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RESUMO 
 

SABO, S.S. Produção biotecnológica e aplicação de biomoléculas antimicrobianas por 
Lactobacillus plantarum cultivado em soro de leite. 2017. 197 p. Tese (Doutorado) – 
Faculdade de Ciências Farmacêuticas, Universidade de São Paulo, São Paulo, 2017.  
 
Bacteriocinas são peptídeos antimicrobianos sintetizados por diversas bactérias. Em 
particular, as bacteriocinas produzidas por bactérias ácido-láticas têm recebido crescente 
destaque devido sua ampla aplicabilidade e também por serem produzidas por micro-
organismos seguros para o consumo humano. Inúmeros estudos relatam a produção de 
bacteriocina por diversas bactérias ácido-láticas, bem como a otimização da produção desta 
biomolécula utilizando fontes alternativas de substrato. Alguns destes estudos apontam o soro 
de leite/queijo como uma fonte potencial e de baixo custo para o cultivo de bactérias láticas e 
produção de biocompostos, tais como bacteriocinas. Diversas pesquisas se referem à 
produção de bacteriocinas, principalmente a nisina. Por outro lado, a produção de 
bacteriocinas por cepas de Lactobacillus plantarum ainda é limitada. Neste âmbito, o presente 
trabalho estudou, primeiramente, o crescimento e produção de bacteriocina pela cepa L. 
plantarum ST16Pa quando cultivada em caldo Man, Rogosa e Sharpe (MRS) com e sem 
suplementação de inulina sob condições aeradas e sem agitação. Os resultados indicaram que 
este micro-organismo tem maior crescimento quando cultivado em aerobiose, entretanto, os 
maiores valores de atividade da bacteriocina produzida foram obtidos em cultivos não 
agitados. Ainda utilizando MRS para o cultivo desta cepa, investigou-se a estabilidade e 
partição da bacteriocina em sistema aquoso de duas fases do tipo PEG/NaPA/electrólitos. 
Após 1 h submetida à temperaturas entre 50 °C e 80 °C e pH entre 3,0 e 8,0, a bacteriocina 
produzida permaneceu estável. Além disso, o sistema de partição proposto demonstrou ser 
uma alternativa econômica para recuperação e purificação desta biomolécula. Motivados pela 
tendência do uso de subprodutos industriais para a produção de biocompostos de alto valor 
agregado, investigou-se o desempenho do soro de leite/queijo como substrato alternativo para 
o crescimento de L. plantarum ST16Pa e a consequente produção de biomoléculas 
antimicrobianas por esta cepa. O estudo foi divido em duas etapas, sendo a primeira 
desenvolvida utilizando soro de leite em pó suplementado de acordo com o delineamento 
experimental Plackett & Burman, com 12 ensaios e mais 4 pontos centrais. Embora o 
delineamento proposto não tenha sido a ferramenta estatística ideal para alcançar a otimização 
da produção de bacteriocina ST16Pa, através do mesmo foi possível obter uma formulação, a 
qual gerou maiores halos de inibição quando comparados com resultados prévios reportados 
por outros autores utilizando a mesma cepa cultivada em soro de queijo. Posteriormente, 
ainda utilizando L. plantarum ST16Pa, investigou-se a produção de bacteriocina e lactato em 
soro de queijo fresco previamente hidrolisado por Flavourzyme ou Lactozym. Os cultivos 
foram otimizado através da suplementação deste meio de cultura com diferentes 
concentrações de farinha de soja, os quais foram incubados sob condições aeróbicas e 
microaerofílicas/anaeróbicas. Os maiores valores de atividade da bacteriocina (7367,23 
AU/mL) e rendimento de lactato (Ylactate/lactose = 1,39 g/g) foram obtidos sob condições 
anaeróbicas utilizando 10 g/L de farinha de soja para suplementar o soro de queijo hidrolizado 
por Flavourzyme durante 3 h. Por fim, o sobrenadante resultante deste cultivo foi aplicado sobre a 
superfície de filés de peito de frango artificialmente contaminados por Enterococcus faecium 711, 
demonstrando eficiência como bioconservante durante 7 dias de armazenamento sob refrigeração.  

Palavras-chave: soro de leite/queijo, Lactobacillus plantarum, bacteriocina, suplementação, 
otimização, bioconservante 

 



 

ABSTRACT 
 

SABO, S.S. Biotechnological production and application of antimicrobial biomolecules 
by Lactobacillus plantarum in milk whey. 2017. 197 p. Thesis (Ph. D.) – Faculty of 
Pharmaceutical Sciences, University of São Paulo, 2017.  

 
Bacteriocins are antimicrobial peptides ribosomally synthesized by various bacteria. In 
particular, the bacteriocins produced by lactic acid bacteria have recently received great 
attention due to their wide applicability and also because they are produced by 
microorganisms safe for human consumption. There are numerous studies reporting 
bacteriocin production by different lactic acid bacteria, as well as its optimization by using 
alternative substrate. Some of these studies point to milk/cheese whey as a potential low-cost 
source for the cultivation of lactic acid bacteria and the production of biocomposites, such as 
bacteriocins. Several researches refer to the production of bacteriocins, mainly nisin. On the 
other hand, the production of bacteriocins by Lactobacillus plantarum strains still limited. In 
this context, the present work first studied the growth and production of bacteriocin by L. 
plantarum strain ST16Pa when cultivated in Man, Rogosa and Sharpe (MRS) broth with and 
without inulin supplementation incubated under shaken and stationary conditions. The results 
indicated that this strain has higher growth when cultured in aerobiosis; however, the highest 
bacteriocin activity is obtained in stationary condition. The stability and partitioning of 
bacteriocin from the fermented MRS broth of L. plantarum ST16Pa in the 
PEG/NaPA/electrolytes aqueous two-phase systems was also studied. After 1 h in 
temperatures from 50 °C to 80 °C and pH from 3.0 to 8.0, the produced bacteriocin remained 
stable. In addition, the proposed partition system has proved to be an economical alternative 
for the recovery and purification of this biomolecule. Motivated by the trend in use industrial 
byproducts aiming the production of high value-added biocomposites, we investigated the 
performance of milk/cheese whey as alternative substrate for L. plantarum ST16Pa growth 
and for the production of antimicrobial biomolecules by this strain. For this purpose, the study 
was divided in two steps, being the first developed using whey powder supplemented 
according to the Plackett & Burman experimental design, with 12 trials and 4 central points. 
Although the proposed design was not the ideal statistical tool to optimize the bacteriocin 
ST16Pa production, through it was possible to obtain a formulation, which resulted in greater 
inhibition zones when compared with previous date reported by other authors using the same 
strain cultured in cheese whey. Later, still using L. plantarum strain ST16Pa, we investigated 
the production of bacteriocin and lactate in fresh cheese whey previously hydrolyzed by 
Flavourzyme or Lactozym. The cultures were optimized by supplementing this medium with 
different concentrations of soybean flour, which were incubated under aerobic and 
microaerophilic/anaerobic conditions. The highest values of bacteriocin activity (7,367.23 
AU/mL) and lactate yield (Ylactate/lactose = 1.39 g/g) were obtained under anaerobic conditions 
using 10 g/L of soybean flour to supplement cheese whey prehydrolyzed with Flavourzyme 
during 3 h. Finally, the cell-free supernatant resulted from this cultivation was applied on the 
surfaces of chicken breast fillets artificially contaminated with Enterococcus faecium 711, 
showing biopreservative efficiency during 7 days of storage under refrigeration. 

Keywords: milk/cheese whey, Lactobacillus plantarum, bacteriocin, supplementation, 
optimization, biopreservative 
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GENERAL INTRODUCTION 

 

 Due to the growing production of processed foods, the consumer is increasingly worried 

about the presence of chemical additives in their diet. For this reason, there is a trend to seek for 

foods that are considered "natural" or fresh, without the addition of chemical preservatives. This 

fact has stimulated researchers to search for effective natural preservatives. In addition, the 

resistance of pathogenic microorganisms to antibiotics has been considered one of the major 

public health problems as a result of the abusive use of these compounds in the treatment of 

human and animal diseases. Alternatively, lactic acid bacteria (LAB) have been widely used in 

food industry as a natural preservative because their ability to produce antimicrobial 

compounds, such as bacteriocins, organic acids, among others. In this context, this thesis deals 

with the main aspects of these biomolecules, being divided into five chapters written in the form 

of articles. The chapter I comprise a comprehensive literature review on LAB and production of 

bacteriocins, especially those produced by Lactobacillus plantarum, since this microorganism is 

the lactic acid bacterium chosen for the development of this work. The chapter II investigated 

the best cultivation conditions of L. plantarum ST16Pa in the recommended commercial media 

Man, Rogosa and Sharpe (MRS). An additional source of carbon (inulin) was added to these 

cultures in order to evaluate whether this prebiotic fiber promotes optimization of growth and 

bacteriocin production by the studied strain. Still using MRS as culture medium for growth and 

bacteriocin production by L. plantarum ST16Pa, in chapter III it was studied the stability and 

partitioning of bacteriocin in a novel inexpensive and stable aqueous two-phase polymer system 

(ATPPS) composed by poly(ethylene glycol) (PEG) and sodium polyacrylate (NaPA), mixing 

both polymers with sodium sulfate (Na2SO4) and ionic liquid  choline cloride ([Ch]Cl). Coupled 

with the environmental aspect, in the chapters IV and V were investigated the applicability of 

whey as a fermentable substrate for cultivating L. plantarum ST16Pa and produce bacteriocin. 

Specifically, in the chapter IV a Plackett & Burmann experimental design was proposed to 

enhance the production of bacteriocin ST16Pa inhibition zone using whey powder 

supplemented with additional carbon and nitrogen sources, besides vitamin and variations in 

shaking process conditions. Regarding the chapter V, fresh cheese whey, previously hydrolyzed 

and supplemented with soybean flour, was used to produce bacteriocin and lactate and this 

coumpund were investigated about their antimicrobial efficiency as biopreservatives on fresh 

chicken meat.  
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GENERAL AND SPECIFIC OBJECTIVES 

 

 The main objective of this thesis was the biotechnological production of antibacterial 

biomolecules, especially bacteriocin, by L. plantarum ST16Pa using whey as an alternative 

substrate. For this, the following specific objectives were established: 

 

I. Evaluate the bacteriocin production by L. plantarum ST16Pa in recommended commercial 

culture medium (i.e. MRS). 

II. Evaluate the efficiency of whey (powder and fresh) as an alternative culture medium to 

grow the L. plantarum ST16Pa and achieve bacteriocin production by this strain. 

III. Obtain a whey powder formulation, using a Plackett & Burman experimental design as a 

statistical tool, through supplementation with additional sources of carbon, nitrogen and 

vitamin, varying the agitation (rpm), which could improve the bacteriocin ST16Pa production. 

V. Study the production of bacteriocin and lactate by cultivating L. plantarum ST16Pa using 

previously hydrolyzed fresh cheese whey supplemented with soybean flour as a fermentative 

substrate and investigate their antimicrobial efficiency as biopreservatives on fresh chicken meat. 

VI. Evaluate and compare the fermentative parameters of L. plantarum ST16Pa when cultured 

in orbital shaker and bioreactor, using both culture mediums: whey powder formulation and 

hydrolyzed cheese whey. 

VII. Propose suitable bacteriocin protocol purification, aiming a future industrial application 

in both the food and pharmaceutical areas. 
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ABSTRACT 

Chemical preservatives have been traditionally used during the manufacturing of processed 

products. However, the continuous growing interest of consumers for fresh and natural 

products makes necessary to search for alternative compounds. In this context, food industries 

have been widely using lactic acid bacteria (LAB) as natural preservatives, due to their ability 

to produce antibacterial compounds such as bacteriocins. Similarly, pharmaceutical industries 

have improved the use of these bacterial peptides, with antibacterial activity, trying to reduce 

the indiscriminate use of antibiotics in food products for human and animal consumption. 

Among LAB, Lactobacillus plantarum can be adapted to various niches thanks to its ability to 

ferment a wide range of carbohydrates. Additionally, it can be used as starter culture in food 

fermentations and as an ingredient for probiotic foods, contributing to the organoleptic 

characteristics of foods at the same time prolonging the shelf-life and safety of these products. 

The amount of valuable substances obtained from L. plantarum species isolated from 

different ecological niches is also worth nothing, thus proving it to be one of the most 

important and versatile species among LAB. 

 

Keywords: lactic acid bacteria, Lactobacillus plantarum, bacteriocins, plantaricin, 

purification of bacteriocins 
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1. Introduction 

 

Industrialized food has experienced in recent years an increase in the use of chemical 

additives in their formulations; however, consumers are becoming more and more worried 

about using these chemical additives in their diet. For this reason, there is a strong trend for 

seeking natural and fresh foods, free of chemical preservatives. This fact, associated with the 

growing demand for minimally processed foods, has encouraged the search for effective 

natural preservatives, among which, antibacterial compounds such as bacteriocins, fulfill 

these requirements (Castro, Palavecino, Herman, Garro, & Campo, 2011). 

In order to control these facts, an alternative would be to use bacterial peptides with 

antibacterial activity, such as bacteriocins (Parada, Caron, Medeiros, & Soccol, 2007). 

Bacteriocins are peptides or proteins synthesized within ribosomes and released into 

the extracellular medium by Gram-positive and Gram-negative microorganisms, although, 

those produced by lactic acid bacteria (LAB) have received greater attention, in recent years, 

due to their high potential for application in the food industry as natural conserving agents 

(Leroy & De Vuyst, 2004). Among LAB, the largest group is the genus Lactobacillus, which 

comprises more than 150 different species (Siezen et al., 2010). Some of those are associated 

with the promotion of health benefits to the host (Bosch et al., 2011). Among them, L. 

plantarum can be pointed out as an industrially important microorganism that can be found 

and isolated from dairy products and fermented foods such as sauerkraut, sourdough, 

sausages, cheeses, wines, olives and pickled vegetables from environments such as cow-dung, 

silage and from sewage; as well as from the human mouth, intestinal tract and stools 

(Hammes & Vogel, 1995; Parente, Ciocia, Ricciardi, Zotta, Felis & Torriani, 2010). 

In addition, certain L. plantarum strains have probiotic properties, which have been 

used for the development of functional foods and potential oral vaccines (Parente et al., 2010). 

To carry out such probiotic activities, the strains should have the ability to produce substances 

such as bacteriocins, which offer advantages in colonization and competition in the 

gastrointestinal tract (Castro et al., 2011). Additionally, these compounds have bactericidal or 

bacteriostatic action on pathogenic bacteria, which includes important pathogens such as 

Listeria monocytogenes, Clostridium botulinum and Staphylococcus aureus (De Vuyst & 

Leroy, 2007). Recently, the food industry has shown an increasing interest in the use of 

bacteriocins as a replacement for chemical preservatives, as they are effective at low 

concentrations and, when added to food, do not alter its sensory quality (Zacharof, Coss, 

Mandale, & Lovitt, 2013). 
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In this context, the purpose of this work is to provide, as a first step, a general 

overview of LAB along with the bacteriocins produced by these strains, before addressing a 

detailed study of the L. plantarum species, itemizing the bacteriocins produced up to now, 

with the aspect concerning their biosynthesis, their main applications, mainly in the food and 

pharmaceutical industries, and the purification considered in order to obtain a deeper 

knowledge of these peptide bacteriocins. 

 

2. General characteristics of LAB 

 

The group of LAB associated with food includes 11 genera, Carnobacterium, 

Enterococcus, Lactococcus, Lactobacillus (by far the most investigate genus), Lactosphaera, 

Leuconostoc, Oenococcus, Pediococcus, Streptococcus, Vagococcus, and Weissella (Mogensen, 

Salminen, & O´Brien, 2003; Vries, Vaughan, Kleerebezem, & Vos, 2006). 

These microorganisms are Gram (+), non-sporulating, catalase-negative, acid-

resistant, pHoptimum for growing between 4.0 and 4.5, anaerobic aerotolerant, Toptimum for 

growing is 30 °C (mesophilic) or 42 °C (thermophilic) and can have different shapes, like 

rods (bacilli) and a sphere (coccus) (Todorov & Franco, 2010). 

Lactobacillus plantarum is a facultative heterofermentative lactic acid bacterium, 

which ferments carbohydrates generally by the phosphoketolase pathway (PKP). The 

fermentation of pentoses (xylose, ribose) leads to the formation of pyruvate and acetyl-P and 

their subsequent conversion to lactate and acetate, respectively. Hexoses (glucose, fructose, 

mannose) in these bacteria can be converted to lactate, CO2, and ethanol (Hammes & Vogel, 

1995; Mayo et al., 2010; Todorov & Franco, 2010). In addition, its genome encodes all 

enzymes required for the glycolysis and phosphoketolase pathways (Kleerebezem, Boekhorst, 

Kranenburg, Van Molenaar, Kiupers, Leer, et al., 2003). L. plantarum has broad versatility, 

insofar as it can be found in many ecological niches, as well as in human and animal 

gastrointestinal tracts (Siezen et al., 2010). The ability to inhabit different niches is associated 

with its ability to ferment a variety of sugars (Prins, Botha, Botes, Kwaadsteniet, Endo & 

Dicks, 2010). They have developed very efficient transport systems, which enable them to 

quickly take up the necessary solutes (Salminen & Von Wright, 1993). Particularly, this 

flexible and adaptive behavior of L. plantarum is reflected by the relatively large number of 

regulatory and transport functions, including 25 complete sugar-phosphotransferase systems 

(PTSs) (Kleerebezem et al., 2003). 
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LAB are used in the food industry due to their ability to inhibit or reduce contamination by 

spoilage and/or pathogen microorganisms through the production of various antimicrobial 

compounds (Martinez, Balciunas, Salgado, et al., 2013). The acidification of food – mainly by lactic 

acid formation – is probably the primary factor in the inhibition of undesirable microorganisms. 

LAB reduce the pH to values close to 4 in these foods, which hinders the survival of 

microorganisms sensitive to acid medium. Such condition leads to the increase of the fermented 

product shelf life, when compared to the non-fermented one (Leroy & De Vuyst, 2004). 

These bacteria are still used in the food industry for the development of organoleptic 

properties of fermented foods (Carminati, Giraffa, Quiberoni, Binetti, Suárez & Reinheimer, 

2010; Todorov, LeBlanc, & Franco, 2012). This occurs due to the large number of glycolytic, 

lipolytic and proteolytic enzymes that transform some medium nutrients into compounds with 

sensory properties, which, in the end, gradually modify the structure and aroma of the 

fermented food (Todorov et al., 2012). In addition, LAB are also used as probiotic starter 

cultures (Carminati et al., 2010). 

 

3. Bacteriocins from LAB 

 

LAB-producing bacteriocins (antimicrobial peptides synthesized in ribosomes) kill 

bacteria at much lower concentrations than eukaryotic antimicrobial peptides, probably 

because they interact with a specific receptor present on target cells (Cotter, Hill, & Ross, 

2005; Drider, Fimland, Héchard, McMullen, & Prévost, 2006). Some studies indicated that 

the 35d-plantaricin bacteriocin produced by L. plantarum 35d showed to be active against 

Aeromonas hydrophila. Meanwhile bacteriocins ST28MS and ST26MS, produced by L. 

plantarum isolated from syrup inhibited the growth of Escherichia coli, Pseudomonas 

aeruginosa and Acinetobacter baumannii and other Gram-positive microorganisms (Messi, 

Bondi, Sabia, Battini, & Manicardi, 2001; Todorov & Dicks, 2005a). 

The bacteriocin production often occurs during late log phase or early stationary 

phase, and is generally influenced by a quorum sensing mechanism or by any sign of stress 

(Martinez, Balciunas, Converti, Cotter, & Oliveira, 2013). They differ from the majority of 

antibiotics due to their molecular proteinaceous constitution, being rapidly degraded by 

proteases in the human digestive tract (Parada et al., 2007). 
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3.1. History of bacteriocins 

 

The first report of an antibacterial substance was conducted in 1925, when André 

Gratia published an article regarding the inhibitory capacity of E. coli on other strains of the 

same species. The produced compound, considered as responsible for the inhibitory effect, 

was called “colicin”, in reference to the producer microorganism (Collins, Cotter, Hill, & 

Ross, 2010). In 1928, the ability of certain Lactococci strains to exert inhibition on other LAB 

strains was reported, and later, in 1947, Mattick and Hirsh concentrated an inhibitory 

substance isolated from a strain of Lactococcus lactis subsp. lactis, termed nisin (Cotter et al., 

2005). This bacteriocin was initially purified and marketed in 1953 in England and then, in 

1969, was considered to be safe for use in food products by the Joint Food and Agriculture 

Organization/World Health Organization Expert Committee on Food Additives. It was also in 

1953 that the term “bacteriocin” was proposed for antimicrobial peptides produced by 

microorganisms (Reeves, 1965). In 1983, in Europe, nisin was added to the list of food 

additives and, in 1988, the American Food and Drug Administration (FDA) authorized its use 

in processed cheeses (Collins et al., 2010). Although nisin is the only bacteriocin approved by 

the FDA for use in foods, pediocin, attained from strains of Pediococcus acidilactici, 

Pediococcus parvulus and L. plantarum WHE92, has also been employed as a preservative in 

industrialized foods (Enan, Essawy, Uyttendaele, & Debevere, 1996; Wang & Wang, 2014). 

Indeed, there is a commercial pediocin – ALTA 2341®, produced by Quest International, 

Sarasota, Florida from P. acidilactici – that is used as a medium component for fermentation 

processes (Papagianni & Anastasiadou, 2009). As ALTA 2341® presented high inhibitory 

action on L. monocytogenes, the producer applied for its approval by FDA (Chen, Sebranek, 

Dickson, & Mendonca, 2004). 

A remarkable achievement on bacteriocins was attained in 1994, when a strain of 

lantibiotic called plantaricin C from L. plantarum LL441, was isolated from ripening cheese 

(González, Arca, Mayo, & Suárez, 1994). 
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3.2. Classification of bacteriocins 

 

In spite of bacteriocins from lactic acid bacteria (LAB) differing in their spectrum of 

activity and in biochemical and genetic determinants, some common characteristics allow 

them to be divided into four classes, based on primary structure, molecular weight, heat 

stability and molecular organization (Cotter et al., 2005; Heng, Wescombe, Burton, Jack, & 

Tagg, 2007): 

• Class I (lantibiotics): consists of linear (type A) and globular (type B) peptides, with 

low molecular weight (< 5 kDa, with approximately 19 to 38 amino acids). They are post-

translational modified peptides that contain unusual amino acids such as lanthionine and 

derivatives (Cintas, Casaus, Herranz, Nes, & Hernández, 2001; Drider et al., 2006; Todorov, 

2009). Nisin is the first and the most well-known lantibiotic (Ghrairi, Chaftar, & Hani, 2012); 

• Class II (non-lantibiotics): composed of thermostable peptides (< 10 kDa, with 

approximately 37 to 48 amino acids), which, according to Drider et al. (2006) are divided into 

three subclasses known as Class IIa (group of pediocin-like bacteriocins active against 

Listeria spp.), Class IIb (bacteriocins requiring the union of two peptides to completely exert 

antibacterial effect, e.g., lactocin G) and Class IIc (bacteriocins which have a covalent bond 

between the C and N terminal, resulting in a cyclic structure) (Balciunas et al., 2013); 

• Class III: represented by thermolabile peptides of high molecular weight (> 30 kDa), 

such as helveticin J, acidophilucin A, and lactacin A and B (Heng et al., 2007); 

• Class IV: composed of complex bacteriocins that contain carbohydrate or lipid 

moieties, in addition to the protein portion (Heng et al., 2007). However, Cleveland, 

Montville, Nes, & Chikindas (2001) proposed that these complexes are artifacts of partial 

purification and not a new class of bacteriocins. 

Among all of these peptide bacteriocins produced by LAB, subclass IIa has arisen as 

one of the most interesting groups for use in food preservation (inhibiting the growth of 

Gram-positive food spoilage and pathogenic bacteria such as Bacillus cereus, Clostridium 

perfringens, S. aureus, and L. monocytogenes) as well as in medicine (as antibiotic 

complements in treating infectious diseases or as antiviral agents) (Drider et al., 2006). Some 

bacteriocins produced by L. plantarum have been ascribed to this group, including plantaricin 

423 produced by L. plantarum strain 423. This bacteriocin was able to inhibit the growth of L. 

monocytogenes in ostrich salami meat (Dicks, Mellett, & Hoffman, 2004). 

Other plantaricins, such as EF, JK, NC8 and J51, were cataloged into the two-peptide 

bacteriocins (subclass IIb) (Anderssen, Diep, Nes, Eijsink, & Meyer, 1998; Diep, Havarstein, 
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& Nes, 1996; Diep, Straume, Kjos, Torres, & Nes, 2009). Their activity depends, by 

definition, on the complementary action of two different peptides, where their cationic nature 

is essential, facilitating the initial contact between bacteriocins and the negatively charged 

membranes via electrostatic interactions (Diep et al., 2009). 

Finally, plantaricin A, a one-peptide bacteriocin without post-translational 

modifications, is included in subclass IIc (Diep et al., 2009). The antimicrobial spectrum of 

plantaricin A is relatively narrow, comprising mainly diferente Lactobacillus species 

(Lactobacillus casei, Lactobacillus sakei, Lactobacillus viridescens and L. plantarum). The 

antimicrobial activity of plantiricin A was 10-100 fold lower than plantiricins EF and JK 

(Anderssen et al., 1998). 

 

3.3. Biosynthesis and mode of action of bacteriocins 

 

According to Drider et al. (2006), at least four genes are needed for the production 

and secretion of bacteriocins. In particular, they are (i) the structural bacteriocin gene, 

encoding a prebacteriocin; (ii) the immunity gene, encoding an immunity protein that protects 

the bacteriocin producer from its own bacteriocin; (iii) a gene encoding an ABC (ATP-

binding cassette) transporter necessary for secretion; and (iv) a gene encoding an accessory 

protein of unknown function. Bacteriocins can result from the expression of a gene located at 

the chromosome (plantaricin ST31 for example) or at a plasmid (plantaricin 423 for example) 

(Reenen, van Dicks, & Chikindas, 1998; Todorov, 2009; Todorov et al., 1999). However, 

when two bacteriocins are produced by a strain one can be chromosomal, such as 

carnobacteriocin BM1, and the other from the plasmid, such as carnobacteriocin B2 (Todorov, 

2009). Of course, there are situations in which two or more bacteriocins can only originate 

either from the chromosome or plasmid (Todorov, 2009). 

