACAGATGGG 192 (57 ◦C)

[23]
O1 rfbR GGTCATCTGTAAGTACAAC

4

O139 rfbF AGCCTCTTTATTACGGGTGG 449 (57 ◦C)

[23]

O139 rfbR GTCAAACCCGATCGTAAAGG

5
ompW-F CACCAAGAAGGTGACTTTATTGTG 304 (56 ◦C)

[24]
ompW-R GGTTTGTCGAATTAGCTTCACC

6

tcpA-F CACGATAAGAAAACCGGTCAAGAG
451 (El Tor) (60 ◦C)

[25]tcpA-R CGAAAGCACCTTCTTTCACACGTTG

tcpA-R TTACCAAATGCAACGCCGAATG 620 (Class)

7
zot-F TCGCTTAACGATGGCGCGTTTT

947 (60 ◦C) [24]
zot-R AACCCCGTTTCACTTCTACCCA

8

hlyA-F GGCAAACAGCGAAACAAATACC 481 (El Tor)

[24]hlyA-F GAGCCGGCATTCATCTGAAT 738/727 (ET and
Class) (56 ◦C)hlyA-R CTCAGCGGGCTAATACGGTTTA

9
toxR-F CCTTCGATCCCCTAAGCAATAC

779 (60 ◦C) [24]
toxR-R AGGGTTAGCAACGATGCGTAAG

10
ompU-F ACGCTGACGGAATCAACCAAA

869 (62 ◦C) [26]
ompU-R GCGGAAGTTTGGCTTGAAGTAG

2.4. Phage Induction Assessment by Mitomycin C

In the present study, it was found that after induction most of the isolates (both
mitomycin C treated as well as untreated control culture) grew exponentially at comparable
rates. Approximately, 2.5 h after the addition of mitomycin C (MMC+), the OD550 value of
the induced culture of Vibrio isolate VH-II1 (V. campbellii) drastically decreased from 1.45 to
0.3 (Figure 4A). Similarly, 1.5 h after the addition of mitomycin C, the OD550 value of the
induced culture of Vibrio isolate VHMC-A (V. campbellii) dramatically decreased from 2.05
to 0.1 (Figure 4B), whereas the control sample without mitomycin C (MMC−) continued to
grow in both of the isolates (Figure 4A,B). In both isolates, typical fibers such as particles
were observed in the induced culture. The significant reduction in OD at 550 nm indicated
that both isolates carried lysogenic phages in their genome.
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Figure 4. Vibriophage induction: Growth curve of vibriophage in (A) VH-II1 isolate and (B) VHMC-A
isolate, after Mitomycin C induction (MMC+). The absorbance was monitored over time at 550 nm
and confirmed the presence of vibriophage in VH-II1 and VHMC-A isolates.

3. Discussion

Organic waste such as foods, sewage, fertilizers, and animal and human feces con-
taminate water sources and play an important role in providing the most favorable place
for the growth of microbes including Vibrio species [27]. Further climatic changes and the
enormous use of antimicrobial agents potentiate prokaryotic population and their survival
in harsh environmental conditions [28].

In the present study, five different Vibrio species have been isolated from fresh envi-
ronmental water resources. The results indicated that out of twenty isolates, eight isolates
(V-Gan, VR, VM-IIA, VP-IA, VP-IB, VH-I4, VH-II4, and VHVB-I) (40%) had character-
istics of V. proteolyticus; four isolates (VHMC-A, VM-IB, VH-I3, and VH-II1) (20%) had
characteristics of V. campbellii; three isolates (VHMC-C, VHVB-II, and VH-II2) (15%) had
characteristics of V. cincinnatiensis; and another three isolates (VHMC-B, VHMC-D, and
VM-IA) (15%) showed V. nereis characteristics. There was one isolate, VH-II3,identified as
Vibrio harveyi. A fairly mixed population of different species of Vibrio was observed in this
region (as shown in Figure 1, Table 1 and Supplementary Table S1). In the previous study,
these Vibrio species have been characterized as potential pathogens for humans as well
as aquatic animals [1,2,5]. In an in vitro study, it was found that V. proteolyticus produced
virulent factors cytotoxic to eukaryotic cell lines such as macrophages and HeLa cells [29].
In the year of 2017, Paek, Jayoung et al. isolated V. cincinnatiensis from the clinical specimen
sample of a patient having symptoms of Vibrio-associated disease, such as watery diarrhea
and soft tissue injury [30]. Another Vibrio species mentioned in the Harveyi Clade was
considered to be the most severely pathogenic Vibrio cluster for aquatic animals, capable of
generating more than 50 different Vibrio diseases [31].

