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Abstract 

Background and Objective: The metabolomic profile represents the totality of all 

low-molecular-weight metabolites. It reflects the physiological state of micro-

organisms and their potential for biotechnological uses. The aim of this study was to 

analyze the metabolomic profile of Lactococcus strains, which allowed the researchers 

to study the characteristics of these microorganisms. As a result, principles for 

designing lactic acid bacteria consortia with pronounced production-significant chara-

cteristics for the creation of next-generation fermented milk products can be developed. 

Material and Methods: The study microbes were Lactococcus strains. The content of 

organic and amino acids in the experimental samples was assessed by capillary 

electrophoresis. The contents of vitamins, mono- and disaccharides were assessed 

using high-performance liquid chromatography.  

Results and Conclusion: The metabolomic profiles of 16 industrially associated 

Lactococcus strains were analyzed. All strains produced lactic acid, with the highest 

content observed in Strain Ll1, at 8677.8 mg·kg-1. The experimental samples showed 

a significant increase in methionine content, with the highest value of 

311.2 mg·(100 g)-1 in Strain Ll3 and cystine content, with the highest value of 

45.6 mg·(100 g)-1 in Strain Ld1. Strain Lc8 showed the ability to synthesize methionine 

and cystine, which might be promising in cheese production, since these sulfur-

containing amino acids contribute to the aroma and flavor of fermented milk products. 

This strain produced formic, succinic and acetic acids and could catabolize citric acid 

and galactose. The Strains Ld1, Ld2 and Ld3 showed galactose accumulation, 

indicating a lack of enzymatic activity for the oxidation of this monosaccharide. 

Literature data on variability in vitamin synthesis levels between the strains have been 

verified. Thus, only Strain Ld2 synthesized vitamin B2, the content of which 

significantly exceeded the control and reached 103.18 ±2.06 μg·(100 g)-1. Five strains 

were capable of synthesizing vitamin B6 up to 247.69 ±5.45 μg·(100 g)-1. The vitamin 

B9 content increased, compared to the control, in eight samples, with maximum values 

of 69.59 ±1.46 μg·(100 g)-1 for Strains Ll3. The dataset on lactococci metabolomic 

profiles can serve as a basis for the further development of methodological systems, 

mathematical models and algorithms for selecting strains for the creation of consortia 

and the production of products, including those with functional characteristics. The 

results can serve as a basis for the design of consortia of lactic acid bacteria in 

biotechnological approaches to produce novel fermented milk products with specific 

characteristics, including functional ones, which include positive effects on human 

organs when consumed regularly. 
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➢ Metabolites are formed as a result of the vital activity of lactic acid bacteria (LAB). 

Some metabolites can regulate human metabolism.  

➢ The metabolomic profile represents the totality of all low-molecular-weight 

metabolites. It reflects the physiological state of microorganisms and their potential 

for biotechnological uses. 

➢ Existing methods for constructing starter cultures are limited by insufficient 

knowledge of the functional characteristics of the microorganisms used. 

What is “already known” on this 

topic: 
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➢ The results can serve as a basis for the design of consortia of lactic acid bacteria to 

produce novel fermented milk products with specific characteristics. 

➢ The metabolomic profiles of lactococci are important for preventing strains that form 

undesirable metabolites during fermented milk production. 

➢ The data serve as the basis for the further development of methodologicals system, 

mathematical models and algorithms for selecting strains for the creation of consortia 

and production of fermented milk. 

What this article adds: 

1. Introduction 

Fermented dairy products contain various metabolites 

produced by starter cultures that offer health benefits to the 

human body. These include organic acids, exopolysacchar-

ides, vitamins and nitrogenous compounds such as peptides 

and amino acids. Metabolites are formed as a result of the 

vital activity of lactic acid bacteria (LAB), which ferment 

lactose into lactic acid, hydrolyze proteins and lipids to 

peptides, amino acids and free fatty acids. Some metabolites 

can regulate human metabolism, decrease inflammation or 

include antimicrobial effects [1]. Lactococcus bacteria 

(Streptococcaceae family) are among industrially asso-

ciated bacteria in the dairy industry. They are Gram-

positive, facultative anaerobic catalase-negative cocci [2]. 

Their primary role in fermentation processes includes 

efficient conversion of lactose into lactic acid, thereby 

increasing medium acidity, which enhances antimicrobial 

characteristics and extends the shelf life of the final product 

[3]. Lactose metabolism occurs via the pentose phosphate 

pathway and/or the Embden-Meyerhof-Parnas pathway 

(glycolysis) through the action of the enzyme β-

galactosidase, which hydrolyzes lactose into glucose and 

galactose. Glucose enters glycolysis, forming pyruvate, 

which is subsequently reduced to L-lactic acid by lactate 

dehydrogenase. Another major route of lactose catabolism 

is the pentose phosphate pathway, in which lactose is 

phosphorylated to lactose-6-phosphate during transport and 

then cleaved into glucose and galactose-6-phosphate by 

phospho-β-galactosidase. Then, galactose-6-phosphate is 

converted into tagetose-6-phosphate by isomerase, which 

turns into glyceraldehyde-3-phosphate and dihydroxyace-

tone phosphate. Glyceraldehyde-3-phosphate enters glycol-

ysis and leads to pyruvate and L-lactic acid formation [4]. 

