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Abstract

Rising levels of antimicrobial resistance (AMR) among foodborne pathogens is an increasing threat to food safety and prod-
uct quality, driving the search for effective natural alternatives to conventional preservatives. Antimicrobial peptides (AMPs)
have emerged as promising candidates for food preservation because of their broad-spectrum activity, diverse mechanisms
of action and lower propensity for resistance development. Within this group, the macin family represents a promising yet
underexplored class of cysteine-rich AMPs characterised by eight conserved cysteine residues that form four disulfide bonds.
Macins have been identified across diverse taxa, including leeches, bivalves, gastropods, and hydrozoans and exhibit diverse
antimicrobial mechanisms ranging from bacterial aggrelgation mediated by hydrophobic and electrostatic interactions and
membrane permeabilization. This review provides a comprehensive synthesis of current knowledge of the macin family within
the broader landscape of AMPs, highlighting their structural diversity, mechanisms of action and potential applications. Col-
lectively, these characteristics suggest that macins may represent promising candidates for controlling resistant foodborne
pathogens while maintaining product quality.

Impact Statement

This review highlights macins as an underexplored family of antimicrobial peptides (AMPs) with promising activity against
foodborne pathogens. By consolidating current knowledge, it provides a foundation for evaluating their potential in food
preservation and antimicrobial research.
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vegetables, and meat products (Al-Kharousi et al. 2016, Vojkovska
etal.2017). These foodborne pathogens encompass a wide range
of bacteria, including Vibrio parahaemolyticus and Vibrio cholera
(Bacon et al. 2003, Ma et al. 2014), E. coli, S. typhi and S. paratyphi
(Scallan et al. 2011, Viazis et al. 2025), and Staphylococcus aureus

Introduction

The prolonged and widespread use of conventional antimicro-
bials across clinical, agricultural, and food industries, has con-
tributed to the alarming rise of antimicrobial resistance (AMR)

(Brul and Coote 1999, Manyi-Loh et al. 2018, WHO 2019, Mur-
ray et al. 2022, Liu et al. 2024, Zheng et al. 2024, Elbehiry et al.
2025). Within the food industry, antimicrobial-resistant foodborne
pathogens pose significant threats to both food safety and pub-
lic health (Liu et al. 2024, Zheng et al. 2024). Evidence indicates
that foods of animal and aquatic origin can act as reservoirs for
antimicrobial-resistant bacteria. For example, multidrug-resistant
Salmonella and Escherichia coli harbouring clinically relevant re-
sistance genes, such as mcr-1, have been detected in retail meat
products, highlighting the AMR hazards spread across the food
chain (Nhungetal. 2018, Tanget al. 2022). Similarly, antimicrobial-
resistant bacterial strains have been isolated from frozen fruits,
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(Bacon et al. 2003, Bintsis 2017).

To control spoilage and pathogen proliferation, synthetic chem-
ical preservatives have long been incorporated into meat and
related food products. However, their continued use has raised
concerns about potential toxicity and promotion of AMR (Piper
2011, Mohammadzadeh-Aghdash et al. 2019, Recoules et al. 2025,
Hasenbohler et al. 2026). Chemical preservatives, such as weak or-
ganic acids, exert antimicrobial effects by disrupting membrane
integrity and intracellular pH homeostasis (Freese et al. 1973,
Bracey et al. 1998). Prolonged exposure to these compounds can
promote resistance through intrinsic and inducible responses,
such as reduced membrane permeability, enzymatic degradation,
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and stress response pathways such as acid tolerance (Baik et
al. 1996, Perri et al. 2020, Nazir et al. 2025). These adaptive re-
sponses may also confer cross-protection against other antimicro-
bials (Garcia-Penas et al. 2026). Consequently, there is growing in-
terest in the use of nature-derived antimicrobial compounds as
safer and more sustainable alternatives for controlling foodborne
pathogens and mitigating AMR (Lee et al. 2021, Purgatorio et al.
2022, Woo et al. 2023, Dong et al. 2024). Among the natural antimi-
crobial agents investigated to date, promising candidates for food
preservatives include bacteriocins of microbial origin (da Costa et
al. 2019), plant-derived extracts (Ceruso et al. 2020), chitosan de-
rived from marine crustaceans (Kanatt et al. 2008), and more re-
cently, insect-derived chitosan (Triunfo et al. 2026).

Antimicrobial peptides (AMPs) represent a promising class of
naturally derived antimicrobial agents with considerable poten-
tial as alternatives to conventional chemical preservatives (Singh
et al. 2024). AMPs are widely distributed among animals, plants,
and microorganisms where the function as key components of in-
nate immune defence against potentially harmful microbes (Za-
sloff 2002, Jenssen et al. 2006, De Stefano et al. 2026). Microorgan-
isms and AMPs have co-evolved over hundreds of millions of years,
yet AMPs have retained potent antimicrobial activity, while many
pathogens have shown only limited capacity to evade their lethal
effects (Pasupuleti et al. 2012). Most organisms produce diverse
AMP repertoires that collectively provide broad-spectrum antimi-
crobial defence, although individual peptides often display selec-
tive activity against specific groups of microorganisms, including
bacteria, fungi, viruses and parasites (Bahar and Ren 2013, Zhang
et al. 2021, Erdem and Kesmen 2022), This selectivity, combined
with their broad antimicrobial potential, has made AMPs attractive
candidates for food preservation (Corbalan et al. 2021, Dell’Olmo
etal. 2021, Dong et al. 2022).

Although resistance to individual AMPs can arise under in vitro
conditions, the simultaneous activity of multiple peptides within
natural host defence systems is thought to constrain the develop-
ment of effective resistance mechanisms. Consequently, AMPs are
generally considered less likely to induce resistance or mutage-
nesis compared with conventional antimicrobials. Nevertheless,
AMP-resistant strains can emerge under intensive laboratory se-
lection, and certain bacterial adaptations, such as capsule forma-
tion, may reduce susceptibility to AMP-mediated killing (Campos
etal. 2004, Nizet 2006).

