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Resumo 

 

A alergia a produtos lácticos afecta uma elevada percentagem da população mundial, sendo 

mais predominante em crianças. O agente responsável por tal é maioritariamente a β-lactoglobulina, uma 

proteína globular de baixo peso molecular (18 kDa) difícil de degradar e de remover do leite, afectando 

60 a 80% dos pacientes que demonstram reacções alérgicas a estes produtos. Tendo este problema e 

após alguns trabalhos que indicam a possibilidade da existência de uma protease produzida por 

bactérias lácticas, capaz de degradar a β-lactoglobulina, pretendeu-se demonstrar a existência e a 

localização celular desta protease, tendo-se como exemplo o sistema proteolítico de bactérias lácticas. 

Tal foi realizando com o auxilio de técnicas de zimografia e fracionamento celular especificamente 

desenvolvidas para este trabalho, bem como com o auxílio de técnicas electroforéticas em condições 

redutoras e não-redutoras. Pretendeu-se, ainda, estudar os requerimentos nutricionais mínimos 

necessários para a sobrevivência de uma bactéria láctica produtora desta hipotética protease, com o 

desenvolvimento de meios mínimos de crescimento usando proteínas presentes no leite como fonte 

primária de carbono e de azoto. Por fim, estudou-se ainda as bactérias lácticas utilizadas neste trabalho 

a nível de DNA extracromossomal de forma preliminar, de forma a verificar diferenças entre os 

plasmídeos existentes em bactérias produtoras e não produtoras da protease específica para a β-

lactoglobulina, utilizando um método de extracção de plasmídeos dirigido a Lactobacillus, assim como 

técnicas electroforéticas para visualização dos resultados. 

 

Palavras-chave: alergia ao leite;  bactérias lácticas; fermentação; β-lactoglobulina; plasmídeos; protease; 

zimografia adaptada. 
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Abstract 

 

Allergy to dairy products affects a high percentage of the world’s population, being more 

predominant in children. The agent responsible for such is mainly β-lactoglobulin, a globular protein with 

low molecular weight (18 kDa) that is difficult to degrade and to remove from milk, affecting 60 to 80% of 

the patients that show any kind of milk allergy. Having this problem, and with the existence of some works 

that indicate the possibility of existing a protease produced by lactic bacteria, capable of degrading the β-

lactoglobulin, the objective of this work was to prove the existence and the cellular localization of this 

protease, having as an example the proteolytic system of lactic acid bacteria. Such was accomplished 

with the aid of zymography and cellular fractionation techniques specifically developed for this work, as 

well as using electrophoretic techniques performed under reducing and non-reducing conditions. Next, it 

was intended to study the minimal nutritional requirements needed for the survival of a lactic acid bacteria 

producer of this hypothetic protease, by developing minimal growth media containing proteins present in 

milk, as primary sources of carbon and nitrogen. Lastly, the different lactic acid bacteria used for this work 

were studied preliminary at the extrachromosomal level, in order to verify the differences between existing 

plasmids in the bacteria producer and non-producer of the β-lactoglobulin specific protease, using a 

plasmid extraction method directed to Lactobacillus, as well as using electrophoretic techniques to see 

the results. 

 

Keywords: adapted zymography; fermentation; lactic acid bacteria; β-lactoglobulin; milk allergy; plasmids; 

protease. 
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1. Introduction 

 

1.1 Milk consumption around the world 

Bovine milk is one of the most produced and consumed beverages all over the world, being the 

4th most consumed beverage in United States of America. (Gaille, s.d.)  

In 2010, 42% of the households said they consumed milk daily, compared to 76% in 1978. Even 

though milk consumption has decreased, yoghurt and cheese consumption has raised 300% in the last 

30 years, making the market for dairy products grow. (Gaille, s.d.) In figure 1, it’s possible to see that milk 

is mostly consumed on North America, Europe and Central Asia, being Finland the number one 

consumer of milk per capita, consuming 361 kg per capita in 2007. (ChartsBin, s.d.) 

 

Figure 1 – Milk consumption per capita in 8 oz. servings/day, in 2010. (Singh et al., 2015)  

 

1.2 Main milk-related health issues 

In today’s society it’s known that many people suffer from health issues closely related to milk 

consumption, such as lactose intolerance, or allergies provoked by proteins present in different types of 

milk, being the β-lactoglobulin (BLG) protein one of the main prompter of milk allergies. BLG is the major 

whey protein present in cow’s milk, without an equivalent in human milk and totals 10% of the protein 

fraction in milk and 50% in lactoserum, a byproduct obtained during the fabrication process of cheese and 

casein, with a yellowish color and turbid aspect. (Sélo et al., 1999) 
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Milk’s intolerance is characterized by the lack of ability by the body to digest lactose, which is a 

natural sugar found in milk and dairy products. This occurs when the small intestine doesn’t produce 

enough lactase, an enzyme that breaks and digests lactose. This enzyme is usually produced in higher 

quantities during the infant years, when the baby’s principal food is breast milk, decreasing dramatically 

during childhood and teenage years. This leads to lactose intolerance, and explains why it’s more 

common in adults. When lactose reaches the large intestine, it can cause symptoms such as gas, 

bloating, and belly pain. (Whitney, 2015) 

Milk allergy is often diagnosed in the infant years, and can be caused by different proteins 

present in the milk. The major allergens in cow’s milk are part of the casein fraction, including αs1-, αs2-, 

β- and κ-casein, and whey fraction, including β-lactoglobulin (BLG) and α-lactalbumin (ALA). (Lifschitz & 

Szajewska, 2015) The specific anti-BLG IgEs have been evidenced to be related with milk allergies in 60-

80% of milk-allergic patients (Sélo et al., 1999) and being one of the main sources of infant allergy, 

limiting the use of bovine milk for infant formulas.  (Lucena, et al, 2006) 

The allergy to cow’s milk is explained by two major mechanisms, mediated by IgE and non-

mediated by IgE, which can change from one to another with age. The first one is characterized by 

cutaneous manifestations, like eczema and urticarial, and gastrointestinal and respiratory manifestations. 

The symptoms are rapid and occur within minutes to an hour after allergen exposure. Non-mediated IgE 

manifestations include mainly respiratory and gastrointestinal ailments, and symptoms are usually 

delayed, as they only occur 1 hour to several days after ingestion of milk.  

The IgE-mediated allergy mechanism consists on the presence of IgE antibodies, and mast cells 

and basophils that act against the food molecule, a BLG protein molecule, in this case. The first 

“sensitization” occurs when the body wrongly starts to produced IgE antibodies that target milk proteins. 

The antibodies attach to the surface of mast cells and basophils, and the exposure to milk proteins 

triggers the allergenic reaction, when the cell-associated IgE bind to the allergenic epitopes present on 

milk proteins.  

The non-IgE-mediated allergy mechanism is thought to be mediated by Th1-cells, but is poorly 

understood for now. This is the most prevalent mechanism in milk allergies during adulthood. Other 

suggested mechanism was a T-cell/mast cell/neuron interaction, leading to functional changes in smooth 

muscle action and intestinal motility. (Crittenden & Bennett, 2005) 
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1.3 Cow’s milk major components 

Cow’s milk is a complex and nutritive product, containing different substances in solution, which 

makes it a perfect, complete primary source of nutrients for infants. It is essentially composed by a main 

carbohydrate, fat, proteins, and vitamins, as it contains all the necessary ingredients for the initial growth 

of an infant mammal. Its appearance is white and opaque, being characterized as an emulsion, which is 

due to the micelles formed by casein, milk’s main protein, and fat globules, that are just large enough to 

deflect light. (Wattiaux, 2014) The approximate composition of cow’s milk is described in table 1. 

Table 1 – Cow’s milk major components. (Wattiaux, 2014) 

Nutrients Approximate 

composition (%) 

Water 88.0 

Protein 3,2 

Fat 3,4 

Lactose 4,7 

Minerals 0,7 

 

1.3.1  Lactose 

Lactose, with the systematic name β-D-galactopyranosyl-(1→4)-D-glucose, is the carbohydrate 

present in milk and its derivates. It is the milk’s sugar, composed of glucose and galactose, forming a 

disaccharide. It functions as the primary fermentation substrate for lactic acid bacteria, where it is 

transformed into lactic acid. (Guelph, s.d.) A schematic representation of lactose chemical structure is 

represented in figure 2. 

 

 

Figure 2 – Simplified lactose chemical structure. (Guelph, s.d.) 
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1.3.2 Proteins 

Milk proteins can be divided in two fractions: caseins, which are insoluble and account for 80% of 

milk protein content, and whey proteins, which are soluble and account for the remaining 20% of milk 

protein content. 

Both fractions are composed of various proteins, some of them allergens, as stated before, being 

the whey fraction the most important protein fraction in this work, as it contains β-lactoglobulin, the major 

whey protein and one of the biggest causer of milk allergies. Whey proteins also comprise α-lactalbumin, 

immunoglobulins, bovine serum albumin (BSA), lactoferrin and lactoperoxidase. 

Whey proteins are globular molecules with α-helix motifs, in which the acidic/basic and 

hydrophobic/hydrophilic amino acids residues are distributed in an even way along their polypeptide 

chains. In table 2 is possible to see the protein profile of the whey fraction from cow’s milk, having in mind 

that the whey protein profile is variable, depending on the source of milk (bovine, caprine or ovine). 

(Madureira, et al, 2007) 

 

Table 2 – Protein profile of the whey fraction in cow’s milk and basic structural properties of each protein. (Madureira, 

et al, 2007) 

Protein Concentration (g/L) 
Molecular Weight 

(kDa) 
Amino acids residues 

β-Lactoglobulin 1.3 18.3 162 

α-Lactalbumin 1.2 14.2 123 

Bovine serum albumin 0.4 66.3 582 

Immunoglobulins 0.7 
25 (light chain) + 50-70 

(heavy chain) 
- 

Lactoferrin 0.1 80 700 

Lactoperoxidase 0.03 70 612 

 

1.3.2.1 Caseins 

Casein proteins comprise one of the two major milk protein fractions, composed by a complex of 

numerous proteins that are insoluble. This forces the proteins to aggregate in small particles in the milk, 

termed micelles, causing a dispersed phase in milk. The casein fraction includes αS1-casein, αS2-casein, 

β-casein and κ-casein, each one possessing different functions, although their secondary and tertiary 

structures are not well defined. αS1-Casein and β-casein have chaperone activity and are responsible for 

micelle stabilization, preventing the aggregation of αS2- and κ-caseins, respectively. Their structure is 

classified as natively disordered, which facilitates their proteolysis during digestion, and during 
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fermentation, and may also be compared to a detergent molecule, that easily forms micelles in an 

aqueous medium. Each type of casein has a different amino acid sequence, and occupies a different 

place in the casein micelle. 

