
Lajis ﻿Bioresour. Bioprocess.             (2020) 7:8  
https://doi.org/10.1186/s40643-020-0295-z

REVIEW

Biomanufacturing process 
for the production of bacteriocins 
from Bacillaceae family
Ahmad Firdaus B. Lajis1,2* 

Abstract 

Members of Bacillaceae family are of major interest in medical industry due to vast antimicrobial peptides they 
produce as therapeutic agents. For decades, synthetic and natural occurring antibiotics have been used to treat 
infectious diseases, but heavy dependence on these drugs has led to significant drawbacks which propel continu-
ous development of new antibiotics generation. Recent findings have shown several bacteriocins of Bacillaceae as 
promising alternatives to the conventional drugs to combat the emergence of new drug-resistant pathogens. In this 
present review, Bacillaceae bacteriocins’ classification such as lantibiotics and thiazole/oxazole-modified microcins 
as well as their biochemical characterization such as sensitivity to enzymes, temperature, pH and chemicals are 
described. This article enlightens on the medical application of several Bacillaceae bacteriocins emphasizing those 
that underwent and on-going preclinical trials. This review also discusses the development of Bacillaceae bacteriocins 
production, focusing strains selection and fermentation factors such as inocula size, medium (carbon, nitrogen, miner-
als sources), temperature, pH, agitation and aeration rate, dissolved oxygen tension (DOT), fermentation time, induc-
ers and mode of operation via various statistical methods for their optimization. It also highlights recent advance in 
the production of bioengineered and recombinant bacteriocins in bioreactors system which are rarely disclosed in 
literature.
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Introduction
Bacteriocins are proteinaceous antimicrobial substances, 
ribosomally synthesized by several members of phylum 
Firmicutes and Actinobacteria (Repka et al. 2017; Lawton 
et al. 2007; Arias et al. 2013; Somsap et al. 2016; Barbosa 
et  al. 2015; Sandiford 2017; Shi et  al. 2012). Halobacte-
ria also produce bacteriocin-like antimicrobial sub-
stances known as archeocins  (e.g. halocins) (Sandiford 
2017). They can be structurally linear or globular and 
the arrangement of the amino acids sequence and for-
mation determine their bacteriocidal activity, sensitivity 

towards enzymes, solubility and stability at different pH 
and temperature (Sandiford 2017; Herzner et  al. 2011). 
Their spectra of bacteriocidal activity are varied; they 
can be broad (e.g. sensitive to several kinds of bacteria, 
antinobacteria, yeast and fungi) or narrow to only related 
genus and subspecies (van der Donk and Nair 2014). For 
many years, apart from thermal inactivation, bacteriocins 
are considered as another effective approach to eliminate 
and biologically control growth of prospective patho-
genic microbes in foods. The application of bacteriocins 
in food biopreservation (e.g. vegetables–fruits, meat and 
dairy products) is well-accepted as an alternative and has 
been proven to be equally effective as chemical preserva-
tives (McAuliffe et al. 2001).

Recently, there is a shifting trend in the application of 
bacteriocins in food spoilage bioprevention to medical 
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application against infectious diseases. This is due to the 
emergence of various antibiotic-resistant pathogens as 
well as the side effects of the drugs (Bastos et  al. 2017; 
van der Donk and Nair 2014; Cotter et al. 2012). Antibi-
otics with β-lactams ring and glycopeptides which inhibit 
bacterial cell wall synthesis are examples of antibiotic 
classes that are challenged with this problem (Bastos 
et al. 2017; Ratchaneewan and Pipatsatitpong 2014). Par-
ticularly, methicillin-resistant Staphylococcus aureus is 
specifically resistant to methicillin and can cause serious 
skin problems involving abnormal pigmentation, mastitis 
and swelling (Ratchaneewan and Pipatsatitpong 2014). 
Broad range antibiotics were also identified to cause 
number of complications related to collateral damage of 
the microbiota (e.g. in gastrointestinal tract) such as anti-
biotic associated diarrhoea and C. difficile infection (Rea 
et al. 2010; Ratchaneewan and Pipatsatitpong 2014; Cot-
ter et  al. 2012). Problem associated with microbial dys-
bacteriosis may also contribute to chronic diseases such 
as rheumatoid arthritis, diabetes, inflammatory bowel 
infection and obesity (Ratchaneewan and Pipatsatitpong 
2014).

Most attention has been given to bacteriocins of lac-
tic acid-producing bacterium (LAB) due to their GRAS 
(generally recognized as safe) status and probiotic char-
acteristic, whereby their application in industry has been 
immensely reviewed (Sandiford 2017; McAuliffe et  al. 
2001). For instance, bacteriocins such as nisin and pedi-
ocin from Lactococcus lactis and Pediococcus acidilactici, 
respectively, are effective as biocontrol of Listeria mono-
cytogenes in food (McAuliffe et al. 2001). However, they 
are not completely effective against several Gram-nega-
tive (G−ve) and Gram-positive (G+ve) pathogens such 
as Clostridium tyrobutyricum and Clostridium difficile 
(Sandiford 2017; van der Donk and Nair 2014). In addi-
tion, antibiotic-resistant pathogenic microbes such as 
methicillin-resistant Staphylococcus aureus, is resistant 
to many LAB bacteriocins (Bastos et al. 2017; Ratchanee-
wan and Pipatsatitpong 2014). In contrast, bacteriocins 
of Bacillaceae species display more powerful bacterioc-
idal and bacteriolytic activity; as compared to LAB bac-
teriocins such as enterocins in which the latter may only 
possess bacteriocidal effect (Sandiford 2017). In addition, 
Bacillaceae bacteriocins such as geobacillin-I showed 
greater stability than nisin at various conditions (Garg 
et al. 2012, 2014). Storage instability and continuous deg-
radation at neutral pH are some drawbacks of nisin (Garg 
et  al. 2014; Sharma et  al. 2011). Thus, bacteriocins of 
Bacillaceae species could be a better option as compared 
to that of bacteriocins of LAB as well as conventional 
antibiotics where multidrug resistance has become more 
prominent nowadays (Islam et al. 2012; van der Donk and 
Nair 2014; Ratchaneewan and Pipatsatitpong 2014).

Bacteriocins of Bacillaceae species are effective in 
eliminating a specific number of clinically related patho-
gens such as methicillin-resistant Staphylococcus aureus, 
P. aeruginosa, vancomycin-resistant enterococci (VRE), 
Candida albicans, C. tyrobutyricum and C. difficile, 
which disclosed their great potential for medicinal pur-
pose (Islam et al. 2012; Ratchaneewan and Pipatsatitpong 
2014; Cotter et  al. 2012; Garg et  al. 2014). Preclinical 
study has been conducted whereby candidates such as 
mersacidin and penisin have shown promising effect 
against Staphylococcal, methicillin-resistant Staphylo-
coccus aureus, Enterococcal (includes VRE) and C. dif-
ficile-associated disease (CDAD) (McAuliffe et  al. 2001; 
Islam et al. 2012; Field et al. 2015; Baindara et al. 2015). 
Although many bacteriocins have been discovered and 
produced, they are still extensively studied especially in 
regards to their biomanufacturing process in order to 
fulfil commercial demands in forthcoming future. Lit-
tle attention has been given to improve the production 
process either by mutation or bioengineered strains. 
This review describes the classifications and biochemi-
cal characterization of several known Bacillaceae bacte-
riocins so far as well as their recent progress in medicine. 
Biomanufacturing process of their production via fer-
mentation techniques are elaborated in detail focusing on 
many internal and external factors such as strains, inoc-
ula size, medium composition, temperature, pH, agita-
tion and aeration rate, inducers, bioreactor design, mode 
of operation, fermentation time as well as optimization 
approaches using known statistical tools. Recent knowl-
edge in bioengineering of bacteriocins is also described 
in this article.

Classification of bacteriocins
Post‑translationally modified bacteriocins
Several bacteriocins are characterized at the levels of 
peptide structure, genetic determinants and biosynthe-
sis mechanisms to allow proper bacteriocins classifica-
tion (Kobayashi et  al. 2016; Lohans and Vederas 2014; 
Lim et  al. 2016; Teng et  al. 2012; Huang et  al. 2016). 
The bacteriocins of Bacillaceae species can be generally 
divided into two major classes, one with a post-transla-
tionally modified peptides and nonmodified peptides. 
Bacteriocins from post-translationally modified pep-
tides groups (Class I) can be further categorized into 
several subgroups such as lantibiotics, thiazole/oxazole-
modified microcins (TOMMs) and sactibiotics (Table 1) 
(van der Donk and Nair 2014; Murphy et al. 2011; Singh 
and Sareen 2014; McAuliffe et  al. 2001). Lantibiotics 
are antibiotics with lanthionine, and its synthesis seems 
to be determined by their leader peptides sequences, 
which guide the pre-peptides to their particular modi-
fication machineries (Goto et  al. 2010). In lantibiotics, 
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the modified precursor peptide is exported through 
LanT (an ATP-binding cassette [ABC] transporter), via 
the cytoplasmic membrane which later the leader pep-
tide is cleaved by LanP extracellular protease to release 
the active lantibiotic which is one of the indicator for 
modified peptide classification (Singh and Sareen 2014; 
McAuliffe et  al. 2001). In its biosynthesis, LanA is syn-
thesized as a linear precursor peptide comprising leader 
peptide and core peptide at N-terminal and C-terminal, 
respectively (van der Donk and Nair 2014; McAuliffe 
et al. 2001). Then, LanA underwent several processes of 
alteration where specific threonine or serine residues in 
the core peptide are dehydrated into 2,3-didehydrobu-
tyrine or didehydroalanine. It later changed into methyl 
lanthionine (MeLan) or Lan residues with cysteine resi-
dues. Members of the Bacillaceae species are known to 
produce several types of lantibiotics as described below 
(Singh and Sareen 2014).

Lantibiotics type A
In lantibiotics type A, dehydration and cyclization are 
catalysed by dehydratase LanB and cyclase LanC, respec-
tively (van der Donk and Nair 2014; McAuliffe et  al. 
2001). The examples of type A are subtilin, entianin, 
ericin S and ericin A (Geiger et al. 2017; Bochmann et al. 
2015; Fuchs et al. 2011). B. subtilis (e.g. strain ATCC 6633, 
168) produced subtilin, a type A lantibiotic, with lanthio-
nine ring structure molecularly similar to nisin of LAB 
but without carbohydrate and lipid residues or disulfide 
bridges which are identification for class II bacteriocin-
nonmodified peptides (e.g. Pediocin-like peptide) (Geiger 
et al. 2017; Yu et al. 2013). Even though subtilin and ericin 
are produced by B. subtilis, their resistance to proteolytic 
enzymes are different wherein subtilin was tolerant to 
proteinase K, while ericin S and ericin A were tolerant 
to trypsin and pepsin (Geiger et al. 2017). In comparison 
to subtilin, entianin are also lantibiotics subclass I, pro-
duced by B. subtilis subsp. spizizenii DSM 15029T, but 
with unusual ring structures (Geiger et  al. 2017; Boch-
mann et al. 2015; Fuchs et al. 2011). Subtilin and its likes 
exert strong bacteriocidal activity against various infec-
tious pathogens including methicillin-resistant Staphylo-
coccus aureus and vancomycin-resistant enterococci with 
comparable competence to that of nisin. They may also 
partially undergo a further post-translational modifica-
tion, where the tryptophan residue at the N-terminal is 
succinylated, hence drastically reduced its bacterioc-
idal activity (Bochmann et  al. 2015). The subtilomycin, 
a B. subtilis MMA7 derived lantibiotic was an elongated 
peptides with a hinge region, vitally important for pores 
formation (McAuliffe et  al. 2001; Phelan et  al. 2013). 
On the other hand, Geobacillin I structure composed of 
thioether bridges, dehydroalanine and dehydrobutyrine 

at 7:1:1 ratio, respectively (Jarrett 2014; Garg et al. 2014). 
Even though C-terminal structures of Geobacillin-I are 
different from nisin, both N-terminal rings of Geobacil-
lin-l and nisin are almost similar (Garg et al. 2014).

Lantibiotics type B
In lantibiotics type B in contrast, Lan or MeLan rings 
are incorporated by a bifunctional modification enzyme 
LanM (van der Donk and Nair 2014; McAuliffe et  al. 
2001). The lantibiotics type B are further divided into 
subclasses, e.g. type B1 and B2. Lantibiotic type B2 differs 
from B1, by containing two components peptide which 
act synergistically. Examples of lantibiotics subclass B1 
are mersacidin, Paenibacillin, Actagardine, Michiga-
nin A, Amylolysin, and Pseudomycoicidin (Arias et  al. 
2013; Basi-Chipalu et al. 2015; Field et al. 2015; Schmitz 
et  al. 2006; Shi et  al. 2012). Mersacidin binds to lipid II 
and inhibits the synthesis of peptidoglycan cell wall in 
susceptible G+ve bacteria (which may differ from some 
LAB bacteriocins such as Pep5), which form pores in 
cytoplasmic membrane that lead to cell leakage and cell 
death (Schmitz et  al. 2006). Moreover, mersacidin–lipid 
II binding motif, is conserved in some reported lantibi-
otics. It was noted that core peptide at N-terminal part 
which harbours an amino acid (CTxTxDC) sequence 
resembling the conserved mersacidin-like lipid II (CTxT/
SxE/DC) binding motif can be found in other class II 
lantibiotics (Schmitz et  al. 2006). Pseudomycoicidin of 
B. pseudomycoides DSM 12442 is a lantibiotic that car-
ries thioether bridges and disulfide bridge at 4 to 1 ratio. 
Pseudomycoicidin, a one-component peptide was found 
to be resistant to trypsin, suggesting that the trypsin 
cleavage site located in the conserved lipid-II binding 
motif is shielded by the presence of thioether ring struc-
ture (Basi-Chipalu et  al. 2015; Jarrett 2014). The leader 
sequence at the N terminal of pseudomycoicidin shows 
very high similarity to mersacidin prepeptide MrsA; thus, 
it directs the peptides to LanM for dehydration and cycli-
zation (Basi-Chipalu et al. 2015).