Most class II bacteriocins are synthesized primarily in the form of a pre-peptide or a 

biologically inactive pre-bacteriocin. This compound contains a sequence from 18 to 27 

amino acids presenting two glycines at the N-terminus. This sequence has the function of 

preventing the bacteriocin to be activated inside the producer cell and serves as recognition 

signal for the transport system involving the ABC transporter proteins and accessory protein 

(Nes, Diep, Havarstein, & Brurberg, 1996; Savadogo, Ouattara, Bassole, & Traores, 2006). 

The two glycines present in the sequence are responsible for recognition by the pre-

bacteriocin transport system (Moll, Konings, & Driessen, 1999). After recognizing the pre-

peptide, the leader amino acid sequence of bacteriocin is removed and then the active 
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peptide/bacteriocin is secreted into the extracellular medium (Ehrmann, Remiger, Eijsink, & 

Vogel, 2000). 

Regarding the mode of action, different mechanisms have been proposed for 

bacteriocins. Such mechanisms directly depend on factors related to bacterial species and their 

growth conditions, bacteriocin dose employed and purification degree (Parada et al., 2007). In 

particular, these mechanisms can promote a bactericidal effect, with or without cell lysis, or 

bacteriostatic, inhibiting cell growth (Cintas et al., 2001). Usually, pore formation – which 

results in the variation of the cytoplasm membrane potential due to the hydronium ion 

exchanging between the inner and outer membrane surfaces – is the main mechanism by 

which most of the bacteriocins from LAB exert their antibacterial effect (Ghrairi et al., 2012). 

In class II, this mechanism is triggered when bacteriocin binds to a protein-receptor on the 

cell membrane of the target bacteria, although some authors believe that such protein-receptor 

does not appear to be essential for binding (Chen, Shapira, Eisenstein, & Montville, 1997; 

Jack, Tagg, & Ray, 1995). 

Although it has been reported that bacteriocins show a bactericidal mode of action 

centered against homologous species, some of them have similar activity against food-borne 

pathogens; including the bacteriocin produced by P. acidilactici M that inhibits a large 

number of bacteria, such as S. aureus, L. monocytogenes, C. perfringens, Bacillus coagulans, 

B. cereus, and A. hydrophila; or the bacteriocin sakacin C2 produced by L. sakei C2a that 

inhibits many Gram-positive and Gram-negative bacteria (Hu, Zhao, Zhang, Yu, & Lu, 2013). 

Nevertheless, the antimicrobial activity of bacteriocins is unstable and inconsistent, as 

it depends on the chemical and physical conditions of foods. There are factors that can 

interfere on the bacteriocin production by LAB such as unsuitable process conditions (pH, 

temperature, nutrients, among others), spontaneous cell loss on producing bacteriocin, 

infection of the cell by phage and the presence of competitive microorganisms in the medium 

(Schillinger, Geisen, & Holzapfel, 1996). Besides, the bacteriocin effectiveness would also be 

affected by the presence of bacteriocin-resistant microorganisms, enzymes (like proteases), 

occurrence of oxidation-reduction reactions, interaction with components of the food formula 

(fats, proteins, preservatives, pH, for instance) and diffusion restraints due to high salt 

concentration. Additionally, it can be influenced by the presence of nitrate and nitrite and low 

water activity, which can lead to inadequate distribution of the bacteriocin throughout the 

food product (Alves, Martinez, Lavrador, & De Martinis, 2006; Schillinger et al., 1996). 

According to Kristo, Koutsoumanis, & Biliaderis (2008), bacteriocins can present a 

higher effectiveness when added into films and not directly incorporated to the product. In 
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fact, the production of bacteriocin by L. plantarum was higher in cellulose derivative films 

when compared with protein films (Sánchez-González, Saavedra, & Chiralt, 2013). 

The mode of action of plantaricin C, a bacteriocin produced by strains of L. 

plantarum, depends on the target microorganism, showing a different behavior against Gram-

positive bacteria (González et al., 1994). Thus, this bacteriocin showed a bactericidal mode of 

action, with the absence of concomitant or subsequent cell lysis, after being added to L. sakei 

CECT 906, reducing 50% the viability of exponentially growing cultures after 1 h without 

absorbance reduction. Meanwhile, it was observed that a bacteriolytic mode of action against 

Lactobacillus fermentum LMB 13554 decreases the viability of culture to 0.6% in only 5 min, 

accompanied by a drastic lowering in the optical density. Additionally, it showed complete 

lysis against Lactobacillus delbrueckii subsp. bulgaricus LMG 13551 and almost 100% 

viability reduction without an apparent decrease in optical density using Lactobacillus 

helveticus LMG 13555 and Leuconostoc mesenteroides subsp.cremoris NCDO 543. 

According to these authors, the lytic effect of plantaricin C was not observed with most LAB 

bacteriocins being potentially useful in accelerated food processing, releasing the enzymes 

contained in the starters into their substrates. 

Other plantaricins show a broader antimicrobial spectrum inhibiting food-borne 

pathogens in addition to the closely related Lactobacilli species. For example, partially 

purified plantaricin 163, produced by L. plantarum 163 isolated from traditional Chinese 

fermented vegetables, inhibits Gram-positive bacteria (S. aureus, L. monocytogenes, Bacillus 

pumilus, B. cereus, Micrococcus luteus, Lactobacillus thermophilus, and Lactobacillus 

rhamnosus) and Gram-negative bacteria (E. coli, P. aeruginosa, and Pseudomonas 

fluorescens). However, it is unable to show antimicrobial activity against fungi such as 

Penicillium notatum, Aspergillus niger, and Rhisopus nigricans (Hu et al., 2013). Plantaricin 

LP84 showed activity against Gram-positive, Gram-negative, food-borne pathogenic, and 

spoilage bacteria (Suma, Misra, & Varadaraj, 1998). Plantaricin UG1 inhibits strains of the 

genera Lactobacillus and Lactococcus, in addition to food-borne pathogens such as L. 

monocytogenes, B. cereus, C. perfringens, and Clostridium sporogenes (Enan et al., 1996). 

Meanwhile, plantaricin MG presented inhibitory activity against Gram-positive and Gram-

negative bacteria including L. monocytogenes, S.aureus, Salmonella typhimurium, and E. coli 

(Gong, Meng, & Wang, 2010). 
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4. L. plantarum 

 

L. plantarum is one of the most widespread species of the genus Lactobacillus and is 

being widely used in food-related technologies (Brinques, Peralba, & Ayub, 2010; Sauvageau 

et al., 2012). This microorganism is a facultative heterofermentative LAB (Group II) (Bove et 

al., 2012a; Siezen & van Hylckama Vlieg, 2011). It is acid tolerant and considered as a safe 

microorganism (Generally Regard as Safe – GRAS) (Brinques et al., 2010). As it is a 

heterogeneous species, it is closely associated with the species Lactobacillus pentosus, 

Lactobacillus paraplantarum and, more recently, Lactobacillus fabifermentans (Parente et al., 

2010; Siezen & van Hylckama Vlieg, 2011). This relationship was identified when more than 

99% of their rRNA presented identical sequences, suggesting high phenotypic and genotypic 

similarity between species (Parente et al., 2010). 

L. plantarum is the most important and versatile species of the group, and can be 

found as part of the microbiota of starchy foods and cereals, meats, dairy products, 

vegetables, fruits and drinks (Ricciardi et al., 2012). According to Todorov et al. (2011), 

different strains have been isolated from various niches, such as fermented milk, cheese, 

fermented cucumber, fermented olives, pasta, pineapple, grapefruit juice, sorghum beer and 

barley, molasses, boza, kefir and amasi. These strains have proven to be able to survive 

gastric transit and colonize the intestinal tract of humans and other mammals, and are 

considered as a member of the natural microbiota of these niches (Kleerebezem et al., 2003; 

Mathara et al., 2008). Some authors report that L. plantarum can adapt to various niches due 

to its ability to ferment a wide range of carbohydrates (Brinques et al., 2010; Prins et al., 

2010; Todorov, 2008). 

Furthermore, L. plantarum has traditionally been used in starter cultures in food 

fermentations (Bove et al., 2012b) and also as an ingredient for probiotic foods, such as the L. 

plantarum 299v strain, which is widely marketed (Siezen & van Hylckama Vlieg, 2011). 

 

4.1. Bioproduction of bacteriocins from L. plantarum 

 

Several studies have been focused on the optimization of culture medium and growth 

conditions in order to increase the production of bacteriocins by L. plantarum. There are 

many works describing the production of bacteriocins by strains of L. plantarum, namely: L. 

plantarum ST194BZ (Todorov & Dicks, 2005b), L. plantarum ST13BR (Todorov & Dicks, 

2005a), L. plantarum ST414BZ (Todorov & Dicks, 2006b), L. plantarum ST664BZ (Todorov 
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& Dicks, 2006b), L. plantarum ST23LD (Todorov & Dicks, 2006a), L. plantarum ST341LD 

(Todorov & Dicks, 2006a), L. plantarum AMA-K (Todorov, Nyati, Meincken, & Dicks, 

2007), L. plantarum ST26MS, L. plantarum ST28MS and L. plantarum ST32 (Todorov, 

2008; Todorov, Gotcheva, Dousset, Onno, & Ivanova, 2000; Todorov, Powell, Meincken, 

Witthuhn, & Dicks, 2007; Todorov, Van Reenen, & Dicks, 2007). 

Despite the great number of studies carried out until this moment, there is little 

knowledge about the growth conditions required for optimal production of bacteriocins by L. 

plantarum, and an ideal fermentation process has not been established (Todorov, Van Reenen, 

& Dicks, 2004). It is known that cell growth of Lactobacillus is directly influenced by the 

conditions of pH, temperature, medium composition, and aeration rate, among other factors. 

Since LAB are quite demanding on nutritional requirements, a rich medium is extremely 

necessary for good growth (Brinques et al., 2010). 

 

4.2. Bacteriocins produced by L. plantarum 

 

A wide variety of bacteriocins produced by different L. plantarum strains have been 

isolated and described. Table 1.1 shows some examples of bacteriocins produced by L. 

plantarum isolated from various fermented products, their respective biochemical features and 

some available genetic information. The examples are detailed as follows: 
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Table 1.1. Some examples of bacteriocins produced by Lactobacillus plantarum isolated from varius ecological niches. 
 

Isolation niche Strain name Bacteriocin 

produced 

Biochemical features Genetic 

information 

Some pathogens inhibited Reference 

 

Meat 

Lactobacillus 

plantarum UG1 

plantaricin UG1 

 

 

 

Single-peptide with 

molecular mass between 

3.0 and 10.0 kDa 

Chromosomally 

encoded 

Listeria monocytogenes, Bacillus 

cereus; Clostridium perfringens, 

Clostridium sporogenes 

Enan, Essawy, 

Uyttendaele, & 

Debevere,1996 

Lactobacillus 

plantarum 35d 

plantaricin 35d Single-peptide with  
molecular mass estimated 

to be 4.5 kDa 

Information about 

genetic 

determinates not 

shown  

Staphylococcus aureus, Listeria 

monocytogenes, Aeromonas 

hydrophila 

Messi, Bondi, 

Sabia, Battini, & 

Manicardi, 2001 

Lactobacillus 

plantarum LT154 

plantacin 154 Single-peptide  peptide 

with  molecular mass 

estimated to be 3.0 kDa 

or less 

Plasmid-encoded Enterococcus faecalis, 

Bacillus sp., Staphylococcus sp. 

Salmonella typhimurium 

Kanatani & 

Oshimura, 1994 

Lactobacillus 

plantarum SA6 

plantaricin SA6 Single-peptide  peptide 

with  molecular mass 

estimated to be 3.4 kDa 

Information about 

genetic 

determinates not 

shown 

Lactobacillus plantarum, 

Lactobacillus brevis, Leuconostoc 

sp, Listeria grayi 

Rekhif, Atrih, & 

Lefebvre, 1995 

Lactobacillus 

plantarum 

ST202Ch ST216Ch 

bas ST202Ch and 

bac ST216 

Single-peptide with 

molecular mass estimated 

to be 3.5 and 10 kDa, 

respectively  

Chromosomally 

encoded 

Enterococcus faecium, Escherichia 

coli, Listeria monocytogenes, 

Pseudomonas spp., Staphylococcus 

aures. 

Todorov, Ho, Vaz-

Velho, & Dicks, 

2010 
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Fish  

Lactobacillus 

plantarum PMU 33 

plantaricin W  Two-peptide  (α and β-

peptide) with molecular 

masses estimated to be 

3.2 and 3.0 kDa, 

respectively 

Chromosomally 

encoded 

Listeria monocytogenes, Bacillus 

cereus, Staphylococcus aures, 

Enterococcus faecium, 

Enterococcus faecalis. 

Noopakdee et al., 

2009 

Lactobacillus 

plantarum BF001 

plantaricin F Single-peptide with 

molecular mass between 

0.4 and 6.7 kDa 

Information about 

genetic 

determinates not 

shown 

Staphylococus aures, Salmonela 

typhimurum, Listeria 

monocytogenes, P. aeruginosa. 

Fricourt, Barefoot, 

Testin, & 

Hayasaka,1994 

 

 

Fruits and 

vegetables 

Lactobacillus 

plantarum 

ST28MS and 

ST16MS 

ST28MS and 

ST16MS 

Single-peptide with 

molecular masses 

estimated to be 5.5 and 

2.8 kDa, respectively 

Chromosomally 

encoded 

Lactobacillus sakei, Staphylococcus 

aureus, Enterococcus faecalis, 

Pseudomonas aeruginosa, 

Escherichia coli, Acinetobacter 

baumanii 

Todorov & Dicks, 

2005a 

Lactobacillus 

plantarum C11 

plantaricin EF, 

plantaricin JK 

and inductor 

factor plantaricin 

A 

Two two-peptide with 

data not shown about 

molecular mass 

Chromosomally 

encoded 

Lactobacillus sp.; Pediococcus sp.; 

Leuconostoc sp. And Streptococcus 

sp, 

Daeshel, 

McKenney, & 

McDonald, 1990 

Lactobacillus 

plantarum LPC010 

plantaricin S and 

plantaricin T 

Two-peptide, where 

plantaricin S had 

molecular mass about 2.5 

kDa and the molecular 

mass of plantaricin T was 

not detected 

Possible 

chromosomally 

encoded 

Propionibacterium sp., 

Clostridium tyrobutyricum, 

Enterococcus faecalis 

Díaz, Sánchez, 

Desmazeaud, Barba, 

& Piard, 1993 
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Lactobacillus 

plantarum ST16Pa 

 

 

bacteriocin 

ST16Pa 

Single-peptide  peptide 

with  molecular mass 

estimated to be 6.5 kDa 

Information about 

genetic 

determinates not 

shown 

Enterococcus faecalis 

Enterococcus faecium, 

Listeria monocytogenes, 

Listeria innocua, 

Staphylococcus aureus, 

Streptococcus sp., 

Pseudomonas sp. 

Todorov et al., 2011 

L. plantarum 163 plantaricin 163 Single-peptide with 

molecular mass about 3.5 

kDa 

Information about 

genetic 

determinates not 

shown 

Staphylococcus ureus, Listeria 

monocytogenes, Bacillus pumilus, 

Bacillus cereus,  

Micrococcus luteus, Lactobacillus 

thermophilus, Lactobacillus 

rhamnosus, Escherichia coli, 

Pseudomonas aeruginosa, 

Pseudomonas fluorescens 

Hu, Zhao, Zhang, 

Yu, & Lu, 2013 

 

Milk products 

Lactobacillus 

plantarum AMA-K 

bacteriocin 

AMA-k 

Single-peptide with 

molecular mass about 2.9 

kDa 

Information about 

genetic 

determinates not 

shown 

Enteroccus spp. 

Escherichia col, 

Klebsiella pneumoniae 

Listeria spp. 

Todorov, Nyati, 

Meincken, & Dicks, 

2007a  

Lactobacillus 

plantarum WHE92 

pediocin AcH Single-peptide with 

molecular mass about 4.5 

kDa 

Plasmid-encoded Listeria monocytogenes Ennahar et al., 1996 

Lactobacillus 

plantarum LB-B1 

pediocin LB-B1 Single-peptide with 

molecular mass estimated 

between 2.5 and 6.5 kDa 

Plasmid-encoded Listeria,  

Lactobacillus, Streptococcus, 

Enterococcus, Pediococcu and 

Escherichia coli 

Xie et al., 2010 
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Lactobacllus 

plantarum ST8KF 

BacST8KF Single-peptide with 

molecular mass about 3.5 

kDa 

Information about 

genetic 

determinates not 

shown 

Lactobacillus casei, Lactobacillus 

salivarus, Lactobacillus cuvatus 

and Listeria innocua 

Powell, Witthuhn, 

Todorov, & Dicks, 

2007 

 

Cereals 

Lactobacillus 

plantarum ST13BR 

bacteriocin 

ST13BR  

Single-peptide with 

molecular mass about 

10.0 kDa 

Information about 

genetic 

determinates not 

shown 

P.aeruginosa; 

Enterococcus faecalis; 

Klebsiella pneumonia and 

Escherichia coli 

Todorov, Van 

Reenen, & Dicks, 

2004b 

Lactobacillus 

plantarum 

ST194BZ 

ST194BZ(α) and 

ST194BZ(β) 
Two-peptide  (α and β-

peptide) with molecular 

mass estimated to be 3.3 

and 14.0 kDa, 

respectively 

Information about 

genetic 

determinates not 

shown 

Enterococcus faecalis; 

Escherichia coli; 

Enterobacter cloacae; 

P. aeruginosa 

Todorov & Dicks, 

2005b 

Lactobacillus 

plantarum 423 

plantaricin 423 Single-peptide with 

molecular mass about 3.5 

kDa 

Plasmid-encoded Bacillus cereus, Clostridium 

sporogenes, Enterococcus faecalis, 

Listeria spp. and Staphylococcus 

spp. 

Reenen, Dicks, & 

Chikindas, 1998 
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• Meat: 

Various bacteriocinogenic strains of L. plantarum have been isolated from sausages 

obtained from different manufacturers under distinct ripening times (Garriga, Hugas, 

Aymerich, & Monfort, 1993). 

Enan et al. (1996) isolated an antimicrobial substance produced from L. plantarum 

UG1 obtained from dry sausage. This substance was capable of inhibiting other strains of 

Lactobacillus and Lactococcus and some pathogenic strains, such as L. monocytogenes, B. 

cereus, C. perfringens and C. sporogenes. This antimicrobial compound was characterized as 

a bacteriocin and named plantaricin UG1. This is a single-peptide with a molecular mass 

between 3.0 and 10.0 kDa and its production appeared to be chromosomally encoded. In 

addition, a LAB isolated from Italian sausages produced a bacteriocin, called plantaricin 35d 

(4.5 kDa), having high antimicrobial activity against food pathogens (S. aureus, L. 

monocytogenes and A. hydrophila) (Messi et al., 2001). 

The sausage has been employed as a continuous source of bacteriocinogenic cultures. 

For instance, Kanatani & Oshimura (1994) reported the production of a plasmid encoded 

bacteriocin called plantacin 154 with a molecular mass about 3.0 kDa or less, produced by L. 

plantarum LT154 strain isolated from dry sausage. Meanwhile Rekhif, Atrih, & Lefebvre 

(1995) obtained plantaricin SA6 from L. plantarum SA6, an isolate from fermented sausage. 

This is a single-peptide with molecular mass of about 3.4 kDa and information about genetic 

determinants was not mentioned. 

A study by Todorov, Ho, Vaz-Velho, & Dicks (2010) characterized bacteriocins 

produced by the L. plantarum ST202Ch and ST216Ch strains isolated from beloura or 

chorizo, a traditional Portuguese product made of pork meat. The chromosomally encoded 

single-peptide bacteriocins were denominated by bacST202Ch and bacST216Ch with 

molecular masses estimated to be 3.5 and 10 kDa, respectively, and were able to inhibit the 

growth of various Gram-positive and Gram-negative microorganisms considered deteriorative 

of meat products. The genes encoding bacteriocin ST202Ch were found identical to that 

reported for the structural gene encoding pediocin PA-1 (pedA, pedB, pedC, and pedD). 

• Fish: 

Noonpakdee et al. (2009) isolated the L. plantarum PMU 33 strain from som-fak, a 

Thai product made of fish with low salt contents. The bacteriocin purified and characterized 

from the culture supernatant consisted of two peptides with the molecular masses of 3.2 and 

3.0 kDa. The molecular mass of this two-peptide bacteriocin was nearly identical to that of 

two-peptide plantaricin W (Plw), which consists of two peptides Plwα and Plwβ. The genes 
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encoding these two peptides amplified by PCR with Plw gene specific primer showed 

identical sequences to Plwα and Plwβ. This bacteriocin was able to inhibit a large number of 

Gram-positive microorganisms considered pathogens and food spoilage microorganisms, such 

as L. monocytogenes, B. cereus, E. faecalis and S. aureus. 

Fricourt, Barefoot, Testin, & Hayasaka (1994) isolated the L. plantarum BF001 strain 

from the flesh of processed and refrigerated catfish. This strain was able to produce an 

antimicrobial substance designated plantaricin F, a single-peptide with a molecular mass 

between 0.4 and 6.7 kDa. It was active against some bacteria of the genus Lactobacillus, 

Lactococcus, Listeria, Micrococcus, Leuconostoc, Pediococcus, Staphylococcus, 

Streptococcus, Salmonella and Pseudomonas. 

• Fruits and vegetables: 

Two bacteriocins, ST28MS and ST26MS, produced by different L. plantarum strains, 

were isolated from molasses and partially characterized. Both bacteriocins with molecular 

masses estimated to be 5.5 and 2.8 kDa, respectively, showed unusual antimicrobial activity 

against Gram-negative bacteria, including P. aeruginosa, E. coli and A. baumanii. No 

plasmids were recorded for strains ST28MS and ST26MS, suggesting that these bacteriocins 

are chromosomally encoded (Todorov & Dicks, 2005a). 

L. plantarum C-11 isolated from fermented cucumbers (Daeschel, McKenney, & 

McDonald, 1990) produced bacteriocins such as plantaricin EF and plantaricin JK (Anderssen 

et al., 1998). Plantaricin A, which was previously incorrectly identified as the bacteriocin 

responsible for the antimicrobial activity of L. plantarum C-11, induces the production of the 

bacteriocins mentioned above (Meyer, Larsen, Sletten, Daeschel, & Nes, 1993). 

Díaz et al. (1993) identified two bacteriocins produced by L. plantarum LPC010 

isolated from fermented green olives. These antimicrobial substances were named plantaricin 

S (2.5 kDa), which is produced during the logarithmic growth phase, and plantaricin T 

(molecular mass not determined), produced when the microorganism reaches the stationary 

growth phase. The genetic determinants for plantaricin S and T production do not appear to be 

plasmid encoded. 

Todorov et al. (2011) isolated the L. plantarum ST16Pa strain from papaya (Carica 

papaya). The bacteriocin produced by this strain, named ST16Pa (6.5 kDa), showed activity 

against different species of the genus Enterobacter, Enterococcus, Lactobacillus, 

Pseudomonas, Streptococcus, Staphylococcus, and some genres of Listeria spp. No 

information was given about genetic determinants. 
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Plantaricin 163 is a novel bacteriocin produced by L. plantarum 163 isolated from 

traditional Chinese fermented vegetables by Hu et al. (2013). This bacteriocin showed a 

broad-spectrum inhibitory activity not only against LAB but also against other Gram-positive 

and Gram-negative bacteria including S. aureus, L. monocytogenes, B. pumilus, B. cereus, M. 

luteus, L. thermophilus, L. rhamnosus, E. coli, P. aeruginosa, and P. fluorescens. The 

physicochemical studies of this bacteriocin (3.5 kDa) are in agreement with the characteristic 

features of antimicrobial peptides, thus indicating the potential value of plantaricin 163 as a 

biopreservative in the food industry (Hu et al., 2013). No information was given about genetic 

determinants. 

Other bacteriocins are plantaricin C19 produced by L. plantarum C19 isolated from 

fermented cucumbers (Atrih, Rekhif, Moir, Lebrihi, & Lefebvre, 2001); plantaricin NA, 

produced by L. plantarum sp. isolated from vegetable origin (Olasupo, 1998); plantaricin-149, 

produced by L. plantarum NRIC 149 isolated from pineapple (Kato et al., 1994); and 

plantaricin D produced by L. plantarum BFE 905 isolated from “Waldorf” salad (Franz, Du 

Toit, Olasupo, Schillinger, & Holzapfel, 1998). 

• Milk-based products: 

Todorov, Nyati, Meincken, & Dicks (2007) reported the production of bacteriocin 

AMA-K by the L. plantarum AMA-K strain isolated from amasi, a product traditionally made 

of fermented milk that is consumed in different regions of Southern Africa, including 

Zimbabwe, South Africa and Lesotho. The bacteriocin AMA-K (2.9 kDa) inhibited the 

growth of Enterococcus spp., E. coli, Klebsiella pneumoniae and Listeria spp. No information 

was given about genetic determinants. 

González, Arca, Mayo, & Suárez (1994) reported the production of plantaricin C by 

the L. plantarum LL441 strain isolated from Cabrales cheese. The bacteriocin showed 

bactericidal activity, followed by, in some cases, cell lysis. 

Xie et al. (2011) demonstrated the presence of pediocin LB-B1 (single-peptide with 

molecular mass estimated between 2.5 and 6.5 kDa), which was produced by L. plantarum 

LB-B1 isolated from koumiss, a traditional Chinese fermented dairy product. In particular, 

this bacteriocin was active against Listeria, Lactobacillus, Streptococcus, Enterococcus, 

Pediococcus and E. coli strains. The genetic determinants for pediocin LB-B1 production 

appeared to be plasmid-encoded. 

Powell, Witthuhn, Todorov, & Dicks (2007) isolated L. plantarum ST8KF from kefir, 

a carbonated refreshing drink, and its bacteriocin (single-peptide with molecular mass about 
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3.5 kDa) showed activity against different microorganisms including L. casei, L. salivarius, 

Lactobacillus curvatus and L. innocua. No information was given about genetic determinants. 

Other bacteriocins include plantaricin MG (molecular mass about 2.1 kDa) produced 

by L. plantarum KLDS1.0391 and isolated from “Jiaoke”, a traditional fermented cream from 

China by Gong et al. (2010), being active against Gram-positive and Gram-negative bacteria 

including L. monocytogenes, S. aureus, S. typhimurium and E. coli and plantaricin LC74 

(single-peptide with molecular mass about 5 kDa), produced by L. plantarum LC74 isolated 

from crude goat’s milk. This bacteriocin showed a narrow spectrum of activity against several 

strains of mesophilic lactobacilli including L. plantarum, Lactobacillus brevis and 

Lactobacillus biichneri (Rekhif, Atrih, & Lefebvre, 1994). 

