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Abstract 

It is almost a century since nisin was discovered in fermented milk cultures, coincidentally in the same year that penicillin was first 
described. Over the last 100 years this small, highly modified pentacyclic peptide has not only found success in the food industry 
as a pr eserv ati v e but has also serv ed as the paradigm for our understanding of the genetic organization, expr ession, and r egulation 

of genes inv olv ed in lantibiotic biosynthesis—one of the few cases of extensi v e post-translation modification in pr okar yotes. Recent 
developments in understanding the complex biosynthesis of nisin have shed light on the cellular location of the modification and 

tr ansport mac hinery and the co-ordinated series of spatio-temporal events required to produce active nisin and provide resistance 
and immunity. The continued unearthing of new natural variants from within human and animal gastrointestinal tracts has sparked 

interest in the potential application of nisin to influence the microbiome, given the growing recognition of the role the gastrointestinal 
microbiota plays in health and disease. Mor eov er, interdisciplinar y appr oaches hav e taken adv anta g e of biotechnolog ical advance- 
ments to bioengineer nisin to produce novel variants and expand nisin functionality for applications in the biomedical field. This 
re vie w will discuss the latest progress in these aspects of nisin resear c h. 

Ke yw ords: antimicrobial, lantibiotic, microbiome, nisin, bioengineering, antibiotic resistance 
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Introduction 

Nisin is one of the oldest known antimicrobial compounds. In 

1928, the same year that Alexander Fleming discov er ed peni- 
cillin, Rogers and Whittier (Rogers 1928 ) noted that certain lac- 
tic streptococci (then called Group N Streptococcus ) were inhibitory 
to starter cheese cultures. Almost 20 y ears follo wing its discov- 
ery, this inhibitory peptide was named nisin, or ‘group N Strepto- 
coccus I nhibitory S ubstance’, the suffix ‘-in’ implying antibacterial 
pr operties (Hirsc h and Mattic k 1949 ). Although initiall y pr oposed 

for use as an antibiotic based on its activity a gainst v eterinary 
and clinical pathogens including Mycobacterium tuberculosis , it was 
deemed unsuitable due to low aqueous solubility and poor sta- 
bility at physiological pH (Hurst 1981 ). Ho w e v er, in the 1950s the 
potency of nisin as a food pr eserv ativ e was realized based on its 
success in pr e v enting spoila ge of pr ocessed c heese by clostridia 
(Delv es-Br oughton et al. 1996 ). Since then, this highly modified 

peptide has gained a ppr ov al by r egulators in over 80 countries,
including the Food and Drug Administration (FDA) and the Euro- 
pean Food Safety Authority (EFSA) (Chikindas et al. 2018 ). Nisin 

has been used in a wide assortment of foods including dairy and 

dairy desserts, canned goods, processed meats, fish, fruit juices,
and be v er a ges (Gharsallaoui et al. 2016 , Todor ov et al. 2022 ). Nisin 

exhibits potent activity against Gram-positive bacteria including 
Bacillus cereus , Listeria monoc ytogenes , enter ococci, sta phylococci,
and streptococci. Nisin has also been used in limited applications 
in the veterinary industry to prevent or treat bovine mastitis (Roy 
et al. 2016 ). The commercial success of nisin has made it the most 
investigated bacteriocin (antimicrobial peptides produced by bac- 
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eria that can kill other bacteria) in terms of its genetic organi-
ation, biosynthesis, mode of action and efforts to broaden its
ood and potential ther a peutic a pplications. Nisin is also a lan-
hipeptide, a r a pidl y expanding subset of the ribosomall y syn-
hesized and post-tr anslationall y modified peptides (RiPPs) family 
Arnison et al. 2013 ). Their defining feature is the presence of un-
sual thioether amino acids including lanthionine (Lan) and/or 
ethyllanthionine (MeLan) that ar e intr oduced thr ough a series

f enzyme-mediated post-translational modifications (Sahl et al.
008 ). Curr entl y, lanthipeptides can be classified into five distinct
roups based on the c har acteristics of their lanthipeptide syn-
hetases. For Class I lanthipeptides, of which nisin is the proto-
ypical member, the thioether cross-linked amino acids (Me)Lan 

r e gener ated b y tw o distinct enzymes: a dehydratase LanB and
yclase LanC (see later section on nisin biosynthesis). Ho w e v er,
n Class II–IV lanthipeptides, multifunctional enzymes are em- 
lo y ed to form (Me)Lan, namely LanM (Class II), LanKC (Class III),
nd LanL (Class IV). A r ecentl y discov er ed gr oup of lanthipeptides
hat are generated via a biosynthetically distinct pathway since 
he biosynthetic gene clusters (BGCs) do not contain genes en-
oding well-defined Class I–IV (Me)Lan synthase homologues con- 
titutes the newest class (Class V) (the reader is referred to ex-
ellent r e vie ws cov ering these aspects in mor e detail (Hegemann
nd Süssmuth 2020 , Montalbán-López et al. 2021 , Lee and van
er Donk 2022 ). Lanthipeptides that exhibit antimicrobial activity 
ave been historically termed lantibiotics. Importantly, some lan- 
ibiotics, including nisin, exhibit multiple modes of action, which 

nvolv e inter actions with highl y conserv ed cell wall synthesis
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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ntermediates as well as the ability to form pores in the bacte-
ial membrane (Sahl and Bierbaum 2008 ). In the case of nisin,
his dual mode of action and demonstrable high potency against
 ultidrug r esistant (MDR) bacteria makes the lantibiotic v ery at-

r activ e for potential use as a biother a peutic in human and an-
mal health related applications (Mathur et al. 2018 , van Staden
t al. 2021 ). Indeed, recent advances in genome mining tools and
ext generation sequencing (NGS) technologies (Biermann et al.
022 ) have facilitated the prediction of novel BGCs from a diverse
ange of bacteria and sources including human and animal mi-
r obiomes. Consequentl y, the number of natural nisin variants
as doubled in the last decade, r epr esenting a v aluable collection
f novel peptide structures that exhibit a range of properties and
ntimicr obial spectr a. Mor eov er, incr easing numbers of meta ge-
omic studies are beginning to shed light on the complex interac-
ions between microbes in the human gastrointestinal tract and
he role that antimicrobial peptides might play in this context
Garcia-Gutierrez et al. 2019a , Heilbronner et al. 2021 ). In fact,
 ecent micr obiome-based inv estigations hav e r e v ealed that com-
ensal nisin producing bacteria can inhibit MDR pathogens and

ha pe nic he competition in the gastr ointestinal micr obiome, of-
ering exciting prospects for the use of nisin in human therapeutic
pplications. 

The k e y features of nisin biosynthesis have been painstak-
ngl y unr av elled ov er decades, including the regulation and func-
ions of the individual biosynthetic proteins and the complex cat-
l ytic pr ocesses involv ed in the formation of the Lan and MeLan
ings as well as the export of and immunity to the acti ve pe p-
ide (de Vos et al. 1995 , Lubelski et al. 2008 ). Ho w e v er, r ecent
 eports hav e offer ed a fascinating insight into nisin biosynthe-
is that also advances our fundamental kno wledge regar ding the
ellular localization, spatial configuration, and complex interac-
ion of the post-translational modification and transport machin-
ry as well as a greater perception of producer self-protection
self-immunity) during nisin biosynthesis . Furthermore , the gene-
ncoded nature of nisin makes the bacteriocin accessible to
iosynthetic engineering through site-directed mutagenesis or
ynthetic chemistry approaches. Elaborate expression systems in
onjunction with high-throughput screening strategies have gen-
r ated v ast collections of nisin deriv ativ es that exhibit altered
unctional properties . T his r esearc h has adv anced our a ppr eci-
tion of structure–activity relationships, modification enzyme–
ubstrate specificity, and immunity mechanisms that can be
sed as the basis for the rational design of next generation
isin deri vati ves with possible applications, which range from
ctivity against Gram-negative bacteria to tools for microbiome
diting. 

ow is nisin biosynthesized? 

o produce the acti ve pe ptide, nisin is first ribosomally synthe-
ized as an unmodified 57 amino acid precursor peptide (pre-
isA) consisting of a 23-amino acid N-terminal leader peptide
nd a 34-amino acid C-terminal core peptide (Fig. 1 ). The leader
eptide serves as a signal sequence for export by NisT and as a
 ecognition motif r ecognized by the modification enzymes NisB
nd NisC (Siegers et al. 1996 , Kuipers et al. 2006 ). The first phase
n nisin maturation involves the dehydration of selected serine
nd thr eonine r esidues in the cor e peptide, a process mediated
y a dimer of the membrane-associated dehydratase NisB (Fig. 1 ).
his process involves the transfer of glutamate to specific ser-

ne and threonine side chains follo w ed b y subsequent elimina-
ion reactions to generate dehydroalanine and dehydrobutyrine,
 espectiv el y (Gar g et al. 2013 ). In the next phase, these dehy-
r ated r esidues ar e coupled to nearb y c ysteines via intramolec-
lar addition reactions mediated by the cyclase NisC to form five
yclic bridges composed of a lanthionine (Lan, where an initial
erine is linked to a neighbouring cysteine) and 4 methyllanthio-
ine (MeLan, where a threonine is linked to cysteine) rings (Ko-
onen et al. 2002 , Li and van der Donk 2007 ). In the final step,
he modified 57 amino acid peptide is exported from the cell via
he dedicated ABC-type transporter NisT (Kuipers et al. 2004 ) and
he matur e bioactiv e peptide is r eleased following r emov al of the
eader region by a dedicated serine protease, NisP (Lagedroste et
l. 2017 , Montalbán-López et al. 2018 ) (Fig. 1 ). The producer cell
s protected from the now active peptide by two distinct immu-
ity systems composed of a lipoprotein NisI and an ABC trans-
orter NisFEG (Khosa et al. 2016a ). To ensure a proper equilibrium
etween production and immunity, nisin expression is autoreg-
lated by the mature nisin peptide via a two-component signal
ransduction system (TCS) composed of a sensor histidine kinase
isK, and r esponse r egulator NisR (Kuipers et al. 1995 ) (Fig. 1 ).
inding of mature nisin to NisK stimulates autophosphorylation.
he phosphate group is then tr ansferr ed to activ ate NisR, whic h
hen induces transcription from two of the four promoters in the
isin gene cluster, P ∗nisA and P ∗nisF (Fig. 1 ). T hus , nisin functions as
oth an antimicrobial peptide and a peptide pheromone that plays
n essential role in quorum sensing control of its own biosynthe-
is (Kleerebezem 2004 ). A multitude of studies with a particular
ocus on the individual biosynthetic pr oteins hav e been instru-

ental in elucidating the intricate catalytic processes and stereo-
 hemistry involv ed in formation of the Lan and MeLan residues
For compr ehensiv e r e vie ws see Repka et al. 2017 , Montalbán-
ópez et al. 2021 ). For example, the pr ecise mec hanism of the
isB dehydratase action remained elusive due to the inability of
 esearc hers to r econstitute NisB activity in vitro . This was finally
c hie v ed when it was established that NisB r equir ed glutamyl-
RNA to bring about the dehydr ation r eaction (Gar g et al. 2013 ).
ater studies identified the domains within NisB that catalyse the
ransfer and subsequent elimination of glutamate from the tRNA
o the core peptide to form Dha or Dhb, as well as elucidating the
mportance of the highl y conserv ed -FNLD- box within the leader
eptide for recognition and binding of NisB and NisC to pre-NisA

