
21M. Gobbetti and R. Di Cagno, Bacterial Communication in Foods, 
SpringerBriefs in Food, Health, and Nutrition, DOI 10.1007/978-1-4614-5656-8_2,
© Marco Gobbetti and Raffaella Di Cagno 2013

              2.1   Introduction 

 Once the main bacterial languages were partly decoded, the main efforts were 
consequently addressed to understanding the relevant phenotypes, which are coor-
dinated in a cell density-dependent manner. N-acyl-L-homoserine lactones (AHL), 
autoinducing peptide (AIP, or peptide pheromone), autoinducer-2 (AI-2), through 
the activity of LuxS, and the new autoinducer-3 (AI-3), are all bacterial signals that 
may induce a large number of phenotypes. Competence, virulence, synthesis of 
toxins and exopolysaccharides (EPS), bio fi lm formation, and production of second-
ary metabolites are some examples of the above phenotypes, which are directly or 
indirectly under the control of quorum sensing circuits. Several of these phenotypic 
tracts and the related mechanisms of control may be of marked interest in relation 
to foods, either in terms of sensory and nutritional quality or considering foods 
themselves as vehicles of pathogenic bacteria   . 

 Although some results are still controversial, the main  fi ndings concerning some 
of the above phenotypes are described in the following.  

    2.2   Virulence 

 Virulence genes encode proteins whose functions are essential to effectively establish 
a bacterial infection in the host organism. In many Gram-negative and -positive 
bacteria, the expression of some virulence factors is regulated by quorum sensing. 

 The language of  Pseudomonas aeruginosa  comprises N-acyl-L-homoserine lac-
tones (AHL) and 4-quinolone quorum sensing signals (see Sect.   1.3    ). Two systems 
( las  and  rhl ) encode the transcriptions of the regulatory proteins (LasR or RhlR) and 
autoinducer synthases (LasI or RhlI), and regulate the surface-associated or secreted 
virulence factors  [  1,   2  ] . As shown using animal models, when the mutation of  las  
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and/or  rhl  occurred, the pathogenesis of  P. aeruginosa  decreased  [  3  ] . Comparisons 
between the secretome of  P. aeruginosa  wild type and one or more  las  and  rhl  
mutants showed lower levels of proteins were released in the latter two     [  4  ] . This 
suggested that the lack of  las  or  rhl  severely disrupts the secretion of proteins and/
or the expression of abundant extracellular constituents. Unknown quorum sensing 
regulated proteins such as aminopeptidase PA2939, endoproteinase PrpL and unique 
hypothetical protein PA0572 were identi fi ed. The  las  mutant did not express the 
major isoforms of the aminopeptidase PA2939, which contains a putative signal  [  5  ] . 
Under starvation conditions, PA2939 generates free amino acids from short pep-
tides. The  rhl  mutant did not express the endoproteinase PrpL, which has the capac-
ity to cleave lactoferrin, transferrin, elastin, and casein. The azurin precursor, 
chitin-binding protein (CbpD), and the hypothetical protein PA4944 were only 
found in  P. aeruginosa  wild type. CbpD has adhesion-like properties and is pro-
tected from proteolysis by elastase, when it is bound to chitin  [  6  ] . The hypothetical 
protein PA4944 has high sequence similarity to host factor I, a RNA-binding protein 
that regulates the synthesis of enterotoxin in  Yersinia enterocolitica   [  7  ]  and several 
virulence factors in  Brucella abortus   [  8  ] . Another protein considered to belong to 
the family of quorum sensing regulators is PA4944. Two partner secretion exo-proteins 
(PA0041 and PA4625), and quorum sensing regulated extracellular proteins (LasB 
elastase, LasA protease and aprA alkaline metalloproteinase) were found at the 
highest levels in the culture supernatants of quorum sensing mutants. This sug-
gested that quorum sensing might also negatively control the expression of some 
functional genes for virulence. 