Lantibiotic type B2 consisted of two-component lanthi-
peptides such as Haloduracin, Lichenicidin VK21, RX7 
bacteriocin, geobacillin II and Formicin (Lawton et  al. 
2007; Begley et  al. 2009; Collins et  al. 2016; Dischinger 
et  al. 2009; Lim et  al. 2016). A disulfide bridge is also 
present within the active haloduracin, post-translational 
modification lantibiotic peptides (Lawton et  al. 2007; 
Basi-Chipalu et al. 2015). In the alpha peptide halodura-
cin, the two N-terminal Cys residues form the disulfide 
bridge. Interestingly, the bacteriocin RX7 with initial 15 
amino acids sequence showed high homology with the 
dipeptide lantibiotic haloduracin (Lawton et  al. 2007; 
Lim et  al. 2016). Other example in the same class such 
as cerecidin showed a similarity with two-component 
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cytolysins, a lantibiotic of Enterococci at ring topologies 
in these counter constituents (Wang et al. 2014b).

Lantibiotics type C and D
The synthesis of lantibiotics type C is catalysed by tri-
domain proteins LanKC (van der Donk and Nair 2014; 
McAuliffe et al. 2001). This type of lantibiotics is usually 
referred to lantipeptides due to their functions in mor-
phogenetic development (e.g. aerial mycelium forma-
tion) and displays very limited antimicrobial activities. 
Lantibiotics Type D is a proposed class of lantibiotic 
where its synthesis is catalysed by LanL (McAuliffe et al. 
2001). This class is almost similar to Type C, but differs in 
cyclase domain of the synthetase. So far none type C and 
D have been reported from Bacillaceae species while sev-
eral known from actinomycete and other species.

Heterocycloanthracin
The TOMMs group are heterocycloanthracin, a group of 
putative peptides consist of oxazole and/or thiazole het-
erocycles (Liu et al. 2013). They contain biosynthetic gene 
cluster which encodes a small size precursor peptide that 
is post-translationally modified to contain thiazole and 
(methyl) oxazole heterocycles structure. These rings are 
derived from cystine and serine/threonine residues via the 
action of cyclodehydratase, a dehydrogenase, and a dock-
ing protein, a trimeric synthetase complex (Begley et  al. 
2009). The bacteriocins of such are classified as TOMMs 
due to their conserved genetics and chemical structures 
in many species. In TOMM biosynthesis, the trimeric 
synthetase complexes recognize and bind to precursor 
peptide via the specific motifs of its N-terminal leader 
sequence (Repka et al. 2017; van Der Donk and Nair 2014). 
This allows heterocycles synthesis on the C-terminal core 
peptide via cyclodehydratase enzymatic processes, which 
converts cystine into thiazolines and serine/threonine 
residues into (methyl)oxazolines (van Der Donk and Nair 
2014; Repka et  al. 2017). This process is followed by an 
oxidation process by dehydrogenase which converts the 
azoline rings to thiazoles and (methyl) oxazoles rings. The 
TOMMs’ biosynthesis is completed by the integration of 
auxiliary modifications (e.g. dehydrations, methylations, 
macrocyclization) and leader peptide proteolysis. Then, 
the complete matured form of TOMMs can be actively 
exported from the cell facilitated by an ABC transport 
system. This class of bacteriocins includes microcin B17, 
sonorensin, lichenicidin ATCC14580 and some thiopep-
tides (Liu et al. 2013; Begley et al. 2009). Sonorensin had a 
considerably similar structure to the recognized thiazole-
containing heterocyclic lichenicidin of B. licheniformis, 
and its N-terminal sequence is homologous to the leader 
sequence of pro-toxins from many Bacillus strains (Begley 
et al. 2009; Chopra et al. 2014).

Sactibiotics
Subtilosin A (35 amino acids), a macrocyclic bacteri-
ocin was used as an example, for extensively post-trans-
lationally modified bacteriocin by tri-covalent thioether 
linkages, with cystein-α carbon linkage, as well as the 
linkage between the N- and C-terminal and cleaves at the 
N-terminal extension (Murphy et  al. 2011; Jarrett 2014; 
Flühe et al. 2012). This is supported by similar sactibiot-
ics structure such as thuridicn CD, thurincin H, amysin 
and hyicin 4244 (Murphy et  al. 2011; Wieckowski et  al. 
2015; Kaewklom et al. 2013). Neither of them shows sim-
ilarity to class II Pediocin nor contain lipid-fat, carbohy-
drate-sugar residues or even disulfide bridges. Thurincin 
H is a 31-residue lantibiotic with four thioether bridges 
between α-carbons of a serine, two threonines, an aspar-
agine residue and the four cysteines. Thurincin H slightly 
differs from others where it lacks the two-glycine (Gly-
Gly) motif attribute of the leader sequence recognized 
by ABC transport system (Wieckowski et  al. 2015). The 
classification of Sactibiotic group of bacteriocin is sup-
ported by the appearance of bacteriocin hyicin 4244 from 
non Bacillus species such as Staphylococcus which exhib-
ited genetically similar gene cluster (hyiSABCDEFG) to 
that of subtilosin A from B. Subtilis with three thioether 
bonds in its structure (Murphy et  al. 2011; Flühe et  al. 
2012). Conversely, bacteriocin KKU213 showed gene 
sbo/alb cluster similarity to that of subtilosin A gene of B. 
subtilis (Flühe et al. 2012; Khochamit et al. 2015). Recent 
study also showed that specific radical S-adenosylme-
thionine enzymes (e.g. AlbA, TrnC and TrnD) catalyses 
the construction of thioether bond in subtilosin A and 
thurincin H and also suggested in thuricin CD (Wieck-
owski et  al. 2015; Jarrett 2014; Flühe et  al. 2012). The 
formation of thioether bonds in lantibiotic differs from 
sactibiotic, whereby the earlier mentioned bacteriocin 
had cysteine cross-linked to dehydroserine/threonine 
via Michael-type addition, but the latter had cysteine 
attached to α-carbon of any amino acid via action of a 
radical S-adenosylmethionine enzyme (Jarrett 2014).

Nonmodified bacteriocins
Class II (nonmodified peptides) can be divided into sev-
eral subclasses (Table 2). Members of the Bacillaceae spe-
cies also synthesize nonlantibiotics bacteriocins such as 
class II type A (cystibiotic), which have many similarities 
to the pediocin-like bacteriocins of the P. acidilactici. For 
example, Coagulin, produced by B. coagulans I, is a pedi-
ocin-like bacteriocin, homologous to pediocin AcH/Pa1 
with high antilisterial activity (Hyronimus et  al. 1998). 
Other bacteriocins such as Entomocin 110, SRCAM 37, 
SRCAM 602 and SRCAM 1580 from B. thuringiensis, P. 
polymyxa NRRL B-30507, B-30509 and B-30644, respec-
tively, were proposed to fall into this category (Cherif 
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et  al. 2008; Kaewklom et  al. 2013). The 3D molecular 
conformation of pediocin-like bacteriocins was stabi-
lized by tryptophan residues. Moreover, relatively high 
proportion of Trp residues at the C and N terminal part 
of the core peptide may contribute to the insertion of 
the peptide into the targeted cell membrane. In addition, 
many antilisterial-like bacteriocins contained YGNG-
VXC motif at N-terminal (Kaewklom et al. 2013). Many 
other pediocin-like bacteriocins also share similarity of a 
β-sheet-rich amino acid sequence.

Class II type B was proposed to include thuricin-like 
peptide, using several bacteriocins of B. thuringiensis 
as prototype (Salazar-Marroquín et  al. 2016). Although 
some B. thuringiensis are excluded, a number of simi-
lar characterized bacteriocins are currently categorized 
under thuricin-like peptides. These include thricin S, 
thuricin HD2, thuricin 7, cerein MRX1, entomocin 
9, thuricin 17, tochicin HD868, tolworthcin 524 and bac-
thuricin F4 (Cherif et al. 2008; Pacheco-Cano et al. 2014). 
In this group, thuricin 17, tolworthcin 524 and thuricin-
like peptide do not possess the glycine–glycine motif 

characteristic of the secretion leader peptides (8–27 
amino acids) recognized by ABC transportation system 
(Pacheco-Cano et al. 2014; Dominguez et al. 2007). Tol-
worthcin 524 and other thuricin-like peptide share the 
preserved motif DWTXWSXL in amino acid sequences 
(Pacheco-Cano et al. 2014). In particular, the N-terminal 
part of the pre-bacteriocin form of thuricin 17 is similar 
to those of the tolworthcin 524 partial sequences, MET-
PVVQPR (Pacheco-Cano et  al. 2014). Separately, class 
II Type C bacteriocins contained two molecules work 
synergistically such as thuricin B439 (Ayed et  al. 2015). 
In another subclass, Type D such as Cerein 7 and 8A 
of B. cereus are linear peptides that showed significant 
antimicrobial activity on L. monocytogenes and B. cereus 
(Dominguez et al. 2007).

Other type of bacteriocins
Classification of bacteriocins class III, IV and V is sum-
marized in Table  3. Class III is bacteriocins with large 
molecules size (> 30 kDa) and heat labile such as Mega-
cin A (66–68 kDa), NCPP32355 (45–76 kDa) and SW1-1 

Table 2  Proposed classification of Bacillaceae bacteriocins in class II (post-translationally unmodified peptides)

Class II is nonlantibiotics bacteriocins contain peptides without modified residues or with minor modifications (e.g. disulfide bridge or circularization)

Subclass Description Bacteriocin (strain) References

Type A (cystibiotic) Pediocin-like bacteriocins contains 
medium-length bacteriocins (37–48 
residues) with strong antilisterial 
activity. The group contain a con-
served N-terminal sequence—the 
YGNGV “pediocin box”—and one or 
two intra-chain disulfide bonds

Coagulin (B. coagulans)
Entomocin 110 (B. thuringiensis subsp. 

entomocidus)
SRCAM 37 (P. polymyxa NRRL B-30507)
SRCAM 602 (P. polymyxa NRRL 

B-30509)
SRCAM 1580 (B. circulans NRRL 

B-30644
Thermocins (Geobacillus stearother-

mophilus)

Cherif et al. (2008), Pokusaeva et al. 
(2009), Hyronimus et al. (1998), 
Svetoch et al. (2005)

Type B (thuricin-like peptide) Bacteriocins shared similar N-terminal 
sequence with the anti-Listeria 
bacteriocin thuricin S)

Thuricin S (B. thuringiensis HD198)
Thuricin17 (B. thuringiensis)
Bacthuricin F4 (B. thuringiensis)
Cerein MRX1 (B. cereus)
Thuricin 7 (B. thuringiensis BMG1.7)
EntomocinHD9 (B. thuringiensis subsp. 

entomocidus)
Tochicin (B. thuringiensis subsp. tochi-

giensis HD868)
Thuricin HD2 (B. thuringiensis subsp. 

thuringiensis)

Cherif et al. (2008), Salazar-Marroquín 
et al. (2016)

Type C Two-peptide bacteriocins whose 
antimicrobial activity relies on the 
complementary action of the two 
different peptides

Thuricin 439 (B. thuringiensis B439) Huang et al. (2016)

Type D One-peptide noncyclic bacteriocins 
that show no sequence similarity to 
other bacteriocins. It also includes 
a leaderless bacteriocin subgroup 
whose members are different from 
most bacteriocins in that they do 
not involve an N-terminal leader 
sequence for exporting nonpedi-
ocin linear one-peptide

Cerein 7A (B. cereus)
Cerein 7B (B. cereus)
Lichenin (B. licheniformis)
BLIS (Virgibacillus salexigens)

Pattnaik et al. (2001), Ovchinnikov et al. 
(2016), Luca et al. (2002)
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(38 kDa) (Kim et al. 2014; Antal et al. 2008). For instance, 
bacteriocin SW1-1 showed bacteriocidal activity against 
marine pathogens. Particularly, it significantly inhibited 
the growth of Edwardsiella tarda via cell wall degrada-
tion (Kim et al. 2014). It was intolerant to the proteolytic 
degradation of pepsin, trypsin, chymotrypsin, and pro-
teases (e.g. I and XIV) while relatively stable in the pH 
buffer solution range from 2.0 to 11.0 as well as in various 
organic solvents (Kim et al. 2014). Class IV is a group of 
complex bacteriocins carrying lipid-fat or carbohydrate-
sugar moieties needed for their activity. The structure 
and function of this class was rarely studied and little is 
known about bacteriocin of this class from Bacillaceae 
species although bacteriocin-like inhibitory substance 
(BLIS) of Bacillus sp. H4 showed possible classification 
into this group (Compaoré et al. 2013).