Abts et al. 2013 , Ortega et al. 2015 ). Furthermor e, the r equir e-
ent of Zn2 + for NisC catalytic activity provided further mech-

nistic insight into how the cyclase guides the formation of the
anthionine rings (Li and van der Donk 2007 ). Another important
r eakthr ough r e v ealed the details of the formation of the modi-
cation complex which was shown in vitro to have a stoichiom-
try of 2:1:1 (NisB:NisC:pre-NisA) (Reiners et al. 2017a ). Addition-
lly, the purification and in vitro ATPase activity of NisT was re-
entl y demonstr ated (La gedr oste et al. 2020 ). Importantly, numer-
us reports concerning the organization and cellular location of
he nisin modification machinery have alluded to the existence of
 membr ane-associated m ultimeric synthetase pr otein complex
onsisting of NisB, NisC, and NisT (for a compr ehensiv e r e vie w see
ubelski et al. 2008 ). 

Ho w e v er, while these pr e vious studies r epr esent extr aordinary
dvances in their own right, a recent seminal w ork emplo y ed a
ombination of m uta genesis and fluor escent micr oscopy to not
nly confirm the existence of this enzymatic complex, but also
o r e v eal the natur e of its assembly and cellular location in vivo
nd the highly co-ordinated series of spatio-tempor al e v ents that
nfold to produce and export active nisin (Chen et al. 2020 ). Us-

ng an elegantly designed suite of green fluorescent protein (GFP)-
abelled NisA fusions as well as sfGFP and mCherry fusions to
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Figur e 1. Nisin biosynthesis , r egulation, and imm unity. Nisin is first synthesized as an unmodified precursor (NisA) consisting of a leader peptide and 
core peptide. NisA is processed by the dehydratase NisB and cyclase NisC and transported by NisT (NisABCT complex) at the old pole in L. lactis . The 
matur e bioactiv e peptide is r eleased by leader peptide cleav a ge performed by NisP. Imm unity fr om the activ e peptide is pr ovided b y tw o distinct 
immunity systems composed of a lipoprotein NisI and an ABC transporter NisFEG. To ensure a proper balance between production and immunity, nisin 
expression is regulated via a two-component signal TCS composed of a sensor NisK, and response regulator NisR that activate the nisin promoter (P ∗). 
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the N- and/or C-termini of NisB, NisC, and NisT, r espectiv el y, it 
was r e v ealed that pr e-NisA binds NisB and NisC to form a com- 
plex, i.e. localized to the poles of the Lactococcus lactis host (Fig. 1 ).
Further analysis established that NisB and NisC were preferen- 
tially located at one pole in single cells, later identified as the ‘old’ 
pole through time–course experiments. Surprisingly, the trans- 
porter NisT was shown to be e v enl y distributed in the cell periph- 
ery and not part of a NisBCT complex as predicted, suggesting 
that NisT is recruited to the pole localized NisBC complex only 
when r equir ed to tr ansport of the full y modified pr e pe ptide. In- 
deed, a NisT mutant incapable of secretion and dissociation con- 
firmed this when it was visualized together with NisB and NisC,
also at a polar position. Finally, the order of assembly was clari- 
fied and r e v ealed that NisB plays a central role in the initial re- 
cruitment of the other components (Chen et al. 2020 ). A short 
domain (NisB 750–769 ) targets dimeric NisB to the pole of the cell.
NisC is recruited to form a NisBC complex that interacts with nisin 

precursor and both enzymes act in succession to perform the de- 
hydration and cyclization reactions and create each lanthionine 
ring in turn. NisT is drafted to the cell poles from the cytoplas- 
mic membr ane onl y when the modifications are complete and all 
five rings are in place . T he fully modified pre-NisA is then released 

from NisBC and transferred to NisT. Following export of the fully 
modified pre pe ptide, the complex dissociates and NisT again be- 
comes e v enl y distributed ar ound the cell. It is thought that this 
polar-localized synthesis and secretion of nisin prevents access 
of the peptide to its target lipid II, given that peptidoglycan syn- 
thesis would be significantly lo w er at the old pole, thereby limit- 
ing the possibility of any self-killing action (Chen et al. 2020 ). This 
remarkable insight into the mechanistic details and co-oper ativ e 
spatiall y contr olled actions during nisin biosynthesis could po- 
tentially lead to enhanced nisin pr oduction and ultimatel y en- 
able the expression of other rationally designed and novel 
lanthipeptides. 
Indeed, the promiscuity of the nisin enzymatic complex to 
odify and transport a broad range of substrates attached to

he nisin leader sequence, including medically relevant nonlan- 
ibiotic pe ptides (Klusk ens et al. 2005 , Moll et al. 2010 ), validates
he broader potential applications for the bioengineering of novel 
ompounds other than nisin. A perfect example of this describes
he expression of more than 30 novel lantibiotics from almost 
0 promising candidate genes identified from genome mining of 
ublicl y av ailable pr okaryotic sequences (v an Heel et al. 2016 ).
he genes were synthesized with the nisin leader peptide se-
uence and introduced into a nisin expression system. Notably,
ve modified lantibiotic peptides from a variety of organisms in-
luding Corynebacterium lipophiloflavum DSM 44291, Streptococcus 
galactiae ATCC 13813, and Streptococcus suis R61, were produced 

nd found to be activ e a gainst se v er al pathogenic bacteria in-
luding v ancomycin r esistant enter ococci (VRE) and methicillin
esistant Staphylococcus aureus (MRSA) (van Heel et al. 2016 ). In-
eed, efforts to further expand the substrate flexibility of biosyn-
hetic enzymes pr ovides e v en mor e tantalizing pr ospects for nov el
nd bioengineered peptides with unique functionalities. For ex- 
mple, a recent study emplo y ed a r andom m uta genesis a ppr oac h
o generate mutant libraries of the dehydratase NisB (Zhao et al.
020a ). A high throughput selection strategy based on cell sur-
ace display of modified and cyclized peptides identified a NisB
eri vati ve exhibiting broader substrate flexibility with a capac-

ty to modify substrates normally incompatible with the wild 

ype NisB. 

isin resistance and immunity 

echanisms 

iven the remarkable ability of microbes to adapt to their envi-
onments, it is not surprising that persistent bacterial exposure 
o bacteriocins can lead to resistance development (Kumariya et 
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l. 2019 ). Resistance to lantibiotics has been noted, with the most
r equent mec hanisms involving physiological adaptations to the
ell-envelope including cell wall thickening, alterations to phos-
holipid and membrane fatty acid composition, and the ov er all
ell wall c har ge (The r eader is dir ected to compr ehensiv e r e vie ws
escribing these mechanisms in greater detail; Bastos et al. 2015 ,
r a per et al. 2015 , Barbosa et al. 2021 ). Over the last decade, bac-

erial resistance mediated by transporters has gained significant
ttention due to the high degree of protection these systems pro-
ide against cell wall-active drugs, including antimicrobial pep-
ides (Gebhard 2012 ). Although a wide variety of these integral

embr ane pr oteins hav e been c har acterized as imm unity sys-
ems in producing organisms, they have also been identified in
he genomes of nonproducing and often pathogenic organisms.
o understand how these transporters confer resistance to nisin,
t is first necessary to a ppr eciate the mode of action of the pep-
ide. Nisin exerts its antimicrobial action both by pore formation
nd by inhibition of cell wall synthesis through specific binding
o lipid II, an essential precursor in peptidoglycan biosynthesis
Breukink et al. 1999 , Wiedemann et al. 2001 ). This dual function-
lity is mediated by two structural domains, an N-terminal do-
ain composed of rings A, B, and C, linked to the C-terminal rings

D and E) by a short thr ee r esidue hinge r egion (Fig. 2 A). Studies
av e r e v ealed that the N-terminal lanthionine rings form a py-
 ophosphate ca ge ar ound the head-gr oup of lipid II, thus inhibit-
ng cell wall synthesis . T he interaction primarily occurs via five
ydrogen bonds formed between the amide backbone of rings A
nd B of nisin and the pyrophosphate moiety of lipid II (Hsu et al.
004 ). This binding enhances insertion of rings D and E in a trans-
embrane orientation, facilitated by the flexible hinge, forming
 stable por e. Notabl y, lipid II is also the target of the glyco- and
ipogl yco-peptide antibiotics v ancomycin, teicoplanin, telavancin,
alba vancin, and orita vancin that serve as first line antibiotics to
r eat MDR Gr am-positiv e pathogens . T his is also true for the dep-
ipeptides ramoplanin and teixobactin, though they bind differ-
nt segments of the highly conserved lipid II molecule than nisin,
hic h has r ele v ance for both mode of action and mode of resis-

ance (Ulm and Schneider 2016 ). In the case of nisin, binding to
ipid II also facilitates pore formation leading to the rapid efflux
f ions and small cytoplasmic compounds from the target organ-
sm (Bierbaum and Sahl 2009 ). Initially, it was believed that the
ores consisted of eight nisin and four lipid II molecules (Hasper
t al. 2004 ), though r ecent e vidence suggests the pore complex
r ows continuousl y thr ough the r ecruitment of mor e and mor e
isin–lipid II a ggr egates leading to immense membr ane dama ge