The application of AMPs in food preservation has attracted in-
creasing research interest in recent years. Compared with con-
ventional preservatives, AMPs offer several advantages, includ-
ing their natural origin, relatively lower toxicity, biodegradabil-
ity, and reduced propensity to promote microbial resistance (Pa-
supuleti et al. 2012, Younes et al. 2017). A numbers of AMPs, in-
cluding Enterocin (Kasimin et al. 2022) and Lactoferricin (Demir
et al. 2025), have been classified by the U.S. Food and Drug Ad-
ministration (FDA) as ‘Generally Regarded as Safe’ (GRAS) and are
currently being explored as food additives. Others, such as Nisin
(Hanchi et al. 2018, Field et al. 2023), Natamycin (Meena et al.
2021), Pediocin PA-1 (Espitia et al. 2025) and ¢-Polylysine (Hiraki
et al. 2003), are already approved as food preservatives because
of their demonstrated antimicrobial efficacy, and environmental
stability and safety profiles (Younes et al. 2017).

AMPs exert antimicrobial activity through a diverse range of
mechanisms, most commonly involving disruption of microbial
membranes via pore formation or detergent-like micellization
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(Gallo et al. 2002, Zasloff 2002, Jenssen et al. 2006, Moretta et
al. 2021). Three principal models have been proposed to ex-
plain AMP-mediated permeabilization; the barrel-stave model, the
toroidal-pore model, and the carpet model. In the barrel-stave
and toroidal-pore models, peptides insert into the membrane to
form stable or transient pores, depending on peptide concentra-
tion and membrane composition. In contrast, the carpet model
involves peptides aligning parallel to the membrane surface un-
til a threshold concentration is reached, leading to micellization
and membrane disintegration (Raheem and Straus 2019). The ex-
tensive membrane damage induced by many AMPs is generally
considered too complex for bacteria to readily overcome through
resistance adaptions, further supporting their potential for med-
ical and industrial applications (Schwab et al. 1999, Meng et al.
2010, Otero-Gonzaiez et al. 2010, Jung et al. 2011, Neonakis et
al. 2011). In addition to membrane disruption, some AMPs inhibit
the synthesis of cellular components, For example, several pep-
tides target lipid Il, a critical precursor in peptidoglycan (PGN)
biosynthesis, resulting in the inhibition of cell wall formation
(Brotz et al. 1997, Wilmes et al. 2011). Other AMPs can translo-
cate across microbial membranes and accumulate intracellularly,
where they interfere with nucleic acid synthesis, protein syn-
thesis, enzymatic activity and other essential cellular processes
(Jenssen et al. 2006).

Individual organisms frequently produce multiple AMP-related
proteins with overlapping but distinct functional properties.
Within this diverse AMP landscape, the macin family of antimi-
crobial proteins has emerged as a distinct and potentially impor-
tant group exhibiting strong activity against several major food-
borne pathogens, including S. aureus (Du et al. 2023), E. coli (Jung
etal. 2009, Du et al. 2023, Dong et al. 2024, Hu et al. 2025), V. para-
haemolyticus (Yang et al. 2019, Dong et al. 2024, Hu et al. 2025) and
S. typhimurium (Dong et al. 2024). Despite being identified almost
two decades ago, the macin family remains critically underrepre-
sented within the broader AMP literature (Gerdol and Venier 2015).
This review therefore aims to consolidate current knowledge of
macin-related antimicrobial proteins, providing a foundation for
future research into their potential applications in combating AMR
and improving food safety.

AMPs: Macins

Macins constitute a distinct family of AMPs identified primarily in
annelids, molluscs, and cnidarians (Tasiemski et al. 2004, Schiko-
rski et al. 2008, Tasiemski 2008, Gerdol et al. 2012, Jung et al. 2012,
Yang et al. 2016, Hu et al. 2025). The absence of adaptive immu-
nity in these taxa necessitates a heavy reliance on highly diverse
innate immune systems to survive the extreme and fluctuating en-
vironmental conditions characteristic of their habitats. As a result,
these ancient lineages represent an extensive reservoir of struc-
turally and functionally diverse AMPs (Kawsar et al. 2025).

The earliest identified and characterised members of the macin
family, theromacin, neuromacin, and hydramacin, share a con-
served structural foundation that has since been recognised
across subsequent discovered macins. All three peptides exhibit
membrane-permeabilizing activity, howeverimportant functional
differences have also been reported. Both hydramacin and neu-
romacin induce bacterial aggregation, whereas theromacin lacks
this property. Neuromacin additionally displays the strongest

920z 1snBny 20 uo Jasn AlIsIaAiun %009 sawer Aq /G6EE/8/6506BA0///6//010n4B/0IquWie|/wod dno-olwapeoe//:sdiy Woll papeojumMo(]



Letters in Applied Microbiology, 2026, Volume 79, Issue 7

membrane-permeabilizing capacity and is uniquely capable of
forming membrane pores (Jung et al. 2012).

Macins are synthesised as secreted precursor peptides charac-
terized by a highly conserved cysteine scaffold typically compris-
ing eight cysteine residues, although some “long” macins, includ-
ing theromacin, possess an additional cysteine pair (Jung et al.
2012, Egessa 2022). Despite this conserved cysteine architecture,
macins display considerable functional diversity, likely influenced
by variation in charged and non-conserved amino-acid residues
(Jung et al. 2009, 2012, Hung et al. 2014). Collectively, macins ex-
hibit broad antimicrobial potential, although individual peptides
vary substantially in both antimicrobial spectrum and potency.
Many macins display primarily antibacterial activity, with differing
efficacy against Gram-positive and Gram-negative bacteria (Jung
et al. 2012, Lv et al. 2019, Jiao et al. 2024, Zhang et al. 2025),
while others additionally demonstrate anti-yeast activity (Xue et
al. 2021). Macins are generally thought to initiate their bacterici-
dal activity through bacterial aggregation (Jung et al. 2009, 2012).
Following this initial interaction, secondary effects may involve
membrane permeabilization, pore formation and associated al-
terations in cell morphology, ultimately leading to microbial cell
death (Junget al. 2012).