The accumulation of L-lactic acid leads to a decrease in the 

pH of the medium, which determines the intensity and 

pathway of lactic acid fermentation. Other key factors 

affecting this process are the acidification rate and the 

presence of oxygen and carbon dioxide in the medium. 

Within the Genus Lactococcus, L. lactis subsp. lactis stands 

out for its higher rate of lactose utilization and the ability to 

ferment maltose and trehalose [2]. 

Moreover, acid production is indirectly linked to 

exopolysaccharide (EPS) production. The EPS are high-

molecular-weight carbohydrate polymers (either homo or 

heteropolysaccharides) secreted by microorganisms into the 

extracellular environment. Their precursors are intermediate 

metabolites of glycolysis and the pentose phosphate 

pathway glucose-6-phosphate, fructose-6-phosphate, uridine 

diphosphate glucose and other nucleotide sugars. Since 

these intermediates serve as precursors for lactic acid, a 

competitive relationship for carbohydrate substrates occurs 

[5]. The highest activity of the enzymatic complex of EPS 

synthesis is achieved at lower acidity levels during lactate 

biosynthesis (pH 5.0–5.5) [6, 7]. The production of EPS 

leads to the formation of a slimy layer surrounding the cell, 

which forms a colloidal aggregate in the form of an 

amorphous substance with little or no cell adhesion or a 

cohesive capsule [8]. Acid formation and then EPS 

production by Lactococcus spp. contribute to the texture of 

dairy fermented products, resulting in a smooth, creamy, 

homogeneous consistency with possibly slight ropiness.  

Cow milk contains 0.4–0.5 mg·(100 g)-1 of potassium 

and sodium citrates. Among Lactococcus species, only L. 

lactis subsp. lactis var. Diacetylactis is capable of citrate 

metabolism. End products of citrate metabolism include 

diacetyl, acetoin, 2,3-butanediol, acetaldehyde, ethanol and 

lactic acid. The induction of the citrate permease catalytic 

enzyme is caused by the presence of lactic acid rather than 

citrate, which is synthesized from glucose and citrate under 

acidic pH conditions [9]. Thus, acid formation affects citrate 

metabolism. The most valuable metabolic products in this 

biosynthesis are diacetyl and carbon dioxide, as they 

improve the texture and flavor of fermented dairy products. 

Lactococcus species include a limited ability to 

synthesize amino acids de novo from inorganic carbon 

sources and are therefore auxotrophic. However, fermented 

dairy products can be enriched with amino acids through the 

proteolysis of milk caseins [10]. Extracellular proteinases of 

Lactococcus hydrolyze caseins into oligopeptides, which 

are then transported into the cell and cleaved by intracellular 

peptidases into amino acids [11]. The activity of proteolytic 

enzymes and transport systems depends on the availability 

of nitrogen, acidity and the content of free amino acids and 

is controlled by regulatory systems. Particularly, L. lactis 

subsp. cremoris cleaves β-casein with the similar protease 
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specificity as L. lactis subsp. lactis, but has less active 

proteolysis [12]. Amino acids are used for cellular 

biosynthesis and as precursors of biologically active 

compounds. Several amino acids are degraded to volatile 

compounds (aldehydes, ketones and alcohols), which can 

affect the sensory characteristics of fermented dairy 

products [12, 13]. Partial hydrolysis of milk proteins by 

lactococci, with lactose reduction, enhances digestibility in 

the human gastrointestinal tract (GIT) and may decrease the 

risk of intolerance, compared to raw milk. 

Amino acids play a critical role in the synthesis of the 

bacteriocin of nisin (a polycyclic peptide composed of 34 

amino acid residues, including the non-proteinogenic amino 

acid lanthionine) which is active against a broad spectrum 

of Gram-positive bacteria [14]. Studies have shown that the 

presence of amino acids such as alanine, isoleucine, serine, 

glutamic acid, tyrosine and tryptophan in the culture 

medium enhances bactericidal activity against strains of 

Escherichia coli and Staphylococcus aureus [14, 15]. 

Regarding vitamin biosynthesis, Lactococcus species are 

largely auxotrophic due to their adaptation to nutrient-rich 

environments such as milk, where several vitamins are 

readily available. Nevertheless, certain strains have the 

ability to synthesize B-group vitamins, such as folates (B9) 

and riboflavin (B2) [16]. Folate production levels vary 

significantly between the strains. Efforts to enhance B9 

biosynthesis in LAB have involved optimized cultivation 

conditions and genetic modification through strain selection 

and metabolic engineering [17]. The ability of Lactococcus 

strains to produce riboflavin is limited and highly strain-

dependent. Some strains function as “riboflavin producers” 

and are used to enrich dairy products with improved 

nutritional value, as well as imparting a yellowish color to 

whey and cheeses [18, 19]. 

