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Abstract

Bacteriocins are ribosomally synthesized peptideslyced by bacteria which can Kill other
bacteria. Those produced by lactic acid bacterfB(Lare of great interest as they are often
employed in food processing and food fermentatiassnatural biopreservatives. In this
review, we discuss the implementation of bioengimgeto enhance the antimicrobial
activity, antibacterial spectrum and physico-chehiproperties of LAB bacteriocins.
Additionally, we discuss the potential applicatiook bacteriocin derivatives for use as
promising food preservatives alone or in combimatiwith other naturally derived
antimicrobials as a form of hurdle technology amel tegulatory status of strains engineered

through food-grade approaches.
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Highlights

» Bioengineering can generate novel bacteriocin wsiéor specific purposes.

* Genome mining has identified new bacteriocin bidlsgtic gene clusters.

» Bioengineered bateriocins show great promise asrgists in hurdle technology.

» Bacteriocin producing strains which have been tedathrough food-grade methods
can be directly added to food.

Introduction

The growth in world population and the globalizatmf food commerce has led to large scale
food production practices requiring ever longemsgort networks and extended storage
times until final distribution to consumers. Inditébn, growing consumer demand for food
products that are minimally processed and free frohemical additives presents a
complicated and difficult challenge for food prosess. Such demand has opened up new
opportunities for the use of natural antimicrobidézived from plant, animal or microbial
sources to control the growth of undesirable mmmanisms in food [1,2]. Bacteriocins
(ribosomally-produced, small, heat-stable peptittest are active against other bacteria)
provide one potential solution. While bacteriocren be produced by a range of Gram-
positive and Gram-negative bacteria [3], those peced by lactic acid bacteria (LAB) are of
particular interest to the food industry for seVeeasons. Firstly, members of the LAB group
have a history of safe use as starter culturesood ffermentations and many possess

“Generally Regarded as Safe (GRAS)” status accgrdim the US Food and Drug
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85  Administration [4]. Secondly, besides being nonitaw eukaryotic cells, LAB bacteriocins
86 are extremely potent against many food spoilagerab&s and pathogenic bacteria,
87 demonstrating killing activity in the nanomolar gen Thirdly, they do not interfere with the
88 sensory quality of foods. Finally, the ribosomalgor of bacteriocins has enabled the
89  manipulation of the associated structural gene maae direct fashion than is possible for
90 other classes of antimicrobials to obtain variawith potentially beneficial properties.
91 Indeed, several groups have reported on the enhmamteof bacteriocins’ performance in
92 food environments, including the engineering ofiddives with enhanced activity and
93 inhibition spectra, increased resistance to prgteoeénzymes as well as the combination of
94  such derivatives with other natural antimicrobiaisthe form of hurdle technology. This
95 review will focus on recent developments with reber these achievements and present the
96 latest innovations which aim to harness the fullteptial of these highly potent

97  antimicrobials.

98 Classification of LAB Bacteriocins

99  Bacteriocins produced by LAB represent a heterogeneroup of peptides encoded by a
100 diverse genetic repertoire. Some are post-trapsially modified and this aspect, together
101 with their mode of action, has traditionally beesed as a basis for their classification [5].
102  The simplest scheme comprises two classes; i.easQlbdacteriocins also known as RiPPs
103  (Ribosomally Produced and Post-translationally rfedi Peptides) encompasses all the
104 peptides that undergo enzymatic modification durititeir biosynthesis (including
105 lanthionines, glycosylation and/or heterocycles)las€ Il do not contain unusual
106  modifications. However, recent extensive genomeingimnalysis of LAB suggests that the
107  repertoire of antimicrobials that are encoded iblioly available sequence databases could
108 be even more extensive than previously thoughth widme putative classes thus far not

109 reported in LAB (e.g. lasso peptides and sactipgeg)i [6]. Furthermore, am silico
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110  screening approach of genome-sequenced isolategii®human gastrointestinal tract (GIT)
111  identified more than 70 clusters of note from altmé® unique members including
112 Firmicutes, Bacteroidetes, Actinobacteria, and &H&]. The most commonly identified
113 class of bacteriocin was the >10 kDa class, forynkniown as bacteriolysins, followed by
114  lantibiotics and sactipeptides [7]. Consequentlyregised scheme (that is also valid for
115  bacteriocins from non-LAB micro-organisms) proposksee classes in which Class | is
116  divided into six subclasses representing diffeneratdifications, Class Il comprises four
117  subclasses of unmodified peptides of <10kDa andssCId are large-molecular-weight
118  (>10kDa) proteins and are subdivided into the bauiesins and the non-lytic bacteriocins

119  [6].