Class V bacteriocins are emerging family of circular 
bacteriocins, peptides with a post-translational nonmod-
ified head-to-tail-ligated cyclic peptides of their back-
bone. The main characteristic of these bacteriocins are 
their cyclization by formation of a peptide bond between 
the N–C termini of a processed prepeptide via enzy-
matic reactions. The majority of them most likely adopt 
a common 3-D molecular structure consisting of one or 
more α-helices encircling a hydrophobic core (Gabrielsen 
et al. 2014; Martin-Visscher et al. 2011). They were found 
to cause nonselective pores formation in the cell mem-
branes of the targeted cells. They are also renowned by 
their thermostability and high isolelectric point. Amylo-
cyclicin is one of the examples that belongs to this class 
(Liu et  al. 2013; Martin-Visscher et  al. 2011; Gabrielsen 
et  al. 2014). The matured amylocyclicin displayed only 
small sequence match (23–34%) to nonBacillaceae bacte-
riocins such as butyrivibriocin AR10, carnocyclin A and 
circularin A (Liu et  al. 2013). So far, other unclassified 
bacteriocin such as laterosporulin (5.6  kDa amino acid 

sequence), of Brevibacillus sp. has also been reported. It 
contained dissimilar putative gene from other reported 
bacteriocins (Singh et  al. 2012). Continuous N-terminal 
sequence analysis in laterosporulin showed the absence 
of modified amino acids like dehydrated serine or thre-
onine which are formed as a result of post-translational 
modifications (Singh et al. 2012).

Characterization of bacteriocins
Enzymes sensitivity
There are a number of bacteriocin-like inhibitory sub-
stance (BLIS) have been reported, but their primary 
structure have not been fully elucidated. Bacteriocins and 
BLIS were submitted to a battery of biochemical char-
acterization assays. Table  4 shows their susceptibility to 
enzymatic degradation by protease, lipase, amylase and 
other enzymes. Although being proteinaceous, they were 
not completely susceptible to all proteolytic enzymes, 
essentially depending on type and concentration. Nev-
ertheless, many reported bacteriocins were sensitive to 
proteinase K. The susceptibility of the bacteriocins to 
certain enzymes depends mainly on peptide formation 
and its amino acid sequence. For instance, resistance of 
BLIS H4 to papain and proteinase K, was probably attrib-
uted to its cyclic peptide formation containing unusual 
amino acids sequence (Compaoré et  al. 2013). Interest-
ingly, their degree of degradation towards different prote-
olytic enzymes also differs according to their amino acid 
sequences. Particularly, subtilosin activity was completely 
lost in the presence of pepsin and proteinase K, but some 
of its activity was still retained in the solution contain-
ing trypsin and chymotrypsin (Flühe et  al. 2012). BLIS 
An6 was sensitive to proteinase K but resistant to the 
proteolytic action of alcalase, trypsin, chymotrypsin and 
pepsin (Ayed et  al. 2015). Similarly, entomocin 110 had 
100% reduced activity after treatment with proteinase 

Table 3  Proposed classification of Bacillaceae bacteriocins in class III, IV and V

Class Description Bacteriocin (strain) References

Class III Large protein, molecular weights of more than 
30 kDa and sensitive to heat

Megacin A-216 (B. megaterium 216)
Megacin A-1921 (B. megaterium 1921)
SW1-1 (Bacillus sp. SW1-1)

Kim et al. (2014), Antal et al. (2008)

Class IV Complex bacteriocins composed of lipid/carbohy-
drates moiety. Mostly synthesized by LAB

Bacteriocin H4 (Bacillus sp.) Compaoré et al. (2013)

Class V Peptides consisting of ribosomally synthesized 
nonmodified head-to-tail-ligated cyclic peptides 
of their backbone. This process of leader peptide 
removal, circularization, and secretion putatively 
involves dedicated enzymatic reactions

Cyclization by formation of a peptide bond between 
the N and C termini of a processed prepeptide

Most circular bacteriocins probably adopt a common 
3D structure consisting of several α-helices encom-
passing a hydrophobic core

Amylocyclicin (B. amyloliquefaciens FZB42) Liu et al. (2013), Scholz et al. (2014), 
Gabrielsen et al. (2014), Martin-Visscher 
et al. (2011)
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K at concentration of only 1 mg/mL (Cherif et al. 2008). 
The amysin was susceptible to all proteases only at high 
concentration, suggesting the proteinaceous character 
but with unique amino acids sequence (Kaewklom et al. 
2013). Therefore, accessing their susceptibility at various 
enzyme concentrations is necessary to provide sufficient 
information about bacteriocins studied. Other similar 
cyclic antimicrobial peptides produced by Bacillaceae 
species containing unusual amino acids such as latero-
sporulin were also more resistant to proteases (Baindara 
et  al. 2016). Other BLIS such as BLIS KKU213 was still 
active even after being treated with sequence-specific 
endoproteinases proteolytic enzymes, which suggests its 
resistance to digestion might be due to the inaccessibil-
ity of the specific recognition sites such as thermolysin 
(X-A), trypsin (Lys-X) and α-chymotrypsin (FYW-X) 
(Khochamit et al. 2015). On the other hand, BLIS NS02 
which was resistant to hydrolases such as amylase, dia-
stase and lipase may be associated to the absence of car-
bohydrates and lipid moieties (Senbagam et al. 2013). In 
contrast, BLIS NCIMB 3610 was sensitive to lipase due to 
the presence of lipid moieties (Maria et al. 2012).

These findings are very useful in selection of bacterioc-
ins for medicinal purpose and to choose the best route of 
drug delivery either via oral, intravenous or topical appli-
cation. So far, many reported BLIS and bacteriocins such 
as from strains B. cereus NS02, B. licheniformis MKU3, 
B. subtilis H4 and B. mycoides are sensitive to trypsin 
(Kayalvizhi and Gunasekaran 2010). As such, these bac-
teriocins may not be delivered to targeted area orally. In 
contrast, BLIS LFB-FIOCRUZ 1640 and LFB112 were 
resistant to trypsin. Bacteriocins resistance towards 
enzymes in the digestive system such as pepsin, trypsin, 
amylase and peptidases, has made them as outstanding 
candidates to fight infectious intestinal pathogens (Leite 
et al. 2016; Xie et al. 2009). In addition, bacteriocin resist-
ance towards proteolytic enzyme produced by pathogens 
is also an advantage. For instance, proteases such as PrtPI 
and PrtPIII which are present at the cell wall of L. lactis 
are able to digest bacteriocins such as LcnB, but are una-
ble to degrade circularin A (Gabrielsen et al. 2014; Mar-
tin-Visscher et  al. 2011). Some other bacteriocins such 
as cerein 8A and BLIS NS02 which was not affected by 
nonproteolytic enzymes such as diastase and lipase may 
be used to treat some other infection on other part of the 
body (Senbagam et al. 2013; Dominguez et al. 2007).

pH stability
Bacteriocin and BLIS stability towards acidic and alka-
line milieu is summarized in Table 5. It has been reported 
that BLIS NCIMB 3610 has very narrow pH stability, 
ranging from 6.0 to 8.5 (Maria et  al. 2012). Compara-
tively, BLIS MKU3, KKU213 and An6 expressed slightly 

wider pH stability, ranging from 4.0 to 10.0 (Ayed et al. 
2015; Leite et  al. 2016; Khochamit et  al. 2015). Bacteri-
ocins which have pH stability to acidic and alkaline envi-
ronment significantly has better advantage for treatment 
of gastrointestinal infection where drugs are intended 
to be given orally. Interestingly, bacteriocin such as 
cerein 8A which is stable at a broad range of pH has 
been reported (Dominguez et  al. 2007). Similarly, BLIS 
LFB-FIOCRUZ 1640, LFB112, R75 and B. mycoides was 
stable within a wide range of pH, from 3.0 to 11.0 (Leite 
et al. 2016; Xie et al. 2009; Sharma et al. 2011). Moreover, 
amysin, entomocin 110 and BLIS BS15 from B. thuring-
iensis were stable in range pH of 3–9 (Alam et al. 2011; 
Kaewklom et  al. 2013). The BLIS NS02 was very stable 
at wide pH range, from 4 to 9 and its conformation was 
not significantly affected even at pH 3 and 10 (Senbagam 
et  al. 2013). Attractively, thusin and some BLIS from B. 
subtilis expressed tolerance at very low pH of 2.0 (Xin 
et al. 2015; Kawulka et al. 2004). Although many reported 
bacteriocins were stable at broad pH but their activity 
over extended period of time were not known. There is a 
concern that under working environment and over pro-
longed time period would not give satisfactory antimi-
crobial effect in  vivo. Thus, it is worthy to study on the 
relationship between its pH stability against time. In fact, 
pH plays a crucial role in the mechanism of inhibition. 
Bacteriocins target cell membrane to cause rapid cell 
death via a concentration-dependent pattern. For most 
cationic bacteriocin, cell lysis is stimulated by the asso-
ciation of negatively charged molecules present on the 
bacterial cell surface, such as lipopolysaccharide (LPS), 
lipoteichoic and teichoic acids. It has been suggested that 
the anionic and amphiphilic characteristics are necessary 
for their antimicrobial activity. On the other hand, the 
effect of pH on bacteriocins’ isoelectric point (IEP) and 
charge value from pH 0 to 14 is important for purifica-
tion process. The use of IEP during downstream process-
ing is very significant to increase purification factor and 
bacteriocins purity. Thus, identification of their stability 
towards different pH has its importance in bacteriocins 
selection for certain treatment and also has its significant 
attribution to purification process.

Thermostability
Bacteriocin or BLIS are mostly heat resistant, but their 
optimal temperature with highest antimicrobial activ-
ity varies depending on species. In common, cerein 8A, 
BLIS An6, LFB112, BS15, KKU213 and NCIMB 3610 
were relatively heat resistant at temperature, ranging 
from 25 to 100 °C. Thermostability at 37 °C significantly 
allows their application as medicinal drug for animal 
and human. Moreover, their stability at fluctuated tem-
perature will ensure its stability during storage (Xie et al. 
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2009; Dominguez et  al. 2007; Khochamit et  al. 2015). 
Interestingly, temperature and its holding time greatly 
affect bacteriocins stability. BLIS from B. cereus LFB-
FIOCRUZ 1640 was comparatively less heat resistance 
(80  °C for 30  min) than that of BLIS ZED17/DFAR8 

(100 °C for 15 min), thus in (100 °C for 30 min) and amy-
sin (100 °C for 60 min) (Leite et al. 2016; Kaewklom et al. 
2013; Xie et al. 2009; Xin et al. 2015; Dehghanifar et al. 
2019). It is worthy to take note that the heat resistance of 
Bacillaceae bacteriocins with respect to time is correlated 

Table 5  Characterization of Bacillaceae bacteriocins based on their molecular mass and stability towards pH, heat as well 
as their other physio-chemical property

Hydrophobic property is determined using nonpolar solvent; presence of disulfide bridge is determined using β-mercaptoethanol​/ dithiothreitol (DTT)

BLIS bacteriocin-like inhibitory substance, MW molecular mass, Te temperature, Ti time, IEP isoelectric point
a  Range stability at that particular condition

Microorganism Bacteriocin or BLIS MW (kDa) pHa Te (°C)/Ti (min)a Physio-chemical 
property

References

B. licheniformis Bacillocin 490 2 4.5–9 100/60 – Luca et al. (2002)

B. licheniformis MKU3 BLIS 8 3–11 100/10 – Kayalvizhi and Gunasekaran 
(2010)

B. paralicheniformis APC 
1576

Formicin ~ 3.3–3.4 – 100/30 – Collins et al. (2016)

B. mycoides BLIS – 4–11 100/10,90/20 Solubilized in SDS (0.6% 
wlv)

Basi-Chipalu et al. (2015)

B. pseudomycoides Pseudomycoicidin 2.7 2–7 100/60 – Basi-Chipalu et al. (2015)

B. thuringiensis subsp. 
Entomocidus

Entomocin HD110 4.8 – –/– Hydrophobic Cherif et al. (2008)

B. thuringiensis BMG Thuricin 7 11.6 – 98/30 – Pacheco-Cano et al. (2014)

B. thuringiensis Ticins A1, A3 and A4 4 – –/– – Xin et al. (2015)

B. thuringiensis Thuricin 17, tolworthcin 
524

~ 6 – –/– IEP: 8 Pacheco-Cano et al. (2014)

B. thuringiensis Thurincin H 3.2 – –/– IEP: 3.7 Wieckowski et al. (2015)

B. amyloliquefaciens Amylolysin, amylocyclicin 3.3 2–9 100/60 – Arias et al. (2013), Halimi 
et al. (2010)

B. amyloliquefaciens An6 BLIS 11 4–10 –/– – Cavera et al. (2015)

B. amyloliquefaciens RX7 Haloduracin-like peptide 5 1–10 80/30 Hydrophobic Lawton et al. (2007), Lim 
et al. (2016)

B. amyloliquefaciens SP-
1-13LM

Amysin 5.2 3–9 100/60 – Kaewklom et al. (2013)

B. subtilis BS15 BLIS 3–5 3–9 80/30 Hydrophobic Alam et al. (2011)

B. subtilis IH7 BLIS 14 6–9 121/15 – Hammami et al. (2011)

B. subtilis subsp. subtilis H4 BLIS 3.3 3–10 –/– Contains disulfide bridges Compaoré et al. (2013)

B. subtilis LFB112 BLIS 6.3 – –/– – Xie et al. (2009)

B. subtilis R75 BLIS 12 5–9 90/10 – Sharma et al. (2011)

B. subtilis NCIMB 3610 BLIS 16 6–8.5 100/60 – Maria et al. (2012)

B. cereus NS02 BLIS 3.5–6 3–10 100/– Hydrophobic Phelan et al. (2013)

B. cereus Cerein 8A 9 – 80/30 – Dominguez et al. (2007)

B. cereus Cerein 7 2.9–3.94 – –/– Stimulated by Triton X 
100

Dominguez et al. (2007)

B. cereus SS28 BLIS – 2–11 121/15 – Yusra et al. (2014)

B. cereus LFB 1640 BLIS 24.8 – 80/30 – Leite et al. (2016)

B. cereus RF140 BLIS – 4–9 80/30 Hydrophobic Ghanbari et al. (2009)

Brevibacillus sp. GI-9 Laterosporulin 5.6 2–10 120/15 No disulfide bridge Singh et al. (2012)

Bacillus sp. strain HIL Y-85 Mersacidin – – –/– – Schmitz et al. (2006)

Bacillus sp. MTCC 43 BLIS – 4–10 100/10 – Sharma et al. (2009)

Bacillus and Paenibacillus 
spp.