The metabolomic profile reflects the key characteristics 

of the microorganism that determine its technological 

potential in dairy production. Industrially associated 

characteristics of strains include technological significance 

in the production of dairy products (e.g., fermentation time 

and viscosity) Understanding the genetic and regulatory 

mechanisms underlying metabolite biosynthesis pathways 

in Lactococcus species enables the targeted selection of 

starter cultures and development of microbial consortia, 

which is critical for creating novel biotechnological 

products. The aim of this study was to analyze the 

metabolomic profile of Lactococcus strains, which allowed 

the researchers to study the characteristics of these 

microorganisms. As a result, principles for designing LAB 

consortia with pronounced production-significant charact-

eristics for the creation of next-generation fermented milk 

products can be developed. 

 

2. Materials and Methods 

2.1. Experimental samples 

The microorganisms of this study were Lactococcus 

strains from the collection of the All-Russian Research 

Institute of the Dairy Industry (“VNIMI”), selected based on 

an evaluation of the most important characteristics for dairy 

processing, including the viability after long-term storage, 

acidification rate, titratable acidity and pH, apparent 

viscosity and sensory characteristics. The selected strains 

included four strains of L. lactis subsp. lactis biovar 

diacetylactis (Ld1, Ld2, Ld3 and Ld4), eight strains of L. 

lactis subsp. cremoris (Lc1, Lc2, Lc3, Lc4, Lc5, Lc6, Lc7 

and Lc8) and four strains of L. lactis subsp. lactis (Ll1, Ll2, 

Ll3 and Ll4). Before use, the strain was preserved at -80 °C 

under glycerol. The strain was then cultured in milk at 30 

°C. A second-generation culture was used. The initial cell 

concentration was 107 CFU·ml-1. To obtain experimental 

samples, sterile skimmed milk (the "Standard" brand 

Complimilk, Belarus) was fermented with the test strain at 

a concentration of 5% and incubated at (30 °C ±2) until a 

clot formed (рН 4.5 ±0.2). The control was sterile skim 

milk. The milk was prepared by dissolving 90 g of dry skim 

milk in 1000 ml of tap water and sterilized by autoclaving 

using N-Bioteck sterilizer, Korea, at 121°C for 3 min. The 

initial pH was 6.8 and was set in a thermostat with the 

experimental samples at 30 °C. A limitation of this study 

was the number of strains (40). The study was limited to 

assessing the characteristics of representatives of a genus, 

lactococci, the most common type of LAB used in food 

production. The studied strains were isolated from 

homemade fermented products and natural sources in a 

temperate climate zone. Moreover, the study did not include 

genetically modified strains. 

2.2. Assessment of organic and amino acids 

The content of organic acids in the experimental samples 

was assessed using capillary electrophoresis and "Kapel 

205" system, equipped with a spectrophotometric detector 

and a quartz capillary (75-µm inner diameter, 60-cm total 

length). Samples were pre-diluted with distilled water. The 

buffer electrolyte was prepared using benzoic acid, 

diethanolamine, cetyltrimethylammonium bromide and 

Trilon B. Separation was carried out at 20 kV with UV 

detection at 254 nm. Electropherograms were processed 

using "Elforan" software. 

For the assessment of amino acid composition, the 

samples underwent acid hydrolysis and, alkaline hydrolysis 

for tryptophan, to convert protein-bound amino acids into 

free forms. All amino acids, except tryptophan, were 

derivatized into phenylisothiocarbamyl derivatives and 

quantified via capillary electrophoresis. Tryptophan was 

assessed directly without derivatization using borate buffer, 

+25 kV voltage and UV detection at 219 nm. Glutamic acid, 
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aspartic acid and cystine were analyzed in phosphate buffer 

with β-cyclodextrin under +25 kV voltage, 50 mbar pressure 

and UV detection at 254 nm. The rest of amino acids 

(arginine, lysine, tyrosine, phenylalanine, histidine, leucine 

and isoleucine, methionine, valine, hydroxyproline, proline, 

threonine, serine, alanine and glycine) were assessed using 

similar method without pressure. All electropherograms 

were processed using "Elforan" software. For such amino 

acids as tryptophan, glutamic acid and glutamine, and 

aspartic acid and asparagine, the associated error was ±20%; 

for arginine, tyrosine, phenylalanine, histidine and 

methionine, the associated error was ±23%; for lysine, 

leucine and isoleucine, valine, proline, threonine, serine, 

alanine and glycine, the associated error was ±18%; for 

cystine and cysteine, the associated error was ±24%; and for 

organic acids, the associated error was ±20%. 

2.3. Assessment of mono and disaccharide contents 

The contents of mono and disaccharides in the 

experimental samples were assessed using high-perfor-

mance liquid chromatography (HPLC) in accordance with 

GOST 54760-2011, “Component milk products and infant 

milk products. Assessment of mono and di-sugars mass 

concentration using HPLC method.” The analysis was 

carried out using MAESTRO liquid chromatograph 

(INTER-LAB, Russia), with a Zorbax carbohydrate analysis 

column (5 μm, 4.6 × 250 mm; Agilent Technologies, USA), 

CAU-X-320 electronic analytical balance (CAS, Korea), 

variable-volume single-channel pipette (100–1000 μl; 

BIOHIT, Finland; Sartorius Biohit Liquid Handling, 

Germany) and Sigma 1-14 microcentrifuge (Sigma Laborz-

entrifugen, Germany). The associated measurement error 

was ±12%. 

