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The present study aims to examine PAB culture, synthesizing a significant number of iron-containing
enzymes and capable of adhesion. Results show that increased iron concentration increased enzymes
activity in all strains studied. An increase of iron ions level increasing up to 0.50–0.60 mg/ml leads to
a 1.3-fold and 2-dold increase of catalase and SOD activity respectively, peroxidase activity was virtually
unchanged. Optimal iron ions Fe2+ doses to ensure active PAB growth were determined. Of all the cultures
studied P. fredenreichii subsp. shermanii AC-2503 has high adhesion: AAI = 5.1; MAI = 5.60; erythrocyte
involvement rate = 87%. It was shown that certain iron ion concentrations increased the specific growth
rate of PAB (P. freudenrichii subsp. freudenrichii AC-2500 (0.3 mg/ml) and other strains (0.4 mg/ml). A fur-
ther increase in the iron ions concentration slows bacterial growth, while excessive content inhibits
metabolism, including defense mechanisms that offset the negative effects of the metal. Our subsequent
studies will focus on the effect of other metal ions on the metabolism of bacteria, mainly lactic acid bac-
teria, which are important biotechnological objects of the industry similar to propionic acid bacteria.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Many studies on the use of Propionibacterium bacteria have
been conducted to date. Among other things, it has been shown
that these bacteria can biosynthesize valuable metabolites such
as propionic acid, vitamin B12, bacteriocins, and trehalose. This
suggests that they represent a significant group of microorganisms
of future industrial significance. The main advantage of propionic
acid bacteria (PAB) is that they can develop and synthesize
metabolites on substrates containing various industrial wastes. It
greatly increases the economic viability of biotechnology processes
(Gonzalez-Garcia et al., 2017).
Propionibacterium metabolites and whole cells are widely used
in different industries: food, cosmetic or pharmaceutical
(Piwowarek et al., 2018). Furthermore, they are the only food
microorganisms capable of generating vitamin B12 (de Assis et al.,
2022). Besides, they can be used as feed additives. Propionibac-
terium spp. have many valuable properties. The most important
from a technological point of view are the following: they can
use as a carbon source milk sugar and lactic acid salts, secrete
intracellular peptidases and cell wall associated proteases, synthe-
size compounds with conservative properties (bacteriocins, propa-
noic acid, acetic acid), produce taste compound (proline
aminopeptidase). In addition, they can convert free amino acids
into flavoring compounds (Fang et al., 2017). Propionibacterium
freudenreichii bacteria also play an essential role in the bio-
enrichment of yogurt with propionic acid (Zahed et al., 2021). Rep-
resentatives of the genus Propionibacterium are highly diverse.
They vary from ‘‘dairy propionibacteria,” which are widely known
for their capability of forming flavor qualities in cheese production,
to ‘‘cutaneous propionibacteria,” which are mainly associated with
human skin (Bücher et al., 2021).

However, the efficacy of industrial propionibacterium produc-
tion is limited by its sensitivity to high concentrations of propionic
acid excreted in the culture medium. Therefore, the development
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of new biotechnological processes and strains able to overcome
this limitation and increase the profitability of microbiological pro-
duction remains a pressing issue. The following factors also act as
inhibitors to PAB: high values of acidity, salt concentration and
temperature, and water activity. Their adaptation to one of the
stressors, as mentioned above, increases their resistance to other
parameters (Gaucher et al., 2019).

PABs have significant growth preferences. Their main carbon
sources are mono- and disaccharides (e.g., glucose, lactose, fruc-
tose, ribose, and galactose) or lactic acid and its salts. Bacteria
can obtain nitrogen from organic (peptides and amino acids) or
inorganic (ammonia salts, and amines) sources. The presence of
asparagus acid in the medium promotes the growth of bacteria
and enhances their fermentation efficiency and carbon dioxide
production (Yin et al., 2017). Besides the substances needed for
their growth (carbon and nitrogen source), they also require appro-
priate micronutrient supplements (Fe, Mg, Co, Mn, Cu, vitamins B7
and B5), which is particularly important for bacteria because of
functional and nonfunctional proteins contain different amount
of metal ions (Valasatava et al., 2018). Iron is usually found as part
of heme or prosthetic groups of protein (Pereira et al., 2017;
Valasatava et al., 2018), regulatory proteins, including several Fur
species in the intestinal bacterium Salmonella enterica (Troxell
et al., 2011). These proteins are essential to fundamental physio-
logical processes: cell breathing, metabolism, and nucleic acids
repair. Unbound iron can act as a catalyst to biomolecular damage.
To prevent damage that may result from the production of oxyrad-
icals, iron must be handled thoroughly in cells to keep low levels of
the molecular intracellular iron. Iron’s ability to carry physiologi-
cally pH electrons makes it valuable and dangerous for cells. Con-
sequently, bacteria have developed multiple mechanisms to
actively obtain iron from the medium under iron limitation and
control the availability of molecular intracellular iron under iron
stress or excess (Cassat and Skaar, 2013).