Casein micelles are formed by caseins together with calcium phosphate, which interact with the 

phosphoseryl residues in casein, with the main function of providing fluidity to casein molecules and 

solubilizing calcium phosphate. Therefore, it has been speculated that these micelles also aid in 

preventing the formation of calcium stones in the mammary gland, in addition to their biological role in 

nutrition. (Bhat, Dar, & Singh, 2016) A schematic representation of a casein micelle is represented in 

figure 3. 

 

Figure 3 – Schematic representation of a casein micelle following Holt’s model. (Hristov, Mitkov, Sirakova, 
Mehandgiiski, & Radoslavov, 2016) 

 

Due to their insolubility, caseins can be easily removed from milk, by precipitating them at pH 4.6 

and 30 ºC, leaving only the soluble fraction, i.e. the whey proteins. (Bhat et al., 2016) 

The composition of the casein fraction can be seen on the following table , having little variety. 

 

Table 3 – Protein composition of casein fraction.  (Davies & Law, 1980) 

Protein Composition (%) 

αS1-casein 37.2 – 39.0 

β-casein 34.4 – 36.6 

κ-casein 12.1 – 13.6 

αS2-casein 9.2 – 11.5 

γ-casein 2.8 - 3.9 
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1.3.2.2 β-Lactoglobulin 

β-Lactoglobulin (BLG) is the main protein present in the whey fraction of milk. It presents a 

dimeric structure at physiological pH, where each monomer is a globular subunit with 18,3 kDa and 162 

amino acid residues, containing five cysteine residues, where four of them participate in disulphide 

bridges. (Sélo et al., 1999) BLG has an isoelectric point of 5.1 - 5.2 (Ding et al., 2011). At low ionic 

strength, around pH 2.6, BLG assumes a monomeric structure.  

BLG is classified as a lipocalin due to the similarity to the retinol-binding proteins, a family of 

proteins that transport small hydrophobic molecules such as steroids, retinoids, and lipids. The conserved 

lipocalin fold, a conserved region among all proteins from the lipocalin family, has an eight-stranded anti-

parallel β-sheet (strands A to H in figure 4) that folds back upon itself forming a barrel, and producing an 

internal cavity, called a calyx, together with a three-turn α-helix calyx that lies above strand H (figure 4). 

This fold allows lipocalin to bind a wide range of hydrophobic ligands. The cavity size and loop scaffold at 

the cavity entrance are responsible for selectivity. 

A clear function hasn’t been attributed to BLG yet, but given its ability to bind hydrophobic 

molecules in vitro, and the overall roles that involve ligand-binding interactions of the lipocalin family, it 

has been suggested that BLG is involved in the transport of insoluble and/or chemically sensitive 

molecules between mother and offspring (Crowther et al., 2016) Good candidates are the vitamins A and 

D, as well as palmitic acid. 

 

Figure 4 – Crystal structure of bovine BLG monomer (PDB ID: 1BSO). β-Strands (A-H) form the central antiparallel β-
sheet calyx. The calyx is flanked in the outer surface by a three-turn α-helix. The β-strand I and the AB loop are 

involved in dimer formation. The chain starts in blue at the N-terminus and ends in red at the C-terminus. (Crowther et 
al., 2016) 
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Figure 5 – Crystal structure of bovine BLG dimer (PDB ID: 1BSY). Detail of interactions between AB loops and I 
strands, forming hydrogen bonds and electrostatic interactions, as shown in the inserts. (Crowther et al., 2016) 

 

Studies on the cleavage of BLG using cyanogen bromide showed the capacity of human IgE to 

bind and respond to the protein, where no response was detected with native BLG. This indicates that the 

BLG hydrolysis which takes place during the natural digestion in the human body may unmask hidden 

epitopes that trigger an immune response in some individuals, causing allergic reactions. (Sélo et al., 

1999) 

Other mechanism proposed to be responsible for BLG allergenicity was its ability to bind iron via 

siderophores. Another lipocalin protein, from the same family as BLG and present in the human body, is 

highly expressed in environments like the lung and gut, and its immune-regulatory properties are 

dependent on whether it carries iron via siderophores or not. So, BLG allergenic potential was studied as 

a function of its ability to bind iron via siderophores and to act on human immune cells. Under natural 

conditions, BLG usually suppresses an immune response, but when present in a mucosal environment 

that is auspicious for the growth of bacterial infections by bacterial siderophores or inflammation, more 

iron is needed and BLG can display all of its allergenic potential. (Roth-Walter et al., 2014) 
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Even though BLG causes allergic responses in a considerable portion of the population, some 

recent works have shown that this protein can also have benefic effects to the human health or be used 

to our advantage. 

BLG shows a strong affinity for fatty acids, phospholipids and aromatic compounds, and when 

bound to them may modulate their biological activity. Due to its hydrophobic affinity, BLG was used to 

improve the encapsulation properties of liposomes and to serve as a stable system for vitamin E delivery. 

BLG also contributes in the combat of severe diseases caused by bacterial infections, as BLG 

was show to have numerous functions that include antimicrobial and antioxidant activities. One work 

showed that BLG promotes cell proliferation through a receptor-mediated mechanism, which directly 

proves that BLG can enhance immune responses. The BLG receptor was identified as a membranous 

IgM. Regulatory mechanisms have not yet been investigated, but these results can prove insights about 

the beneficial immune responses and modulating properties of dairy products. (Tai, Chen, & Chen, 2016) 

It was also demonstrated that BLG can act as a molecular carrier and alter the bioaccessibility of 

linoleate/linoleic acid, exhibiting a significant resistance to gastric and simulated duodenal digestions. 

Thus, it was proposed that BLG could be used as a carrier for delivering gastric labile hydrophobic drugs, 

and if so, it would be a candidate for safe delivery, as it is not toxic. (Tsutsumi & Tsutsumi, 2014) 

1.3.2.3 α-Lactalbumin 

α-Lactalbumin (ALA) is the second most abundant protein present in whey, representing up to 

20% (w/w) of its total protein content. It is synthesized in the mammary gland and acts as a coenzyme for 

the biosynthesis of lactose, a very important nutrient for the newborn calf. ALA is composed of 123 amino 

acid residues, leading to a molecular weight of 14,2 kDa. It has a globular structure like most whey 

proteins, and is stabilized by four disulphide bonds, at pH values between 5.4 and 9.0. (Madureira et al., 

2007) Its pI is between 4 and 6. Unlike BLG, ALA is present in human milk. 

ALA structure is homologous in sequence to lysozyme, but its cell lytic specific activity it’s about 

10-6 of the specific activity of hen egg white lysozyme. Its native form consists of two domains composed 

of a large α-helical domain and a small β-sheet domain, connected by a calcium loop. ALA has a single 

Ca2+ binding site, making this protein a model for Ca2+ binding proteins. (Permyakov & Berliner, 2000) 

Besides being involved in lactose synthesis, ALA is thought to have a role in cancer prevention by 

constraining cell division, and in the treatment of chronic stress-induced diseases. (Madureira et al., 2007) 

1.3.2.4 Bovine serum albumin 

BSA, unlike other milk proteins, is not synthesized in the mammary gland, being transferred to 

milk via passive leakage from the blood stream. As stated in table 2, BSA comprises 582 amino acids 
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residues, has a molecular weight of 66,3 kDa, and also contains 17 intramolecular disulphide bridges and 

a sulfhydryl group on residue 34. 

Due to its large size and distribution of hydrophobic areas, BSA can bind to free fatty acids and to 

other lipids. BSA is also thought to have a role in anti-mutagenesis and in the prevention of cancer. It is 

also responsible for some mechanisms of immunomodulation, creating a passive immunity against 

diseases. (Madureira et al., 2007) 

1.3.2.5 Immunoglobulins 

Immunoglobulins (IG) are produced by B-lymphocytes. Even though they are not produced in the 

mammary gland, they are present in the serum and physiological fluids of all mammals. While some of 

them adhere to surfaces and act as receptors, others act as antibodies and are released in the blood and 

lymph. As IGs don’t travel through the placenta, they can be transferred to the newborn through the milk, 

providing protection against diseases by a passive immunity mechanism. 

IGs are constituted by two light polypeptide chains and two heavy chains linked by 

interpolypeptide disulphide bridges. (Madureira et al., 2007) 

1.3.2.6 Lactoferrin 

Bovine lactoferrin (BLF) is a monomeric glycoprotein that acts as an iron chelate. Besides being 

present in cow’s milk, it is also present in the human body as a secretor protein that is synthesized by the 

glandular epithelial cells. The protein possesses a metal-binding and an anion-binding site, one for a 

ferric ion, Fe3+, the other for the bicarbonate ion, HCO3
-, respectively. 

This protein fulfills an important function in antiviral and antimicrobial mechanisms, playing roles 

like prevention of virus binding, inhibition of viral entrance, destabilization of the outer membrane of 

bacteria, or synergy with antibiotics, lysozyme or antibodies. (Madureira et al., 2007) 

1.3.2.7 Lactoperoxidase 

Lactoperoxidase (LP) is an enzyme from the family of mammalian peroxidases. These types of 

enzymes use hydrogen peroxide to oxidise thiocyanate to hypothiocyanate, being active in a variety of 

anatomical locations. 

LP plays a role in antimicrobial mechanisms by oxidizing thiol groups in cell membranes of Gram 

positive bacteria, and inducing bacteriolysis in Gram negative bacteria. (Madureira et al., 2007) 
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1.4 β-Lactoglobulin removal methods 

An effective way to reduce the allergenicity of cow’s milk without depleting its nutritive value 

would be the specific removal of BLG, as this protein represents the major milk allergen. Several methods 

for BLG removal or purification have been studied in the last years and reported in the literature, but with 

no success when an up-scaling production process is concerned. Some of these works are cited below, 

where classic methods, namely chromatography and ultrafiltration, chemical methods, and combined 

methods are used. 