2.4 Assessment of vitamins 

Vitamin C was assessed using Agilent 1260 chromato-

graphy system equipped with a gradient 4-channel pump, a 

diode array detector, a column thermostat and an automatic 

sample delivery system. The associated measurement error 

was ±34%. The analyte was extracted by diluting the sample 

aliquot 1:2 with an extracting solution (3% metaphosphoric 

acid). It was vortexed and centrifuged at 10.850× g. The 

supernatant was filtered through a 0.22-μm filter. The 

resulting filtrate was used for analysis. Separation of 

components was carried out by reversed-phase chromate-

graphy on an Agilent Extend-C18 4.6*250 mm column. 

Vitamin C was eluted under isocratic conditions using 

mobile phase of 30 mM phosphate buffer, pH 2.6, at a flow 

rate of 1 ml·min-1. Detection was carried out using diode 

array detector at 254 nm.  

B-group vitamins were assessed using HPLC with an 

Agilent 1260 Infinity II HPLC device combined with an 

Ultivo Triple Quad LC/MS mod. 6465, Singapore, Agilent 

Technologies and an Agilent 1260 Infinity II HPLC device 

with a diode array detector G7115A. Chromatographic 

separation was carried out using Agilent InfinityLab 120 

Poroshell 120 Phenyl-Hexyl column (3.0 × 100 mm, 2.7 

μm). For sample preparation, 1 g of the sample was mixed 

with 4 cm³ of deionized water, vortexed and then 5 cm³ of 

acetonitrile and 0.1 g of ascorbic acid were added to the 

mixture. The mixture was re-vortexed, ultrasonicated for 30 

min and centrifuged at 3.650× g for 10 min. The sample was 

stored at -4 to -6 °C and filtered through a 0.22-μm filter. 

2.5. Statistics 

The reliability of data was verified through the execution 

of experiments in at least three independent replicates. 

Furthermore, MS Office Excel 2016 was used for data 

analysis and graph creation. Experimental data were 

presented in“mean value ± measurement error (relative)”. 

The data on vitamins were present as mean ± standard 

deviation. To calculate the significance of differences, 

ANOVA statistical method was used, with the accepted 

limitation of statistical significance of differences between 

options at p ≤ 0,05. The study was carried out using 

equipment of the Collaborative Center of the All-Russian 

Dairy Research Institute (CKP “VNIMI”). 

3. Results and Discussion 

3.1. Assessment of amino acids 

Amino acids are promising metabolites for biotech-

nological uses. These compounds are used as artificial 

sweeteners, flavoring agents and feed additives and for 

pharmaceutical purposes [19, 20]. During the production of 

fermented dairy products, specific amino acids generated 

via casein proteolysis are responsible for the formation of 

thiols, alcohols, esters and aldehydes, contributing to a 

broad range of flavors [20]. Sulfur-containing amino acids 

play a critical role in the development of sensory charac-

teristics, as well as in the antioxidant activity of fermented 

dairy products [21]. In the experimental samples containing 

the industrially associated Lactococcus strains, the amino 

acids were assessed. Compared with the control (milk), a 

significant increase in the content of methionine and cystine 

was detected in the experimental samples. The results are 

presented in Figure 1. 

A significant increase in amino acid content relative to 

the control was observed for methionine (Figure 1A) in 

Strains Lc2, Lc6, Lc8, Lc4, Ll2, Ll3, Ll4, with the highest 

content in Strain Ll3 at 311.2 mg·(100 g)-1. The sulfur-

containing amino acid methionine plays a role in the 

initiation of transcription and is critical in various 

methyltransferase reactions. Aromatic compounds such as 

3-methylbutanal, methanethiol, dimethyl sulfide, 2-

methylpropanol and dimethyl trisulfide are synthesized 

from methionine [22]. Among these, methanethiol is 

particularly important for its contribution to the desirable 
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flavor of cheddar cheese, especially in combination with 

diacetyl and butyric acid [23]. Increase in cystine content 

(Figure 1B) was observed in Strains Ld1, Ld2 and Lc8, with 

the highest content in Strain Ld1 [45.6 mg·(100 g)-1], 

compared to the control. Cystine is the oxidized form of 

cysteine, which serves as a key metabolite for synthesizing 

most sulfur-containing cellular compounds. Cysteine is 

involved in protein folding, assembly and stability through 

the formation of disulfide bonds. Additionally, cysteine-

containing proteins such as thioredoxin and glutathione play 

essential roles in protecting cells against oxidative stress 

[24]. The strain with the conditional designation (Lc8) is 

capable of synthesizing methionine and cystine. The levels 

of other amino acids were similar to or less than those of the 

control, suggesting their active utilization by 

microorganisms during growth. 