Globally, antimicrobial resistance is a big challenge for the health authority. Microbes
develop anti-microbial resistant genes in their genome for their protection [32]. Antimi-
crobial susceptibility assay of Vibrio isolates revealed that out of twenty isolates, thirteen
(65%) and nine (45%) isolates were found to be ampicillin-resistant and cephalexin-resistant,
respectively (Figure 2B and Supplementary Table S2). Those thirteen isolates were from
V. proteolyticus [6], V. campbellii [2], V. cincinnatiensis [3], and V. nereis [2]. The nine isolates
were from V. proteolyticus [5], V. campbellii [2], V. cincinnatiensis [1], and V. nereis [1]. Co-
trimoxazole resistance was observed in seven isolates (35%) from all the isolated Vibrio
species except V. harveyi, followed by nalidixic acid for which six isolates (30%) of V. prote-
olyticus and V. nereis were found to be resistant. Resistance against streptomycin, neomycin,
cefotaxime, and furazolidone was found in one isolate each (Supplementary Table S2).
The identified Vibrio isolates exhibited a high incidence of resistance against selected an-
tibacterial agents that are commonly used [33]. Additionally, two isolates, VHMC-D and
VHMC-B, of V. nereis showed resistance against six (ampicillin, cephalexin, nalidixic acid,
cefotaxime, co-trimoxazole, and furazolidone) and four (ampicillin, cephalexin, nalidixic
acid, and co-trimoxazole) selected antibiotics, respectively. Another seven isolates from
four different Vibrio species except V. harveyi were found to be moderate to highly resistant
to more than one selected antibacterial agent (Figure 2 and Supplementary Table S2). It
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was noted that out of twenty isolates, sixteen isolates (80%) showed resistance against
beta-lactam and its derivatives. In the previous study, it was also indicated that Vibrio
isolates had resistance against beta-lactam antibiotics and their derivatives derived from
China, Italy, and the U.S. [34–36]. However, it was observed that two isolates, VHMC-A
(V. proteolyticus) and VH-II3 (V. harveyi), were sensitive to all the selected antibiotics used
in this study. Further, it was found that all the isolates were sensitive to ciprofloxacin,
gentamycin, norfloxacin, tetracycline, chloramphenicol, and polymyxin-B. This finding of
antibiotic resistance of the Vibrio isolates indicates the emergence of multidrug resistance
that could be a health threat.

In general, microbes show virulence by the secretion of virulent factors which are
primarily infectious to host cells. It has been observed that virulent factors of Vibrio
species are responsible for the pathogenesis and cause diarrhea, gastroenteritis, cholera,
tissue injury, and blood infections [37]. In the present study, 10 different virulent genes
primers were selected for the amplification of genes in Vibrio isolates (Table 2). As shown
in Figure 3A, the isolate (VHI4) of V. proteolyticus showed amplification of hlyA gene
(hemolysin) which indicates the presence of the pore-forming toxin in the genome of the
isolate. Hemolysin is a well-known pore-forming hemolytic bacterial toxin, encoded by
the hlyA gene. This toxin is present in the genome of various pathogenic Vibrio species.
Hemolysin is a member of the class leucocidin superfamily, it alters the host cell membrane
permeability and leads to cell death by the activation of the inflammasome pathway [38].
Further, another virulent gene primer, ompW was found to be amplified with the genomic
DNA of VHMV-A isolate (V. campbellii) (Figure 3B). The bacterial outer membrane protein
is a major bacterial protein which is expressed on the surface of the bacterial cell membrane.
It participates in the regulation of salt stress, substance transport, and osmoregulation in
many Vibrio species [39]. OmpW expression enhances the growth of V. cholerae in high
saline water by carnitine channel [40]. In a previous study, an increase in the OmpW
expression in V. alginolyticus was observed in the presence of high NaCl concentration [41].