Sc her er et al. 2015 ). The producer strain escapes the killing ac-
ion of nisin by expressing a set of nisin-specific immunity pro-
eins consisting of a membr ane-anc hor ed lipopr otein NisI and a
 ultipr otein ABC-type export complex NisFEG (Stein et al. 2003 ).
ne line of evidence suggests that NisI intercepts nisin and blocks

he peptide from reaching its molecular target lipid II (Stein et
l. 2003 , Koponen et al. 2004 ), thereby preventing pore forma-
ion (Geiger et al. 2019 ). Furthermor e, r ecent r eports indicate that
isI–nisin interactions also promote cell clustering that acts as
 shield to inhibit the action of nisin (AlKhatib et al. 2014 ). On
he other hand, the ABC transporter NisFEG functions by eject-
ng nisin from the cell membrane before a pore can be formed
Stein et al. 2003 ). The specificity of NisFEG appears to reside in
he C-terminal region of nisin, since deletion of the terminal six
mino acids and Ring E reduced the degree of immunity provided
y NisFEG (AlKhatib et al. 2014 ). Although it is postulated that NisI
nd NisFEG act co-oper ativ el y, the r ole of NisI in self-imm unity
f the producer appears to be more critical than the transporter
ince a deletion of nisI results in greater susceptibility to nisin
ompared to a nisFEG knockout (Siegers and Entian 1995 ). While
he manner of NisI-mediated immunity is not yet fully under-
tood, r ecent NMR (Hac ker et al. 2015 ) and molecular modelling
tudies (Jeong and Ha 2018 ) hav e r e v ealed a C-terminal cleft and
r oov e r egion that may r epr esent important sites for NisI–NisA
nteractions. 

While suc h imm unity or self-r esistance systems ar e typi-
ally found in almost all lantibiotic producing strains with in-
ividual specificity, it has become a ppar ent that some nonpro-
ucers, including pathogenic bacteria, can harbour gene clus-
ers encoding functional proteins and ABC transporters linked
o two-component signal TCS (Dr a per et al. 2015 , Clemens et
l. 2018 , Barbosa et al. 2021 ). Despite the diversity in their ge-
etic organization, these ‘orphan’ gene clusters confer demon-
tr able r esistance to one or mor e lantibiotics. Suc h systems of-
en bear a resemblance to the immunity systems found in lan-
ibiotic gene clusters (LanFEG) or resemble BceAB-type trans-
orters, so-called after the B a c itracin e fflux (Bce) transporter sys-
em from Bacillus subtilis (Ohki et al. 2003 ). For example, Strep-
ococcus mutans UA159 harbours two systems, one being the
crSR–LctFEG system that provides resistance to lacticin 481 and
ukacin ISK-I and another, NsrFE 1 E 2 G–XRK, that affords resis-
ance to nisin (Kawada-Matsuo et al. 2013 ). Clostridioides difficile
formerly Clostridium difficile ; Lawson et al. 2016 , and fr om her ein
ermed C. difficile ) harbours the cprABCK-R ( cationic antimicrobial
eptide resistance ) operon that provides protection from several
antibiotics including nisin, mutacin 1140 and subtilin (Suárez
t al. 2013 ) and in L. monocytogenes the V irSR TCS/V irAB and
nrAB ( abc transporter involved in nisin resistance ) system imparts

esistance to multiple antimicrobials including nisin (Kang et
l. 2015 , Jiang et al. 2019 ). Mor eov er, S. aureus harbours a com-
lex network of different TCS (BraRS (also known as NsaRS), and
raRS) linked to ABC transporters (VraDE and BraDE) that con-

er nisin resistance (Blake et al. 2011 , Hiron et al. 2011 , Randall
t al. 2018 ). 

Recentl y, a r esistance oper on has been identified in S. agalac-
iae composed of a TCS NsrRK and an ATP-binding cassette trans-
orter NsrFP, but unlike the pr e viousl y described systems, an ad-
itional membrane-associated serine protease termed the nisin
 esistance pr otein (NSR) is pr esent (Khosa et al. 2013 ) that inac-
ivates nisin through proteolytic cleavage at its C-terminus (Sun
t al. 2009 ). The resulting shortened peptide (nisin 

1–28 ) is up to
00-fold less active and exhibits a considerably reduced ability to
orm pores (Sun et al. 2009 ). Furthermore, computational mod-
lling of the protease/nisin complex revealed the importance of
he C-terminus of nisin for NSR specificity (Khosa et al. 2013 ). 

The latest studies regarding NsrFP has provided fresh insights
nto the mechanism of BceAB-type transporters (Gottstein et al.
022 ). An unusual feature of these systems is that both trans-
orter permease and the histidine kinase component of the TCS
re thought to be mutually indispensable for both sensing of
nd resistance to the antimicrobial, forming a sensory complex
n which the transporter represents the actual sensor (Dintner
t al. 2011 , Clemens et al. 2018 ). Ho w e v er, heter ologous expr es-
ion of NsrFP alone (i.e. without its cognate TCS) in L. lactis con-
err ed r esistance to nisin (Reiners et al. 2017b ) and bacitracin, as
ell as a number of other lipid II targeting compounds (Gottstein

t al. 2022 ). Mor eov er, compar ativ e pr oteomic anal ysis of L. lactis
ells expressing NsrFP with a nonfunctional mutant (NsrF H202A P)
uggests that NsrFP may also act by shielding lipid II cycle in-
ermediates from the antimicrobial compound (Gottstein et al.
022 ), and ther eby pr ovide additional r esistance thr ough tar get
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Figure 2. Multiple-sequence alignment of all natural nisin variants characterized to date. Alignment generated from MUSCLE (plotted using 
http:// msa.biojs.net/ app/ ). The total height of the sequence logo at each position reflects the degree of conservation at that position in the alignment, 
while the height of each letter in that position is proportional to the observed frequency of the corresponding amino acid at that position. A reference 
is provided where the accession number is not a vailable . 
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protection of cell wall synthesis in agreement with previous stud- 
ies on BceAB-like systems (Kobras et al. 2020 ). 

Despite its widespread use by the food industry, detection of 
stable and transmissible resistance to nisin has yet to be re- 
ported. Ho w e v er, the pr esence and distribution of resistance genes 
as described above across multiple species including important 
human pathogens poses a significant challenge to potential use 
of nisin and other bacteriocins in ther a peutic a pplications. For 
example, the nsr operon has been detected in animal and hu- 
man pathogenic streptococci (including S. agalactiae , Streptococ- 
cus dysgalactiae , S. suis , Streptococcus canis ), staphylococci (includ- 
ing Staph ylococcus capitis , Staph ylococcus h yicus , Staph ylococcus epi- 
dermidis ), and in Enterococcus faecium (Khosa et al. 2013 , Simões 
et al. 2016 , Field et al. 2018 ). It is worth noting that these genes 
are often positioned on transmissible elements such as plasmids 
(Froseth and McKay 1991 , Liu et al. 1997 ), highlighting the poten- 
tial for NSR-associated resistance transfer to other microbes. In- 
deed, the pr e v alence of NSR amongst lactococci was r ecentl y em- 
phasized when whole genome sequencing of 710 dairy-associated 

L. lactis strains found that an impr essiv e 270 (38%) harboured an 

nsr gene (van Gijtenbeek et al. 2021 ). Furthermore, a singular nis I 
immunity gene located on a 50-kb plasmid w as sho wn to pro- 
vide nisin resistance to the non-nisin producer L. lactis NCDO712 
(Tar azanov a et al. 2016 ). These studies highlight the potential for 
r esistance tr ansfer to other gener a or species within a shar ed 

envir onmental nic he. Ultimatel y, NGS tec hnologies will facilitate 
r esistance-guided genome mining, whic h in combination with 

sequence-based functional metagenomics will not only assist in 

establishing how pr e v alent nisin and lantibiotic r esistance deter- 
minants are within microbiome populations, but also impr ov e the 
prospects for the discovery of genetic variants or new structurally 
elated homologs of known resistance mechanisms. For exam- 
le, a whole-genome analysis and evaluation of clinical isolates 
f C. difficile established a link between strains exhibiting high or
ow nisin resistance to genetic variants in the cpr ABC nisin resis-
ance module (Ide et al. 2023 ). Such knowledge will be invaluable
o accelerate the development of strategies that could eventually 
ounteract or avoid nisin resistance action. Several approaches 
a ve been in vestigated in this regard including the application of
isin in combination with other antimicrobials including differ- 
nt bacteriocins and antibiotics, particularly those with different 
odes of action or that inter act syner gisticall y in a bid to target
DR pathogenic targets more effectively (for comprehensive re- 

iews see Mathur et al. 2018 , Soltani et al. 2021a ). Bioengineering
tr ategies ar e also being exploited and se v er al engineer ed v ariants
ave been described that can effectively evade some nisin immu-
ity and resistance mechanisms (see later). If nisin is to ac hie v e
or e widespr ead ther a peutic use, it is critical that r esistance be

aken into consideration at every stage of development. 

enome mining and new nisin variants 

he exponential increase in genomic data derived from metage- 
omic sequencing of microbial communities has led to the avail-
bility of vast amounts of genetic information to probe for novel
antibiotic operons of interest. The highly conserved sequences 
nher entl y found within lantibiotic biosynthetic genes can be uti-
ized as driver sequences to identify areas of a genome that may
ontain other novel lantibiotic-like BGCs. For example, an in sil-
co screen for BGCs with homology to the nisin A biosynthetic
enes nisB and nisC resulted in the identification of more than
9 novel lantibiotic clusters across a range of bacterial species,

http://msa.biojs.net/app/
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enera, and phyla not previously linked with lantibiotic produc-
ion (Marsh et al. 2010 ). Ho w e v er, a wide variety of genome min-
ng tools have since been de v eloped (BAGEL, AntiSMASH, RiPP-

iner, RiPP-PRISM, and RODEO) that have become the pr eferr ed
nd fastest means for the discovery of novel RiPP BGCs (Russell
nd Truman 2020 ). Consequently, the availability of high-quality
enome sequence data combined with these po w erful bioinfor-
atic softwar e pac ka ges has gr eatl y expanded our knowledge of

he variety and distribution of BGCs, particularly those from hu-
an and animal gut microbiomes (Drissi et al. 2015 , Walsh et al.