 

 

 

Figure 1. Methionine and cystine contents in the experimental samples. A) methionine and B) cystine 
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3.2. Assessment of organic acid content 

One of the fundamental criteria for selecting Lactococcus 

strains for starter culture consortia is their ability to produce 

acid. Organic acids such as acetic, lactic, citric, succinic and 

propionic acids are produced by LAB during carbohydrate 

metabolism. As intermediates in metabolic pathways, these 

acids enhance the taste of products and extend shelf life 

through their antimicrobial and antioxidant characteristics; 

thereby, increasing consumer value [25,26]. The results of 

assessment of the content of organic acids are presented in 

Figure 2. 

All the samples showed a significant increase in lactic 

acid content, compared to the control (Figure 2). The highest 

levels were observed in Strains Ld1 and Ll1, reaching 

8116.5 and 8677.8 mg·kg-1, respectively. Lactic acid 

synthesis indicates the β-galactosidase enzymatic activity of 

these microorganisms. Lactic acid in fermented milk 

products acts as an acidity regulator and preservative. When 

ingested, lactic acid accelerates metabolism, decreases the 

number of pathogenic bacteria and also has antioxidant 

characteristics. 

Only trace quantities of citric acid were detected in 

Samples Lc1, Lc3 and Lc5, which indicated the presence of 

a citrate pathway for the breakdown of this substrate. The 

consumption of citric acid depends on the presence of genes 

encoding the enzymes citrate permease and citrate lyase, 

which ensure the transport of citrate into the cell and its 

catabolism into oxaloacetate [27]. As a result of breakdown 

by lactococci, gas formation occurs in dairy products. In the 

production of certain products such as cheeses, this is 

addressed as a positive phenomenon, leading to the 

formation of "eyes." However, if its presence is assessed, 

this can lead to product defects. The breakdown of citric 

acid by these microorganisms leads to the formation of 

acetate, lactic acid, diacetyl and acetoin. Diacetyl and 

acetoin create flavor and aroma in food products, which is 

promising for the production of starters for butter, sour 

cream, yogurt and certain types of cheese. 

Significantly, formic acid was detected in Strains Lc1, 

Lc2, Lc4, Lc6, Lc7, Lc8, Ll2, Ll3 and Ll4. In Lactococcus, 

formic acid is produced primarily by the pyruvate-formate 

lyase enzyme, which catalyzes the breakdown of excess 

pyruvate into acetyl-CoA and formate, which is the initial 

step in the formation of mixed-acid products. In the L. lactis 

genome, the genes responsible for this pathway are pfl, 

encoding pyruvate-formate lyase and pflA, a formate 

activator. Formate is formed with acetyl-CoA, which is 

consumed by the cell for energy needs. Formate itself can 

be excreted from the cell to maintain pH and redox balance 

[28]. In fermented dairy products, formic acid has little 

effect on the taste of the product, but it can serve as a 

preservative to preserve nutrients and it also has a 

bactericidal effect against pathogens. 

 

 

 

Figure 2. Organic acid content in the experimental samples 
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Succinic acid was detected in Strains Lc4, Lc8, Ll3 and 

Ll4, with contents of 83.5, 89.9, 74.9 and 63.3 mg·kg-1, 

respectively. This acid is synthesized via heterofermentative 

lactic acid fermentation alongside lactic acid. Succinic acid 

is formed upon activation of the reductive branches of the 

tricarboxylic acid cycle. In Lactococcus strains, the 

complete tricarboxylic acid cycle is inactive, but succinate 

can be synthesized through carboxylation of C3–C4 units as 

pyruvate or phosphoenolpyruvate is carboxylated to oxalo-

acetate by pyruvate carboxylase or phosphoenolpyruvate 

carboxy-lase and then oxaloacetate is sequentially reduced 

to malate and ultimately converted to succinate [29]. In the 

human body, succinic acid promotes the synthesis of 

propionic and butyric acids in microbiota. 

Acetic acid production was observed in many strains, 

with the highest contents recorded in Strain Lc4 and Lc6 at 

1148.7 and 1129.8 mg·kg-1, respectively. Acetate is formed 

during mixed fermentation from acetyl-CoA by phospho-

acetyltransferase and acetate kinase. This results in the 

generation of energy in the cell in the form of ATP [30]. 

Acetic acid enhances the sensory characteristics of the 

fermented dairy products and contributes to microbial safety 

and shelf-life extension due to its antimicrobial activity. 

3.3. Assessment of mono and disaccharide contents 

Lactose, the primary carbohydrate in milk, is a 

disaccharide composed of glucose and galactose residues, 

hydrolyzed by lactase and β-galactosidase. Lactose 

metabolism in Lactococcus differs from that of other LAB 

by allowing simultaneous catabolism of glucose and 

galactose [9]. Galactose participates in the formation of 

glycoproteins and glycolipids, which are essential for cell-

cell communication. However, its presence in food poses 

risks for individuals with galactosemia. 

