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Abstract. It was evaluated the antibiofilm-forming properties of NUChC C1 and NUChC C2b isolates (from the collection of the De-
partment of Biology of the T.H. Shevchenko National University “Chernihiv Colehium”) against the sulfate-reducing bacteria biofilms
on the poly(ethylene terephthalate) surface. NUChC C1 and NUChC C2b isolates were isolated by classical microbiology methods
on Postgate’s “B” medium and their cultural-morphological, some physiological-biochemical properties and molecular-genetic char-
acteristics were investigated. To identify bacteria the sequencing and analysis of the 16S rRNA gene were carried out. The bacteria
were identified as Bacillus velezensis. Based on PCR-ISSR analysis, it was found that the studied bacteria belong to different strains.
The 16S rRNA gene sequences were submitted in GenBank as MN508954.1 (NUChC C1), MN749356.1 and MN749357.1 (NUChC
C2b). In the genome of B. velezensis the presence and transcriptional activity of the genes for the synthesis of bacillibactin (dhbC,
dhbF), fengycin (fenA) and polyglutamic acid (epsK) were studied. Among these only genes belonging to bacillibactin synthesis op-
eron were detected and only they demonstrated activity. The observed mode of dhbC and dhbF genes expression during 144 hours of
cultivation differed between two B. velezensis strains: gradually increasing in NUChC C1 and sharply increased after 24 hours with
decreasing on 144th hour in NUChC C2b. Antagonistic properties of the studied strains of B. velezensis against sulfate-reducing bac-
teria Desulfovibrio oryzae NUChC SRB1 and NUChC SRB2 were not observed. Siderophore-producing strains of Bacillus velezen-
sis inhibit the formation of bacterial biofilms on the polymeric material poly(ethylene terephthalate) during its long-term exposure
(50 days) in a culture of sulfate-reducing bacteria under conditions of sufficient iron supply. Bacillibactin-producing strains prevent
the development of bacterial biofilms on the poly(ethylene terephthalate) surface. This is one of the reasons for the prolongation of
the process of poly(ethylene terephthalate) biodegradation in natural ecosystems.
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Abbreviations:

B. velezensis — Bacillus velezensis

D. oryzae — Desulfovibrio oryza

ISSR-PCR - inter-simple sequence repeat polymerase chain reaction
MPA — meat-peptone agar

MPB — meat-peptone broth

PET — poly(ethylene terephthalate)

SRB — sulfate-reducing bacteria
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1. Introduction

Bacteria on surfaces grow in the form of a biofilm (Bhinu,
2005). Due to the high biochemical activity and the ability
to form biofilms, bacteria are actively involved in the
degradation of polymeric materials (Saveliev et al., 2011;
Rogers et al., 2020). A significant amount of polymeric
materials is represented by poly(ethylene terephthalate)
(PET), the production of which is growing every year: 2
million tons/year in 2007 and 10 million tons/year in 2012
(Andrushkiv et al., 2012).

Plastic PET bottles are the most common type for pack-
aging soft drinks and water (Filella, 2020). In Ukraine
in 2018, out of 203.7 thousand tons of PET bottles that
became waste, only 50 thousand tons ended up in waste
processing plants (about 25%), the other 75% were buried
in landfills (Burak & Kyrychenko, 2020). In addition, due
to the low level of environmental awareness and education
of the population, a significant part of the used PET-bottles
does not end up in landfills, but in natural ecosystems (Lu-
kash, 2015).

The linear structure of PET and the high proportion
of aromatic components are chemically inert and increase
the strength of the polymer, making it very resistant to
degradation by microorganisms (Yoshida et al., 2016). The
ability to biodegrade PET is inherent in a small number of
species of microorganisms (Yoshida et al., 2016; Vague
et al., 2019; Chen et al., 2020; Shulga et al., 2020). The
accumulation of PET in the environment creates a global
environmental problem (Chen et al., 2020). Among the mi-
croorganisms isolated from the plastic surface, there are
representatives of sulfate-reducing bacteria (Rogers et al.,
2020). Previously, sulfate-reducing bacteria (SRB) Desul-
fovibrio oryzae were identified as participants in the dam-
age of the metal construction in the soil (Tkachuk et al.,
2020).