• Cereals: 

Todorov, Van Reenen, & Dicks (2004) reported the production of the bacteriocin 

ST13BR (single-peptide with molecular mass about 10 kDa) by the L. plantarum ST13BR strain 

isolated from barley beer, a traditional drink made of fermented corn, barley, soy flour and sugar, 

produced in South Africa. This bacteriocin was effective against L. casei, P. aeruginosa, E. 

faecalis, K. pneumoniae and E. coli. No information was given about genetic determinants. 

Todorov & Dicks (2005a) described the isolation of the L. plantarum ST194BZ strain 

from boza, a fermented beverage typically from the eastern Balkan countries. It is one of the 

most traditional drinks produced by the fermentation of different cereals with the use of yeast 

and LAB. The ST194BZ strain was able to produce two types of bacteriocins, termed 

ST194BZα (3.3 KDa) and ST194BZβ (14 kDa), being active against a broad range of 

pathogens and spoilage bacteria including E. faecalis, E. coli, Enterobacter cloacae and P. 

aeruginosa. No information was given about genetic determinants. 

Reenen et al. (1998) isolated the L. plantarum 423 strain from sorghum beer. This 

strain produced the bacteriocin plantaricin 423 (single-peptide with molecular mass about 3.5 

kDa), which is capable of inhibiting a wide range of microorganisms, such as B. cereus, C. 

sporogenes, E. faecalis, Listeria spp. and Staphylococcus spp. DNA hybridization studies 

have shown homology between the plasmid DNA of L. plantarum 423 and the pediocin PA-1 

operon. This suggests that plantaricin 423 is plasmid-encoded. 

Additionally, the production of other bacteriocins has been described, including 

plantaricin K, produced by L. plantarum DK9 isolated from “fufu”, a fermented cassava 

product (Olukoya, Tichaczek, Butsch, Vogel, & Hammes, 1993); plantaricin ST31, produced 

by L. plantarum ST31 isolated from sourdough (Todorov et al., 1999) and plantaricin KW30, 

produced by L. plantarum strain KW30 isolated from fermented corn (Kelly, Asmundson, & Huang, 1996). 
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4.3. Applications of L. plantarum and its bacteriocins 

 

A wide variety of benefits associated with the use of L. plantarum as a potential 

probiotic has been reported in literature (Ningegowda & Gurudutt, 2012; Zago et al., 2011). 

In general, these studies reported that this LAB has been used to enhance intestinal barrier 

function and improve symptoms of irritable bowel syndrome (Anderson, Cookson, MacNabb, 

Kelly, & Roy, 2010; Ducrotté, Sawant, & Jayanthi, 2012). According to Axling et al. (2012), 

the use of L. plantarum can affect gut microbiota, lipid metabolism and inflammation in high-

fat fed mice. Another example of health benefits was reported by Nguyen, Kang, & Lee 

(2007). In this study, L. plantarum PH04 was effective in cholesterol-lowering activities. On 

the other hand, Gallego et al. (2011) reported that the consumption of probiotic L. plantarum 

improves the general health status in older people. 

Several substances have been produced by different L. plantarum strains isolated from 

different food sources. These strains of bacteriocinogenic L. plantarum are naturally present 

in these products, contributing to the improvement of organoleptic characteristics and playing 

an essential role in their biopreservation (Todorov, 2009). 

Biopreservation is a technique used to prolong food shelf life and improve safety 

through the use of protective microbiota and/or its antimicrobial peptides, such as bacteriocins 

(Schillinger et al., 1996). The application of bacteriocins can help to reduce the use of 

chemical preservatives and/or the intensity of heat treatment, as well as prevent other physical 

treatments, satisfying the demand for “fresh”, “ready-to-eat” foods with few preservatives 

(Todorov, 2009). 

The bacteriocins produced by L. plantarum or even the strain itself are used in 

different situations. Penteado et al. (2007) conducted a study by inoculating bacteriocins from 

L. plantarum in silage of mombaça grass, with the purpose of improving the fermentation 

profile according to the values of pH, NH3, lactic acid and acetic acid, favoring the 

development of LAB and lowering dry matter losses. 

Campagnol, Fries, Terra, Santos, & Furtado (2007) produced a starter culture with a 

L. plantarum strain in the culture medium of porcine plasma and verified the feasibility of its 

application in salamis. As a result, salamis made with a L. plantarum starter culture promoted 

a higher microbiological safety to salamis, as well as a significant improvement of their flavor. 

In the therapeutic field, the topical application of lactobacilli is receiving attention due 

to the prevention of superficial skin and burn wound infections. Brachkova et al. (2011) 

studied the properties of L. plantarum immobilized with calcium alginate films and 
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investigated the antibacterial activity of these films in a model burn wound in rats. The study 

showed a significant decrease in the number of colonies of P. aeruginosa (one of the most 

frequently isolated pathogens in chronic infections, which was used to test the activity of L. 

plantarum), suggesting that the immobilization of L. plantarum by calcium alginate films may 

be a possible intervention for the prevention of infections caused by burns. Also in this 

context, Ramos et al. (2012) investigated the effects of L. plantarum supernatants on 

pathogenic properties of P. aeruginosa, such as adhesion, viability, virulence factors, biofilm 

formation, and quorum sensing signal expression. In this study, L. plantarum supernatants 

were able to inhibit pathogenic properties of P. aeruginosa by a quorum quenching 

mechanism. Also, the antipathogenic properties, along with the immunomodulatory, tissue 

repair, and angiogenesis properties in the L. plantarum supernatants, make them an attractive 

option in infected chronic wound treatment. 

O’Shea et al. (2012) reported the problem related to the odor of pig manure. 

Conventional dietary strategies to reduce this odor can be costly, prevent nutrient digestibility, 

and receive varying responses. Alternatively, the authors proposed the use of L. plantarum in 

the diet of pigs, with or without supplementation of inulin, in order to reduce the manure odor 

without compromising the nutrient digestibility. It was found that dietary supplementation of 

pigs with L. plantarum, with or without inulin, reduces the manure odor. 

 

4.4. Purification of bacteriocins produced by L. plantarum 

 

Different strategies for the extraction of bacteriocins produced by L. plantarum from 

cultivation broths, and further purification to final products have already been described in 

literature (Atrih et al., 2001; Gong et al., 2010; Hata, Tanaka, & Ohmomo, 2010; Müller, 

Carrasco, Tonarelli, & Simonetta, 2009; Smaoui et al., 2010; Todorov, Velho, & Gibbs, 2004; 

Zhu, Zhao, Sun, & Gu, 2014). Purification methods, including salinization, solvent extraction, 

ultrafiltration, adsorption-desorption, ion exchange chromatography and high-performance 

liquid chromatography (HPLC), are the most common techniques (Parada et al., 2007). Other 

alternative purification methods include salting-out, gel filtration, or reverse-phase high-

performance liquid chromatography (RP-HPLC) (Hu et al., 2013). 

Some purification strategies with the respective specific activity and purification folds 

are shown in Table 1.2. All of them led to high levels of purification indicating their high 

degree of effectiveness. 
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Table 1.2. Strategies of purification to obtain bacteriocins produced by Lactobacillus plantarum. 
 

Bacteriocin Purification steps Specific activity 
(AU/mg) 

Purificatio
n (fold) 

References 

Plantaricin 
ZJ008 

Culture supernatant 

Macroporous resin column 

Cation exchenge chromatography 

Gel filtration 

HPLC 

14.9 
 

37.5 
 

369.9 
 

838.7 
 

8556.7 

1.0 
 

2.5 
 

24.8 
 

56.2 
 

573.1 
 

Zhu et al. 
(2014) 

Plantaricin 
from L. 
plantarum 
LP31 

Culture supernatant 

Sep-Pack cartridges (C18) 

Gel-filtration chromatography 
 
RP-HPLC 

85.5 
 

5959 
 

5900 
 

506000 

1 
 

69.6 
 

689.5 
 

5914,6 
 

Müller et al. 
(2009) 

 

Plantaricin 
C19 

Culture supernatant 

Release of adsorbed bacteriocin 
from producing cells 

Reverse phase high-performance 
liquid chromatography (HPLC) 

455 
 

17808 
 
 

409600 

1 
 

39.1 
 
 

900.2 
 
 

Atrih et al.  
(2001) 

Plantaricin 
MG 

Culture supernatant 

Ammonium sulfate precipitation 

Gel filtration 

Reverse-phase chromatography 

0.37 
 

5.35 
 

44.64 
 

9333.33 

1 
 

14.0 
 

20.0 
 

25.2 
 

Gong et al. 
(2010) 

BacTN635 Culture supernatant 

Ammonium sulfate precipitation 

Centrifugal microconcentrators 

Gel filtration 
 
HPLC 

2083 
 

9904 
 

14310 
 

146104 
 

197368 
 

1 
 

4.7 
 

6.8 
 

70.1 
 

94.7 

Smaoui et al. 
(2010) 

Plantaricin 
ASM1 

Culture supernatant 

Ammonium sulfate precipitation 

Cation exchange chromatography 

Octyl-Sepharose CL-4B column 

HPLC 

253 
 

1850 
 

11900 
 

20700 
 

10700 
 

1 
 

7.3 
 

47.0 
 

81,8 
 

42.3 
 

Hata et al. 
(2010) 
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The literature related to the purification of bacteriocins is vast, encompassing several 

types of protocols. However, all protocols involve the use of the HPLC technique as the final 

purification step (Hata et al., 2010; Smaoui et al., 2010; Zhu et al., 2014). Some authors 

employed the RP-HPLC technique, a variant of HPLC in which a hydrophobic stationary 

phase is employed, favoring, of course, the elution of polar molecules (Atrih et al., 2001; 

Gong et al., 2010; Müller et al., 2009). It must be borne out that by using the RP-HPLC 

technique as the final step, less purification procedures are required, thus decreasing the 

overall cost of the purification process. 

Recently, a new procedure was proposed for the purification of macromolecules, 

including bacteriocins, based on the liquid-liquid extraction for aqueous two-phase micellar 

systems (ATPMS). This method can be applied for extracting bacteriocins directly from the 

fermented medium, leading to a simplification on the overall purification protocol of 

bacteriocins (Jozala, Lopes, Novaes, Mazzola, & Pessoa-Junior, 2012; Liu, Nikas, & 

Blankschtein, 1996; Dutra-Molino et al., 2014). 

 

5. Conclusion 

 

Nowadays, consumers tend to seek fresh and natural products, avoiding processed 

products containing chemical additives. Thus, many researchers began to look for natural and 

effective preservatives. The use of bacteriocins seems to be a great alternative, as they present 

activity against a wide range of food-borne pathogens and spoilage microorganisms. 

Several substances have been isolated from various L. plantarum strains found in 

different niches, such as meat, fish, dairy products, fermented vegetables, cereals and fruits. 

Their application can be performed successfully in food-related fermentations, ensuring not 

only the organoleptic characteristics, but also contributing to increase the shelf life and safety 

of the final product. 

Although there are many studies on the production of bacteriocins by L. plantarum, 

until this moment, there are no reports in literature describing the existence of a bacteriocin 

from L. plantarum, such as nisin and pediocin, available in the market. This fact could be due 

to the lack of an efficient or a low-cost purification strategy, which allows the bacteriocin 

produced by this microorganism to be commercially available. Therefore, future studies might 

be directed at the development of efficient and low-cost purification protocol. 
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ABSTRACT 

The prebiotic effect of inulin added to MRS medium on growth and bacteriocin production by 

L. plantarum ST16Pa was investigated in stationary cultures in anaerobic jars with medium 

containing 0.025% sodium thioglycolate or in flasks shaken at 100 rpm. In the presence of 1% 

inulin in anaerobic stationary cultures, this strain produced lactic acid at a level that was 

36.5% higher than in the absence of the polysaccharide. In shaken cultures without inulin, cell 

count was 54% higher than in the stationary ones. Under stationary conditions in anaerobic 

jars, the addition of inulin increased the maximum specific growth rate from 0.37 to 0.49 h-1 

and reduced the generation time from 1.85 h to 1.40 h. Consequently, the exponential phase 

was shortened from 12 to 9 h when the cells were grown in stationary cultures with the 

oxygen scavenger. Despite this effect of inulin on growth rate, stationary cultures without 

inulin displayed higher antimicrobial activity against Listeria monocytogenes L104 (3,200 

AU/mL) than cultures with inulin (1,600 AU/mL); therefore, inulin behaved as a compound 

able to accelerate growth rather than to stimulate bacteriocin production. The results presented 

in this study are very promising, since L. monocytogenes is a well-known foodborne 

pathogenic microorganism. Moreover, L. plantarum ST16Pa has proven to be a potential 

producer of a natural food preservative at an industrial level. 

 

Keywords: bacteriocin, inulin, Lactobacillus plantarum, probiotic, stationary culture, shaken 

culture, supplementation. 
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1. Introduction 

 

 Consumers have become more concerned about the amount of chemical additives in 

their diets and are seeking "natural" or chemical preservative free foods. Lactic acid bacteria 

(LAB) are widely used in the food industry to provide preservative functions, because of their 

ability to produce various antibacterial compounds, including bacteriocins (De Vuyst & 

Leroy, 2007). Bacteriocins are ribosomally synthesized antimicrobial peptides produced by 

bacteria that are active against other bacteria, either belonging to the same species or even 

across genera (Martinez et al., 2013). 

 Lactobacillus plantarum a generally recognized as safe (GRAS) microorganism is a 

LAB that has been widely used food processing (Barrangou, Lahtinen, Ibrahim, & Ouwehand, 

2012; De Vuyst & Leroy, 2007; Sabo, Vitolo, González & Oliveira, 2014). Several 

Lactobacillus spp. have well-documented probiotic properties and can grow either in the 

absence or in the presence of O2, which makes them aerotolerant anaerobic microorganisms 

(Götz, Elstner, Sedewitz, & Lengfelder, 1980). L. plantarum is a versatile species as it is 

present in the microbiota of starchy foods, cereals, meat, dairy products, vegetables, fruits, 

beverages and intestinal tract of mammals (Kleerebezem et al., 2003; Todorov & Franco, 

2010).  

 Inulin is a prebiotic fermentable soluble fiber that cannot be digested by the enzymes 

of the human gastrointestinal tract; therefore, it enters the large intestine serving as substrate 

for intestinal beneficial bacteria, promoting their growth and improving their performance 

(Roberfroid, 2007). The stimulatory effect of this biopolymer on the growth of probiotic 

microorganisms can be explained by the increased level of fructose released by its partial 

hydrolysis and its subsequent assimilation through the glycolytic pathway (Oliveira, Perego, 

Oliveira, & Converti, 2012). Since the production of bacteriocins is often associated with high 

cell concentrations (Parente & Ricciardi, 1999), supplementation of the culture media with 

additional carbon sources such as inulin might stimulate their production. 

 The present study aimed at investigating L. plantarum ST16Pa growth and bacteriocin 

production in shaken and stationary cultures with and without the addition of inulin to the 

MRS medium.   
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2. Materials and methods 

 

2.1. Bacterial strains and cultivation 

 

The Lactobacillus plantarum ST16Pa strain used in this study was isolated from 

papaya (Carica papaya) and characterized as a bacteriocin producer and potential probiotic 

(Todorov et al., 2011, 2012). The microorganisms used as indicators in preliminary screening 

tests on filtrate samples from cultures grown under different conditions (shaken or stationary 

culture, with or without 1% inulin) were Listeria monocytogenes (L101, L104, L106, L302, 

L409, L506, L607, L620, L711, L724) and Enterococcus sp. (13LC23, 13BA22, 11EN3, 

11EN4, 11EN5, 1LB8) provided by the Department of Food, Faculty of Pharmaceutical 

Sciences, University of São Paulo (São Paulo, SP, Brazil), and the Department of Veterinary, 

Faculty of Veterinary Medicine, Federal University of Viçosa (Viçosa, MG, Brazil), 

respectively. Only one concentration of inulin (1%) was tested because a preliminary 

(unpublished) study, in which this prebiotic was tested at different concentrations (1, 2 and 

4%), showed no statistically-significant difference among results. Additional screening tests 

were performed exclusively on samples from stationary cultures without inulin using Listeria 

innocua 2061, 2864, 2871, 2865, 2860, 2712, 2711, 2863, 2193, 2873 and Lactobacillus sakei 

ATCC 15521, all provided by FioCruz (Rio de Janeiro, RJ, Brazil). BHI or MRS broth 

(DIFCO, Detroit, MI, USA) was used for storage and cultivation of Listeria strains or of the 

other strains, respectively. All microorganisms were stored at -80 °C in the presence of 40 % 

(v/v) glycerol.  

To cultivate the indicator strains, 100 µL of stock cultures were added to 5 mL of 

medium and incubated at 100 rpm, 30 ± 0.5 °C for 18 h.  

 To prepare the L. plantarum ST16Pa inoculum, 1 mL of stock culture was inoculated 

into Erlenmeyer flasks containing 100 mL of MRS broth. The flasks were placed on a rotatory 

shaker at 100 rpm, 30 ± 0.5 °C for 12 h.  

 Under shaken conditions, 10% (v/v) of inoculum was transferred to Erlenmeyer flasks 

containing 100 mL of MRS broth with or without 1% (w/v) inulin and incubated in a shaker 

at 100 rpm, 30 ± 0.5 °C for 48 h. For stationary conditions, 10% (v/v) of inoculum was 

transferred into flasks containing 9 mL of MRS broth with or without 1% (w/v) inulin and 

incubated in jar without agitation. A GasPak EZ Container System (BD Diagnostic Systems, 

Hunt Valley, MD, USA) was used inside the anaerobic jar, and 0.025 % sodium thioglycolate 



CHAPTER II 42 
 

 

(oxygen reducer) was added to the broth to ensure hypoxia. Cultures were grown in triplicate, 

and samples were collected every 3 h during the first 15 h of fermentation and then every 6 h. 
 

2.2. Growth, pH and biochemical measurements  

 

 Growth of L. plantarum ST16Pa was measured by counting colony-forming units 

(CFU) using serial dilutions in saline (0.85% w/v). One hundred mL of each dilution were 

spread over the surface of plates containing MRS broth supplemented with 2% (w/w) agar. 

The plates were incubated for 48 h. Subsequently, the values of the colony counts were 

converted to decimal log. 

 The progressive acidification of culture medium was followed with a pH meter 

(pH300M Analyser, São Paulo, SP, Brazil). 

 All chemicals used in the experiments were of analytical reagent grade. High purity 

glucose and lactic acid (Sigma-Aldrich, St. Louis, MO, USA) were used at concentrations 

from 0.1 to 2.0 g/L as standard solutions to prepare the calibration curve. In particular, the 

calibration curve was prepared by diluting the stock solutions with ultrapure water obtained 

from a Milli-Q system (Millipore, Bedford, MA, USA). The concentrations of glucose and 

lactic acid were determined by High Performance Liquid Chromatography (HPLC). Briefly, 

each sample was centrifuged at 25,000 g for 10 min using a microcentrifuge (U-32R, Boeckel, 

Hamburg, Germany). The supernatant was filtered through a membrane with 0.22 µm pore 

diameter (Millipore, Bedford, MA, USA) and then injected into an HPLC system (Shimadzu, 

model Prominence, Kyoto, Japan), equipped with the following modules: Two pumps (LC 

20AD), column oven (CTO 20AC), degasser (model DGU-20A), an auto injector SIL-

20ACHT adjusted to 30 µL volume injection, UV-vis SPD 20A, diode array SPDM 20A, with 

a working wavelength range of 190-230 nm, and refractive index (RID-10A) detectors, CBM 

controller 20A and Lab-Solutions software version 3.60. For the stationary phase, the Aminex 

HPX-87H ion exclusion column (300 x 7.8 mm, Bio-Rad Laboratories, USA) was used. 

Analyses were carried out at 50 °C, using 5.0 mM sulfuric acid as mobile phase at a flow rate 

of 0.6 mL/min and a wavelength of 215 nm was selected for the quantification. 

 

2.3. Bacteriocin bioassays 

 

Culture samples were centrifuged at 20,000 g at 4 °C for 10 min. The pH of the 

supernatants was adjusted to 6.0-6.5 by addition of 1.0 M NaOH and heated to 80 °C for 10 
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min to inactivate proteases. Bacteriocin activity tests were performed according to the agar 

diffusion assay in Petri dishes containing 15 mL of BHI broth supplemented with 1% (w/w) 

agar and inoculated with an appropriate test microorganism. After solidification, 10 µL of 

cell-free supernatant were deposited over the plates, which were then incubated at 30 °C. 

Inhibition zones became visible after 18 to 24 h. Bacteriocin activity was quantified in 

triplicate by serial dilution of cell-free supernatant in 25 mM phosphate buffer at pH 6.5. The 

amount of bacteriocin produced by L. plantarum ST16Pa was expressed in arbitrary units per 

mL (AU/mL) by the equation AU/mL = Dn x 1000/P, where D = dilution factor, n = first 

dilution not exhibiting any inhibition zone, and P = volume of supernatant deposited onto the 

agar surface.  

 

2.4. Statistical analysis 

 

Biomass, pH, bacteriocin activity, glucose and lactic acid concentrations were 

submitted to analysis of variance (ANOVA) by the Statistica Software 12 (Tulsa, OK, USA). 

 

3. Results and discussion 

 

3.1. Acidification performance and cell growth kinetics 

 

As illustrated in Figure 2.1, Lactobacillus plantarum ST16Pa was able to grow either 

in shaken or stationary culture. Both modes of cultivations exhibited very similar acidification 

performances mainly associated with the release of lactic acid, with initial pH around 6.4-6.6 

and final values of 4.1 in both cases. L. plantarum ST16Pa stopped growing after 

approximately 24 h of cultivation, and the pH remained almost constant over the next 24 h. At 

this time, glucose was almost completely consumed. As suggested by Kouakou et al. (2010), 

such a low pH along with the presence of bacteriocin should be sufficient to prevent growth 

of foodborne pathogenic microorganisms such as Listeria monocytogenes. 
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Figure 2.1. Growth curves of L. plantarum ST16Pa (continuous line) and pH values (pointed line).  
 

 The maximum cell concentration (X = 5.9 x 108 CFU/mL) in the shaken culture was 

more than 54% higher than that in the stationary one, the exponential growth phase was faster 

(9 h instead of 12 h) and the specific growth rate significantly higher (µmax = 0.53 h-1 instead 

of 0.37 h-1); consequently, the generation time was proportionally lower (Tg = 1.29 h vs. 1.85 

h). These results show that the conditions adopted in shaken culture improved cell 

proliferation. Similar results were obtained by Gupta et al. (2011). Presumably, the agitation 

improved the distribution of nutrients, and the increased oxygen level in the medium could 

have led to higher yields of ATP per mol of consumed substrate (Fu & Mathews, 1999; 

Tortora et al., 2012).  

 The shaken culture exhibited a slightly higher cell count (X = 5.9 x 108 CFU/mL) than 

the stationary one (X = 3.2 x 108 CFU/mL); therefore, 1% (w/w) inulin was added in the 

medium to stimulate growth. However, no statistically-significant effect was observed on this 

parameter (X = 5.3 x 108 and 3.5 x 108 CFU/mL for shaken and stationary cultures). 

 These results disagree with those of Huebner et al. (2007), who observed that 

supplementation of the culture medium with inulin led to a drastic decrease in cell 

concentration, depending on the strain of L. plantarum. Saulnier et al. (2007) claimed that 

inulin addition did not influence L. plantarum WCSF1 cell count, because the fructo-

oligosaccharides released from inulin hydrolysis likely induced upregulation of genes 

involved in primary metabolism (fructokinases, phosphoenolpyruvate transport chain, β-

fructofuranosidade, α-glucosidase) and regulated negatively genes for protein formation, cell 

wall and lipid production. A similar occurrence may have taken place with the strain 

employed in this study.  
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 On the other hand, the values of µmax and Tg were appreciably influenced by the 

addition of inulin. As expected, the highest value of µmax (0.53 h-1) and lowest value of Tg 

(1.29 h) were obtained in shaken culture, but in the presence of 1% (w/w) inulin the former 

parameter decreased to 0.48 h-1 and the latter increased by about 10%. Under stationary 

conditions, these variations were opposite and even more significant, in that µmax increased 

from 0.37 to 0.49 h-1, Tg decreased from 1.85 to 1.40 h, and consequently the exponential 

phase was shortened from 12 to 9 h. The values of cell concentration, µmax and Tg of each 

culture condition were summarized in Table 2.1. Nagpal & Kaur (2011) obtained qualitatively 

similar results using various strains of L. plantarum under comparable conditions, even 

though no cell count was reported.  

 

Table 2.1. Kinetic parameters of each culture conditions analyzed. 
	

 Cultures Conditions 

 Shaken Shaken + 1% 
inulin Stationary Stationary + 

1% inulin 
Cell concentration (UFC/mL) 5.9 x 108 5.3 x 108 3.2 x 108 3.5 x 108 

µmax (h-1) 0.53 0.48 0.37 0.49 
Tg (h) 1.29 1.44 1.85 1.40 

 

3.2. Glucose consumption and lactic acid release 

 

 As shown in Figure 2.2, both stationary and shaken cultures released great amounts of 

lactic acid, but when stationary cultures were supplemented with 1% (w/w) inulin, the 

polysaccharide stimulated the production of lactic acid, whose concentration was 36.5 % 

higher than that in the absence of inulin. Glucose concentration was about the same under all 

culture conditions (ca. 20 g/L); however, in the presence of inulin, it is likely that some 

fructose was available in the culture medium as a result of partial hydrolysis of the 

polysaccharide. In this case, presumably, fructose monomers released from inulin, were 

assimilated by the EMP pathway, leading to higher concentrations of lactic acid under 

stationary conditions. A similar behavior was observed with L. plantarum WCFS1, which 

produced higher lactic acid concentrations in anaerobic culture when supplemented with 

oligofructose from inulin hydrolysis (Saulnier et al., 2007).  
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Figure 2.2. Concentrations of glucose (continuous line) and lactic acid (pointed line) during 
cultivations of L. plantarum ST16Pa. 
 

3.3. Bacteriocin activity 

 

 Of the 16 indicator strains used in preliminary screening tests carried out under 

different conditions (shaken or stationary culture, with or without 1% w/w inulin), only three 

showed significant inhibition zones induced by the released bacteriocin, namely L. 

monocytogenes L101, L104 and L711 (See Figure 2.3 as an example).  

 

 

Figure 2.3. In vitro test of bacteriocin activity showing inhibition zones against L. 
monocytogenes L104. 

L. monocytogenes 
L 104 – Stationary 

culture without inulin 
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 The results of these tests, which are illustrated in Figure 2.4 in terms of mean 

inhibition zone versus time, show that the stationary culture without inulin provided the 

highest bacteriocin production and that the bacteriocin displayed a relatively narrow inhibition 

spectrum.  
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Figure 2.4. Inhibition zones against L. monocytogenes L104 either in shaken (dotted line) or 
stationary (continuous line) cultures, without (A) or with (B) 1% (w/w) inulin. Different 
letters mean statistically-significant differences according to the test of Tukey (α < 0.05). 
 