Hydramacin-1

The metazoan Hydra is among the simplest extant multicellu-
lar organisms. Despite its morphological simplicity, the Hydra
epithelium produces a diverse array of potent AMPs that pro-
vide protection against pathogenic bacteria (Augustin et al. 2009,
Bosch et al. 2009). As an organism that relies exclusively on in-
nate immunity while inhabiting microbe-rich freshwater environ-
ments, Hydra has emerged as an important model for studying
AMPs. The induction of these AMPs is regulated through inter-
actions between a leucine-rich repeat (LRR)-containing protein
and a Toll/interleukin-1 receptor (TIR)-domain-containing protein
lacking LRR motifs, together forming a receptor complex func-
tionally analogous to the Toll-like receptors of higher animals.
Evidence for this interaction is supported by both in vitro stud-
ies demonstrating activation of downstream signalling pathways
and in vivo observations in Hydra, although some mechanistic
remain inferred from similarities with Toll-like receptor systems
in higher organisms. One of the AMPs regulated downstream of
this TIR/LRR signalling complex is Hydramacin-1 (HM1), a cationic
AMP with well-established bactericidal activity against both Gram-
positive and Gram-negative bacteria (Bosch et al. 2009). HM1 ex-
hibits an unusual and extensively studied mechanism of action
referred to as the ‘barnacle model’ (Jung et al. 2009). This mech-
anism is linked to the distinctive molecular surface properties of
the peptide, which comprises two hydrophobic hemispheres sep-
arated by a belt of positive charges. Such structural organisation
(Fig. 1) enables HM1 to induce bacterial aggregation through si-
multaneous electrostatic and hydrophobic interactions with the
membranes of adjacent bacterial cells. In this model, individual
bacterial cells become cross linked by peptide-mediated mem-
brane interactions, allowing the formation of large cellular aggre-
gates under certain conditions (Michalek et al. 2013). Expression of
HM1 has been localised to the endodermal epithelium of Hydra.
Jung et al. (2009) demonstrated the membrane-permeabilizing
activity of HM1 using Bacillus megaterium at a concentration of
10° cells ml~!, with “50% permeabilization achieved at peptide

concentrations of 5 ug ml=L. In vitro, HM1 displayed particu-
larly strong antimicrobial activity against several Gram-negative
bacteria, including Citrobacter freundii (C7), Enterobacter cloacae
(Va12270/03), E. coli, Klebsiella pneumoniae, Klebsiella oxytoca, S.
typhimurium, and Yersinia enterolitca (Table S1; Supplementary
Material). Among Gram-positive bacteria, the highest bactericidal
activity was reported against Staphylococcus hemolyticus (Bosch
etal. 2009, Jung et al. 2009).

Importantly, HM1 was the first member of the macin family
shown to mediate bacterial aggregation through membrane cross-
linking, thereby revealing a previously undescribed antimicrobial
mechanism within this AMP family (Jung et al. 2009). Aggregation
occurs at sub-minimum bactericidal concentrations (sub-MBC lev-
els) and is thought to arise from the peptide’s dual amphipathic
character, whereby its hydrophobic domains bind bacterial mem-
branes and initiate cell-cell adhesion. Although first described for
HM1, similar aggregation-mediated antimicrobial activity has sub-
sequently been reported for other macins, including neuromacin
(Jungetal. 2009, Michalek et al. 2013). Following exposure, bacte-
rial cells develop electron-dense contact regions accompanied by
pronounced morphological alterations, resulting in a character-
istic thorn apple-like appearance marked by surface protrusions.
Subsequent membrane permeabilization and structural disrup-
tion ultimately lead to bacterial cell death (Jung et al. 2009).

Neuromacin

Neuromacin, isolated from the leech Hirudo medicinalis (Table 1)
(Schikorski et al. 2008), shares notable sequence similarity with
HM1 (61% pairwise sequence similarity; BLASTp (NCBI) calculated
based on the highest-scoring alignment). Similar to HM1, neu-
romacin possesses a ringlike arrangement of cationic residues
flanked by two opposing hydrophobic regions, consistent with
the proposed barnacle model of action. Accordingly, neuromacin
binds to and cross-links bacterial cell surfaces, resulting in cel-
lular aggregation. However, compared to HM1, neuromacin ex-
hibits markedly greater cytoplasmic membrane permeabilization
against B. megaterium (i.e. 50% permeabilization at 0.2-0.6 versus
2-6 umol 71 with HM1 for a comparable effect). Among the three
macins investigated (HM1, neuromacin and theromacin), pore-
forming activity was observed exclusively for neuromacin (Jung
etal.2012). Neuromacin also displayed potent antibacterial activ-
ity against B. megaterium and S. aureus, with minimum bacterici-
dal concentrations (MBCs) of 0.20 and 6.25ug ml™2, respectively
(Table S1) (Jungetal. 2012).

The pore-forming activity of neuromacin has been hypothe-
sized to arise from protonation and de-protonation of specific his-
tidine residues that are notably absent in HM1 and theromacin.
In addition to its antimicrobial properties, neuromacin has also
been implicated in neural regeneration, where it promotes repair
of leech nerve tissue (Schikorski et al. 2008). Neuromacin also en-
hanced the survival of murine neuroblastoma cells, suggesting
broader neuroprotective functions. Expression analyses further
revealed that neuromacin is localized within both microglial cells
and neurons of the leech nervous system (Jung et al. 2012). How-
ever, the pore-forming activity of neuromacin is relatively moder-
ate compared to the classical pore-forming peptide alamethicin,
requiring concentrations 20 times higher to achieve 50% pore
formation (2 verses 0.1 umol [~! for alamethicin).
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Figure 1 Predicted 3D structures of selected macin-family peptides, highlighting hydrophobic regions (green), negatively charged regions (red) and
positively charged regions (blue). Structural models were generated by the authors using SWISS-MODEL and visualized in PyMOL. (a) HM1. (b)
Neuromacin. (c) Theromacin Hm (from H. medicinalis). (d) Theromacin Tt (from T. tessulatum). (e) Theromacin Sc (from S. constricta). (f) Mytimacin-1. (g)
Mytimacin-2. (h) Mytimacin-3. (i) Mytimacin-4. (j) Mytimacin-5. (k) Mytimacin-6. () PfMacinl. The NMR structure of HM1 was used as the modelling
template for all macins except neuromacin and theromacin Tt, for which the NMR structure of theromacin Hm served as the structural template.

