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Bacteriocins are bacterially produced antimicrobial peptides. Although only two peptides have been approved for use as natural
preservatives foods, current research is focusing on expanding their application as potential therapeutics against clinical
pathogens. Our laboratory group has been working on bacteriocins for over 25 years, and during that time, we have isolated
bacteriocin-producing microorganisms from a variety of sources including human skin, human faeces, and various foods. These
bacteriocins were purified and characterised, and their potential applications were examined. We have also identified bio-
engineered derivatives of the prototype lantibiotic nisin which possess more desirable properties than the wild-type, such as
enhanced antimicrobial activity. In the current communication, we discuss the main methods that were employed to identify such
peptides. Furthermore, we provide a step-by-step guide to carrying out these methods that include accompanying diagrams. We
hope that our recommendations and advice will be of use to others in their search for, and subsequent analysis of, novel

bacteriocins, and derivatives thereof.

1. Introduction

It is hypothesised that almost every microorganism produces
at least one bacteriocin, including members of the archaea
species [1]. Although many have been characterised, the full
impact and role these bioactive peptides play in their eco-
logical niches have yet to be elucidated [1-4]. It has been
observed that at sublethal concentrations, bacteriocins fa-
cilitate communication between microorganisms occupying
the same space, though when present in higher amounts,
they exert bactericidal effects.

Bacteriocins are defined as bacterially produced, ribo-
somally synthesised peptides with antimicrobial properties
against other bacteria. Alongside antibiotic production, the
ability to make bioactive peptides is one of the oldest de-
fensive measures microorganisms possess. Initially syn-
thesised as inactive precursors, enzymatic cleavage at the
N-terminal releases the active peptide. In some instances, the
peptides undergo post-translational modifications prior to

cleavage though this is not a universal trait [5, 6]. Although
the classification of these peptides is under constant review
[5, 6], the consensus is that these are small, bioactive pep-
tides that are stable across a range of pH and temperature
conditions. It has been most frequently observed that bac-
teriocins exhibit targeted activity [5, 6] against other closely
related strains, typically those that reside in the same eco-
logical niche. However, broad-spectrum bacteriocins with
activity against a wider range of species have been identified,
though to a lesser degree [7, 8].

Current trends in the market show that there has been an
increase in the consumption of ready-to-eat (RTE) products,
alongside a growing demand for minimally processed foods
containing only natural additives [9, 10]. Keeping these
aspects in mind, the food industry must still provide
products with long shelflives, high nutritional content, and a
low risk of contaminants. The addition of bacteriocins to
food products has been found to unify consumer demand
with food safety needs.
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Presently, only two bacteriocins have been released onto
the market, both of which are applied as natural preserva-
tives in food. These peptides provide a high standard of
protection from microorganisms associated with foodborne
illness and spoilage while also meeting the consumer de-
mand for foods low in artificial preservatives. One such
bacteriocin being used to achieve this is the Lactococcus-
produced peptide, nisin. Nisin is the first bacteriocin to be
generally regarded as safe (GRAS) and approved for use as a
preservative in food [5, 11]. It is currently added to products
sold in over seventy countries worldwide. The peptide has
been found to successfully inhibit the growth of serious food
pathogens including Listeria monocytogenes [12], which has
been isolated from RTE foods, such as cooked meats and
vegetables which are generally eaten as is (i.e., not heated or
cooked further) [13-15]. Studies have also found that nisin
improves the shelf life of a range of items, including dairy
products and soft drinks by reducing the formation of
compounds connected to spoilage while improving aroma
and taste [16-18]. The second bacteriocin which has GRAS
status and approved for market use is also derived from a
lactic acid bacterium. This peptide, pediocin PA-1D, has
shown similar activity against L. monocytogenes [19].

Given the potent activity that has been expressed against
food contaminating organisms, research into the other
potential applications of food-grade bacteriocins has been
explored. In doing so, it has been found that these peptides
possess bactericidal activity against a wide range of species,
including clinically relevant organisms and drug-resistant
strains such as methicillin-resistant Staphylococcus aureus
(MRSA) [20-22]. Animal trials have confirmed that bac-
teriocins can retain their bioactivity and potency in vivo,
indicating their potential as ingestible or injectable treat-
ments [23-25]. The narrow spectrum of activity possessed
by some bacteriocins (e.g., thuricin CD [26]), can be highly
beneficial, as, unlike conventional antibiotics, the narrow
spectrum bacteriocin can inhibit the target bacterium
without collateral damage to the host’s beneficial bacteria
[5, 24, 27]. Investigations into the biomedical applications
of bacteriocins expand far beyond their antibacterial
properties. Current research indicates these peptides
possess possible antiviral, anticancer, and spermicidal ef-
fects [28].

In this article, we aim to supply suggestions for the
isolation and characterisation of bacteriocins based on the
25 years of experience and knowledge that our laboratory
has accumulated, supplemented with relevant outside
sources exploring the potential applications of bacteriocins.
This will be done through the provision of step-by-step
protocols and diagrams and will encompass the entire
process from the collection of potential bacteriocin-pro-
ducing strains from an environmental source to testing the
potential applications of the purified peptide in complex
media types. In doing so, we hope that our expertise can fill
the gaps that conventional method reviews have over-
looked to assist in the search for novel treatments that can
drive back the tide of resistance and its impending threat to
societal health and well-being.
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2. The Isolation, Purification, and
Characterisation of Bacteriocins

2.1. Selection of an Environmental Source of Bacteriocin-
Producing Microorganisms. As presented in Figure 1, the
first step towards identifying a bacterium with antimicrobial
potential is the rational selection of a location from which to
isolate the microorganisms, and subsequent screening assays
to identify strains with desirable activity. One of the most
commonly used methods of identifying potential antimi-
crobial-producing strains is the agar-based deferred an-
tagonism assay. Here, an overnight culture of an isolated
strain under investigation is spotted onto a fresh agar plate
and later overlaid and incubated with an indicator bacte-
rium. Following incubation, the appearance of zones of
clearing in the indicator strain growth in the overlaid agar is
indicative of antimicrobial activity. Although deferred an-
tagonism assays are the most commonly used method in our
laboratory, a variety of other in vitro broth- and agar-based
techniques can be employed when conducting a screening
study. While broth-based assays, such as culturing of target
strain in the presence of the isolate under investigation [29]
or in the presence of its cell free supernatant [30], have been
successfully applied to identify bacteria with bioactivity,
agar-based methods are implemented more regularly.
Commonly used agar-based techniques include such as spot-
on-lawn assays, disc-diffusion, and well diffusion assays [31].
All three operate using similar principles, whereby the
bioactive component diffuses through a solid medium and
activity gauged by the inhibition of target strain growth. In
the case of the spot-on-lawn assay, 10 uL of cell free su-
pernatant of the culture under investigation is spotted onto
the surface of an agar plate which has been streaked evenly
over the entire surface with a swab inoculated with the
indicator strain. Disc-diffusion assays are performed with
filter discs that have been soaked in the cell free supernatant
of the culture under investigation. The saturated disc is then
placed on the surface of an agar plate that has been streaked
evenly over the entire surface with a swab inoculated with
the indicator strain. The appearance of zones of clearing in
the lawn of growth where the culture was spotted, or where
the disc was placed, indicates bioactivity [31]. However,
given that the peptide may not be produced in suitable
quantities, these methods which use such small quantities of
the potential antimicrobial may not be suitable for the initial
screening process.

To prepare a bank of isolates for sampling, we recom-
mend collecting strains from an environmental niche that
has been chosen rationally. It is speculated that all strains of
bacteria produce at least one bacteriocin [1], therefore
isolating microorganisms with antimicrobial bioactivity
from any habitat should, hypothetically, be a simple affair.
However, it is important to consider the indicator strain the
bacteriocin will be tested against when choosing an envi-
ronmental source to collect strains.

A wide range of bacteriocins have been characterized,
and although some broad-spectrum bioactive peptides exist,
many possess a narrow spectrum of activity that is limited to
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FIGURE 1: Overview of the approach employed in our laboratory for the isolation and characterisation of bacteriocins. This figure presents
the protocols that will be discussed in the following article (e.g., temperature and pH stability studies, growth curves, and model food trials),

created in BioRender.

closely related strains or other bacteria coexisting within the
same habitat [24]. Taking into consideration the targeted
activity spectrum some bacteriocins have, performing a
screen using isolates obtained from an environment the
target bacterium has previously been isolated from or is
known to infect or contaminate, as this is likely to increase
the chances of isolating a peptide with the desired
bioactivity.

A study conducted by Rea et al. is a prime example of
rational site selection of an environmental source when
screening for bacteriocin-producing microorganisms
[26]. Clostridium difficile is an opportunistic pathogen
that typically invades the gut when the natural

commensal microbiota has been damaged or disturbed.
These disturbances can occur following a course of broad-
spectrum antibiotics and result in chronic diarrhoea that
can be particularly dangerous to the elderly and immu-
nocompromised. Given the location of the infection site,
Rea et al. postulated that the human intestines could
house a bacterium that naturally inhibits the growth of
this invading pathogen. For this reason, 30,000 isolates
obtained from the faecal samples of adults were screened
against a culture of C. difficile. To obtain a bacterium with
targeted activity against C. difficile but that did not
disturb the natural microbiota, Rea et al. aimed to isolate
a spore-forming anaerobe from the bank [26]. The



addition of an ethanol wash step and anaerobic diluent
achieved this.