In previous studies, horizontal transfer of virulent factors has been observed in Vibrio
through phages and other mobile genetic elements [42–44]. In another study, it has been
mentioned that virulent genes and anti-microbial resistant genes encoded by prophage-
like elements get exchanged between pathogenic and nonpathogenic Vibrio species [45].
In our study, interestingly, two isolates (VHMC-A and VH-II1, both were V. campbellii)
showed a drastic decrease in the OD550 after 1.5 and 2.5 h of the addition of mitomycin C
(MMC+), respectively, which was a typical indication of the presence of lysogenic virulent
phage (Figure 4A,B). Additionally, characteristic fibers such as particles were seen in
mitomycin C induced cultures (MMC+). However, without mitomycin C added, bacterial
culture (MMC−) was grown constantly, and, at one point, bacterial stationary phase was
established. These observations strongly suggest that both these isolates, VHMC-A and
VH-II1, carry lysogenic phages in their genome. Supernatants from the induced cultures
were spotted on all the isolates in order to find a suitable host that can support the entry
and growth of these putative phages, but no clearing was seen which indicated that these
isolates could not be infected with these phages.

4. Materials and Methods
4.1. Sample Collection and Isolation of Bacterial Colonies

A total of 50 water samples were collected in sterile 500 mL bottles from various sources
such as rivers, ponds, sewage, and stagnant rainwater from different locations in the Vishal
district of Bihar, India (duration: October to June). After sample collection, 50 mL of water
sample was filtered through a 0.22 µm membrane filter (Millipore, Bethesda, MD, USA).
The retained content was suspended in phosphate-buffered saline (PBS, pH 8.4)and then it
was enriched in alkaline peptone water (APW, pH 8.4) and incubated at 37 ◦C for 6–8 h in
an incubator shaker (ThermoFisher Scientific, Berkeley, MO, USA). Further presumptive
bacterial colonies were isolated according to the method described by Mishra et al. [46],
with slight modification. Briefly, the enriched subculture was streaked using a sterile
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inoculation loop on a thiosulfate citrate bile salts sucrose (TCBS) agar plate (Sigma Aldrich,
Kenilworth, NJ, USA) and incubated at 37 ◦C for 18–24 h. The promising isolated smooth
yellow colonies were selected and subjected to biochemical tests for further confirmation of
Vibrio species.

4.2. Identification of Vibrio Isolates by Biochemical Tests Assay

The preserved bacterial colonies on agar stabs (1.5% Agar, 5 g yeast extract, 10 g
tryptone, and 10 g NaCl in 1000 mL of nuclease free water, pH = 7.2) were picked up
for biochemical tests. A total of 12 biochemical tests were performed for each sample.
These tests include Voges–Proskauer, arginine utilization, salt tolerance, ortho-nitrophenyl-
b-D-galactopyranoside (ONPG), citrate utilization, ornithine utilization, and different
carbohydrate tests as mentioned in manufacturer protocol (HiMedia, Mumbai, India).

The selected colony was inoculated in a conical flask containing 5 mL alkaline peptone
water and incubated at 37 ◦C until the inoculum turbidity became ≥0.5 OD at 600 nm. At
that point, the sample was ready to be used for biochemical tests. A test strip (HivibrioTM

Identification kit, HiMedia, Mumbai, India) with 12 wells, each designated for a different
biochemical test analysis, was used. The test strip was opened aseptically, then 50 µL of
test sample was inoculated in each well of the test strip by surface inoculation method
and it was incubated for 18–24 h at 37 ◦C. After incubation, the test strip was analyzed
for different species of Vibrio on the basis of color changes as per the manufacturer chart
description (HivibrioTM Identification kit, HiMedia, Mumbai, India).

