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The intensity of biofilm formation by heterotrophic bacteria
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Abstract. The intensity of biofilm formation by heterotrophic bacteria possessed ammonifying ability (Bacillus simplex ChNPU F1,
Streptomyces canus NUChC F2, Streptomyces gardneri ChNPU F3), ammonifying and iron-reducing ability (Fictibacillus sp. CANNPU ZVB1)
previously isolated from soil ferrosphere was studied. Methods used: indirect measurement of the biomass of the bacterial biofilm using the
adsorption/desorption of crystal violet, the aggregation test (to determine aggregation properties), the salt aggregation test (to determine
hydrophobicity). The correlation analysis between the intensity of biofilm formation and aggregation of strains showed a significant positive
correlation. The studied strains of microorganisms did not show high adhesive properties, they were moderately-adhesive (B. simplex, S.
canus and S. gardneri) and weakly-adhesive (Fictibacillus sp.). It is supposed that the role these bacteria in the microbial damage of materials
is determined preferably by bioelectrochemical reactions (iron-reducing bacteria) and the production of corrosive and/or antimicrobial
metabolites (ammonifying and iron-reducing bacteria), but not by the biofilms formation. The prospect of further research is to analyze the
antagonistic properties and biofilm formation of heterotrophic bacteria under co-cultivation conditions, in particular, with sulfate-reducing
bacteria.
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1. Introduction coating, create a biofilm and cause microbiologically

influenced corrosion (MIC), the rate of which is determined

In the soil directly adjacent to the underground metal
construction, there is a zone of development of a group
of corrosive microorganisms, which is called “ferrosphere”
(Andreyuk et al., 2002). This community is characterized by
the stability of the qualitative composition of the associates:
sulfate-reducing (SRB), thionic, denitrifying, ammonifying
(AMB), hydrocarbon-oxidizing and iron-reducing (IRB)
bacteria. They attach to the surface of a metal or protective

by the interaction of microorganisms in the community with
the metal (Andreyuk et al., 2005).

Considerable attention is paid to SRB (Sungur et al., 2010;
Chenetal.,2021; Tripathi etal.,2021), however, the conditions
for their development are created by heterotrophic bacteria,
in particular, AMB (Purish & Asaulenko, 2007; Purish et al.,
2009). MIC is considered as a bioelectrochemical process
that takes place in a biofilm - a highly organized, self-
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regulating biological system, the operation of which is aimed
at optimizing their vital functions (Andreyuk et al., 2005). At
the same time, the participation of AMB, IRB of ferrosphere
in MIC processes, in particular their ability to form biofilms,
remains a topical issue.

Previously, we isolated from the ferrosphere and identified
some predominant representatives of heterotrophic bacteria
with ammonifying ability (Bacillus simplex, Streptomyces
gardneri, Streptomyces canus), as well as with ammonifying
and iron-reducing ability of Fictibacillus sp. (Tkachuk &
Zelena, 2021a), the property of which to form biofilms has
not been studied. Therefore, the aim of this research was to
investigate the intensity of biofilm formation of heterotrophic
AMB and IRB, previously isolated from the soil ferrosphere.

2. Materials and methods
2.1. Microorganisms and growing conditions

Five-day pure cultures of B. simplex ChNPU F1 (KX349220
in the GenBank), Fictibacillus sp. ChNPU ZVB1 (KX349222
in the GenBank), S. canus NUChC F2 (MG924748 and
MG924855 in the GenBank) and S. gardneri ChNPU F3
(KX349221 in the GenBank) isolated from the sulfidogenic
microbial community of soil ferrosphere (Tkachuk &
Zelena, 2021a) were used for the research. Suspensions from
the studied monocultures with an optical density of 0.5
McFarland were prepared in solution of sterile isotonic NaCl.
Then these suspensions were added to a sterile meat-peptone
broth (MPB) in a ratio of 1:1, therefore, the calculated initial
concentration of bacterial cells in MPB was approximately 7.5
x 107 cells/ml. Bacterial cultures were grown in glass tubes in
a thermostat (static conditions) at 29 + 2°C for 6 days.