Of the 30,000 faecal-isolated strains, one isolate, later
identified as a strain of Bacillus thuringiensis, was found to
produce a novel, two-component peptide called thuricin CD
which expressed potent activity against C. difficile [26].
Alongside its natural potency against the pathogen, the
activity was highly targeted and left the remaining, natural
microbiota of the gut unharmed. The large and diverse
nature of the gut biome makes it an attractive target for the
screening of bacteriocin-producing microorganisms and has
led to many successful discoveries [7, 32]. For this reason,
studies are currently underway in our laboratory that are
investigating gut-derived isolates with the potential to in-
hibit clinically relevant pathogens, e.g., L. monocytogenes
[33].

A second example showcasing the importance of rational
sample site selection is seen in a study performed by O’Shea
et al., which resulted in the discovery of a novel cationic
bacteriocin [7]. The study aimed to identify an antimicrobial
producer that could exert an inhibitory effect against gas-
trointestinal pathogens such as Listeria [34]. When de-
signing a study to identify novel bacteriocin-producing
microorganisms which target gut pathogens, O’Shea et al.
opted to generate a bank of Lactobacillus salivarius strains
for investigation. This Lactobacillus inhabits the same en-
vironment as Listeria and has previously been observed to
exert immunomodulatory and anti-infective benefits to the
hosts in whose gut they reside. Over the course of the study,
ten strains, isolated from human and porcine intestinal
samples, underwent genomic sequencing to identify possible
bacteriocins hits. The analysis of L. salivarius DPC6502,
originally isolated from porcine jejunal digesta, resulted in
the discovery of a gene cluster encoding a novel antimi-
crobial. The purified peptide, called bactofencin A, showed
potent activity against S. aureus and L. monocytogenes,
comparable to that of lacticin 3147, another well-charac-
terised bacteriocin previously studied in our laboratory [7].

Rationally selecting the environmental source of po-
tential bacteriocin producers is a crucial step in designing a
structured plan aimed toward the isolation of novel anti-
microbial peptides, as is reflected in this study. By simply
screening bacteria which colonise the same ecological niche
the target strain is known to infect, a potentially novel
treatment for a serious clinical pathogen is uncovered.
However, O’Shea et al. also rationally designed their study by
centring the project around a known bioactive species with
demonstrable probiotic traits [7]. While the observation that
these strains possess probiotic traits does not inherently
mean a bacterium is a bacteriocin producer, the case of
bactofencin A highlights why it may be worth investigating
the cause behind the beneficial effect. In a similar vein to
O’Shea et al., a study by O’Sullivan et al. performed genomic
sequencing exclusively on a bank of coagulase-negative
staphylococcal strains isolated from the skin [35]. This bank
was created on the basis that many other coagulase-negative
strains which make up the commensal microbiota, such as
Staphylococcus gallinarum and Staphylococcus hominis, have
been found to produce an array of antimicrobial peptides.
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The genomic analysis resulted in a set of 13 potentially novel
bacteriocin-producing strains being identified [35], and one
of which was found to be a naturally occurring variant of the
well-characterised bacteriocin, nisin [36]. Nisin ] showed
activity against a range of microorganisms relevant to the
medical and food industry, such as S. aureus, Lactobacillus
delbrueckii subsp. bulgaricus, and Cutibacterium acnes [36].

2.2. Suitable Media Selection and Culture Conditions for
Bacteriocin Production. Careful consideration of media
type, media preparation, and culture conditions used in the
screening process can greatly aid in the isolation of bacte-
riocins. If the media lacks suitable nutrients or culture
conditions are unfavourable, the stain may not reach a
suitable cell density [37]. The lower biomass would lead to
the bacteriocin being produced in negligible quantities
resulting in the failure to observe activity [37].

When collecting environmental samples, care must be
taken in the choice of media and the culture conditions
employed, as some bacteria may not survive the transi-
tion from their ecological niche to laboratory conditions.
This could result in a reduction of cellular viability and
strain diversity in the sample collected. To avoid bacterial
loss, maximum recovery diluent can be employed to
buffer and protect cells that may be susceptible to
changing culture conditions [38]. Collins et al. success-
fully utilised this diluent when sampling from the in-
testinal contents, skin, and gills of fish [38]. Although the
dilutions were plated on marine media 2216, the use of
maximum recovery diluent gave additional protection to
susceptible strains. As well as this, once the diluted
samples were plated, Collins et al. incubated the samples
for three days to ensure the recovered strains had a
chance to proliferate.

Ensuring that a culture has a sufficient source of carbon
has been proven to be an effective method of optimising
peptide production [39-41]. Several studies attempting to
ascertain factors that impact bacteriocin yields have con-
firmed the addition of glucose in concentrations ranging
from 0.1% to 3.0% are effective at increasing the amount of
bacteriocin in the culture medium [39-41]. Other sugars that
have been studied for the same purpose include mannose,
maltose, fructose, lactose, and sucrose, each with varying
effects depending on the strain cultured [39, 40]. For some
microorganisms, the addition of an organic nitrogen source
is a necessity for peptide production, as the media alone may
contain insufficient quantities, or the organism may be
unable to derive biosynthetically from the other components
in the media [42]. Zendo et al. discovered that when all
nitrogen sources were removed from the culture broth,
bacteriocin production from the strain Enterococcus mundtii
QU 2 was completely nullified [43]. However, even the
reduction of one nitrogen-containing element from the
culture would result in a significant decline in observed
activity [43]. Nitrogen sources that could be investigated for
their ability to enhance bacteriocin production in a target
strain include tryptone, peptone, beef extract, and corn steep
liquor [40, 41, 43].
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Finally, the addition of natural supplements that contain
important macro- and micronutrients that might otherwise
be missing from the culture, can also be tested to determine
their impact on peptide production. Manzoor et al. found
that the use of cheese whey (an industrial waste product and
rich source of lactose, soluble proteins, lipids, and mineral
salts) in the Lactobacillus plantarum culture medium leads to
a significant increase in culture cell density, and in turn,
bacteriocin production [40]. Cheese whey has been con-
firmed to enhance bacteriocin production in a range of other
species including Pediococcus, Bacillus, and Lactococcus
[44-46]. The addition of yeast extract to the culture medium
has also previously been demonstrated to increase bacte-
riocin production in some species, including Lactococcus
and Bacillus [47, 48]. Soy, molasses corn silage, skim milk
broth, and corn steep liquor are further examples of natural
supplements which have been analysed for their impacts on
bacteriocin production [40, 41, 49, 50]. However, as with the
tests concerning different carbon sources, the results vary
depending on the strain selected [40, 41, 49, 50].

The composition of media and how it can be used to
achieve suitable biomass and therefore substantial quantities
of peptide should always be an important consideration.
Appropriate carbon and nitrogen sources are applied in
sufficient amounts during culturing for both bioactivity
assessment assays and before purification. In the case of
some bacteriocin-producing strains (S. capitis CIT060 [8],
S. capitis APC 2923 [36], and B. paralicheniformis APC 1576
[38]), cell density and peptide production reached suitable
levels without the need for media supplementation. How-
ever, L. lactis strains which produce nisin or lacticin 3147
[51-53] are grown in tryptone-yeast broth, and both of
which are rich sources of nitrogen and important to the
peptide production process in lactic acid bacteria
[51, 52, 54].

When suitable media composition has been established,
the ideal conditions under which to obtain high bacteriocin
yields must be determined. Incubating the culture at a range
of temperatures (above and below the temperature of the
ecological niche it was isolated from) and adjusting the pH of
the starting culture have both been found to affect the levels
of peptide production [39-41, 55]. Another parameter to
consider is the time point at which the most bacteriocin is
produced. Well diffusion assays performed with the su-
pernatant of cultures incubated to different extents have
been used successfully to assess this factor [26, 55]. This assay
not only prevents ending the incubation prematurely but can
also indicates when the best time to stop culturing to prevent
bacteriocin degradation if the culture conditions become
unfavourable.

L. lactis is a lactic acid bacterium that is recognised for its
production of bioactive peptides, such as nisin A and lacticin
3147. As is suggested by the name, this microorganism
produces lactic acid through the fermentation of sugars in
the media. At the late stages of the growth cycle, the build-up
of lactic acid can reduce cell viability and create unfav-
ourable conditions. To avoid such conditions which nega-
tively impact the strain and the peptide, the incubation of
L. lactis strains is stopped around the 16-20-hour mark and

the buffer, 3-glycerophosphate, is added to regulate pH [56].
It is important to consider that the ideal conditions for
bacteriocin production may not be the ideal culture con-
ditions. Therefore, contrarily, in the case of some strains,
extending the incubation time to generate poor culture
conditions can induce increased bacteriocin production.
Bacillus halodurans C-125 is a spore-forming alkaliphile,
originally isolated from soil [57]. It produces a two-peptide
lantibiotic, haloduracin, which has previously been studied
in our laboratory [57]. Investigations into haloduracin
production by B. halodurans C-125 found that inducing
sporulation caused a significant increase in the quantity of
peptide produced [58]. This could be achieved by increasing
the incubation period from 20 hours to 90 hours, which
generated more unfavourable conditions in the culture
[57, 58].