1.4.1  Gel filtration chromatography 

One method has been reported by Naqvi, 2010, consisting in the purification of BLG from bovine 

milk using gel filtration chromatography at low pH, claiming it’s a rapid procedure to purify BLG, taking 

advantage of the difference in molecular masses between BLG (in its monomeric form at low pH) and 

other whey components. Fresh bovine milk starts by being centrifuged, which forms a top layer of fat that 

is removed. Whey fraction is then separated from the casein fraction by adjusting the milk’s pH to 4.6, 

inducing the precipitation of caseins that can then be removed by centrifugation. The resulting whey 

fraction pH is adjusted to 3.0. Bovine milk whey is submitted to gel filtration in a gel column at pH 3.0, 

which allows to remove residual caseins and other milk proteins, and only BLG and ALA emerge as two 

resolved peaks. (Naqvi, Khan, & Saleemuddin, 2010) 

This method is more focused in the purification of BLG and ALA, but could be adapted for 

industrial use in order to prepare whey infant formulas free of BLG and ALA. The main problems are yield 

and the expensive maintenance of chromatography columns, as well as the classic problems associated 

with resin regeneration and water and chemicals consumption. 

1.4.2 Membrane Ultrafiltration 

A membrane ultrafiltration method to separate BLG and ALA was reported by Cheang, 2003. 

Some methods using membrane ultrafiltration have already been implemented at large scale in the dairy 

industry to remove bacteria and to control fat and lactose content. Using protein powders of ALA and BLG, 

protein powder solutions were prepared. Using a 16-diavolume filtration, the authors were able to get 

BLG as the retentate product, with a purification factor of 100 and a recovery yield of 90%. ALA was 

recovered from the filtrate with a yield of 99%. (Cheang & Zydney, 2003) 

1.4.3 β-Lactoglobulin removal with Triton X-114 

Teodorowicz reported in 2017 a method for the removal of lipopolysaccharides (LPS) using Triton 

X-114 (TX-114) that can be used for the removal of BLG. TX-114 is added to the protein solution, and 

incubated at 4 ºC with constant stirring. The mixture is then incubated in a water bath at 37 ºC and 



11 
 

centrifuged. Two layers will be formed; the upper layer, which contains BLG, may be separated from the 

TX-114 layer. The biggest problem with this method is the toxicity of TX-114 to the cells in culture, and 

therefore, to humans. In this method, Teodorowicz only used protein extracts that were contaminated with 

LPS, with a focus to use the protein extracts on cell cultures without LPS contamination (Teodorowicz et 

al., 2017). This method might not work so well with whole milk, and might need some adjustments to 

function properly. 

1.4.4 Reversible precipitation of α-lactalbumin  

One work by Lucena, 2006, reports a method to remove BLG from whey, allowing the production 

of a milk derivate as a base for infant formulas, since most infant adapted milks are produced using 

bovine milk. The author suggested the precipitation of ALA, based on a previous work by the same author, 

maintaining BLG in solution, which can be removed after by centrifugation, allowing the subsequent 

reintroduction of ALA by solubilization. The supernatant contained 85% BLG on a dry weight basis, with 

some BLG remaining in the precipitate.  

They started by precipitating ALA, by reducing the pH to 4.0, rising the temperature to 55 ºC, and 

adding lactic acid to sequester Ca2+. The rise in temperature allows for the selective separation of ALA 

from BLG, since above 50 ºC ALA (together with bovine serum albumin and Igs) precipitation yield is 

much higher than BLG precipitation yield. The mixture was centrifuged to separate the precipitate, leaving 

the BLG in the supernatant. The precipitate was washed twice with NaCl to remove as much as possible 

of the adsorbed BLG, as the increase in ionic strength allows for a more efficient removal of BLG. The 

precipitate can be used as a milk derivate base for infant formulas, by reversing ALA precipitation by 

increasing the pH and the Ca2+ ion concentration (by adding Ca2+ the form of CaCl2), allowing for the  

production of an ALA enriched fraction, with about 5% of the total protein content being BLG. (Lucena et 

al., 2006) 

1.4.5  Selective precipitation of β-lactoglobulin 

Casal, 2006, takes a different approach in order to remove BLG from whey, based on interactions 

between whey proteins and chitosan, a polysaccharide that is non-toxic, biocompatible, and 

biodegradable, which makes it safe for use by the food industry, being used previously on the dairy 

industry to remove milk fat, proteins, and peptides from cheese whey. Using bovine milk, the authors 

reduce milk’s pH to 6.3 using a starter culture, and afterwards added CaCl2 and rennet powder to 

coagulate the milk, forming a curd. The mixture of whey and curd, was stirred and heated to 45 ºC, and 

after, the mixture was filtered to separate the whey using glass wool. Chitosan was added to the whey, 

and the pH was adjusted to 4.5. The mixture was centrifuged and the clarified whey is treated two more 

times with chitosan. The pH was adjusted to 6.2, leading to precipitation of BLG, reducing its content in 
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the clarified whey by 70%. The rest of whey proteins remained at least 80% in solution. (Casal, Montilla, 

Moreno, Olano, & Corzo, 2006) 

 

These methods are not used at large-scale due to the difficulty to design an economic process to 

remove BLG from milk or whey while maintaining the properties of the rest of proteins, due to process 

complexity, having low overall yield and product selectivity, or causing product degradation due to the use 

of high temperatures, low pH or chemicals during the methodologies.  

 

1.4.6  Future prospects - enzymatic methods to remove β-lactoglobulin from milk 

A more viable and interesting hypothesis would be the removal of BLG via an enzymatic reaction, 

namely, using a protease specific to BLG, leading to its degradation and/or removal from milk. This would 

skip many of the problems that are inherent to the previously mentioned methods and would have great 

advantages, such as, not using toxic chemicals, the method would be specific, not affecting and 

maintaining the properties of the rest of the milk proteins, depending of the enzyme production cost, it 

could be a more economical alternative, not needing any expensive equipment, and would be a more 

natural method, probably not causing waste or toxic residues, and probably avoiding inherent health-

related issues in humans. 

 Evidence that this is a possibility is patent CN 101475918 B, which claims the existence of a 

lactic acid bacteria, capable of reducing BLG antigenicity in cow’s milk. The patent authors claim that they 

were able to achieve a lower BLG antigen concentration in fermented milk, using a specific strain.  

 No protease is mentioned in the patent, but since reduction of BLG allergen was achieved, it 

means that the bacteria uses BLG as a substrate, not only cleaving it, which is what happens during the 

natural digestive process, allowing the allergy inducing epitopes to be unmasked, but also degrading 

those epitopes, reducing milk’s allergenicity. (CN101475918 B, 2008) 

 Another work showed the proteolytic capacity of different lactic acid bacteria (LAB) species - 

lactococcus lactis (A), lactobacillus casei (B), and lactobacillus plantarum (C) – in milk sera from cow, 

goat and sheep, throughout fermentation. All fermentations were run during 6 days under the same 

conditions, and depending on the species used, different proteolytic profiles were obtained, namely, there 

was a noticeable variation of the BLG proteic profile. All species showed a higher proteolytic capacity 

towards ALA, than for BLG, which can mean one of two things: LAB species used have a higher 

proteolytic affinity for ALA, using it as a substrate in the first place, and only recurring to BLG when 

there’s a lack of other protein substrates, also because BLG has a higher resistance to proteolytic 

degradation. Looking at figure 6, L. casei and L. lactis showed highest proteolytic activity towards ALA 
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and BLG of the three species, but L. casei was the species to show the largest degradation in cow’s milk 

serum, where both ALA and BLG were reduced by more than 90% in comparison to the control. (Abreu, 

2015) 

 

Figure 6 – Polipeptidic profile of three types of serum (cow on the left, goat on the middle, sheep on the right), after 
fermentation with L. lactis (A), L. casei (B) and L. plantarum (C), during 6 days, obtained by SDS-PAGE at 17,5% 
(w/v) acrylamide with 10% (v/v) glycerol. Numbers represent fermentation days. M indicate the molecular markers, 
whose molecular masses are indicated in kDa. Arrows in the first picture indicate BLG (at 18 kDa) and ALA (at 14 

kDa). (Abreu, 2015) 
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1.5 Lactic acid bacteria 

Many LAB are used in milk fermentation and aid in the production of other dairy products, such as 

yoghurt and cheese. 

LAB are a gram-positive, non-spore forming, cocci or rods, that are responsible for the production 

of lactic acid during the fermentation of carbohydrates. Genera that are included in the LAB family include 

Lactobacillus, Lactococcus, Streptococcus, Leuconostoc and Pediococcus, and their fermentative ability 

is recognized for enhancing food safety, improving organoleptic attributes, enriching nutrients and 

increasing health benefits of dairy products. By fermenting milk, LAB increases its shelf-life and preserves 

its nutritional value. The preservation value after fermentation is indispensable to improve milk quality. 

(Teshome, 2015) 

In order to propose a proteolytic mechanism for BLG degradation by LAB strains it’s important to 

know how its proteolytic system works. 

1.5.1 Lactic acid bacteria proteolytic system 

The proteolytic system plays a very important role during fermentation, as it allows LAB to grow in 

milk, leading to a successful fermentation. LAB don’t produce all of their amino acids, meaning they need 

an exogenous source to obtain them. Amino acids and peptides can be obtained by the proteolysis of 

proteins present in milk, such as casein, the most studied proteolytic system in LAB. 

Usually, the exploitation of casein is made by a cell-envelope proteinase (CEP) that degrades the 

protein, forming oligopeptides that the cell can take up by a specific peptide transport system, allowing 

further degradation inside the cell into smaller peptides and single amino acids, by intracellular 

peptidases. Besides degrading casein, LAB cells also encode stress-inducible proteolytic enzymes that 

are active on casein in vitro, but are known to be responsible for the processing (e.g. heat shock proteins) 

of abnormal proteins in vivo. Most lactobacilli have a low amino acid biosynthetic capability, which is 

compensated by their ability to encode for a large number of peptidases, amino acid permeases, and 

multiple oligopeptide transport (OPP) systems. 

LAB strains usually only possess one CEP, but strains of L. helveticus and L. bulgaricus have 

been reported to have two. CEPs of LAB found in dairy products are normally synthetized in a form of 

preproproteins with approximately 2,000 residues and are composed of different functional domains. A 

general CEP includes a preprodomain corresponding to a signal sequence required for secretion, a 

prosequence that is removed by autocatalytic processing, a catalytic serine protease domain, a insert 

domain that is suggested to modulate substrate specificity, a A domain with unknown function, a B 

domain suggested to be involved in the stabilization of the CEP activity/specificity, a helix domain that is 

involved in positioning the A and B domains outside the bacterial cell, and a hydrophobic domain used as 
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a cell wall spacer. A schematic representation of CEPs from different LAB strains is represented on figure 

7. (Savijoki et al., 2006) 

 

 

Figure 7 – Schematic representation of CEPs from different LAB strains. CW – Cell wall; M – cell membrane; C – 
cytoplasm; PP – preprodomain; PR – catalytic domain; I – insert domain; A – A domain; B – B domain; H – helix 

domain; W – hydrophobic domain; black dot – sorting signal; AN – anchor domain. (Savijoki et al., 2006) 

 

CEPs have a strong affinity for hydrophobic caseins which, as mentioned before in section 1.3.2, 

are the most abundant proteins in milk. Caseins contain a high content of proline residues, which 

prevents formation of α-helices and β-sheets and promotes formation of random coils. These 

characteristics lead to a secondary structure that is an open molecule, being susceptible to the action of 

CEPs. 