2.2. Strain aggregation study

The strains aggregation was investigated according to the
aggregation test proposed by Del Re et al. (2000). Aggregation
was calculated by the formula (Eq.1):

)

where A0 is an optical density of the upper layer of the
bacterial suspension after incubation for 2 hours at 30°C;
A is the optical density before incubation.

x100%

2.3. Investigation of the hydrophobicity of the strains

The salt aggregation test was used to determine the
hydrophobicity of the strains. This test is based on the
formation of aggregates by bacteria in the presence of

ammonium sulfate at concentrations from 0.2 mol/L (M)
to 4.0 M (Nwanyanwu & Abu, 2013). We used the following
scale for assessing the bacterial hydrophobicity: high (< 1.0
M), moderate (1.0 — 2.0 M), low (> 2.0 M).

2.4. A biofilm assay

Used indirect measurement of the biomass of the bacterial
biofilm using the adsorption/desorption of crystal violet
according to the method described by Stepanovi¢ et al. (2000).
Staining of the formed biofilms was performed with a 0.1%
aqueous solution of crystal violet at 30°C for 60 minutes.

2.5. Statistical analysis of experimental data

Statistical processing of the obtained results was carried
out using PAST 2.17 (Hammer et al., 2001). We used
descriptive statistics methods to calculate the arithmetic
mean and standard error of the arithmetic mean. The
Student’s significance criterion was calculated, and the
95% probability of differences (p < 0.05) was considered
statistically significant. Correlation analysis according to
Spearman was carried out.

3. Results and Discussion

3.1. Aggregation and hydrophobicity of the studied
strains

Bacterial cell surface hydrophobicity is one of the most
important factors that influence bacterial adhesion (Zita &
Hermansson, 1997; Furuhata et al., 2009). The modern view
of the model of biofilm formation is based on the inclusion
of the role of aggregates in biofilm initiation (Kragh et al.,
2016). Therefore, we evaluated the ability of the studied
strains of heterotrophic bacteria to aggregation and their
hydrophobicity. The results are shown in Table 1.

Table 1. Aggregation (by the aggregation test) and hydrophobicity
(by salt aggregation test) of the studied strains on the 6th day of
cultivation

-| Hydrophobicit
No.| A variant of the experiment The'aggrega YCropho 1c1. Y.
tion, % M |Characteristic
1. |B. simplex ChNPU F1 889+0.14 [>2 |Low
2. |S. canus NUChC F2 - >2 |Low
3. |S. gardneri ChNPU F3 7124025 |<1 |High
Fictibacillus sp. CaNPU
4, 7VBI 0 1-2 |Moderate

Note: — the experiment was not carried out; M - mol/L.
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Slight aggregation was determined for bacteria of B.
simplex strain ChNPU F1 and S. gardneri strain ChNPU
F3: 8.89 + 0.14% and 7.12 £ 0.25%, respectively (Table 1).
At the same time, these strains differed in hydrophobicity
(Table 1). Thus, B. simplex strain ChNPU F1 showed low
hydrophobicity, and S. gardneri strain ChNPU F3 high
hydrophobicity. Low hydrophobicity was also observed for
S. canus strain NUChC F2 (Table 1). Bacteria Fictibacillus
sp. strain ChNPU ZVB1 was characterized by the absence of
aggregation and moderate hydrophobicity (Table 1).

3.2. Biofilm formation of heterotrophic bacteria isolated
from soil ferrosphere

Biofilms are a model for the growth of microorganisms on
surfaces and are being actively studied (Jardak et al., 2017;
Ogawa et al., 2020). The “gold standard” for determining the
total biomass of bacterial biofilms is the method of crystal
violet staining (Haney et al., 2018). This method is simple and
affordable, used in a number of modern studies of biofilm
formation of microorganisms (Jardak et al., 2017; Ogawa et
al., 2020). Therefore, it was chosen to determine the biomass
of biofilms formed by the studied heterotrophic bacteria. The
results of the study are presented in Table 2.