Finally, it has been observed that once removed from
their habitat isolates may need to be stimulated to induce
bacteriocin production. Moving away from the natural
environment has previously been observed to cause a
decline or inconsistencies in peptide production [59-61].
By inducing habitat-specific stresses through media
composition and culture conditions, antimicrobial pro-
duction can increase significantly [62]. Janek et al.
documented this phenomenon when applying the stress of
iron-limitation to a bank of 89 staphylococcal strains
isolated from the nares [62]. Iron is an essential nutrient
involved in many different bacterial processes [62, 63]. It
can be taken up from the surrounding environment
through bacterially produced molecules called side-
rophores, which are specifically designed for iron ac-
quisition [62, 63]. Inducing iron limitation in the culture
medium can increase bacteriocin production in a strain
[62, 63]. By establishing iron-limiting conditions through
the addition of an iron chelator, 2,2'-bipyridine to the
media, Janek et al. observed that 52.5% of strains tested
displayed an increase in antimicrobial activity against
M. luteus and S. aureus [62].

This study also exposed the same strains to H,O,,
which is produced by streptococcal competitors, and can
induce bacterial cell death [62]. It was found that of the
84% of antimicrobial-producing strains within the bank,
18% displayed enhanced activity following exposure to
0.01% H,0O,. Other environmental stress conditions that
could be applied to isolate cultures include lowering the
temperature to slow growth rate, oxygen saturation, or the
addition of toxic compounds, like ethanol at a concen-
tration of 1.0%, v/v, in the medium [64]. Each of these
stresses (low temperature, oxygen saturation, and the
addition of 1.0%, v/v ethanol) was found to increase the
production of the bacteriocin, amylovorin L471, syn-
thesised by Lactobacillus amylovorus.

The aforementioned conditions discussed relate to the
production of bacteriocins for laboratory-scale analysis and
therefore may not be suitable nor cost-effective for industrial
or large-scale production. For example, pasteurized milk
supplemented with yeast extract treated with protease is
used as the substrate for the commercial production of nisin,
as conventional media are unsuitable [65].



2.3. Suitable Indicator Selection. Indicator stain selection
when screening for potential bacteriocins is critical, as the
improper choice could result in the failure to observe an-
timicrobial activity. The target strain used as an indicator
should preferably have pathogenic relevance, e.g., a strain of
L. monocytogenes responsible for a serious outbreak of food-
borne illness, strains of MRSA which pose a significant
threat in healthcare settings, or the plant pathogen Agro-
bacterium tumefaciens, which causes financial loss through
product damage [66]. This gives the activity of the bacte-
riocin relevance to market needs (see Table Slfor suggested
indicator strains and their corresponding growth condi-
tions). Our experience in identifying and characterising
bacteriocins has led us to find that the antimicrobial sen-
sitivity of different strains within the same species can differ
significantly, with some showing greater susceptibility than
others. It is for this reason that we suggest that, when
conducting the initial screening, multiple different strains of
the same species be utilised as indicators to obtain the best
overview of potential bacteriocin-producing strains within
the bank of isolates.

The inclusion of numerous strains of the same target
bacterium reduces the likelihood of an antimicrobial-pro-
ducing bacterium being overlooked due to natural variations
in antimicrobial susceptibility. An example of this was seen
in a study by Lynch et al. when screening for bacteriocin-
producing organisms within a bank of skin isolates. Six
different S. aureus strains were employed in the screen
(8. aureus NCDO1499, DPC5247, DPC5243, Newman, 5971,
and RF122). One skin isolate in the bank that exhibited
activity against four of the six S. aureus indicator strains was
later shown to produce a novel bacteriocin. The inclusion of
numerous strains of the same target organism reduces the
likelihood of an antimicrobial producer being overlooked
due to natural strain variations in antimicrobial suscepti-
bility. Had the bacteriocin-producing isolate only been
tested against one S. aureus strain, the antimicrobial activity
of the strain may not have been uncovered.

Alongside the target indicator strain, we recommend
including indicator strains with a high degree of antimi-
crobial sensitivity in the screen. Highly susceptible strains
can assist in detecting antimicrobials that may be produced
in low concentrations or indicate cultures with antimicrobial
activity that are not effective against the main target path-
ogen of the study. This is a crucial step as it may reduce the
likelihood of a novel producer in a bank going unnoticed.
Examples of sensitive strains to employ in the screening
process include Lactococcus lactis HP, Lactobacillus del-
brueckii subsp. bulgaricus LMG 6901, Corynebacterium fimi
NCTC 7547, and Micrococcus luteus [8, 67-71].

Even when activity against the target strain of the study
has been observed, we suggest expanding the investigation of
the isolate’s activity by applying it against a wider, more
diverse array of indicators. This could include autochtho-
nous members of the human microbiome to ensure that they
are not affected by the antimicrobial. In doing so, one can
assess the spectrum of activity and obtain a more holistic
overview of where the novel antimicrobial could be utilised.
In doing so, one can assess the spectrum of activity and
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obtain a more holistic overview of where the novel anti-
microbial could be utilised. Likewise, if the isolates under
investigation do not show activity against the original, de-
sired target indicator, they should not be disregarded.
Instead, the potential activity of these strains should be
explored further against a wider range of pathogen in-
dicators to dictate if its activity has potential in other
areas.

Actifensin is a defensin-like bacteriocin and the first of
its kind observed to be produced by Actinomyces ruminicola
[32]. The producing strain was isolated from a sample of
sheep faeces [32]. Having confirmed the presence of anti-
microbial activity against the target (Lactobacillus del-
brueckii subsp. bulgaricus LMG 6901, an acid-resistant gut-
dwelling bacterium), Sugrue et al. went on to assess the
spectrum of activity of the purified peptide. Actifensin
displayed broad-spectrum activity against Gram-positive
microorganisms, including C. difficile and L. monocytogenes,
widely known gut pathogens. The peptide also appeared
effective against MRSA, indicating its potential to combat
infections that occur outside of the habitat that the pro-
ducing strain was originally isolated from. Studies such as
this highlight the importance of expanding the field of in-
dicators examined, as some bacteriocins could have hidden
potential in areas outside of their ecological niche.

However, if looking to demonstrate that a particular
niche is a prolific source of antimicrobial peptides, one must
work in reverse: obtain the bank of isolates from the site
under investigation, identify a relevant target pathogen, and
then screen against it. The importance of identifying an
appropriate indicator strain and applying it correctly is
reflected in two studies with a similar objective, to identify
novel antimicrobial-producing strains isolated from the
human skin.

A study conducted by O’Sullivan et al. opted to target
coagulase-negative staphylococcal strains in a large bank of
skin isolates to identify those with potential activity against
pathogens residing in the same niche, i.e., MRSA [35].
90,000 isolates were obtained from seven superficial sites on
the bodies of 20 individuals (140 sample sites total). These
90,000 colonies were isolated on either MSA or BHI agar
plates. MSA in particular is a medium commonly used to
isolate and identify staphylococcal species. Deferred an-
tagonism assays were performed on the entirety of the bank
against Lactobacillus delbrueckii subsp. bulgaricus, a Gram-
positive gut-colonising microorganism, to identify strains
with potential bioactivity. Following this screen, of the
90,000 isolates initially tested, 101 strains (0.12% of the bank)
were shortlisted on the basis that they inhibited the growth
of the target strain. Well diffusion assays (see Section 2.5for a
description of this test) were then performed against the
same target, using the neutralised supernatant of all 101
isolates to confirm that an antimicrobial substance was
secreted into the surrounding media. This test further re-
duced the number of shortlisted bacteria to 25 (0.03% of
initial sample size) based on the presence of a zone of in-
hibition. However, upon review, 12 of these shortlisted
strains with inhibitory effects against the target were dis-
regarded as they were deemed to produce zones that were
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too small. The remaining 13 strains, all found to be coag-
ulase-negative staphylococci through 16S rRNA sequencing,
were pursued for the remainder of the study. Genomic
screening of the remaining isolates confirmed the presence
of novel antimicrobial genes in all 13 strains [35].