SRCAM 602; 1580; 37 3.9;3.5;3.2 3–9 100/15 – Svetoch et al. (2005)

Virgibacillus salexigens BLIS 5.3 – 121/15 – Svetoch et al. (2005)
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to the amino acid residues, types of bond and arrange-
ment of their molecular structures. Any attempt to heat 
sterilized the bacteriocins at 121  °C for 15–20  min will 
be futile as none of the bacteriocins could withstand such 
conditions. This was proven to the fact that Entomocin 
110 which was heat resistant could only retain its activ-
ity up to 53% after 20 min incubation at 121  °C (Cherif 
et al. 2008). Similarly, BLIS R75 was stable at 121 °C, for 
only 10 min (Sharma et al. 2011). Likewise, BLIS MKU3 
was stable at 100 °C for 10 min, but substantially lost its 
microbial activity at 121  °C in 15  min (Kayalvizhi and 
Gunasekaran 2010). Nevertheless, under refrigerated 
(4 °C) and normal condition, Bacillaceae bacteriocins are 
generally very stable (Halimi et  al. 2010). But yet, study 
on suitable formulation and storage condition is an inter-
esting area of study to be explored in the future.

Molecular mass
Bacillaceae bacteriocins consisted of one or two multiple 
peptides and their molecular weight can be ranging from 
2 to 24  kDa. Several B. subtilis studied also produced 
bacteriocins known as Bac IH7, R75, LFB112 which had 
molecular weight about 14, 12 and 6.3 kDa, respectively 
(Hammami et  al. 2011; Sharma et  al. 2011; Xie et  al. 
2009). It was noted that several bacteriocins with differ-
ent molecular mass can be produced by the same species, 
but possibly targeting different rival bacteria present in 
their adapted environment. It is also not surprising that 
more than one bacteriocin is needed in order to effec-
tively kill its antagonist. This is due to the fact that differ-
ent bacteriocins synthesized by one bacterium may have 
different mechanism of inhibition. Some other bacterioc-
ins from Bacillus sp. also showed small molecular weights 
(≤ 10  kDa) such as cerein (8.2  kDa), subtilin (3.5  kDa), 
subtilosin (3.6 kDa), subtilein (5 kDa), BLIS RX7 (5 kDa), 
penisin (5 kDa), cerein 8A (9 kDa) and another BLIS of 
B. subtilis (9.5 kDa) (Geiger et al. 2017; Bochmann et al. 
2015; Flühe et al. 2012; Yang et al. 2002; Dominguez et al. 
2007; Baindara et al. 2015). It is worthy to note that bac-
teriocins of the same molecular weight do not necessarily 
belong to the same type of bacteriocins as they could be 
differentiated via genome sequencing. As for bacteriocins 
of different molecular weight, they can be possibly sep-
arated and purified based on their molecular size using 
size exclusion chromatography method. Nevertheless, 
solely knowing molecular mass was not enough to obtain 
high purification factor, if not accompanied with knowl-
edge of cationic/anionic characteristics of the bacteri-
ocins. In the case of its application, molecular size may 
also play a crucial role in the mechanisms associated with 
barrier selectivity during drug delivery in vivo. Moreover, 
because of their very small size, they may penetrate barri-
ers paracellularly across intestinal epithelium.

Solvents and detergents
Although many bacteriocins are stable in various organic 
solvent and detergents, they are very sensitive to trichlo-
roacetic acid (TCA) treatment mainly due to its proteina-
ceous nature (Hatcher et al. 2015). Dithiothreitol (DTT) 
significantly reduced BLIS H4’s antimicrobial activity 
via disruption of disulfide bonds present in this bacteri-
ocin, but the same treatment did not affect laterosporu-
lin’s antimicrobial activity (Singh et  al. 2012; Baindara 
et  al. 2016, 2017). BAC-IB17, cerein 8A and entomocin 
110 were insensitive to 10% (v/v) organic solvents such 
as DMSO, butanol (BuOH), acetone, ethanol (EtOH), 
methanol (MeOH) and toluene (Dominguez et  al. 2007; 
Cherif et al. 2008; Ansari et al. 2018). Other bacteriocins 
were also stable in chloroform (CHL) and hexane may 
indicate that these bacteriocins do not contain lipid in 
their structure (Senbagam et  al. 2013). Solvent is used 
in medicinal cutaneous cream or oral drugs formula-
tion, thus stability of previously mentioned bacteriocins 
in respective solvents indicated that such solvents could 
be selected as suitable combination for antimicrobial 
drug formulation. In addition, selection of an appropri-
ate solvent is necessary for solvent extraction process, 
chromatographic purification (e.g. fractionation of pro-
teins based on its solubility) and to maintain bacteri-
ocin stability. For example, solvent with a certain Log P 
value showed suitability for certain type of bacteriocin. 
This can be reasoned out from the fact that bacteriocin 
hydrophilicity and hydrophobicity of N- and C-terminus 
differed from one to another. In this instance, bacteriocin 
with high hydrophobicity region could be purified using 
hydrophobic chromatography such as Amberlite XAD-16 
via hydrophobic interaction.

The presence of hydrophobic region in bacteriocins 
is also vitally important against certain bacteria (Rea 
et al. 2010; Kurata et al. 2019). An irregular distribution 
of hydrophobicity along an oblique α-helical structure 
may allow a bacteriocin to enter membranes at a narrow 
angle, thereby disturbing membrane structure and lipid 
bilayer integrity (Kurata et al. 2019). BLIS NS02 and BLIS 
KKU213 had an increase antimicrobial activity in the 
presence of low concentration of EDTA, but the latter 
had no increase in term of its activity when subjected at 
higher concentration of EDTA (5 mM) (Senbagam et al. 
2013; Khochamit et al. 2015). Bacteriocins coupled with 
chelating agent such as EDTA showed synergistic inhi-
bition effect. However, a different study demonstrated 
that no increase antimicrobial activity of BLIS NS02 
when combined with preservative such as sodium lactate 
and potassium sorbate (Senbagam et  al. 2013). On the 
other hand, activity of BLIS KKU213 was insignificantly 
affected by the treatment of heavy metals such as FeCl2, 
CdCl2 and CuSO4 (Senbagam et  al. 2013; Khochamit 
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et  al. 2015). Thus, such characteristic would be advan-
tages in treating iron-infection related disease. Hydro-
phobicity characteristic of bacteriocins also help them to 
penetrate into targeted area of infection such as epider-
mis–dermis skin layer and epithelial gastrointestinal tract 
system.

Spectrum of microbial inhibition
Antimicrobial analysis is important for the selection of 
indicator strain to estimate the productivity of bacteri-
ocins during fermentation as well as for the selection of 
suitable candidates to treat certain infectious diseases. In 
general, L. monocytogenes was commonly used as indica-
tor strain. BLIS MKU3 inhibited a broad range of G+ve 
pathogens, which includes L. monocytogenes and Staph-
ylococcus sp. (Kayalvizhi and Gunasekaran 2010). Lat-
erosporulin, BLIS BS15, BacBS2, Entomocin 110, BLIS 
KKU213, amysin and BLIS of B. mycoides also inhibited 
the growth of L. monocytogenes (Khochamit et  al. 2015; 
Cherif et  al. 2008; Kaewklom et  al. 2013; Perumal et  al. 
2019). Unlike others, BLIS LFB112 was effective against 
various clinically relevant G+ve/G−ve pathogens, 
including P. aeruginosa, E. coli, P. multocida, M. luteus, 
C. perfringens, S. pullorum, S. bovis and S. aureus (Xie 
et  al. 2009). Several severe infections, due to coloniza-
tion of biofilms in chronic lung infection of cystic fibrosis 
patients and infection of catheter–urinary tract are asso-
ciated with P. aeruginosa (Islam et al. 2012; Cotter et al. 
2012). Two multidrug-resistant clinical isolates, S. aureus 
IVDC and a phytopathogenic yeast were also inhibited by 
BLIS LFB112 indicating its potential for further preclini-
cal evaluation (Xie et  al. 2009; Cotter et  al. 2012). BLIS 
MTCC 43 was effective against S. aureus and Aeromonas 
hydrophila where the viability of pathogens decreased 
considerably (up to 70%) within 10 h (Sharma et al. 2009). 
BLIS BS15 was found active against various clinically 
important bacterial species such as B. cereus, S. typhi and 
S. aureus (Alam et al. 2011).

Entomocin 110 had a relatively wide spectrum of 
microbial inhibition against many Bacillus species while 
purified Bac IH7 displayed a wide inhibitory bacterioc-
idal activity towards G+ve/G−ve bacteria and fungal 
pathogens (Cherif et al. 2008; He et al. 2007; Hammami 
et al. 2011). Thusin, a two-component lantibiotic consists 
of Thsα, Thsβ/Thsβʹ, exhibited remarkably efficient anti-
microbial activity against B. cereus (cells and spores), L. 
monocytogenes, S. sciuri, E. faecalis and S. pneumoniae 
(Xin et  al. 2016). The previously mentioned bacteriocin 
showed superior activities against methicillin-resistant 
Staphylococcus aureus, as compared to that of discovered 
lantibiotics (e.g. thuricin 4A-4, ticin A4), sactibiotic (e.g. 
thuricin, cerein) and also antibiotic (e.g. vancomycin), 
thus serve as a candidate to treat complicated skin and 

bloodstream infections (Xin et  al. 2015, 2016). Under-
standing the range and level of spectrum inhibition of 
Bacillaceae bacteriocins will provide guidance in choos-
ing types of bacteriocins which are the most effective 
against pathogens, but exert minimum inhibition to ordi-
nary microbiota. Bacteriocin thurincin H and thuricin 
439 inhibit the growth of Listeria innocua, which can 
lead to septic shock caused by cholangitis and potentially 
be fatal (Wieckowski et al. 2015; Huang et al. 2016).

Recent report also demonstrated that thuricin S, peni-
sin, and geobacillin-l act as pore-forming bacteriocins, 
as demonstrated by the presence of nonpermeable stain 
propidium iodide inside the bacterial cells treated by 
these bacteriocins (Salazar-Marroquín et  al. 2016; Garg 
et al. 2014; Baindara et al. 2015). Although geobacillin-l 
showed similarity towards inhibition of the transgly-
cosylation step in cell wall biosynthesis, but its mecha-
nism of pore formation differs from that of nisin (Garg 
et  al. 2014). Thuricin S interacts with the cytoplasmic 
membrane to dissipate the transmembrane polarization 
potential. Entomocin 110 also poses dual mode of action 
(e.g. inhibition of cell wall biosynthesis and pore forma-
tion) against rival pathogens which has been suggested 
to explain the reason of continuous microbial suscep-
tibility towards these bacteriocins. On the other hand, 
BLIS RX7, BLIS MKU3, BLIS NCIMB 3610, BAC-IB17, 
Bac-SM01, pumilicin-4 and mersacidin have bacterioc-
idal activity against S. aureus (Chhetri et al. 2019; Micky-
maray et al. 2018; Ansari et al. 2018; Schmitz et al. 2006; 
Maria et  al. 2012; Kayalvizhi and Gunasekaran 2010). 
Mersacidin via mersacidin–lipid II binding motif binds 
to lipid II thus inhibits the transglycosylation step of the 
cell wall biosynthesis of S. aureus (Schmitz et  al. 2006). 
During inhibition process, Ca2+ ions enhance bacterioc-
idal activity of mersacidin and facilitate the interaction of 
lantibiotics with the S. aureus membrane and with lipid 
II (Islam et  al. 2012; Schmitz et  al. 2006; Böttiger et  al. 
2009). Even though it has been proven effective against 
pathogens in vitro, their effectiveness against pathogens 
in vivo is poorly understood. Currently, several attempts 
have been made to demonstrate their effectiveness and 
safety to in vivo animal model as well as to human.