015 ). Indeed, giv en the str engthening association between the
ut microbiota and human health and disease (Bull and Plum-
er 2014 ), bacteriocin producing strains have attracted signifi-

ant attention as potential micr obiome-sha ping tools that could
e used in the pr e v ention or tr eatment of diseases associated
ith gut pathogens (Mousa et al. 2017 , Heilbronner et al. 2021 ).
enomic mining has doubled the number of natural nisin vari-
nts now c har acterized with the majority of these having been
ourced from human, animal, and insect microbiomes. Indeed,
nly a decade ago, just seven natural variants were known: nisin
, nisin Z, nisin Q, and nisin F produced by L. lactis species, nisin
 and nisin U2 produced by Streptococcus uberis , and a putative
isin P cluster was identified in Streptococcus pasteurianus (Field
t al. 2015a ). 

isin H 

n 2015, Nisin H was the first variant isolated from a mammalian
astr ointestinal tr act, in this case, that of a pig (O’Connor et al.
015 ). Genome analysis of Streptococcus hyointestinalis r e v ealed that
t differs from nisin A by five amino acids (Fig. 2 B). Despite this,
isin H retains k e y features of the lactococcal peptides. Another
r ominent featur e was the absence of a corresponding nisI immu-
ity gene within the gene cluster (O’Connor et al. 2015 ). 

isin P 

lthough a nisin P gene cluster was pr e viousl y noted in the
enome of S . pasteurianus (Zhang et al. 2012 ), more recent stud-
es have demonstrated production of nisin P by a clinical iso-
ate of Streptococcus gallolyticus (AB39) and the purified peptide dis-
layed antibacterial activity towards se v er al drug-r esistant bac-
eria, including MRSA, VRE, and penicillin-resistant Streptococcus
neumoniae (Aldarhami et al. 2020 ). A nisin P gene cluster was
lso shown to be present in both a porcine isolate of Streptococ-
us suis (Wu et al. 2014 ) as well as a strain of S. agalactiae isolated
rom human faeces and was the first such example of a Group B
tr eptococcal str ain to pr oduce a nisin v ariant (Garcia-Gutierr ez
t al. 2019b ). 

isin O 

n silico screening of human gut bacterial genomes identified a
isin BGC in Blautia obeum A2–162, a dominant species in the hu-
an colon (Hatziioanou et al. 2017 ). Nisin O is unusual in that it

s the first nisin cluster to encode 4 peptides, the first 3 (NsoA1-
) are indistinguishable and resemble nisin U, while the fourth
xhibits the gr eatest de viation fr om nisin A. Mor eov er, the gene
luster contains two sets of nis RK genes but sur prisingl y no corre-
ponding nis P gene could be identified. The presence of aromatic
esidues at the first position, as is the case with NsoA1-3 (Fig. 2 B),
as been shown to significantly reduce cleavage efficienc y b y the
rotease NisP (Reiners et al. 2020 ). The NsoA peptides exhibited
tr ong antimicr obial activity a gainst C. difficile and Clostridium per-
ringens following heter ologous expr ession in L. lactis , but only in
he presence of trypsin (Gherghisan-Filip et al. 2018 ). 

isin BP SCSK 

 m ultipeptide nisin oper on was also pr esent in a Blautia species
btained from the faecal microbiota of mice. Blautia producta
P SCSK produces a nisin-like peptide variant with similarity to
isin O. In contrast ho w ever, BP SCSK encodes five lantibiotic precur-
or genes ( lan A1–lan A5) (Fig. 3 ). The first four are identical while
he fifth is more divergent. Notably, the antimicrobial activity of
P SCSK w as sho wn to be comparable to nisin A a gainst str ains of
RE and other Gr am-positiv e nosocomial pathogens but displayed

educed potenc y to w ar ds other gut commensals (Kim et al. 2019 ).
isin BP SCSK differs from nisin A at residues corresponding to I4K,
12V, A15I, G18Dhb, N20P, M21V, K22Q, H27G, and a five-amino
cid tail consisting of 29 QIDhbGK 33 (Fig. 2 B). Se v er al of these mod-
fications are located at positions corresponding to bioengineered
isin variants with altered antimicrobial activity and spectrum
f antibacterial activity and/or target sites for the digestive en-
ymes trypsin/ α-chymotrypsin including I4, K12, N20P, M21, K22,
nd S29Q (see later sections on nisin bioengineering/modulation
f gut microbiota). 

isin J 
isin J r epr esents the first nisin v ariant to be pr oduced by a

ta phylococcal species (O’Sulliv an et al. 2020 ). Identified from the
oe web space during a screen of the human skin microbiota,
taphylococcus capitis APC 2923 produces a nisin variant with nine
esidues differing from those in nisin A, as well as having an extra
esidue at the C-terminus, making it a 35-residue peptide (Fig. 2 ).
nter estingl y, some of these amino acid alter ations corr espond to
ioengineered nisin A variants with enhanced activity (see later
ection on bioengineering), most notably those pertaining to ring
 (I4K and L6I) and ring C (M17Q and G18Dhb). Indeed, nisin J was
hown to exhibit greater activity against staphylococcal species
ompared to its A and Z counter parts, pr ompting the suggestion
hat the nisin J producer may have naturally evolved to produce
 peptide with enhanced activity against other skin-associated
ta phylococci (O’Sulliv an et al. 2020 ). Unusuall y, the gene or ga-
ization of the nisin J cluster also differs from that of other nisin
lusters in that the two-component regulatory system ( nisRK ) and
he nisin immunity gene nisI are absent (Fig. 3 ). 

isin E 

he most recent stre ptococcal-deri ved nisin variant is nisin E, pro-
uced by multiple Streptococcus equinis str ains, originating fr om a
anine oral cavity as well as sheep gut (Christophers et al. 2023 ,
ugrue et al. 2023 ). Nisin E differs from nisin U b y tw o residues
I15A and L21I), but also possesses an extra C-terminal asparagine
esidue (Asn32). Despite the relatively high homology between the
eptides , nisin E displa yed r educed activity a gainst a wide panel
f tar get or ganisms, but most especiall y a gainst se v er al str epto-
occal species ( Streptococcus mitis , Streptococus gordonii , and Strepto-
occus anginosus ) compared to its nisin U counterpart, prompting
he authors to speculate that the I15A and additional aspar a gine
esidue could be responsible (Christophers et al. 2023 ). Notably,
he residues of the hinge region of nisin E ( 20 PIK 22 ) represent a
ovel hinge sequence compared to the other closel y r elated nisin
, nisin U2, and nisin P variants (Fig. 2 B). Additionally, while the
enetic organization of the nmd locus essentially matches the
isin U ( nsu ) cluster, the nisin E structural gene ( nmd A) is situated
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Figure 3. Sc hematic or ganization of the BGCs for all nisin v ariants c har acterized to date (not to scale). 
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upstream of the regulatory and immunity modules in contrast to 
the downstream location of nsu A (Sugrue et al. 2023 ). 

Nisin G 

Adding to the growing list of nisin-producing streptococci ( S.
uberis , S. hyointestinalis , S. gallolyticus , S. suis , S. agalactiae , and S.
equinis ) is Streptococcus salivarius DPC6487, which was sourced from 

a neonatal faecal sample and produces nisin G. Although S. salivar- 
ius strains have been shown to produce another lantibiotic, sali- 
varicin D (Birri et al. 2012 ), this varies greatly from nisin, distinctly 
lacking the last MeLan ring. The nisin G pe ptide di v er ges fr om 

nisin A with respect to seven amino acids (Fig. 2 B) and was shown 

to exhibit a more limited spectrum of activity when compared 

to nisin A, with activity confined to other streptococci but more 
notably to Fusobacterium spp , including Fusobacterium nucleatum .
Fusobacterium nucleatum is an emerging human pathogen linked 

to se v er al gut-associated disorders including colorectal cancer 
(CRC) de v elopment. The desir e for intestinal-deriv ed bacteriocin 

pr oducing str ains that can kill specific target organisms without 
causing collateral damage to host bacterial populations makes S.
salivarius DPC 6487 a potential candidate for probiotic develop- 
ment (Lawrence et al. 2022 ). 

Kunkecin A 

The nisin variant Kunkecin A (Zendo et al. 2020 ) was identified 

from a honeybee isolate Apilactobacillus kunkeei FF30-6, a fruc- 
tophilic lactic acid bacterium r ecentl y c har acterized as one of 
the major components in the gastrointestinal tract of honeybee 
queens and larvae (Endo and Salminen 2013 ). Kunkecin A rep- 
esents the longest natural variant described to date, possessing 
v e extr a amino acids at the C-terminus compar ed to nisin A

Fig. 2 B). Despite displaying an ov er all narr ow antimicr obial spec-
rum, kunk ecin A was re ported to exhibit superior acti vity over
isin A against several bacteria originating from honeybees, in- 
luding Melissococcus plutonius , the causative agent of European 

oulbrood, a global honeybee brood disease. Crucially, many other 
oneybee commensals including lactobacilli and bifidobacteria 
 ppear ed less sensitive to this nisin variant, prompting the au-
hors to suggest the kunkecin A producer as a potentially useful
robiotic to inhibit honeybee pathogens in apiaries. 

There is mounting evidence that bacteriocins produced by mi- 
r obial r esidents of the gut impart a competitive adv anta ge and
lay a major role in shaping niche competition among intestinal
acteria (Dobson et al. 2012 ). While some bacteriocins display a
arr ow r ange of activity, tar geting onl y closel y r elated members
f the same species, others like nisin display a broader spectrum
f activity. Recent microbiome in vestigations ha ve begun to eluci-
ate the impact of nisin on the gastr ointestinal micr obiota (out-

ined below) and r e v eal in more detail members of the microbiome
hat are susceptible or resistant to its action. Given the contrasting
ntimicrobial activities of the natural nisin variants when com- 
ared to nisin A as discussed abo ve , it is tempting to speculate
hat these variants have evolved because of localized competition 

ith specific microbes in their respective en vironments . Indeed,
he potential for more precise targeting of individual pathogens 
hilst at the same preserving the integrity of the microbial com-
osition are very desirable properties in light of the important role
f the microbiome in overall human health. 
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isin bioengineering to modulate 

ntimicrobial activity and spectrum of 
ntibacterial activity 

he inexorable proliferation of MDR pathogens has significantly
mpacted on the effectiveness of commonly used antibiotics
Gupta and Datta 2019 ). Consequentl y, ther e is an urgent need for
e w antimicr obial compounds as well as nov el deriv ativ es of cur-
 ent antimicr obials that specificall y tar get MDR bacteria and/or
ther pr oblematic or ganisms. A consequence of the gene encoded
ature of nisin is the r elativ e ease with whic h ne w structur al
ariants can be created through genetic manipulation. Moreover,
he diversity of the natural variants and related homologues em-
hasizes the tolerance to changes of particular residues and re-
ions within the peptide. Indeed, their activity and physicochemi-
al properties would suggest they hav e e volv ed to kill specific or a
arro w er range of targets, and thus could be viewed as templates
or new, tailor-made and specific targeting peptides. 