  Therefore, 12 additional target microorganisms were tested exclusively with culture 

supernatants from stationary culture without inulin. The results of these tests, summarized in 

Table 2.2 together with those of preliminary tests, show that Listeria innocua 2052, 2873, 

2711 and Lactobacillus sakei ATCC 15521 were sensitive to the bacteriocin and suggest that 

its action spectrum may be wider than evidenced by preliminary experiments. In fact, 25 % of 

the target microorganisms were shown to be sensitive to the bacteriocin, compared with 19 % 

in the preliminary experiments. 
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Table 2.2. Results of bacteriocin assay against differen target microorganism either in 
stationary or shaken flasks, with or without 1% (w/w) inulin. 
 

Indicator Strains 
Cultures Conditions 

Shaken  Shaken + 1% 
inulin 

Stationary  Stationary + 
1% inulin 

L. monocytogenes 106 - - - - 
L. monocytogenes 620 - - - - 
L. monocytogenes 409 - - - - 
L. monocytogenes 104 + + +++ ++ 
L. monocytogenes 607 - - - - 
L. monocytogenes 302 - - - - 
L. monocytogenes 101 + + +++ ++ 
L. monocytogenes 724 - - - - 
L. monocytogenes 711 + + +++ ++ 
L. monocytogenes 506 - - - - 
Enterococcus sp. 13LC23 - - - - 
Enterococcus sp. 13BA22 - - - - 
Enterococcus sp. 11EN3 - - - - 
Enterococcus sp. 11EN4 - - - - 
Enterococcus sp. 11EN5 - - - - 
Enterococcus sp. 1LB8 - - - - 
L. innocua 2061 NT* NT* - NT* 
L. innocua 2864 NT* NT* - NT* 
L. innocua 2871 NT* NT* - NT* 
L. innocua 2865 NT* NT* - NT* 
L. innocua 2860 NT* NT* - NT* 
L. innocua 2712 NT* NT* - NT* 
L. innocua 2711 NT* NT* +++ NT* 
L. innocua 2863 NT* NT* - NT* 
L. innocua 2193 NT* NT* - NT* 
L. innocua 2873 NT* NT* +++ NT* 
L. innocua 2052 NT* NT* +++ NT* 
L. sakei ATCC 15521 NT* NT* +++ NT* 
Legend: 0 - 2 mm (-); 2 - 9 mm (+); 9 - 11 mm (++); 11 - 14 mm (+++). 
*NT - Not tested 

     

 The supernatant from stationary cultures without inulin showed the largest inhibition 

zones, corresponding to a bacteriocin activity of 1,600 AU/mL against L. monocytogenes 

L101 and L711, L. innocua 2873, 2711 and 2052, and L. sakei ATCC 15521, as well as an 

activity of 3,200 AU/mL against L. monocytogenes L104. However, when the last culture was 

supplemented with 1% (w/w) inulin, it showed a considerably smaller diameter of the 

inhibition zone and a reduction in the bacteriocin activity against L. monocytogenes L104 to 

1,600 AU/mL (Table 2.3). Gomes et al. (2012) reported similar results for sakacin 1, in that 
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inulin reduced the bacteriocin activity from 6,400 to 3,200 AU/mL. Similarly, Todorov et al. 

(2011) observed that L. plantarum ST16Pa produced less bacteriocin when the culture 

medium was supplemented with fructose, i.e. the monosaccharide released from inulin 

hydrolysis. Moreover, Todorov & Dicks (2004) reported that bacteriocin production is 

strongly dependent on the type of nutrient source provided in the culture medium, and that its 

activity is not always related to cell mass or growth rate of the producer strain. In shaken 

flasks, the bacteriocin activity against the three preliminary sensitive indicator strains (L. 

monocytogenes L101, L104, L711) was 1,600 AU/mL regardless to the presence or the 

absence of inulin. 

 

Table 2.3. Quantification of bacteriocin activity against the indicator strains. 
 

 
 
Indicator Strains 

Cultures Conditions 
Shaken  Shaken + 1% 

inulin 
Stationary Stationary + 

1% inulin 
Quantification of bacteriocin activity (AU/mL) 

L. monocytogenes 104 1600 1600 3200 1600 
L. monocytogenes 101 1600 1600 1600 1600 
L. monocytogenes 711 1600 1600 1600 1600 
L. innocua 2711 *NT *NT 1600 *NT 
L. innocua 2873 *NT *NT 1600 *NT 
L. innocua 2052 *NT *NT 1600 *NT 
L. sakei ATCC 15521 *NT *NT 1600 *NT 

*NT – Not Tested 
 

4. Conclusion 

 

 The results of shaken and stationary cultures of Lactobacillus plantarum ST16Pa in 

MRS medium either with or without supplementation of 1% (w/w) inulin were compared. L. 

plantarum ST16Pa was shown to effectively grow under both conditions, but the highest 

bacteriocin production (3,200 AU/mL) was obtained in stationary culture without inulin. 

Inulin, while accelerating cell growth, was not appreciably metabolized as a carbon source for 

bacteriocin production, thus behaving as an actual prebiotic ingredient. The stationary culture 

without inulin showed inhibition zones against various strains of Listeria monocytogenes 

(L101, L104, L711) and Listeria innocua (2052, 2873, 2711) as well as against Lactobacillus 

sakei (ATCC 15521), among which  L. monocytogenes L104 resulted to be the most sensitive 

one. Taking into account that L. monocytogenes is a well-known foodborne pathogenic 
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microorganism, these results are quite promising for possible use of L. plantarum ST16Pa as a 

producer of a natural food preservative at an industrial level. However, further studies are 

needed to produce the bacteriocin in bioreactors, i.e. under more controlled conditions, as well 

as to check its actual effectiveness as a preservative in foods. In addition, because foods are 

often subject to processes inducing stress factors to bacteriocinogenic bacteria, it would be 

essential, from an industrial viewpoint, to identify what stress conditions could substantially 

enhance bacteriocin production by L. plantarum ST16P. 
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ABSTRACT 

The partitioning of bacteriocin in a novel inexpensive and stable aqueous two-phase polymer 

system (ATPPS) composed by poly(ethylene glycol) (PEG) and sodium polyacrylate (NaPA) 

was studied. The ATPPS were formed by mixing both polymers with sodium sulfate 

(Na2SO4) or the ionic liquid choline chloride ([Ch]Cl) and a bacteriocin extract from the 

fermented broth of Lactobacillus plantarum ST16Pa. Bacteriocin showed high stability in 

different temperatures and pHs, as well as in the presence of all ATPPS components. For the 

partitioning of bacteriocin, the effect as hydrophobic and electrostatic interactions are the 

major driving forces for the bacteriocin partitioning. In this case, the partitioning studies show 

that bacteriocin partitions preferentially to the PEG-rich (top) phase (KBact > 1). However, the 

highest partition was achieved in polymeric based ATPPS using ionic liquids as electrolytes. 

The system with 8 wt% PEG 10,000/8 wt% NaPA/0.5 M [Ch]Cl presented the higher 

partition coefficient (KBact = 32), and this condition presented high selectivity since the most 

part of total proteins partitioned to NaPA-rich (bottom) phase (KP = 0.51) achieving a 

selective of 62.75. As conclusion, polymeric based ATPPS using ionic liquids as electrolytes 

can be considered a new potential separation process; mainly as a first step for bacteriocin 

extraction from fermented broth by applying low polymer content and mild conditions. 

 

Keywords: Bacteriocin; aqueous biphasic systems; poly(ethylene glycol); sodium 

polyacrylate; choline chloride ([Ch]Cl). 
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1. Introduction 

The wide use of chemical preservatives such as nitrites and sulfur dioxide to extend 

the shelf life of foodstuff may cause adverse effects on human health and also on the nutrition 

level of food (Rai, Pandit, Gaikwad, & Kövics, 2016). For this reason, consumers are 

increasingly worried about the amount of chemical additives present in their diets, which 

leads to a growing seek for natural or chemical-free foods (Boye & Arcand, 2013). This fact, 

coupled with the increasing demand for minimally processed foods with long shelf life and 

convenience, has attracted research interest in finding natural preservatives (Castro et al., 

2011). In this sense, bacteriocins, most produced by lactic acid bacteria (LAB), can be a 

promising alternative to the preservatives available in the market (Giraffa, Chanishvili, & 

Widyastuti, 2010).  

Bacteriocins are defined as bacterially produced, heat-stable peptides active against 

other bacteria than the producer (Cotter et al., 2005). Several purification protocols have been 

adopted to extract bacteriocin from LAB cultivation (Sabo et al, 2014). Generally, the first 

step involves the concentration of bacteriocin from the culture supernatant by ammonium 

sulfate precipitation (Yang, Johnson, & Ray, 1992). Since this method does not provide a high 

degree of purity, subsequent steps using preparative isoelectric focusing and/or multiple 

chromatographic techniques, including cation exchange, gel filtration, hydrophobic 

interaction, and reverse-phase liquid chromatography are necessary to achieve high 

purification levels of bacteriocins (Guyonnet, Fremaux, Cenatiempo, & Berjeaud, 2000). 

However, these methods have their own drawbacks, such as high operation costs, and usually 

protocols including several steps are employed resulting in low yields (Berjeaud & 

Cenatiempo, 2004).  

In the search for alternative methods, liquid–liquid extractions carried out in various 

types of aqueous two-phase complex-fluid systems have been investigated for bioseparation 

needs (Mazzola et al., 2008). Aqueous two-phase polymers systems (ATPPS) can be applied 

for bacteriocins extraction directly from the fermented medium, leading to a simplification of 

the overall purification protocol (Dutra-Molino et al., 2014). Some studies demonstrated that 

ATPPS can be formed from polyethylene glycol (PEG) and sodium polyacrylate (NaPA) in 

the presence of salt, resulting in a PEG-enriched top-phase and a NaPA-enriched bottom 

phase (Pereira, Santos, Johansson, Teixeira, & Pessoa-Junior, 2012). The PEG/NaPA systems 

have some advantages such as low viscosity when compared to traditional polymer-polymer 

systems (PEG/dextran), easy of handling, rapid phase separation by gravity within a few 

minutes, relatively low-cost chemicals, and are environmentally friendly (Barros et al., 2014; 
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Johansson, Feitosa, & Pessoa-Junior, 2011). PEG is an uncharged polymer while NaPA is 

negatively charged, thus the entropic penalty of counter-ion compartmentalization leads to a 

minimal concentration of salt being required for the formation of two aqueous phases 

(Johansson et al., 2011). 

In previous works PEG/NaPA based ATPPS have been used for the partitioning of 

different biomolecules, such as the green fluorescence protein (Johansson et al., 2008a), 

hemoglobin, lysozyme, glucose-6-phosphate dehydrogenase (Johansson, Magaldi, Feitosa, &, 

Pessoa-Junior 2008b), myoglobin, ovalbumin (Saravanan, Rao, Nair, & Ramasami, 2008), 

cytochrome c (Santos, Silva, Coutinho, Ventura, & Pessoa-Junior, 2015), proteases (Barros et 

al., 2014) and amyloglucosidade (Alcântara, Nascimento, Mourão, & Minim, 2013). More 

recently, the use of ionic liquids (ILs) have been proposed to improve ATPPS potential (Du, 

Yu, & Wang, 2007; Li, Liu, Pei, Wang, & He, 2012; Xu, Wang, Huang, Li, & Wen, 2015). 

ILs are salts, liquid at temperatures below 100°C, composed of large organic cations with 

dispersed charge and anions of either inorganic or organic nature (Freire et al., 2012). 

Gutowski et al. (2003) were the first to demonstrate the ability of ILs to induce phase 

separation in the presence of inorganic salts. Remarkably, IL-based ATPPS have been shown 

to overcome some of the main limitations of typical polymer-polymer or polymer-salt systems 

since it is possible to tailor the properties and affinities of the IL-rich phase by adequately 

choosing the IL chemical structure (Pereira, Rebelo, Rogers, Coutinho, & Freire, 2013). In 

general, IL-based ATPPS have shown a better extractive performance compared to traditional 

polymer based ATPPS (Freire et al., 2012) 

Although few studies with bacteriocin partitioning/recovery using PEG/salts based 

ATPPS (Abbasiliasi et al., 2014; Lappe, Anna, & Brandelli, 2012; Li, Bai, Li, Cai, & Ouyang 

2001; Li, Ouyang, & Bai, 2000; Sidek et al., 2016) and with aqueous two-phase micellar 

system (ATPMS) (Jozala et al., 2008; 2013) have already been evaluated, PEG/NaPA systems 

composed of salts or ILs have never been proposed before. In this context and based on the 

advantages above mentioned, our group investigated PEG/NaPA based ATPPS with the ionic 

liquid choline chloride ([Ch]Cl) to extract bacteriocin from fermented broth of Lactobacillus 

plantarum ST16Pa. Moreover, we evaluated PEG/NaPA based ATPPS with a neutral salt 

(Na2SO4) for comparison. A multifactorial experimental design was used to estimate the 

effects of pH and temperature on bacteriocin partitioning in ATPPS. The stability of 

bacteriocin in the presence of ATPPS components (PEG, NaPA and salts) was also 

investigated. To our knowledge this is the first study on the partitioning of the bacteriocin 

produced by L. plantarum ST16Pa in polymer-polymer systems. 
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2. Material and Methods 

 

2.1 Materials 

 

Polyethylene glycol (PEG) with molar mass 2,000, 6,000 and 10,000 g/mol, were 

purchased from Merck (Hohenbrunn, Germany). Polyacrylic acid (NaPA) 8,000 g/mol (45 

wt%) and the salts, sodium sulfate (Na2SO4), and choline chloride ([Ch]Cl) were purchased 

from Sigma–Aldrich (St. Louis, MO, USA). All solutions were prepared in sodium acetate 0.1 

M buffer, pH 5.0, using water purified by a Millipore Milli-Q system (Bedford, MA, USA). 

The glassware used was washed in 50:50 ethanol: 1 M sodium hydroxide bath, followed by a 

1 M nitric acid bath, rinsed copiously with Milli-Q water and, finally, dried in an oven at 

70°C for 1 h. All other reagents were of analytical grade and used as received. 

 

2.2 Microbial cultures and fermentation conditions 

 

The microorganism used was the strain Lactobacillus plantarum ST16Pa, isolated by 

Todorov et al. [33] from a papaya species. As a microorganism indicative of bacteriocin 

antimicrobial activity, we used the Listeria strain innocua 6a CLIST 2860 (AL224/07), 

isolated from a dry-fermented sausage sample and provided by Collection of Listeria (CLIST) 

from Fundação Oswaldo Cruz (FioCruz, Rio de Janeiro, Brazil). 

For bacteriocin production by L. plantarum ST16Pa, firstly, the strain was reactivated 

by adding 1 mL of cryopreserved strain stock into a 250 mL Erlenmeyer flask containing 100 

mL of broth medium Man, Rogosa and Sharpe (MRS) (DIFCO, Detroit, MI, USA) and 

incubating at 30°C on a rotatory shaker at 100 rpm for 24 h. Subsequently, 10 vv% of this 

culture was used to inoculate 1 L Erlenmeyer flasks containing 500 mL of MRS broth, 

equally incubated at 30°C for 24 h. 

To culture the bioindicator strain L. innocua 6a CLIST 2860, 10 mL of the broth 

medium Brain Heart Infusion (BHI) (DIFCO, Detroit, MI, USA) was inoculated with 1 mL of 

cryopreserved strain stock and kept overnight at 37°C on a rotatory shaker at 100 rpm. 

 

2.3 Determination of bacteriocin antimicrobial activity 

 

The 24 h culture broth of L. plantarum ST16Pa was centrifuged at 25,750xg for 15 

min. The pH of the resulting cell-free supernatant (CFS) was adjusted to 6.0-6.5 with 1 M 
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NaOH to eliminate organic acids and heated to 80°C for 10 min to inactivate proteases. 

Finally, the CFS was filtered through a 0.22 µm membrane (Millipore, Bedford, MA, USA) 

and subsequently tested against the bioindicator strain L. innocua 6a CLIST 2860. The test 

was performed by the agar diffusion method in which the bioindicator culture broth was 100-

fold diluted, which means approximately 107 Colony Forming Units per mL (CFU/mL). 1 mL 

of this dilution was transferred to a Petri dish (90 x 15 mm) containing 10 mL of melted BHI 

soft agar (containing 0.75 wv% of agar). Then, 20 µL of the CFS was spotted onto the agar 

surface. A period of 3 h was allowed for the diffusion of the supernatant at room temperature 

and after the plates were incubated at 30°C for 24 h. Subsequently, the inhibition halos were 

measured in four directions by a digital caliper gauge (Lee Tools, model 684132) and the 

antimicrobial activity of bacteriocin (ABact), defined in arbitrary units (AU), was calculated 

based on Sidek et al. (2016). The equation is represented as follows: 

!!"#$ = !!!
! = !"/!"        (Eq. 1) 

where πR2 are the inhibition (clear) zone area of the halo (in cm2) and V is the volume (in mL) 

of CFS (sample) dropped onto the agar surface. Some results were presented as %ABact, 

considering the initial bacteriocin activity (around 68.35 AU/mL) as 100%. All experiments 

were performed in triplicate and average values were presented. 

 

2.4 Determination of total protein concentration 

 

Total protein concentration was determined using the bicinchoninic acid method 

(BCA), compatible with polymers. Samples of 100 µL containing proteins and 2 mL of the 

BCA working reagent, prepared according to the manufacturer’s instructions, were added to a 

test tube. After 30 min the optical density at 562 nm was determined in spectrophotometer 

using deionized water as blank. Absorbance values were correlated to protein concentration 

based on a calibration curve using bovine serum albumin (BSA) solutions from 0 to 1,000 

µg/mL (equation obtained: y (ABS) = 0.0011x (µg/mL) + 0.0245, R2 = 0.99). 

 

2.5 Bacteriocin activity in different conditions 

 

The effect of pH and temperature on bacteriocin activity after 1 h was studied using a 

22 central composite design. Bacteriocin activity was defined as the residual antimicrobial 

activity after exposition to the pH and temperatures investigated; these values (AU/mL) were 
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correlated in terms of bacteriocin stability. A set of 12 experiments, which contained a 

factorial or fractional factorial matrix, with center points and star points to allow the 

estimation of the curvature, was performed. The range and levels of the components under 

study are given in Table 3.1. The solutions’ pH were adjusted with 5 M HCl or 5 M NaOH. 

Subsequently, we evaluated the influence of ATPPS components, namely PEG 10,000 g/mol, 

NaPA 8,000 g/mol, Na2SO4 and [Ch]Cl, on the activity of bacteriocin after 1 and 24 h at 

25°C. In these set of experiments different concentrations of compounds were investigated as 

follows: PEG 10,000 g/mol and NaPA 8,000 g/mol - 10 and 20 wt%; Na2SO4 and [Ch]Cl - 

0.20, 0.35, 0.50 and 0.90 M. 

 

Table 3.1. Factor levels of the 22 central composite design to study the bacteriocin of L. 
plantarum ST16Pa activity as function of independent variables pH and temperature. 
 

Factors 
Coded Levels 

Axial 
(-1.414) 

Lower 
(-1) 

Center  
(0) 

Higher  
(+1) 

Axial 
(+1.414) 

pH 
Temperature (°C) 

3.2 
37.6 

4.0 
50 

6.0 
80 

8.0 
110 

8.8 
122.4 

 

2.6 Bacteriocin partitioning in ATPPS 

 

ATPPS were prepared in 15 mL graduated glass tubes by adding PEG, NaPA, salts 

(Na2SO4 or [Ch]Cl) in sodium acetate buffer (pH 5.0) with 150 µL of the sample containing 

bacteriocin (CFS) that was the last component added resulting in a 5 g total mass system. The 

system components were added by weighing and tubes were sealed with PARAFILM® and 

homogenized in an orbital shaker (Barnstead/Thermolyne, model 400110) at 8 rpm for 15 min at 

room temperature, in order to form a homogeneous single-phase solution. Then, the systems were 

kept in a thermo-regulated device for 1 h at 25°C, to reach partition equilibrium. Afterwards, the 

two coexisting polymer phases (top and bottom phases) were carefully collected using disposable 

syringes. The volume of each phase was measured and the sample analyzed for protein 

concentration and bacteriocin activity. Each measurement was performed in triplicate. 

The influence of PEG molar mass, PEG concentration and NaPA concentration 

(independent variables) on the bacteriocin partition coefficient was investigated using 23 full 

factorial designs (11 experiments, Table 3.2). Two 23 full factorial designs were performed, 

one with Na2SO4 in the ATPPS and the other with [Ch]Cl, both salts in the concentration of 

0.35 M. The molecular weight of NaPA was fixed in 8,000 g/mol. All systems were evaluated 
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in terms of the effect (interference) in halo inhibition and their values subtracted from the 

same system in the presence of the sample. These assays were considered as blank and 

performed in triplicate. 

 

Table 3.2. Factor levels of the 23 full factorial design to study the partitioning of bacteriocin 
in ATPPS. 
  

Factors Coded levels 
Lower (-1) Center (0) Higher (+1) 

PEG (g/mol) 2,000 6,000 10,000 
PEG (wt%) 8 12 16 

NaPA 8,000 (wt%) 8 12 16 
 

2.7 Partitioning parameters 

 

The partitioning behavior of bacteriocin in ATPPS was quantified by the partition 

coefficient, KBact: 

!!"#$ = !!"#
!!"#

          (Eq. 2) 

where Atop and Abot are the bacteriocin activity in the top (PEG-rich) phase and bottom 

(NaPA-rich) phase, respectively. The activity balance (%ABBact) was calculated according to 

Equation 3 and the recovery of bacteriocin in both phases (%RECtop and %RECbot) was 

calculated according to Equations 4 and 5: 

%!"!"#$ = !!"#!!"#!!!"#!!"#
!!!!

×100%       (Eq. 3) 

%!"#!"# = !!"#!!"#
!!!!

×100%       (Eq. 4) 

%!"#!"# = !!"#!!"#
!!!!

×100%        (Eq. 5) 

where Ai is the bacteriocin activity in the stock solution added to the system, and Vtop, Vbot, 

and Vi are the volumes of the top (PEG-rich) phase, bottom (NaPA-rich) phase and the 

bacteriocin stock solution initially added to the system, respectively. 

The partition of bacteriocin (PBact) relative to the two systems (PEG/NaPA with 

Na2SO4 and [Ch]Cl) was quantified according to the equation: 

!!"#$ =
!!"#$ !"#/!"#$/ !! !"
!!"#$ !"#/!"#$/!"!!"!

         (Eq. 6) 

The partition coefficient of total proteins (KP) was also evaluated according to 

Equation 7, as follows: 

!! = !!"#
!!"#

           (Eq. 7) 
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where Ctop and Cbot are the total proteins concentration (µg/mL) in the top (PEG-rich) phase 

and bottom (NaPA-rich) phase, respectively. 

 

2.8 Determination of electrical conductivity in ATTPS 

 

The electrical conductivity of each phase of the ATPPS was determined in a 

conductivity device (METTLER TOLEDO, model MPC 227). Prior to measurements, the 

apparatus was calibrated by reading a standard solution of 12.88 mS/cm and air. Each phase 

was read in triplicate. 

 

2.9 Statistical analysis 

 

For the statistical analysis of both experimental designs presented above, the coded 

values of each of the independent variable were used. The ‘Statistica’ software, Version 7.0 

(Statsoft, Tulsa, OK, USA) was used for data regression and graphical analysis. The statistical 

significance of the regression coefficients was determined by Fischer’s test for analysis of 

variance (ANOVA) at a significance level p ≤ 0.05. The coefficient of determination (R2), 

which is a measure for fitting a generalized linear statistical model in relation to the observed 

values, was used to indicate how well the model could explain the observed values. To 

minimize the ANOVA error, the tests corresponding to the central point were replicated four 

times. The experimental and predicted values were compared to determine the validity of the 

models. 

  

3. Results and Discussion 

 

3.1 Effects of pH, temperature, and ATTPS components on bacteriocin activity 

 

Since the main application of bacteriocin is as preservative in processed foods and 

these products are usually produced with temperature and pH variations (An et al., 2015), 

evaluation of bacteriocin stability in extreme conditions of pH and temperature is necessary. 

In this sense, the effects of pH (3.3 to 8.8), and temperature (37.6 to 122.4°C) on the 

bacteriocin activity after 1 h of incubation were determined employing statistical tools (Table 

1). The choice of these values was based on the literature describing pH tolerance and 

thermoresistance of bacteriocins (Belgacem, Rehaiem, Bernárdez, Manai, & Castro, 2012), 
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and also in view of the possible application of bacteriocins as food preservatives regarding 

usual levels in their processing operations (for both variables). 

As can be seen in the Pareto chart (Figure 3.1) the temperature both in the linear and 

quadratic level influenced the stability of bacteriocin. Regarding the pH, only the linear level 

showed a marginal effect. The Pareto chart shows an estimative effect of the variables and 

their interactions on the response variable. So, each bar length is proportional to the 

standardized effect and the vertical line shows the statistically significant variables (p > 0.05) 

(Mayerhoff, Roberto, & Franco, 2004). Our results show that low temperatures are better for 

bacteriocin stability and the lowest stability was observed at pH 6.0 and 122.4°C, showing 

that extreme conditions of heat lead to a loss of bacteriocin activity. The fitted surface 

presented in Figure 3.2 shows that bacteriocin is more stable at temperatures from 50 to 80°C 

in the range of pH from 3.0 to 8.0. 

 

 
Figure 3.1. Pareto chart for the effects of pH (1) and temperature (2) on bacteriocin stability 
according to a 22 central composite design. The signal of the number in front of each bar 
corresponds to which magnitude of level could improve the variable response. 

 

p=.05

pH(Q)

1Lby2L

(1)pH(L)

Temperature (°C)(Q)

(2)Temperature (°C)(L) -17.61

-11.97

-4.51

-3.41

-4.25
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Figure 3.2. Fitted surface for the effects of pH and temperature on bacteriocin stability. 

 

Some researchers have demonstrated that the overall initial bacteriocin activity was 

almost retained for temperatures up to 90°C, low pH (around 5.0) and short incubation times 

(around 10 min) (Belagacem et al., 2012). Guerra and Pastrana (2001) found similar results 

for the effect of pH/temperature on the stability of pediocin and nisin produced by 

Pediococcus acidilactici NRRLB5627 and Lactococcus lactis subsp. lactis CECT 539, 

respectively. Thermal stability at slightly acid media has been described for most bacteriocins 

(Guerra & Pastrana 2001; Todorov et al., 2011). According to the literature, the optimal pH 

range for bacteriocin production is around 4.5–5.5 (Belagacem et al., 2012; Calderón-

Santoyo, Mendoza-García, García-Alvarado, & Escudero-Abarca, 2011). This behavior is 

attributed to their high content of glycine and to the formation, at a molecular level, of 

globular structures and strong hydrophobic interactions in the bacteriocin molecule (De Vuyt 

& Vandamme, 1994). 