Another important disaccharide is lactulose, formed from 

lactose during high-temperature treatment of milk through 

isomerization involving hydrogen transfer from the second 

to the first carbon atom in the glucose residue. Lactulose 

content in milk serves as an indicator of thermal processing 

[31]. It is composed of D-fructose and D-galactose linked 

via a β-1,4-glycosidic bond and shows prebiotic effects at 

low concentrations. Previous research [32] demonstrated 

that the presence of lactulose improves the viability of 

starter cultures during storage, freezing and freeze-drying. 

The analysis of monosaccharides and disaccharides 

(Figure 3) revealed a slight decrease in lactose content, 

compared to milk in all experimental samples. Particularly, 

lactulose was detected in all samples except Strains Ld1 and 

Ld4, including control. A decrease in lactulose content was 

observed in Samples Ld2, Ld3 and Ll1, compared to the 

control. The presence of lactulose can enhance consistency, 

increase starter culture viability and extend the shelf life of 

fermented dairy products. Galactose was detected in Strains 

Ld1, Ld2 and Ld3, with contents of 0.295%, 0.605% and 

0.354% by mass, respectively. This indicated that the other 

strains—Lc1 through Lc8, and Ll1 through Ll4 and Ld4—

were capable of galactose utilization. After transport into the 

microorganism, lactose contained in milk is hydrolyzed by 

β-galactosidase to glucose and galactose. Galactose can 

either be released by cells into the environment or undergo 

further metabolism into glucose-1-phosphate by four 

enzymes of galactokinase (GalK), hexose-1-phosphate 

uridine transferase (GalT), UDP-glucose-4-epimerase 

(GalE) and aldose-1-epimerase (GalM). These enzymes 

make up the Leloir pathway, whose genes can be present 

either alone (gal genes) or in combination with lactose 

metabolism genes (lac genes), making the final fermented 

products safer for individuals with galactosemia.  

 

 
Figure 3. Mono and disaccharide contents in the experimental samples 
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3.4. Assessment of vitamin contents 

Based on the results of amino acid analysis, nine strains 

that showed a significant increase in methionine and cystine 

contents in samples were selected, compared to the control 

(Lc2, Lc4, Lc6, Lc8, Ll2, Ll3, Ll4, Ld1 and Ld2). These 

strains are of interest for possible inclusion in consortia for 

the development of products with specific functional 

characteristics. The selected samples were additionally 

assessed for vitamin C and vitamin B group (B2, B6, B7 and 

B9) contents. The results of vitamin C assessment in the 

samples are presented in Table 1. 
 

Table 1. Vitamin C content in the samples 

Sample Vitamin C content, mg·kg-1 

Control 14.15 ± 0.30c 

Lc2  12.94 ± 0.34ab 

Lc4 12.86± 0.36ab 

Lc6 13.14 ± 0.33ab 

Lc 8 13.37 ± 0.29b 

Ld1 12.67 ± 0.38a 

Ld2 12.69 ± 0.37a 

Ll2 13.15 ± 0.32ab 

Ll3 13.31 ± 0.31ab 

Ll4 12.88 ± 0.35ab 

Note. Within each row, means (± SE) sharing a common letter do not differ 

significantly according to Tukey's Honestly Significant Difference test (P 

> 0.05). 

 

As the studies have shown, the content of vitamin C in 

the samples did not exceed the control levels. The results of 

the assessment of B vitamins in the samples are presented in 

Table 2. 

A number of foods, including milk, contain vitamin B2 

(riboflavin). It is a key enzyme in redox reactions and 

essential for hemoglobin synthesis, maintaining the normal 

condition of the GIT mucosa and supporting nervous system 

function [33]. The ability of lactococci to synthesize 

riboflavin is limited, but some strains produce the 

compound in significant quantities [18]. In this study, only 

Strain Ld2 showed an increased level of vitamin B2 [103.18 

μg·(100 g)-1], compared to the control [79.97 μg·(100 g)-1]. 

In the other samples, the content of riboflavin was at the 

control level or decreased. 

Vitamin B6 plays a critical role in the normal functioning 

of the human body systems, including the digestive, 

cardiovascular and immune systems. It participates in 

hundreds of biochemical reactions, affecting metabolism. It 

is involved in the synthesis of neurotransmitters such as 

serotonin and dopamine, improves cognitive functions and 

promotes a positive mood [34]. It affects collagen synthesis 

and regulates hormonal balance in women. In the samples 

of industrially associated Lactococcus strains Lc6, Ll4, Ll3, 

Ll8 and Ll2, a significant content of vitamin B6 was 

detected, exceeding the control by 3–5 times. The vitamin 

B7 content in all samples was lower than that in the control. 