A number of researchers point out that Fe’* plays an
important role in the formation of microbial biofilms,
and the depletion of iron in the environment can slow its
formation (Pelchovich et al., 2013; Ali & Wakte, 2016).
Siderophores are low molecular weight compounds that
chelate Fe*" ions, converting iron bound to proteins or
water-insoluble compounds into the ionic form of Fe**
available to microorganisms (Leonov et al., 2016). Many
aerobic and facultative anaerobic microorganisms are able
to synthesize siderophores, the presence of which changes
the structure of the microbial community (Saha et al.,
2016).

However, at the moment there are no studies of the
processes of SRB biofilms formation on the poly(ethylene
terephthalate) surface under the influence of siderophore-
producing strains, therefore, that was an aim of this inves-
tigation.

2. Material and methods
2.1. Microorganisms and growing conditions

Five-day pure cultures of SRB Desulfovibrio oryzae
strains NUChC SRB1 and NUChC SRB2, previously iso-
lated from the sulfidogenic community isolated from the
soil ferrosphere were used (Tkachuk et al., 2020). The
nucleotide sequences were deposited in the GenBank
with accession numbers MT102713.1 and MT102714.1
respectively.

To prepare the initial amount of bacteria, they were
grown in Postgate’s “C” liquid medium (without adding Fe
(IT) salt) under anaerobic conditions, which were created
by pouring the medium to the edges of the tubes and clos-
ing them with rubber stoppers. Suspensions with an optical
density of 0.5 McFarland were prepared from cultures of
the studied strains in sterile isotonic sodium chloride solu-
tion. Further we used Postgate’s “C” agar or liquid medium
with adding Fe (II) salt.

Also in the study NUChC C1 and NUChC C2b iso-
lates from the collection of the Department of Biology of
the T.H. Shevchenko National University “Chernihiv Cole-
hium” were used. Isolation of pure cultures of NUChC C1
and NUChC C2b was performed by the depleting stroke
method on Postgate’s “B” agar medium. Incubation was
carried out under aerobic conditions and a temperature
0f 29 £ 2 °C for 48 hours. The material of the two isolated
colonies (NUChC C1 and NUChC C2b isolates) was re-
seeded into Postgate’s “B” liquid medium and incubated
under aerobic conditions. After five passages on Postgate’s
“B” medium, NUChC C1 and NUChC C2b isolates were
obtained and used in further studies. The purity of the cul-
tures was checked by microscopy. Bacteria were cultured
on meat-peptone agar or meat-peptone broth for 24 hours,
120 hours and 144 hours (specified in each study respec-
tively) aerobically at 29 + 2 °C.

2.2. Detection of bacillibactin (dhbC, dhbF), fengycin
(fenA) and polyglutamic acid (epsK) synthesis genes
in the genome of NUChC C1 and NUChC C2b isolates

Genomic DNA from 24-hour cell cultures of NUChC C1
and NUChC C2b was isolated with GeneJet Genomic DNA
Purification Kit (ThermoScientific) according to manufac-
turer’s protocol. The 20 pl of PCR reaction mixture con-
tained 10 pl of 2x DreamTaq PCR Master Mix (Thermo-
Scientific), 30 pmol of each primer, and 50 ng of DNA.
Amplification was performed at the following temperature:
initial denaturation — 5 min, 95 °C; 30 cycles — 10 sec,
95 °C; 20 sec, 57 °C; 35 sec, 72 °C; final elongation —
7 min, 72 °C. PCR was performed on Mastercycler Personal
5332 (Eppendorf, Germany). PCR products were checked
by separating in 1.7 % agarose gel with ethidium bromide.
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Nucleotide sequences of primers for amplification of
dhbC, dhbF, epsK and fenA genes fragments were selected
using MEGAG (Tamura et al., 2013) and Primer3 programs
based on known sequences of these genes in representa-
tives of Bacillus subtilis group (Table 1).