After casein hydrolysis, the cell aims to transport the peptides obtained by the CEP into the cell. 

This function pertains to the OPP system, and the proteins used for this function are members of a 

superfamily of highly conserved ATP-binding cassette (ABC) transporters, that mediate the uptake of the 

casein derived peptides. The OPP system of LAB has not yet been widely studied.  

In some LAB strains other peptide transporters have been identified, including a proton motive 

force (PMF)-driven dipeptide/tripeptide and an ATP-driven Dpp system. A Dpp is capable of transporting 

di-, tri- and tetrapeptides with hydrophobic amino acids. 

When the peptides reach the cytoplasm, the cell has systems to degrade them into smaller 

peptides or amino acids. The cell possesses an array of peptidases that will degrade the casein derived 

peptides with differing and partly overlapping specificities. Intracellular endopeptidases, together with 

aminopeptidases, and X-prolyl dipeptidyl aminopeptidase (PepX) are the first peptidases to act on the 

casein derived peptides. Most endopeptidases are metallo-peptidases, needing a metal ion cofactor, and 
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are unable to hydrolyze intact casein. After being treated with the intracellular endopeptidases, 

aminopeptidases and PepX, the obtained di- and tripeptides are submitted to another cleavage by a 

triptidase (PepT) and dipeptidases (PepV and PepD), which have an affinity  for hydrophobic amino acids 

like leucine, methionine, phenylalanine, or glycine.  

After casein breakdown, some of the residues are used as co-factors in the regulation of the 

proteolytic system. The regulation of the proteolytic system is important to maintain the nitrogen balance 

inside the cell, as LAB respond to changes in nitrogen availability. The transcriptional regulator CodY, 

represses the expression of several components of the proteolytic system and its repression strength is 

modulated by the intracellular pool of branched chain amino acids (BCAAs), which are isoleucine, leucine 

and valine. Studies show that CodY binds to the upstream sequences preceding the opp-operon, and the 

BCAAs stimulate this binding. CodY also regulates its own synthesis and needs isoleucine, leucine and 

valine to bind to the CodY box present at its promoter. Summarizing, in a nitrogen-rich medium the 

proteolytic system is repressed, and it’s activated in the presence of BCAAs. (Savijoki et al., 2006) A 

simplified representation of the function and regulation of the LAB proteolytic system can be seen on 

figure 8 for better understanding of this system. 

 

Figure 8 – Simplified representation of the function and regulation of the LAB proteolytic system during casein 
breakdown. A – First phase of casein breakdown and peptide transport into the cell. PrtP – CEP; Opp – Oligopeptide 
permease; Dpp – ABC transporter for peptides; DtpT – ion-linked transporter for di- and tripeptides. B – Intracellular 
peptidases used to breakdown casein derived peptides. C – Proteolytic system regulation using free amino acids as 

co-factors of CodY to repress the expression of genes of the proteolytic system. (Savijoki et al., 2006) 
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1.5.2 Plasmids in Lactobacillus 

Being the Lactobacilli genera composed of important bacteria used in the food and non-food 

industry, they’ve have been extensively studied in the molecular biology field in order to improve their 

specific beneficial characteristics. Many strains have one or more indigenous plasmids that can interfere 

with the stability of recombinant plasmids, but also harbor undesirable traits. The size of plasmids found 

in lactobacilli strains ranged from 1.2 kb (in Lactobacillus plantarum LL31) to 169 kb (in Lactobacillus 

plantarum LL2). 

Many plasmids found in lactobacilli are cryptic plasmids, which means they don’t contribute to the 

phenotype of the host cell, having genes that self-replicate and have no apparent use for host bacteria, 

and are usually good models to be used as vectors. However, some functions of this type of bacteria 

have been found to be plasmid-encoded, related to lactose metabolism, antibiotic resistance, bacteriocin 

production and immunity, DNA restriction of modification, exopolysaccharide production, among others. 

(Auputinan, Tragoolpua, Pruksakorn, & Thongwai, 2011) 

Plasmids related to lactose metabolism, have been found to range between 28 kb and 68.2 kb, 

aswell as plasmids related to exopolysaccharide production with a size of 30 kb, and plasmids related to 

slime production with a size of 3.9 kb. (Wang & Lee, 1997) 
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2 Materials and Methods 

 

2.1 Bacterial cultures utilized 

During this work, four different lines of LAB were used, isolated from four different commercialized 

lactic products present in the market. All the products used claimed that the bacterial species present in 

their product is the same. 

To isolate the bacteria from the four lactic products, a sample was plated in De man, Rogosa and 

Sharpe (MRS) solid medium and incubated at 37 ºC during 48 h. Afterwards, a single colony was 

transferred to 10 mL of sterilized MRS liquid medium (52 g/L) in a test tube, and incubated at 37 ºC ± 2 ºC. 

The bacteria were transferred into new test tubes at every 48 h, by transferring 100 µL of each previously 

cultured media. 

 

2.2 Lactoserum fermentation 

For the fermentation essays, instead of whole milk, it was used cow’s milk lactoserum, a 

byproduct obtained during cheese production. Lyophilized cow’s milk lactoserum was reconstituted in 

deionized water (Milli-Q) to a concentration of 15 g/L, and submitted to two cycles of thermic treatment, in 

order to eliminate any vestigial cells that could be present, at 90 ºC during 20 min for each cycle. After the 

first cycle, the solution was incubated at 37 ºC ± 2 ºC during 24 h to germinate any possible vestigial 

spores that could remain in solution. 

Before starting fermentation, the isolates used were grown in liquid MRS during 24 h at 37 ºC ± 2 

ºC, and transferred (1% v/v) to a small volume (10 mL) of reconstituted lactoserum for another 24 h, 

maintained at 37 ºC ± 2 ºC, in order for them to adapt to the medium. Afterwards, lactoserum was 

inoculated with 1.6% (v/v) of each isolate.  

Fermentation of lactoserum was done for each one of the isolates in separate flasks, and was run 

during 7 days in the first phase, incubated at 37 ºC ± 2 ºC, in Erlenmeyer flasks with a volume of 250 mL 

to study the isolates growth and proteolytic ability. On each day, samples were taken to study the 

following parameters: i) optical density; ii) pH; iii) colony-forming units (to study bacterial growth and 

viability). Optical density was measured at 600 nm with a spectrophotometer (UV-2100, Shimadzu) and 

the pH was measured with pH sensor (micro pH 2002, Crison). 

For the rest of the work, fermentations done to study BLG degradation were run for 5 days 

instead and incubated at 37 ºC ± 2 ºC in Erlenmeyer flasks with a volume of 100 mL. 
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2.3 Bacterial growth and viability 

During a 7-day fermentation, samples of 1 mL were taken each day and diluted in 9 mL Ringer 

solution, successively, up to a 10-7 dilution, and plated in petri dishes with solid MRS medium, in order to 

accompany the microbial growth and viability during fermentation. Petri dishes were inoculated with 100 

µL of diluted samples, and incubated at 37 ºC ± 2 ºC during 48 h. Colonies formed were counted in each 

inoculated plate that had non-overlapping colonies and with less than 300 colonies, in order to attest the 

colony-forming unit (CFU) for mL, in each day, and verify the cells viability. 

The same process was done to the pre-inoculum, where a sample was diluted up to 10-8, but 

colonies only formed up to 10-7, setting the maximum dilution factor used for the samples taken each day 

during fermentation. 

Colonies were counted with the help of a digital colony counter (Digital S, JP Selecta). 

 

2.4 Protein quantification 

For some essays, before analyzing the protein profile by SDS-PAGE or adapted BLG 

zymography, samples needed to have its protein quantified to ensure an equal amount of protein loaded 

into the acrylamide gel. 

The method used for protein quantification was the Bradford method. In a clear 96-well plate 

(Greiner Bio-One), a calibration curve was created in the first six wells using bovine serum albumin (BSA) 

as a protein standard, as described in table 4, and samples were diluted adequately to have an 

absorbance below 1.0, to stay within the linear interval of the calibration curve. To each well, 20 µL of 

sample and 200 µL of Bradford reagent were added, and each calibration curve point and sample were 

pipetted in triplicate. The Braford reagent (BioRad) was prepared by being diluted 1:5. Absorbance of 

calibration curve and samples were read at a wavelength of 595 nm, in a microplate spectrophotometer 

(Synergy HT, BIO-TEK). 
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Table 4 – Points used for the creation of the calibration curve, using BSA as the protein standard. 

Concentration (µg/mL) H2O (µL) BSA (µL) 

0 20 0 

2.5 10 1 

5.0 0 2 

10.0 16 4 

15.0 14 6 

20.0 10 10 

 

2.5 Analysis of the polypeptide profile 

Polypeptide profile of fermentation was analyzed with denaturing electrophoresis in 

polyacrylamide gel (SDS-PAGE) technique. The polyacrylamide gel is composed by the stacking gel used 

to concentrate samples and pack all the polypeptides in all the samples, so they start migrating in the 

running gel at approximately the same time, and the separating gel, used to separate the polypeptides 

present in the sample based on their molecular weight. 

The stacking gel is composed of 5% (w/v) of acrylamide (Sigma-Aldrich), 0.13% (w/v) 

bisacrylamide (N,N’-methylenebisacrylamide) (Sigma-Aldrich), 125 mM  Tris-HCl at pH 6.8, 0.01% (w/v) 

of ammonium persulfate (PSA) (Sigma-Aldrich), and 0.4% (v/v) of tetramethylethylenediamine (TEMED) 

(Sigma-Aldrich). 

To follow the degradation of BLG, a separating gel was used composed of 17.5% (w/v) of 

acrylamide, 10% (w/v) glycerol (Merck), 0.1% (w/v) bisacrylamide, 375 mM Tris-HCl at pH 8.8, 0.03% 

(w/v) of PSA, and 0.1% (v/v) of TEMED. 