Hirudomacin

Hirudomacin (Hmc), identified in the salivary gland of the leech
Hirudo nipponica is another member of the macin family whose
primary structure shares "45.8%-90.1% amino acid sequence
similarity with HM1 and theromacin Tt, respectively (Fig. 2) (Ta-
ble 2). The mature peptide exhibited strong antimicrobial activ-
ity against Bacillus subtilis and S. aureus, with MBCs of 0.39 and
1.56 ug ml™2, respectively (Table S1). Transmission electron mi-
croscopy (TEM) and structural analyses indicated that the antimi-
crobial activity of Hmc is dependent on the combined effects of
its cationic and amphipathic properties. These features facilitate
electrostatic interactions with negatively charged bacterial mem-
branes, leading to membrane permeabilization and subsequent
bacterial cell lysis (Ding et al. 2019). In vitro, Hmc also exhibited
strong antimicrobial activity against S. aureus and E. coli, with MIC
values of 0.39 and 1.56 pug ml™1, respectively (Table S1) (Ding et
al. 2019, Du et al. 2023). Consistent these findings, administra-
tion of Hmc at its MIC reduced bacterial burden by approximately
50% in vivo in C. elegans infected with either S. aureus or E. coli
(Ding et al. 2019). Expression profiling further revealed that Hmc
transcripts were most abundant in the salivary glands and intes-

tine, with lower expression detected in the skin and gonad tissues
(Dingetal.2019). Recent comparative genomic analyses also iden-
tified multiple hirudomacin-like macin homologues in medicinal
leeches, suggesting that hirudomacin belongs to a broader multi-
gene family with differential expression and varying degrees of
functional conservation (Yu et al. 2025).

Theromacin

Theromacin, first identified in the leech Theromyzon tessulatum
(Table 2), shares considerable sequence similarity with neuro-
macin and similarly exhibits neuroregenerative properties, includ-
ing promotion of nerve repair and enhanced viability of neurob-
lastoma cells in murine models. Expression of theromacin was re-
ported primarily in large fat cells associated with the coelomic cav-
ities (Tasiemski et al. 2004). Similar to neuromacin, theromacin
homologs identified in Hirudo medicinalis displayed strong an-
timicrobial activity against B. megaterium (MBC=0.39 pg ml~?)
(Jung et al. 2012) (Table S1). However, unlike HM1 and neuro-
macin, theromacin did not induce bacterial aggregation (Boidin-
Wichlacz et al. 2012, Jung et al. 2012). Based on limited bacte-
rial isolates tested, both theromacin and neuromacin appeared to
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Table 1 A qualitative overview of the reported spectrum of characterized macins across phylogenetically diverse taxa. Spectrum indicates whether activity

has been reported against Gram-positive bacteria (Gm +ve), Gram-negative bacteria (Gm—ve), and/or fungi (F). Preference denotes relatively stronger

reported activity, whereas Broad indicates activity against both bacterial groups without a clear reported preference. These classifications summarize
comparative trends in activity rather than quantitative potency. Detailed quantitative antimicrobial data, including MIC and/or MBC values, are provided

in Table S1, Supplementary Material.

Phylum/species Macin Antimicrobial spectrum  Preference References

Cnidaria

Hydra Hydramacin Gm +ve and Gm —ve Broad (Jungetal. 2012)

Annelida

Hirudo medicinalis Neuromacin Gm +ve and Gm —ve Gm +ve (Jungetal.2012)
favoured

Hirudo nipponia Whitman Hirudomacin Gm +ve and Gm —ve Gm +ve (Ding et al. 2019, Du et al. 2023)
favoured

Theromyzon tessulatum Theromacin Gm +ve and Gm —ve Broad (Tasiemski et al. 2004, Jung et al.

2012)

Perinereis linea Theromacin Gm +ve and Gm —ve Broad (Joo et al. 2020)

Mollusca

Sinonovacula constricta Theromacin Gm +ve and Gm —ve Broad (Hu et al. 2025)

Mytilus galloprovincialis Mytimacin-4 Gm +ve and Gm —ve Gm —ve (Lv et al. 2019, Dong et al. 2024)
favoured

Venerupisphilippinarum VpMacin Gm +ve and Gm —ve Gm —ve (Yang et al. 2019)
favoured

VpMacin-1 Gm +ve,Gm —ve and F Gm —ve (Xue et al. 2021)
favoured
VpMacin-2 Gm +ve,Gm —ve and F F favoured (Xue et al. 2021)

Pinctada fucata PfMacinl Gm +ve and Gm —ve Gm —ve (Zhang et al. 2025)
favoured

Haliotis discus hannai HdMac Gm +ve and Gm —ve Gm —ve (Jiao et al. 2024)
favoured

exhibit preferential antimicrobial activity against Gram-positive
bacteria (Table 1) (Tasiemski et al. 2004, Jung et al. 2012).

A theromacin homolog identified in the polychaete Perinereis
linea (Table 2) displayed a broader antimicrobial spectrum and
was predominantly expressed in the head region. Synthetic thero-
macin inhibited the Gram-positive bacterium Streptococcus iniae
(MIC=31.3 ug ml~1) and several Gram-negative Vibrio species, in-
cluding V. ordalii, V. alginolyticus, and V. campbellii with MICs of
1.0,7.8, and 15.6 ug ml~1, respectively (Joo et al. 2020). However,
some Gram-negative species, such as Edwardsiella piscicida and
V. harveyi, exhibited substantially lower susceptibility (MIC=62.5
ng ml=?) (Table S1). The broader Gram-negative activity observed
for the P. linea theromacin homolog, relative to earlier findings in
H. medicinalis, may reflect differences in peptide sequence and
physicochemical properties. Additionally, the relatively narrow
range of Gram-negative bacterial isolates tested in earlier studies
may have underestimated the antimicrobial spectrum of thero-
macin peptides.