 The regulation of virulence factors from soft-rotting plant pathogen  Erwinia 
carotovora  occurs via AHL signaling (see Sect. 1.3). In addition to brute force 
virulence factors,  E. carotovora  also produces extracellular enzymes as secondary 
metabolites and multiple subtle virulence factors  [  9  ] . Regulation of secondary 
metabolite systems AB (RsmAB) were identi fi ed in  E. carotovora  subspp.  caroto-
vora  and  atroseptica . A mutant defective of  rsmA  exhibited the over production of 
extracellular enzymes and caused disease bypassing the quorum sensing system. 
The Rsm system of  E. carotovora  appears to function similarly to the Csr system 
of  Escherichia coli . RsmA represses extracellular enzymes by promoting transcript 
degradation. On the contrary, RsmB is thought to bind to RsmA and to prevent it 
from binding to its target transcripts, thus indirectly mediating the activation of 
extracellular enzymes. The quorum sensing locus of  E. carotovora  controls the 
Rsm system through  rsmA  and, conversely   , the Rsm system affects the quorum 
sensing machinery by modulating the expression of  expI  (homologous to  luxI ) and 
the consequent synthesis of AHL. As many virulence factors are under the control 
of quorum sensing in  E. carotovora , this suggests that the role of quorum sensing 
during infection is more complicated than simply orchestration by AHL. Examples 
of virulence factors are Svx, a necrosis-inducing protein, and harpin HrpN, an 
extracellular glycine-rich protein that elicits the hypersensitive reaction. Several 
other secreted proteins (e.g., ECA0852 and ECA2220) were quorum sensing 
dependent, which makes them good candidates for novel virulence factors. 
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Virulence factors are considered to be terminal virulence determinants to which 
the plant is exposed. Nevertheless, processes other than gene expression have to 
be ful fi lled by AHL or other secreted virulence factors to interact with the plant. 
For instance, the relevant virulon has to be secreted from the bacterial cell. Hence 
the system of protein secretion is an accessory virulence determinant, which is also 
subjected to quorum sensing regulation. Lip type I of  Serratia liquefaciens  and the 
Xcp type II of  P. aeruginosa  were identi fi ed as secretion systems, which are 
 quorum sensing dependent. 

  Burkholdeira cenocepacia  is a common inhabitant of soil, water, and plant sur-
faces where it may cause diseases such as the soft rot of onion bulbs. The bacterium 
is also an opportunistic pathogen, especially, in patients that are affected by cystic 
 fi brosis. The quorum sensing system of  B. cenocepacia  uses the AHL synthase CepI, 
which directs the synthesis of N-octanoylhomoserine lactones  [  10,   11  ] , and CepR, 
which activates or represses the transcription of target genes. The  cep  system regu-
lates bio fi lm formation, swarming motility, synthesis of extracellular proteolytic and 
chitinolytic enzymes, and represses the synthesis of the siderophore ornibactin 
 [  10,   12,   13  ] . The proteomes of  B. cepacia  H111 wild type and that of the  cep  mutant 
were compared  [  14  ] . Fifty of the ca. 1,000 proteins detected were differentially 
expressed. Addition of AHL molecules to the culture medium restored the protein 
pro fi le of the  cep  mutant. About 5 % of the  B. cepacia  proteome was down-regulated 
and 1% up-regulated in the  cep  mutant. A number of apparently unrelated functions 
seemed to be  cep  regulated, including the activity of the peroxidase RSC0754 and 
superoxide dismutase (SodB). The synthesis of SodB by  P. aeruginosa  increased 
during bio fi lm formation  [  15,   16  ] . This suggested that the  cep  quorum sensing sys-
tem provides a regulatory link between surface colonization and development of 
resistance against oxidative stress. 

  Vibrio vulni fi cus  is a Gram-negative human pathogen, in some cases conveyed 
by foods. A number of factors are implicated in its virulence and pathogenesis: cap-
sular polysaccharide, lipopolysaccharide (LPS), elastase, cytolysin, metallopro-
tease, siderophores, and phospholipase  [  17,   18  ] . The quorum sensing of  V. vulni fi cus  
is controlled through a hierarchical circuit via  luxS  and  smcR  (homologous to  luxR ). 
The proteome pro fi le of the  luxS-smcR  double mutant was compared to that of the 
wild type  [  19  ] . Some proteins were repressed by double mutation. They included 
Zn-dependent protease (VVP), which is responsible for skin lesions  [  20  ] , periplas-
mic ABC-type Fe3 +  transport system and deoxyribose-phosphate aldolase (DERA), 
which determine the adaptation to starvation and/or the deoxynucleoside catabolism 
 [  21  ] , and phosphomannomutase (PMM), which is responsible for the biosynthesis 
of EPS and LPS. 