For the analysis of other essays, where the objective was to detect a protease produced by 

isolates of LAB, a separating gel was used, composed of 15% (w/v) acrylamide, 10% (w/v) glycerol, 0.1% 

bisacrylamide, 373 mM Tris-HCl at pH 8.8, 0.03% (w/v) PSA and 0.03% (v/v) TEMED. 

Before being loaded into the gel, the samples were prepared with a reducing sample buffer 4 

times concentrated (SBR), composed of 80 mM Tris-HCl at pH 6.8 (Fisher Scientific), 100 mM β-

mercaptoethanol (Sigma-Aldrich), 2% (w/v) sodium dodecyl sulphate (SDS) (VWR), 15% (v/v) glycerol, 

and 0.006% (w/v) m-cresol purple (Sigma-Aldrich), with 60 µL of SBR to 20 µL of sample. Subsequently, 

samples were heated up in boiling water for 5 min, and centrifuged at 1 g, during 5 min at 5 ºC (CT15RE - 

VWR).  

If samples were previously quantified using the Bradford method described in section 2.4, and 

freeze-dried, only 40 µL of SBR x1 was added to the sample. No further steps were needed. 
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Each gel well was loaded with 20 µL of treated sample, and in one of the wells, a molecular 

weight marker (BioRad) was used to covers a range of molecular weights from 10 to 250 kDa. 

Electrophoresis was run using a vertical system (Mini-PROTEAN Treta Cell, BioRad), with an 

electrophoresis buffer containing 25% (v/v) glycine (Biochem), and 1% (w/v) SDS, using a constant 

current of 20 mA per gel (Electrophoresis Power Supply EPS 500/400 - Pharmacia). The gel was run until 

the die migration front reached the end of the gel. The gel was fixed with a reusable solution of 10% (w/v) 

trichloroacetic acid (TCA)  for 30 min under agitation at room temperature, and dyed after with a reusable 

solution of Coomassie Brilliant Blue R-250 containing 0.3% (w/v) Coomassie Brilliant Blue R-250 (Sigma-

Aldrich), 10% (v/v) of glacial acetic acid (ChemLab), and 25% (v/v) of 2-propanol (ChemLab), for at least 

2 h under agitation, at room temperature. Subsequently, the gel was de-stained until the dyed polypeptide 

bands became visible, using a non-reusable de-staining solution containing 25% (v/v) 2-propanol and 

10% (v/v) glacial acetic acid. The results were seen by placing the gel onto a bright lamp. 

 

2.6 Cellular fractionation 

To try to understand where the BLG-directed protease could be localized on the bacterial cell, an 

adapted procedure was developed based on the method used by Gobbetti (1996) for subcellular 

fractionation. 

This method was applied both for cells grown in lactoserum as described in 2.2 and for cells 

grown in liquid MRS medium as described in 2.1 for 48 h. 

The fermented lactoserum and MRS-grown culture were centrifuged at 1735 g, during 10 min at 5 

ºC (Allegra 25R Centrifuge, Beckman Coulter), in order to separate the extracellular medium from the 

cells. The supernatant containing the extracellular medium was frozen and maintained at -20 ºC, reserved 

for later use. The pellet was washed using a 0.5 % NaCl solution (VWR) and sonicated using a ultrasonic 

bath (2510 Branson) for 10 min to remove the weakly bound cell-wall proteins, and centrifuged after at 

1735 g, during 10 min at 5 ºC. The supernatant containing the weakly bound cell-wall proteins was frozen 

and maintained at -20 ºC, reserved for later use. 

To the pellet obtained containing the cells a 1 mg/mL lysozyme (Panreac) solution was added, 

and the mixture was incubated at 37 ºC for 2 h, allowing the lysozyme to break the bacterial cell wall. 

After, the mixture was centrifuged at 1735 g, during 10 min at 5 ºC. The supernatant obtained contained 

the bacterial cell interior, and the pellet contained the bacterial cell wall and membrane. Both of these 

fractions were frozen and maintained at -20 ºC, until later use. (Gobbetti et al., 1996) 

Four fractions were obtained from the lactoserum fermentation and MRS growth: extracellullar 

medium, weakly bound cell-wall proteins, intracellular fraction, and cell’s wall and membrane; each of 
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these was then used for analysis of presence of BLG protease and its activity via an adapted BLG 

zymography, described in the following section 2.7.  

 

2.7 Evaluation of protease presence and activity 

To detect the presence of the BLG-directed protease and its activity, a modification of the 

zymographic method used by Lima, 2015, was developed, with the objective to polymerize the acrylamide 

gel with BLG (i.e. the BLG-directed protease substrate) instead of gelatin, as in the conventional 

zymographic method currently in use in our laboratory. 

 In the first place, to develop the modified method it was important to know BLG isoelectric point, 

so that after the gel is polymerized, BLG doesn’t run along with the proteins in the samples when 

subjected to an electric field, and stays immobilized. BLG isoelectric point is very similar to the gelatin, 

5.1-5.2 and 4.7-5.2, respectively. (Ding et al., 2011) 

The zymographic gel is composed of a stacking gel like the one described in section 2.5, and a 

separating gel composed of 12.5% (w/v) acrylamide, 10% (w/v) β-lactoglobulin (Sigma-Aldrich) instead of 

glycerol, 0.1% (w/v) bisacrylamide, 375 mM Tris-HCl at pH 8.8, 0.03% (w/v) of PSA and 0.1% of TEMED. 

Protein in samples was quantified with the Bradford method as described in section 2.4 in order to 

load each well with 100 µg of protein. The samples were subsequently freeze-dried. After, each sample 

was treated with 20 µL of a non-denaturing sample buffer, composed of 313 mM Tris-HCl (Fisher 

Scientific), 10% (w/v) SDS (VWR), 50% (v/v) glycine (Biochem), and 0.05% (w/v) bromofenol blue 

(Sigma-Adrich). At the same time, a control SDS-PAGE gel was run without BLG polymerized, with 15% 

(w/v) acrylamide like the one described in section 2.5 but performed under non-denaturing conditions, 

using the same sampler buffer as that utilized in the zymographic analysis. Electrophoresis running 

conditions were similar to the ones described in section 2.5. 

After electrophoresis, the zymography gel is washed with a solution of 2.5% (v/v) Triton X-100 

(Fisher Scientific) three times, staying under agitation for 1 h each time. After washing, the gel is 

incubated at 37 ºC ± 2 ºC under agitation for 72 h in a solution containing different metallic ions that are 

known to function as co-factors of proteins. Since the structure and mechanism of action of the BLG-

directed protease is unknown, different ions that are commonly used as enzyme co-factors were added. 

The incubation solution contained 10 mM CaCl2 (Merck), 10 mM MgCl2 (Merck), 1 mM CuSO4 (Merck), 1 

mM ZnCl2 (Merck), 0.1% (w/v) sodium azide (Sigma-Aldrich), 50 mM Tris-HCl (Fisher Scientific), and was 

maintained at pH 7.4. 

After 72 h, the gel is washed with 100 mL of a solution containing 34% (v/v) methanol (Biochem), 

17% (w/v) ammonium sulphate (Panreac), and 2% (v/v) phosphoric acid (Merck) for 1 h. After, a dyeing 
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solution of 1.1% (w/v) Comassie brilliant blue G 250 (Sigma-Aldrich) in 34% (v/v) methanol is added to 

the washing solution to dye the polypeptides in the gel (6 mL of dyeing solution per 100 mL of washing 

solution), and left under agitation for at least 30 min before seeing results. (Lima et al., 2016) 

 

2.8 Minimal medium of growth 

To attest the minimal conditions needed for growth of an isolate with BLG proteolytic activity, 

several minimal media were developed having the media developed by Hassinen, 1951, as a base. The 

minimal medium reported in the paper is adapted for Lactobacillus bifidus, and not the species isolated, 

which might not cover all of the nutritional needs of the isolates used, but no minimal growth media for the 

species of the isolates used were found to be reported on the literature. Some changes were made, due 

to availability of reagents in the laboratory, and milk proteins, like hydrolyzed casein (Duchefa), β-

lactoglobulin (BLG) (Sigma-Aldrich) and lactoserum were added, not together, to function as both the 

nitrogen and carbon sources. In this way, six different minimal growth media were developed for the study 

of the isolates dependence on these proteins. 

The six different media developed have a common base medium described in table 5. 

 

Table 5 – Base medium (double concentration) for the development of six different minimal growth media, for 
cultivation of isolate D. (adapted from Hassinen, 1951) 

Component Quantity added (mg) 

K2HPO4 (Merck) 5000 

Sodium acetate (anhydrous) (Panreac) 50000 

Thiamin HCl (Merck) 0.4 

Riboflavin (Merck) 0.4 

Calcium pantothenate (Merck) 0.8 

Pyridoxine HCl (Merck) 2.4 

Nicotinic acid (Merck) 1.2 

Biotin (Sigma-Aldrich) 0.008 

To this medium, 10 mL of a solution of salts (10 g of MgSO4.7H2O, 0.5 g of FeSO4.7H2O, 0.5 g of NaCl, 

0.337 g of MnSO4.7H2O in 250 mL of H2O, with pH adjusted to 6.8) was added per 1 L of medium. The 

medium was sterilized by autoclaving and for each 10 mL of sterilized single strength medium, 10 mg of 

sterile ascorbic acid was added. (Hassinen, Durbin, Tomarelli, & Bernhart, 1951) 
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For each different medium, lactose, hydrolyzed casein, BLG and lactoserum were added, as 

indicated in table 6, to the common base medium described in table 5. 

 

Table 6 – Protein and/or carbohydrate substrates used in each minimal growth medium, as a nitrogen and carbon 
source. 

Medium Component added Concentration (g/L) 

1 Lactose 35 

Hydrolized casein 2 

2 Lactose 35 

BLG 2 

3 Lactose 35 

Lactoserum 2 

4 Hydrolized casein 2 

5 BLG 2 

6 Lactoserum 2 

 

The fermentations of the six media were run under similar conditions of a normal lactoserum 

fermentation, as described in section 2.2. Fermentation of minimal media was run on sterilized 

Erlenmeyer flasks of 100 mL, inoculated with 1.6% (v/v) of isolates grown in MRS medium during 48 h at 

37 ºC ± 2 ºC. The Erlenmeyer flasks were incubated during 5 days at 37 ºC ± 2 ºC to allow complete 

fermentation. 

At the end of the fermentation time, the optical density and pH of the medium was measured. 