120  Bioengineering to modulate the physicochemical properties of LAB bacteriocins

121 Despite the amount of research that has been dastieon the discovery, characterization
122 and mode of action of LAB bacteriocins over thet fesv decades, to date, just a handful
123 have been commercialized to any extent. Thesedechisin, a lantibiotic peptide produced
124 by Lactococcus lactis [8], pediocin PA-1 produced bipediococcus acidilactici [9] and
125 carnocyclin A produced byCarnobacterium maltaromaticum UAL307 [10]. However,
126  studies with other LAB bacteriocins including ewoi@n AS-48 [11] or lacticin 3147 [12]
127  demonstrate their enormous potential as biopreseegan food. Nisin is used in most major
128  food-producer countries as a concentrated fermeptavder (e.g. Nisaplin) in a wide variety
129  of dairy and non-dairy products to control the giowf Gram positive bacteria [13]. A
130 fermentate powder produced from the pediocin-produdtrain Pediococcus acidilactici
131  (ALTA 2351, Kerry Biosciences, Ireland) can be udedprotect meat products froin
132 monocytogenes contamination [14]. Carnocyclin A is marketed agdéin in the US and
133  Canada and has been developed to inhilieria monocytogenes in ready-to-eat meat (RTE)

134  products [10]. Accordingly, these bacteriocins habeen the subject of several
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135  bioengineering strategies (For comprehensive revieee [15-17]) that have sought to
136  improve bacteriocin efficacy in the food environrhdPeptide function can be influenced by
137 a number of factors including fat content, protéolglegradation, polar or non-polar food
138 components, pH (which influences the solubility bé toacteriocin) and sodium chloride
139  concentrations [18JFor example, the limited activity spectrum of niswth respect to pH
140 and its intrinsic insolubility has emphasized theed for alternative versions that exhibit
141  superior stability and are suitable for food fermagion and preservation practices. The
142  natural variant nisin Z, which differs from nisinldy one amino acid (asparagine rather than
143  histidine at position 27) provides an example oflexivative with improved functional
144  characteristics since, while it has similar antii@al activity to nisin A, nisin Z displays a
145  higher rate of diffusion [19] and is less solublécav pH [20]. Recently, bioengineered nisin
146  derivatives were identified with an enhanced aptlit diffuse through complex polymers that
147  enabled the peptides to surpass nisin A in restgagrowth ofListeria monocytogenes in

148 commercially produced chocolate milk containingrageenan as a stabilizer [21]. Despite
149  the fact that derivatives of the unmodified cldgsdcteriocins can be generated with relative
150 ease [22], there are comparatively few examplessténces in which LAB producers of the
151  class Il bacteriocins have been engineered toipestfect. However, in the case of pediocin
152  PA-1/AcH, greater resistance to oxidation was aardeby the replacement of a methionine
153  moiety with a hydrophobic one, which had only miediects on antimicrobial activity [23].
154  Such modifications are an important step in theettgment of pediocin PA-1 into an
155 advantageous food additive. Some studies have aionetorporate protease resistance into
156  LAB-derived peptides. For example, particular mmdifion of trypsin recognition sites in the
157 class llb bacteriocin salivaricin P produced bactobacillus salivarius had only minor

158  effects on activity [24].

159
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160 Bioengineering to modulate the antimicrobial activity and spectrum of LAB