 The global protein expression was compared between the pathogenic wild type 
 Escherichia coli  O157:H7 and its isogenic  luxS  mutant, and between the  luxS  
mutant and  luxS  mutant supplemented with AI-2  [  22  ] ; 11 and 18 proteins were 
differentially expressed, respectively. Both comparisons showed differential expression 
of the tryptophan repressor binding protein (WrbA), phosphoglycerate mutase 
(GpmA), and putative protein YbbN. The up-regulation of the FliC protein, which is 
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responsible for  fl agellar synthesis and motility, was only found in the wild type. The 
addition of AI-2 did not in fl uence the synthesis of FliC by the  luxS  mutant. This 
suggested that signaling molecules other than AI-2 are involved in  fl agellar synthesis 
and motility. Overall,  fl agellar synthesis and motility are strictly related to viru-
lence phenotypes. A comparison was also made of  E. coli  O157:H7 and its  luxS  
mutant under the probiotic effect (inhibition of AI-2 like activity) of the cell extract 
of  Lactobacillus acidophilus  A4. Five proteins (NifU, PapC, FlgI, MdaB, and 
DsbA), which are responsible for pathogenesis, were up-regulated in the presence 
of AI-2 activity (wild type) or down-regulated in the  luxS  mutant and wild type 
subjected to the probiotic effect. These  fi ndings showed the relationship between AI-2 
and the virulence of  E. coli  O157:H7 as well as the potential role of  L. acidophilus  
as a quenching agent. 

 PlcR is the major virulence regulator of the  Bacillus cereus  group, which includes 
species that very often contaminate vegetable foods  [  23  ] . In addition to  B. cereus  
sensu stricto ,  an opportunistic pathogen that causes gastroenteritis, pneumonia and 
endophthalmitis, this group includes  Bacillus thuringiensis,  an entomopathogenic 
bacterium used to produce biopesticides, and  Bacillus anthracis,  the causative 
agent of anthrax  [  24,   25  ] . The activity of PlcR depends on PapR, a secreted signal-
ing peptide re-imported into the bacterial cell through the Opp transport system 
 [  26  ] . When high bacterial density is reached, the intracellular concentration of 
PapR increases, which promotes its interaction with PlcR. Then, the PapR: PlcR 
complex binds to its DNA recognition site, the palindromic PlcR box, and triggers 
a positive feedback loop that up-regulates the expression of  plcR ,  papR , and various 
virulence factors  [  26  ] . The molecular basis for transcriptional control by PapR: 
PlcR is still unknown. 

  Clostridium perfringens  uses AI-2/LuxS to regulate the toxin production  [  27  ] . 
The timing of toxin production is critical for the virulence of this species, which 
occurs at the mid-late exponential phase of growth. This maximum synthesis of 
the toxin coincides with the maximum synthesis of AI-2. Compared to wild type, 
 C. perfringens luxS  mutants have reduced toxin transcription at the mid-late expo-
nential phase of growth, whereas levels of the toxin mRNA were similar in the 
stationary phase of growth.  

    2.3   Bio fi lm Formation 

 Bacteria develop a bio fi lm on a number of different surfaces, such as natural aquatic 
and soil environments, living tissues, vegetables and fruits, medical devices or 
industrial or potable water piping systems  [  28,   29  ] . Bio fi lm formation is a prerequisite 
for the existence and survival of microbial aggregates  [  29,   30  ] . EPS are the main 
components of bio fi lms, even though the type of EPS varies according to the status 
of bacterial growth and the substrate for microbial metabolism. As almost all bacte-
rial species that form bio fi lms may synthesize and degrade EPS, these latter are 
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considered tools for communication. Bacteria living attached to surfaces and envel-
oped within bio fi lms substantially differ from planktonic cells  [  31  ] . EPS provide 
shelter to bacteria, block harmful agents, and trap nutrients from the environment 
thereby increasing the local concentration. 

 Formation of a bio fi lm is a complex process, which is regulated at different 
stages via diverse mechanisms  [  32,   33  ] . The most-studied regulatory mechanism is 
quorum sensing  [  28,   32–  35  ] . At a given population density, the genes responsible 
for bio fi lm differentiation and maturation are activated  [  28,   33  ] . During growth 
within a bio fi lm, cells are in close contact with their neighbors and this promotes 
communication  [  36  ] . A few examples were described from mixed cultures during 
food and beverage fermentation  [  37  ] . The synthesis of the capsular ke fi ran (a type 
of EPS) promoted physical contact between  Lactobacillus ke fi ranofaciens  and 
 Saccharomyces cerevisiae , the usual natural starters for making ke fi r. It was postu-
lated that bacteria and yeasts bene fi t from the synthesis of ke fi ran, which promote 
interactions within the ke fi r grains, where the exchange of growth factors is facilitated. 
Under bio fi lm conditions, the synthesis and activity of bacteriocins is more ef fi cient. 
Killing sensitive strains within a    delimited zone, around the bacteriocin-producing 
strain, favors a more ef fi cient increase of available nutrients than that found under 
broth culture conditions  [  38  ] . 