Although the antimicrobial mechanisms of theromacin re-
mained unresolved in earlier studies (Schikorski et al. 2008, Jung
et al. 2012), more recent work by Hu et al. (2025) proposed
that theromacin from the razor clam Sinonovacula constricta
exerts activity through binding to lipopolysaccharide (LPS) on
Gram-negative bacterial surfaces. Consistent with this mecha-
nism, the recombinant peptide displayed potent activity against
several Gram-negative species, including E. coli, Vibrio splendidus,
V. parahaemolyticus, and Vibrio anguillarum (MICs=0.42, 0.64,

0.64, 0.32 pug ml™1, respectively) (Table S1). Expression of thero-
macin in S. constricta was highest in gonad tissues, followed by
foot, hepatopancreas, adductor muscle and gills, broadly con-
sistent with tissue expression patterns reported in P. linea (Joo
et al. 2020). In addition to membrane interactions, theromacin
was shown to bind and aggregate genomic DNA from V. para-
haemolyticus, suggesting that intracellular bacterial DNA may rep-
resent an additional target alongside the bacterial membrane
(Hu et al. 2025).

Mytimacins

Transcriptomic analysis of the Mediterranean mussel Mytilus
galloprovincialis identified five mRNAs encoding members of
the macin family, designated mytimacins one to five (Gerdol et
al. 2012) (Table 2). All five proteins retain the eight conserved
cysteine residues characteristic of macins and predicted to form
four intramolecular disulfide bridges. However, mytimacins one,
four, and five contain two additional cysteine residues that may
facilitate formation of a fifth disulfide bond, a structural feature
previously associated with longer theromacin-like peptides
(Fig. 2) (Tasiemski et al. 2004, Joo et al. 2020, Hu et al. 2025). In
contrast, mytimacins two and three lack this C-terminal extension
and are therefore structurally more similar to HM1 and neuro-
macin (Schikorski et al. 2008, Jung et al. 2009). Consistent with
this relationship, the predicted tertiary structure of mytimacin-3
(Fig. 1) exhibited a high degree similarity to HM1, sharing 64.4%
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Hydramacin/1-57 GCW ETW
Neuromacin/1-59 DCY EDW
Hmc/1-59 SCYEDW

theromacinhm/1-60GC FEDW
TheromacinTt/1-60GC FEDW
TheromacinPl/1-57KCWDTW
TheromacinSc/1-57DC FATW
Mytimacin-1/1-58 DCW EDW
Mytimacin-2/1-57 GCW ETW
Mytimacin-3/1-57 DCWNTW
Mytimacin-4/1-58 DCWDDW
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Figure 2 Multiple sequence alignment of selected macin-family peptides. The shaded regions indicate >40% amino acid conservation. The sequences
analysed were hydramacin (AFQ20833.1), neuromacin (ABW97519.1), hirudomacin (Hmc) (QBK51064.1), theromacin Hm (from H. medicinalis)
(ABV56569), theromacin Tt (from T. tessulatum) (AAR12065.1), theromacin Pl (from P. linea) (QAU32334.1), theromacin Sc (from S. constricta) (PDB:
X0127391.1), mytimacin-1(CCC15015.1), mytimacin-2 (CCC15016.1), mytimacin-3 (CCC15017.1), mytimacin-4 (CCC15018.1), mytimacin-5 (CCC15019.1),
mytimacin-6 (QHI06026.1), VpMacin (APY18888.1), VpMacin-1 (APY18887.1), VpMacin-2 (APY18889.1), pfMacinl (XZP61820.1) and HdMac (PDB:
WNY63410.1). Sequence alignment was performed using MEGA12 and Jalview software. The Clustal X colour scheme was applied to highlight cysteines
in pink, hydrophobic residues in blue, polar residues in green, positive residues in red and glycines in orange.

sequence identity. Conserved lysine and arginine residues form-
ing a
positively charged surface belt, considered central to the antimi-
crobial activity of HM1, were also identified in the mytimacins,
further supporting their classification as candidate AMPs (Jung et
al. 2009, Gerdol et al. 2012).

Expression profiling further suggests functional diversification
within the mytimacin family. Mytimacin-1 was most highly ex-
pressed in the digestive gland of M. galloprovincialis, followed by
posterior adductor muscle, foot, mantle and gills, with compara-
tively low expression in hemocytes. Mytimacin-2 expression was
concentrated primarily in the gills and, to a lesser extent, the foot,
whereas mytimacin-3 was predominantly expressed in mantle tis-
sues. In contrast, mytimacin-4 showed highest expression in the
posterior adductor muscle, followed by hepatopancreas, gonads,
hemocytes, mantle and gills. The differential expression of my-
timacins across tissues suggests functional diversification within
the family, with individual peptides likely produced by specialised
cell populations and adapted to distinct tissue-specific roles (Ger-
doletal.2012).

To date, antimicrobial activity has only been experimentally
validated for mytimacin-4, while the biological activities of the re-
maining mytimacins remain largely unexplored (Lv et al. 2019). Re-
combinant mytimacin-4 exhibited inhibitory activity against both
Gram-positive and Gram-negative bacteria, including B. subtilis
and V. parahaemolyticus with MICs of 0.315 and 0.62 umol |71,
respectively (Lv et al. 2019). More recently, Dong et al. (2024)

employed a Pichia pastoris expression system to further investi-
gate the antibacterial properties, mechanism of action, and po-
tential food preservation applications of mytimacin-4. Consis-
tent with earlier findings, mytimacin-4 displayed greater activ-
ity against Gram-negative bacteria than Gram-positive species,
likely reflecting differences in cell envelope structure and compo-
sition (Lv et al. 2019, Dong et al. 2024). E. coli, S. typhimurium and
Pseudomonas aeruginosa were relatively sensitive to mytimacin-
4, with MICs of 15, 20, and 25 ug ml~1, respectively, whereas, Lis-
teria monocytogenes and B. subtilis displayed moderate to low
susceptibility (MICs=45 and 65 ug ml=2, respectively) and S. au-
reus was insensitive to the peptide (Table S1) (Dong et al. 2024).
Mechanistic investigations demonstrated that mytimacin-4 dis-
rupts membrane integrity, induces intracellular structural damage
and binds bacterial DNA, with cell wall rupture and shrinkage ob-
served at 2xMIC, supporting a bactericidal mode of action. Con-
sistent with findings for the theromacin homolog in P. linea (Joo
et al. 2020), mytimacin-4 shares several features with theromacin,
including the presence of two additional cysteine residues and
DNA-binding activity (Jung et al. 2012, Dong et al. 2024, Hu et al.
2025).