While O’Sullivan et al. were successful in the attempt to
identify novel bacteriocin-producing strains from isolates
found on the skin, the improper use of indicator strains
(using a strain associated with dairy as an indicator against
skin-derived microorganisms) in the early screening stages
potentially limited the number of novel producers discov-
ered [35]. O’Sullivan et al. had an enormous starting bank of
90,000 skin isolates [35]. However, 99.98% of this was ruled
out and discarded solely due to the inability of said strains to
inhibit the growth of a single target. Given the typically
narrow spectrum of activity bacteriocins possess, the se-
lection of a target microorganism known to reside in an
entirely different environment from the sampling site of the
isolates investigated may cause an unfavourable bias in the
study resulting in antimicrobial activity being missed. The
antimicrobial effects against this single indicator were re-
sponsible for only 101 isolates being carried forward for
turther investigation and only 13 novel producers being
isolated [35].

Comparatively, a study performed under similar con-
ditions by Lynch et al. looked to evaluated antimicrobial
production from 100 human-derived coagulase-negative
staphylococcal isolates [8]. Although the starting bank was
significantly smaller, Lynch et al. observed a higher per-
centage of isolates with bioactivity than O’Sullivan et al,
following the performance of a deferred antagonism assay
[8, 35]. This is primarily due to the range of indicator strains
employed. Here, the deferred antagonism assays were per-
formed against 24 indicators known to occupy similar
ecological niches to the isolates tested, such as M. luteus,
Streptococcus, and S. aureus which are members of the skin
biome. 94% of isolates tested displayed antimicrobial activity
against at least one of the indicator strains. One of these
isolates, CIT060, was later found to produce capidermicin, a
novel bacteriocin [8].

Two of the indicators used in this screen (Geobacillus
kaustophilus DSM7263 and Geobacillus stearothermophilus
ATCC 12930) are environmentally derived bacteria that,
similar to L. delbrueckii subsp. bulgaricus, would not be
considered ideal target microorganisms for use in a
screening of skin-dwelling bacteria [8]. CIT060, identified as
a strain of S. capitis, did not inhibit the growth of
G. stearothermophilus ATCC 12930. If this has been the only
indicator Lynch et al. had opted to use in their screening, a
potent bacteriocin producer would have been overlooked,
which demonstrates the importance of indicator strain
selection.

As mentioned earlier in this section, the susceptibility of
a bacterium to an antimicrobial can vary between strains.
For this reason, Lynch et al. used a variety of strains of the
same species to ensure that an accurate overview of the
antimicrobial spectrum could be ascertained [8]. This il-
lustrates the second significant issue regarding indicator
selection in the O’Sullivan et al. study. Isolates were

shortlisted based on their ability to inhibit the growth of
L. delbrueckii ssp. bulgaricus [35]. However, activity against
only one strain (L. delbrueckii ssp. bulgaricus LMG 6901) was
examined meaning that some isolates within the bank may
have possessed activity against the species but were incor-
rectly disregarded simply because they did not show activity
against this specific strain. We feel this is a critical step
towards reducing the likelihood a novel producer is over-
looked, one that could have been considered in the study by
O’Sullivan et al.

2.4. Identification of Antimicrobial Activity through Agar-
Based Deferred Antagonism Assays. A simple method
commonly used to identify isolates with antimicrobial ac-
tivity is the agar-based deferred antagonism assay (see
Protocol S2(a), Figure S1, and Protocol S2(b)of Supple-
mentary Material). As previously discussed in Section 2.1,
this assay involves overlaying spotted isolate culture with
0.75% (w/v) agar inoculated with an appropriate indicator
strain. The assay allows for the determination of antimi-
crobial action through the appearance of zones of inhibition
in the indicator strain’s growth.

As elaborated in Section 2.3, the appropriate selection of
indicator strains is crucial. To best assess the number of
antimicrobial producers in a bank, we recommend including
a strain known to be sensitive to antimicrobials, such as
L. lactis HP, in the screen to avoid failure to observe activity
by strains that may produce antimicrobials in low quantities.
We also recommend utilising multiple strains of the same
species due to the variances in antimicrobial susceptibility
can occur [8].

The observation of zones in the overlaid growth indicates
the presence of antimicrobial action; however, they cannot
be used to assess antimicrobial potency, as the size of the
zone created can be misleading. As stated above, some
strains may produce their antimicrobials in lower quantities
than others, resulting in the zones produced appearing
small. Zone size can also be reduced due to interfering
components in the media such as charged sugar or sulphate
residues binding to the antimicrobial, reducing its bioac-
tivity [72-74].

The structure of the antimicrobial is another factor that
can impact zone size as it determines how the peptide
diffuses through a complex medium. This is a phenomenon
previously documented by Healy et al. [75, 76]. In their
study, Rouse et al. sought to investigate 12 bioengineered,
mutated derivatives of the bacteriocin nisin, to determine if
any had improved antimicrobial activity compared to the
wildtype peptide [76]. Through agar-based deferred antag-
onism assays, Rouse et al. observed that all 12 derivative
peptides showed enhanced antimicrobial action against at
least one of the five indicator strains used; that is, they
created larger zones of inhibition compared to those of the
wildtype peptide. However, when the study transitioned to
broth-based assays which removed the need for the peptides
to diffuse through a complex medium, the enhanced potency
of many of the derivative peptides disappeared. Instead,
some of these peptides showed potency less than or equal to



that of the wildtype. Rouse et al. surmised that the mutations
(which all occurred at the hinge region of the nisin peptide)
gave the bioengineered derivative peptides structures that
permitted easier diffusion through complex polymers and
thus showing artificially enhanced zones of inhibition during
deferred antagonism assays [76].

2.5. Well Diffusion Assay. Well diffusion assays (WDAs) can
be applied to assess the bioactivity of peptides and peptide-
producing strains at different stages of the bacteriocin
identification and characterisation process. For example,
WDA can be undertaken prior to the purification process to
best determine where most of the antimicrobial is con-
centrated, e.g., when the peptide is produced, is it excreted
into the surrounding media or does it remain bound to the
cell surface? By comparing the zones of activity obtained
from the CFS and the whole cell extract (WCE) (solution
containing the antimicrobial stripped from the cell surface),
one can easily determine where the most peptide can be
obtained from [8, 77] (see Protocol S3and Figure S2of
Supplementary Material, for the preparation of the cell free
supernatant and whole cell extract from an overnight cul-
ture). If conducting this test on the culture CFS, it is im-
portant to neutralise the pH of the supernatant prior to it
being added to the wells. This will allow confirmation that
any zones of clearing that are observed are caused by the
presence of an antimicrobial compound and that they are
not due to acid in the supernatant. WDA using the fractions
obtained following HPLC can identify which of said frac-
tions contain the active bacteriocin and which can be dis-
carded. Also, WDA using the purified peptide can visualise
its activity in complex media before performing broth-based
MIC testing (as detailed in Section 2.4) [36, 75, 76].

Classifying where the bacteriocin is most concentrated is
an important application of the WDA (see Protocol S4and
Figure S3of Supplementary Material). Many purification
process methodologies extract the peptide exclusively from
the CFS, with no mention of the WCE component, e.g., the
purification of epidermin, hominicin, and staphylococcin T
[36, 49, 78-80]. In many instances, this may be suitable if the
bacteriocin is solely present in the surrounding media
[36, 49, 78-81]. However, it has been noted that bacteriocins,
like those produced by lactic acid bacteria, can absorb to the
producer cell surface [75, 77, 82, 83].

In a study to investigate methods to obtain improved
bacteriocin from cultures, Yang et al. found that a low pH
would cause bacteriocins to be released from the surface of
cells into the surrounding media [83]. By incubating the cells
at a low pH (pH 2.5) for one hour with agitation, a higher
yield of the bacteriocin would be obtained than from
extracting from the cell free supernatant alone [83]. Several
bacteriocins, including lactocin AL705 and pediocin F, have
been purified by this method [82, 83]. Therefore, to get the
most out of the purification process, one will need to
combine peptide extracted from the CFS and WCE of the
overnight culture. If this is neglected, the culture will give
low yields, resulting in the need for multiple purifications to
collect suitable quantities of pure bacteriocin [8, 26, 77].
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Our laboratory uses a similar principle when extracting
antimicrobial peptides from L. lactis, the bacterium which
produces nisin and that has been bioengineered to produce
enhanced bioactive nisin derivative peptides. Although
much of the nisin peptide is present in the culture medium, a
significant portion remains bound to the cell surface, re-
quiring it to be stripped away and combined with the peptide
in the CFS before purification [75, 77]. We have achieved
this by incubating the cell pellet of an overnight culture in a
solution of 70% isopropyl alcohol, 0.1% trifluoracetic acid,
and distilled water. Trifluoracetic acid is a key component. A
strong acid, it generates a suitable pH (pH < 2.0) and goes on
to form a complex with peptides, assisting in peptide de-
tachment from the cell surface [84, 85].

2.6. Assessment of Antimicrobial Activity through Agarose-
Based Radial Diffusion Assays. As stated in Section 2.4, the
sizes of clearings in the overlaid indicator strain growth can
be reduced by interfering components in the media, e.g.,
charged sugar or sulphate residues [72-74]. These inter-
fering agents can interact with the antimicrobial and inhibit
its activity. To overcome these unwanted interactions, it has
been observed that performing agarose-based radial diffu-
sion assays (see Protocol S5and Figure S4of the Supple-
mentary Material) with the CFS of the isolated strain to be a
suitable solution [51].