Our results also suggests that the bacteriocin evaluated here can tolerate the conditions 

normally encountered in food processing and are particularly interesting in medium acid 

fermented food products, including a number of fermented and ripened dairy and meat products. 

Additional studies were carried out to evaluate the bacteriocin stability in the presence 
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of the ATPPS components. We investigated the effect of the electrolytes Na2SO4 and [Ch]Cl 

at four different concentrations (0.2, 0.35, 0.5, and 0.9 M), for  two different periods of time 

(1 h and 24 h), as can be seen in Figure 3.3. Based on the results with 1 h, the influence of 

both salts in the percentage of bacteriocin activity (%ABact) was relatively low under 

conditions evaluated. In the presence of Na2SO4, the %ABact varied between 95.1% (with 0.2 

M) and 89.7% (with 0.9 M), respectively. In the case of [Ch]Cl the %ABact varied between 

92.6 to 86.8% (at the same electrolytes concentration). 

The same bacteriocin behavior can be observed after 24 h of exposition to the ATPPS 

components. The %ABact slightly decreases with the increase of electrolytes concentration. For 

Na2SO4 the %ABact values varied between 91.3% (with 0.2 M) to 86.6% (with 0.9 M). In the 

case of [Ch]Cl at the same electrolytes concentration, a variation in %ABact between 91.4 and 

84.0% was observed. In general, the assays with 1 and 24 h showed similar results for the 

%ABact in the presence of both electrolytes, and only a small effect of activity loss occurs at 

high electrolyte concentrations (0.9 M). 
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b) 

Figure 3.3. Bacteriocin activity (%ABact) in the presence of different electrolytes (Na2SO4 and 
[Ch]Cl) concentrations: 0.2, 0.35, 0.5, and 0.9 M for 1 h (a) and 24 h (b). The error bars 
represent 95% confidence levels for the measurements. 
 

The effect of polymers in the bacteriocin stability was also investigated (Figure 3.4). 

In this case, we evaluated the PEG with higher molecular weight used in our experiments 

(10,000 g/mol) and NaPA 8,000 g/mol, both at two different concentrations: 10 and 20 wt% 

(Fig. 4). Bacteriocin was found to be stable in the presence of PEG 10,000, with %ABact values 

above 91% even after 24 h of exposition. On the contrary, bacteriocin presented significant 

loss of activity in the presence of NaPA. The %ABact values were 91.1 (10 wt% NaPa) and 

88.3 (20 wt% NaPa) after 1 h, and 76.0 (10 wt% NaPa) and 47.5% (10% NaPa) after 24 h. 

The NaPA polymer is strongly negatively charged (Johansson et al., 2008b) and can interact 

with oppositely-charged sites of biomolecules through electrostatic interactions, destabilizing 

or changing its molecular structure and causing loss of activity.  
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a) 

 

 
b) 

Figure 3.4. Bacteriocin activity (%ABact) in the presence of different polymers (PEG 10,000 
g/mol and NaPA 8,000 g/mol) concentrations: 10 and 20 wt% by 1 h (a) and 24 h (b). The 
error bars represent 95% confidence levels for the measurements. 
 

 

 

 

0 

20 

40 

60 

80 

100 

10 20 

%
A

B
ac

t 

Different [polymers] (in wt%) by 1 h 

PEG 10,000 
NaPA 8,000 

0 

20 

40 

60 

80 

100 

10 20 

%
A

B
ac

t 

Different [polymers] (in wt%) by 24 h 

PEG 10,000 
NaPA 8,000 



CHAPTER III 64 
 

	

3.2 Bacteriocin partitioning in PEG/NaPA/Na2SO4 systems 

 

An aqueous two-phase polymer system composed of PEG/NaPA and Na2SO4 at 

different conditions was investigated by a 23 full factorial design. This ATPPS is of particular 

interest because these polymers are nontoxic, biodegradable and approved by the Food and 

Drug Administration (FDA). Furthermore, they have been used to solubilize and stabilize 

pharmaceutical and biomedical products (Santos-Ebinuma, Lopes, Pessoa-Junior, Teixeira, 

2015). Table 3.3 presents the experiments of the factorial design with the response-variable 

partition coefficient (KBact), as well as the experimentally obtained values for activity balance 

(%ABBact) and bacteriocin recovery at both phases of the system (%RECtop and %RECbot). 

 

Table 3.3. Results of the 23 full factorial design to study the partitioning parameters of 
bacteriocin in PEG/NaPA/Na2SO4 systems. 
 

Experiments KBact %ABBact %RECtop %RECbot 

16%PEG 2,000/ 
16%NaPA 20.80 93 82 11 

8%PEG 2,000/ 
16%NaPA 13.42 98 81 17 

8%PEG 2,000/ 
8%NaPA 18.71 102 88 13 

16%PEG 2,000/ 
8%NaPA 11.48 68 44 24 

*12%PEG 6,000/ 
12%NaPA 10.35 ± 0.37 81.9 ± 8.1 59.4 ± 7.2 22.5 ± 1.1 

16%PEG 10,000/ 
8%NaPA 18.34 45 32 14 

16%PEG 10,000/ 
16%NaPA 20.34 91 79 12 

8%PEG 10,000/ 
8%NaPA 21.34 72 61 11 

8%PEG 10,000/ 
16%NaPA 23.49 112 104 9 

*The central point of full factorial design was repeated three times. 
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From the data presented in Table 3.3, bacteriocin partition coefficient was higher than 

one for all the conditions investigated, indicating that it preferentially partitions to the top 

(PEG-rich) phase of PEG/NaPA systems. The partition coefficient values varied between 

10.35 < KBact < 23.49. The Pareto chart (Figure 3.5) shows that the NaPA concentration is the 

main variable influencing KBact and lower PEG concentrations increase the partition of the 

target molecule, irrespectively of the PEG molecular weight. The highest KBact value was 

obtained with PEG 10,000 g/mol at the lower concentration (8 wt%) and higher concentration 

of NaPA (16 wt%). 

 

 
Figure 3.5. Pareto chart of ANOVA to identify the variables and interactions that exhibited 
significant effects on KBact in PEG/NaPA/Na2SO4 systems. The length of each bar is related to 
the standardized effect or interaction and the vertical line corresponds to the significant effect 
for a confidence interval of 95%. 

 

Since NaPA is negatively charged, it can create repulsive or attractive interactions 

with the target biomolecule according to its charge. In this sense, previous work have 

demonstrated the NaPA influence on the extraction of biomolecules such as clavulanic acid in 

PEG/NaPA systems, which partitions preferentially to the PEG-rich phase due to electrostatic 

repulsions (Pereira et al., 2012). Additionally, previous studies with hemoglobin (Johansson 

et al., 2008b) and green fluorescent protein (Johansson et al., 2008a) showed that electrolytes 
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favor the partition of these negatively charged proteins to the PEG-rich phase; this behavior 

was more pronounced with Na2SO4 than NaCl. Since bacteriocin was highly excluded from 

the bottom phase (NaPA-rich), we believe it is negatively charged at pH 5.0 in which the 

ATPPS were performed. Similarly, pediocin PD-1 was also found to be negatively charged, 

with pI ~3.5 and molecular mass of ~3.5 kDa (Green, Dicks, Bruggeman, Vandamme, & 

Chikindas, 1997). In addition, the bacteriocin presented approximately the same size of 

pediocin PD-1 based on electrophoresis analysis (data not shown). Theses features support 

that the bacteriocin studied in this work can be classified as a pediocin-like bacteriocin, 

although studies on the amino acid sequence need to be performed to confirm our hypothesis 

(Cotter et al., 2005). 

Based on in these considerations, the partitioning of the bacteriocin in ATPPS 

probably results from a combination of electrostatic repulsion by the negatively-charged 

bottom (NaPA-rich) phase and hydrophobic interactions with the polymeric top (PEG-rich) 

phase (with molecular weight of 10,000 g/mol the more hydrophobic PEG tested).  

The activity balance (%ABBact) of the bacteriocin was close to 100% for all the conditions 

studied, except for 16 wt% PEG 10,000/8 wt% NaPA (%ABBact = 45%). Probably, at this 

condition the concentration of PEG 10,000 in the top phase after phase separation reaches values 

high enough to lead to a denaturing effect on the molecule. The recovery of the target molecule in 

the top (PEG-rich) phase (%RECtop) was higher than 60% for most of the conditions investigated, 

which confirms that the molecule preferentially partitioned into the top (PEG-rich) phase. The 

highest value of 104% was observed with 8 wt% PEG 10,000/16 wt% NaPA system. The 

%RECbot as expected presented lower values, with values lower than 24% in the condition of the 

central point (12 wt% PEG 6,000/12 wt% NaPA system) of the 23 factorial designs. 

Giving the promising results with PEG/NaPA/Na2SO4, we also evaluated a new 

PEG/NaPA system composed of cholinium-based salt in an attempt to increase the 

partitioning parameters of bacteriocin from fermented broth. 

 

3.3 Bacteriocin partitioning in PEG/NaPA/[Ch]Cl systems 

 

Table 3.4 shows that in general higher KBact were observed in PEG/NaPA systems in 

the presence of [Ch]Cl when compared with Na2SO4. The electrolyte nature affects 

bacteriocin partitioning to the PEG phase and, in this sense, the [Ch]Cl ionic liquids boost the 

partition towards the upper phase. Probably, the electrostatic forces involved in systems with 

ILs are more pronounced than in the presence of Na2SO4 (see the electrical conductivity 
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studies below). 

 

Table 3.4. Factor levels used in the 23 full factorial designs to study the partitioning 
parameters of bacteriocin in PEG/NaPA/[Ch]Cl systems. 
 

Assays KBact PBact %ABBact %RECtop %RECbot 

16%PEG 2,000/ 
16%NaPA 26.90 1.29 99 94 5 

8%PEG 2,000/ 
16%NaPA 19.30 1.44 66 56 10 

8%PEG 2,000/ 
8%NaPA 29.09 1.55 82 76 5 

16%PEG 2,000/ 
8%NaPA 20.63 1.80 113 108 5 

*12%PEG 6,000/ 
12%NaPA 9.27 ± 0.39 0.90 ± 0.05 99.5 ± 3.5 82.2 ± 3.5 17.3 ± 0.0 

16%PEG 10,000/ 
8%NaPA 28.77 1.57 121 116 4 

16%PEG 10,000/ 
16%NaPA 29.50 1.45 89 83 6 

8%PEG 10,000/ 
8%NaPA 29.33 1.37 97.12 91.21 5.91 

8%PEG 10,000/ 
16%NaPA 30.19 1.28 53.94 46.94 7.00 

*The central point of full factorial design was repeated three times. 

 

We also calculated a relative partition of the bacteriocin between the two ATTP 

systems (PBact), according to Eq. 6. For all the conditions evaluated except the central point, 

the PBact presented values higher than one, as expected base on the higher partition 

coefficients in the presence of ChCl.  

Overall, values of %ABBact closer to 100% were obtained in the presence of ChCl, with 

only two values less than 75% at the following conditions: 8 wt% PEG 2,000/16 wt% NaPA 

with %ABBact = 66%; and 8 wt% PEG 10,000/16 wt% NaPA with %ABBact = 54%. In terms of 

bacteriocin recovery on the top phase, high values (above 75%) were obtained, except for the 
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conditions at which %ABBact was low, probably indicating bacteriocin denaturation at this 

PEG (top-phase) concentration. Values of %RECtop of approximately 100% were observed 

with 16 wt% PEG 2,000 or 10,000/8 wt% NaPA systems.  

The parameters %ABBact and %RECtop were also analyzed as response variables for the 

PEG/NaPA/cholinium-based salt. The statistical analysis for %ABBact and %RECtop are 

presented in Figure 3.6 and 3.7, respectively, and showed that the independent variables PEG 

concentration (wt%) and molecular weight of PEG (g/mol) were statistically significant for 

%ABBact and %RECtop. An analysis of variance (ANOVA) for these parameters was 

performed (Table 3.5 and 3.6) and both PEG concentration and molecular weight were 

significant for the bacteriocin partitioning in ATPPS. 

 
Figure 3.6. Pareto chart of ANOVA applied to identify the variables and interactions with 
significant effect on %ABBact in PEG/NaPA/[Ch]Cl systems. The length of each bar is related 
to the standardized effect or interaction and the vertical line corresponds to the significant 
effect for a confidence interval of 95%. 
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Figure 3.7. Pareto chart of ANOVA applied to identify the variables and interactions with 
significant effects on %RECtop in PEG/NaPA/[Ch]Cl systems. The length of each bar is 
related to the standardized effect or interaction and the vertical line corresponds to the 
significant effect for a confidence interval of 95%. 
 

Table 3.5. Analysis of variance (ANOVA) for the dependent variable %ABBact of bacteriocin 
partitioning in PEG/NaPA/[Ch]Cl systems. 
 

Source SS df MS F p 
(1) PEG (wt%) 2032.55 1 2032.55 165.09 *0.006 
(2) PEG (g/mol) 904.36 1 904.36 73.45 *0.013 
(3) NaPA (wt%) 2.98 1 2.98 0.24 0.671 

1 by 2 6.20 1 6.12 0.50 0.552 
1 by 3 0.00 1 0.00 0.00 0.999 
2 by 3 203.20 1 203.20 16.50 0.056 

Pure Error 24.62 2 12.31   
Total SS 3721.77 10    

*Significant level p < 0.05; R2 = 85%. SS = Sum of squares; df = degrees of freedom; MS = Mean squares. 
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Table 3.6. Analysis of variance (ANOVA) for the dependent variable %RECtop of bacteriocin 
partitioning in PEG/NaPA/[Ch]Cl systems. 
 

Source SS df MS F p 
(1) PEG (wt%) 2095.03 1 2095.03 170.17 *0.006 
(2) PEG (g/mol) 1523.29 1 1523.29 123.73 *0.008 
(3) NaPA (wt%) 1.07 1 1.07 0.09 0.796 

1 by 2 34.47 1 34.47 2.80 0.236 
1 by 3 8.14 1 8.14 0.66 0.502 
2 by 3 239.02 1 239.02 19.41 *0.048 

Pure Error 24.62 2 12.31 24.62  
Total SS 3986.79 10    

*Significant level p < 0.05; R2 = 95%. SS = Sum of squares; df = degrees of freedom; MS = Mean squares. 
 

Overall, the best results of bacteriocin partitioning were obtained with higher 

concentrations of both polymers. For both polymeric aqueous systems, the volume ratio was 

less than 1, indicating that PEG phase had a smaller volume compared with NaPA phase. For 

the PEG/NaPA/Na2SO4 systems, the response variables (%ABBact and %RECtop) were also 

analyzed but no statistically significant differences were found. 

 

3.4 Comparison between the PEG/NaPA systems 

 

Analyzing the values of KBact for both systems, the bacteriocin partition followed the 

trend: [Ch]Cl > Na2SO4. According to Pereira et al. [12], for clavulanic acid partitioning in 

PEG/NaPA/Na2SO4 the entropic driving force cannot play an important role since this 

molecule partitions to the PEG-rich phase, in spite of this phase being more concentrated in 

polymer. This observation can be in agreement with our results and to understand the forces 

that drive the bacteriocin partitioning behavior, the conductivity and pH of each phase after 

the separation were analyzed. Moreover, we carried out a new series of experiments using the 

PEG/NaPA/[Ch]Cl system at the best conditions (8 wt% PEG 10,000/8 wt% NaPA/[Ch]Cl), 

which corresponded to the best combination of partitioning parameters (KBact, %ABBact, and 

%RECtop), but now varying electrolyte concentration (0.2 and 0.5 M). A summary of the 

results is presented in Table 3.7. 
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Table 3.7. Experimental values of conductivity and pH of top (PEG-rich) phase (TP) and 
bottom (NaPA-rich) phase (BP) after separation. The partitioning parameters of bacteriocin in 
PEG/NaPA/salt systems, prepared in sodium acetate buffer at pH 5.0 at 25°C, are also 
presented. 
 
8%PEG 10,000/ 

8%NaPA/salt 
systems 

Phases Conductivity 
(mS/cm) pH KBact %ABBact %RECtop %RECbot 

0.35 M of  
Na2SO4 

TP 0.46 5.45 21.34* 71.66* 60.65* 11.01* 
BP 3.2 5.65 

0.35 M of  
[Ch]Cl 

TP 0.38 5.45 29.33** 97.12** 91.21** 5.91** 
BP 4.1 5.75 

Additional PEG/NaPA/[Ch]Cl systems evaluated 
0.2 M of  
[Ch]Cl 

TP 0.41 5.50 25 95.85 89.64 6.21 
BP 3.6 5.55 

0.5 M of  
[Ch]Cl 

TP 0.3 5.45 32 99.21 93.36 5.85 
BP 4.7 5.80 

* and ** results were already showed in Tables 1 and 2, respectively. 

 

The low values of electrical conductivity and the higher viscosity (data not shown) in 

the PEG-rich phase (TP) indicate a large difference in total salt and polymer concentration in 

each phase. The values are in agreement with data by Johansson et al. (2008ab) and Pereira et 

al. (2012) according to which the PEG-rich phase contains higher total polymer concentration 

than the bottom phase. The sulfate (!"!!!) and chloride (Cl-) anions are a disruptive ions, also 

called chaotropic ions (in the Hofmeister effect !"!!!  > Cl- according to Collins and 

Washabaugh (1985), and can break apart “icebergs” of water molecules that are present in 

bulk water; this increases the concentration of free water molecules that are able to form 

hydrogen bonds with nonionic polyethylene oxide (PEO) chains [40]. Taking this into 

consideration as well as the fact that the partition process in a PEG/NaPA system is 

thermodynamically favorable (Santos-Ebinuma et al., 2015), it is likely that during the phase 

separation there is also preferential partitioning of ions to the bottom (NaPA-rich) phase. 

Since bacteriocin is a small (peptide) molecule (molecular size probably with ~3.5 kDa based 

on discussion previously mentioned) it is only weakly affected by the entropic exclusion 

effect. The results indicate that the hydrophobic and electrostatic interactions drive 

bacteriocin partitioning to the PEG-rich phase. These results can also be confirmed based on 

the additional PEG/NaPA/[Ch]Cl systems with 0.2 and 0.5 M of [Ch]Cl (Table 6). It is clear 

that the increase in [Ch]Cl concentration increases the conductivity (0.5 > 0.35 > 0.2 M) in 

the bottom (NaPA-rich) phase (BP), consequently more bacteriocin partition to the top (PEG-

rich) phase. 

Bacteriocin extraction was previously evaluated in PEG/salts based ATPPS. To 
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improve our discussion, we summarize the main results obtained by ATPPS in Table 3.8. 

 

Table 3.8. Partitioning parameters of bacteriocin from different microorganisms by ATPPS 
obtained in several conditions found in the literature. 
 

ATPP systems 
employed 

Antimicrobial peptide 
studied and producer 

microorganism 
KBact %RECtop Reference 

26.5 wt% PEG 8,000/  
11 wt% sodium 
citrate at pH 7. 

Centrifugation for 10 
min at 2860 xg Bacteriocin from  

Pediococcus acidilactici 
Kp10 

5 83 Abbasiliasi 
et al., 2014 

19 wt% PEG 8,000/ 
14 wt% sodium 

citrate 
at pH 7 for 30 min 

10.73 70.3 Sidek et al., 
2016 

11 wv% PEG 20,000/ 
3.5 wv% 

MgSO4.7H2O at pH 
3.0 at 30°C for 40 min Nisin from 

Lactococcus lactis ATCC 
11454 

<2 – Li et al., 
2000 

15.99 wt% PEG 
4,000/15.85 wt% 

Na2SO4 at pH 2. The 
systems were 

centrifuged at 30°C. 

– 110.17 Li et al., 
2001 

20 wv% PEG/20 
wv% (NH4)2SO4 
system at pH 7.0. 

Centrifugation for 10 
min at 3,000xg after 
systems were placed 

at 4°C for 3 h 

Cerein 8A from 
Bacillus cereus 8A 9 81 

 
 
 
 

Lappe et al. 
2012 

“–“ results not presented by the authors. 

 

Despite the interesting results found in ATPPS for the purification of bacteriocin from 

different microorganisms, the main disadvantages were the high PEG and salts concentrations 

applied for the ATPPS, in some cases more than the double used in our experiments. Also, the 

results presented by these groups showed lower values for all partitioning parameters in 

comparison to our data. PEG/NaPA is one of the most promising combinations for ATPPS 

with electrolytes. PEG/NaPA/salts systems resulted in high recovery yields and proved to be a 

rapid (only 1 h) and convenient method for bacteriocin extraction from fermented medium. 
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When both polymers are mixed together, they phase separate at quite low polymer 

concentrations and at rather mild salt concentrations (Johansson et al., 2011). Another positive 

aspect is the possibility of recycling the polymers, i.e. PEG through salting-out and NaPA 

through precipitation at pH below 3. 

In order to evaluate the purification of bacteriocin in respect to the total proteins in the 

fermented broth, the partition coefficient of total proteins was also calculated for the best 

ATPPS, i.e. 8 wt% PEG 10,000/8 wt% NaPA with 0.5 M of [Ch]Cl (Table 6). The protein 

partition coefficient (KP = 0.51 ± 0.07) shows that the proteins present in the fermented broth 

are preferentially concentrated in the bottom (NaPA-rich) phase. Thus, our results are very 

promising since ideally, in a purification process, proteins should partition oppositely to the 

target molecule, in our case the bacteriocin that partitioned preferentially to the top (PEG-

rich) phase. 

In addition, the salts used in this study, a neutral salt (Na2SO4) and an ionic liquid salt 

([Ch]Cl) were very mild for the target molecule. Furthermore, for the [Ch]Cl salt when 

applied in ATPPS, traces of [Ch]Cl in the bacteriocin extracted by PEG/NaPA/[Ch]Cl ATPPS 

would not be a concern since choline has been widely used as feed additive for decades 

(Zeisel & Costa, 2009), as well as for the bacteriocins produced by lactic acid bacteria. 

 

4. Conclusion 

 

The stability and partitioning of bacteriocin from the fermented broth of Lactobacillus 

plantarum ST16Pa in the PEG/NaPA/electrolytes aqueous two-phase systems was studied. 

Bacteriocin showed high stability after 1 h in temperatures from 50°C to 80°C and pH from 

3.0 to 8.0, as well as in the presence of ATPPS components (with exception of 20 wt% NaPA 

for 24 h that corresponded to a loss of activity of 53%). All the partitioning studies show that 

the bacteriocin partitions preferentially to the PEG-rich (top) phase (KBact > 8.9), 

demonstrating that hydrophobic and electrostatic interactions are the major driving forces of 

partitioning. The highest partition coefficient (KBact = 32) was obtained with 8 wt% PEG 

10,000/8 wt% NaPA/0.5 M [Ch]Cl, at the same time total proteins were removed in the 

NaPA-rich (bottom) phase (KP = 0.51). Our results show the potential of ATPPS with ionic 

liquids as an initial step for bacteriocin recovery and purification by applying a low-cost (low 

polymer content) and eco-friendly (mild conditions) PEG/NaPA/ChCl system. Complementary 

studies on chromatographic processes after bacteriocin recovery in ATPPS are being conducted for 

high-resolution bacteriocin purification, aiming at its complete characterization. 
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CHAPTER IV 

 

Enhancement of bacteriocin ST16Pa production by Lactobacillus plantarum ST16Pa in a 

supplemented whey powder formulation proposed by a Plackett & Burman 

experimental design 
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ABSTRACT 
Whey is the main byproduct produced by dairy industries. This byproduct is frequently 

disposed in the environment without any treatment, since this process is extremely expensive. 

Alternatively, whey can be used as a culture medium to cultivate lactic acid bacteria (LAB) and 

produce value-added products, such as bacteriocins. Based on this, we aimed to improve the 

bacteriocin ST16Pa inhibition zones through culturing L. plantarum ST16Pa in a whey powder 

formulation supplemented with additional sources of carbon, nitrogen and vitamin, varying the 

agitation applied to the system according to a proposed Plackett & Burman (PB) statistical 

experimental design. This tool shown that tryptone is the only important variable in the 

production of bacteriocin ST16Pa antimicrobial activity. However, it was not possible to verify 

if this is depends on another factor. Nevertheless, through the PB design, was possible to obtain 

a supplemented whey formulation (composed of 150 g/L of whey total solids plus 10 g/L of 

tryptone and soybean extract in stirred fermentation at 150 rpm) to culture L. plantarum ST16Pa 

and produce a cell-free supernatant (CFS) with antimicrobial activity of 13.23 mm inhibition 

zone against the biondicator strain. These results are quite significant, since in a previous study, 

the same strain cultured in cheese whey did no produced antimicrobial activity. In addition, tests 

performed in our study suggest that the antimicrobial activity produced by the CFS resulted 

from the supplemented whey powder formulation is the same produced in Man Rogosa and 

Sharpe (MRS) by other authors, showing equally antimicrobial effectiveness against pathogens. 

Keywords: whey powder, supplementation, bacteriocin, Lactobacillus plantarum, Plackett & 

Burman, antimicrobial activity 
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1. Introduction 

 

 Whey is the major byproduct produced by dairy industries, which is obtained after 

clotting and casein removal during cheese manufacturing (Brandelli, Daroit, & Corrêa, 2015). 

For many years, industries sought out it cheapest disposal methods, which have usually 

involved discharge into waterways, ocean, municipal sewage treatment works, and/or onto 

fields. These practices are completely irresponsible and lead to many environmental and 

health issues, not only due to the high organic load in whey, but also because of its elevated 

volume daily produced (Brandelli et al., 2015; Smithers, 2015). When dumped in lands, it 

creates severe pollution concerns for the surrounding environment by affecting the 

physicochemical characteristics of soil that result in decreased crop yields. Its discharge into 

water bodies reduces the dissolved oxygen and hampers biodegradability, which represents a 

risk to aquatic life (González-Siso, 1996). Nowadays, in most countries, the disposal of 

untreated whey into waterways or like is unlawful (Smithers, 2015). For that reason, proper 

management of this byproduct is required before its discharge (Yadav, Yana, Pilli, Kumar, 

Tyagi, & Surampalli, 2015). Biological wastewater treatment technologies are the safer 

disposal of whey, but this is an expensive methodology (Panesar, Kennedy, Gandhi, & 

Bunko, 2007). An economical and advantageous alternative is utilizing it as a substrate for the 

production of value-added products thought biological means, since this material retain about 

55% of total milk nutrients (Panesar et al, 2007; Prazeres, Carvalho, & Rivas, 2012). Among 

the most abundant nutrients are lactose, soluble proteins, lipids and mineral salts, which are 

essential for microbial growth, especially for LAB (Koutinas et al., 2009; Panesar et al, 2007). 