Optical density was measured at 600 nm using a spectrophotometer (UV-2100, Shimadzu) and the pH 

was measured with pH sensor (micro pH 2002, Crison). A sample was taken at the beginning and end of 

the fermentation. 

To analyze the protein profile at the beginning and ending of the fermentation, an SDS-PAGE 

was performed using a 17.5% (w/v) acrylamide gel under denaturing conditions to analyze the 

polypeptide profile, as described in section 2.5, and a BLG adapted zymography was employed to detect 

the presence and activity of a BLG-directed protease, as described in section 2.7. Before running the gel, 

the protein in the samples was quantified using the Bradford method described in section 2.4, to load 

each well with 100 µg of protein. 

 



25 
 

2.9 Extrachromosomal DNA analysis 

To study and try to understand differences between the isolates used for this work, an 

extrachromosomal DNA analysis was undertaken, using an extraction method, also known as mini-prep, 

to extract plasmids from Lactococcus and Lactobacillus as published by O’Sullivan, 1993. 

Using 10 mL of culture grown overnight in MRS medium, at 37 ºC ± 2 ºC, it was centrifuged at 

1735 g, during 10 min at 4º C (Allegra 25R Centrifuge, Beckman Coulter), and the pellet was 

resuspended in a solution containing 25% (w/v) sucrose and 30 mg/mL lysozyme, to a final volume of 200 

µL. The mixture was transferred into an Eppendorf tube and incubated a 37 ºC (Thermomixer comfort - 

Eppendorf) for 15 min. To the 400 µL of an SDS solution containing 3% (w/v) of SDS and 0.2 N NaOH 

were added, mixed immediately and vigorously, and incubated at room temperature for 7 min. To the 

Eppendorf tube was added 300 µL of an ice-cold 3 M sodium acetate solution at pH 4.8 and it was mixed 

immediately and centrifuged at 15,000 g (Centrifuge 5424R - Eppendorf) during 15 min at 4 ºC. The 

supernatant was transferred to a new Eppendorf tube and 650 µL of isopropanol was added, the 

Eppendorf tube was well mixed and centrifuged again at 15,000 g during 15 min at 4 ºC.  

All the liquid was removed and the pellet was resuspended in 320 µL of deionized water. Next, 

200 µL of a solution of 7.5 M ammonium acetate and 350 µL of mixture 1:1 of phenol/chloroform were 

added. It was mixed well and centrifuged at 15,000 g (Galaxy 14D - VWR) during 15 min at room 

temperature. The upper phase was transferred into a new Eppendorf tube and was added 1 mL of 

ethanol maintained at -20 ºC. It was mixed well and centrifuged again at 15,000 g during 15 min at 4 ºC. 

The liquid was removed and the pellet was carefully washed in a solution of 70% (v/v) ethanol, while 

maintained inside the eppendorf tube. The washed pellet was left to dry for approximately 2 h to 

evaporate all the ethanol and was resuspended in 40 µL of sterile water. Samples were kept in ice for 

immediate use. (O’Sullivan & Klaenhammer, 1993) 

The plasmids in the samples were analyzed in an agarose gel, composed by 1% (w/v) agarose, 

dissolved in a Tris-acetate-EDTA (TAE) (Sigma-Aldrich) buffer. The mixture is heated until it is completely 

clear and 1.5 µL of Greensafe Premium (Nzytech) is added per 100 mL of prepared gel in order to stain 

the DNA bands, thus making them visible under UV light. The TAE buffer is prepared as a 50x stock 

solution, composed of 24.2% (v/v) Trizma base (Fisher Scientific), 5.7% (v/v) glacial acetic acid, and 50 

mM EDTA at pH 8.0, which is then diluted to 1x in deionized water to make up the gel. 

For each 5 µL of sample was added 2.5 µL of a loading buffer, and the mixture was loaded onto 

the agarose gel. A molecular weight marker mixture (Life Technologies) ranging from 564 bp to 23,130 bp 

was loaded on the first well with 2 µL mixed with 1 µL of a loading buffer. 

The electrophoresis was run in a horizontal system (Mini gel II - VWR) with a voltage of 90 V 

during 90 min with an electrophoresis buffer composed of TAE 1x. When the run finished, the results 

were seen under a UV lamp (Geldoc 2000 - BioRad). 
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3 Results and Discussion 

 

This work was developed in four different phases, contemplating different objectives. On a first phase, 

it mainly focused on the study and comparison of the fermentation evolution and fermentative capacity of 

lactoserum proteins, namely BLG, using different isolates of LAB from different lactic products present in 

the market. On a second phase, the goal was to prove the existence of a BLG-specific protease, where 

was it located, inside or outside the cell, and the cell’s production of the BLG protease dependence on the 

growth medium used. Thirdly, the objective was to develop a minimal growth medium for one of the 

isolates and the BLG-directed protease production, to try to understand the bacteria nutritional growth 

needs and the BLG-directed protease production. Lastly, to understand the difference of fermentative 

capacity between isolates at the genetic level, an extrachromosomal DNA analysis was performed. 

 

3.1 Lactic products protein assessment 

Initially, four different lactic products were chosen for the study, having in account that they all 

contained the same species of LAB. An SDS-PAGE electrophoresis, as described in section 2.5, was 

done to assess the protein present in each lactic product, and have a first impression of the possible 

fermentative capacity of each isolate. 

In figure 9, it’s possible to see that the lactic products B and C are the ones with less protein 

quantity, having less BLG (band at 18 kDa) quantity as well, what would make us expect that the isolates 

from these two lactic products would have the greater BLG fermentative capacity of the four. On the other 

hand, the lactic product D is the one with greater quantity of protein and therefore, BLG, and would be 

expected that this isolate would have the least BLG fermentative capacity. On the other hand, it’s 

important to take in consideration that this could not be the ideal medium for their growth and there could 

be impediments to BLG degradation and uptake, as the products used contain a large amount of caseins 

and other proteins, and the bacteria could prefer other proteins instead of BLG as primary carbon and 

nitrogen sources. It’s also important to note that there was no protein quantification prior to gel running, 

so, some commercial lactic products can have more protein than others because of fabrication 

specifications or the sample could be not homogenous enough because of product consistency. 
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Figure 9 – Protein profile of the selected four lactic products present in the market, containing LAB, obtained by SDS-

PAGE in 15% (w/v) acrylamide gel, with 10% (v/v) glycerol. Arrows indicate BSA at 66 kDa, BLG at 34 kDa (in 

dimeric form), caseins at 27 kDa and BLG at 18 kDa (in monomeric form). M – Molecular weight markers. 

 

3.2 Fermentation control 

During 7 days, a lactoserum fermentation with each lactic product isolate had its parameters 

controlled as described in section 2.2.  

Looking at figure 10, it’s possible to see the evolution of bacterial growth, measured by optical 

density at 600 nm, and the pH evolution during the 7 days of fermentation, for each of the LAB isolates, 

previously adapted to the lactoserum medium. In a general mode, it’s possible to see that all the isolates 

had an exponential growth during the first 24 h, having a stationary phase until day 4 to 6, and showing a 

decrease in optical density on the last day, that can be related to cell death, aggregation or cell lysis. 

There’s a pH lowering throughout the fermentation, being more accentuated in the first two days, 

mainly cause by lactose fermentation and production and accumulation of lactic acid. 

Comparing the four isolates, it’s possible to see that the isolate D has a more abrupt bacterial 

growth and pH lowering on the first 24 hours of fermentation, being the isolate the reaches higher optical 

density values, around 0.650, in comparison to values between 0.450 and 0.550 for the remaining 

isolates. The pH lowering is more abrupt than for other isolates, reaching almost its lowest point after 24 

hours, but on the other hand, it doesn’t go below pH 4.0, while all the other isolates reach a pH between 

3.40 and 3.80. 
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Figure 10 – Cell growth evolution by measuring the optical density at 600 nm and pH evolution, during a 7-day 
fermentation, for four different LAB isolates. n=3 ± SD. 

 

Looking at figure 11, it’s possible to see the results for the bacterial growth and viability using the 

method described in section 2.3. For the first 48 h, the bacteria continuously grew in all the isolates, and 

started slowing decreasing afterwards, maintaining a steady number of bacterial cells from the day 5 

onwards generally. For the isolate D, on the day 5 the cells stopped showing viability, without any growth 

on the Petri dishes containing MRS growth medium from the day 5-6 onwards, meaning that the cells 

started to lose viability after 4 days of fermentation. The isolate D also reached a higher value of cell 

concentration after 48 h, than all the other isolates, which is in agreement with the optical density data 

from figure 10. 

Further fermentations for the remaining assays were run for 5 days, as they had no additional 

value to extend the fermentation for past that time, as cells started to die. Also, results from (Abreu, 2015) 

showed that for some LAB strains, lactoserum proteins, especially BLG were almost completely degraded 

after 48 h of fermentation, with no apparent further concentration decrease past that time. 
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Figure 11 – Evolution of microbial growth for four different LAB isolates. n=3 ± SD. 

 

3.3 Evaluation of fermentative capacity 

After a 5-day fermentation, the fermentative and BLG degradation capacity of each isolate was 

evaluated by analyzing the quantity of protein present in the fermented lactoserum, via an SDS-PAGE 

electrophoresis. Each well was loaded with an equal quantity of protein. 

Unlike what was expect from the analysis of the complete lactic product protein profile made 

initially, by looking at figure 12 it’s possible to see that the isolate D presents the highest BLG proteolytic 

capacity, and as well, of other proteins present in lactoserum. Comparing the control, corresponding to 

non-inoculated/fermented lactoserum, to the fermented samples, isolate D shows a complete degradation 

of caseins (at 30 kDa), and almost complete degradation of BLG, at 34 kDa (in dimeric form) and 18 kDa 

(in monomeric form). The isolate also has affinity for ALA, showing almost complete degradation of this 

protein, at 14 kDa. This leads to believe that the bacteria prefer casein as a substrate, over ALA and BLG, 

only using them as substrate after complete casein degradation. This is an interesting result, suggesting 

that it’s possible to exist a BLG-directed protease, as BLG is a protein that is difficult to degrade and there 

are no known proteases for this protein. 
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Figure 12 – Polypeptide profile of lactoserum, after 5-day fermentation using bacteria isolated from different lactic 

products (A, B, C and D), obtained by SDS-PAGE in 17.5% (w/v) acrylamide gel, with 10% (v/v) glycerol. Arrows 

indicate caseins at 27 kDa, BLG at 18 kDa (in monomeric form) and ALA at 14 kDa.  M – Molecular weight markers. 