Agarose reduces unfavourable electrostatic interactions
with the bacteriocin and the media, and the nutrient-lim-
iting conditions of the seeded base layer reduce the ability of
the indicator bacterium to reproduce [72-74]. A second
crucial reason for performing agarose-based radial diffusion
assays is the visualisation of antimicrobial activity against
Gram-negative indicators.

The outer membrane that Gram-negative microorgan-
isms possess acts as a bulwark, inhibiting the activity of some
bacteriocins by blocking their access to the cell wall [51].
Agarose-based radial diffusions are incredibly sensitive
which allows them to be used to visualise weak or small
zones of clearing in the growth of the indicator strain. This
method has successfully been employed to detect activity
against Gram-negative strains which were potentially sen-
sitive to a bacteriocin (nisin) which has previously only
shown activity against Gram-positive strains. Experimental
parameters can be adjusted to render Gram-negative cells
susceptible to bacteriocins that typically only affect Gram-
positive microorganisms (sublethal thermal exposure, the
addition of chelating agents, and osmotic shock [51]).
However, agarose-based radial diffusion assays are capable
of visualising the antimicrobial interactions between bac-
teriocins and Gram-negative bacteria without the need to
induce susceptibility, even if the degree of growth inhibition
by the peptide is low. During an agarose-based radial dif-
fusion assay, the test bacterium is exposed to only the
bacteriocin and a buffer before the overlay occurs, which
slows indicator strain growth and reveals sensitivity to the
antimicrobial [51].

This has previously been demonstrated by Field et al.
when screening nisin derivative peptides for enhanced
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activity [51]. Agarose-based radial diffusion assay revealed
that nisin, along with several novel nisin mutants showed
activity against Gram-negative pathogens Cronobacter
sakazakii, E. coli, and Salmonella, without the addition of
any other compounds that would induce susceptibility.
Combined, we feel the addition of the results from agarose-
based radial diffusion assays to those obtained from the agar-
based diffusion assays and allow for improved assessment of
antimicrobial producers in a bank of isolates.

2.7. Purification of Peptides. Before beginning purification,
we recommend performing WDAs on both the CFS and
WCE of the strain under investigation, to assess when the
highest concentration of peptide resides, as previously de-
scribed in Section 2.5. Extracting antimicrobial peptide from
both the CFS and WCE components [77] will assist
obtaining optimum vyields during the purification process
(see Protocol S6of Supplementary Material).

When setting up the overnight culture for purification,
the culture medium and incubation parameters must be
optimised for bacteriocin production. When performing
purifications on nisin and nisin derivative cultures 2L of
broth inoculated with 1% overnight culture was found to
produce suitable quantities of peptide [36, 77]. It is im-
portant to consider that this volume may not be adequate if
the strain produces the peptide in low concentrations. In
some situations, it may also be more than is required.
Previous studies have performed purification on smaller
volumes (1 L overnight culture [26]), and other studies have
required larger amounts (3 L volumes [8]). Ensure that the
broth has been supplemented with all the additional nu-
tritional requirements (e.g., carbon source, nitrogen source,
and micronutrients) and buffers it requires. Prior to cul-
turing the bacteriocin-producing strains and HPLC, pass the
broth through a column of Amberlite XAD-16N beads
(Sigma-Aldrich) [8, 26, 36]. This clarifies the media by re-
moving hydrophobic and charged components that could
form nonspecific interactions with the peptide [73] and
interfere with downstream purification processes.

Having harvested the bacteriocin from both the CFS and
WCE, the two elements can be pooled to continue the
purification process. Our laboratory purifies bacteriocins
through HPLC using a Phenomenex C12 Reverse-Phase
(RP) HPLC column (Jupiter 4u Proteo 90 A, 250 x10.0 mm,
4 um) [8, 75, 77]. To facilitate the purification of nisin and its
mutated derivatives, we employ a gradient of 30-50%
acetonitrile and 0.1% trifluoroacetic acid. This however will
not be suitable for all bacteriocins, particularly if it is the first
purification of a novel peptide and the percentage of solvent
required for elution is not known. For the initial purification,
a gradient of 5%-80% organic solvent and acid should be
employed to guarantee that everything has been eluted from
the column. Upon completion of the initial HPLC process,
WDAs should be performed using each fraction from the
run to determine which contain the active peptide. Corre-
lating the results of the well diffusion assay and the peaks
graphed during the HPLC process, the percentage of solvent
required to elute the peptide can be calculated. Future

purifications can be tailored once the percentage solvent is
known, i.e., no longer have to start at such a low concen-
tration (5%) and run until such a high concentration (80%) if
it is known that the peptide elutes around 30-40% solvent.

Having determined the retention time of the peptide, the
relevant fractions can be combined and subjected to further
rotary evaporation, as any remaining organic solvent present
must be removed [75, 77]. The remaining liquid can then be
lyophilised to preserve the integrity and to suitably store the
peptide (75, 77].

The purification method discussed has been employed in
a number of experiments in our laboratory to isolate bac-
teriocins from several species (Lactococcus, Staphylococcus,
and Bacillus) [8, 36, 38, 52, 69]. It may not, however, be
suitable for all peptides. For this reason, if the aforemen-
tioned method is unsuccessful, alternate options such as
chemical solvents, ion exchange, and gel chromatography
[86] could be explored. Ammonium sulphate has previously
been used as an effective chemical solvent to precipitate
peptides from bacterial cultures without destroying bioac-
tivity [87]. Another method used for purification of peptides
from large volumes of culture is ion exchange [88]. The
application of the bacterial culture to the appropriate col-
umn results in the rapid purification of peptides with a high
degree of purity.

A combination of RP-HPLC and MALDI-TOF mass
spectrometry can be used to determine if a purified sub-
stance obtained from the pooled active fractions contains a
single, active bacteriocin, or if multiple peptides are present.
Following purification, HPLC chromatograms of the puri-
fied sample should be examined for the presence of multiple
peaks, indicative of more than one peptide has been obtained
[89]. Moreover, purity of the sample can be determined by
mass spectrometric analysis. Similar to HPLC analysis, a
pure sample should reveal the presence of a single, clear
peak. If it has been identified that multiple peptides are
present, individual peptides can be separated by optimising
HPLC conditions. This can include the manipulation of
solvent type and temperature to assist in achieving sepa-
ration of peptides which coelute [90]. Tricine-SDS-PAGE
analysis in 16% acrylamide gels and 10% acrylamide gels
with visualisation by silver staining is another method by
which purity of a bacteriocin fraction may be assessed [91].

In conjunction with peptide purification, genomic
analysis for the identification of biosynthetic gene clusters
involved with bacteriocin production can be performed to
determine if the peptide isolated is novel and can assist in
determining the structure. Genome mining tools such as
BAGEL, BACTIBASE, and Anti-SMASH can be applied to
identify genes of interest, such as genes associated with
immunity, regulation, transport, and peptide modifications
[92-95]. BLAST searches and alignment tools such as
ClustalW can also aid in determining if the peptide isolated
is novel or not. Direct matches to gene clusters of previously
characterised peptides may indicate that the purified peptide
has been identified in the past. However, if the genes of strain
under investigation only show similarity to bacteriocin as-
sociated genes, then it is possible that a novel antimicrobial
has been found.
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2.8. Bacteriocin Susceptibility and Stability Assays. Several
traits including thermostability, stability over a range of pH
conditions, and protease enzyme sensitivity have been at-
tributed to antimicrobial peptides [96, 97]. It is important to
examine if the antimicrobial being investigated possesses
stability under a range of stressful conditions to ascertain
both its stability spectrum and to propose, based on its
sensitivities, which products or environments it could be
best applied. Bacteriocins are proteinaceous and are
therefore sensitive to protein degrading enzymes [96, 97].
Exposure to proteinases can either reduce or completely
inhibit their bioactivity [96, 97]. Protease susceptibility as-
says have been successfully employed to assist in the
characterisation of novel bacteriocins in numerous studies
[8, 26, 36, 38] (see Protocol S7(a)and Figure S5or Protocol
S7(b)and Figure S6of Supplementary Material).

Incubating the CFS, purified peptide, or partial/crude
peptide extract with a protein-degrading enzyme could
indicate if the antimicrobial activity previously observed in
agar and broth-based assays is due to the presence of a
bacteriocin or a conventional antibiotic. Antibiotics are
secondary metabolites with chemical structures, ergo, and
they are unaffected by enzymes with proteolytic activity.
Following incubation, if bioactivity of the protease exposed
sample is reduced or inhibited, it can be concluded that the
active agent was proteinaceous in nature. The secondary
purpose of this test is to build a complete profile of the
peptide and its nature regarding durability and susceptibility
to proteases. To ensure that the entire spectrum of sensitivity
is gauged, a variety of enzymes, including proteinase K,
a-chymotrypsin, and pepsin, could be used against the
peptide [8]. Given their potential application as natural
preservatives in food, protease susceptibility profiles of the
peptide should be established as it is reasonable to assume
that the bacteriocin under investigation could come into
contact with digestive enzymes or other protein degrading
enzymes that are present in some food products.