 The role of quorum sensing in bio fi lm formation cannot be described in general 
terms but it varies depending on the bacterial species  [  39  ] . Quorum sensing is 
essential for adhesion, bio fi lm formation, and virulence of  P. aeruginosa   [  33  ] . 
Mutants of  P. aeruginosa  that did not synthesize quorum sensing signals formed 
thinner bio fi lms than the wild type. Mutation of the  lasI  gene also resulted in an 
abnormal and undifferentiated bio fi lm formation  [  40  ] . The link between quorum 
sensing and the bio fi lm seemed to be mediated via the synthesis of EPS, with the 
unknown protein PA1324 having the role of binding and transporting EPS during 
bio fi lm formation  [  41  ] . Another important bio fi lm component is the polysaccha-
ride intercellular adhesin (PIA), which mediates cell-to-cell adhesion  [  42  ] . Glucose 
is required to synthesize PIA  [  43  ] , and uridine diphosphate-N-acetylglucosamine 
(UDP-GlcNAc) is the precursor of the polysaccharide matrix  [  44  ] . Indeed, the 
addition of glucose and UDP-GlcNAc in the culture medium stimulated the 
 synthesis of PIA and the formation of a bio fi lm by  P. aeruginosa   [  44  ] . 
N-acetylglucosamine is also the repeating unit within the heparin molecule, which 
stimulates the formation of a bio fi lm  [  45  ] . Heparin favors the adherence of  P. aeruginosa  
to epithelial respiratory cells  [  46  ] .  Pseudomonas aeruginosa  also synthesizes alg-
inate as the main bio fi lm component, which is made up of glucose, galactose, and 
pyruvate  [  47  ] . 

 LuxS is required for bio fi lm formation on human gallstones by Salmonella 
Enteritidis  [  48  ] . Formation of a bio fi lm on gallstone surfaces should offer long-term 
protection against antimicrobial agents and high concentrations of bile. Salmonella 
Enteritidis senses the presence of bile as a signal. This induces the synthesis of bac-
terial surface organelles (e.g.,  fi mbriae,  fl agella), which promote the formation of a 
bio fi lm. Flagella play a role in the secretion or synthesis of EPS as well as in the 
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initial adherence and formation of micro-colonies. The comparison of the global 
protein expression between the wild type and  luxS  mutant of Salmonella Enteritidis 
showed the negative effect of LuxS on the synthesis of  fl agellin  [  22  ] . The proteome 
of Salmonella Enteritidis was studied under conditions that mimicked the in vivo 
infection  [  49  ] . Two-dimensional differential in gel electrophoresis (2-D DIGE) 
analysis showed that adaptation was mediated through up- and down-regulation of 
several proteins. In particular, the uptake of AI-2, and the expression of LsrF, LsrA, 
LsrB, and LsrR were up-regulated. LsrA and LsrB are part of the AI-2 uptake 
transporter. Once AI-2 is phosphorylated, it binds to the transcriptional repressor 
LsrR. As such, it alleviates the repression of the  lsr  operon and allows the increased 
transcription of the  lsr -genes, which resulted in an increased internalization of 
AI-2  [  50  ] . It is supposed that stream of AI-2 is executed by    LsrF, LsrE, and LsrG 
 [  50  ] . The up-regulation of LsrA and LsrB was related to the pathogenesis of 
Salmonella Enteritidis via the activation of the transcriptional regulator PhoP. This 
is a part of the two-component regulatory system (2CRS), which senses the concen-
tration of extracellular Mg 2+   [  51  ] . 

 Bio fi lm formation and architecture, and cell  fi mbriae were signi fi cantly 
altered in  lsrR  and  lsrK  mutants (see Sect.   1.5    ) of  E. coli   [  52  ] . While  H. pylori  
secretes EPS during bio fi lm formation  [  53  ]  and other enteric pathogens such as 
 Salmonella  also use carbohydrates extensively  [  54  ] , the matrix surrounding the 
bio fi lm of  Campylobacter      jejuni  remains to be de fi ned. The genome of  C. jejuni  
encodes a limited repertoire of regulatory elements, which include a relatively 
small number of 2CRS [seven histidine protein kinase (HPK) and 12 response 
regulators (RR)]  [  55  ] . The CprRS sensor kinase mutant of  C. jejuni  displayed an 
apparent growth defect, and formed an enhanced and accelerated bio fi lm  [  56  ] . 
Modi fi cations were consistent with the modulation of essential metabolic genes, and 
up-regulation of stress-tolerance proteins and cell surface structures. Oxidative 
stress-tolerance proteins such as catalase (Kat), thioredoxin reductase (TrxR), 
and alkyl hydroperoxide reductase (Ahp) were up-regulated. The major outer 
membrane protein and  fl agellar  fi lament protein FlaA were also up-regulated. 
Down-regulation was found for the orphan RR and LuxS. The diversity of the 
deregulated proteins suggested that CprRS controls various aspects of  C. jejuni , 
and the hypothesis was that nutrient availability might in fl uence the formation of 
a bio fi lm. 