The LAB are widely used microorganism in food industries acting in the development 

of meat products, vegetables and various dairy products (Cintas et al., 2001). The LAB, 

besides playing an important role in food fermentation and demonstrating health beneficiates 

for consumers, are know for their potential to produce several biomolecules of industrial 

interest, such as bacteriocins (De Vuyst & Vandamme, 1994). 

Bacteriocins are defined as bacterially produced, small, heat-stable peptides that are 

active against other bacteria and to which the producer has a specific immunity mechanism 

(Cotter et al., 2005). Although they can be produced by a multitude of microorganisms, 

bacteriocins produced by LAB has been received increased attention over the past decades 

due to their safety for human consumption, being considered as Generally Recognized as Safe 

(GRAS) (Balciunas et al., 2013).  
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Among LAB, the largest group is the genus Lactobacillus, which comprises more than 

150 different species (Siezen et al., 2010). The specie Lactobacillus plantarum is an 

especially one since it can be adapted to various niches thanks to its ability to ferment a wide 

range of carbohydrates (Sabo et al., 2014). 

Despite whey supports most LAB growth (Brinques et al., 2010; Guerra & Pastrana, 

2001; Panesar, Kennedy, Knill, & Kosseva, 2010; Ünlü, Nielsen, & Ionita, 2015), this 

byproduct may lacks sufficient nitrogen, which often requires its supplementation, not only 

with nitrogen source but also with other nutritional components, to obtain satisfactory 

bacteriocin productivities (Briczinski & Roberts, 2002). Moreover, generally, some LAB have 

an inefficient proteolytic system and are highly dependent on external supplements to 

synthesize peptides and proteins (Pleissner & Venus, 2016; Ummadi & Curic-Bawden, 2010). 

In a previously study of Todorov et al. (2011), the researches demonstrated the ability of the 

L. plantarum ST16 to produce high antimicrobial activity against several microorganisms 

when the strain was cultivated in Man, Rogosa and Sharpe (MRS) broth supplemented with 

different substrates. However, when it was cultured in cheese whey, in spite of the 

satisfactory biomass production, this strain did not produce bacteriocin. Therefore, propose 

culture supplementations to improve the bacteriocin ST16Pa production utilizing an industrial 

byproduct as whey, could be interesting from the economical point of view. Based on this, we 

aimed to improve the bacteriocin ST16Pa production through culturing L. plantarum ST16Pa 

in a whey powder formulation supplemented with additional sources of carbon (10, 20 or 

30g/L), nitrogen (5 or 10 g/L) and vitamin (0.8 or 1.6 mg/L), varying the agitation (50, 100 or 

150 rpm) applied to the system according to a proposed Plackett & Burman (PB) statistical 

experimental design.  

 

2. Materials and methods  

 

2.1. Microbial cultures 

 

This study was conducted with the probiotic bacteriocin-producing strain 

Lactobacillus plantarum ST16Pa, previously isolated by Todorov et al. (2011) from papaya. 

As an indicative microorganism of bacteriocin antimicrobial activity, it was used the strains 

Listeria innocua 6a CLIST 2865 (AL230/07), isolated from a sausage sample and provided 

by Coleção de Listeria from Fundação Oswaldo Cruz (FioCruz, Rio de Janeiro, Brazil). 
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The strains L. plantarum ST16Pa and L. innocua 6a CLIST 2865 were respectively 

cultured in MRS and Brain Heart Infusion (BHI) broths (both provided by DIFCO, Detroit, 

MI, USA), incubated at 30 °C on a orbital shaker that was agitated at 100 rpm for 24 h and 

then cryopreserved adding 20% (v/v) of glycerol into the culture broths. Finally, the 

cryopreserved strains were stored at -70°C.  

 

2.2. Enhancement of bacteriocin ST16Pa production  

 

The PB statistical experimental design was used to evaluate the culture conditions and 

the nutrients that could have higher influence on bacteriocin production by L. plantarum 

ST16Pa cultured in whey powder. For that, 8 variables were screened in 12 trials, with 

quadruplicate at the central point. The minimal and maximal ranges selected for the 8 factors 

are presented in Table 4.1. Each column represents an independent variable and each row 

represents a trial. All tests were carried out in triplicate and the average inhibition zone 

produced by the bacteriocin ST16Pa was used as the response variable. The biomass produced 

by L. plantarum ST16Pa are also represented in Table 4.1.Variables with confidence levels 

>95% were considered to have significant influence on bacteriocin ST16Pa inhibition zones. 

Such experimental design is a two-level partial factorials, most commonly employed for 

identifying important factors for further investigation (Keneddy & Krouse, 1999). According 

to these authors, it is a good methods for investigate the effect of many factors and optimize 

the media compositions and culture conditions in fermentation processes at low cost and 

through a minimal number of experiments. 
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Table 4.1. Plackett & Burman experimental design matrix for improvement of inhibition 
zones produced by bacteriocin ST16Pa in supplemented whey powder, against the 
bioindicator strain L. innocua 6a CLIST 2865. The biomass obtained after 48 h cultivation are 
also represented. 
 

Runs 

aFactors/levels Average 
inhibition zones 

(mm) 

Biomass  
(g/L) X1 X2 X3 X4 

 
X5 

 
X6 X7 X8 

1 +1 -1 +1 -1 -1 -1 +1 +1 0.00 0.36 
2 +1 +1 -1 +1 -1 -1 -1 +1 0.00 0.31 
3 -1 +1 +1 -1 +1 -1 -1 -1 0.00 0.58 
4 +1 -1 +1 +1 -1 +1 -1 -1 11.82 0.68 
5 +1 +1 -1 +1 +1 -1 +1 -1 0.00 0.32 
6 +1 +1 +1 -1 +1 +1 -1 +1 11.56 1.63 
7 -1 +1 +1 +1 -1 +1 +1 -1 12.00 0.93 
8 -1 -1 +1 +1 +1 -1 +1 +1 0.00 0.43 
9 -1 -1 -1 +1 +1 +1 -1 +1 11.37 0.88 

10 +1 -1 -1 -1 +1 +1 +1 -1 13,23 1.75 
11 -1 +1 -1 -1 -1 +1 +1 +1 11,36 0.51 
12 -1 -1 -1 -1 -1 -1 -1 -1 0.00 0.17 
13 0 0 0 0 0 0 0 0 11.38 0.50 
14 0 0 0 0 0 0 0 0 11.53 0.41 
15 0 0 0 0 0 0 0 0 11.58 0.49 
16 0 0 0 0 0 0 0 0 11.49 0.46 

aThe factors encoded by +1, 0 and -1, are respectively represented by: X1 – whey powder total solids: 150, 100, and  
50 g/L; X2 – inulin: 20, 10, and 0 g/L; X3 – sucrose: 30, 15, and 0 g/L; X4 – glucose: 30, 15, and 0 g/L; X5 – soybean 
extract: 10, 5, and 0 g/L; X6 – tryptone: 10, 5, and 0 g/L; X7 – B12 vitamin: 1.6, 0.8, and 0 mg/L;  
X8 – agitation: 150, 100, and 50 rpm.  
 

The choice to supplement whey powder with glucose (Inlab, São Paulo, Brazil), 

sucrose (Cromoline Química Fina, São Paulo, Brazil), triptone (DFICO, Detroit, USA) and 

vitamin B12 (Inlab, São Paulo, Brazil) was based on the study of Todorov et al. (2011). 

Additionally, we also tested inulin (Clariant, São Paulo, Brazil), as a well-known compound 

to increase cell growth of probiotic bacteria. Besides, in order to promote the improvement of 

inhibition zones produced by bacteriocin ST16Pa at an attractive and economical level, we 

used soybean extract (Jasmine, Curitiba, Brazil), an agro-industrial compounds with high 

protein concentration. Considering that Brazil is the second largest producer of this grain 

(Folha de São Paulo, 2017), whey supplementation using this substance as nitrogen source is 

additionally advantageous. A whey powder formulation without supplementation was 
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prepared with the conditions setted up in the central point of the PB experimental matrix (100 

g/L of total whey solids; 30 °C; 100 rpm – see Table 4.1), was used as control. 

 

2.3. Whey preparation 

 

Whey powder, kindly provided by BR Foods (São Paulo, SP, Brazil), was used to 

carry out the investigations in this work. In order to optimize the inhibition zones produced by 

bacteriocin ST16Pa in this byproduct, a PB experimental design was proposed. According to 

the PB experimental matrix (Table 4.1), whey was prepared using different concentration of 

total solids, which were diluted in distillated water. According to the methodology of Guerra 

and Pastrana (2001) and Vignolo, Kairuz, Holgado, and Oliver (1995), the pH of whey-base 

solution was acidified to 4.0 by addition of 10 M HCl and heated at 100 °C for 30 min in 

thermal bath in order to denature proteins and remove insoluble contents. The resulted 

solution was centrifuged and the whey-base supernatant was adjusted at pH 6.3 using 10 M 

NaOH. This supernatant was subsequently supplemented with the additional carbon, nitrogen 

and vitamin sources in accordance with the proposed PB experimental matrix (Table 4.1). 

Finally, it was pasteurized at 90 °C for 5 min in a thermal bath and subsequently cooled in ice 

bath for 10 min. 

 

2.4. Inoculum preparation and culture conditions   

 

L. plantarum ST16Pa inoculum was prepared adding 1 mL of culture stock into 

Erlenmeyer flask (250 mL) containing 100 mL of MRS broth (DIFCO, Detroit, MI, USA) and 

incubated in orbital shaker at 30 °C at 100 rpm for 12 h. Then, the inoculum size was adjusted 

with sterile distilled water to a final concentration of 0.8 – 0.9 optical density (O.D) per mL at 

650 nm. The cells were harvested by centrifugation at 4,470 g for 15 min at 4 ° C. The cell 

pellet was washed twice with sterile distilled water and resuspended directly in previously 

treated and supplemented whey. 

Ten mL of inoculum (10% [v/v] of the final volume to be fermented) was transferred 

into Erlenmeyer flasks (250 mL) containing 90 mL of previously treated and supplemented 

whey powder. All cultures were performed in triplicate and incubated at 30 °C for 48 h in an 

orbital shaker at 50, 100 or 150 rpm, in accordance with the proposed PB experimental matrix 

(Table 4.1). In triplicate, samples were collected after this period to analyze cell growth and 

the production of inhibition zones by bacteriocin ST16  
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2.5. Scaling up in bioreactor and fermentative parameters  

 

On the basis of the data obtained thought the assays proposed by the PB experimental 

design, the scale up of the supplemented whey powder formulation, which generated the best 

results regarding inhibition zones by bacteriocin ST16Pa and biomass, was carried out. 

A typical stirred tank bioreactor (Biostat B plus, Sartorius) with capacity for 2 L was 

used to conduct this experiment. To this end, 0.9 L of supplemented powder whey, prepared 

according to previously established conditions (see Table 4.1), was transferred to the tank and 

subsequently added with 100 mL of inoculum (10% [v/v] of the final working volume). In 

triplicate, the cultures were conducted as same as conditions setted up in the assay developed 

in orbital shaker. 

Samples were collected every 2 h during 12 h, and then, after 24 and 48 h of 

fermentation. Each sample was analyzed regarding L. plantarum ST16Pa cell growth, 

inhibition zones produced by bacteriocin ST16Pa and lactate production, as well as consumed 

lactose. Thought the respective obtained values, fermentative parameters, such as lactose to 

biomass yield, lactose to lactate yield, global volumetric productivity of biomass, global 

volumetric productivity of lactate, maximum specific growth rate and generation time, were 

calculated according to the Equations 1 to 6, respectively, as follow: 
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In order to evaluate the reproducibility in bioreactor, these parameters were compared 

to those obtained in the assay carried out in orbital shaker using the same condition and the 

same supplemented whey powder formulation. 
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2.6. Determination of lactose and lactate concentration 

 

To determine the concentration of lactose and lactate, samples were aseptically 

collected and centrifuged at 3,421 g for 15 min. The supernatant was filtered through 0.22 µm 

pore membranes (Millipore, Bedford, MA, USA), transferred to collection vials and 

determined by High Performance Liquid Chromatography (HPLC) divise (Ultimate 3000, 

Dionex, Sunnyvale, CA, USA), equipped with a refractive index detector (Shodex RI-210, 

Kawasaki, Kanagawa, Japan) and a HPX-87H column (Bio-Rad, Hercules, CA, USA). 

Analyses were carried out at 50 °C, using 5.0 mM H2SO4 as mobile phase at a flow rate of 0.6 

mL/min. High purity lactose and lactate (Sigma-Aldrich, St. Louis, MO, USA) were used at 

concentrations from 0.1 to 10.0 g/L as standard solutions to prepare the calibration curve. 

 

2.7. Cell growth 

 

The L. plantarum ST16Pa growth was monitored by counting colony-forming units 

(CFU) per mL using the serial dilution technique, in which 0.5 mL of the sample was serially 

10-folds diluted in 4.5 mL of 0.85% (w/v) sterile saline. Subsequently, 100 µL of each 

dilution was transferred to Petri dishes (90 x 15 mm) containing MRS broth solidified with 

1.5% (w/v) of agar. With the aid of a sterile Drigalski handle, the diluted samples were spread 

over the surface of the medium plates. The plates were incubated for 48 h and only those 

containing 30 to 300 colonies were considered. 

To convert the CFU values to cells dry mass (g/L), L. plantarum ST16Pa strain was 

cultivated in MRS broth under recommended conditions (30 °C/100 rpm), according to 

Todorov et al. (2011). By associating the CFU values and the corresponding cells dry mass 

obtained by filtration of the MRS broth in a 0.22 µm pore membrane (Millipore, Bedford, 

MA, USA), a calibration curve was generated, where the supplied equation (y = 8.107x-1.107, 

R2 = 0.98) served as basis to convert the CFU values of the cultures in the treated whey 

powder for cells dry mass values in g/L. The CFU/mL determination was performed in 

triplicate. 

 

2.8. Bacteriocin antimicrobial activity assay 

 

For bacteriocin ST16Pa antimicrobial activity determination, in triplicate, samples 

were centrifuged at 25,750 g at 4 °C for 10 min and the cell-free supernatants (CFS) were 
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performed according to spot-on-the-lawn method. For this, petri dishes containing 10 mL of 

melted BHI soft agar (supplemented with 0.75% of agar [w/v]) was previously inoculated 

with 1 mL of overnight bioindicator microorganism diluted 100-folds (approximately 108 

CFU/mL). After solidify, 20 µL of CFS was dropped onto the BHI soft agar surface and 

incubated at 30 °C for 24 h. Next, using a digital caliper (Lee Tools, model 684132), the 

inhibition zones were measured in 4 different directions and the avarege values (in mm) were 

considered. Further, the antimicrobial activity produced by whey powder formulation, which 

obtained the higher bacteriocin ST16Pa inhibition zones, was quantified by serial 2-fold 

dillution of CFS in 25 mM phosphate buffer at pH 6.5. The amount of bacteriocin produced 

by L. plantarum ST16Pa in the supplemented whey powder formulation was expressed in 

arbitrary units per mL (AU/mL) by the equation AU/mL = Dn x 1000/P, where D = dilution 

factor, n = first dilution not showing any inhibition zone, and P = volume (µL) of supernatant 

deposited onto the agar surface. 

 

2.9. Bacteriocin ST16Pa inhibition zones stability  

 

 In order to prove that the antimicrobial activity produced in the supplemented whey 

powder has the same protein nature and stability as described by Todorov et al. (2011) 

culturing L. plantarum ST16Pa in MRS broth, the effect of digestive enzymes, chemicals and 

temperature on bacteriocin ST16Pa inhibition zones were investigated. For this, the CFS 

obtained from the scaled up supplemented whey powder formulation was treated adjusting the 

pH to 6.0 with 1 N NaOH. Aliquots of 1 mL were incubated at 30 °C for 2 h added with 1.0, 

5.0 or 30 mg/mL of chymiotrypsin, trypsin, protease XIV and α-amylase (all purchased from 

Sigma-Aldrich, MO, USA). In a separate test, another 1 mL of CFS was individually treated 

with 1% (w/v) of sodium dodecyl sulfate (SDS), urea, EDTA and NaCl or with 1% (v/v) of 

Triton X-100 Tween 20 and Tween 80. Next, the solutions were incubated at 30 °C for 1 h. 

The effect of temperature on bacteriocin ST16Pa inhibition zones was tested by heating the 

CFS in a thermoregulated bath at 40, 60, 80, and 100 °C for 1 h and at 121°C for 20 min. All 

the aforementioned studies were tested for antimicrobial activity against the bioindicator 

strain L. innocua 6a CLIST 2865 using the spot-on-the-lawn method as described before. 

Untreated CFS with enzyme, chemical and temperature served as controls.  
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2.10. Effect of bacteriocin ST16Pa on bioindicator microorganism growth  

 

 A 4.5 mL aliquot of CFS obtained from the scaled up supplemented whey powder 

formulation was added to Erlenmeyer flasks (100 mL) containing 30.5 mL of BHI broth 

previously inoculated with 0.35 mL of overnight-old L. innocua 6a CLIST 2865. The control 

assay was carried out as the same conditions described above, except by adding the CFS. 

Then, the Erlenmeyer flasks were incubated at 37 °C in orbital shake at 100 rpm for 6 h. 

Optical density readings (at 600 nm) were recorded every 1 h.    

 

2.11. Reduction of bioindicator viable cells in the presence of bacteriocin ST16Pa 

 

Overnight-old culture of L. innocua 6a CLIST 2865 was harvested at 4,470 g at 4°C 

for 15 min., the pellet was washed twice with 0,85% (w/v) of sterile saline solution and 

resuspended in 10 mL of this same solution. Equal volume of the CFS obtained from the 

scaled up supplemented whey powder formulation was mixed with the resuspended pellet and 

viable cell numbers were determined before and after incubation for 1 h at 37 °C by plating 

this solution onto BHI broth added with 1% (w/v) of agar. Cell suspensions of the 

bioindicator strain without adding the CFS served as controls.  

  

2.12. Purification of bacteriocin ST16Pa  

 

 A 100 mL aliquot of CFS obtained from the scaled up supplemented whey powder 

formulation was treated adjusting the pH to 6.0 with 1 M NaOH and subsequently used for 

further assays. Bacteriocin ST16Pa was precipitated by adding ammonium sulfate to the CFS 

to obtain 20% (w/v) saturation and, then, stirred for 2 h at 4 °C. After centrifugation for 30 

min at 4,470 g and 4° C, the resulting pellet was resuspended in 10 mL of 25 mM ammonium 

acetate buffer (pH 6.5) and loaded on a previously activated C18 solid phase extraction (SPE) 

cartridge, named as OASIS® HLB (Waters, Millipore, MA, USA), which was washed with 

gradual concentration of isopropanol (20, 40, 60 and 80% [v/v]) in the same buffer above 

mentioned. In order to control and validate the proposed protocol, L. plantarum ST16Pa was 

cultured in MRS broth at 30 °C for 24 h, as recommended by Todorov et al. (2011), and the 

resulted CFS was treated as previously described.  

The antimicrobial activities were tested against L. innocua 6a CLIST 2865 using the 

spot-on-the-lawn method as previously described (see section 2.7 of this chapter). The protein 
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concentration of each step was determined using the BCA protein assay reagent (Sigma-

Aldrich, MO, USA) as specified by the manufacturer and through a calibration curve (y = 

0.0011x + 0.00245, R2 = 0.99), it was possible to calculate the specific activity (AU/mg), 

yield (%) and purification factor (fold). 

 

2.13. Statistical analysis  

 

The PB experimental designs matrix and the resulted data were analyzed through the 

Minitab 17 Statistical Software (Inc., State College, PA, USA). Statistical verification of the 

results was performed by analysis of variance (ANOVA).  

 

3. Results and discussion  

 

3.1. Enhacement of bacteriocin ST16Pa production  

 

Using a PB statistical experimental design, the individual effects of concentrations of 

whey powder total solids, inulin, glucose, sucrose, soybean extract, tryptone, vitamin B12 and 

the agitation on bacteriocin ST16Pa inhibition zones was evaluated. Table 4.1 shows the 

obtained inhibition zones against the bioindicator strain and the respective biomass 

production after culture L. plantarum ST16Pa for 48 h in orbital shaker at 30 °C. Before 

developing the runs proposed by the PB experimental matrix, L. plantarum ST16Pa was 

grown in no supplemented whey powder treated as previously describe in section 2.2 of this 

chapter. This assay served as control of the strain performance and was equally conducted at 

30 °C incubation, jointly with conditions setted up in the central point of this same 

experimental design (100 g/L of total whey solids at 100 rpm). In this control assay, even the 

strain showing good adaptation to the whey powder formulation and reasonable growth rates 

(0.22 g/L), no inhibition zone was produced. This result is equivalent to that reported by 

Todorov et al. (2011), in which no bacteriocin ST16Pa was detected using cheese whey (20 or 

100 g/L of total solids) as fermentative substrate.  

Following the PB experimental matrix, from a total of 16 assays, 10 whey powder 

formulations showed considerable growth rate of L. plantarum ST16Pa and satisfactory 

bacteriocin ST16Pa inhibition zones (runs 4, 6, 7, 9, 10, 11 and 13-16). Biomass production 

varied markedly in a range between 0.17 and 1.75 g/L and bacteriocin ST16Pa inhibition 

zones between 0.00 to 13.23 mm, reflecting the importance of optimization to obtain higher 
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productions. The Pareto chart (Figure 4.1), obtained through the data analysis by Minitab 17 

Statistical Software, showed that the tryptone is the only important variable on the bacteriocin 

ST16Pa inhibition zones, demonstrating significant positive effect at a 95% confidential level. 

Independently of the tryptone concentration used to supplement the whey powder 

formulations, all assays in which this compound was part of resulted in bacteriocin ST16Pa 

inhibitions zones up to 11.00 mm.  

 

 

Figure 4.1. Pareto chart demonstrating the individual effects of the variables triptone, whey 
powder total solids, agitation, sucrose, soybean extract, glucose, vitamin B12 and inulin on 
bacteriocin ST16Pa inhibition zones according to Plackett & Burmann experimental design.  

 

Todorov et al. (2011) also reported increasing in the bactericin ST16Pa production 

from 25,600 to 51,200 AU/mL when the strain L. plantarum ST16Pa was cultured in MRS 

broth supplemented with tryptone (20 g/L). Our results are also in agreement with those 

reported for sakacin P production by Lactobacillus sakei CCUG 42687 (Aasen, Møretrø, 

Katla, Axelsson, & Storrø, 2000), bacteriocin ST341LD produced by L. plantarum ST341LD 

(Todorov & Dicks, 2006a), and recently for the bacteriocins produced by Lactococcus lactis 

19.3 and Enterococcus durans 41.2 (Zamfir, Stefan, & Grosu-Tudor, 2016). This occurrence 

may be associate to the fact that tryptone served as source of various amino acids essential for 

the biosynthesis of the bacteriocin or acted as inducers of its production (Cabo, Murado, 

Gonzalez, Vazquez, & Pastoriza, 2001).  

In the other hand, when was prepared a whey powder formulation using tryptone as 

sole ingredient supplementation (3, 10 or 17 g/L, individually), no bacteriocin ST16Pa 

inhibition zones were produced. This can be explained because the PB statistical experimental 

design has some drawbacks, which consist of not verify if the effect of one factor depends on 
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another factor or assumes that the important main effects will be much larger than two-factor 

interactions (Montgomery, Borror, & Stanley, 1997). Moreover, according to Myer and 

Montgomery (2002), the main effects can be confused with second order interactions and 

second order interactions can be confused with each other. Based on this, we suppose that the 

improved inhibition zones achieved in this work is associated not only to tryptone effect but 

also to another independent variable, which is not possible to be detected using this type of 

statistical experimental design. As consequence, the following assays were developed taking 

into account the whey powder formulation that achieved higher production for both 

bacteriocin ST16Pa inhibition zones (13.23 mm) and biomass concentration (1.75 g/L) –

represented by run #10 –, although the bacteriocin ST16Pa production seems not be 

essentially associated with the strain growth, as can be observed in Figure 4.2.  

 

 

Figure 4.2. Lactobacillus plantarum ST16Pa growth (gray bars) and bacteriocin ST16Pa 
inhibition zones (white bars) resulted from runs proposed by Plackett & Burmann 
experimental desing. 
 

 According to Kim, Hall, and Dunn (1997) and Bogovic-Matijasic and Rogelj (1998), 

the bacteriocin production is strongly dependent on pH, nutrient sources, incubation 

temperature, but activity levels do not always correlated with cell mass or growth rate of the 

producer strain. Additionally, occasionally, the increased levels of bacteriocin production are 

obtained under sub-optimal conditions (De Vuyst, Callewaert, & Crabbé, 1996). 
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3.2. Bioreactor scale up and kinetic parameters 

 

 Once the cultivation of L. plantarum ST16Pa in orbital shaker using the whey powder 

formulation corresponding to run #10 from PB experimental design resulted in higher 

bacteriocin ST16Pa inhibition zone and biomass concentration (see Table 4.1), the same 

condition was scaled up. The values of biomass, bacteriocin ST16Pa activity in AU/mL, 

lactate concentration, as well as the fermentative parameters obtained in both systems (orbital 

shaker and bioreactor) are presented in Table 4.2. As can be observed, there are no 

considerable differences between the parameter values obtained in orbital shaker and 

bioreactor, being this assay easily scalable.  

  

Table 4.2. Fermentative parameters, biomass production, lactate concentration and 
bacteriocin ST16Pa activity produced by L. plantarum ST16Pa after 48 h cultivation in the 
selected whey powder formulation (run #10 from Plackett & Burman experimental design) 
conducted in orbital shaker and bioreactor. 
 

 Orbital shaker Bioreactor 
Biomass (g/L) 1.50  1.56  
Bacteriocin ST16Pa activity (AU/mL) 1,600  1,600  
Lactate (g/L) 8.85  8.61  
µmax (h-1) 0.48 0.48  
Tg (h) 1.44 1.44  
Qlactate (g/L.h) 0.18 0.18  
Qbiomass (g/L.h) 0.03  0.03  
Ybiomass/lactose (g/g) 0.08  0.07  
Ylactate /lactose (g/g) 0.46  0.39  

µmax: maximum specific growth rate; Tg: generation time; Ybiomass/lactose: Lactose to biomass yield; Ylactate/lactose: Lactose to 
lactate yield; Qbiomass: global volumetric productivity of biomass; and Qlactate: global volumetric productivity of lactate (48 h 
cultivation). 