It is critical that when conducting bacteriocin pH and
temperature stability tests, suitable ranges of both experi-
mental parameters are examined given the range of envi-
ronmental conditions bacteriocins could face when applied
to foodstuffs or as medicines (see Protocol S7(c)and Protocol
S7(d)of Supplementary Material to undertake pH stability
and temperature stability testing, respectively). The ther-
mostability of potential bacteriocins can be ascertained by
incubating the CFS or purified peptide at temperatures from
as low as 0°C to 121°C, for 15 minute periods [26, 35, 38, 52].
Well diffusion assays on the heat-treated peptides against the
target strain can then be performed to determine if the
bioactivity has been affected. These temperatures reflect food
storage, sterilisation, and cooking temperatures that could
denature and inactivate the peptide. Likewise, this encom-
passes the range of temperatures a pharmaceutical drug
product may be exposed to during storage and sterilisation.
The stability range of the peptide could be insightful as when
to add or apply a bacteriocin during the food preparation or
drug manufacturing process. If the bacteriocin is stable
under conventional autoclave conditions (121°C, at 15 psi for
15 minutes with moist heat), it would simplify the addition
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of the peptide to the production process, as it could be
included in the terminal sterilisation process.

The CFS containing the bacteriocin or the resuspended
purified peptide should be adjusted in a pH range from pH 2
to pH 11 [26, 35]. This too will build a complete picture of
bacteriocin stability under different physiological pHs. Not
all foodstuffs have a neutral pH, e.g., fermented foods or soft
drinks. If the bacteriocin retains its activity or becomes
denatured, it would be indicative of which environments the
peptide may or may not be suited to. Well diffusion assays
using the pH-adjusted samples against a relevant target
strain can be used to characterise the effects these altered
conditions have on peptide bioactivity. As the first bacte-
riocin approved for consumption, nisin has been well
studied and characterised. Most stable at a low pH, the
peptide’s solubility has been found to decrease as pH in-
creases [98, 99]. Despite high thermostability during the
sterilisation and preparation process, high storage temper-
atures over an extended period of time (25°C-30°C for eight
weeks) greatly reduced peptide viability [99]. Understanding
the stability and durability of a bacteriocin can help assist in
understanding its application and how it can be used to
improve a product or patient needs.

It should be considered though that this sensitivity to
environmental conditions is one of the primary issues facing
the in vivo activity of bacteriocins. Despite showing stability
when tested using broth and agar, a bacteriocin may act
differently on or in the body. In animal trials, it has been
observed that when consumed orally, lacticin 3147 did not
survive transit through the gut [100]. Exposure to proteases
and unfavourable pH conditions inactivated the peptide
before reaching the target site. On the other hand, when used
by the intravenous and interperitoneal route, lacticin 3147
retained activity [101]. Although a thorough assessment of
protease and pH susceptibly can indicate peptide suitability
under laboratory conditions, further studies are necessary to
address suitability for in vivo use.

2.9. Minimal Inhibitory Concentration (MIC). A method
routinely used to determine the MIC of an antimicrobial is
that which is described by both the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) and the
Clinical and Laboratory Standards Institute (CLSI)
[8, 12, 102-104] (see Protocol S8and Figure S7of Supple-
mentary Material). An MIC, as defined by EUCAST, is “the
lowest concentration of the agent that completely inhibits
visible growth as judged by the naked eye, disregarding a
single colony or a thin haze within the area of the inoculated
spot” [104]. Therefore, visual inspection of plates following
incubation is the only required method to determine the
MIC.

If conducting the MIC assay in a plastic 96-well
microtiter plate, it is best practice to incubate a sterile so-
lution of 1% (wt/vol) bovine serum albumin (BSA) dissolved
in phosphate buffer in each of the wells, for 30 minutes at
37°C [51, 77, 105]. This prevents nonspecific protein ab-
sorption to the plastic surface, which could reduce the
bioactivity of the peptide. As previously mentioned in
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Section 2.3(Suitable Indicator Selection), we recommend
careful selection of the target strain for this assay.
Attempting to determine the activity of the peptide against a
bacterium outside of its spectrum of activity (as previously
confirmed in agar-based diffusion assays) may allude to
inactivity, when in reality, the peptide is simply being
misapplied. It is important to note that some peptides may
have enhanced diffusion through complex media compared
to others. The shift from solid, complex media to broth,
which eliminates the need for diffusion, will reveal which
peptides possess potent activity against the target indicator
strains and which are superficially enhanced [75, 76]. This
enhanced diffusion can result in a huge disparity between the
results observed in agar-based tests and those performed in
broth, as described in depth in Section 2.4.

MIC assays are end-point tests, meaning that a singular
result, or set of results, is obtained once the reaction (the
incubation of the peptide with the target strain) has been
stopped. At the end of the incubation period, the potency of
two peptides may appear to be similar (twofold difference in
MIC value) or equivalent. However, this end-point result
may not accurately reflect the activity throughout the in-
cubation, and we therefore suggest performing “kinetic
tests,” such as growth and kill curves. These kinetic assays
can be used to monitor the bacterial cell death and recovery
rate over the extent of the target strain’s exposure to the
peptide. This is discussed in greater detail in Section
2.10(Growth and Kill Curve Assays). When performing MIC
assays, it is important that multiple strains of the same
species be investigated given that antimicrobial susceptibility
can vary between strains [8, 56]. This can lead to an im-
proper judgement on the antimicrobial spectrum of the
peptide [8, 56].

Although the MIC assay is the most widely utilised gold
standard model, it requires purified bacteriocin preparations
and activity is expressed as mg/ml. The activity units (AU)
assay is analternative method that can be used to express
activity of CFSand activity is presented as activity units per
millilitre (AU/mL) [35]. One bacteriocin unit is defined by
Zhang et al. as “the reciprocal of the highest dilution that
showed a clear inhibition zone” [106].

2.10. Growth and Kill Curve Assays. As an end-point assay,
MIC tests cannot give insight into the viability of cells
throughout the exposure to the antimicrobial, as only one
result is taken at the end of the incubation period. It is for
this reason that growth curve assays (see Protocol S9and
Figure S8of Supplementary Material) and kill curve assays
(see Protocol S10and Figure S9of Supplementary Material)
should be performed. These assays can visualise the effects
the peptide has on lag time and bacterial cell recovery.

A study conducted by Field et al. sought to compare the
antimicrobial action of a novel bioengineered nisin deriv-
ative to that of the wildtype peptide [107]. A kinetic kill curve
assay was performed using the bacteriocin at lethal levels
against the test microorganism, where the kill effects of the
wildtype peptide were compared to that of the derivative at
three different time points of the incubation period (20
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minutes, 40 minutes, and 60 minutes) [107]. Plate counts
performed using samples of the culture taken at these dif-
ferent time points revealed how the derivative peptide both
caused a greater reduction in test bacterium cell count, while
also suppressing cell recovery for a greater period of time
compared to the wildtype [107]. This example showcases
how kinetic assays can provide a more in-depth perspective
into the antimicrobial effects of a bacteriocin that end-point
assays cannot.

When conducting a kill curve assay, it is best practice to
monitor several time points to gain a complete overview of
bacteriocin Kkill of target cells. Serially diluting and plating
samples at regular intervals and comparing colony counts to
samples of the test bacterium cultured in the presence or the
absence of the peptide will permit the plotting of a graph that
captures the differences in lag phases. Therefore, it is im-
portant to incorporate these tests into the analysis of peptide
activity. In growth curve testing, effects of the bacteriocin at
sublethal levels on test bacterium lag, recovery, and growth
can be observed over 24 hours using an automated plate
reader [77].

2.11. Model Food Trials. To this point, the discussion has
focused on examination of the antimicrobial activity of
bacteriocins in conventional laboratory media. However,
although a bacteriocin may show potent activity against
target strains under these conditions, it has been noted that
when applied to a more complex environment, bioactivity
can be reduced or completely negated. Model food trials can
be carried out in order to examine the bacteriocin’s anti-
microbial activity in various food types.

When conducting a model food trial, it is crucial that a
relevant target strain is selected to ensure the trial that re-
flects real-life conditions as closely as possible (see Protocol
S11(a)and Protocol S11(b)of Supplementary Material). If a
specific target has not already been chosen, then the fol-
lowing should be taken into consideration. To attain market
relevance and mirror real world issues food production
companies face, select a bacterium that has previously been
found to contaminate food, e.g., L. monocytogenes L. [108],
E. coli [109], or C. sakazakii [110]. Although a surrogate
strain can be used in place of a pathogenic test microor-
ganism, we recommend using a pathogen, specifically one
that has been isolated from the source of an outbreak, e.g.
L. monocytogenes isolated from a listeriosis outbreak or
Salmonella strains linked with salmonellosis outbreaks.
Bacteria have also been known to enter the food chain
through contaminated processing food machinery or un-
clean food processing environments [111]. Sampling from
these environments would also provide suitable antimi-
crobial targets. Finally, as mentioned in previous sections,
the degree of antimicrobial susceptibility can vary between
strains of the same species. This phenomenon has as pre-
viously demonstrated by Begley et al. who observed the stain
variable nature of nisin tolerance in a collection of
L. monocytogenes strains [112]. To obtain a more accurate
overview of peptide activity and avoid the pitfalls of testing
against a highly sensitive or highly resistant strain, we
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recommend testing it against a range of strains from the
same species.