Table 1. The oligonucleotides used in the study

Primer Sequence, 5’ — 3’ Reference
dhbCl | GGAACACCGACTGATCTTGC| .
dhbC2 | CACAACGGATGGTCACGATC udy
dhbF1 | ACCCAGCTGCAAAATCAAGG | .
dhbF2 | TCGCCGCTTCAAAATCTAGC 18 study
fendl | GACAGGGGCTGTCTCTGAAG | (Grabova et al.,
fend2 | TGCATCCCTGATAAAAAGGC 2016)
epsKl | CATGGTTTACGTTCCGGGTG | 1.
epsk2 | AGCGGAAACTGAATGATCGC Y

2.3. Analysis of dhbC and dhbF genes expression
and determining the number of catecholate-type
siderophores in supernatant from MPB cultures of
NUChC C1 and NUChC C2b

To analyze gene expression bacterial cells of two strains
were cultivated for 144 hours in MPB at 29 + 2 °C. Samples
for the analysis were taken after 24 hours and 144 hours of
cultivation. RNA was isolated using TRIzol Reagent (In-
vitrogen) according to the manufacturer’ protocol and fol-
lowed by DNasel treatment. cDNA was synthesized from
1 pg of RNA using random hexanucleotide primers and
M-MLYV reverse transcriptase. The total volume of qPCR
reaction mix was 10 pl and contained 5 pl of PowerUp™
SYBR™ Green Master Mix (Applied Biosystems™),
20 pmol of each primer and 2 pl of cDNA template. gPCR
was performed with QuantStudio™ 3 Real-Time PCR Sys-
tem (Applied Biosystems) under temperature conditions
recommended by the manufacturer. 16S rRNA gene was
considered as endogenous reference (Zelena et al., 2014).
No template control and duplicate samples for each gene
(16S rRNA, dhbC and dhbF) were included in the run.
Relative genes expression level was calculated with 2-24¢
method (Livak & Schmittgen, 2001) with QuantStudio™
Real-Time PCR software program (Applied Biosystems).
The statistical significance of gene expression between
samples was calculated using t-test. The primer specific-
ity and dimer formation were checked with melting curve
analysis.

Neilands spectrophotometric testing was used to de-
termine the content of siderophores of the catecholate
type (which includes bacillibactin) (Sujatha & Ammani,
2013). We measured the absorbance at 490 nm, consistent
with the data from Sujatha & Ammani (2013), that at this

wavelength the absorption maximum indicates the presence
of catecholate siderophores.

2.4. Determination of antagonistic properties
of NUChC C1 and NUChC C2b isolates against
sulfate-reducing bacteria

The method of filling bacterial colonies of NUChC C1 and
NUChKC C2b isolates with agar medium containing the test
organisms (D. oryzae NUChC SRBI1 and NUChC SRB2)
was used (Egorov, 1965). For this purpose, daily cul-
tures of NUChC C1 and NUChC C2b isolates were sown
with a Drygalski spatula on the surface of meat-peptone
agar in Petri dishes to obtain separate colonies. After the
colonies of microorganisms were well developed (growing
in a thermostat for 120 hours at a temperature of 29 + 2
°C), around the colonies that were grown, Postgate’s “C”
agar medium was poured with added test-organisms — SRB
D. oryzae strains NUChC SRB1 and NUChC SRB2 (10°¢
cells/ml medium).

After solidification of the medium with test-cultures
anaerobic conditions were created by the method of Sh-
turm L.D. in the modification of Duda V.I. (Zvyagintsev
et al., 2005). Petri dishes were placed at 29 + 2 °C for 5
days. The development of bacterial test-cultures was visu-
ally observed.