Prospect in medicine
Progress in preclinical studies of several Bacillaceae bac-
teriocins has proven their promising use in medicine, 
especially to encounter problem related to the case of mul-
tidrug-resistant pathogens. One of the most preclinically 
studied pathogens is methicillin-resistant Staphylococcus 
aureus which is responsible for the majority of mastitis, 
skin and soft tissue infections. The antibiotics are losing 
their efficacy for treatment of skin and soft tissue infections 
due to the emerging resistance of methicillin-resistant 
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Staphylococcus aureus (Van Staden et al. 2016; Islam et al. 
2012). Recently, bacteriocins from Bacillus amyloliquefa-
ciens and Paenibacillus sp. Strain A3 known as amylolique-
cidin and penisin, respectively, have been tested against S. 
aureus-induced skin infections in  vivo (Van Staden et  al. 
2016; Baindara et  al. 2015). Amyloliquecidin treatments 
significantly reduced the S. aureus infection to a level com-
paratively similar to that of mupirocin-based ointment 
treatment as indicated by in vivo bioluminescent imaging 
(Van Staden et al. 2016). Interestingly, wound closure was 
pronounced during amyloliquecidin treatment as com-
pared to mupirocin (Van Staden et  al. 2016; Islam et  al. 
2012). In a different case, S. aureus is also often coloniz-
ing the anterior nares, and nasal carriage (Ratchaneewan 
and Pipatsatitpong 2014). In an animal study, it has been 
reported that mersacidin treatment were effective in con-
trolling pre-colonized methicillin-resistant Staphylococcus 
aureus as well as eradicating methicillin-resistant Staphy-
lococcus aureus colonization in mouse rhinitis. Upon mer-
sacidin intraperitoneal treatment, the methicillin-resistant 
Staphylococcus aureus was not detected in kidney, blood, 
liver, lungs, nasal, spleen and no lesions manifested which 
indicates its effectiveness and potentially be used in clinical 
areas (Schmitz et  al. 2006; Ratchaneewan and Pipatsatit-
pong 2014).

Bacteriocin of Bacillaceae species also being tested for 
bacterial vaginosis, a vaginal infection linked to increased 
chances of preterm delivery, incidence of sexually trans-
mitted infections and fertility problems which are mainly 
caused by Gardnerella vaginalis  (Cavera et  al. 2015). 
Subtilosin, a bacteriocin from Bacillaceae species, clin-
damycin and metronidazole showed synergistic effect 
against  Gardnerella vaginalis  in multispecies  Actinomy-
ces biofilm in terms of fractional inhibitory concentration 
index (Cavera et  al. 2015; Algburi et  al. 2015). Current 
treatments of bacterial vaginosis have been associated 
with increased resistance as well as detrimental effects on 
healthy microbiota (Algburi et al. 2015; Flühe et al. 2012).

Bacteriocins of Bacillaceae species are also potent in 
treating gastrointestinal problems caused by the imbal-
ance of gastrointestinal microbiota (Dreyer et  al. 2019). 
The effectiveness of thuricin CD against the clini-
cal  hypervirulent C. difficile  isolates, makes it a good 
therapeutic agent to treat gastrointestinal problems 
associated with C. difficile (Rea et al. 2010; Mathur et al. 
2017).  The bacteriocins such as kenyacin 404, morricin 
269, kurstacin 287, tolworthcin 524 and entomocin 420 
from  B. thuringiensis  have also demonstrated positive 
effect against infectious pathogens in udder tissues as 
well as for gastrointestinal syndromes, emetic, throat 
infections, scarlet fever, septicaemia, pneumonia and uri-
nary tract infections (Mathur et al. 2017; Pacheco-Cano 
et al. 2014; Salazar-Marroquín et al. 2016).

On the other hand, B. amyloliquefaciens RX7 bacteri-
ocin was active against a broad spectrum of bacteria and 
the fungus C. albicans, an opportunistic fungal pathogen 
that is responsible for cutaneous candidiasis in human 
(Lim et  al. 2016). The untreated candidiasis can spread 
into bloodstream causing invasive candidiasis. Newly dis-
covered bacteriocin may also be an alternative to steroid-
based antifungal medication and treatment to multiple 
antifungal drug-resistant C. auris in the future. Further 
evaluations in clinical trials are necessary to enforce their 
application and allow their extensive exploitation as suc-
cessful therapeutic agents. The application of bacteri-
ocins in medicine is rather complicated as compared in 
food biopreservation due to different physiological milieu 
which eventually deactivate bacteriocin and end up to be 
unsuccessful medication. In clinical trials, major concern 
would be related to the route of drug delivery, sensitiv-
ity of Bacillaceae bacteriocins to proteolytic degradation 
by intestinal enzymes and their level of efficacy to every 
infected individual. Certainly, it is more complicated 
when dealing with blood-related infection. When taken 
orally, bacteriocin faced problems with proteolytic deg-
radation not just in gastrointestinal, but also in serum, 
plasma and fresh blood. Their permeability across the 
highly selective epithelial and vascular endothelial cells 
before entering into the blood stream is also a concern. 
Proteolytic enzymes especially serine proteases recognize 
and cleave C-terminal lysine or arginine and positively 
charged histidine. Essentially, bacteriocins may also bind 
to blood cells and plasma proteins. Therefore, many fac-
tors have to be considered when it comes to clinical trials 
such as their effective inhibition dose, pharmacokinetic 
(absorption, distribution, metabolism and excretion), 
pharmacodynamic (exposure time) and nonhaemolytic 
properties. Synergistic effects of several bacteriocins or 
combination of several drugs and antibiotics as well as 
encapsulation of protective nanoparticles are some of 
interesting topics in forthcoming studies.

Wild strains and their origin
A variety of industrial Bacillaceae species has been 
granted with GRAS status by the United States Food 
and Drug Administration (FDA) such as Bacillus subti-
lis, Bacillus licheniformis and Bacillus pumilus. Some of 
them such as Bacillus clausii, Brevibacillus laterosporus, 
Bacillus coagulans and Paenibacillus polymyxa were 
even marketed as probiotics (Khatri et  al. 2016; Kho-
chamit et  al. 2015). Bacteriocin from Bacillaceae spe-
cies is an interesting area of discussion since they have 
a safe profile history in food–agriculture products and 
synthesize a great number of peptide antibiotics. Bacil-
lus were isolated and studied from food products such as 
Thai shrimp paste (Kapi), maari fermented baobab seeds, 
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Malaysian–Indonesian fermented fish (budu), honey, 
fermented chunks of mung bean (Phaseolus radiatus), 
raw milk and Indian fermented food dal vari. Bacterioc-
ins of Bacillaceae species were also obtained from inter-
nal organs such as intestines from the Apis mellifera L. 
bee and intestine of Caspian Frisian Roach. Bacteriocin-
producing Bacillus species from natural resources have 
also been isolated from native woodlands of southern 
Brazil, rhizosphere of plant, Amazon basin and soil. Fae-
ces sources were also studied such as from water buffalo 
rumen and cattle. Table  6 summarizes bacteriocin-pro-
ducing strains from Bacillaceae.

Biomanufacturing
Inocula size
Biomanufacturing  process utilizes biological systems 
to produce bacteriocins in large-scale quantity at an 
economical cost. Most studies utilize one variable at a 
time (OVAT) approach to analyse factors which influ-
ence productivity of a bacteriocin. However, modern 

statistical approaches using response surface methodol-
ogy (RSM) and artificial neural network (ANN) have also 
been reported. Figure 1 shows a variety of environmental 
factors which regulates biosynthesis and production of 
bacteriocins in Bacillaceae species that have been identi-
fied and extensively studied. These include inocula size, 
medium composition (carbon, nitrogen, and minerals), 
temperature, pH, agitation speed and aeration rate. Inoc-
ula preparation plays an important role in bacteriocin 
production where the optimum inocula size is favour-
able for highest productivity. For instance, 1% (v/v) inoc-
ula of B. velezensis BS2, B. subtilis EMD4 and B. subtilis 
H27 were prepared in Luria–Bertani broth (LB) medium 
grown overnight prior to inoculation into the bacteriocin 
production media such as LB, tryptic soy broth (TSB), 
nutrient broth (NB), and brain heart infusion (BHI) (Liu 
et al. 2015; Kindoli et al. 2012; Chopra et al. 2014; Peru-
mal et al. 2019). Likewise, 1% (v/v) inocula (1 × 107 CFU/
mL) of B. cereus 8A obtained in BHI at 30 °C were inocu-
lated into 100 mL of production medium in Erlenmeyer 

Table 6  Bacteriocin-producing strains from Bacillaceae

Microorganisms Strains Origin References

B. subtilis BS15, W42, R75, NCIMB 3610, 
LFB112, L-Q11

Soil, Korean traditional fermented 
soy food (Cheonggukjang), 
fermented chunks of Mung Bean 
(Phaseolus radiatus)

Maria et al. (2012), Xie et al. (2009), 
Sharma et al. (2011), Alam et al. 
(2011), Qin et al. (2019), Lee and 
Hwan Kim (2012)

B. subtilis subsp. subtilis H4, IH7, F1, G2, B3, B122, B222 Fermented Hibiscus sabdariffa seed 
(bikalga), rhizosphere plants 
isolate, fermented baobab seeds 
(maari)

Compaoré et al. (2013), Hammami 
et al. (2011), Kaboré et al. (2013)

B. cereus NS02, BC7, 8A, GS1, LFB-FIOCRUZ 
1640, ATCC 14579T, HVR22

Buffalo milk, fermented fish (budu), 
soil

Senbagam et al. (2013), Hatcher 
et al. (2015), Yusra et al. (2014), 
Dominguez et al. (2007)

B. licheniformis P40, AnBa9, ZJU12, MKU3, 490/5 Aloqt (a crusty dried product made 
from goat milk), soil

Cladera-Olivera et al. (2004), He et al. 
(2006), Hanafy et al. (2016), Luca 
et al. (2002)

B. thuringiensis subsp. entomocidus HD9, HD110 Soil Cherif et al. (2008)

B. thuringiensis subsp. tolworthy HD125 Soil Cherif et al. (2008)

B. amyloliquefaciens An6, FZB42, ZJHD3-06, RX7, CAMT2, 
CMW1

Soil, marine fish Epinephelus areola-
tus isolate

Scholz et al. (2014), Herzner et al. 
(2011), Liu et al. (2013), An et al. 
(2015), Kurata et al. (2019)

B. thuringiensis BRC-ZYR2 Soil Huang et al. (2016)

B. thuringiensis subsp. tochigiensis HD868 Soil Salazar-Marroquín et al. (2016)

B. coagulans I4 Soil Pokusaeva et al. (2009)

B. laterosporus SA14 Air Somsap et al. (2016)

B. mycoides – Whey Sharma et al. (2009)

B. thuringiensis B439, F4 Soil Salazar-Marroquín et al. (2016)

Brevibacillus sp. GI-9 Soil Singh et al. (2012)

B. thuringiensis subsp. thuringiensis HD2 Salazar-Marroquín et al. (2016)

B. megaterium – Soil Antal et al. (2008)

Bacillus sp. RF 140, SP-1-13LM, MTCC 43 Soil, intestinal bacterium of Caspian 
Frisian Roach

Yusra et al. (2014), Ghanbari et al. 
(2009)
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flasks (Dominguez et  al. 2007). In practice, 1–5% (v/v) 
inocula size has been reported as optimal size for maxi-
mum bacteriocin production of most strains producer. 
Very small inocula size will lead to longer production 
time as compared to optimal inocula size. However, a 
larger inocula size of 10% (v/v) at 1 ×  109 cells/mL has 
been reported for B. thuringiensis strains prior to inoc-
ulation into the TSB production medium (Ovchinnikov 
et  al. 2016; Huang et  al. 2016). Higher inocula size may 
shorten fermentation time but also affect nutrient con-
sumption which may also add cost the production pro-
cess. The optimum inocula size may vary from strain 
producers due to their cells proliferation rate, ability to 
metabolize medium, mass transfers, medium size and 
nutrient composition. Nonetheless, the minimum inoc-
ula size is preferred due to easier inoculation in large-
scale fermenter, but very low inocula size can affect its 
productivity. Inocula size is also important for the prepa-
ration of seed culture which greatly affect large-scale 
bacteriocin production. Even though the overnight cul-
ture was commonly used as seed culture, the growth of 
the seed culture curve should be studied, and culture at 
exponentially phase should be used for the production.

Carbon and nitrogen sources
Medium and its composition play a vital role for growth 
and expression of the bacteriocins from various species 
(Table  7). In many cases, the optimal growth medium 
does not reflect optimal productivity of bacteriocins by 
strain producers. Medium composition affects the pro-
duction of necessary enzymes (e.g. lanthipeptide pepti-
dase, oxidoreductase) for bacteriocin production as well 
as essential amino acids and organic acid required for its 

synthesis. In general, nonspecific media such as MRS, 
M17 and BHI are used to produce bacteriocins due to 
abundant source of nutrient, carbon, nitrogen, vitamins 
and minerals. For instance, bacteriocin from strain B. 
subtilis R75, B. amyloliquefaciens SP-1-13LM, Bacillus 
sp. H27, B. coagulans I4, Bacillus sp. SW1-1, B. cereus 
SS28 and B. subtilis NS02 were highly produced in mul-
tifaceted media such as MRS and BHI (Kim et al. 2014; 
Senbagam et al. 2013; Yusra et al. 2014; Kaewklom et al. 
2013). Highest yield of bacteriocins EMD4 was noted 
using TSB medium as compared to LB, BHI and NB (Liu 
et al. 2015; Chopra et al. 2014). Comparatively, bacillocin 
Bb was produced in greater amount in BHI as compared 
to lactose broth, LB, TSB and NB (Saleem et  al. 2009). 
In contrast, TSB medium were more favourable for the 
production of entomocin 110, as compared to that of NB, 
BHI, T3 and Mueller–Hinton (MH) medium (Cherif et al. 
2008). Unfortunately, these media are complex, expen-
sive and may contain many unused nutrient at the end 
of fermentation process which may result in complicated 
bacteriocin downstream and purification processing. The 
cost and type of these media are major concerns in bac-
teriocin production with high yield, yet at an economi-
cal price. Complexity of nutrients with high contents of 
unwanted peptides and pigments could greatly hamper 
purification process.