An additional macin-like peptide, mytimacin-6 (referred to here
as Hd-mtmc 6), was identified in the small abalone Haliotis diver-
sicolor (Xie et al. 2021, Table 2). Hd-mtmc 6 possesses structural
features closely resembling those of HM1 (Fig. 1) and is therefore
also predicted to exhibit AMP activity, although this remains to
be experimentally validated. Expression in H. diversicolor tissues
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Table 2 Species origin, sequence characteristics and predicted physicochemical properties of characterized macins from aquatic organisms. Values of
theoretical pl, aliphatic index, GRAVY and molecular mass were predicted using ExPASy ProtParam tool (Gasteiger et al. 2005) Theoretical pl, Theoretical

isoelectric point, GRAVY, Grand average of hydropathicity, ND, Not Detected.

Number of Molecular mass
Macin Species cysteine residueSheoretical plAliphatic index GRAVY (kDa) Ref.  Accession number
HM1 Hydra vulgaris 8 9.53 70.00 —0.119 9.7 (Jungetal. 2009, JX118848
Egessa 2022)
Neuromacin Hirudo medicinalis 8 8.41 68.90 —0.112 9.3 (Schikorskietal. EU156754
2008, Jungetal.
2012)
Hirudomacin  Hirudo nipponia 8 8.81 77.20 —0.066 9.2 (Ding et al. 2019, Du MH686152
Whitman etal.2023)
Theromacin  Hirudo medicinalis 10 8.60 36.53 —0.764 8.5 (Jungetal.2012) EU149766
Theromyzon 10 8.49 63.40 —0.281 10.8 (Tasiemskietal.  AY434032
tessulatum 2004)
Perinereis linea 10 9.25 58.64 —0.030 11.4 (Jooetal.2020) MH181386
Sinonovacula 10 9.13 72.55 0.098 10.9 (Huetal.2025) PQ818121
constricta
Mytimacin-1 Mytilus 10 9.01 65.64 —0.227 11.5 (Gerdol etal. 2012) FR873274
galloprovincialis
Mytimacin-2 8 8.81 59.46 —0.136 9.9 FR873275
Mytimacin-3 8 8.97 68.94 —0.005 9.4 FR873276
Mytimacin-4 10 8.01 64.65 —0.192 11.6 (Gerdoletal. 2012, LvFR873277
etal.2019)
Mytimacin-5 10 8.00 51.70 —0.008 115 (Gerdol etal.2012) FR873278
Mytimacin-6 Haliotis diversicolor 8 8.47 70.62 —0.057 9 (Xieetal.2021) MK358139
VpMacin Venerupis 9 8.08 58.64 —0.189 9.7 (Yangetal. 2019) KX454482
philippinarum
VpMacin-1 8 8.69 74.59 0.200 9.3 (Xue etal.2021) KX454481
VpMacin-2 9 5.18 74.59 0.051 9.5 KX454483
PfMacinl Pinctada fucata 8 9.30 52.00 —0.085 11.4 (Zhang et al. 2025) XZP61820.1
HdMac Haliotis discus 7 8.56 67.00 —0.094 8.97 (Jiao etal.2024) OR539713

hannai

was highest in the mantle, followed by in head, foot, gill and hep-
atopancreas (Xie et al. 2021).

VpMacins

Additional macin-family AMPs have been identified in members
of the clam genus Venerupis (Yang et al. 2019) (Table 2). One
such peptide, VpMacin, displayed greater activity against Gram-
negative than Gram-positive bacteria, with MICs values ranging
from 1.0 to 8.0 umol 7! for the Gram-negative species exam-
ined (Table S1). Notably, V. parahemolyticus was highly suscepti-
ble (MIC=1 umol |71), whereas Gram-positive bacteria required
higher concentrations for inhibition (8 to 16 umol |71) (Yang et
al. 2019). Although VpMacin lacks the two additional cysteine
residues characteristic of theromacin-like peptides, it exhibits sev-
eral comparable functional properties, including increased mem-
brane permeability mediated through binding to LPS, PGN, and
glucan, ultimately resulting in membrane disruption, morpholog-
ical alterations and bacterial cell death (Yang et al. 2019, Hu et al.
2025). Quantitative RT-PCR analyses revealed that VpMacin tran-
scripts were predominantly expressed in the gills, followed by in
hepatopancreas, hemocytes, mantle and to lesser extent, mus-
cle tissues. Expression was also significantly upregulated follow-

ing bacterial challenge with V. anguillarum, supporting a role in
host immune defence (Yang et al. 2019, Xue et al. 2021) identi-
fied two additional macin-type AMPs, VpMacin-1, and VpMacin-
2, in the Manila clam V. philippinarum (Table 2). Both peptides
were primarily expressed in the gills and hepatopancreas and were
significantly upregulated following V. anguillarum infection, fur-
ther supporting their involvement in host innate immunity. Re-
combinant VpMacin-2 displayed stronger activity against Gram-
negative bacteria, with MICs approximately four-fold lower than
those observed for Gram-positive strains (Table S1). Both pep-
tides were active against V. harveyi and V. splendidus, whereas
VpMacin-2 displayed a broader antimicrobial spectrum against
additional Vibrio species and demonstrated greater inhibition of
bacterial biofilm formation (Xue et al. 2021). Notably, VpMacin-1,
and VpMacin-2 exhibited antimicrobial activity against both bac-
terial and fungal strains (Xue et al. 2021), whereas the previously
characterized VpMacin had only been evaluated for antibacterial
activity (Yang et al. 2019). As the antifungal activity was not as-
sessed for VpMacin, direct comparisons of the antifungal spectra
between these peptides are not possible. In addition, VpMacin-1
and VpMacin-2 displayed strong dose-dependent binding affini-
ties to the pathogen-associated microbial patterns (PAMP) sub-
strates zymosan and chitin in Enzyme-Linked Immunosorbent As-
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say (ELISA). These substrates served as in vitro model ligands for
assessing microbial recognition properties and should not be in-
terpreted as evidence that chitin represents a physiological bac-
terial target (Yang et al. 2019, Xue et al. 2021).