 

3.4 Evaluation of a BLG-directed protease presence and proteolytic 

activity 

For each isolate, a 5-day fermentation was run, as described in section 2.2, and the extracellular 

fraction was separated from the cells fraction by centrifugation at 1735 g, during 10 min at 4 ºC. The cells 

fraction was simply sonicated to obtain the intracellular contents, as an initial approach. After obtaining 

the extra- and intracellular fractions from the fermented media, an initial adapted BLG zymography was 

run as described in section 2.7, and likewise, at the same time and under the same conditions, a regular 

15% (w/v) acrylamide SDS-PAGE gel was done as described in section 2.5, in an attempt to detect the 

presence of a protease band in the SDS-PAGE gel. The objective was to make a first approach on the 

possible localization of a BLG-directed protease, and to see if it would be present inside or attached to 

the cells, as this is usually the most common case, or if it was an excreted protein, and if its concentration 

was enough to be able to see through a regular SDS-PAGE, being the detection limit of the dye used 0.1 

µg of protein. One other goal was to confirm the BLG proteolytic capacity showed in figure 4 by isolate D, 

and to show that the other three isolates didn’t present this capacity, or didn’t show it through lactoserum 

fermentation. 

The results indicated in figure 13, show the degradation of the BLG polymerized in the gel by the 

extracellular fraction of the fermented lactoserum obtained from the isolate D, while there’s no sign of 

degradation in the intracellular fraction from isolate D. For the remaining three isolates, none of them 
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showed any BLG proteolytic activity in the zymography gel, leading to believe that not all strains from the 

LAB species used have the capacity to produce the BLG-directed protease, or that it is only produced 

under stress conditions, such as, a very high cell population and lack of other substrate forms, since 

isolate D showed previously to have a much higher OD and higher number of viable cells after 48 h, than 

the rest of the isolates.  

Other possibility to consider, could be a quorum sensing mechanism, making the production of a 

BLG-directed protease activated only when the cell population reaches a certain threshold, being needed 

a certain concentration of a signaling molecule, called autoinducer, for the operon containing this 

protease to be activated. This is a very common mechanism used by some Gram-positive and Gram-

negative bacteria to regulate physiological processes such as symbiosis, virulence, conjugation, 

sporulation, and biofilm production, among others. (Miller & Bassler, 2001) 

 

 

Figure 13 – β-Lactoglobulin degradation by proteins present in extracellular medium and intracellular proteins, after 5-

day fermentation of lactoserum, using bacteria isolated from different commercially available lactic products, obtained 

by a β-lactoglobulin adapted zymography in 12.5% (w/v) acrylamide gel, with 10% (w/v) β-lactoglobulin, performed 

under non-reducing conditions.M – Molecular weight markers; EC – Extracellular fraction; IC – Intracellular fraction. 

 

The proteolytic activity detected in the extracellular medium wasn’t expected and it’s rather 

surprising, as the lactic acid bacteria proteolytic systems relies heavily on cell-envelope proteinases (CEP) 

that are anchored to the cell wall, and on peptidases present on the cell’s cytoplasm. To degrade BLG, a 

first approach before the cell can intake the peptides would be needed, which would be expected to rely 

on a CEP, as it is the normal mechanism of LAB to degrade milk proteins. However, this was not what 

happened, as the intracellular fraction showed no proteolytic activity towards the BLG whatsoever. 
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From figure 13 it is also possible to see that this protease has an apparent molecular weight of 

over 250 kDa, being the zymography a non-reducing method, leaving the proteins in samples in their 

native forms. 

In figure 14 it’s possible to see an SDS-PAGE gel (analogous to the BLG zymography shown in 

figure 13) that, as mentioned, had the objective to detect a protease band. In this case, the running and 

sample treatment conditions were the same as the ones used for the BLG zymography (figure 13), so the 

BLG-directed protease would be expected to be present as a band of molecular weight over 250 kDa. For 

the sample that showed activity in the BLG zymography, in the SDS-PAGE gel it’s not possible to see a 

band at high molecular weight, nor for none of the remaining samples. This suggests that the BLG-

directed protease is produced in a very small quantity, enough to be active, and it’s not detectable with a 

regular SDS-PAGE stained with Coomassie brilliant blue R-250. An alternative would be to use another 

staining method sensitive to lower protein concentrations. When compared to SDS-PAGE, zymography is 

a much more sensitive method, capable to detect protein concentrations as low as 5 pg. (Descamps, 

Martens, & Opdenakker, 2002) 

 

Figure 14 – Polypeptide profiles of extracellular medium and intracellular proteins, after 5-day fermentation of milk 

serum, using bacteria isolated from different commercially available lactic products (A, B, C and D), obtained by SDS-

PAGE in 15% (w/v) acrylamide gel, with 10% (v/v) glycerol, performed under non-reducing conditions. M – Molecular 

weight markers; EC – Extracellular fraction; IC – Intracellular fraction. 

 

3.5 Analysis of BLG-directed protease cellular localization and growth 

medium influence on its production 

To analyze the cellular localization of the BLG-directed protease, only the isolate D was used, as 

it was the only one who presented BLG proteolytic activity previously. For this isolate the growth medium 

influence on the BLG-directed protease production was also evaluated, using two different conditions – 
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Lactoserum and MRS growth medium. Lactoserum was fermented with this isolate for 5 days, as 

previously done, and described in section 2.2. The growth in MRS growth medium, the appropriate and 

commonly used medium for lactobacilli in lab studies, was carried out for 48 h as previously described in 

section 2.1. 

For each condition, the developed method for cellular fractionation described in section 2.6 was 

applied, obtaining four different fractions, as following: 

 Extracellular medium (EC); 

 Weakly bound proteins (WBP); 

 Intracellular proteins and organelles (IC); 

 Membranes and cell walls (W&M). 

Each one of these fractions was tested in an adapted BLG zymography, as the one carried out in 

the previous section, to analyze their proteolytic activity.  

From figure 15, is possible to conclude that the lactoserum fermentation extracellular fraction with 

the biggest proteolytic activity. Looking at the other lactoserum fermentation fractions, it’s possible to 

seem some proteolytic activity on the weakly bound proteins fractions, composed of proteins that are 

weakly attached to the cell wall and can be easily removed, and in the intracellular fraction. In the 

membrane and cell walls fraction there is no apparent BLG proteolytic activity, dismissing the 

expectations that this protease could be a cell wall protease, belonging to the regular proteolytic systems 

of lactic acid bacteria. The reason behind the weaker BLG proteolytic activity showed by the WBP and IC 

fractions, when compared to the EC fraction, can be due to the protein secretion system. Proteins, even 

though they don’t remain inside the cells, as it appears to be the case, are produced inside the cells, 

being in a partial or complete activated form, and are then secreted to the extracellular medium. During a 

period of time, the protease can be loosely attached to the bacteria cells, possibly during secretion, 

explaining the weak proteolytic activity in the WBP fraction. 

Now, comparing growth conditions, the fractions obtained from MRS growth don’t show any 

proteolytic activity in the adapted BLG zymography gel (figure 15). This may suggest that the production 

of the BLG-directed protease is dependent on the growth medium, having one of two possible control 

mechanisms. It could be that its production only activated in the presence of specific lactic proteins, 

possibly BLG, regulated by transcriptional regulation. Usually, prokaryotes have their genome regulated 

negatively, as it is always readily available for transcription, so, they tend to rely on repressor proteins 

that bind to their DNA and block an RNA polymerase from binding to the promoter and transcribing the 

corresponding gene sequence. It’s needed a ligand that will actively bind to the repressor protein, 

signaling the environment conditions, allowing the bacteria to adjust its metabolism and the transcription 

of the desired proteins. (Shaw, 2008) 
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Figure 15 - β-Lactoglobulin degradation by proteins present in extracellular medium, weakly bound proteins, 

intracellular proteins, and walls and membrane proteins, using isolate D. Cells were obtained after 5-day fermentation 

of lactoserum and after 48 h of growth in MRS medium. Results obtained by an β-lactoglobulin adapted zymography 

in 12.5% (w/v) acrylamide gel, with 10% (v/v) β-lactoglobulin, performed under non-reducing conditions. M – 

Molecular weight markers; EC – Extracellular fraction; WBP – Weakly bound proteins; IC – Intracellular fraction; 

W&M – Walls and cell membranes fraction. 

 

A different possibility could be that the BLG-directed protease is always produced and excreted, 

but its activation is dependent on the presence of specific lactic proteins, by means of a post-translational 

regulation. This is not so common in bacteria, being a more common process in eukaryotes, but some 

post-translational regulation examples have been found in bacterial pathogens, being the most common 

protein phosphorylation, as they are very important mechanism involved in infection strategies. 

(Grangeasse, Stülke, & Mijakovic, 2015) 

 

3.6 Minimal growth medium development 

To test the minimum nutritional needs of bacteria for fermentation and BLG-directed protease 

production, six different media were developed and fermented, as previously described in section 2.8. For 

the six media, OD and pH were measured, and can be seen in figure 16 and 17, respectively. 

The OD pictured in figure 16, shows a very low microbial growth for most of the conditions, 

except for the condition without lactose with BLG, where there was an intense growth. For the pH 

variation pictured in figure 17, there was almost no change (of about 0.2), possibly reflecting the absence 

of fermentation.  
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Figure 16 – Optical density at 600 nm. Cell growth measured at 600 nm after 5 days of fermentation, of all 6 
minimal media conditions used. n = 3 ± SD. 

 

 

Figure 17 – pH variation. pH variation before and after 5 days of fermentation, of all 6 minimal media conditions 
tested. 

 

The lack of pH variation, even in the medium without lactose with BLG, where bacterial growth 

was noted, can be explained by the lack of lactose. The pH lowering is due to the lactose fermentation 

and production of lactic acid, so it wasn’t expected to occur a pH lowering on the three media without 

lactose. For the media with lactose, as the cellular growth was low, and there were some difficulties 

concerning lactose degradation, it would be unlikely to see a decrease in pH. 
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For the media containing lactose, all the media turned brown at the end of the fermentation time, 

which was not expected. This could have been the result of lactose degradation during sterilization by 

autoclaving due to the Maillard reaction (caramelizing, as it is a sugar). The Maillard reaction is known for 

the brown aspect some foodstuffs acquire when they are cooked, and the sugars are heated and undergo 

a non-enzymatic browning reaction. At higher temperatures, caramelization may occur. (Maillard, 1912) 

This effect may explain the lack of significative cell growth in the three media containing lactose tested.  