Several attempts have been reported to replace the use 
of complex media with byproducts or lower cost and 
even simpler medium formulation. In a study, higher 
bacteriocin P40 production was achieved in cheese whey 
medium (CWM) as compared to that of grape bagasse, 
soybean or feather meal media. Very high bacteriocin 
P40 production was obtained only at high concentration 

Fig. 1  Interaction of several fermentation factors during bacteriocin production. The cell factory comprised several components such as nucleus, 
ribosome and enzymes
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(70  g/L) of CWM which indicates the need of a rich-
nutrient medium (Cladera-Olivera et al. 2004; Garg et al. 
2014). However, utilization of concentrated CWM will 
not only lead to an increase in bacteriocin yield, but also 
the cost of its production (Cladera-Olivera et  al. 2004; 
Garg et al. 2014). In contrast, cerein 8A could be maxi-
mally produced with soybean protein at concentration 
of more than 20  g/L, comparatively higher than that of 
soybean–fish meal, industrial fibrous soybean residues 
and whey cheese protein (Dominguez et al. 2007). Inter-
estingly, the yield of cerein 8A in soybean protein was 

comparable to that obtained in BHI (Dominguez et  al. 
2007). It was noted that incorporation of small amount 
of BHI up to 5% (w/w) into grinded baobab seeds gave 
higher BLIS B122, B222 and B3 production as compared 
to pure BHI, which also could be an alternative approach 
to reduce the amount of BHI (Kaboré et al. 2013).

The use of other carbon [e.g. glucose, sucrose 
(C12H22O11), lactose (C12H22O11)] and nitrogen (e.g. pep-
tone, tryptone) sources have also been reported, but it 
could only led to low bacteriocins production (Baindara 
et al. 2015; Kaewklom et al. 2013). For example, amysin 

Table 7  Media composition, temperature, pH, agitation speed and  fermentation time for  the  Bacillaceae bacteriocins 
production

T temperature, Agit agitation rate, BHI brain heart infusion, BIS brain infusion solids, BHIS beef heart infusion solids, PP proteose peptone, NaCl sodium chloride, Na2PO 
disodium phosphate, MgSO4 magnesium sulfate, KNO3 potassium nitrate, K2HPO4 dipotassium hydrogen phosphate, K2PO4 dipotassium phosphate, FeSO4·7H2O iron(II) 
sulfate heptahydrate, (NH4)2SO4 ammonium sulfate, CaCl2 calcium chloride, ZnSO4·7H2O zinc sulfate heptahydrate, MnSO4·H2O manganese sulfate, TY tryptone–yeast 
medium, TSB tryptone soy broth, PDC pancreatic digest of casein, PDSM papaic digest of soybean meal, PYB peptone yeast beef, MRS de Man–Rogosa–Sharpe, – not 
mentioned

Bacteriocins Medium Composition (g/L) T (°C) pH Agit. (rpm), time (h) References

Elgicins Synthetic KL medium Glucose, 5; CaCl2, 2; (NH4)2SO4, 
4; K2HPO4, 2.6; MgSO4, 
4; NaCl, 2; FeSO4·7H2O, 
0.002; ZnSO4·7H2O, 0.002; 
MnSO4·H2O, 0.0015

30 7.2 200, 120 Teng et al. (2012)

P40 BHI BIS, 12.5; BHIS, 5.0; PP, 10.0; glu-
cose, 2.0; NaCl, 5.0; Na2PO4, 2.5

30 7.4 125, 48 Cladera-Olivera et al. (2004)

Polyfermenticin TSB PDC, 17; NaCl, 5; PDSM, 3; K2PO4, 
2.5; dextrose, 2.5

37 7.0 500, 3 Lee et al. (2001)

Tolworthcin 524 TSB As mentioned 28 7.2 200, 24 Pacheco-Cano et al. (2014)

Morricin 269 TSB As mentioned 30 8 210, 24 Pacheco-Cano et al. (2014)

Kenyacin 404 TSB As mentioned 26 7.2 210, 24 Pacheco-Cano et al. (2014)

MKU3 Synthetic Peptone, 5; yeast extract, 2.5; 
NaCl, 25; MgSO4, 0.01; KNO3, 
8.0; K2HPO4, 0.20; sorbitol, 25

30 6.0 –, 15 Kayalvizhi and Gunasekaran 
(2010)

RF 140 TSB PDC, 17; NaCl, 5; PDSM, 3; K2PO4, 
2.5; dextrose 2.5

25 7.5 (8–9.5) –, – Ghanbari et al. (2009)

An6 Synthetic Starch, 20; yeast extract, 10 30 8.0 200, 48 Cavera et al. (2015)

XH25 Synthetic Starch, 15.3; (NH4)2SO4, 46 ~ 30 6.15 –, – Ayed et al. (2015)

YAS 1 PYB Peptone, 10; yeast extract, 5; 
beef extract, 3

30 6.5–7.5 207, 62 Ayed et al. (2015)

Bacillocin bb BHI As mentioned 32 ~ 7.0 –, 8–16 Saleem et al. (2009)

Lichenin M-L-10 L-10, glucose, 0.5; 20% (w/v) 
inert Thermocol beads

39 6.8 –, 72–96 Pattnaik et al. (2005)

NS02 MRS Glucose, 2; C2H9NaO5, 0.5; 
Tween 80, 0.1; K2HPO4, 0.2

~ 37 – –, 24 Senbagam et al. (2013)

SW1-1 BHI As mentioned 30 7.0 –, 24 Kim et al. (2014)

Bacillocin 490 TY Tryptone, 16; yeast extract, 10; 
NaCl, 5

55 ~ 7.0 –, – Luca et al. (2002)

EMD4 TSB As mentioned 37 ~ 7.0 130, 48 Chopra et al. (2014)

Bac H27 BHI As mentioned 37 – –, 72 Compaoré et al. (2013)

Sh10 Synthetic Tryptone, 2; glucose, 1; NaCl, 2 30 8 200, 24 Shayesteh et al. (2014)

Cerein 8A Synthetic Soybean protein 34 6.5–9 125, 28 Dominguez et al. (2007)

SP-1-13LM MRS As mentioned 37 – 200, 48 Kaewklom et al. (2013)

Entomocin 110 TSB As mentioned 30 ~ 7 –, 16–48 Cherif et al. (2008)



Page 17 of 26Lajis ﻿Bioresour. Bioprocess.             (2020) 7:8 	

was barely produced in tryptone as compared to MRS 
(Kaewklom et al. 2013). Combination of peptone at low 
concentration and sorbitol could be used for bacteriocin 
MKU3 production (Kayalvizhi and Gunasekaran 2010). 
Nevertheless, high yield of lichenin has been success-
fully produced in modified L-10 medium supplemented 
with 0.5% (w/v) glucose (C6H12O6) (Pattnaik et al. 2001, 
2005). Similarly, bacteriocin 14B was produced higher 
with modified LB medium supplemented with 10  g/L 
glucose as compared to sorbitol, maltose, lactose and 
sucrose (Hammami et al. 2011). Maximum BLIS An6 was 
successfully achieved after 48-h fermentation in a pro-
duction medium consisted of starch (20  g/L) and yeast 
extract (10  g/L) (Ayed et  al. 2015). In RSM-optimized 
condition, yeast extract exerts significant effect on bacte-
riocin BAC YAS1 and XH25 level, but the former was not 
influenced by soluble starch and initial pH (Embaby et al. 
2014). In an experiment involving several media compo-
nents [e.g. lactose, ammonium nitrate (NH4NO3), yeast 
extract and sodium chloride (NaCl)], it was found that 
substantial high bacteriocin AnBa9 was produced when 
yeast extract coupled with NaCl (Anthony et  al. 2009). 
High penisin production was also achieved using modi-
fied medium consisting of nutrient broth, yeast extract 
and peptone (Baindara et al. 2015). In most cases, organic 
nitrogen source (e.g. yeast extract) is preferred as com-
pared to inorganic nitrogen source probably due to easy 
access to nutrient and suitability for cellular metabolism 
(Cladera-Olivera et al. 2004; Antal et al. 2008). The beef 
extract (BE) was the preferred organic nitrogen source 
and led in accelerating the bacteriocin production of B. 
megaterium (Antal et al. 2008).

The needs for certain medium composition for maxi-
mum bacteriocins production can be elucidated by the 
amount and type of amino acids released as the result 
of the breakdown of medium such as BHI, M17, yeast 
extract, peptone and tryptone (Antal et al. 2008). As far 
as bacteriocins primary structure is concerned, specific 
type of amino acids are required to create specific type of 
bacteriocins. Some of the amino acid can be synthesized 
by the cells, but some other amino acid must be acquired 
through fermentation medium. For instance, glycine 
(C2H5NO2) and gystine (C6H12N2O4S2) could stimulate 
the production of certain bacteriocins, while no stimu-
lus effect was observed for alanine (C3H7NO2), tyrosine 
(C9H11NO3) and glutamic acid (C5H9NO4) (Flühe et  al. 
2012). The need for enriched media can be explained by 
the need for energy for ATP drive ABC transport system 
in the case for lantibiotic. Some strains produce very large 
quantity of bacteriocins in the presence of fatty acid con-
stituents from medium containing surfactant [e.g. Tween 
80 (C64H124O26)] and glycerol (C3H8O3) (Compaoré et al. 

2013). This can be explained by either the requirement 
for optimum growth or the needs of fatty acid moiety for 
the construction of bacteriocins. Contrarily, a very high 
initial concentration of sucrose only leads to the repres-
sion of catabolism and inhibits biosynthesis of bacteri-
ocin in batch fermentation culture (Compaoré et al. 2013; 
Flühe et al. 2012). Regardless of various medium compo-
sitions studied, they share similarity of the need for high 
protein and amino acids content for the synthesis of bac-
teriocins. So far there is no single medium composition 
suitable for the synthesis for all type of bacteriocins.

Unfavourable media components and concentra-
tion will only lead to production of, e.g. succinylation 
(S-entianin) which are less stable with low antimicro-
bial activity as compared to unsuccinylated bacterioc-
ins (entianin) (Bochmann et al. 2015; Fuchs et al. 2011). 
The media component and concentration influence the 
succinylation of subtilin-like lantibiotics and entianin 
biosynthesis which is modulated by the transition state 
regulator AbrB and enzymatic catalysed mechanism 
occurs in the extracellular or cellular cell membrane 
(Bochmann et al. 2015).

Minerals
In a study, De Meo’s factional factorial design has been 
used to determine the effect of several minerals. It was 
found that KNO3 and K2HPO4 at low concentration had 
positive effect on cell growth and bacteriocin MKU3 
production. NaCl at a concentration of 2.5% (w/v) con-
siderably reduced cell growth, but significantly increase 
bacteriocin MKU3 which is probably due to the effect 
of osmotic stress (Kayalvizhi and Gunasekaran 2010). 
For elgicins production, the effect of calcium chlo-
ride (CaCl2), ammonium sulfate [(NH4)2SO4], dipo-
tassium hydrogen phosphate (K2HPO4), magnesium 
sulfate (MgSO4), NaCl, iron(II) sulfate heptahydrate 
(FeSO4·7H2O), zinc sulfate heptahydrate (ZnSO4·7H2O) 
and manganese(II) sulfate monohydrate (MnSO4.H2O) 
have been reported (Teng et al. 2012). In particular, the 
presence of metal ions such as Fe3+, Mg2+ and Mn2+ 
positively affects its production (Teng et al. 2012). Con-
centrations of Na+ and K+ up to 3% (w/v) stimulated the 
elgicins production, whereas concentrations of Mg2+ 
above 0.5% imposed opposite effect (Teng et al. 2012). As 
for bacteriocin MKU3, Mg2+ at very low concentration of 
0.05 g/L had negative effect on its production. In general, 
high concentrations of phosphate ions (e.g. PO4

3−; 0.1–
0.35  M) regulates biologically active molecule such as 
bacteriocin in several strain producers (Teng et al. 2012; 
Kayalvizhi and Gunasekaran 2010). Nevertheless, PO4

3− 
concentration at 0% led to no cell growth and bacteriocin 
production.
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Temperature and pH
In general, fermentation temperature in the range of 
29–40  °C has been reported suitable for bacteriocins 
production (Patrick et  al. 2008). Temperature higher 
than 40  °C is mostly unfavourable due to the nature of 
the strains producer which is mostly mesophiles. The 
temperature was normally maintained throughout the 
fermentation to ensure optimum growth and bacteri-
ocins production. However, it has been previously sug-
gested that high bacteriocin production can be obtained 
at fermentation temperatures lower than that of optimal 
growth temperature (Patrick et al. 2008). Therefore, opti-
mum temperature for growth could be different from 
optimum temperature for production. Temperature 
controlled at optimum level will allow rapid cell prolif-
eration and enhance the synthesis of important enzymes 
and proteins (e.g. lanthipeptide peptidase and oxidore-
ductase) which catalyse biosynthesis or modification of 
biologically active bacteriocins (Patrick et  al. 2008). A 
maximum production of cerein 8A was achieved at fer-
mentation temperature of 30 °C and between pH 6.5 and 
9.0 (Dominguez et  al. 2007). Slightly different tempera-
ture has been reported for maximum yield of tolworthcin 
524 which is at 28  °C, BLIS An6 at 30  °C and cerein 8A 
at temperature between 22 and 34 °C (Dominguez et al. 
2007; Pacheco-Cano et  al. 2014; Huang et  al. 2016; 
Ayed et  al. 2015). The production of the bacteriocin 
Bb obtained at 32  °C was higher as compared to that of 
elevated temperature in the range of 37–40  °C (Saleem 
et  al. 2009). Maximum bacteriocin production by B. 
amyloliquefaciens was also achieved at fermentation tem-
perature between 30 and 37  °C for 16–18 h. Mesophilic 
temperature has an advantage for production cost where 
little requirement is needed for cooling and heating.