 An  agr -like 2CRS, which encodes a cyclic thiolactone autoinducing peptide 
(AIP, LamD558), was found in  Lactobacillus plantarum  WCFS1 (Fig.  2.1 )  [  57  ]  
(see Sect.   1.4    ). LamD558 has a ring structure similar to that of AIP from the 
staphylococcal  agr  system and it is involved in the regulation of adherence. 
Complete  agrBDCA -like systems were found only for pathogenic bacteria such as 
staphylococci  [  58  ] ,  Enterococcus faecalis   [  59  ]  and  Listeria monocytogenes   [  60  ] . 
Similarly, the  lamBDCA  system of  L .  plantarum  may play a role in commensal 
host-microbe interaction  [  61  ] .   

http://dx.doi.org/10.1007/978-1-4614-5656-8_1
http://dx.doi.org/10.1007/978-1-4614-5656-8_1
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    2.4   Bacteriocin Synthesis 

 Bacterial communities produce antimicrobial compounds to compete with other 
similar microorganisms. On the basis of biosynthetic mechanisms, bacteria produce 
two types of antimicrobial peptides: ribosomally synthesized peptides, or bacterio-
cins, which exhibit a relatively narrow range of antimicrobial activity, mainly inhib-
iting closely related bacteria that share the same ecological niche  [  62  ] ; and 
nonribosomally synthesized peptides that show broader spectra of activities, inhibit-
ing bacteria or fungi. On the basis of biochemical and genetic properties, bacterio-
cins are grouped into four classes (I–IV)  [  63  ] . Both class I and II bacteriocins are 
small (3–10 kDa), cationic, amphiphilic, and membrane-active peptides. Class I 
bacteriocins, or lantibiotics, contain the unusual amino acids lanthionine and meth-
yllanthionine. On the contrary, class II bacteriocins do not contain these modi fi ed 
amino acids. They are subdivided into three classes: IIa,  Listeria- active peptides 
with the consensus sequence -Y-G-N-G-V-X-C- near the N-terminus; IIb, two-peptide 
bacteriocins, in which both components are required for antimicrobial activity; and 
IIc, thiol-activated peptides that require reduced cysteine residues for activity. Class 
III bacteriocins are high molecular mass (>30 kDa), heat-labile proteins. Class IV 
bacteriocins are complex peptides containing lipid or carbohydrate moieties, which 
are essential for activity. 

  Fig. 2.1    Schematic representation of an agr-like two-component regulatory system (2CRS) found 
in  Lactobacillus plantarum  WCFS1. The  lam  quorum sensing system encodes the two-component 
histidine protein kinase LamC and response regulator LamA, an autoinducing pentapeptide ( AIP ) 
cyclic thiolactone derived from precursor peptide LamD and additionally LamB, a protein involved 
in processing and post-translational modi fi cation of LamD. The signal cyclic thiolactone penta-
peptide with a ring structure was designated as LamD558. Amino acids of predicted AIP sequence 
is shown in bold type (Adapted from  [  22  ] )       
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 Many Gram-positive bacteria, especially lactic acid bacteria, secrete small 
antimicrobial peptides (AMP) or bacteriocins, which are regulated via quorum sensing 
mechanisms  [  64  ] . These compounds are of marked interest as natural food preser-
vatives  [  65  ]  and/or because they exert inhibitory activity against pathogens at the 
gastrointestinal level of humans and animals  [  66  ] . Nisin, which is synthesized by 
 Lactococcus lactis , is the best known and most used lantibiotic  [  67  ] . Nisin is pro-
duced as the 57-residue precursor that contains the 23-residue N-terminal extension, 
called the leader peptide, which is absent in the mature molecule. The biosynthesis 
of nisin is encoded by the gene cluster  nisABTCIPRKFEG   [  68  ] . Besides the struc-
tural, processing and producer-immunity genes, the cluster also contains elements 
of the 2CRS system, RR ( nisR ) and HPK ( nisK ), which are responsible for the regu-
lation of nisin biosynthesis (Fig.  2.2 ). The synthesis of nisin starts at the early to mid 
logarithmic phase of growth and increases to the maximal level at the early station-
ary phase of growth, when the highest cell density is reached. Introduction of a 4 bp 
deletion on the structural  nisA  gene ( ΔnisA ) of  Lc. lactis  resulted not only in the loss 
of the capacity to synthesize nisin but also in the abolition of  ΔnisA  transcription. 
The transcription of  ΔnisA  was restored by the addition of sub-inhibitory levels of 