Table 2. Intensity of biofilm formation of heterotrophic bacteria
isolated from soil ferrosphere, by absorption of crystal violet by
formed biofilms

Mass of
No A variant of the crystal violet |  Strain adhesion
’ experiment sorbed by category

biofilm, mg/L

1. | Control (MPB without

. 5,36 + 0,21 Negative control
bacteria)
2. | B. simplex ChNPU F1 13,17 £ 0,40* |Moderately adhesive
3. |S. canus NUChC F2 18,14 + 1,61* | Moderately adhesive
4. |S. gardneri ChNPU F3 14,14 £ 0,51* | Moderately adhesive
5. | Fictibacillus sp. CANPU 8434083 | Weakly adhesive

ZVB1

Note: * the differences are significant compared to the control at
p<0.05

It is now known that ammonifying bacteria produce
a significant amount of exopolymers and provide anaerobic
conditions on metals that are favorable for the further
development of bacteria of other groups (Costerton et al.,
1995; Purish & Asaulenko, 2007). However, for the studied
ammonifying bacteria Fictibacillus sp. ChNPU ZVBI1
noted weakly adhesive property, and other strains showed
moderately adhesive ability (Table 2). The correlation analysis
between the intensity of biofilm formation and aggregation of
strains showed a significant positive correlation (coefficient
of correlation = 0.69016, r> = 0.012986). However, no

significant correlation was found between the intensity of
biofilm formation and the hydrophobicity of the strains.

Since the strains did not show high adhesive properties,
they can be expected to participate in corrosion processes
due to the influence of ammonium (a product of AMB
metabolism), which is considered a corrosive compound
(Maruthamuthu et al., 2009; Guo et al., 2022). IRB, similar
to SRB, is capable of hydrogen consumption and electrode
depolarization (De Windt et al., 2003; Herndndez-Santana,
2021), destruction of mineral films of carbon steel surface
due to iron-reducing activity, which increases the speed of
corrosion processes (Valencia-Cantero & Pena-Cabriales,
2014).

The trigger for the conversion of a natural microbial
community into a corrosive one is an excess of Fe (II) ions,
which are formed as a result of bacterial iron reduction
(Hamilton, 2003; Andreyuk et al., 2005). However, the role of
IRB in microbial corrosion processes is ambiguous (Videla
et al., 2008; Herrera & Videla, 2009; Zaidi et al., 2021). It
has been reported that microorganisms capable of reducing
Fe (IIT) in aqueous media can inhibit corrosion processes
(Potekhina et al., 1999; Dubiel et al., 2002).

Currently, the use of some microorganisms to suppress
others is the basis of an eco-friendly approach to prevention,
biocontrol of microbial damage (Lin & Ballim, 2012; Trip-
athi et al., 2021). Today the question of the application of
biological control for corrosion protection is debated (Little
et al., 2020). In particular, it is known that the formation
of SRB biofilm is inhibited by metabolites of S. lunalinha-
resii 235 (Rosa et al., 2016), B. velezensis NUChC C1 and
NUChKC C2b (Tkachuk et al., 2021). S. lunalinharesii belong
to actinobacteria, as well as the studied S. canus NUChC
F2 and S. gardneri ChNPU F3. The publications discuss the
participation of actinobacteria in the MIC process by the
formation of biofilms, antimicrobials or corrosive substances
(Lietal.,2010; Pacheco da Rosa et al.,2013; Winn et al., 2014;
Rosa et al., 2016). The participation of bacteria of the genus
Bacillus in the processes of biodamage of materials examines
in the review (Tkachuk & Zelena, 2021b). In particular, it
noted that compounds of bacilli - antimicrobial (antibi-
otics, lipopeptides, poly-y-glutamate, biosurfactants) and
antibiofilm-forming (siderophores at high concentrations,
compounds with the property of destroying acylhomoserin-
lactone) are the part of the biocontrol agents in mechanisms
against damaging of metals and plastics (Tkachuk & Zelena,
2021b). Therefore, to understand the mechanisms of MIC,
the participation of individual species and ecological groups
of microorganisms should investigate the antagonistic prop-
erties of heterotrophs, their ability to form biofilms under
co-cultivation.
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4. Conclusions

Thus, the studied bacteria were characterized as moderately-
and weakly-adhesive. Therefore, their participation in
microbial damage to materials will primarily be determined
not by the biofilms formation, but by bioelectrochemical
reactions (IRB), production of corrosive and/or antimicrobial
metabolites (AMB and IRB). The prospect of further research
is to determine the antagonistic properties and biofilm
formation of heterotrophic bacteria under conditions of
co-cultivation, in particular, with SRB.
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