 

 

 

 

Table 2. Vitamin B contents in the samples 

Sample B2, μg·(100 g)-1 B6, μg·(100 g)-1 B7, μg·(100 g)-1 B9, μg·(100 g)-1 

Control 79.97 ± 2.80d 47.15 ± 3.30a 16.62 ± 0.38d  4.37 ± 0.29a 

Lc2 76.27 ± 3.05cd 48.21 ± 3.18a  7.17 ± 0.34a  <1 

Lc4 59.47 ± 3.57c 59.67 ± 3.46ab 6.39 ± 0.39a  22.78 ± 1.05d 

Lc6 84.39 ± 2.53d 129.53 ± 4.40c 8.57 ± 0.29b  16.14 ± 0.81с 

Lc8 43.92 ± 2.85b 110.33 ± 4.74c 6.77 ± 0.35a   27.93 ± 1.17e 

Ld1 67.39 ± 3.37cd 53.32 ± 3.31ab  8.19 ± 0.29b  10.02 ± 0.59b 

Ld2 103.18 ± 2.06e 63.82 ± 3.25b 10.17 ± 0.27c   13.34 ± 0.72c 

Ll2 73.23 ± 3.30cd 236.94 ± 6.16d 6.46 ± 0.36a 27.93 ± 1.12e 

Ll3 21.27 ± 1.49a 247.69 ± 5.45d 5.58 ± 0.38a  69.59 ± 1.46g 

Ll4 59.06 ± 3.54c 116.54 ± 4.55c 7.86 ± 0.32b  51.16 ± 1.28f 

 

Note. Means ± SE followed by the same letter are not significantly different (Tukey's HSD, P > 0.05) 
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Analysis of vitamin B9 content showed a significant 

increase in eight out of nine samples, ranging from 10.02 to 

69.59 μg·(100 g)-1, compared to 4.37 μg·(100 g)-1 in the 

control group. Significantly, the Lc2 strain contained less 

than 1 μg·(100 g)-1 of vitamin B9. Folic acid (vitamin B9) is 

essential for appropriate cell growth and division, acting as 

a coenzyme in nucleic acid synthesis. Folic acid deficiency 

can lead to serious fetal development disorders in pregnant 

women [35]. Vitamin B9 plays a critical role in the 

conversion of homocysteine, a substance associated with an 

increased risk of cardiovascular disease, into methionine. 

This compound is necessary for the synthesis of several 

neurotransmitters, prevents neurological damage, improves 

cognitive function and decreases the risk of certain types of 

cancer (breast, cervical and intestinal cancers) [36]. 

Receiving vitamins through foods is more physiologically 

beneficial for the human body than introducing chemically 

synthesized preparations. A comparative assessment of 

lactococci from the VNIMI collection, stored since 1960, 

was carried out for the regenerative capacity of LAB strains, 

as well as for the production-significant characteristics of 

these microorganisms such as fermentation activity, active 

and titratable acidity, viscosity and organoleptic indicators. 

Of the 40 Lactococcus strains, 39 showed metabolic activity 

regardless of storage time [37]. 

4. Conclusion 

The study included metabolomic profiling of industrially 

associated Lactococcus strains based on the analysis of 

amino acids, organic acids, monosaccharides, disaccharides 

and vitamins. All strains produced lactic acid, with the 

highest content observed in Strains Ld1 and Ll1, at 8116.5 

and 8677.8 mg·kg-1, respectively. The experimental samples 

showed a significant increase in the content of methionine, 

with the highest content in Strain Ll3 and cystine in Strain 

Ld1. The content of other amino acids was similar to the 

control level or decreased. Strain Lc8 showed the ability to 

synthesize methionine and cystine, which may be promising 

in cheese production, since these sulfur-containing amino 

acids contribute to the aroma and flavor of fermented milk 

products. This strain produced formic, succinic and acetic 

acids and could catabolize citric acid and galactose. The 

Strains Ld1, Ld2 and Ld3 showed galactose accumulation, 

indicating lack of enzymatic activity for the oxidation of this 

monosaccharide. Literature data on significant variability in 

vitamin synthesis levels between the strains have been 

verified [18,20]. Thus, only Strain Ld2 synthesized vitamin 

B2, the quantity of which significantly exceeded that in the 

control and reached 103.18 ±2.06 μg·(100 g)-1. Five strains 

were capable of synthesizing vitamin B6 up to 247.69 ±5.45 

μg·(100 g)-1. The vitamin B9 content increased in eight of 

the nine samples, with maximum values of 69.59 ±1.46 and 

51.16 ±1.28 μg·(100 g)-1 for the strains Ll3 and Ll4, 

compared to the control. For further formation of consortia, 

strains Lc1, Lc8, Ll2, Ll3, Ld1 and Ld2 were selected. The 

results can serve as a basis for the design of consortia of 

LAB in biotechnological approaches to produce novel 

fermented milk products with specific characteristics, 

including functional ones. 
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 صنایع برای طراحی کنسرسیوم ا ب مرتبطهای لاکتوکوسوس سویه  سازی متابولومیکپروفایل 

 

 ناتالیا پریانچنیکووا ،  ویکتوریا لئونوا ، میترووا ورا ، سوتلانا کیشیلووا ،  ویکتوریا سمنووا، *کواژ رو  نایریا
 

 مسکو، روسیه  ۱۱۵۰۹۳(، ۷)بلوک   ۳۵مؤسسه تحقیقات لبنیات سراسر روسیه، خیابان لوسینوسکایا 