Over the last two decades, banks of engineered nisin deri vati ves
ave been generated and characterized. Simple single or multiple
odifications and chimeric molecules are beginning to furnish a

lueprint of those residues and domains essential for structure–
ctivity r elationships—not onl y r elating to nisin biosynthesis, but
lso in terms of antimicrobial activity and spectrum, solubility,
eat stability, challenges to immunity or resistance proteins as
ell as sensitivity to pr oteol ytic enzymes . T he following section
ill focus on r ecent adv ances r egarding the implementation of
ioeng ineering strateg ies to enhance the functional c har acteris-
ics of nisin and the most notable successes ac hie v ed as a con-
equence of employing these v arious str ateg ies. For prior bioeng i-
eering studies, we direct the reader to a number of comprehen-
iv e r e vie ws (Lubelski et al. 2008 , Field et al. 2015a , Shin et al. 2016 ).

Nisin can be structur all y divided into an N-terminal region
composed of a lanthionine ring A and the methyllanthionine
ings B and C, a hinge region, and a C-terminal region; with the
ntertwined methyllanthionine rings D and E) (Fig. 2 A). The im-
act of m uta genesis on each of these regions will be discussed in
erms of impr ov ed functional c har acteristics. 

-terminus 

 systematic satur ation m uta genesis a ppr oac h at the N-terminal
soleucine (Ile1) and analysis of the resulting 20-generated ana-
ogues r e v ealed that although the cor e peptide was completel y

odified, impacts on production, leader peptide cleav a ge, and an-
imicrobial activity varied drastically and correlated with the na-
ure of the amino acid substituted in each case (i.e . aliphatic , aro-

atic, c har ged, and so on) (La gedr oste et al. 2019 ). Results re-
ealed that aromatic amino acids at position one (I1W and I1F)
ave rise to superior antimicrobial activity (Fig. 4 ), particularly
 gainst lactococcal str ains expr essing the nisin imm unity and r e-
istance proteins nisI, nisFEG, NSR, and NsrFP. In contrast, polar or
 har ged amino acids triggered a reduction in activity, highlighting
he influence small changes in the peptide structure can have on
ctivity and ability to circumvent nisin resistance systems. More-
ver, the majority of Ile1 variants were subject to NisP process-
ng albeit with lo w er efficienc y , the exception being I1P , whic h r e-

ained intractable to NisP activity. 
As one of the earliest locations targeted for mutagenesis

K uipers et al. 1995 , W iedemann et al. 2001 ), position two vari-
nts provided the first evidence that nisin activity could be im-
r ov ed when the threonine at position 2 in nisin Z (a residue , i.e .
ormall y conv erted to dehydr obutyrine) was c hanged to a ser-
ne/dehydroalanine and displayed enhanced activity against two
onpathogenic target organisms (Kuipers et al. 1995 ). More recent

n vestigations ha ve highlighted the importance of Thr2 within the
ipid II binding motif of nisin when a bioengineer ed c himeric lan-
ibiotic found to be more potent against VRE was rendered in-
ctive following a T2D substitution (Zhao et al. 2020b ). Notably,
n a tar geted a ppr oac h to identify nisin peptides more suited for
o vine mastitis applications , a threonine to leucine variant (T2L)

Fig. 4 ) w as sho wn to exhibit exce ptional antimicrobial acti vity
gainst a selection of bovine mastitis-associated staphylococci
Field et al. 2021 ), but were noticeably less active against many
f the commensal lactic acid bacteria found in milk such as lac-
ococci and lactobacilli. 

ings A and B 

arly engineering attempts targeted at the N-terminal ring A
oncerned a S3T substitution (which would change the first Lan
esidue to MeLan) that led to a dramatic loss of activity (Wiede-

ann et al. 2001 ). The amino acid composition of ring A appears
uite variable as is evident upon inspection of the contrasting ring
rrangements in several natural nisin variants (Fig. 2 B) and nisin-
ik e pe ptides . T his diversity at positions 4–6 is in a region, i.e. at
he border of the pyrophosphate cage involved in the mechanism
f action of nisin (Hsu et al. 2004 ), underscoring the large muta-
ional freedom available and may thus represent suitable targets
or m uta genesis. Indeed, two v ariants gener ated via satur ation
 uta genesis at positions 4–6 corresponding to 4 KSI 6 and 4 KFI 6 

Fig. 4 ) displayed impr ov ed activity a gainst se v er al nonpathogenic
ndicator strains (Rink et al. 2007 ). Notably, several natural nisin
ariants as well as novel nisin-lik e pe ptides (agalacticin, flavucin,
oraviensicin, and maddinglicin) (van Heel et al . 2016 ) possess
 lysine at position 4 (I4K) (Fig. 2 B). Ad ditionally, a 4 VFG 6 deri va-
iv e r etained str ong antimicr obial activity but suffered a dramatic
oss in its autoinduction ca pacity. Mor eov er, these v ariants had the
bility to escape the self-immunity proteins of NisI and/or Nis-
EG, proving to be toxic to a nisin pr oducing str ain (Rink et al.
007 ). Mor e conserv ed r esidue c hanges suc h as the nisin I4V v ari-
nt (Fig. 4 ) demonstrated improved antimicrobial as well as po-
ent antibiofilm activity a gainst se v er al str ains of Staphylococcus
seudintermedius (Field et al. 2015b ). These enhanced antimicro-
ial properties were further extended to include S. aureus when
4V was combined with conventional antibiotics (Field et al. 2016 ).

The highl y conserv ed ring B is composed of a MeLan and the
mino acids proline (Pro9) and glycine (Gly10). Mutational anal-
sis has underpinned its importance in both antimicrobial and
nduction activity (Rink et al. 2007 , Ge et al. 2016 ). For example,
he 9 PT 10 v ariant r etained compar able induction ca pacity and an-
imicrobial activity as nisin A, while 9 PH 10 , 9 PR 10 , 9 PD 10 , 9 PN 10 , and

 

PL 10 , display ed significantly lo w er induction and antimicrobial
ctivities due to incomplete ring formation (Rink et al. 2007 ). More
 ecentl y, a ring B variant where both residues are replaced with
hreonine ( 9 TT 10 ) (Fig. 4 ) and designated nisin M, retained full au-
oinduction capability but exhibited up to more than 16-fold less
ctivity against several genera and species of bacteria (O’ Connor
t al. 2020a ), emphasizing the lack of a direct correlation between
ipid II binding and induction capacity. 

The residue Lys12 is located between rings B and C and a site-
atur ation a ppr oac h at this location led to the identification of
 small number of bioengineered deriv ativ es with impr ov ed ac-
ivity (Molloy et al. 2013 ) (Fig. 4 ). Indeed, more recent NMR anal-
ses confirmed the importance of Lys12 as a ‘pharmaceutical
otspot’ by acting as a flexible region that permits nisin to adopt a



Field et al. | 9 

Figure 4. Summary of enhanced bioengineered nisin deri vati ves. Variants with increased specific activity are denoted by purple and pink for 
Gr am-positiv e and Gr am-negativ e bacteria, r espectiv el y. Enhancement of autoinduction properties are denoted by yellow circle or enhancement of 
both activity and autoinduction by green circle. A blueprint of nisin with the Lan/MeLan Rings A–E and the hinge region is interpreted as five distinct 
modules B1–P3 according to the sequence B1/B2/P1/P2/P3 r epr esenting a lipid II binding domain, a flexible domain, and a pore-forming domain 
(Schmitt et al. 2019 ). Post-translational modifications in the native nisin A sequence are indicated as follows: Abu: 2-aminobutyric acid, Ala-S-Ala: 
lanthionine, Abu-S-Ala: 3-methyllanthionine) Dha: dehydroalanine, and Dhb: dehydrobutyrine. 
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specific conformation within the bacterial membrane environ- 
ment (Medeir os-Silv a et al. 2018 ). 

Ring C 

Although the precise function of ring C has not yet fully been elu- 
cidated, this MeLan ring has been shown to be critical for the bi- 
ological activity of nisin (van Kraaij et al. 2000 ) and suggests that 
this region is involved in very specific interactions. For example,
converting the thioether bond of ring C to a disulphide bond was 
found to abolish activity completely (van Kraaij et al. 2000 ). Recent 
studies have revealed the unique membrane-interacting proper- 
ties of ring C and have implied a structural link between the ar- 
rangement of the hinge in tandem with ring C conformations in 

the ability to form por es (Medeir os-Silv a et al. 2018 ). Mutational 
nal ysis of r esidues within ring C has been beneficial with re-
pect to enhanced functional deri vati ves as was observed by L16A,
16H, and L16V (Fig. 4 ) that displayed a slight increase in both an-
imicrobial activity and induction capacity (Ge et al. 2016 ). More
 ecent r eports hav e demonstr ated the enhanced specific activ-
ty of other ring C variants against pathogenic strains, as when
isin M17Q pr ov ed to be mor e effectiv e than nisin A at reduc-

ng Staphylococcus epidermidis biofilms from medical de vice-r elated 

aterials as well as significantly reducing viable cells in simu-
ated wound fluid experiments (Twomey et al. 2020 ). Nisin M17Q
Fig. 4 ) was also shown to exhibit enhanced activity against some
trains of bovine mastitis-associated S. aureus (Field et al. 2021 )
nd displayed antilisterial activity when used in combination with 

ther bioengineered nisin deri vati ves (Nyhan et al. 2021 ), which
as sustained in model food experiments. 
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he hinge region 

he hinge consists of a 3-amino acid linker region, i.e. critical
or antimicrobial activity by providing conformational flexibility
etween the N- and C-termini of nisin. Following interaction be-
ween the two N-terminal rings with lipid II, the flexible hinge re-
ion facilitates insertion of the nisin C-terminal domain into the
acterial membrane to form a por e (Br eukink et al. 1999 , Wiede-
ann et al. 2001 ). 
Bioengineering of the hinge r egion pr ovided the first reports

f deri vati ves with improved activity against Gram-negative
athogenic targets (Yuan et al. 2004 ), which was followed shortly
her eafter by impr ov ed v ariants a gainst Gr am-positiv e or ganisms
Field et al. 2008 ). An a ppr oac h involving simultaneous random-
zation of all three hinge residues in nisin A ( 20 NMK 22 ) generated
 suite of peptides whereby a preference for small, chiral amino
cids was linked to increased bioactivity (Healy et al. 2013 ). Addi-
ionally,s a nisin peptide incorporating a hinge region composed
f 20 HTK 22 (Fig. 4 ) r epr esents a nov el v ariant (Field et al. 2021 ) to
dd to those pr e viousl y identified as having impr ov ed antimicr o-
ial activity ( 20 AAK 22 , 20 NAI 22 , and 20 SLS 22 ) (Healy et al. 2013 ). 