The effect of fermentation pH towards growth and bac-
teriocin production was based on the initial fermentation 
pH and not controlled throughout fermentation time. Ini-
tial pH value is important to give the optimal pH condition 
to support active growth of strain producer. Optimal pH 
will ensure optimal biological function of macromolecules, 
thermodynamic force of chemical reactions and electro-
chemical potential for ATP synthesis. In particular, the pH 
of the origin where it was isolated should be considered. 
As reported in many literatures, a very high or very low pH 
milieu is not suitable for bacterial growth and bacteriocin 
production probably due to the neutrophilic behaviour of 
strains producer. The imbalance in H+ concentration dis-
turbs cell membrane equilibrium and transport systems of 
ions and nutrient into the cells. Maximum BLIS produc-
tion by B. licheniformis was achieved at initial pH between 
6.5 and 7.5 which is neutral condition (Cladera-Olivera 
et al. 2004; Kayalvizhi and Gunasekaran 2010). BLIS NS02 
reached its maximum activity in MRS broth when the 

fermentation culture was adjusted to pH range between 
5.5 and 6.5 (Senbagam et al. 2013). In contrast, Cerein 8A 
was highly produced when initial pH was set in the range 
of 6.5–9.0 (Dominguez et  al. 2007). Lichenin production 
was highest at pH 6.8 after 72–96 h incubation (Pattnaik 
et al. 2005). The highest production of bacteriocin SW1-1 
was demonstrated at 30 °C in BHI medium when pH was 
initially set at 7.0 (Kim et al. 2014). It is worth noting that 
in RSM-coupled central composite central design, opti-
mization of pH and temperature significantly increased 
the production of BLIS AnBa9 by 25-fold (Anthony et al. 
2009). In RSM (factorial design), three determinants were 
chosen—temperature (25–37  °C), initial pH (6–8) and 
soybean concentration—and showed maximum BLIS 
P34 production (Motta and Brandelli 2008). Full factorial 
design was also performed for morricin 269 and kenyacin 
404 production, whereby optimal parameters were set at 
pH 8, 30 °C, 210 rpm and pH 7.2, 26 °C, 210 rpm, respec-
tively (Martínez-Cardeñas et al. 2012). On the other hand, 
maximum BLIS An6 was observed in a culture medium 
with an initial pH of 8.0 at 30  °C after 48 h fermentation 
(Ayed et al. 2015). As for B. megaterium, a higher amount 
of bacteriocin production was recorded when it was grown 
in MRS medium adjusted to an initial pH of 6.5, as com-
pared to pH of 4.5 (Antal et al. 2008).

Even though pH was only set at initial fermentation 
pH, the pH profile during fermentation period has been 
reported in several literatures (Fig. 2). It was noted that 
pH value slowly decreases in several hours after inocula-
tion due to rapid bacterial growth rate (Lee et al. 2001). 
At this stage, Bacillaceae species produce several organic 
acids such as malic acid, pyruvic acid, acetic acid, citric 
acid, succinic acid, α-ketoglutaric acid, propionic acid 
and butyric acid (Lee et al. 2001). Pyruvic acid is consid-
ered as one of the key intermediates in TCA cycle and 
Embden–Meyerhof–Parnas (EMP) pathways, and has 
important function in bacteriocin biosynthesis. Acetic 
acid resulted in increasing level of purines and pyrimi-
dines which favour plasmid-encoded bacteriocin gene 
expression (Ge et  al. 2019). However, depending on the 
species and medium composition, the concentration 
of these organic acids may vary. The concentration of 
organic acids decreases when bacterial growth almost 
reached its stationary phase, as indicated by a slight 
increase in fermentation pH. The optimum pH condition 
is important to maintain membrane potential and estab-
lish multiple ion gradients across the cytoplasmic mem-
brane (Dominguez et al. 2007). The products released by 
bacterial cell are important to protect peptides and bio-
logical membranes from inactivation or other possible 
denaturation caused by a mixture of stress environments, 
including oxidation, dehydration, heat, cold, desiccation 
and toxic agents (Dominguez et al. 2007).
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For the production of bacteriocin RF 140, it was noted 
that the pH profile of the culture medium was in the 
range of 8–9.5 (Ghanbari et  al. 2009). An increase in 
pH during fermentation is often associated with proteo-
lytic enzymes co-produced by strains producer, which 
could be harmful to some sensitive bacteriocin peptides 
(Dominguez et  al. 2007). Constant yield or even some 
decrease of the bacteriocin activity in the later station-
ary growth phase may also indicate that the bacteriocin 
is relatively sensitive to proteolytic enzymes due to the 
partial digestion by extracellular proteases released from 
the cells (Ghanbari et al. 2009; Lee et al. 2001). Only few 
reports showed that pH control strategy could be imple-
mented for bacteriocins fermentation. For instance, a 
simple one-stage pH control strategy was proposed for 
the production of polyfermenticin, in which fermenta-
tion pH was controlled at 7 throughout the fermentation 
process by an addition of acid and base (Lee et al. 2001). 
The effect of pH on bacteriocin stability was insignificant 
due to stability of bacteriocin at wide pH range. How-
ever, unfavorable pH condition could reduce cell viabil-
ity by disrupting the stability of the plasma membrane. 
This is due the presence of excessive H+ (due to pH) 
that weakened the membrane permeability barrier, per-
turbed the membrane lipid bilayers, thus causing leakage 
of some cellular components, and the dissipation of the 

electrostatic of the plasma membrane (Dominguez et al. 
2007; Lee et  al. 2001). So far, uncontrolled pH could be 
an advantage, neglect the need for acids and bases thus 
could reduce processing steps and cost for production.

Agitation and aeration rate
An effective agitation and aeration system is required to 
supply sufficient oxygen and nutrient in order for strain 
producer to produce high amount of bacteriocins. A 
nonagitated condition (e.g. solid-state fermentation tech-
nique) could not be implemented as it will only give a 
very low bacteriocin production. In submerged fermenta-
tion technique, the strain producers were heterologously 
mixed with media components by agitation, fluidization 
or other mixing means, which eventually increased sub-
strate contact and mass transfer rate. Most studies make 
use of agitation to increase the production of bacterioc-
ins due to the aerobic or facultative anaerobic nature of 
producer strains. For instance, high bacteriocin P40 (B. 
licheniformis) was produced at a relatively low agitation 
rate of 125  rpm as compared to that of thuricin CD (B. 
thuringiensis), BLIS R75 (B. subtilis), BLIS (B. mycoides), 
entianin (B. subtilis), BLIS KKU213 (B. subtilis) and sub-
tilomycin (B. subtilis MMA7) which were aerobically 
produced at 150 rpm (Rea et al. 2010; Sharma et al. 2011; 
Phelan et  al. 2013; Mathur et  al. 2017; Khochamit et  al. 

Fig. 2  Typical generalization of fermentation profile of bacteriocins from Bacillaceae based on several research articles and patents
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2015). These showed that the production of a bacteriocin 
can be observed under low agitation and reduced aera-
tion (Kaboré et al. 2013). In shake flask, the aeration was 
supplied via agitation rate and utilization of an appropri-
ate ratio of working volume per total shake flask volume. 
Unlike the production of bacteriocins from anaerobic 
strains, the aerobic strains may require higher aeration 
to provide sufficient oxygen supply to the microbes espe-
cially to support their active initial cell growth. This is 
probably referring to the production of some bacterioc-
ins such as BLIS An6 (B. amyloliquefaciens), amysin (B. 
amyloliquefaciens SP-1-13LM), IH7 (B. subtilis), elgicins 
(Paenibacillus elgii) and tolworthcin 524 (B. thuringien-
sis) at higher agitation rate of 200 rpm in a rotary shaker 
(Teng et  al. 2012; He et  al. 2007; Pacheco-Cano et  al. 
2014; Kaewklom et al. 2013; Ayed et al. 2015; Hammami 
et al. 2011).

It is worthy to note that mersacidin of B. amylolique-
faciens FZB42 and penisin of Paenibacillus sp. A3 were 
also produced at comparatively moderate agitation rate 
of 180  rpm (Herzner et  al. 2011). On the other hand, 
tiacins production by B. cereus was highly achieved when 
agitated at 220 rpm (Schmitz et al. 2006; Alam et al. 2011; 
Liu et al. 2013; He et al. 2007). Therefore, aerobic strain 
such as B. amyloliquefaciens may requires high agita-
tion rate in shake-flask fermentation ranging from 180 to 
200  rpm as compared to typical facultative anaerobe B. 
licheniformis (Somsap et  al. 2016; Cladera-Olivera et  al. 
2004; Liu et al. 2013; Kayalvizhi and Gunasekaran 2010). 
In fermenter, aeration rate could be controlled via rotam-
eter or flow meter. In particular, 1–3 vessel volumes per 
minute (vvm) have been used for bacteriocin production 
in 2- to 80-L fermenter (Lee et al. 2001; Arias et al. 2013). 
This control strategy using aeration rate was important 
especially for aerobic strains. For instance, production of 
bacteriocin from B. polyfermenticus SCD was supplied 
with aeration rate of 1 vvm (Lee et al. 2001). On the other 
hand, the production of lichenin, by B. licheniformis 
26L-10/3RA was conducted in a totally anaerobic condi-
tion in glove box (Garg et al. 2014; Pattnaik et al. 2005). 
Agitation and aeration rate were also significant factors 
for high bacteriocin production especially in submerged 
fermentation. Most studies on Bacillaceae bacterioc-
ins were conducted at shake-flask level where scalability 
for mass scale production is difficult. Apparently, these 
parameters studied in shake flask could be different from 
one conducted in bioreactors due to geometrical differ-
ence. Studies conducted in bioreactors are more rel-
evant for large-scale production using known scaling-up 
procedures.

Dissolved oxygen tension (DOT)
Oxygen tension is a significant factor for any aerobic 
fermentation. It could substantially influence cellular 
metabolism, number of cells, biomass, morphology, elec-
tron transport, biochemical interaction, ATP availability, 
stress-response and even bacteriocin peptides production 
of some strain producers. The association between oxy-
gen mass transfer and bacteriocin productivity has been 
a main point in aerobic fermentation and, hence optimi-
zation of DOT level is essential for industrial biomanu-
facturing process. In shake flask, the DOT level cannot 
be set to a certain level due to the absence of some com-
ponents such as DO probe and air inlet. In bioreactor, 
DOT level can be manipulated by controlling either one 
or both agitation and aeration rate via cascade operating 
mode. The influence of DOT for bacteriocin production 
by Bacillaceae species was rarely reported and studied. 
This is probably due to most of strain producers appear 
to be facultative anaerobes which had low biological oxy-
gen demand, thus oxygen factor was more or less insig-
nificant (Alam et al. 2011; Schmitz et al. 2006; Liu et al. 
2013; He et al. 2007). The DOT fermentation profile was 
also rarely reported, as most of the studies were mostly 
conducted in small-scale shake flask. Nevertheless, the 
effect of DOT on the production of bacteriocin Lincocin 
PO1 in 10-L bioreactor has been reported in patent. The 
fermentation DOT profile of strain producer (Bacillus 
lentus) was high at 0 h fermentation time, but eventually 
decreasing from 2 h onwards (Pohilenko et al. 2014). In 
uncontrolled DOT milieu, DOT was significantly high 
at initial fermentation time, but slowly decreases due to 
active bacterial growth. At its stationary phase, the DOT 
value fluctuates between 0 and 10% DOT level indicated 
that oxygen was only scarcely consumed by the bacterial 
strains and the oxygen presence was only due to the agi-
tation from the impeller. In DOT-controlled strategy, B. 
lentus bacteriocin was optimally produced via control-
ling DOT to about 100%, 50% and 10% at three fermenta-
tion stages of 0, 20 and 35 h, respectively (Pohilenko et al. 
2014). The bacteriocin was produced at low DOT level 
in the medium, explained that oxidative tension caused 
an increase of bacteriocin production. In general, most 
of the Bacillaceae bacteriocin production study does 
not require high DOT level, probably due to facultative 
anaerobe nature of most producing strains (Pohilenko 
et al. 2014). Low DOT for the production of Bacillaceae 
bacteriocin decreases its dependence on high agitation–
aeration rate and air compressors, hence lower cost of 
electricity and this could be another advantage over LAB 
bacteriocin production.
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Fermentation time
Fermentation time is important for inocula prepara-
tion, seed culture preparation and harvesting time when 
maximum production has been achieved (Fig. 2). Based 
on fermentation profile reported in literatures, high bac-
teriocin production could be obtained as early as within 
24 h (Scholz et al. 2014; Baindara et al. 2015; Fuchs et al. 
2011; Pohilenko et al. 2014; Kim et al. 2014). Production 
time can go up to several days, mainly depending on their 
metabolic character (primary or secondary) and type of 
bacteriocins. In RSM-optimized fermentation condition, 
it was found that highest bacteriocin HJDA32 could be 
obtained using inocula size of 4% at pH 5.3, agitation 
rate of 147  rpm and temperature of 30  °C for 30  h (Hu 
et  al. 2014). Sequential statistical approach using Plack-
ett–Burman coupled with RSM (Box–Behnken) was suc-
cessfully employed whereby optimization of key variables 
[yeast extract (0.48% (w/v), fermentation time (62 h) and 
agitation rate (207 rpm)] in peptone–yeast–beef based 
medium enhanced 1.6-fold BAC YAS 1 production 
(Embaby et al. 2014). In RSM (23 factorial design), three 
determinants chosen [temperature (26–37  °C), initial 
pH (6.5–7.5) and whey concentration (70  g/L)]  showed 
maximum bacteriocin production at 15  h fermentation 
time (Cladera-Olivera et  al. 2004). On the other hand, 
production time of tolworthcin 524 from B. amylolique-
faciens and BLIS An6 from Bacillus sp. was at 24 h and 
48 h, respectively (Pacheco-Cano et al. 2014; Huang et al. 
2016; Ayed et al. 2015). Maximum bacteriocin yield in a 
culture may be achieved at different growth phases. The 
production of bacteriocins by B. brevis Bb started during 
beginning of exponential growth phase and consistently 
increased up to late stationary phase (Saleem et al. 2009). 
In particular, maximum production of bacillocin Bb was 
achieved after 9  h of fermentation time (Saleem et  al. 
2009). Similarly, the production of cerein 8A was started 
at early exponential phase and continued till stationary 
phase (Dominguez et  al. 2007). In comparison, maxi-
mum production of cerein produced by Bacillus cereus 
and tochicin produced by Bacillus thuringiensis subsp 
tochigiensis were detected at early exponential phase 
with their production becoming stagnant and eventually 
declined during the stationary phase (Salazar-Marroquin 
et  al. 2016; Dominguez et  al. 2007). Other bacteriocins 
was secreted in the middle (e.g. entomocin 110) or late 
exponential phase (e.g. cerein 8A, amysin, BLIS BS15, 
penisin, Bt BRC-ZYR2) reaching its utmost production 
at the early and during stationary phase (Dominguez 
et al. 2007; Cherif et al. 2008; Alam et al. 2011; Kaewklom 
et al. 2013; Huang et al. 2016). At some point during sta-
tionary phase, the bacteriocin produced by the bacterial 
strain in the medium reached a saturation point. It could 
be possibly due some factors which limit its production 