  Fig. 2.2    Quorum sensing regulation of class I antimicrobial peptides ( AMP ) in lactic acid bacteria. 
 NisABTCIPRKFEG , gene cluster encoding nisin; NisB and NisC, proteins involved in the intracellular 
post-translational modi fi cation reactions; NisT, putative transport protein of the ABC translocator 
family; NisP, extracellular protease for removing the leader peptide; AI, autoinducer; NisK, trans-
membrane-associated signal transducer; NisR, response regulator; NisF, NisE and NisG, ABC 
exporter system that generates immunity through active cell extrusion from the cell; and NisI, 
lipoprotein that contributes to producer immunity. For the quorum sensing mechanism see the text 
(Adapted from  [  87  ] )       
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nisin  [  69  ] . Therefore, besides its function as AMP, nisin also acts as a secreted signal 
molecule that induces the transcription of the genes involved in its biosynthesis. The 
signal transduction is mediated via NisK and NisR. The lantibiotic subtilisin of 
 Bacillus subtilis  is subjected to a similar quorum sensing circuit ,  which contains 
genes encoding HPK ( spaK ) and RR ( spaR )  [  70  ] . A dual mechanism regulates the 
expression of subtilin. First, the  s  factor H allows the low level of expression of the 
2CRS SpaR/SpaK  [  71  ] . Further, subtilin auto-induces the histidine kinase SpaK, 
which, in turn, phosphorylates the response regulator SpaR and up-regulates the 
transcription of subtilin and immunity genes  [  71  ] . A novel subtilin-like lantibiotic, 
termed entianin, was identi fi ed in  B. subtilis   [  72  ] . Combining DNA and mass spec-
trometry (MS/MS) sequencing data, it was shown that entianin exhibits the primary 
sequence of subtilin, except for the amino acid exchanges between Leu6 and Val6, 
Ala15 and Leu15, and Leu24 and Ile24. It represents the third subtilin-like lantibiotic 
along with ericin  [  73  ] . Entianin is synthesized in succinylated or unsuccinylated 
forms. In the latter case, the antimicrobial activity is much higher. Succinylation 
seems to dramatically decrease the antimicrobial activity. This is probably due to the 
diminished interaction between lipid II and lantibiotic or to the hampered integration 
of the complex into the cytoplasmic membrane. On the contrary, auto-induction is 
not adversely affected by succinylation. The  etn  gene cluster, which is responsible 
for entianin biosynthesis, regulation and autoimmunity, showed a high degree of 
homology (ca. 93 %) with the  spa  gene cluster that is responsible for subtilin 
biosynthesis. On the basis of genome sequences, the 2CRS of  Streptococcus ther-
mophilus , which consists of response regulator (RR) 04 (2CRS04), displays high 
homology with SpaK/SpaR of  B. subtilis  and NisK/NisR of  Lc. lactis   [  74  ] . The 
biological relevance of this general regulatory mechanism, which is quite common 
   to the above bacterial species, was based on the following considerations: (1) it 
ensures that the environmental concentration of AMP rapidly reaches levels, which 
are ef fi cient to kill competitors; (2) the rapid increase of the concentration of AMP 
prevents the development of immunity mechanisms into target cells; and (3) it protects 
the producing cells from the ineffective activity, which may occur when AMP 
diffuses away from the environment  [  68  ] .  