Furthermore, the impact of expanding or reducing hinge length
n the antimicrobial activity and target spectrum of nisin has
lso been explored. Zhou et al. ( 2015 ) revealed that both short-
ned hinge peptides ( −1 amino acid) and extended hinge peptides
 + 2 amino acids) displayed impr ov ed efficacy as determined by
rowth inhibition assays against several target strains including L.
actis , Enterococcus faecalis , L. monocytogenes , and B. cereus , but were
ar get or ganism- and temper atur e-dependent due to v ariations in
acterial membr ane composition. Similarl y, Zasc hke-Kriesc he et
l. ( 2019b ) examined the adv anta ge of decreasing ( �21 MK 22 ) or ex-
ending the hinge region ( 20 NMKIV 24 and 20 NIVMK 24 ). These hinge
 ariants wer e impacted in their ability to form pores when com-
ared to wild type nisin A, in particular the truncated �21 MK 22 

eptide, and when assessed a gainst str ains expr essing the nisin
mmunity (NisI and NisFEG) and nisin resistance determinants
SaNSR and SaNsrFP), the v ariant 20 NMKIV 24 displayed incr eased
ctivity, possibly as a result of reduced substrate recognition
Zasc hke-Kriesc he et al. 2019b ) 

-terminal rings and tail 
he C-terminus of nisin A is essential for pore formation and con-
ists of the highly conserved rings D and E follo w ed b y a six-amino
cid tail ( 29 SIHVDhbK 34 ). NMR studies have revealed Ser29 within
his region as an important flexible region for the orientation of
isin within the membrane pore (Medeiros-Silva et al. 2018 ). In-
eed, a site-satur ation a ppr oac h r e v ealed that bioengineer ed m u-
ants at this location extended nisin activity to w ar ds some Gram-
egative species (Field et al. 2012 ). 

Recent investigations have highlighted the importance of ring
 and E for recognition by the NSR (Khosa et al. 2016a ). Specifi-
all y, the r esistance pr ovided b y NSR w as over come b y nisin vari-
nts lacking rings D and E or only ring E. This was further empha-
ized by molecular simulations of the NSR/nisin complex, which
 e v ealed the r ole of the C-terminal rings for substrate specificity to
nsure the exact coordination of the nisin cleavage point (Ser29)
t the enzymatic active site (Khosa et al. 2016b ). Considering this,
ield et al. ( 2018 ) used saturation mutagenesis such that serine at
osition 29 was replaced with all other 19 amino acids . T he results

dentified one deri vati ve, S29P (Fig. 4 ), as having comparable activ-
ty to nisin A but crucially exhibited a 20-fold increase in specific
ctivity a gainst se v er al NSR pr oducing str ains due to the inability
f NSR to cleave the mutant peptide . Furthermore , another vari-
nt termed nisin PV (S29P and I30V substitutions)) pr ov ed to not
nly be as active as S29P, but to be more stable by virtue of being
ess prone to oxidation (Field et al. 2018 ). Alternativ el y, r eplace-

ent of Cys 28 with pr oline (C28P) r esulted in a nisin A peptide
hat was lacking ring E and retained a more structurally rigid and
maller ring (Zasc hke-Kriesc he et al. 2019a ). Nisin C28P (Fig. 4 ) was
s active as wild type nisin and retained the ability to form pores
n the membrane, but was notably more effective against an NSR
r oducing str ain due to the inability of NSR to cleave this variant
fficientl y (Zasc hke-Kriesc he et al. 2019a ). 

Ther e ar e just a handful of nov el antibiotic compounds in cur-
 ent de v elopment that tar get Gr am-negativ e bacteria (Imai et al.
019 ). The outer membrane of Gram-negative organisms is imper-
eable to nisin, pr e v enting access to the inner membrane and

ts target lipid II (Nikaido and Vaara 1985 ). Consequently, nisin
xhibits poor activity to w ar ds Gr am-negativ e species. Ho w e v er,
isruption of the outer membrane with chelating agents such
s EDTA can r estor e susceptibility to nisin (Ste v ens et al. 1991 ).
 hus , the main impediment for nisin to kill Gr am-negativ e bac-

eria appears to be its inability to tr av erse the outer membrane.
 r ecent a ppr oac h to assist nisin in penetr ating the outer mem-
r ane involv ed the fusion of se v er al small anti-Gr am-negativ e
eptides tails including apidaecin 1b, oncocin, and drosocin to
he C-terminal end of nisin (Zhou et al. 2016 ). One such fusion,
ontaining an eight amino acid (PRPPHPRL) tail from apidaecin 1b
ttached to full length nisin (Fig. 4 ), exhibited 2-fold greater ac-
ivity against Escherichia coli CECT101, highlighting that the strat-
gy of combining a lipid II binding peptide with the penetr ativ e
bility of eukaryotic antimicrobial peptides extends the activity
f nisin to w ar ds Gr am-negativ e bacteria (Zhou et al. 2016 ). Subse-
uent studies involved a greater selection of peptide tails and re-
ngineer ed v ariants and identified se v er al of them with gr eater
ctivity against a range of important pathogenic Gram-negative
rganisms including E. coli , Klebsiella pneumoniae , Acinetobacter bau-
annii , Pseudomonas aeruginosa , and Enterobacter aerogenes when

ompared to nisin alone (Li et al. 2018 ). Moreover , bioengineer -
ng a ppr oac hes to include differ ent linker domains as well as a
-terminal supplementary lysine residue (to mimic many lan-

ibiotics that possess a positiv el y c har ged amino acid at the C-
erminus) pr ov ed beneficial in mor e effectiv el y tar geting Gr am-
egative pathogens (Fig. 4 ). 

ioengineering modular nisin analogues and 

emisynthetic hybrids 

ore than 100 lanthipeptides have now been identified that ex-
ibit enormous structural diversity; especially in terms of post-
ranslational modifications including thioether-based intramolec-
lar rings, unusual dehydroamino and unsaturated amino acids
s well as a variety of flexible linker regions that when com-
ined, are critical for stability and biological activity (Dischinger
t al. 2014 ). Despite this diversity, a common feature of lantibi-
tics is the ability to bind lipid II and form pores in the mem-
rane, a blueprint that encompasses different functional ele-
ents or modules. Importantly, lantibiotic peptides vary substan-

ially in terms of activity to w ar ds target strains. While bioengi-
eering str ategies hav e been crucial for adv ancing our knowl-
dge with respect to structure–activity relationships and have
r oduced deriv ativ es with enhanced properties, in the main these
tudies have focused on the diversification of individual lantibi-
tic peptides which can deliver only limited structural novelty. A
ecent study sought to investigate the consequences of the molec-
lar shuffling of functional modules (i.e. a lipid II binding domain,
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a flexible domain, and a pore-forming domain) from 12 different 
and well-c har acterized class I and class II lantibiotic peptides in- 
cluding nisin, gallidermin, Pep5, Lacticin 481, mersacidin, and cin- 
namycin that also included synthetic linker modules to imitate or 
replace the hinge region of nisin (Schmitt et al. 2019 ). A library of 
over 6000 combinatorial variants was generated and attached to 
the leader peptide of nisin and expressed using the nisin biosyn- 
thetic machinery NisBTC in L. lactis . Following library screening, 11 
ne w to natur e peptides wer e found to exhibit impr ov ed antimicr o- 
bial activity compared to their wild-type counter parts against a 
panel of Gr am-positiv e pathogens including S. pneumoniae , MRSA,
VRE ( E. faecalis and E. faecium ) as well as L. lactis strains harbour- 
ing the nisin immunity cluster ( NisIFEG ) and the NSR. Notably,
peptides consisting of combinatorial modules of gallidermin and 

nisin joined by a synthetic hinge were most active against the ma- 
jority of pathogenic strains tested as well as being able to bypass 
the nisin immunity system (Fig. 5 ). Ad ditionally, pe ptide deri va- 
tives containing atypical hinge and C-terminus modules (such as 
those found in Pep5, lactocin S, paenibacillin, and so on) pr ov ed to 
be more active against NSR clea vage , highlighting the importance 
of the C-terminus of nisin for NSR recognition (Schmitt et al. 2019 ) 
(Fig. 5 ). 

The targeting of lipid II, crucial for bacterial cell wall synthe- 
sis and r eadil y accessible on the outer surface of the cell mem- 
br ane, is an effectiv e and ancient antimicr obial str ategy (Ulm and 

Schneider 2016 ) and an important target for potent antibiotics in- 
cluding vancomycin, teixobactin, and several lantibiotics. Rings 
A and B contain the lipid II binding motif of nisin, i.e. conserved 

among other lantibiotics including subtilin, epidermin, gallider- 
min, microbisporicin, and mutacin 1140, and have been the focus 
of se v er al str ategies to gener ate nov el lipid II tar geting compounds 
(Koopmans et al. 2015 , Deng et al. 2020 , Zhao et al. 2020b ). 