 

3.3. Effect of proteolytic enzymes, chemicals and temperature on bacteriocin ST16Pa 

inhibition zones  

 

 The CFS used to evaluate the effect of proteolitic enzymes, chemicals and temperature 

on bacteriocin ST16Pa inhibition zones was that obtained through culturing L. plantarum 

ST16Pa in the scaled up supplemented whey powder formulation – run #10 from PB 

experimental design. All results from these tests were compared with the initial inhibition 

zones (13.23 mm) of the CFS against the bioindicator strain and are summarized at Table 4.3.  
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Table 4.3. Effect of proteolitic enzymes, temperature and chemical compounds on bacteriocin 
ST16Pa inhibition zones against L. innocua 6a CLIST 2865. 
 

Stability Concentration Inhibition zones (mm)a 

Enzymes   
Chymiotrypsin  

1 mg/mL (w/v) 

- 
Trypsin - 
Protease XIV - 
α-amylase +++ 
   
Chymiotrypsin 

5 and 30 mg/mL 
(w/v) 

- 
Trypsin - 
Protease XIV - 
α-amylase - 
Temperature   
40°C/1 h  +++ 
60°C/1 h  +++ 
80°C/1 h  +++ 
100°C/1 h  ++ 
121°C/20 min.  + 
Chemicals   
Triton X-100 1% (v/v) 

 

+ 
Tween 20 +++ 
Tween 80 +++ 
SDS 

1% (w/v) 
 

++++ 
NaCl +++ 
Urea +++ 
EDTA +++ 

aInhibition zones are expressed in: (++++) > 14.0 mm; (+++) 12.5 – 13.9 mm; (++) 11.0 – 12.4 mm; (+) 10.0 – 
10.9 mm; and (-) no inhibition zone. 
 

The CFS treated with 1.0, 5.0 and 30 mg/mL of chymiotrypsin, trypsin and protease 

XIV, resulted in complete inactivation of antimicrobial activity against the bioindicator strain. 

When treated with 1.0 mg/mL of α-amylase, the CFS inhibition zones decreased but not 

completely, reaching 13.00 mm. In the other hand, when treated with higher concentrations of 

the same enzyme (5.0 and 30.0 mg/L), no inhibition zones were observed. Figure 4.3 

demonstrates that, when the bacteriocin ST16Pa of CFS is affected by 30.0 mg/mL of all 

enzymes, the inhibition zones, usually circular, become deformed.  
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Figure 4.3. Effect of 30 mg/L of the proteolic enzymes chymiotrypsin (chym.), trypsin (trip.), 
protease XIV (prot.) and α-amylase (α-amy.) on inhibition zones produced by cell-free 
supernatant obtained from L. plantarum ST16Pa cultured in supplemented whey powder 
formulation (run #10 from Plackett & Burmann experimental design).  

 

Despite antimicrobial inactivation by high concentration of α-amylase, our results 

corroborated with Todorov et al. (2011), which reported no effect of 1.0 mg/mL of this 

enzyme on bacterion ST16 stability. The α-amylase is produced by the salivary glands and its 

main function is to initiate the digestion of macromolecules such as carbohydrates (Cardoso et 

al., 2017). Based on this information, we also agree with Todorov et al. (2011), who 

suggested that the bacteriocin ST16Pa does not belong to the controversial group IV of the 

bacteriocins, which contain carbohydrates or lipids in the active molecule structure. 

Regarding the chemical effects, Tween 20, Tween 80, NaCl, urea and EDTA did not 

affect the inhibition zones produced by the CFS. The same stability is observed for the 

bacteriocin ST16Pa produced in MRS broth (Todorov et al., 2011), excepted by the effect of 

SDS and Triton X-100 on our produced bacteriocin ST16Pa showing positive effect with the 

increase inhibition zone from 13.23 to 15.85 mm, and negative effect, decreasing the 

inhibition zone from 13.23 to 10.21 mm, respectively. The negative effect of Triton X-100 on 

bacteriocin stabiliy is also reported by Todorov and Dicks (2005c). A possible hyposthesis for 

this effect may be related to the interaction effect between the surfactant Triton X-100 and the 

bacteriocin. Although Triton X-100 is an uncharged surfactant, it can interact with the 
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bacteriocin changing its tertiary structure to a less active form. For further details, a study of 

bacteriocin stability in the presence of polymers and salts can be seen in Chapter III.. 

Regarding the SDS, the positive effect on bacteriocin ST16Pa inhibition zones can be 

explained because this compound, when 1% (w/v) was diluted in sterile water and served as 

control, exhibited antimicrobial activity against the strain L. innocua 6a CLIST 2865 

(inhibition zone of 5.0 mm). Thus, when the CFS was treated by this detergent, a synergistic 

antimicrobial activity is verified.  

The inhibition zones produced by bacteriocin ST16Pa also remained stable after 1 h at 

thermo bath at 40, 60, and 80 °C. However, a slight decrease in inhibition zones was observed 

upon heat treatment at 100 °C for 1 h (from 13.23 to 11.28 mm) and at 121 °C for 20 min. 

(from 13.23 to 10.68 mm). This finding is consistent with results reported for a number of 

bacteriocins produced by strains of L. plantarum (Lee & Paik, 2001; Wen, Philip, Ajam, 

2016). This heat stability could be a very useful characteristic as food preservative, because 

many food-processing procedures involve a heating step (Xie et al., 2011). 

 

3.4. Antimicrobial mode of action of bacteriocin ST16Pa against the bioindicator strain 

 

The CFS, resulted from the scaled up cultivation of L. plantarum ST16Pa in 

supplemented whey powder respective to run #10 from PB experimental design, substantially 

inhibited the L. innocua 6a CLIST 2865 growth, presenting O.D 600nm from 0.0 to 0.39 in 6 h 

of cultivation. The control, in which the biondicator strain was untreated with the CFS, 

increased the O.D. 600nm from 0.0 to 1.72 in the same period (Figure 4.4).  When the 

overnight-old cells of the bioindicator strains was treated with the same CFS for 1 h, the 

viable cell decreased from 9.13 to 8.40 log CFU/mL, suggesting the same bactericidal mode 

of action reported by Todorov at al. (2011). It is necessary to highlight that this high 

concentration of L. innocua contamination is very unlikely to occur in foods, but the almost 1 

log reduction in the contamination level is very important from a public health standpoint.  
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Figure 4.4. Effect of bacteriocin ST16Pa on growth of the bioindicator strain L. innocua 6a 
CLIST 2865 (dotted line). A sample no added with bacteriocin ST6Pa, served as control 
(continuous line). 
 

3.5. Purification of bactericion ST16 obtained in MRS broth and in supplemented cheese 

whey formulation 

 

A purification protocol was adopted in order to evaluate a possible increase on 

bacteriocin ST16 antimicrobial activity of the CFS resulted from the scaled up supplemented 

whey powder formulation (run #10 from PB experimental design). A CFS obtained from 

culturing L. plantarum ST16Pa in MRS broth served as control to validate the proposed 

protocol. Both CFS was firstly prepurified by ammonium sulfate precipitation (20% [w/v] 

saturation), followed by application into previously actived SPE OASIS® HLB cartridge. The 

bacteriocin ST16Pa produced in MRS broth and in the supplemented whey powder formulation 

equally eluted with 40% isopropanol in 25 mM ammonium acetate buffer (pH 6.5).  

The quantification of bacteriocin ST16Pa antimicrobial activity of each mentioned 

step, as well as the total activity (AU), total proteins (mg), specific activity (AU/mg), yield 

(%) and purification fold can be verified in Table 4.4. 
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Table 4.4. Purification of bacteriocin ST16 obtained from culture in MRS broth and in supplemented whey powder formulation. 
 

MRS broth 

Steps Volume  
(mL) 

Activity 
(AU/mL) 

Total protein 
(mg) 

Total activity 
(AU) 

Specific activity 
(AU/mg) 

Yield 
(%) 

Purification 
fold 

Cell-free supernatant 100 3.2 x 103  9.09 3.2 x 105 3.5 x 107 100 1 
Ammonium sulfate 
precipitation 10 6.4 x 103 0.91 6.4 x 104 7.0 x 107 20 1.99 

SPE OASIS® HLB 3 3.2 x 103 0.02 9.3 x 103 4.8 x 108 3 13.63 
Supplemented whey powder formulation 

Cell-free supernatant 100 1.6 x 103 20.93 1.6 x 105 7.6 x 103 100 1 
Ammonium sulfate 
precipitation 10 6.4 x 103 11.37 6.4 x 104 5.6 x 103 40 0.73 

SPE OASIS® HLB 2 1.6 x 103 6.19 3.2 x 103 0.5 x 103 2 0.07 
  

 

 

 

 

 

 

 

 

 

 

 



CHAPTER IV 93 
 

 

The proposed purification protocol worked well for bacteriocin ST16Pa produced in 

MRS broth. At final step using the SPE OASIS® HLB, despite low yield (only 3%), the 

purification fold increased approximately 13.7 as compared with the CFS. In the other hand, 

the same protocol was not effective for purification of the bacteriocin produced in the 

supplemented whey powder formulation, evidently by the complexity of this medium (2.3-

fold more contaminated with total proteins regarding to CFS from MRS broth), thus requiring 

other previous purification steps or another purification protocol. 

 
4. Conclusions 

 

 Although the PB experimental design adopted to develop this work could not the best 

statistical tool to optimize the bacteriocin ST16Pa production, since it was not able to point out 

association between tryptone and other variables, through it was possible to obtain a supplemented 

whey powder formulation, which resulted in greater bacteriocin ST16Pa inhibition zone compared 

with another research demonstrating no antimicrobial activity by the same strain cultured in cheese 

whey. In addition, the tests carried out in the present work suggest that the antimicrobial activity 

produced by the CFS resulted from the cultivation of L. plantarum ST16Pa in supplemented whey 

powder formulation is the same produced in MRS broth by Todorov et al. (2011), showing equally 

antimicrobial effectiveness against pathogens. Regarding the bacteriocin ST16Pa purification, the 

proposed protocol is not the most suitable when complex culture medium is used to cultivate the L. 

plantarum ST16Pa. In this case, a liquid-liquid extraction by aqueous two-phase systems can be a 

prepurification alternative for contaminats removal (total protein), specifically through aqueous two-

phase polymer systems with ionic liquids, as proposed in Chapter III.   
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CHAPTER V1 

 

Inhibitory substances production by L. plantarum ST16Pa cultured in hydrolyzed cheese 

whey supplemented with soybean flour and their antimicrobial efficiency as 

biopreservatives on fresh chicken meat 
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ABSTRACT 

Cheese whey, the main byproduct of the dairy industry, is one of the most worrisome types of 

industrial waste, not only because of its abundant annual global production but also because it 

is a notable source of environmental pollution. However, cheese whey can serve as a raw 

material for the production of biocomposites. In this context, in this study, we assayed the 

production of a bacteriocin-like inhibitory substance (BLIS) and lactate by culturing 

Lactobacillus plantarum ST16Pa in hydrolyzed fresh cheese whey. The process was 

improved by studying the enzymatic hydrolysis of cheese whey as well as its supplementation 

with soybean flour under microaerophilic or anaerobic conditions. Thus, the highest values of 

BLIS (7,367.23 arbitrary units [AU]/mL) and lactate yield (Ylactate/lactose = 1.39 g/g) were 

achieved after addition of 10 g/L soybean flour in microaerophilia. These conditions were 

successfully scaled up in a bioreactor because during complete anaerobiosis at 150 rpm, L. 

plantarum ST16Pa attained considerable cell growth (3.14 g/L), lactate concentration (14.33 

g/L), and BLIS activity (8,082.56 AU/mL). In addition, the cell-free supernatant resulting 

from this bioprocess showed high biopreservative efficiency in chicken breast fillets 

artificially contaminated with Enterococcus faecium 711 during 7 days of refrigerated storage, 

thus indicating the potential use of this BLIS as a biopreservative in the food industry. 

 

Keywords: cheese whey, soybean flour, BLIS, biopreservative, Lactobacillus plantarum  
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1. Introduction 

 

Diseases related to the consumption of food contaminated by pathogens or to food 

spoilage are some of the most worrisome public health problems in the world (García, 

Rodríguez, Rodríguez, & Martínez, 2010). In particular, the risk of consumption of meat 

contaminated with an Enterococcus species is associated with this species’ intrinsic resistance 

to various classes of antimicrobial drugs (Bortolaia & Guardabassi, 2015; Bortolaia, 

Espinosa-Gongora, & Guardabassi, 2016). Once ingested, this microorganism can colonize 

the human digestive tract and transmit, through horizontal transfer, resistance genes to other 

microorganisms of the intestinal microbiota, in addition to the risk of transference to 

important pathogens such as Staphylococcus aureus and Listeria spp. (Pesavento, Calonico, 

Ducci, Magnanini, & Lo Nostro, 2014). Therefore, the control of contamination of poultry 

meat by this bacterium is necessary. 

The globalization of the food industry, new manufacturing processes, and the 

increasing demand for minimally processed foods can directly affect the incidence of these 

diseases (Anacarso et al., 2014). For this reason, there is substantial concern about the 

preservation and safety of food (Bali, Panesar, & Bera, 2014). Among the existing 

technologies, biopreservation, through the controlled use of certain microorganisms or their 

metabolites in order to extend shelf life, is given increasing attention owing to its minimal 

impact on the nutritional and sensory properties of perishable food products (García et al., 

2010). Biopreservation is generally carried out through fermentative processes using lactic 

acid bacteria (LAB), which have a high potential as biopreservatives because they are safe for 

human consumption and because they produce various antimicrobial compounds such as 

organic acids, bacteriocins, or bacteriocin-like inhibitory substances (BLISes) (Giraffa et al., 

2010). According to some authors (Jack, Tagg & Ray, 1995; Tagg, Dajani & Wannamaker, 

1976), the qualified term BLIS is recommended when a newly discovered bacteriocin is not 

completely characterized regarding its amino acid sequence and the nucleotide sequence of 

the corresponding structural gene. At this stage, the antimicrobial substance should not be 

named a bacteriocin.  

Typically, the production of antimicrobial compounds by fermentative processes using 

LAB may be considered somewhat expensive. It is estimated that 30% of the total funds spent 

on such a process is costs associated with the culture medium and supplements required to 

promote cell growth of the microorganism producing such molecules (Bali et al., 2014). 

Reducing the cost of these processes can be highly attractive, especially for small economies 
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and/or developing countries, where food security can be seriously compromised (Holzapfel, 

2002). As an alternative, several agroindustrial waste products rich in nutrients have been 

used as low-cost substrates instead of synthetic culture media (Panesar & Kaur, 2015). 

Cheese whey, the main byproduct of the dairy industry, has high nutritional value and 

has attracted interest among researchers around the world because of its functional and 

economic prospects (Koutinas et al., 2009). The high concentration of lactose and the 

presence of vitamins, minerals, and proteins makes cheese whey an interesting medium for 

LAB growth and meets the goal of promoting economical production of bioproducts of 

industrial interest (Smithers, 2015). On the other hand, despite sufficient nutritional 

composition, cheese whey contains a low concentration of free amino acids and peptides, 

which are essential for the production of some biocomposites (Vasala, Panula, & Neubauer, 

2005). In general, LAB have an inefficient proteolytic system and are highly dependent on 

external supplements for building of peptides and proteins and even for growth (Pleissner & 

Venus, 2016; Ummadi & Curic-Bawden, 2010). In this sense, some researchers have 

proposed enzymatic hydrolysis of the protein fraction of this substrate for increasing the 

availability of the aforementioned substances and, consequently, increasing the yield of 

production of biocomposites by different LAB species (Brandelli et al., 2015; Briczinski & 

Roberts, 2002; Castro & Sato, 2014; Rodríguez-Pazo et al., 2016; Rodríguez-Pazo, Vázquez-

Araújo, Pérez-Rodríguez, Cortés-Diéguez, & Domínguez, 2013).  

Additionally, in accordance with the trend of economically viable fermentative 

processes, the use of agricultural byproducts, such as soybean flour, as a protein supplement 

for hydrolyzed cheese whey, can be an interesting alternative. The benefit of the 

supplementation of fermentative processes with soybean flour is obvious and is increasingly 

supported by published evidence. Soybean is one of the most recognized sources of vegetable 

protein. In addition to proteins, this grain contains basic nutrients such as lipids, vitamins, 

minerals, sugars, isoflavones, flavonoids, saponins, and peptides (Sanjukta & Rai, 2016). 

According to Saxena (2015), this substance has already been used as a source of nitrogen to 

improve commercial production of the antibiotic streptomycin. Moreover, some researchers 

have reported the use of a soybean protein-based culture medium for production of 

bacteriocin, demonstrating successful applications, because they attained higher production of 

this biomolecule when compared with the use of other industrial byproducts (Dominguez, 

Bizani, Cladera-Olivera & Brandelli, 2007; Motta & Brandelli, 2008; Leães, Vanin, 

Sant’Anna & Brandelli, 2011). On the other hand, there are no reports in the literature about 



CHAPTER V 97 
	

 

the use of soybeans as an alternative source of nitrogen for supplementation of culture media 

containing zero or low concentration of this nutrient, a fact that adds value to the present study. 

 In this context, the aim of this work was to study the production of BLIS and lactate 

by L. plantarum ST16Pa cultivated in prehydrolyzed fresh cheese whey as a fermentative 

substrate. Subsequently, the effect of soybean flour as a protein supplement for the 

hydrolyzed cheese whey was investigated. Finally, the biopreservative efficiency of cell-free 

supernatant (CFS), arising from the reproduction of the best culture conditions in a bioreactor, 

and a solution of L. plantarum ST16Pa cells were studied when applied to the surface of 

chicken breast fillets artificially contaminated with Enterococcus faecium 711. 

 

2. Materials and methods 

 

 To summarize each step and procedure described in detail below, a flowchart is 

presented in Figure 5.1. 

 
Fig. 5.1. A flowchart summarizing the steps and procedures involved in this study. 
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2.1. Microbial cultures 

 

For the development of the fermentative processes, probiotic strain Lactobacillus 

plantarum ST16Pa isolated from a papaya species (Todorov et al., 2011) was used. As a 

microorganism indicative of antimicrobial activity and also as a contaminant of chicken breast 

fillets, strain Enterococcus faecium 711, which was isolated from a sample of food and was 

provided by the Food Department of the School of Pharmaceutical Sciences of the University 

of São Paulo (São Paulo, SP, Brazil) was used. Both microorganisms were grown at 30 °C for 

24 h in appropriate culture broth (Brain Heart Infusion [BHI] for E. faecium 711, and Man, 

Rogosa, and Sharpe [MRS] broth for L. plantarum ST16Pa). The strains were cryopreserved 

and stored at −70 °C after addition of 20% (v/v) of glycerol to each broth. 

 

2.2. Fresh cheese whey  

 

This whey was kindly provided by Ruta Xacobea SL, a cheese plant located in Brea 

(A Coruña, Spain), which was fractionated and stored in plastic bottles and finally stored in 

an ultra-freezer at −70 °C until use. 

 

2.2.1. Characterization of fresh cheese whey 

 

Before use as a culture medium for the cultivation of the L. plantarum ST16Pa strain, 

cheese whey was characterized in order to verify some parameters such as total solids 

concentration, pH, fat content, and concentrations of lactate, lactose, and proteins. 

The determination of the total solids concentration by dry weight was performed using 

10 mL of cheese whey, which was transferred to porcelain capsules and incubated in an oven 

at 105 °C up to constant weight. 

The concentration of total protein was determined by means of the Pierce 

bicinchoninic acid (BCA) assay kit (Thermo Scientific, Aalst, Belgium) using bovine serum 

albumin as a standard. Via a calibration curve associating albumin concentrations (µg/mL) 

and respective absorbance (562 nm), an equation (y = 1.1194x + 0.0378, R2 = 0.99) was 

generated, which was used to determine the concentration of total protein present in fresh 

cheese whey and after hydrolysis. 

The pH level of cheese whey was analyzed as described in section 2.6. 



CHAPTER V 99 
	

 

High performance liquid chromatography (HPLC) was employed for quantification of 

sugars and lactate organic acid according to the conditions set forth in section 2.7. 

To determine fat content, samples of cheese whey were hydrolyzed with HCl in a 

system called FOSS Soxtec (2047 SoxCap, Höganäs, Switzerland). After that, 3 g of cheese 

whey was subjected to liquid-solid extraction in an extractor device using hexane. The fat 

concentration was calculated by gravimetric difference. 

 

2.2.2. Enzymatic hydrolysis of fresh cheese whey 

 

To increase the production of biocomposites during cultivation of L. plantarum ST16Pa 

with cheese whey as a substrate, enzymatic hydrolysis of the protein fraction was performed. 

For this purpose, the activities of the enzyme Lactozym Pure 6500 L (β-galactosidase) and of 

the commercial enzyme mixture Flavourzyme 1000 L (endo and exoprotease activity), both 

sold by a company called Novozymes (Copenhagen, Denmark), were evaluated. 

Hydrolysis with Lactozym was conducted according to the best conditions established 

by Rodriguez-Colinas, Fernandez-Arrojo, Ballesteros, & Plou (2014). Briefly, 1.20 mL of the 

enzyme was used to hydrolyze 74.5 g/L total solids. Next, in a metabolic shaker, the mixture 

was incubated for 1 h at 40 °C/200 rpm. 

For enzymatic hydrolysis using Flavourzyme 1000 L, pH of fresh cheese whey was 

adjusted to 7.0 with 10N NaOH. At the ratio of 0.53 mL to 74.5 g/L of total solids (Brinques 

et al., 2010), and carrying out the process at 50 °C/100 rpm in a metabolic shaker (Rodríguez-

Pazo et al., 2013), we investigated the effectiveness of the enzymatic hydrolysis by 

Flavourzyme 1000 L for 3 and 12 h. 

 After such procedures, both hydrolysis reactions were discontinued by the addition of 

10 N HCl until pH was between 3.5 and 4.0.  

As a control for the performance on the production of antimicrobial biocomposites by 

L. plantarum ST16Pa in the aforementioned procedures, fresh cheese whey without 

enzymatic hydrolysis was used. 

 

2.2.3. Supplementation of fresh cheese whey 

 

Soybean flour, as a protein supplement, was tested for its potential to enhance the 

performance of L. plantarum ST16Pa, and consequently, to ensure high production yields of 

BLIS and lactate. To this end, the hydrolyzed cheese whey was supplemented with different 
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concentrations (10, 15, 20, 25, or 30 g/L) of soybean flour (El Granero integral, Biogran, 

Austria). Aerobic and microaerophilic culture conditions were also analyzed. Fresh cheese 

whey hydrolyzed by Flavourzyme 1000 L and without supplementation served as a control. 

After supplementation, the hydrolyzed fresh cheese whey was sterilized at 100 °C for 

60 min, cooled, and pH was adjusted to 6.5 using 10 N NaOH. Finally, the whey was kept at 

room temperature until further use. 

 

2.3. Inoculum preparation and culture conditions in a shaker 

 

To prepare the inoculum of L. plantarum ST16Pa, 1 mL of the stock culture was 

transferred to a 250-mL Erlenmeyer flask containing 100 mL of MRS broth (DIFCO, Detroit, 

MI, USA). Then, it was incubated in a metabolic shaker, under the following culture 

conditions: 100 rpm/30 °C for 16 h, to achieve a cell concentration of 0.8–0.9 optical density 

(OD) units at 650 nm per milliliter. Cells were recovered by centrifugation at 3,421 g for 15 

min (Ortoalresa, Consul 21, EBA 20, Hettich Zentrifugen, Germany). The cell pellet was 

washed with sterile distilled water, centrifuged, and resuspended in fresh cheese whey, 

already prepared according to the conditions described in subsections 2.2.2 and 2.2.3. 

Regarding the cultivation conditions, at first, the fermentation reactions were 

conducted at the bench scale under aerated and microaerophilic conditions. A 40-mL aliquot 

(10% [v/v] of the final volume to be fermented) was transferred to 1-L Erlenmeyer flasks 

containing 360 mL of fresh cheese whey prepared as described in subsections 2.2.2 and 2.2.3 

for aerobic cultures conducted in a metabolic shaker (Optic Ivymen System, Comecta SA, 

Madrid, Spain) at 100 rpm. For microaerophilic conditions, 15-mL tubes were filled with 13.5 

mL of fresh cheese whey prepared as described above. A 1.5-mL aliquot (10% [v/v] of the 

final volume to be fermented) was transferred to the tubes, leaving them completely filled, 

which were incubated in a microaerophilic jar under static conditions (without stirring). A 

candle was lit inside the jar to partially reduce the amount of oxygen, leaving no more than 

5% of this gas, guaranteeing hypoxia in this system. 

All cultures were carried out at 30 °C for 48 h. Samples were periodically collected for 

viable-cell counting, measurement of lactate and lactose concentrations, and for determination 

of pH and antimicrobial activity of the CFS. The entire procedure was performed in triplicate. 

 

 

 



CHAPTER V 101 
	

 

2.4. Scaling up in a bioreactor 

 

On the basis of the data obtained in the aforementioned tests, scaling up of the 

fermentation process—that generated the best results with respect to the production of 

biomass and the BLIS biocomposites and lactate—was carried out. 

A mechanical agitation bioreactor (Biostat B plus, Sartorius) with capacity of 2 L was 

used to conduct this experiment. To this end, 1.35 L of cheese whey, prepared according to 

the conditions above, was transferred to the tank. After addition of 150 mL of the inoculum 

(10% [v/v] of the final working volume), nitrogen gas was bubbled through the tank, to 

establish a concentration of oxygen between 0.4% and 0.5%, guaranteeing an anaerobic 

process. In triplicate, the cultures were conducted at 30 °C, 150 rpm, for 48 h. 

 

2.5. Cell growth 

 

The monitoring of L. plantarum ST16Pa growth was performed by counting viable 

cells, that is, colony-forming units (CFU)/mL, using the serial dilution technique in which 0.5 

mL of the sample was serially diluted in 4.5 mL of 0.85% saline. After that, 100 µL of each 

dilution was transferred to Petri dishes (90 × 15 mm) containing MRS broth solidified with 

1.5% of agar. With the aid of a sterile Drigalski handle, the diluted samples were spread over 

the surface of the medium plates. The plates were incubated for 48 h and only those 

containing 20–200 colonies were considered. 

To convert the CFU values to cell dry mass (g/L), the L. plantarum ST16Pa strain was 

cultivated in MRS broth under recommended conditions (30 °C/100 rpm), according to 

Todorov et al. (2011). By associating the CFU values and the corresponding cell dry mass 

obtained by filtration of the MRS broth through a filtering membrane with 0.22-µm porosity 

(Millipore, Bedford, MA, USA), a calibration curve was generated, where the obtained 

equation (y = 8⋅107x – 1⋅107, R2 = 0.98) served as a basis for conversion of CFU values of the 

cultures using fresh cheese whey into cell dry mass values in g/L. 