PfMacinl

PfMacinl, identified from the pearly oyster Pinctada fucata, is
the most recently characterized member of the macin family. Ex-
pression analyses revealed that PMacinl is predominantly ex-
pressed in the mantle and is upregulated in the hemolymph, gills
and mantle following challenge with S. aureus and V. alginolyti-
cus, supporting a role in antimicrobial defence (Table 2) (Zhang
etal.2025). Recombinant PMMacin1 exhibited strong antimicrobial
activity against both Gram-negative and Gram-positive bacteria
at relatively low concentrations, although Gram-positive strains
displayed comparatively lower susceptibility (Table S1). The pro-
posed mechanism of action involves direct binding to bacterial
cells followed by disruption of cell membrane integrity. Scan-
ning electron microscopy revealed pronounced morphological al-
terations in treated cells, including marked membrane deforma-
tion and cellular shrinkage. PfMacin1 selectively binds lipoteichoic
acid and LPS but not PGN, a binding profile that may contribute
to its enhanced activity against Gram-negative bacteria. However,
interpretation of these findings remain limited by the relatively
small number of bacterial species evaluated and the absence of
in vivo validation studies (Yang et al. 2019).

HdMac

Jiao et al. (2024) identified a novel macin-family peptide, HdMac,
in Pacific abalone Haliotis discus hannai (Table 2). Similar to thero-
macin and Vpmacin-2, HdMac exhibited potent antibacterial ac-
tivity against V. anguillarum, with an MIC of 1 umol [! (Jiao et
al. 2024) (Table S1) (Xue et al. 2021, Hu et al. 2025). In addition to
its direct antibacterial activity, HdMac markedly inhibited biofilm
formation by E. coli, even at low concentrations (0.1 MIC), possi-
bly by reducing the initial attachment of bacterial cells or enhanc-
ing bacterial motility on the polystyrene surfaces. The proposed
mechanisms of action of HdMac resembles that described for Vp-
Macin by Yang et al. (2019), with the recombinant peptide capable
of binding multiple PAMPs, including LPS, PGN, and glucan (Yang
etal.2019). Increased N-phenyl-1-naphthylamine fluorescence in-
tensity in E. coli following exposure to HdMac further indicated
that the peptide disrupts bacterial membrane integrity through
permeabilization of the lipid membrane. Expression analyses re-
vealed highest transcript abundance in hemocytes followed by in
hepatopancreas, gills, mantle and muscle supporting a role in sys-
temic innate immune defence (Jiao et al. 2024).

Sequence conservation in Macin
peptides

Although AMPs from different organisms often share similar bio-
physical properties, sequence conservation is often very low, even
among closely related species (Pasupuleti et al. 2012, Santos-
Junior et al. 2024). A recent large-scale analysis of the global
microbiome highlighted the remarkable balance between se-
quence diversity and structural conservation that characterizes
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AMPs (Santos-Junior et al. 2024). Examination of 863 498 putative
AMPs from 63 410 genomes and metagenomes revealed that core
structural motifs associated with membrane binding and micro-
bial killing, including cationic residues, amphipathic regions, and
disulfide bonds, were strongly conserved (Ilyas et al. 2019, Kumar
etal. 2020, Bin Hafeez et al. 2021). In contrast, the surrounding re-
gions were typically highly divergent (Santos-Janior et al. 2024).
Within the macin-family, these conserved structural features ap-
pear to be functionally critical. Conserved cysteine residues stabi-
lize the tertiary structure required for biological activity, while the
arrangement of cationic and hydrophobic residues facilitates in-
teractions with microbial surfaces, promoting membrane binding
and bacterial aggregation, as demonstrated for HM1 (Jung et al.
2009). Macins from phylogenetically diverse animals share a com-
mon structural framework centred on a conserved cysteine archi-
tecture, and conservation within this core region appears greater
than that observed for many other AMP families (Fig. 2). The coex-
istence of conserved structural motifs with substantial sequence
variation likely reflects evolutionary constraints that preserve core
antimicrobial functionality while permitting diversification that
may broaden microbial target specificity and facilitate adaptation
to distinct microbial environments (Pasupuleti et al. 2012). Such
patterns of conservation and diversification are characteristic of
many AMP families and are thought to contribute to their long-
term evolutionary persistence.

To further examine evolutionary relationships within the macin
family, we explored phylogenetic relationships among representa-
tive macin peptides (Figure S1; Supplementary Material), reveal-
ing substantial sequence divergence across taxa. Bootstrap sup-
port values varied considerably throughout the phylogeny, with
only a limited number of nodes showing strong support (>90%),
whereas many deeper branches were poorly resolved. This likely
reflects both the high sequence divergence among macins (av-
erage p-distance=0.746; Table S2) and the inherent difficulty of
resolving evolutionary relationships among short, rapidly evolv-
ing peptide sequences. Moreover, the analysed sequences are
not necessarily orthologous, as lineage-specific gene duplica-
tions followed by functional diversification may have contributed
to the observed phylogenetic patterns. For example, although
annelid-derived macin sequences did not form a single mono-
phyletic clade, leech-derived sequences clustered separately from
the more divergent polychaete homologs, suggesting substan-
tial phylogenetic and potentially functional divergence within the
phylum.

Bacterial resistance to AMPs

Although AMPs represent a promising strategy to combat AMR,
microorganisms are nevertheless capable of evolving resistance
to these compounds (Lai and Gallo 2009). Pathogenic bacte-
ria employ a range of mechanisms to evade AMP-mediated
killing, including proteolytic degradation of the peptides (Lai and
Gallo 2009, Olsen and Potempa 2014, Bechinger and Gorr 2017),
suppression of host AMP expression (Lai and Gallo 2009, Islam
et al. 2001), modification of bacterial surface charge to reduce
peptide binding (Malanovic and Lohner 2016, Bechinger and Gorr
2017), entrapment by cell surface proteins and polysaccharides
(Bechinger and Gorr 2017), and active efflux of intracellular active
AMPs (Alvarez-Ortega et al. 2013, Cole and Nizet 2016, Bechinger
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and Gorr 2017). Despite these resistance mechanisms, AMPs
remain fundamental components of eukaryotic innate immunity
(Lai and Gallo 2009).