Having identified a suitable pathogenic target strain, a
medium that the pathogen is known to contaminate must be
selected for the trial to ensure that the conditions provided are
both relevant to the market and as accurate to real-life
contamination conditions as possible; for example, patho-
genic L. monocytogenes is known to contaminate chocolate
milk [108], E. coli has previously been found to contaminate
apple juice [109], and C. sakazakii is known to cause infant
formula contamination [110]. When inoculating the food
sample with the indicator strain for the trial, the concen-
tration of CFU/mL must be considered. The typical con-
centration of pathogenic cells in a food sample may be too low
to detect through plating or may not be a suitable quantity to
show the effects of bacteriocin exposure. For example, the
natural concentration of L. monocytogenes contamination in
food is typically less than 10> CFU/mL [113]. To facilitate
detection, we suggest inoculating at a higher concentration, as
close to the real-life inoculum as possible, but with a quantity
that would still give a viable CFU/mL result when plated.
Previous model food trial studies have used inoculums,
standardised to a final concentration of 10> CFU/mL, in
several food models [76, 114], but the concentration required
may vary depending on the strain used.

Food trials have been conducted to test the capability of
nisin and its bioengineered derivatives to inhibit the growth
of relevant pathogens in a range of foodstuffs, e.g., chocolate
milk, the gelling agent carrageenan, chicken noodle soup,
frankfurter meat, infant formula, and apple juice
[12, 76, 105, 114]. As previously stated, while a peptide may
display promising antimicrobial action under laboratory
conditions, the complex environment it may be applied to
could contain inhibitory factors that reduce or completely
negate bioactivity. Components such as complex carbohy-
drates, lipids, proteins, and the pH of the environment can
interfere with and reduce peptide functionality [76, 115].

One particular study conducted by Campion et al
highlighted how bacteriocin activity can differ depending on
the food to which it is added [114]. The study in question
assessed the bioactivity of nisin and two nisin derivative
peptides in several foodstuffs, contaminated with a relevant
pathogen. In broth-based assays, the wildtype nisin A
peptide had a MIC of 3.75 yM (12.57 mg/L) against the target
strain, C. sakazakii. The wildtype was then incubated with
C. sakazakii in spiked infant formula at a concentration of
60uM (>100mg/L). Despite the high concentration of
peptide, no reduction in Cronobacter CFU/mL was ob-
served. In this instance, while the peptide was found to be
effective against the pathogen in broth, the activity appeared
to be almost completely inhibited by the complex medium.
In broth-based kill curves, the derivative peptides (nisin V
and nisin S29A) were significantly enhanced compared to
the wildtype [114]. Enhanced activity was most notable when
the peptides were used in conjunction with food-grade oils,
e.g., carvacrol. However, when applied to the infant formula,
the derivative peptides demonstrated activity equivalent to
that of the wildtype, despite the addition of carvacrol oil
[114].
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The reduction or inhibition of bioactivity that can occur
when applied to a model food system, as observed in this
study, showcases the significance of these tests in the peptide
characterisation process. Campion et al. noted that although
inactive when tested in spiked infant formula, the activity of
the nisin A peptide was retained when cultured in com-
mercially prepared apple juice, causing a log reduction in the
indicator, E. coli 0157 [114]. We recommend that multiple
food types of differing compositions known to be con-
taminated by the target strain be investigated, as although
the peptide may be inhibited in one product, activity may be
substantially improved in another. As stated previously,
antimicrobial susceptibility among strains within the same
species can vary [8, 56]; therefore, we highlight the need to
incorporate multiple strains into these studies to accurately
assess the spectrum of activity of the peptide in a complex
medium.

2.12. Biofilm Assays. Biofilms are bacterially produced
exopolysaccharide matrices that permit planktonic cells to
adhere to biotic and abiotic surfaces [116]. These mucous
layers prevent the cells from being removed and protect
them from harmful external factors such as chemicals, e.g.,
disinfectants [117, 118], and antibiotics [119]. The ability to
form biofilms allows organisms to create persistent sources
of contamination that affect many different industrial
sectors. Companies involved in the preparation and
packaging of food face the issue of persistent biofilm
formation. Microbial biofilms have been observed to form
on the surfaces of steel pipes [120], on equipment surfaces
(e.g., tanks [121]), on submerged surfaces [122], and within
packed food itself [123]. Previously bound cells can be
released from the matrix [124, 125], allowing microor-
ganisms to pass along pipelines or spread across surfaces,
contaminating products poststerilisation [120, 121]. These
newly planktonic cells can potentially reach foods that are
distributed, sold, and consumed. With the demographic of
aging and immunocompromised people in society in-
creasing, the threat presented by contaminated food grows
year by year [9].

In hospital settings, biofilms are equally demanding of
attention. Given the opportunity to invade the body, e.g.,
through the implantation of contaminated medical device
materials, bacteria can form a biofilm within the host,
creating a persevering source of infection [119, 126]. These
infections are very difficult to treat, generating increased risk
and suffering for patients. The development of biofilms has
also been observed in the water supply and pipe networks of
pharmaceutical manufacturing companies [127], which is
particularly worrisome given the need for complete sterility
in the manufacturing and packing processes for such
products. If a bacteriocin has been found to inhibit the
growth of clinically relevant pathogens associated with
biofilm formation, exploring the peptide’s ability to reduce
or prevent biofilm development on different surfaces could
lead to a better overview of its potential application.

The stationary microtiter plate method can be used to
assess the biofilm growth of target strains [56, 77, 128, 129]
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(see Protocol Sl2and Figure S10of the Supplementary
Material). This assay has successfully demonstrated that
nisin A and its bioengineered derivatives can reduce the
formation of biofilm both on plastic and medical device
material surfaces [56, 77, 128, 129].

When selecting strains for biofilm inhibition studies, it is
important to take into account where a strain has been
isolated from, e.g., cells persistently found contaminating
food, strains isolated from tanks, pipes, or drains in the food
or pharmaceutical industries, or taken from the surface of an
explanted medical device. The biofilm-forming capabilities
of each strain should then be investigated prior to bacte-
riocin exposure, which can be done by studying the biofilm
coverage of a microtiter plate (round well, flat-bottom plates
with a lid to ensure sterility), staining with crystal violet, and
measuring the absorbance of each well. Our laboratory has
previously allowed strains to cultivate over a 48-hour in-
cubation period when assessing biofilm production
[77, 128]. However, maximum biofilm growth may be
achieved much earlier than this, depending on the strain
under investigation. A factor that can interfere with the
assessment of biofilm formation is the spontaneous erosion
and degradation of the exopolysaccharide matrix. It is be-
lieved factors such as shearing forces, the age of the biofilm,
and declining culture conditions can result in this break-
down [124, 125, 130, 131]. Therefore, to avoid incorrectly
classifying a bacterium as a weak or moderate biofilm
former, we suggest inspecting biofilm formation over a range
of time points (20 hours-48 hours), to ascertain when the
most biofilm has been generated. Biofilm-forming strains
can be classed as “weak,” “moderate,” or “strong,” according
to the criteria established by Christensen et al. [132]. We
advise opting to use a “strong” biofilm-forming strain to best
gauge the proficiency of the bacteriocin.

A recent study by Twomey et al. demonstrated the
potential of bacteriocins to inhibit the formation of biofilm
on medical device substrates, hinting at the possible bio-
medical and pharmaceutical applications of antimicrobial
peptides [56]. This study aimed to identify bioengineered
nisin derivatives with enhanced bioactivity compared to the
wildtype nisin A against strains of S. epidermidis, previously
isolated from the blood of patients in a hospital setting.
Twomey et al. observed that nisin A and its bioengineered
derivative, M17Q, not only reduced the formation of two
strong S. epidermidis biofilm-forming strains on plastic
microtiter plate surfaces, but also on the surfaces of three
catheters materials (rubber, polyvinyl chloride, and poly-
vinyl resin), as well as stainless steel, a material which
composes some indwelling prosthetic devices [56].