Many studies have focused on the process of iron and other
metals bacteria acquiring and their metabolism global regulation.
However, some of essential metals can be toxic for bacteria at cer-
tain levels, therefore protection mechanisms against this problem
are increasingly recognized. The discharge of free intracellular iron
during iron-containing proteins damaging is an underestimated
aspect of iron ions homeostasis in bacteria. Therefore, this work
aimed to study the effect of iron cations on the metabolism of pro-
pionic acid bacteria, including the activity of antioxidant system
enzymes, adhesion ability, and their growth rate, proving the
importance of iron for normal cell metabolism. The stated objec-
tive includes the following tasks to be completed:

� identifying propionic acid bacteria strains for the experiment
and selecting optimal conditions for their cultivation;

� studying the adhesive properties of propionic acid bacteria of
the Propionibacterium genus;

� analyzing the effect of iron sulfate on the growth and biosyn-
thesis of extracellular adaptation factors of propionic acid
bacteria;

� studying the impact of casein phosphopeptides on iron solubi-
lization in nutrient media.

2. Methods and materials

2.1. Bacteria and cultivation conditions

In this study, the following strains of PAB were used:

� P. cyclohexanicum (Kusano AC-2259 and Kusano AC-2260);
� P. freudenrichii (subsp. freudenrichii AC- 2500 and subsp. sher-
manii AC-2503),
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from the collection of microorganisms at I.I. Mechnikov Insti-
tute of Microbiology and Immunology (Kharkiv, Ukraine).

Divalent iron sulphate salt was used as an iron source. PABs
were cultivated in growth factors containing serum medium
(Aldén et al., 2001; Bonnet et al., 2019). A 1-day crop grown on
non-fat milk was utilized as inoculum. Iron sulphate was added
at a 0.3–0.6 mg/ml concentration in the growing medium. Propi-
onic acid bacteria were cultivated with ferrous sulfate for 1 day
at 28 �C. Crop growth kinetics were derived using the generally
accepted method (Kovárová-Kovar and Egli, 1998).

2.2. Analytical procedures

The iron bonding process was monitored for the number of che-
lated Fe2+ (% of iron remaining as divalent from the total initial
dose). The iron content was controlled using the reference method-
ology (Carter, 1976). The iron content was determined through
spectrophotometry, and it was used following industry guidelines
(Pfeiffer and Looker, 2017).

Products of extracellular metabolism were determined at the
end of the exponential growth phase. The catalase activity was also
determined by the colorimetric method (Hadwan, 2018). The per-
oxidase and superoxide dismutase (SOD) activities were observed
by spectrophotometry using the reactant o-dianisidine (Zhuang
et al., 2017) and adrenaline autooxidation (Sirota, 2017), respec-
tively. Strain adhesion was assessed by the microbial adhesion
index (MIA) and then studied on formalized erythrocytes using
the advanced Briles technique (Lenchenko et al., 2020);
exopolysaccharide concentration was evaluated using an Antron
reagent; vitamin B12 content was determined spectrophotometri-
cally (Tsiminis et al., 2016). The casein phosphopeptides (CPPs)
solution was derived from pepsin and trypsin treated sodium case-
inate. The phosphopeptides molecular weight distribution in solu-
tion was evaluated by medium pressure exclusion
chromatography on a TOSOH TSK-GEL Amide-80 column. The con-
tent of iron in chelated form was determined by a mass
spectrometer.