such immunity protein and organic acids, whereby its 
concentration was maintained at certain level. In bacte-
riocin immunity mechanisms, an immunity gene is dedi-
cated to produce immunity protein in which its binding 
to the target bacteriocin can prevent pore formation. In 
a case of a very high bacteriocin concentration but low 
amount of immunity protein, the strain producer may 
also be susceptible to its own bacteriocin (Dominguez 
et  al. 2007; Ayed et  al. 2015). Another possibility may 
be also associated with limited number of multidrug 
transporter protein. This protein has been proposed as 
another form of immunity as well as extruding bacteri-
ocin from its production site (cytoplasm) to extracellular 
medium (Joseph et  al. 2013; Scholz et  al. 2014; Kurata 
et  al. 2019). A decrease in bacteriocins production may 
also be caused by cell lysis and proteolytic degradation 
by nonspecific proteases. However, some bacteriocins 
produced by Bacillaceae species such as coagulin I4 and 
cerein 8A are often more resistant to extracellular pro-
teases (Dominguez et  al. 2007; Hyronimus et  al. 1998). 
Prolonged fermentation process may not only result 
in an increase in the production expenditure, but may 
also affect overall yield and productivity as bacteriocins 
possibly bind onto the surface of the dead cell of strain 
producer. Most studies showed a good cell growth rela-
tionship with bacteriocin production. Nevertheless, a 
very high cell growth does not always lead to high levels 
of production.

Inducers
In nature, bacteriocin could act as an inducer of its 
own biosynthesis such as auto-induction of mersaci-
din (Schmitz et  al. 2006). Subtilin which consists of 32 
amino acids is also capable to automatically induce its 
own synthesis in a very specific way (Geiger et al. 2017; 
Bochmann et  al. 2015; Spieß et  al. 2015). For example, 
two-element SpaRK system in B. subtilis is specifically 
activated by Subtilin. Findings also revealed that bacteri-
ocins production was also regulated by induction of spor-
ulation. For instance, the production of bacteriocin by B. 
subtilis was induced when sporulation occurs at 72 and 
96 h due to unfavourable growth conditions and changes 
in medium composition level (Garg et al. 2014). On the 
other hand, the addition of either saw dust (1%, w/v) or 
straw powder (1%, w/v) and Thermocol beads (20%, w/v) 
into the medium substantially increased the lichenin 
production by up to 35% (Garg et al. 2014; Pattnaik et al. 
2005). Insertion of Thermocol beads increased the avail-
ability of surface area for attachment and subsequent 
growth of the B. subtilis or contact regulation of lichenin 
production (Garg et al. 2014; Pattnaik et al. 2005). Other 
type of beads could possibly be used such as absorbent 
(e.g. Amberlite XAD-1180) for absorption of charged 
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or hydrophobic bacteriocins in  situ, which could pos-
sibly trigger bacteriocin production. This is especially 
relevant in the case considering bacteriocin concentra-
tion in fermentation medium as one of the limiting fac-
tors to its further production. Other approach using 
Bacillus cereus 183 as an inducer has also been reported 
whereby it considerably increased bacteriocin production 
of B. thuringiensis at fermentation condition controlled 
at 28 °C, 180 rpm and pH 7.2. The inoculation of several 
other rival bacteria could possibly trigger strain producer 
to produce more bacteriocins in order to maintain their 
survival in such environment. Other possible oxogenous 
inducers such as carbon dioxide, Tweens, glycerol, pyru-
vic acid, amino acid, ketoglutaric acid and acetic acid 
could also enhance bacteriocin production. The knowl-
edge and determination of factors responsible for bacte-
riocin production can assist in increasing its production 
and lowering cost of production.

Bioreactors and mode of operation
Most bacteriocin fermentation study was conducted 
using shake flask which was not scalable for mass indus-
trial production. The effects of bioreactor designs (e.g. 
stirred tank, air-lift, bubble column), fermentation tech-
niques (e.g. submerged, solid state, surface cultures) and 
modes of bioreactor operation (e.g. batch, fed-batch, con-
tinuous) are rarely explored with only few studies have 
been reported in literature. Nevertheless, the use of a 5-L 
stirred tank bioreactor (STB) for the production of poly-
fermenticin has been performed under submerged mode 
of operation (Lee et  al. 2001). In this study, B. polyfer-
menticus SCD was initially cultivated in 30–60 mL TSB 
before the 1–2% (v/v) inocula was transferred into the 3 
L TSB medium, agitated at 500 rpm for about 24 h. Inter-
estingly, an attempt to produce amylolysin in large-scale 
has been employed in 80-L STB using strain RFB136, 
whereby fermentation conditions were controlled at 
37  °C, 200 rpm for 10 h (Arias et al. 2013). In fact, sev-
eral parameters could be properly studied and controlled 
such as temperature, pH, agitation and aeration rate for 
bacteriocin production (Lee et  al. 2001). Nevertheless, 
the prominent advantage of production study of bacteri-
ocins using bioreactor is ease of scalability. The optimum 
experimental conditions in lab-scale bioreactor (e.g. 2–5 
L working volume) which was obtained using OVAT, 
RSM or ANN approaches could be used for mass produc-
tion in pilot and even bigger-scale bioreactors. Neverthe-
less, there are still few reports on feasibility to enhance 
Bacillaceae production via other bioreactor design such 
as airlift. Particularly, the production of bacteriocins 
are mostly studied using STB, in which it provides suf-
ficient with desired mixing pattern using different 
impeller designs (e.g. Rushton turbine, concave disc) 

for submerged fermentation. On the other hand, most 
modes of operation used are batch mode of operation. 
Although successful bacteriocin production via batch 
has been demonstrated, this mode suffers several disad-
vantages such as it requires repetition of process loading 
and unloading of fermentation medium at every stage as 
compared to fed-batch or continuous mode of operation.

Bioengineering
The simplification of biomanufacturing procedures are 
warranted for bacteriocin production where cost of the 
media and overall fermentation steps plays a significant 
role. Substantially high bacteriocins yield are also important 
prior to downstream processing as low concentration yield 
is not practicable to be purified probably due to further yield 
losses which occurred during bacteriocin purification pro-
cess. Most studies on the Bacillaceae production use wild-
type bacteria as the producing strains. In previous years, 
bacteriocins have been genetically engineered with the 
development of mutants (e.g. Pseudomycoicidin), recombi-
nant fusion bacteriocins (e.g. sonorensin) and new expres-
sion system, but studies were centred on the improvement 
of the expression level via enhancement of mRNA stability 
as well as to understand the correlation of their molecular 
structure and biological activity (Nagao et al. 2011). Genes 
involved in the production of the mature (active) peptide 
can be identified and cloned due to their ribosomal synthe-
sis feature. However, analysis of their stability and produc-
tivity at large scale (e.g. in bioreactor) are rarely exploited 
(Nagao et al. 2011; Basi-Chipalu et al. 2015). In a study, high 
homologous expression of thuricin H has been success-
fully developed using newly constructed expression vector 
pGW133 on the basis of the E. coli–B. thuringiensis shuttle 
vector pHT315 (Wang et al. 2014a). Efficient and high bio-
production of lantibiotics via bioengineering at small scale 
has been reported, but deemed for further improvement 
(Spieß et al. 2015). In another study, a bacteriocin gene has 
been successfully cloned into vector pET101/D-TOPO, 
introduced into E. coli BL21 (DE) to heterologously express 
amylocyclicin CMW1 (Kurata et al. 2019). In such system, 
IPTG has been used as an inducer while changing growth 
temperature from 37 to 20  °C has been suggested for its 
production. Very little attention has been given to study 
their mass production in such system. However, a very 
recent attempt has been reported to produce bacteriocin in 
larger scale using heterologous expression system. Peocin, 
a bacteriocin produced by Paenibacillus ehimensis was 
cloned into pET-28b and transforming E. coli BL21 (DE3) 
to produce a recombinant peocin (Tseng et al. 2019). The 
production of previously mentioned bacteriocin was per-
formed under fed-batch mode, utilizing glucose as carbon 
source, while other parameters such as temperature, agita-
tion and aeration were maintained at 30 °C, 500–900 rpm 
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and 3 L/min, respectively (Tseng et al. 2019). In choosing 
an expression system, there is a concern on the success rate 
since the genes in gene cluster are essential for the biosyn-
thesis and maturation of the certain bacteriocin and could 
not be expressed in E. coli. Utilization of a suitable vector 
and foreign host could be further developed in the future 
via bioengineering, but complex nature of its production is 
not easily manipulated and could be very challenging, com-
monly resulting in nonfunctional proteins. Likewise, many 
studies showed that phylogenetic divergence between the 
host and strain producer makes production of heterologous 
bacteriocins more difficult (Basi-Chipalu et al. 2015; Spieß 
et  al. 2015). Alternatively, an efficient bioengineered pro-
duction and functional expression of bacteriocin synthetic 
genes could be done heterologously by yeasts. The design 
of novel successful genetic manipulation for functional 
expression of bacteriocins by yeasts would be advanta-
geous. Bioengineered bacteriocins with less impurity could 
also be a solution to problems with multiple separation 
steps and low yield of many bacteriocins. Knowledge to 
date on bacteriocins production enables improved process 
predictability and duration in which simplification of the 
process will greatly ride overall bacteriocins biomanufac-
turing processes.

Conclusion
Bacteriocins from Bacillaceae species may be some of few 
solutions for drug-resistant pathogens which ultimately 
reduce the need for steroid-based medicinal drugs. Mem-
bers of Bacillaceae are recognized as GRAS and the safety 
(e.g. nontoxic and nonhemolytic) of these bacteriocins 
was recently supported by in  vitro and in  vivo studies. 
Biochemical characterization of these bacteriocins also 
showed that they are thermostable and resistant to dif-
ferent enzymes, pH and solvents which are important 
for their criteria of selection for medicine, downstream 
processing and commercial feasibility (e.g. storage, lifes-
pan and drug formulation). Because chemical synthesis 
of peptides such as bacteriocins are not easily developed, 
many studies have been devoted to investigate the most 
desirable and beneficial fermentation process for indus-
trial production of bacteriocins. Studies on the optimized 
fermentation strategy (e.g. microbes, media, minerals, 
temperature, pH, agitation rate, aeration rate, DOT) 
could be used as a guideline for high production of com-
mercial bacteriocins in industrial large-scale bioreactor. 
In general, fermentation temperature of about 30 °C with 
low agitation rate gives highest bacteriocin yield. It can 
also be concluded that BHI media are the preferred nutri-
ent sources for bacteriocin production by many Bacil-
laceae species and it showed great affinity specifically 
towards glucose as carbon source. In the future, bioengi-
neering approach could possibly be used as an alternative 

to Bacillaceae bacteriocins production although practica-
bility is currently limited to certain lantibiotics.
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