 Class II bacteriocins are synthesized as precursor peptides that contain an 
N-terminal extension, which is removed during or shortly after secretion of the pep-
tide. Pro-peptides share the common feature of having two glycine residues (Gly-Gly 
motif) that precede the cleavage site. The genetic characterization of several strains 
of  L. plantarum , which were variously isolated from vegetables, fermented foods 
and human saliva, showed that the same determinants were responsible for bacteriocin 
biosynthesis and gene regulation. These strains synthesized bacteriocins belonging 
to the group of plantaricins and their  pln  loci is bi-faceted, one part being highly 
conserved and the other mosaic like. The  pln  loci encode class IIb (plantaricins EF, 
JK, NC8, and J51) or class IIc (pheromone peptide plantaricin A, plnA) bacterio-
cins, one conserved ABC-transporter dedicated to export peptides, with the so called 
double-glycine leader, and two divergent quorum sensing networks. Many bacterio-
cins from lactic acid bacteria are only synthesized in broth cultures. This occurs 
when speci fi c inoculum size and growth conditions are achieved, and a dedicated 
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three-component regulatory system (3CRS), involved in quorum sensing mechanisms, 
is switched on. On the contrary, a few other bacteriocins are phenotypically consti-
tutive, and they are synthesized on solid but not in liquid media. Such divergence in 
biosynthesis is usually attributed to differences in the rate of diffusion. Compared to 
a liquid medium, cells growing on the agar surface are in closer contact with the 
secreted bacteriocins. The question about constitutive and regulated bacteriocins 
was highlighted constructing knockout mutants for regulatory operons  [  75  ] . It was 
revealed that the synthesis of bacteriocins is under the control of quorum sensing 
mechanisms both on solid and liquid media. During growth in a liquid medium, the 
synthesis of bacteriocins occurs only in the presence of an elevated inoculum size 
or if an external source of bacteriocin is added to the medium. This con fi rmed the 
auto-induction mechanism. Such a regulatory mechanism was also shown for the 
synthesis of carnobacteriocin A, B2 and BM1 by  Carnobacterium piscicola   [  76  ] , 
several different putative plantaricins (PlnJK, PlnEF and PlnN) by  L. plantarum  
 [  77  ] , and sakacin P by  Lactobacillus sakei   [  78  ] . The phenotype (Bac + ) was lost upon 
inoculation of an overnight culture into fresh culture medium at the level below the 
threshold of inoculum size (10 6 –10 4  cfu/ml). The Bac −  phenotype persisted during 
subsequent cultivation but it was recovered by addition of cell-free Bac +  culture 
supernatant. Other environmental factors are, probably, responsible for the synthe-
sis of phenotypically constitutive bacteriocins into solid media  [  79  ] . Whatever be 
the case, most of these bacteriocins are synthesized in those culture conditions, 
which better mimic the natural ecological niche of lactic acid bacteria (e.g., growth 
on a solid surface and presence of inducing microorganisms)  [  80  ] . This phenotype 
should be of importance in food fermentation, especially for vegetables (e.g., olive 
fermentation), where solid matrices represent enormous surfaces for bacteria to 
adhere via bio fi lm formation. Under these ecological conditions, bacteria may  fi nd 
suitable environmental parameters to synthesize bacteriocins. Selection of starter 
cultures of  L. plantarum  for vegetable fermentations should also consider these 
features. 

    2.4.1   The Regulatory Operons and Their Regulated Promoters 

 As stated above the synthesis of bacteriocins is regulated through a quorum sensing 
pathway via 3CRS. Usually, this regulation involves three proteins: the secreted 
peptide autoinducing pheromone (AIP), the membrane-located histidine protein 
kinase (HPK), and the response regulator (RR). The secreted pheromone serves as 
a tool for measuring the cell density of the producer strain. At a certain cell density, 
AIP reaches the critical threshold concentration and triggers a cascade of phospho-
rylation, which culminated with the phosphorylated RR. This latter binds to the 
promoters of the bacteriocin regulon and activates the genes for biosynthesis. The 
 pln  regulon of  L. plantarum  C11 was studied in detail. The regulatory operon 
 plnABCD  codes for an auto-regulatory circuit, which activates its own transcription 
as well as the transcription of another four operons at the  pln  locus  [  77  ] .  plnABCD  
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codes for plantaricin A (AIP), PlnB (homologous to HPK), and PlnC and PlnD 
(homologues to RR)  [  81  ]  (Fig.  2.3 ). Almost the same regulatory network was found 
for  L. plantarum  NC8 and DC400, which were isolated from vegetables and Italian 
sourdoughs, respectively  [  81,   82  ] . Unlike the  pln  regulatory operon of  L. plantarum  
C11, that of strain NC8 contains only three genes:  NC8-IF ,  NC8-HK , and  NC8-plnD  
that code for AIP, HPK, and RR, respectively. In general, the interactions between 
the peptide pheromones (plantaricin A or NC8-IF) and their cognate HPK (PlnB or 
NC8-HK) is speci fi c and no cross-talk occurs between the same pheromones and 
noncognate HPK molecules. In vitro studies showed that both response regulators, 
PlnC and PlnD, bind as homo-dimers in a cooperative manner. When examined in a 
heterologous host (e.g.,  L. sakei ), PlnC and PlnD act as positive regulators, the  fi rst 
being much stronger  [  81  ] . Nevertheless, when these regulators were individually 
overexpressed in the endogenous host ( L. plantarum  C11), they acted differently. 
PlnC activated, while PlnD repressed the biosynthesis of the bacteriocin  [  81  ] . 