2.3. Statistical data analysis

The mean and standard deviation (SD) were calculated for the
statistical analysis of the resulting data. The variance analysis
was used to estimate the difference between the average values
of analyzed criteria using Microsoft Excel and Statistica 10 (de
Smith, 2021) software. The differences between the results
obtained are reliable at the significance level of P � 0.05 as per
the Student’s criterium.
3. Results

3.1. PAB adhesive properties

PABs differ in their ability to adhere to red blood cells. Some of
the strains adhere as separate cells or their aggregates that almost
completely cover the surface of erythrocytes. The adhesion proper-
ties of the cultures are considered in Fig. 1.

According to the methodology, bacteria were considered as:

� non-adhesive (IAM < 1.80);
� low-adhesive (IAM = 1.81–2.60);
� moderately adhesive (IAM = 2.61–4.10);
� very adhesive (IAM > 4.10).

Of all the cultures studied, P. fredenreichii subsp. shermanii AC-
2503 has high adhesion, which is confirmed by the value of



Fig. 1. Adhesion properties of cultures were studied according to MAI (Microbial Adhesion Index) and AAI (Average Adhesion Index).
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AAI = 5.1 and the MIA = 5.60 and the erythrocyte participation rate
(87%). As for the other strains of the microorganisms studied, the
strain P. freudenrichii subsp. freudenrichii had the lowest erythro-
cyte participation rate (81%), the other two had similar indices at
the level of 84%.
3.2. Effect of iron sulphate on PAB growth and metabolism

This study shows that ferrous sulfate increases the specific bac-
teria growth rate is low: P. freudenrichii subsp. freudenrichii AC-
2500 (0.3 mg/ml) and other strains (0.4 mg/ml), that sows the
importance of iron. Ferrous sulfate content increasing leads to
growth rate slowing. It follows that excessive iron content inhibits
bacterial metabolism.

Given that the iron ions affect the synthesis and activity of iron-
containing enzymes, the effect of ferrous sulfate on them was
investigated. The data in Fig. 2 demonstrate an increase in the
activity of enzymes with an increase in the number of iron ions
for all strains. Ferrous sulfate level increasing up to 0.50–
Fig. 2. Effect of Fe2+ ions on the activity of catalase (a) and superox
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0.60 mg/ml leads to a 1.3-fold increase of catalase activity and 2-
fold increase of SOD activity (on average). Regarding peroxidase,
its activity has remained virtually unchanged in all experimental
samples.

When studying the PAB morphology, cell aggregates (adhesion)
were observed when the dose of iron sulfate was increased to
0.60 mg/ml. Likely, the cells were able to aggregate due to changes
in charge of the outer cell surface.
3.3. Effect of phosphopeptides on iron solubilization

During experimental studies, it was noted that at iron concen-
trations of 0.5 mg/ml and higher, the color of the concentrate
changes, forming a precipitate, which indicates the formation of
insoluble Fe (III) ions. That was the prerequisite for studying the
effect of casein phosphopeptides on iron solubilization (chelation)
in a nutrient medium.

The findings suggest that CPPs form nano-sized chelate com-
plexes with iron. These compounds could bind to the cell surface,
ide dismutase (b) in different strains of propionic acid bacteria.
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effectively transport iron ions through the cell wall, and protect the
mineral from interaction with other components of the cell’s inter-
nal environment.

Technological parameters of CPPs isolation were revised to
obtain a hydrolyzate with the maximum compound concentration
capable of forming chelates with iron. Accordingly, the technolog-
ical regime for the isolation of CPPs has been changed. Synthetic
chelates of minerals are considered to degrade during storage
and lose their efficacy, making them inferior to organic salts.
Therefore, the preservation of chelated divalent iron with CPPs
during long-term storage has been studied. The data show that
the content of chelated iron in concentrated solutions containing
CPPs almost did not change during storage. In contrast, a signifi-
cant decrease in the content of soluble Fe (II) ions was observed
in controls.

One of the current fields of modern microbiology is the study of
adhesive processes for microorganisms. Adhesion is an intercellu-
lar interaction that occurs through the tight attachment of cells
to a substrate. Considering that microorganisms’ microbiota prop-
erties depend on adhesion ability and information about PAB adhe-
sive properties is not enough, the adhesive properties of PAB
strains have been studied.