The long-term effectiveness of AMPs in nature is attributed
to several factors. First, the evolution of resistance can impose
substantial fitness costs on bacteria, particularly for AMPs that
target and disrupt cell membranes, as alterations to membrane
composition or cell wall architecture may compromise essen-
tial cellular integrity and function (Lai and Gallo 2009). In addi-
tion, many AMPs lack readily accessible recognition motifs for mi-
crobial proteases, limiting the capacity for selective degradation
without simultaneously affecting essential microbial or host pro-
teins. Importantly, organisms rarely rely on a single AMP in isola-
tion, instead producing a diverse repertoire of peptides with dis-
tinct structures and complementary mechanisms of action (Lai
and Gallo 2009, Me “nard et al. 2008). These peptides mixtures of-
ten act synergistically or additively. For example, in amphibian
skin secretions, peptides such as magainins and dermaseptins co-
operate functionally, with some permeabilizing bacterial mem-
branes to facilitate the entry of others that target intracellular
processes. Such cooperative interactions enhance antimicrobial
efficacy while reducing the likelihood that resistance to a single
peptide will permit microbial survival (Lai and Gallo 2009, Zasloff
2002, Zairi et al. 2009, Mookherjee et al. 2020). Although these fea-
tures contribute to the sustained effectiveness of AMP-based re-
sponses in nature, resistance evolution may represent a more sig-
nificant, albeit still comparatively limited consideration when sin-
gle AMPs are applied in food preservation contexts. Particular at-
tention should be directed toward capsule-forming bacteria, as ex-
tracellular polysaccharide capsules can act as a physical barrier
that reduces AMP penetration and increases the likelihood of re-
sistance development (Campos et al. 2004). To date, bacterial re-
sistance to macins has not been investigated, representing an im-
portant knowledge gap and a priority for future research.

Environmental stability and
prospective application of macins
in food industry

One of the key considerations for the application of AMPs in food
preservation is their stability under various environmental condi-
tions encountered during food processing and storage (Singh et al.
2024). Several FDA-approved AMPs currently used as food preser-
vatives have demonstrated sufficient stability to withstand en-
vironmental stressors commonly associated with industrial pro-
cessing and long-term storage (Meena et al. 2021, Singh et al.
2024). Nevertheless, many AMPs remain susceptible to degrada-
tion under harsh physicochemical conditions (Shock 1992, Jung et
al. 2012, Singh et al. 2024). Although their cationic and hydropho-
bic amino acid composition underpins membrane-targeting an-
timicrobial activity through electrostatic and hydrophobic inter-
actions, these same properties also render them susceptible to
degradation by food-derived proteases and peptidases, thereby
reducing functional efficacy. Furthermore, environmental vari-
ables such as pH, temperature, and salinity can substantially influ-
ence AMPs stability and antimicrobial performance (He et al. 2023,
Xu et al. 2023, Aoyama et al. 2025)

Among the currently characterised macins, mytimacin-4
demonstrated particularly high physicochemical resilience. Dong
et al. (2024) reported that mytimacin-4 retained potent antibacte-
rial activity across a broad temperature range (4°C-90°C), under
highly acidic and alkaline conditions (pH 2 to 10), and in the
presence of elevated NaCl concentrations (50-250 mmol [71).
Importantly, the peptide also maintained antimicrobial activity
following exposure to multiple proteolytic enzymes, including
pepsin, papain, trypsin, and proteinase K. This resilience may
be attributable to the environmental tolerance of the source
organism, Mytilus galloprovincialis, an invasive intertidal species
naturally exposed to fluctuating salinity and environmental stress.
In addition, the cysteine-rich composition and highly constrained
tertiary structure likely contributes to its structural robustness
and resistance to denaturation or proteolytic degradation (Dong
et al. 2024). Collectively, these findings suggest that mytimacin-4
may retain activity throughout food processing and storage,
making it an attractive candidate for development as a natural
food preservative.

In contrast, other macins, including HM1, neuromacin and
theromacin appear more sensitive to elevated salt concentrations,
with antimicrobial activity lost in the presence of 100 mmol [7!
NaCl (Jung et al. 2012). Such sensitivity may limit their applicabil-
ity in salt-rich food matrices. These differences in physical proper-
ties may reflect the environmental conditions in which these pep-
tides evolved, i.e. being isolated from freshwater organisms. Fu-
ture studies should systematically evaluate the stability and an-
timicrobial efficacy of macins across a range of food matrices and
processing conditions representative of real-world industrial ap-
plications, to identify peptides best suited for practical uses in
food preservation systems.

Beyond intrinsic peptide stability, successful application in
food systems will also depend on performance within complex
food matrices, where fats, proteins and endogenous enzymes may
reduce peptide bioavailability and antimicrobial activity (Kam-
dem and Tsopmo 2019). Delivery strategies such as encapsulation,
edible coatings and incorporation into active packaging may help
preserve peptide functionality and enhance improve applicability
in food preservation (Aguilar-Toala et al. 2022). In addition, con-
siderations relating to toxicity, sensory impacts, production scal-
ability, and regulatory approval will be critical for evaluating the
translational potential of macins forindustrial use. Together, these
factors highlight both the considerable promise of macins and the
key challenges that must be addressed before their practical im-
plementation as food preservatives can be realized.

Conclusion

The macin family represents a distinctive yet comparatively under-
explored group of AMPs, characterized by a conserved cysteine-
rich structural framework coupled with substantial sequence di-
versity. Members of this family exhibit broad-spectrum antimicro-
bial activity, including potent activity against several major food-
borne pathogens, while certain macins additionally possess im-
munomodulatory and tissue repair functions. In the context of es-
calating antimicrobial resistance and growing concerns surround-
ing the safety and sustainability of chemical preservatives, macins
represent promising candidates for next-generation natural food
preservation strategies. Nevertheless, significant knowledge gaps
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remain regarding their mechanisms of action, evolutionary di-
versification, physicochemical stability, and performance within
complex food systems. Addressing these challenges through fur-
ther mechanistic, functional, and applied research will be essen-
tial to fully evaluate the translational potential of macins for sus-
tainable food protection and preservation.
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