 ریخچه مقاله تا

   2۰2۵ سپتامبر 8دریافت 

 2۰2۵ نوامبر 28داوری 

 2۰2۵ دسامبر ۵پذیرش 

     2۰26 یهژانو 2۱ چاپ

  چکیده 

های با وزن مولکولی پایین است و وضعیت فیزیولوژیکی  پروفایل متابولومیکی نمایانگر تمامی متابولیت   سابقه و هدف:

کند. هدف این مطالعه تحلیل پروفایل  ها برای کاربردهای بیوتکنولوژیکی را منعکس میها و پتانسیل آن میکروارگانیسم 

ها را فراهم ساخت. بر اساس  های این میکروارگانیسم های لاکتوکوسوس بود که امکان بررسی ویژگی متابولومیکی سویه 

آمده، می  به دست  اصول طراحی کنسرسیوم نتایج  باکتری توان  ویژگی های  با  و  های لاکتیک  برجسته  تولیدی  های 

 .عملکردی را برای توسعه محصولات لبنی تخمیری نسل جدید تدوین نمود

های لاکتوکوسوس بودند. محتوای اسیدهای  های مورد بررسی، سویه میکروارگانیسم در این مطالعه،    ا:مواد و روش ه

  - ها و مونوهای آزمایشی با استفاده از الکتروفورز مویینه تعیین شد، در حالی که محتوای ویتامین آلی و آمینه در نمونه 

 .مورد ارزیابی قرار گرفت (HPLC) گیری از کروماتوگرافی مایع با کارایی بالاساکاریدها با بهره و دی

سویه لاکتوکوسوس مرتبط با صنایع مورد تحلیل قرار گرفتند.    ۱6  های متابولومیکیپروفایل   گیری:و نتیجهها  یافته

گرم بر  میلی   8/86۷۷با مقدار   Ll1 ها قادر به تولید اسید لاکتیک بودند و بالاترین میزان آن در سویهتمامی سویه 

گرم  میلی  2/۳۱۱توجهی در محتوای متیونین، با بالاترین مقدار  های آزمایشی افزایش قابل کیلوگرم مشاهده شد. نمونه 

 نشان دادند. سویه  Ld1 گرم در سویه  ۱۰۰گرم بر  میلی6/4۵و سیستین، با بالاترین مقدار   Ll3 گرم در سویه  ۱۰۰بر  

Lc8  تواند در تولید پنیر امیدوارکننده باشد، زیرا این اسیدهای آمینه  توانایی سنتز متیونین و سیستین را داشت که می

کنند. این سویه همچنین قادر به تولید اسید فرمیک،  حاوی گوگرد به عطر و طعم محصولات لبنی تخمیری کمک می 

 Ld3 و Ld1  ،Ld2 هایسویه سوکسینیک و استیک بود و توانایی کاتابولیزه کردن اسید سیتریک و گالاکتوز را داشت.  

های  ساکارید است. داده تجمع گالاکتوز را نشان دادند که حاکی از فقدان فعالیت آنزیمی برای اکسیداسیون این مونو

 ها تأیید شد. به این ترتیب، تنها سویهها بین سویه موجود در منابع علمی در مورد تغییرپذیری سطح سنتز ویتامین

Ld2   توانایی سنتز ویتامین B2 2/ ۰6  ±  ۱8/۱۰۳توجهی از کنترل فراتر رفته و به  را داشت که مقدار آن به طور قابل  

  گرم  ۱۰۰  بر   میکروگرم  4۵/۵  ±  6۹/24۷تا میزان   B6 ویتامین  سنتز  به  قادر  سویه  پنج.  رسید  گرم  ۱۰۰  بر  میکروگرم

  46/۱  ±  6۹.۵۹نسبت به نمونه کنترل در هشت نمونه افزایش یافت، با بیشترین مقدار   B9 ویتامین  محتوای.  بودند

تواند به عنوان  ها میهای متابولومیکی لاکتوکوسوس های حاصل از پروفایل داده .  Ll3سویه   در  گرم   ۱۰۰  بر  میکروگرم

سیستم پایه  توسعه  برای  روشای  مدل های  الگوریتم شناختی،  و  ریاضی  سویه های  انتخاب  ایجاد  های  جهت  ها 

ویژگی کنسرسیوم  با  از جمله محصولات  تولید محصولات،  و  نتایج  ها  این  گیرد.  قرار  استفاده  مورد  های عملکردی، 

کنسرسیوم می طراحی  برای  مبنایی  باکتری توانند  تولید  های  برای  بیوتکنولوژیکی  رویکردهای  در  لاکتیک  های 

ها اثرات  های عملکردی که مصرف منظم آن مشخص، از جمله ویژگی های  محصولات لبنی تخمیری نوین با ویژگی

 .های انسانی دارد، فراهم کنندمثبت بر ارگان 

کل عملکردیویژگی ،  لاکتوکوسوس،  لاکتیکاسید  های  باکتری   :یدیواژگان  متابولومیکی پروفایل ،  های  ،  های 

 ها متابولیت 

 مسئول  هنویسند*

   کواژرو نایریا
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