One suc h a ppr oac h involv ed the c hemical coupling of func- 
tional moieties to N-terminal nisin ring fr a gments (AB, ABC ring 
systems) using click chemistry. The addition of membrane ac- 
tive lipids to the nisin AB ring fragment yielded semisynthetic 
analogues with enhanced stability (Koopmans et al. 2015 ) while 
the conjugation of synthetic hydrophobic polyproline peptides to 
rings ABC produced nisin hybrids that displayed increased antimi- 
cr obial activity a gainst E. f aecium when compar ed to the nisin ABC 

fr a gment alone, though they pr ov ed to be 8-fold less active than 

full length nisin (Deng et al. 2020 ). Mor eov er, two nisin hybrids 
could bypass the NSR and were less prone to pr oteol ytic degr ada- 
tion. 

In another a ppr oac h, nov el hybrid peptides were designed con- 
sisting of two different lipid II binding regions, one composed of 
the N-terminal region fragments of nisin (1–10, 1–11, 1–17, 1–25,
and so on) linked to the C-terminal lipid II binding regions of the 
two-component lantibiotics lacticin 3147 or haloduracin (Zhao et 
al. 2020b ). A suitable linker region was included between each of 
the domains. Of 20 such hybrid peptides that were expressed us- 
ing the nisin biosynthetic machinery, two showed potent antimi- 
cr obial activity a gainst Micrococcus flavus . Further anal ysis of one 
such hybrid, TL19 (composed of nisin + haloduracin lipid binding 
motifs), displayed 64-fold higher potency against E. faecium com- 
pared to the single lipid II binding component of nisin1-22, high- 
lighting the potential of a single molecule with two lipid II binding 
motifs to enhance antimicrobial activity (Zhao et al. 2020b ). 

Recentl y, a cell-fr ee pr otein synthesis (CFPS) system using E.
coli cell extracts was employed for the production of novel vari- 
ants of nisin Z (Liu et al. 2020 ). This r equir ed some adjustments 
such as increasing the levels and ratio of NisB and NisC in con- 
junction with the precursor peptide for optimal efficiency. Fol- 
o wing a sear c h of all publicl y av ailable genomes for nisin ana-
ogues , 18 no v el cor e peptide v ariants wer e subsequentl y linked
o the nisin leader peptide and expressed in the CFPS system. In
otal, four variants displayed antimicrobial activity and following 
urther purification exhibited good activity a gainst E. f aecalis , S.
ureus , and MRSA, with the RL14 variant exhibiting superior ac-
ivity compared to nisin Z against E. faecalis . Notably, the residue
 hanges acr oss the four peptides included I4K and I4V , K12V , A15V
nd A15I, M17Q, and G18Dhb, a shortened hinge ( 20 AL 21 , 20 AI 21 ,
nd 20 PI 21 ) and a varied C-terminal tail. An additional library of
000 variants was generated via saturation mutagenesis target- 
ng positions 4, 12, 15, 24, and 29 of nisin Z and expressed in the
FPS system. Subsequent screening identified a further two vari- 
nts with impr ov ed activity a gainst Gr am-negativ e bacteria com-
ared to parental nisin Z (Liu et al. 2020 ). 

In a bid to identify novel peptides that specifically target C. dif-
cile , a Clostridium genome mining a ppr oac h w as emplo y ed that
cr eened ov er 600 publicl y av ailable genomes. A total of 10 puta-
i ve lanthipe ptide genes wer e identified in Clostridium beijerinc kii ,
lostridium ihumii , and C. perfringens and expressed in L. lactis us-

ng the nisBCT synthetase (Cebrián et al. 2019 ). When all but
ne failed to pr oduce antimicr obial activity, a synthetic biology
 ppr oac h was undertaken whereby a new series of hybrid lan-
ibiotics were designed and expressed that were composed of N-
ermin us or C-termin us modules of the putative clostridial pep-
ides fused to the N-terminus or C-terminus modules of nisin. An
ctive hybrid peptide with good antimicrobial activity against a 
. difficile strain was isolated but was notably less active against
ther clostridial str ains. Inter estingl y, the peptide was not active
 gainst C. beijerinc kii , the str ain fr om whic h the N-terminus mod-
le used in the hybrid was composed (Clos AB + nisin CDE). The
uthors note that the specificity and activity observed for the hy-
rid peptide makes it an interesting potential candidate in the
reatment of C. diffic ile infections , a voiding side effects and pro-
ecting the normal gut microbiota (Cebrián et al. 2019 ). 

isin as a modulator of the gut microbiota 

t is now becoming incr easingl y clear that the gut microbiome is
ntegral to human health (Mousa et al. 2017 , Garcia-Gutierrez et
l. 2019a ). Indeed, maintaining a healthy gut microbiome could
e considered as a new therapeutic target since any significant

mbalance could contribute to the de v elopment or pr ogr ession
f diseases such as inflammatory bo w el disease , diabetes , obe-
ity and infection by intestinal pathogens such as C. difficile (Duan
t al. 2022 ). Enteric diseases in farm animals are also a cause of
ignificant economic losses in the agribusiness sector . Further -
or e, tr eating suc h diseases accounts for considerable antibi-

tic use in both humans and animals that not only has the po-
ential to adv ersel y affect the composition and function of the
ut microbiome, but also encourages the selection of antibiotic- 
 esistant pathogens. It would, ther efor e, be adv anta geous to be
ble to modulate the gut microbiota to selectiv el y tar get or de-
lete undesir able micr obes without impacting the beneficial mi-
r obes. Bacteriocins ar e gaining credibility as precise modulators 
f the human microbiome (O’Connor et al. 2020b ). Indeed, sev-
r al r ecent studies pr ovide compr ehensiv e e vidence that bacte-
iocins and bacteriocin-producing bacteria can be used to modify 
he gut microbiota, making them an attr activ e str ategy to addr ess
ut-related diseases and disorders (Guinane et al. 2016 , Umu et al.
016 , 2017 , Lawrence et al. 2022 ). Bacteriocins could address some
f the issues associated with conventional antibiotics and signif- 
cant r esearc h is ongoing to elucidate an y r ole they could play
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Figure 5. Enhanced variant peptides derived from the molecular shuffling of functional modules from nisin and 12 different class I and class II 
lantibiotic peptides (adapted from Schmitt et al. 2019 ). A blueprint of nisin with the Lan/MeLan Rings A–E and the hinge region is interpreted as five 
distinct modules B1–P3 according to the sequence B1/B2/P1/P2/P3 r epr esenting a lipid II binding domain, a flexible domain, and a pore-forming 
domain). 
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ithin the gastrointestinal tract, their ability to inhibit pathogens
s well as any potential functions in safeguarding host health
Heilbronner et al. 2021 ). Several recent studies have investigated
he capacity of nisin, either by direct application or secreted by
n situ bacteria, to influence the gut microbiota and/or to control
pecific pathogens associated with c hr onic intestinal diseases. For
xample, it was evident that nisin, when supplemented in the diet
f poultry, can beneficially modulate the gastrointestinal ecology
nd enhance growth performance (Józefiak et al. 2013 , Kieron-
zyk et al. 2017 , 2020 ). Similar effects wer e observ ed in rabbit
odels (Lauková et al. 2014 ). Likewise, nisin treatments elicited

ignificant changes in the gastrointestinal microbiota in a bac-
erial diarrhoea mouse model by incr easing favour able species
uch as Lactobacillus , Bacteroides , and Bifidobacterium while reduc-
ng pathogenic strains of E. coli and Enterococcus spp (Jia et al. 2018 ).

or e r ecentl y, when nisin was used as a feed ad diti ve in aquacul-
ure it w as sho wn to alter the diversity and composition of the
ntestinal microbiota of common carp (Ke et al. 2021 ), bream (Mo-
oni et al. 2021 ), and flounder (Nguyen et al. 2018 ). 

Nisin has also been considered for its therapeutic potential
n targeting the gut pathogen C. difficile . Antibiotic use is a ma-
or risk factor for de v eloping a C. difficile infection as a result of
hanges to the gut microbiota that allow C. difficile to prolifer-
te and cause r ecurr ent C. difficile -associated diarrhoea and in-
estinal inflammatory disease (collectiv el y designated C. difficile
nfection or CDI). The standard treatment for CDI is use of the
ntibiotics fidaxomicin, metr onidazole, or v ancomycin, although
one of these antibiotics are fully effective (Czepiel et al. 2019 ).

n compar ativ e studies carried out with nisin, v ancomycin, and
etr onidazole a gainst > 60 clinical C. difficile isolates, the results
 e v ealed that nisin was the most effective of the three antimi-
robials tested. Nisin was more potent as observed by its overall
IC90 of 0.256 mg/l while both vancomycin and metronidazole
ad MIC90s of 0.8 mg/l (Bartoloni et al. 2004 ). Furthermore, nisin
 w as sho wn to significantly reduce C. difficile spore viability in

iquid suspension following 1 hour of treatment (Lay et al. 2016 ). 
To e v aluate nisin in conditions that mor e closel y mimic the

IT and as a consequence observe the effects on the total mi-
r obiota, r esearc hers hav e explor ed its ability to inhibit or kill C .
ifficile in model colon systems (Le Lay et al. 2015 , O’Reilly et al.
022 ). Nisin A (in the form of Nisaplin 

®) proved to be an effec-
ive inhibitor of C. difficile, achieving over a 100-fold reduction in
ell numbers when used at 76 μmol/l (equivalent to 20X MIC) in
 simulated human colon system (consisting of a cell immobi-
ized and continuous fermentation single-stage reactor to sim-
late the pr oximal, tr ansv erse, and distal colons; Cinquin et al.
004 , Le Lay et al. 2015 ). The treatment also brought about sig-
ificant alterations to the microbial composition whereby Gram-
ositive bacteria were notably disturbed. Indeed, Ruminococcaceae
ere most impacted in that they underwent an almost 4-log
 eduction, while Lac hnospiraceae , Lactobacillaceae , Leuconostocaceae
roups as well as bifidobacteria were less affected (Le Lay et al.
015 ). Although an increase in the Gram-negative population ( Bac-
eroidetes and Enterobacteriaceae) was also noted, the initial balance
as r estor ed 24 hours after nisin ad dition. In the same stud y, a L.

actis nisin pr oducer, whic h was shown to persist and pr olifer ate
n the model colon, was ineffective against C. difficile , most likely
ue to the inability of the strain to generate a sufficient quan-
ity of peptide in these conditions to inhibit the pathogen (Le Lay
t al. 2015 ). 
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A r ecent r eport emplo y ed the micro-Matrix 24-w ell parallel 
controlled cassette minifermentation system as a batch colon 

model (as described by O’Donnell et al. 2018 ) to investigate the 
efficacy of pure nisin A to kill C. difficile in a dose-dependent man- 
ner. Importantly, it was established that a concentration of 50 μM 

was sufficient to completely eradicate C. difficile whilst simultane- 
ously eliciting the least impact on the ov er all micr obial composi- 
tion (O’Reilly et al. 2022 ). 