 

2.6. pH monitoring 

 

The samples’ pH was measured at predetermined time points using a pH meter (Crisol, 

Alella, Barcelona, Spain). 
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2.7. Determination of the concentration of sugars and lactate 

 

To determine the concentration of sugars lactose, glucose, and galactose as well as 

lactate, samples were aseptically collected and centrifuged at 3,421 g for 15 min. The 

supernatant was filtered through 0.22-µm membranes (MilliporeTM, Massachusetts, USA), 

transferred to collection vials, and analyzed on an HPLC system (Agilent, model 1200, USA) 

according to the conditions set forth by Rodríguez-Pazo et al. (2013). 

 

2.8. Determination of BLIS activity 

 

To detect the antimicrobial activity of the CFS, i.e., BLIS production, samples 

collected during the fermentation of L. plantarum ST16Pa in fresh cheese whey were 

centrifuged at 3,421 g for 15 min. The resulting supernatant was filtered through the 

membrane with 0.22-µm porosity (Millipore, Bedford, MA, USA) and then tested against 

bioindicator strain E. faecium 711. The test was performed by the agar diffusion method in 

which the culture broth of the bioindicator strain, precultivated for 16 h in BHI broth, was 

diluted 100-fold (to approximately 106 CFU/mL). One milliliter of this dilution was 

transferred to a Petri dish (90 × 15 mm) containing 10 mL of melted BHI soft agar (containing 

0.75% [w/v] of agar). Next, 20 µL of the CFS was pipetted onto the agar surface. A period of 

3 h was allowed for the diffusion of the supernatant at room temperature and after that, the 

plates were incubated at 30 °C for 24 h. Then, the inhibition halos were measured using a 

digital caliper and the antimicrobial activity was defined in AUs, which represent the area of 

the inhibition halos per unit of volume in mL (mm2/mL), calculated by the procedure adapted 

from the methodology presented by Sidek et al. (2016). 

 

2.9. BLIS biopreservative efficiency in fresh chicken breast fillets 

 

To investigate the biopreservative efficiency of CFS against the growth of bioindicator 

strain E. faecium 711, fresh chicken breast fillets (at 24 h post mortem and individually aged 

on ice) were purchased in a local market, and transported to the laboratory in a refrigerated 

thermal box (~4 °C). The protective capacity of strain L. plantarum ST16Pa was also 

evaluated. 
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The chicken fillets were aseptically cut into pieces of approximately 7 × 7 cm and 

weighing 25 g. After that, the microbial load of possible contaminants was reduced using UV 

rays for 15 min on each surface. 

Five series of experiments were conducted in this study. As a first step, in tests A, B, 

C, and D, each surface of the chicken fillets was artificially contaminated with 500 µL of E. 

faecium 711, which was precultivated in BHI broth at 30 °C for 16 h and then diluted 400-

fold in 0.85% sterile saline (final concentration 103 CFU/mL). Next, individually, the chicken 

fillets were treated as described below. In test A, 1 mL of CFS was pipetted and evenly spread 

with the aid of a sterile Drigalski handle on each surface of the fillets. After that, ten minutes 

were allowed for the disappearance of the excess of fluid in the fillets. 

In test B, a solution of L. plantarum ST16Pa cells was applied to the surface of the fillets 

to verify the protective capacity of this strain. For this purpose, L. plantarum ST16Pa was 

cultivated in MRS broth at 30 °C for 16 h (~107 CFU/mL). It was centrifuged at 3,421 g for 15 

min, and the resulting cell pellet was resuspended in 0.85% sterile saline. One milliliter of this 

solution was pipetted onto the chicken fillets following the same protocol as described above. 

Tests C, D, and E served as controls. Thus, to monitor the growth of the bioindicator 

strain, in test C, the chicken fillets were artificially contaminated, but no biopreservative 

substances were added. In the test D, the pure commercial pediocin (Sigma–Aldrich, St. 

Louis, MO, USA) served as the control of the antimicrobial action against E. faecium 711 on 

fresh chicken fillets, because it is a pure and well-known substance. To this end, starting from 

an initial known concentration (0.1 mg/mL), different dilutions of the pure commercial 

pediocin were prepared in 0.1 M sodium acetate buffer (pH 5.0). To verify the size of the 

inhibition halos generated by each dilution, they were deposited on the solid surface of the 

BHI soft agar preinoculated with 10% (v/v) of the bioindicator strain (~107 CFU/mL). By 

associating the corresponding concentration (µg/mL) with the generated inhibition halos 

(mm), a calibration curve (y = 2.7412x + 11.714, R2 = 0.99) was obtained, which was useful 

for determining the concentration of pediocin that would be used to treat chicken fillets. The 

identified concentration (0.71 µg/mL) corresponded to the size of the inhibition halo formed 

by CFS (14.34 mm). One milliliter of this solution was applied to the surface of the chicken 

fillets according to the procedure described above. Finally, to verify whether the chicken 

fillets were not contaminated by another Enterococcus strain, in test E, the chicken fillets 

were not artificially contaminated by the bioindicator strain and were not treated with any 

biopreservative substance. 
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All chicken fillets from tests A, B, C, D, and E were packed in sterile plastic bags and 

stored in an unchanged atmosphere in a refrigerator at 4 ± 0.5 °C. The tests were conducted in 

triplicate, and the samples, for counting the bioindicator strain cells in CFUs per gram of fillet 

(CFU/g), were collected immediately after the inoculum (day 0), during 3 consecutive days 

(days 1, 2, and 3) and after 7 and 14 days. 

To monitor the growth of E. faecium 711 during the storage, 225 mL of 0.85% sterile 

saline was added to the plastic bags containing the chicken fillets. It was homogenized for 2 

min in a Stomacher device (IUL Instruments, Barcelona, Spain), and the resulting product 

was serially diluted 10-fold as described in section 2.5. Ten microliters of each dilution was 

deposited on the surface of the Slanetz Bartley agar culture medium (Liofilchem Diagnostici, 

Italy) supplemented with 1% (w/v) of the solution of 2,3,5-triphenyltetrazolium chloride 

(TTC) (Scharlau Microbiology, Barcelona, Spain). It is a selective medium for the genus 

Enterococcus and inhibits the growth of Gram-negative bacteria because of the presence of 

sodium azide. The genus Enterococcus reduces the TTC compound, producing a purple 

precipitate that gives reddish color to their colonies.  

Finally, the plates were incubated at 30 °C, and after 72 h, the CFUs were counted. 

The serial dilution was considered valid when it was possible to count from 3 to 30 CFUs. 

 

2.10. Statistical analysis 

 

All the data were subjected to analysis of variance (ANOVA) in statistical software 

Minitab 17 (Inc., State College, PA, USA). Data were also compared by the Tukey test (P < 

0.05), and different letters were used to indicate values with significant differences between 

them. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Enzymatic hydrolysis and characterization of fresh cheese whey  

 

The results on biomass and BLIS and lactate production, generated by cultivating L. 

plantarum ST16Pa in fresh cheese whey hydrolyzed by each of the mentioned enzymes, are 

presented in Table 5.1. 
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Table 5.1. Production of biomass and lactate and BLIS activity after culturing L. plantarum 
ST16Pa for 48 h in raw fresh cheese whey or that hydrolyzed by Lactozym or Flavourzyme 
 

Fresh cheese whey Biomass (g/L) Lactate (g/L) BLIS activity (AU/mL) 
Raw 0.33±0.04a 1.85±0.15a - 

Lactozym 0.40±0.04a 3.00±0.28b 4,204.66±57.45a 
Flavourzyme 3 h 1.73±0.53c 6.67±0.10d 5,058.64±314.87b 

Flavourzyme 12 h 0.73±0.02b 6.18±0.26c 4,369.52±175.69a 
 

In raw fresh cheese whey, L. plantarum ST16Pa generated 0.33 ± 0.04 g/L biomass, 

1.85 ± 0.15 g/L lactate, and did not show formation of inhibition halos against the 

bioindicator strain E. faecium 711.  

In particular, Lactozym showed 75% efficiency of the conversion of lactose (initial 

concentration 54 g/L) into glucose (20 g/L after hydrolysis) and galactose (20.8 g/L after 

hydrolysis). According to Geiger et al. (2016) and Panesar et al. (2006), this enzyme can 

perform transgalactosylation reactions, which are gaining interest due to the formation of 

galacto-oligosaccharide (GOS) molecules, known to be a prebiotic ingredient that favors the 

growth of probiotic microorganisms, such as L. plantarum ST16Pa (Todorov et al., 2012). In 

fact, after 48 h of culture, galactose was completely metabolized, while glucose by only 10% 

(w/v). After the hydrolysis of fresh cheese whey by Lactozym, the results on biomass (0.40 ± 

0.04 g/L), BLIS activity (4,204.66 ± 57.45 AU/mL), and lactate production (3.00 ± 0.28 g/L) 

by L. plantarum ST16Pa were considerably higher when compared to the performance in raw 

cheese whey. 

On the other hand, the 3-h hydrolysis treatment with Flavourzyme showed 

considerable differences, increasing the biomass production (1.73 ± 0.53 g/L) and BLIS 

activity (5,058.64 ± 314.87 AU/mL), which are 2.37- and 1.16-fold higher, respectively, 

relative to the data generated by hydrolysis with Flavourzyme for 12 h, and 4.32- and 1.20-

fold higher, respectively, compared to the data obtained after fermentation in Lactozym-

hydrolyzed cheese whey. Rodríguez-Pazo et al. (2016) and Sinha, Radha, Prakash, & Kaul 

(2007) reported that this enzyme acts as endo- and exopeptidase, and during its hydrolysis, 

proteins are fragmented into free amino acids and peptides of different sizes. Consequently, 

this process increases the concentration of nitrogen sources, which are essential for the growth 

of microorganisms and favor cellular performance and, consequently, the productivity in 

terms of biocomposites (Castro & Sato, 2014). 

Accordingly, it was found that the best pretreatment of fresh cheese whey for the 

cultivation of L. plantarum ST16Pa and for a satisfactory yield of biomass and antimicrobial 
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bioproducts was 3-h hydrolysis with Flavourzyme 1000 L. In fact, longer periods of 

hydrolysis, such as 12 h, can cleave some proteins that are essential for the growth, thus 

preventing the strain from developing as expected. Therefore, the treatment of cheese whey 

for a shorter period is considered a favorable situation, not only from the standpoint of 

productivity but also from the economic point of view, given that 12-h hydrolysis results in a 

loss of investment and becomes unfeasible to industries.  

Regarding the results obtained with Lactozym-hydrolyzed cheese whey, they suggest 

that the performance of L. plantarum ST16Pa depends not only on easily absorbed carbon 

sources but also on essential amino acids and peptides. 

 After identifying the best hydrolysis method, we decided to carry out the cheese whey 

characterization before and after this treatment. In particular, except for total solids (from 74.5 

± 0.7 to 47.7 ± 0.14 g/L) and proteins (from 7.3 ± 0.14 to 5.9 ± 0.28 g/L), the other parameters 

did not show significant differences between the composition of the raw and hydrolyzed 

cheese whey (pH varying from 6.45 ± 0.07 to 6.8 ± 0.28; lactose from 54.15 ± 0.23 to 54.10 ± 

0.16 g/L; lactate from 0.12 ± 0.01 to 0.20 ± 0.07 g/L, and the same value of 3.70 ± 0.14 g/L 

for fat content). The fact that the hydrolysis of cheese whey promotes fragmentation of its 

proteins into smaller polypeptides, which have more binding sites for water molecules, 

increases the solubility of this substrate (Corrêa et al., 2014; Rodríguez-pazo et al., 2016; 

Sinha et al., 2007). This observation can explain the reduction in total solids content from 

74.5 to 47.7 g/L and total protein from 7.3 to 5.9 g/L. In addition, the decrease in the total 

protein amount by approximately 20% ensures that the hydrolysis with Flavourzyme exerted 

the activity expected from this enzyme. 

 

3.2. The fermentation process 

 

As previously mentioned, cheese whey, despite nutritional support for cultivation of 

microorganisms, especially LAB, may have a low concentration of free amino acids and 

peptides, which are essential for the production of certain biocomposites (Vasala et al., 2005). 

This finding, supposedly, justifies the performance of L. plantarum ST16Pa in the work of 

Todorov et al. (2011), who did not observe production of bacteriocins when this microbe was 

cultivated in cheese whey, despite a reasonable rate of cell growth.  

According to Guerra and Pastrana (2001), it is possible to turn cheese whey into a 

suitable culture medium for the production of bacteriocins through supplementation with 

nitrogen sources. Thus, on the basis of the results presented in the previous section, in order to 
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improve the performance on BLIS and lactate production by L. plantarum ST16Pa in fresh 

cheese whey hydrolyzed by Flavourzyme 1000 L for 3 h, this substrate was supplemented 

with soybean flour at concentrations of 10, 15, 20, 25, or 30 g/L under aerobic conditions and 

at 10 or 15 g/L in microaerophilia. In fact, concentrations higher than 15 g/L could not be 

tested under microaerophilic conditions because soybean flour has insoluble fiber in its 

composition (19%), which collects at the bottom of the tubes used for these cultures, making 

it difficult to distribute and homogenize the nutrients. 

 Containing 41% of proteins, the soybean flour used in this study was shown to be an 

appealing organic source of nitrogen for supplementation of hydrolyzed cheese whey and, 

subsequently, to be used as a substrate for the cultivation of L. plantarum ST16Pa, with the 

aim to produce BLIS and lactate.  

Table 5.2 summarizes the biomass data, lactate production, BLIS activity, as well as the 

fermentative parameters calculated from the data generated by the above-mentioned tests. It was 

found that supplementation with soybean flour significantly improved the performance of L. 

plantarum ST16Pa. Under microaerophilic conditions, when control A is compared with the test 

involving 10 g/L soybean flour, an increase in the cellular concentration (0.94 ± 0.01 vs. 2.46 ± 

0.19 g/L), BLIS activity (5,191.21 ± 124.67 vs. 7,367.23 ± 152.09 AU/mL), and lactate (7.98 ± 

0.12 vs. 13.84 ± 0.46 g/L) was observed. Zhang et al. (2014) also reported that the addition of 

10 g/L soybean flour was sufficient to increase the microbiological counts of LAB species.  

Under the aerobic conditions, the addition of 15 g/L soybean flour to the hydrolyzed 

cheese whey gave the best results in terms of biomass concentration (5.01 ± 0.08 g/L) and 

conversion of lactose into biomass (Ybiomass/lactose = 0.40 ± 0.01 g/g). On the other hand, we 

noticed that the supplementation with soybean flour at 20 g/L under aerobic conditions and 15 

g/L under microaerophilic conditions decreased the performance of L. plantarum ST16Pa, 

probably due to catabolite repression (Abdel-Rahman et al., 2015; Zotta et al., 2012).  

In addition, a higher yield (28%) of lactose conversion into lactate was observed 

(Ylactate/lactose = 1.39 ± 0.04 g/g) under the microaerophilic conditions with hydrolyzed cheese whey 

supplemented with 10 g/L soybean flour, in comparison to aerobic conditions with hydrolyzed 

cheese whey supplemented with 15 g/L soybean flour (Ylactate/lactose = 1.08 ± 0.01 g/g). 

On the basis of the obtained results, it was observed that both the microaerophilic 

culture and the supplementation with 10 g/L soybean flour gave an additional economic 

advantage to the fermentation process, justifying the choice of those conditions for 

reproduction of the process on a pilot scale using a mechanical agitation bioreactor. 
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Table 5.2. Fermentative parameters, biomass production, lactate, and BLIS activity of L. plantarum ST16Pa grown in a shaker or bioreactor 

µmax: maximum specific growth rate; Tg: generation time; Ybiomass/lactose: Lactose to biomass yield; Ylactate/lactose: Lactose to lactate yield; Qbiomass: global volumetric productivity of biomass; Qlactate: global volumetric 
productivity of lactate (48 h cultivation). 

 
 

 

 

 

 

	           

	 Shaken cultivation Bioreactor 

	 Microaerophilia Anaerobiosis  

Soybean flour 
supplementation (g/L) 

0 (control A) 10g/L 15g/L 0 (control B) 10g/L 15g/L 20g/L 25g/L 30g/L 10g/L 

Biomass (g/L) 0.94±0.01a 2.46±0.19d 1.90±0.08c 1.72±0.54b 3.65±0.80ef 5.01±0.08h 4.64±0.10g 4.21±0.18f 4.07±0.17f 3.14±0.06e 

BLIS activity (AU/mL) 5,191.21±124.67d 7,367.23±152.09e 5,746.99±134.33e 4,044.52±169.02a 4,895.16±40.11c 5,191.21±127.67d 4,793.41±184.01c 4,410.52±117.68b 4,452.72±177.35b 8,082.56±157.64f 

Lactate (g/L) 7.98±0.12b 13.84±0.46e 12.64±0.07d 6.69±0.13a 10.63±0.10c 10.76±0.16c 11.19±0.47c 13.53±0.45e 13.53±0.18e 14.33±0.03f 

µmax (h-1) 0.23±0,01a 0.38±0.04b 0.39±0.00b 0.35±0.04b 0.42±0.03b 0.40±0.02b 0.40±0.01b 0.41±0.01b 0.43±0.02b 0.35±0.01b 

Tg (h) 3.02±0.19b 1.86±0.18a 1.77±0.00a 2.02±0.21a 1.65±0.11a 1.67±0.08a 1.73±0.06a 1.71±0.03a 1.63±0.08a 1.98±0.08a 

Qlactate (g/L.h) 0.17±0.01b 0.29±0.01e 0.26±0.00d 0.14±0.00a 0.22±0.00c 0.23±0.01c 0.23±0.01c 0.28±0.01d 0.28±0.00d 0.30±0.00f 

Qbiomass (g/L.h) 0.04±0.00a 0.11±0.01c 0.08±0.00b 0.07±0.03abc 0.15±0.03d 0.21±0.01f 0.19±0.00e 0.18±0.01e 0.17±0.01e 0.13±0.00d 

Ybiomass/lactose (g/g) 0.13±0.00a 0.25±0.02c 0.16±0.01b 0.24±0.08c 0.37±0.06efg 0.40±0.01g 0.32±0.01cd 0.35±0.01ef 0.33±0.01d 0.30±0.00c 

Ylactate /lactose (g/g) 1.09±0.02a 1.39±0.04a 1.05±0.03a 0.93±0.02a 1.08±0.01a 1.05±0.01a 1.03±0.04a 1.04±0.04a 0.98±0.01a 1.37±0.00a 
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3.3. Bioreactor cultivation 

 

The values of biomass, BLIS activity, lactate concentration, as well as the fermentative 

parameters of the assay developed in the bioreactor are presented in Table 2. 

 The agitation at 150 rpm and the fermentation conducted during complete anaerobiosis 

may have favored the distribution of the nutrients present in the culture medium, thus yielding 

better performance, especially in terms of cell growth (3.14 ± g/L) and BLIS activity 

(8,082.56 ± 157.64 AU/mL) when compared to the results obtained in the shaker. 

  

3.4. Biopreservation of fresh chicken breast fillets 

 

The growth of the bioindicator strain on the chicken fillets was followed for 14 days, 

and the results of the treatments with the CFS (test A) and the cell producer solution (test B) 

were compared with the control treatments: fillets without addition of any preservative 

substance (test C) and with pure commercial pediocin (test D).  

In Figure 5.2, the growth of bioindicator E. faecium 711 in each of the treatment 

groups used to extend the shelf life of chicken fillets is shown. The results presented are 

related to tests A, B, C, and D because test E served only as a control of fillet sterility, not 

showing the growth of other strains of genus Enterococcus. 

 

 
Fig. 5.2. Growth of Enterococcus faecium 711 in artificially contaminated fresh chicken 
breast fillets according to experimental tests: A (treated with the cell-free supernatant, ¢); B: 
(treated with L. plantarum ST16Pa cells, ¢); C: (without biopreservative substances, ¢); and 
D: (treated with commercial pediocin, £). 
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It was found that the chicken fillets not treated with any preservative substance (test C) 

showed considerable growth of the bioindicator strain at 4.07 log CFU/g after 7 days of 

storage under refrigeration (4 ± 0.5 °C). During treatment with CFS (test A), with the L. 

plantarum ST16Pa cell solution (test B), or pediocin (test D), the growth of the bioindicator 

strain was 3.54, 3.82, and 3.51 log CFU/g, respectively, indicating that all treatments are 

effective at controlling the contaminant strain. 

For each treatment used, it was found that application of pure pediocin to chicken 

fillets (test D) was the most effective, being able to completely inhibit the growth of the 

bioindicator strain during the whole storage period (3.47 log CFU/g at the end of 14 days of 

storage). The effectiveness of treatment with pediocin was already expected and was 

corroborated by several researchers, who verified its ex situ efficiency by applying it to a wide 

variety of meats, against numerous contaminant species and foodborne pathogens (Chen & 

Hoover, 2003; Espitia, Pacheco, Melo, Soares, & Durango, 2013; Goff, Bhunia, & Johnson, 

1996; Ming, Weber, Ayres, & Sandine, 1997; Santiago-Silva et al., 2009; Woraprayote et al., 

2013). 

For the treatment of the chicken fillets with CFS (Test A), it was observed that 

bioindicator strain E. faecium 711 was completely inhibited until the 7th day of storage (3.54 

log CFU/g). Even so, from day 7, the supernatant continued to show reduced antimicrobial 

activity (a 21% decrease in effectiveness as compared to test C). 

The reduction of antimicrobial effectiveness may be associated with the instability of 

the bacteriocin molecule when applied in food. Among the several factors limiting the 

effectiveness of ex situ bacteriocins, are those mainly related to the food in question, such as 

inactivation by proteolytic enzymes, oxidative processes, adsorption of bacteriocin molecules 

to food components (proteins present on the food surface and/or fat particles), and low 

solubility and/or inadequate distribution in the food (Gálvez, Abriouel, López, & Omar, 

2007). The ways to overcome these obstacles may be application of the purified or prepurified 

compound to food; encapsulation of the compound by microencapsulation technologies; or 

direct inoculation into the food with the bacteriocin-producing strain (Schillinger et al., 1996). 

During the first 3 days of storage, test B was not effective and no antimicrobial activity 

against the bioindicator strain was observed. Nonetheless, after this period, the treatment in 

question was shown to be effective, controlling the growth of E. faecium 711 at 3.82 log CFU/g, 

48% lower than in test C. In contrast, the effectiveness of this treatment was 45% lower than 

that of the treatment with CFS (test A) during the same period of time. 
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In similar studies described in the literature (Anacarso et al., 2014; Katla et al., 2002; 

Rivas, Castro, Vallejo, Marguet, & Campos, 2014), it is reported that application of a cell 

solution of certain bacteriocin-producing microorganisms to the meat surface is much more 

effective when compared to the antimicrobial action of bacteriocin itself (in situ vs. ex situ 

activity, respectively).  

The antimicrobial ineffectiveness observed in test B (the solution of L. plantarum 

ST16Pa cells against E. faecium 711) in the early days can be explained by the fact that both 

bacteriocin and lactate are produced at higher concentrations in the late stationary growth 

phase of L. plantarum ST16Pa. Both compounds are mainly responsible for the antimicrobial 

activity expressed by LAB (Leroy & De Vuyst, 2004). Considering that the conditions 

established in this test did not favor the growth of L. plantarum ST16Pa, mainly owing to the 

selected low temperature (4 ± 0.5 °C), it is understandable and reasonable that it exerted 

antimicrobial activity against the bioindicator strain only after the third day of storage of 

chicken fillets. 

In summary, among all the treatments used in this work to prevent the contamination 

and deterioration of fresh chicken fillets by microorganisms belonging to the genus 

Enterococcus, it was found that test D was the most effective, exerting biopreservative 

activity during 14 days of storage. However, commercial pediocin has a very high cost due to 

its high purity (≥95%), which makes its application economically unfeasible. On the other 

hand, the results obtained in test A showed that CFS was effective and a promising alternative 

for control of contamination by E. faecium 711.  

 

4. Conclusions 

 

Hydrolyzed cheese whey was shown to be a culture medium with a great potential for the 

cultivation of L. plantarum ST16Pa strain and consequent production of BLIS and lactate. Soybean 

flour proved to be an alternative source of protein for supplementation of cheese whey. In chicken 

breast fillets contaminated with E. faecium 711, CFS showed high antimicrobial efficiency during 7 

days of refrigerated storage, but it is necessary to test its antimicrobial activity against different 

foodborne pathogens in the future. In particular, the use of CFS may give an additional advantage 

from the economic point of view because to exert the biopreservative efficiency similar to that of 

pure commercial pediocin, no purification steps were necessary (these step may raise the cost of 

biotechnological production). Moreover, the fact that CFS was obtained from the reuse of cheese 

whey—the main waste of the cheese industry—indicates an ecofriendly approach. 
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FINAL CONCLUSIONS AND PROSPECTS 

 

  The studies developed in the chapters previously presented in this thesis demonstrate 

that L. plantarum ST16Pa is a good bacteriocin-producing strain, which can grow and produce 

bacteriocin not only in the recommended culture medium (MRS) but also in an industrial 

byproducts, such as whey – fresh or powder – since adequately supplemented with an additional 

nitrogen source. Besides, L. plantarum ST16Pa demonstrated to be quite adaptable to different 

culture conditions that was submitted, but preferentially producing higher bacteriocin activity 

under restricted oxygen conditions (stationary, microaerophilic or anaerobic conditions). No 

more than that, the antimicrobial activity of CFS obtained by culturing L. plantarum ST16Pa in 

hydrolyzed fresh cheese whey showed high biopreservative efficiency in chicken breast fillets 

artificially contaminated with a food pathogen, indicating its potential to be used as a 

biopreservative in the food industry. 

 Regarding the purification of the bacteriocin produced by L. plantarum ST16Pa, the 

proposed protocols attained satisfactory recovery results, however, were not sufficiently 

suitable to obtain a pure molecule. Considering that the devices for determination of 

molecular weight and amino acid sequences (for example, mass spectrometry and Edman 

degradation, respectively) require an ultrapure bacteriocin, this step could not be performed at 

moment, but will be investigated in a future work by our research group. 
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APPENDIX B – Published article in collaboration: Optimisation of cheese whey enzymatic 
hydrolis and further continuous of antimicrobial extracts by Lactobacillus plantarum CECT-
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APPENDIX C – Published article in collaboration: Influence of probiotic ingredients on the 
growth kinetics and bacteriocin production of Lactococcus lactis. 
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