161  bacteriocins

162  The range of inhibitory activity by LAB bacterioaircan be either narrow, inhibiting only
163  those strains that are closely related to the mredorganism, or wide, inhibiting a broad
164 range of Gram-positive micro-organisms [25]. Selengestigations have sought to identify
165 nisin derivatives that are enhanced with respecth& purpose for which nisin is most
166  renowned, the inhibition of Gram-positive bactdfi&]. One remarkable derivative, nisin A
167 M21V (Nisin V) (Fig. 1) exhibits enhanced potenayaast a wide range of targets, most
168  notablyL. monocytogenes. Furthermore, this enhanced activity was apparefdod model
169  experiments with purified peptide [2d]. monocytogenes is of major concern to the food
170  industry. Apart from the risk to human health, fopdoduct recalls due td.isteria
171  contamination present an enormous financial burdstinated to be in the billions of dollars
172 per year in the United States [27]. Recently,m\giin the form of a fermentate, combined
173 more effectively than nisin A with the essentiallsoicarvacrol, thymol and trans-
174  cinnamaldehyde to inhibit.. monocytogenes in a validated food model system [28].
175  Worryingly, L. monocytogenes has the ability to form biofilms providing it witthe means to
176  survive on contact surfaces, with higher levelsesistance to disinfectants and potential for
177 growth under the rigorous conditions used for fopwcessing. This could lead to
178  contamination of food products. A recent study destated the effectiveness of nisin
179 M21A, in combination with natural food-grade adekss, in targeting biofilms ofL.
180  monocytogenes F6854 [29], a strain that has been associated wotitaminated turkey
181  frankfurters. Similarly, the advantage of shortgnom extending the hinge region of nisin has
182  generated variants with improved bioactivity aghomse or more indicator targets, including
183 L. monocytogenes, E. faecalis and B. sporothermodurans [30]. Bioengineering to enhance the

184  efficacy of Class lla bacteriocins has also beensidered. Mutated peptides in which
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185 residues were substituted within the N-terminal lodlpediocin PA-1 exhibited increased
186  activity againsiicrococcus luteus andStaphylococcus aureus [31], while variants within the
187 C-terminus displayed increased potency towalds monocytogenes [32]. Directed
188  mutagenesis studies have been employed to marepeidérocin AS-48, a broad-spectrum
189  circular bacteriocin produced by a strain Bffaecalis [33]. The authors determined that
190 enterocin AS-48 was active in a dimeric form, asthklished the essential residues involved
191 in these interactions [34]. Such knowledge maylitaté the design and expression of novel
192  variants with improved antimicrobial activity. Nblg, the successful chemical synthesis of
193  circular bacteriocins including enterocin AS-48 hesently been achieved [35], providing a
194 more suitable means to generate novel variants,ptbduction of which can often be

195 compromised in the native producer.

196  The poor activity of LAB bacteriocins toward Graregative bacteria is due to the outer
197 membrane (OM) of the Gram negative cell wall [36he OM functions as an efficient
198  permeability barrier and is able to exclude macrHeules such as bacteriocins or enzymes.
199 Importantly, bioengineered nisin variants S29A &@2PG have been shown to display
200 improved activity against Gram negative bacterid).[3/oreover, while nisin A has been
201 shown to be effective against Gram negatives whsad uin combination with chelating
202 agents such as EDTA [38], perhaps a more attracpteon for food applications is the
203 combination of nisin with natural phytochemical qmmnds such as essential oils, which act
204 by permeabilization/disruption of the ONB9]. Recent investigations have also sought to
205 extend the antimicrobial spectrum of pediocin-lik&cteriocins to include Gram-negative
206  bacteria. The enterocin CRL35, a pediocin-like gactin, has a potent antilisterial activity
207  but is inactive against Gram-negative targets.dnt@ast, microcin V (previously known as
208 colicin V) is specifically active against Gram-négea bacteria [40]. A hybrid bacteriocin

209 named Ent35-MccV resulting from the gene fusiomhef enterocin CRL35 and microcin V
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210 genes 1wunA and cvaC, respectively) displayed inhibitory activity agsinE. coli, L.
211 monocytogenes, and other pathogenic Gram-positive and Gram-megabacteria [41].
212 Synthetic biology approaches are another promisiagns to provide insights into structure-
213 stability relationships and generate novel denxegtiwith improved function. For example,
214 analogues of Lacticin 481 containing non-proteimdgeamino acids were found to have

215 enhanced antibacterial activity [42].

216

217

218

219

220 Heterologous expression to increase yield and multiple bacteriocin production

221

222 One of the issues that remains to be tackled isahbacteriocin production, which can be

223 low or inconsistent in lactic acid bacteria and ethican be affected by poor growth of

224  producing strains in particular food environmemkhough the heterologous production of

225 bacteriocins by LAB is reliant on several factdogengineering techniques can facilitate

226 increased levels of bacteriocin production. Sonferesf to increase bacteriocin yield have

227 involved using synthetic genes encoding bactermcioned and expressed in yeasts. For
228 instance, the use of codon optimization was regeamtiployed to overcome the bottleneck of
229 low yield of Enterocin A, a class lla bacteriociroguced byEnterococcus faecium CTC492