  Fig. 2.3    Auto-regulatory network of the  pln  regulon in  Lactobacillus plantarum  C11. Binding of 
the inducing factor ( PlnA ) to the membrane domain of the histidine protein kinase PlnB leads to 
auto-phosphorylation of the cytoplasmic domain of PlnB and the subsequent transfer of the phos-
phoryl group to the gene regulators PlnC and PlnD. Phosphorylated regulators bind to regulated 
promoters to activate (by  PlnC ) or repress (by  PlnD ) expression of the genes involved in bacterio-
cin synthesis, including the auto-regulatory operon ( plnABCD ). All bacteriocins and the inducing 
peptide PlnA apply double-glycine leaders for export through a dedicated ABC transporter 
(Adapted from  [  81  ] )       
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The factors that cause such variable biological functions are still unknown. A hypo-
thetical scenario was proposed upon activation of the  pln  locus of  L. plantarum  C11. 
During initial gene activation (the level of regulators is low), PlnC strongly binds to 
the regulatory operon, which activates the expression of the remaining operons at 
the  pln  locus and leads to a burst of bacteriocin production. During later stages 
(regulators are accumulated), PlnD ousts PlnC from promoter binding, especially 
from the transport promoter. As the encoded transport system is dedicated to export 
of bacteriocin, its inactivation causes an adverse effect on the auto-regulatory net-
work. This leads to cessation of bacteriocin biosynthesis, which usually occurs dur-
ing the late exponential phase of growth.  

 Recently, another mechanism was proposed for down-regulation of  plnABCD  
from  L. plantarum  C11  [  83  ] . Truncated versions of the activator PlnC resulting 
from translation from alternative start codons within plnC in cells, were found to 
exhibit repression of the bacteriocin regulon, which completely changed its func-
tionality. It exhibited repression of the bacteriocin regulon. The same  fi nding was 
observed for the bacteriocin systems of  L. sakei  LTH673 and  L. plantarum  NC8. 
This mode of repression may represent a common tool used by bacteria to down-
regulate certain quorum sensing-based pathways.  

    2.4.2   The Peptide Pheromone Plantaricin A 

 Plantaricin A (PlnA) has a dual function in the plantaricin system. It works as an 
induction factor in gene regulation and as an antimicrobial peptide  [  84  ] . Plantaricin 
A was originally described as bacteriocin  [  85  ] , and, in this context, it should be 
considered as belonging to class IIc: non-pediocin-like, one-peptide bacteriocin 
without post-translational modi fi cations. The antimicrobial spectrum of PlnA is 
relatively narrow. It mainly comprises  Lactobacillus  species, for instance 
 Lactobacillus casei ,  L. sakei  and  Lactobacillus viridescens , in addition to  L. plan-
tarum  strains. Compared to other plantaricins (EF and JK), PlnA shows signi fi cantly 
lower activity, being 10–100-fold less potent  [  81  ] . Contrary to most of the bacterio-
cins, it lacks a dedicated immunity protein. These features suggest that PlnA is 
primarily an induction factor and that the antimicrobial activity is secondary, prob-
ably caused by the amphiphilic characteristics of its secondary structure. 

 From the structural point of view, PlnA is unstructured in aqueous solution, but 
it adopts an amphiphilic  a -helix, from residue 12 to 21 (C-terminal part), when it 
comes in contact with negative charges into the membrane. The  a -helix conformation 
is essential for pheromone and antimicrobial activities. Regarding the pheromone 
function, the  a -helix facilitates the positioning of the N-terminal part of PlnA, 
which engages chiral interactions with the receptor PlnB. For antimicrobial activity, 
no chiral interactions take place and only the  a -helix structure is suf fi cient to per-
meabilize sensitive cells  [  84  ] . Because of the necessity for the contact of PlnA with 
the membrane for it to act as a pheromone,    it was suggested that the antimicrobial 
activity is a side effect, which is indirectly caused by the mode of action of the 
pheromone peptide. 
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 As shown for other strains that populate other food ecosystems  [  86  ] , 
 multidimensional high-performance liquid chromatography (MDLC) coupled with 
electrospray-ionization (ESI)-ion trap mass spectrometry (nano-ESI-MS/MS) anal-
yses revealed the synthesis of the pheromone PlnA in sourdough  L. plantarum  
DC400  [  82  ] . The main features of its activity and the ecological relevance are 
described in the Sect.   3.2.2    .       
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