For the media without lactose, only the medium containing BLG showed a significative growth, 

being the second medium with highest growth, the one with lactoserum. Lactoserum contains many milk 

proteins, including BLG, so the media with lactoserum would contain a lower concentration of BLG than 

the media only containing BLG. This shows that the cells can survive with BLG as the only amino acid 

source, and therefore, they will need a proteolytic mechanism to degrade BLG. The lack of growth on 

media containing only casein was neither expected nor understood. 

A possible solution to prevent the lactose from caramelizing after autoclavation would be to add 

filter-sterilized lactose to the sterilized media.  

 

3.7 Extrachromosomal DNA analysis 

The last part of this work focused on an extrachromosomal DNA analysis, using the method 

described in section 2.9. Throughout this work, some difficulties arose during fermentations essays, 

where the isolate D that initially showed a good BLG proteolytic capacity, would lose that capacity later on, 

and stopped degrading BLG. The observations that the capacity to degrade BLG seemed to be easily lost 

by these bacteria and, given the specific capacity of this isolate not present in the others isolates tested, 

suggested that this wasn’t an isolate D genome intrinsic protease, and that it could be due to an acquired 

capacity via a plasmid. Another result that leads to the possibility of the existence of a plasmid, and that 

this is an acquired capacity by the bacterial cells, is that the BLG-directed protease showed its activity 

mainly on the extracellular medium, being excreted from the cell, unlike the CEPs that are anchored on 

the cell wall and are part of the LAB proteolytic system, being responsible for milk proteins degradation, 

such as caseins. 

Plasmids related to lactose metabolism present in LAB strains previously reported, have high 

molecular weights, ranging from 20 kbp to 68.2 kpb. (Wang & Lee, 1997) Given that the BLG-directed 

protease has a high molecular weight (ca. 250 kDa), the presence of a large plasmid may be expected. 

To test the differences of extrachromosomal DNA between isolates, the Mini-prep method for 

Lactobacillus and Lactococcus was applied, and the samples were run on a 1% (w/v) agarose gel 

electrophoresis, under the conditions previously described in section 2.9. Figure 18 shows the results 

obtained for this experiment, showing some differences between isolates. For isolate D it is possible to 
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see a very pronounced band at approximately 1 kbp, and a very faint band with an approximate weight of 

30 kbp. For isolate B, the method didn’t work, and wasn’t possible to see any results. A faint band can 

mean that not all bacterial cells have this plasmid, what would explain the gradually loss of BLG 

proteolytic capacity over time. 

 

Figure 18 – Differences in extrachromosomal DNA between LAB isolates from different commercially available lactic 

products, obtained by 1% (w/v) agarose gel electrophoresis. M – Molecular weight markers. 

 

To confirm that results, and try to understand if it was possible that the plasmid can be easily lost 

and not be inherent to the strain that was isolated, the mini-prep was applied again to three different 

replicas of each isolate, that were previously grown in MRS growth medium, separately. Only the first 

replica of isolate D showed the BLG proteolytic activity during lactoserum fermentation. Figure 19 shows 

the results, on a 1% (w/v) agarose gel, for the different replicas of each isolate. Results between isolates 

are not very different, except for isolate D, which once again showed distinctive bands at approximately 1 

kbp and 30 kbp. One of the replicas for the isolate C show band of similar molecular weight to the 1 kbp 

band in isolate D, but since this isolate never showed any BLG proteolytic capacity, it’s not probable that 

this band may be associated to BLG catabolism. On the other hand, it’s possible to see that only one 

replica of isolate D shows a band at 30 kbp, reinforcing the idea that this plasmid is not inherent neither to 

all members of this LAB species, nor to the isolated D strain. For isolate B, the method didn’t work on any 

of the replicas tested. 
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Figure 19 – Differences in extrachromosomal DNA between LAB isolated from different commercially available lactic 

products, and its replicas, obtained by 1% (w/v) agarose gel electrophoresis. M – Molecular weight markers. 

 

Between the two unique plasmids found on isolate D, the one that would be more likely to carry a 

BLG protease would be one showed at a higher molecular weight, because, as mentioned previously, 

plasmids related to lactose metabolism have a high molecular weight, and the molecular weight of the 

protease is high enough to justify a high molecular weight plasmid. 

All in all, it’s not possible to claim with all certainty that one, or both, of these plasmids are related 

to the BLG proteolytic capacity showed by isolate D but it’s an open possibility that would need further 

study. 
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3.8 Future work and perspectives 

 

Given the obtained results and the need for an effective and simple method to remove BLG from 

milk and other dairy products, as it is milk’s major allergen, this work opens various possibilities for future 

works and studies to develop new enzymatic methods of BLG removal.  

Taking in consideration that the BLG-directed protease is excreted by the cells and is mainly 

present in the extracellular medium, makes it much easier to purify than if it were an intrinsic cell wall 

protease, that usually, due to their amphiphilic character, is not easily purified, needing expensive 

methods, and requiring an amphiphilic environment to maintain stability, making them hard to use as a 

drug or as a food additive. Also, because the bacteria used for this study are commonly present in 

commercially available dairy products, this protease should be safe for ingestion and for use by the food 

industry. 

To use this protease on the food industry on a large-scale process, which is an alluring possibility, 

as the needs in industry are very high, the possible plasmid encoding this protease and the protease itself 

need further study and sequencing. The knowledge of this protease sequence and structure, or of the 

plasmid sequence, could allow for it to be genetically engineered to use on a widely known and used 

bacterium, such as Escherichia coli, and mass produce the protein to fit the needs at a large-scale 

production unit of a BLG-free milk and/or dairy products. As said before, being the protease excreted from 

the cell, may allow an easier purification on a large-scale production. This would also remove the problem 

that was encountered during this work of the BLG proteolytic capacity being easily lost with time, as 

engineered bacteria are controlled and their nutritional needs are widely studied and known, being able to 

be easily maintained. Also, usually there’s not population differences, as all the cells may be selectively 

chosen to be carriers of the desired plasmid. 
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4 Conclusion 

 

Milk is one of the most consumed beverages worldwide, being also responsible for one of the most 

common health problems in today’s world, milk allergies. Milk is composed by many proteins and other 

components, containing a major allergen responsible for 60 to 80% of milk allergies reported by patients, 

β-lactoglobulin (BLG), a globular protein of low molecular weight (18 kDa in monomeric form). Due to the 

diet of today’s world population and the rising concern of having a more healthy and allergen-free diet, 

there is a need to improve commercialized milk and milk formulas, to an allergen-free product. The ideal 

solution would be to completely remove BLG by a simple and cheap process, but concerning the methods 

and alternatives presented until today, the yield is not the desired one, or the methods are too complex 

and/or expensive to be able to up-scale into a large-scale production. 

A very interesting alternative would be to use an enzymatic method to remove BLG from milk, or 

produce BLG-free milk formulas, using the BLG-directed protease. This procedure would have numerous 

advantages in comparison to the methods developed to this day: being a specific method, keeping the 

properties of the rest of the milk nutrients intact, being more economic (depending on the BLG-directed 

protease production cost), not having the need for expensive equipment, being a more natural method, 

probably not having inherent consequences for humans health, unlike many methods described in the 

literature that use toxic chemicals to human health, and avoiding the creation of toxic waste. 

In this work, the results show that producing BLG-free dairy products may be real, being identified the 

existence of a BLG-directed protease in a LAB isolate, from a common commercially available dairy 

product. Initially this bacterium isolate proved to have a BLG proteolytic capacity on lactoserum, unlike 

any other tested isolates, from other commercialized dairy product. Using adapted methods, developed 

solely for this work, such as a cellular fractionation method and an adapted BLG zymography, it was 

possible to prove that the proteolytic capacity of the isolate is due to a protease that is excreted to the 

extracellular medium, unlike what was expected, as the proteolytic systems of LAB typically relies heavily 

on CEPs anchored on the cell wall. Although unexpected, this can be an interesting result, as an 

extracellular protein is usually easier to purify than an intracellular one, or a membrane or cell wall 

intrinsic protein, due to their non-amphiphilic nature, and often requires fewer steps and less expensive 

methods to purify. It was also shown that the production of this protease is dependent on the growth 

medium, as only the extracellular fraction of fermented lactoserum showed proteolytic activity. For the 

growth medium regularly used in our laboratory for the growth of LAB, MRS growth medium, there was no 

apparent proteolytic activity. From the adapted BLG zymography was possible to conclude that the BLG-

directed protease has an apparent molecular weight of ca. 250 kDa. 
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To study the nutritional needs of this bacteria, six different minimal growth media were developed 

containing different proteins as a carbon and nitrogen source. The isolate with proteolytic activity showed 

a significant growth in the medium containing BLG as a carbon and nitrogen source, while for hydrolyzed 

casein, and for lactoserum, the optical density measured was almost none. Due to difficulties during the 

development of the media and the lack of time to continue studying and optimizing the method, the 

results can’t be totally conclusive as to whether the isolate prefers to grow on a medium with BLG as a 

primary carbon and nitrogen source, instead of other C and N sources, or a mixed media. 

Lastly, for the analysis concerning the isolate’s extrachromosomal DNA, it was interesting to see that 

the isolate with the desired proteolytic activity had some differences when compared to the rest of the 

isolates used in this study. It presented two major DNA bands that differ from the remaining isolates, one 

at approximately 1 kpb and another at approximately 30 kpb. Lactose metabolism related plasmids found 

in LAB have been reported to have over 20 kpb, and due to the high molecular weight of the protease, the 

plasmids present in the band at 30 kpb may be considered as more likely to encode the BLG-directed 

protease. This analysis was done due to the BLG-directed protease nature, being an excreted protein, 

and that not all isolates showed this desired proteolytic capacity, meaning that it can be an acquired 

capacity, but also, during the development of this work, the isolate was shown to easily lose its BLG 

proteolytic capacity, which emphasized the hypothesis that this could be an acquired capacity via a 

plasmid. Although this is an interesting result, it’s not conclusive, and cannot constitute proof that the 

BLG-directed protease is encoded in a plasmid, since further studies are required on this topic. 

For the future, it would be interesting to keep studying this topic, focusing on the purification of the 

BLG-directed protease (or as it was named in the laboratory, BLGase), its sequencing and the 

sequencing of the plasmids found in isolate D. The relevance of this BLG-directed protease to the food 

industry, namely the milk industry, is potentially huge and allows for the development of new dairy 

products that would be BLG-free, and fit the needs of a considerable proportion of the world’s population. 
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