230 [43]. Likewise, a recent study involving synthetimiology approaches describes the
231 development of a genetic system that facilitatgsicant overproduction of nisin [44]. Such

232 innovative systems could potentially reduce thet aisbacteriocin production and also
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233 provides a means by which sufficient quantitiedatteriocin can be producéad situ. In
234  addition, novel bacteriocin clusters identifiedaingh genome mining and considered highly
235 advantageous to the food industry could be clometlexpressed in suitable hosts. In fact,
236  bacteriocin producing bioprotective cultures tlaaget particular pathogens are commercially
237 available under various trade names [45]. Remaykatalturally occurring multi-bacteriocin
238  producing LAB have been reported [46]. Consequetthly use of bacteriocin combinations
239 or bacteriocin ‘loading’ may represent a useful rapph whereby an assortment of
240 bacteriocins produceth situ provide an effective cocktail that can act syr&igally to
241 inhibit desired target pathogenkideed, some optimistic reports are emerging orutieeof
242  multi-bacteriocin mixtures for the effective cortad foodborne pathogens such lasteria

243 [47,48].

244

245  Bioengineering and the Regulation of Genetically M odified Micro-organisms

246  Although the application of bioengineering has beestrumental in the fundamental
247  analyses of bacteriocin biology, mode of actiordis, and the ability to design more potent
248  peptides with enhanced properties and target satgcthe application of such peptides as
249 food preservatives may face a significant regujatolostacle in some jurisdictions. The
250 genetic manipulation of bacteriocins or the prodstains needs to pass through strict safety
251 regulations and guidelines laid down by regulatagencies such as the FDA (or the
252 European Food Safety Authority [EFSA] in Europej fpproval to be used in human
253 consumption. Indeed, some of the strategies emglaye bioengineer many of the
254  bacteriocins described above involve methods thaldcresult in the producer being labelled
255 as a genetically modified micro-organism (GMM). é&hatively, self-cloning of non-

256  pathogenic micro-organisms is not considered td teaa GMM so long as containment of
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257

258
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263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

the organism is guaranteed (directive 90/219/EQjtably, the temporary introduction of
plasmid vectors or the use of recombinant vectatis &an extended history of safe use in the
particular micro-organisms, or introduction of DN'dm another micro-organism belonging
to the same species fall within the definition eifsloning. Thus, minimal changes to
bacteriocin structural genes (such as the alteraifesingle codons) made using food grade
strategies [26,49] fall outside the remit of theSAFContained Use legislation and therefore

are not regulated as GMMs.

Conclusions

A broad range of technologies have emerged in tg@ars that provide a battery of valuable
tools to expand the potential of bacteriocinogesttains for food applications. The
knowledge gained will improve our understandingtbe global effects of bacteriocins in
food ecosystems and permit more rational approafdreseir application in foods. Several
bioengineered bacteriocins capable of inhibitingdf@ssociated Gram positive and Gram-
negative bacteria of concern have been recentlgritbesl. A number have already been
tested with satisfactory results in terms of thatod of pathogenic bacteria in model food
systems. Moreover, their use in combination witheotnaturally derived antimicrobials in
the form of hurdle technology may open new possisl for the control of a broad range of
undesirable organisms. Although genetic maniputabig recombinant and bioengineering-
based approaches hold great promise, only baciesiaghich have been tailored through
food-grade methodologies can be directly addedotm f Furthermore, as the number of

microbial genome sequences has increased expdhenta even larger collection of
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310

putative bacteriocin biosynthetic gene clustersbieen revealed. These clusters can be used
to identify producer strains, or the informationirgel from their analysis can be used
indirectly to guide the bioengineering of new amxiseng peptide structures with enhanced

functionality for use in the food industry.
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446  Figure 1. Bioengineering bacteriocins: bacteriocins with foyed physicochemical
447  properties (pH, solubility) have been generatedva# as novel variants with improved
448  activity, target spectrum and anti-biofilm efficacyBioengineered variants can act
449  synergistically to inhibit desired target pathogénshe form of hurdle technology. Genome
450  mining has identified an even larger collectiomeiv bacteriocin biosynthetic gene clusters
451  which can be used to guide the bioengineering af m@d existing peptide structures.
452  Bioengineered strains which have been tailoredugiimofood-grade approaches are not
453  considered GMMs and can be directly added to food.
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