4. Discussion

The results show that PAB has relatively strong adhesion prop-
erties, especially P. fredenreichii subsp. shermanii AC-2503. It is
important to emphasize that among the many functions of self-
regulators, the factors that ensure the adaptation of microorgan-
isms to adverse physical and chemical conditions have been insuf-
ficiently studied. The metal concentration can affect the interaction
between microorganisms and metals (Tarekegn et al., 2020). More-
over, excess metal concentration inhibits metabolism, including
defense mechanisms that offset the adverse effects of the metal.

In a biotechnology study, PAB was found to synthesize a signif-
icant number of iron-containing proteins, including enzymes
(Piwowarek et al., 2018). The increase of catalase and SOD activity
significantly exceeded the ability of PAB to protect themselves
from oxidative stress. Higher antimutagenic activity of propionic
acid bacteria was observed with increasing FeSO4 concentration,
indicating induction of antimutagenesis (Słoczyńska et al., 2014).

One of the protection mechanisms against toxic metal concen-
trations in microorganisms is to form low-toxic compounds
(Gadd, 2009). The increased biosynthesis of exocompounds
(polysaccharides) upon iron addition is an example of nonenzy-
matic defense mechanisms, where EPS prevents excessive iron
penetration into cells through the bacterial surface coating. The
cell agglomerates forming can be explained by the medium’s pro-
tective response to the metal excess. Also, according to the litera-
ture, the presence of di- and trivalent cations reduce electrostatic
repulsion, promoting adhesion due to charged layers’ shrinkage
on the surface (Deng et al., 2018). Results suggest that exometabo-
lite synthesis supports the adaptation of PAB to iron ions (Inami
et al., 2017). The revealed trends allow understanding of the PAB
metabolism and create a theoretical basis for developing biologi-
cally active supplements.

The effect of CPPs on iron chelation in nutritional media has also
been studied. It is known that the capacity of CPPs to bond metal
depends on the degree of phosphorylation. Technological parame-
ters of CPPs extraction were revised to obtain a solution of low-
molecular-weight compounds (peptides and amino acids) capable
of forming chelates with iron (Arunachalam and Raja, 2010).

In general, the data show that CPPs are promising chelators for
new forms of bio-available iron. Optimum doses of iron sulphate
(III) and an aqueous solution of CPPs providing the maximum
amount of iron solubilized have been determined.
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The subsequent studies will focus on the effect of other metal
ions on the metabolism of bacteria, mainly lactic acid bacteria,
which are critical biotechnological objects of the industry similar
to propionic acid bacteria.

5. Conclusions

Optimal iron ions Fe2+ doses to ensure active PAB growth were
determined. Of all the cultures studied P. fredenreichii subsp. sher-
manii AC-2503 has high adhesion: AAI = 5.1; MAI = 5.60; erythro-
cyte involvement rate = 87%. As for the other strains of the
microorganisms studied, the strain P. freudenrichii subsp. freuden-
richii had the lowest erythrocyte involvement rate (81%), the other
two had similar indices at the level of 84%.

The synthesis of extracellular metabolites that provide PAB pro-
tection from metal can be stimulated by iron ions adding to the
nutrient medium. It was shown that particular iron ion concentra-
tions increased the specific growth rate of PAB (P. freudenrichii
subsp. freudenrichii AC-2500 (0.3 mg/ml) and other strains
(0.4 mg/ml). A further increase in the iron ions concentration slows
down the bacterial growth, and excess content inhibits metabo-
lism, including defense mechanisms that offset the negative effects
of the metal.

Results show that increased iron concentration facilitated
enzyme activity in all strains studied. An increase of iron ions level
increasing up to 0.50–0.60 mg/ml leads to a 1.3-fold increase of
catalase activity and a 2-fold increase of SOD activity (on average).
Peroxidase activity has remained virtually unchanged in all exper-
imental samples.

The results achieved can enhance the culture of propionic acid
bacteria to increase their productivity. Under industrial conditions,
it will also be possible to implement this data into the SBA produc-
tion technology. According to the results described in the article,
subsequent studies will be focused on the effect of other metal ions
on the metabolism of bacteria, especially lactic acid bacteria,
which, like propionic acid bacteria, are essential biotechnological
industrial objects.
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