When culturing target strains, it is recommended that
the broth be supplemented with 1% (w/v) D-(+) glucose, as
the addition of glucose has previously been found to enhance
biofilm formation [56, 133]. Once biofilm has formed and
the plates are being examined for growth, caution should be
exercised when rinsing or transferring liquids from the wells.
Scraping the wells with a pipette tip or using unnecessary
force can result in the unintentional removal of bound
material which will impact the absorbance reading obtained
and the overall assessment of biofilm formation or
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inhibition. When incorporating the antimicrobial peptide,
we recommend doing so at a range of concentrations, e.g.,
the MIC, 2 x MIC, and 1/2 MIC [56, 134]. This will allow for
the assessment of bioactivity both above and below the MIC
and can indicate a suitable concentration that may inhibit
biofilm formation completely. Lynch et al. recently
employed this method to assess the anti-biofilm-forming
capabilities of the bacteriocin capidermicin against a strong
biofilm-forming strain of L monocytogenes
(L. monocytogenes EGDe) [134]. At concentrations 2 x MIC,
1 x MIC, and 1/2 x MIC (1 x MIC =3.75 uM), capidermicin
was capable of causing a significant reduction in biofilm
formation compared to the untreated control.

Antimicrobials should be investigated not only for their
ability to inhibit biofilm formation but to remove pre-
established biofilm, given the nature of such infections (see
Protocol S13of Supplementary Material). To assess the ca-
pability of a peptide to remove preformed biofilm, the
biofilm-forming strain must be allowed culture in the ab-
sence of the antimicrobial until maximum biofilm growth
has been obtained. Following incubation, carefully remove
the culture and replace with peptide resuspended in fresh,
relevant broth. Incubate the peptide-exposed biofilm for
18-24 hours. In the same context as the biofilm inhibition
test, we recommend that the peptide be tested at a range of
concentrations. Given the difficulty to remove preformed
matrices, it is likely that large concentrations of the peptide
may need to be used. Lynch et al. also tested the ability of the
bacteriocin capidermicin to remove pre-established Listeria
biofilms on a plastic microtiter plate surface [134]. Using a
range of concentrations from 1xMIC to 8xMIC
(1 xMIC=3.75uM), Lynch et al. noted a significant decrease
in bound biofilm compared to the untreated control in five
strong biofilm-forming strains (L. monocytogenes CD749,
Ts45, F2365, EGDe, and OB001102), following 24 hours of
incubation with the bacteriocin. The same caution should be
exercised when transferring liquids and changing cultures as
when analysing biofilm formation, as scraping away biofilm
through careless pipetting can lead to the improper assertion
that a peptide may be capable of removing preformed
biofilm.

As stated above, the removal of pre-established biofilm is
a different and significantly more difficult task than biofilm
inhibition, given the strongly adherent properties of the
matrix. However, it has been found that bacteriocin peptides
are capable of penetrating the slime layer. Although they
cannot remove the biofilm completely, the peptides are still
able to exert an antimicrobial effect on the cells within and
reduce the threat of infection or contamination.

The rapid colorimetric XTT assays (performed with the
chemical 2,3-bis[2-methyloxy4nitro-5-sulfophenyl]-2H-tet-
razolium-5-carboxanilide) can be used to determine the
viability of cells within the biofilm [77]. The colour change
detected through this assay is a result of the tetrazolium salt
XTT being reduced, a conversion that only occurs in viable
cells. The absorbance observed directly correlates to the
number of live cells present. Field et al. have utilised this test
to determine if exposure to the bacteriocin nisin would cause
a decrease in living cells within a biofilm. In a study
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investigating the effects of the nisin peptide against biofilms
caused by Staphylococcus pseudintermedius (a pathogen that
affects humans and domesticated animals), it was found that
the nisin A peptide could reduce, but not completely re-
moved preformed biofilms [77]. However, the XTT assay
indicated that the viable cells within the biofilm incubated
with nisin A were significantly reduced compared to the
untreated sample. The bioengineered derivative of nisin A
used in this study showed enhanced antimicrobial effects
against the biofilm-bound cells when compared to the
wildtype [77].

3. Conclusions

The need for novel, effective, and lasting antimicrobial
treatments is required now more than ever, given the
impending risk to morbidity and mortality that antibiotic-
resistant infections pose. With their potency at low con-
centrations, targeted activity, and potential for enhancement
through bioengineering, bacteriocins are in the front run-
ning of antimicrobial research [8, 24, 26, 56]. Nisin, one of
the very few bacteriocins currently approved for use on the
market, has been applied as a preservative in food [11, 135].
It has demonstrated its capabilities not only to inhibit the
growth of pathogenic food contaminating microorganisms
but to extend shelf life and improve the quality of foods
[16-18, 24]. Despite possessing activity against clinically
relevant pathogens, no bacteriocins have been approved for
medicinal use to date [8, 24, 69, 77]. It should be noted
however that animal trials have confirmed the retention of
bioactivity in vivo as well as the low toxicity levels posed by
the peptides [102, 136]. In the face of declining antibiotic
discoveries and escalating cases of resistant infections, it is
unlikely that the current situation, where so few bacteriocins
are available for widespread use, will persist.

Throughout this manuscript, we have summarised a
selection of methods which can be applied to identify novel
bacteriocins. While this paper focuses on wet lab experi-
ments, it should be noted that in silico approaches have also
been successfully applied to identify putative bacteriocin
operons in bacterial genomes. However, once said operons
have been identified in this manner, wet lab studies are
required for the purification and characterisation of the
peptide and its activity. Therefore, the methods discussed in
this paper can support studies of an in silico nature also.

To facilitate the discovery of bacteriocins with market-
able potential, reliable methods for peptide isolation and
characterisation need to be developed and shared. However,
complications and experimental factors that impede bio-
activity during the testing process also need to be identified
and discussed at length. In doing so, laboratories can be
equipped with robust procedures that will identify all bac-
teriocin producers in a screen and that can accurately assess
peptide potency in the environment it may be applied to.
Failure to consider and tailor the parameters that can inhibit
peptide bioactivity, e.g., improper indicator selection, poor
environmental source selection, and electrostatic interac-
tions between peptide and media, can result in poor visu-
alisation of activity or complete oversight of antimicrobial-
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producing strains. As the need for novel antimicrobial
treatments grows more dire, we hope the protocols and tips
provided in this paper can be used to overcome such issues
and accomplish the goal of discovering and characterising
the bioactivity of novel bacteriocin-producing strains.
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Supplementary material document: protocol and diagram
guide for the isolation and characterisation of bacteriocins.
Figure S1: agar-based deferred antagonism assay method to
screen for the presence of antimicrobial activity, created
using Biorender.com. Figure S2: preparation of cell free
supernatant and whole cell extract from a bacterial cell
overnight culture. Both the supernatant and the whole cell
extract should be assessed for bioactivity, as some peptides
can remain bound to the cell surface, rather than being
released into the surrounding media. If the peptide is more
highly concentrated in the whole cell extract or is dispersed
between both fractions, extracting peptide from both the
supernatant and whole cell extract will increase yields ob-
tained during the purification process, created using Bio-
render.com. Figure S3: agar-based well diffusion assay to
detect antimicrobial activity. Zones of inhibition in the
growth of the indicator strain indicate antimicrobial activity,
created using Biorender.com. Figure S4: agarose-based ra-
dial diffusion assay to detect the presence of antimicrobial
activity. Zones of inhibition in the overlay layer indicate
antimicrobial action. This test can be used to detect bio-
activity in samples containing low concentrations of the
antimicrobial under investigation. It can also be used to
detect activity against Gram-negative organisms, created
using Biorender.com. Figure S5: well diffusion assay to
determine protease susceptibility of antimicrobial under
investigation. If the antimicrobial is sensitive to proteases,
incubation with the enzyme will cause the zone of clearing in
the indicator strain growth to be reduced, created using
Biorender.com. Figure S6: protease spot test to determine
antimicrobial sensitivity to proteolytic enzymes. If the an-
timicrobial under investigation is sensitive to the protease
tested, the zone of clearing will be impacted. A crescent
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moon shaped zone, rather than a round zone of clearing, will
appear in the indicator strain growth, as the antimicrobial in
contact with the enzyme will be inactivated, created using
Biorender.com. Figure S7: broth microdilution method to
detect the minimum inhibitory concentration of an anti-
microbial. The minimum inhibitory concentration is defined
by the European Committee on Antimicrobial Susceptibility
Testing as “the lowest concentration of the agent that
completely inhibits visible growth as judged by the naked
eye, disregarding a single colony or a thin haze within the
area of the inoculated spot,” created using Biorender.com.
Figure S8: growth curve assay to assess the impact the
peptide has on bacterial culture growth. Minimum inhibi-
tory concentrations are considered “end point assays”
meaning that a singular result is obtained once the test is
completed and the reaction has been stopped. Kinetic assays,
like growth curves, provide insight into the effects of an
antimicrobial on cell growth and death over the duration of
the test at multiple time points, created using Bio-
render.com. Figure S9: kill curve assay. By taking samples of
the peptide-exposed culture at different time points, the kill
effects of the bacteriocin can be assessed, created using
Biorender.com. Figure S10: analysis of biofilm inhibition on
plastic surfaces using the stationary microtiter plate method.
Supplementing the culture medium with 1% (w/v) D-(+)
glucose has previously been found to enhance biofilm
production, created using Biorender.com. (Supplementary
Materials)
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