Enterococcus spp are also commonly found in the human GIT 

(Vankerc khov en et al. 2004 ). Worryingly, some enterococci, in par- 
ticular E. faecalis and E. f aecium ar e a leading cause of hospital- 
acquired infections, as a result of developing resistance to many 
frontline antibiotics including vancomycin (Miller et al. 2014 ). An- 
tibiotic administration disrupts the normal gut microbiota bal- 
ance, leading to expansion of VRE in the intestinal tr act, pr edis- 
posing vulnerable patients to bloodstream infections . T he situa- 
tion is so challenging that VRE have been earmarked by the World 

Health Organization as a critical target for the identification and 

de v elopment of ne w antimicr obials and novel approaches to com- 
bat infections (AbdelKhalek et al. 2018 ). Notably, a recent study 
r e v ealed that administr ation of a four str ain coc ktail consisting 
of Clostridium bolteae , Bacteroides sartorii , B. producta , and Parabac- 
teroides distasonis could reduce the density of enterococci in the 
colon of infected mice and r estor e r esistance to VRE infection 

(Caballero et al. 2017 ). One of the consortia, B. producta (BP SCSK ) 
was found to inhibit VRE by production of the nisin variant, nisin 

BP SCSK . Mor eov er, this v ariant exhibited r educed activity a gainst 
intestinal commensal bacteria including Bifidobacterium longum 

and Pediococcus acidilactici (Kim et al. 2019 ). Notably, substitution 

of the nisin BP SCSK producer for a L. lactis nisin pr oducing str ain in 

the consortium failed to inhibit VRE in vivo , most likely as a result 
of its inability to colonize the gut. This study elegantly demon- 
strates that nisin expression by a commensal microorganism can 

influence niche competition in the gastrointestinal tract by pre- 
venting pathogen colonization and with minimum disruption to 
the microbiota. 

A major limitation with respect to the therapeutic use of nisin 

is its sensitivity to pr oteol ysis by intestinal enzymes. Nisin A 

has been shown to be degraded by pepsin, trypsin, and chy- 
motrypsin (Heinemann and Williams 1966 , Jarvis and Mahoney 
1969 , Slootweg et al. 2013 ). More recent investigations involving 
sim ulated or al, gastric, and small intestinal digestion trials also 
r e v ealed the pr oteol ytic degr adation of nisin A (Gough et al. 2017 ) 
and nisin Z (Soltani et al. 2021b ). Indeed, despite the low pH en- 
vironment (pH 3), nisin Z remained mostly intact under gastric 
conditions with only minor degradation fragments detected, but 
the peptide was significantly degraded after 2 hours under con- 
ditions r epr esenting the small intestine (pH 7). Mor eov er, in addi- 
tion to some of the expected breakdown products of proteolysis,
oxidized forms of nisin were detected in the untr eated, or al and 

gastric fractions (Soltani et al. 2021b ), most likely from oxidation 

of the methionine residue (M21) located in the hinge region of the 
peptide (Rollema et al. 1996 ). Pr e vious findings have shown that 
the degree of oxidization in nisin peptides leads to a reduction in 

antimicrobial acti vity (Yone yama et al. 2008 ), highlighting other 
potential factors that could play a role in the efficacy of nisin. 

In order to bypass the sensitivity of nisin to pr oteol ytic cleav- 
a ge, enca psulation has been investigated as a means of facilitat- 
ing tr ansit thr ough the GIT. Indeed, in vitro studies hav e found that 
a pectin/HPMC (hydr oxypr opyl methyl cellulose) env elope is suit- 
able for delivery of nisin to the colon (Ugurlu et al. 2007 ). Similarly,
encapsulation of nisin using two different resistant starch-based 

matrices was investigated for delivery to the lo w er GIT and its re- 
ease in a controlled manner. Analysis of faecal pellets of mice fed
he encapsulated nisin revealed the presence of fully intact and
unctional peptides, though the concentration detected was ma- 
rix dependent (Gough et al. 2018 ). Finall y, a v ariety of silica-based

esopor ous matrices wer e examined for nisin enca psulation and
ound to protect nisin A from the pr oteol ytic action of pepsin in
ior ele v ant media, highlighting the suitability of this a ppr oac h to
hield nisin from any degrading enzymes in the intestinal tract
Flynn et al. 2019 ). Other novel means of providing proteolytic re-
istance could take the form of the chemical coupling of specific
ynthetic and nonproteinaceous moieties to nisin that can pro- 
ide the desired resistance to specific proteases (Deng et al. 2020 ).

Inter estingl y, nisin A contains three trypsin sensitive residues;
12, N20, and K22 while N20, M21, and H31 ar e c hymotrypsin sen-
itiv e r esidues (Slootweg et al. 2013 ). T hus , it is notable that many
f the amino acids corresponding to trypsin/ α-chymotrypsin ‘tar- 
et’ sites i.e. K12, N20, M21, and H31 hav e been r eplaced in the
ut-deriv ed natur al nisin v ariant nisin O, and ar e completel y r e-
laced with nontar get r esidues in nisin BP SCSK , (K12V, N20P, M21V,
22Q, and H31Dhb), a response that suggests adaption to their
nvironment in the gut. Moreover, the reduced activity of nisin
P SCSK against some beneficial commensal bacteria suggests these 
 esidues ar e excellent tar gets for bioengineering not onl y to main-
ain protection from disintegration in the gastrointestinal tract 
ut also to enhance activity to w ar ds specific pathogenic organ-

sms whilst having minimum impact on the commensal micro- 
iota resident in the gastrointestinal tract. 

erspectives 

n the face of the antimicrobial resistance crisis, researchers are
truggling to identify new antibiotic classes. Nisin has been stud-
ed since the earliest days of the antibiotic era, and although it
as found global success as a biopr eserv ativ e, its m ultiple modes
f action, potent activity against MDR microbes and long safety
ecord has meant that the focus on nisin-related research is shift-
ng from food preservation to w ar ds therapeutic use for the treat-

ent of bacterial infections. 
The modular nature of nisin and other lantibiotics and the de-

 elopment of expr ession systems to r eorder the extensiv e r ange
f thioether-derived ring structures at random (akin to a plug ‘n’
lay system with provision for an almost inexhaustible array of
tructur al perm utations) is a thrilling ne w pr ospect for nisin and
antibiotic r esearc h. T his , and adv ances in widening the substr ate
pecificity of existing modification enzymes will undoubtedly lead 

o ne w structur es with enhanced functional c har acteristics (spe-
ific activity, target spectrum including Gram-negative targets,
iffusion, solubility, and impr ov ed gastr ointestinal stability) and
ith them a portfolio of potential ther a peutic a pplications. 
T he disco v ery and c har acterization of ne w natur al v ariants

r om differ ent envir onments, including the gastrointestinal tract
f humans and animals, is welcome and likely to accelerate with
he advent of cheaper and faster genome sequencing technologies 
nd finely tuned genome mining tools. Indeed, the current rate
f discovery emphasizes the broad distribution of nisin-related 

GCs across bacterial species, implying a strong role in Gram-
ositive bacterial competition within a variety of microbiomes.
urthermor e, the mounting e vidence of the beneficial role of the
ut microbiome in human and animal health will ensure that
reater efforts will focus on the ability of nisin and bioengineered
isin deri vati ves to eliminate specific pathogens and patho-
ionts in a predictable and beneficial manner that could steer 
ntimicr obial r egimens to w ar ds mor e personalized and pr ecise
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edical methodologies and pr e v ent indiscriminate microbiome
amage. 

We can expect that r esistance de v elopment will follow any in-
roduction of bacteriocins as new therapeutic tools. Although bio-
ngineering pr ogr ammes hav e alr eady identified nov el nisin v ari-
nts or peptide hybrids able to overcome some resistance mech-
nisms, sensible stew ar dship, as w ell as limiting and tailoring ap-
lications will ensure the therapeutic success of nisin and min-

mize future resistance development. Despite almost a century
f nisin-related research, no significant investment on the part
f Pharma companies is evident in relation to the development
f nisin as a drug suitable for human use. Ho w e v er, the fact that
isin has r eac hed a point wher e it is under consider ation for use
s a veterinary pharmaceutical in the treatment of bovine mas-
itis may provide the impetus for incr eased inv estment for hu-

an clinical applications . T he successful clinical development
f nisin will r equir e cr eativ e impr ov ements in its bioav ailabil-
ty , stability , solubility under physiological conditions, and other
arameters including pharmacokinetics and pharmacodynamics.
an y knowledge ga ps ar e still e vident. Futur e studies will aim to

rovide a more complete picture of nisin biosynthesis and the
embr ane-associated m ultimeric complex, including the inter-

ctions between the transporter and protease components that
ay aid in the expression of a broader range of substrates. Fur-

hermore, a better understanding of the nisin imm unity mec ha-
isms and their as yet unconfirmed co-oper ativ e natur e in pro-
iding full immunity will be required in efforts to increase nisin
roduction, as will a more in-depth analysis of the cell wall precur-
or target and membrane interactions with nisin to rationalize the
embr ane disruptiv e a ggr egation behaviour r ecentl y described. 
Given the immense strides and tec hnological impr ov ements in

isin- and bacteriocin-related research in recent y ears, w e have
lready passed a significant threshold, and it is anticipated that
he tremendous potential for the de v elopment and a pplication of
ailor-made and highly specific nisin deri vati ves for in vivo antibi-
tic use will finally be realized at the beginning of the second cen-
ury of nisin r esearc h. 
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