4.3. Antibiotic Susceptibility Testing

Antibiotic susceptibility testing was implemented in accordance with the Kirby–Bauer
disk diffusion method following the Clinical and Laboratory Standards Institute (CLSI)
guidelines [47]. In brief, 150 µL of overnight Vibrio culture was spread aseptically on
LB agar plates. E. coli DH5α was used as the negative control (usually E. coli strain K12
MG1655 is used as a negative control). The antibiotics which are most commonly used for
the treatment of cholera were chosen for antibiotic susceptibility testing [15,33]. Different
antibiotics discs [ampicillin (AMP, 10 µg), chloramphenicol (C, 30 µg), cefotaxime (Ce,
30 µg), ciprofloxacin (Cf, 5 µg), co-trimoxazole (Co, 25 µg), polymyxin-B (PB, 300 unit),
furazolidone (FR, 100 µg), gentamycin (GEN, 10 µg), neomycin (N, 30 µg), norfloxacin
(Nx, 10 µg), nalidixic acid (Na, 30 µg), tetracycline (T, 30 µg), cephalexin (CN, 30 µg),
streptomycin (S, 10 µg), trimethoprim (Tr, 5 µg)] (HiMedia, Mumbai, India) were placed at
certain distances on the surface of the agar plate. The plates were incubated at 37 ◦C for
24 h and then the diameter of the zone of inhibition of each antibiotic disc was measured.

4.4. Virulent Genes Amplification by Polymerase Chain Reaction (PCR)

The genomic DNA of different Vibrio isolates was extracted as per manufacturer
protocol (QIAGEN, Germantown, MD, USA). The genomic DNA was used as a template
for Vibrio virulent gene amplification. In the present study, specific Vibrio species gene
primers [ctxA, ctxB, O1rfb, O139rfb, tcpA (El Tor and Classical), hlyA (El Tor and Classical),
ompW, ompU, toxR, zot] were used for PCR amplification (Table 2). The PCR reaction was
performed in 25 µL solution containing 10 µL PCR buffer including MgCl2, dNTP mix (10×)
(Promega, Madison, WI, USA), 1 µL Taq DNA Polymerase (5 U/µL) (Promega, Madison,
WI, USA), 1 µL each primer (10 µM), 1 µL of template DNA, and 11 µL of nuclease free
water. The reaction mixture was set up on the thermal cycler (Bio-Rad, Hercules, CA, USA).
The reaction conditions involved one cycle of initial denaturation at 95 ◦C for 5 min and
35 cycles of denaturation at 95 ◦C for 30 s, annealing at the annealing temperature for 1 min,
extension at 72 ◦C for 30 s, and one cycle of final extension at 72 ◦C for 7 min. The PCR
amplified product was run on 1% agarose gel electrophoresis for separation. The E. coli
template DNA and their gene primer were used as a positive control for the PCR reaction.
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4.5. Induction of Vibriophage by Mitomycin C

Induction of vibriophage by mitomycin C was performed according to the method-
ology mentioned by Castillo et al. [48], with slight modification. In brief, preserved Vibrio
species in LB agar stab were aseptically transferred with a sterile inoculum loop to 10 mL
of autoclaved LB media and incubated at 37 ◦C overnight at 200 rpm in an incubator
shaker (ThermoFisher Scientific, Waltham, MA, USA). The overnight grown culture was
sub-cultured in LB medium and incubated again at approximately 37 ◦C for 2 h at 200 rpm
to reach the Vibrio culture optical density (OD550) of ≥0.2 at 550 nm. Phage induction was
initiated by the addition of mitomycin C (at a final concentration of 0.5 µg/mL) (Ther-
moFisher Scientific, MA, USA) in grown culture (MMC+), except for the control (MMC−)
without mitomycin C. Then, the optical density (OD600) of samples was measured at a time
interval of 20 min for 8 h.

4.6. Statistics

Statistical analysis of Mitomycin-C (MMC+) induced and uninduced (MMC−) vibrio
culture was expressed in mean ± SD (standard deviation). All statistically analyzed data
were graphed using Graph Pad Prism version 8.0.2 and Microsoft 365 (2010).

5. Conclusions

The present study concluded that different environmental water resources of Vaishali
district, Bihar, India have the presence of distinct Vibrio species. Most of the identified
isolates showed potential drug resistance against different selected antibacterial agents
which are commonly used for the treatment of cholera as well as other bacterial diseases.
Additionally, the two identified isolates (VH-I4 and VHMC-A) showed virulence gene in
their genome. In spite of these characterizations, two Vibrio isolates (VHMC-A and VH-II1)
showed lysogenic phage induction as detected by the treatment of the inducing agent
MMC. Furthermore, the characterization of more isolates would be helpful in identifying
other virulent strains that could give more explanatory results regarding the virulent genes,
phage induction, and other multidrug resistant Vibrio species. These findings suggest that
this district might be the next hotspot of cholera and non-cholera associated diseases in the
future.
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