2.5. A biofilm assay

To study the intensity of biofilm formation on the PET
surface, 10x10 mm samples of PET were cultured in Post-
gate’s “C” liquid medium (76% of the volume) with the ad-
dition of meat-peptone broth (MPB) or a supernatant from
MPB cultures of NUChC C1 isolate (or NUChC C2b iso-
late) obtained after centrifugation for 10 min at 10,000 rpm
(22% of the volume) and a culture of D. oryzae NUChC
SRB1 (2% of the volume) during 50 days.

A biofilm assay (indirect measurement of bacterial
biofilm biomass by crystal violet adsorption/desorption)
was used (Stepanovi¢ et al., 2000). The strains were
classified into adhesion categories as was described by
Stepanovic¢ et al. (2000). Statistical analysis of the obtained
results was performed using the statistical module of Mi-
crosoft Office Excel 2010.

2.6. Identification of NUChC C1
and NUChC C2b isolates

Investigation of cultural-morphological and some physi-
ological-biochemical properties of isolates. Light micros-
copy (Delta Optical Genetic Pro microscope) at magnifica-
tion (x400 and x1000) and electron microscopy (BS-540
electron microscope) (Tesla, Czechoslovakia) at x16000
magnification were used to study the morphology of NU-
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ChC C1 and NUChC C2b bacteria. Preparations of micro-
bial cells were Gram-stained in the Kalina’s modification
to determine gram affiliation by Hansen’s method for stain-
ing spores (Dikiy et al., 2002). The strains were grown on
Postgate’s “B” medium, meat-peptone broth (MPB) and
meat-peptone agar (MPA). Morphological analysis of colo-
nies was performed according to the conventional scheme.
Studies of the presence of catalase and oxidase were per-
formed by conventional methods (Dikiy et al., 2002).

Molecular-genetic analysis of isolated strains. To iden-
tify bacteria the sequencing and analysis of 16S rRNA gene
were carried out. DNA isolation, amplification with 27F
and 1492r primers, sequencing of 16S rDNA in both di-
rections, phylogenetic analysis procedures were performed
as described in (Tkachuk et al., 2017). The nucleotide se-
quences were deposited in GenBank as Bacillus velezen-
sis with accession numbers MN508954.1 (NUChC Cl1),
MN749356.1 and MN749357.1 (NUChC C2b). The ba-
sic sequence statistics of 16S rDNA, including conserved
sites, variable sites, parsimony informative sites, singleton
sites and calculation of pairwise distances were analyzed
with MEGAG6 software (Tamura et al., 2013).

Genome variability and strain differentiation were ana-
lyzed by ISSR-PCR (Inter-simple sequence repeat poly-
merase chain reaction) (Tkachuk et al., 2020).

3. Results and discussion

3.1. Microbiological characteristics of NUChC C1
and NUChC C2b isolates

Colonies of NUChC C1 isolate when cultured on Post-
gate’s “B” agar medium under aerobic conditions were
superficial, of grayish-beige color, irregular shape, solid

a

consistency, size 3-4 mm. The edges of the colonies were
wavy, the structure is fine-grained, the center of the colo-
nies was darker than the edges.

On the MPA, the colonies of NUChC C1 and NU-
ChC C2b isolates had a diameter of 3 and 1 mm, respec-
tively, were of beige color, round (NUChC C1) or irregular
shape (NUChC C2b) (Fig. 1). The profile of the colonies
is flattened, the surface is shiny, smooth, the structure is
fine-grained. The edges of the colonies are uneven, wavy.
The consistency is soft. Bacteria are gram-positive motile
rods with rounded ends, peritrichous, 8.0 = 0.9 um long
(NUCKC C1) and 7.0 = 0.5 um (NUChC C2b), single, in
pairs or chains (4 or more cells), form endospores (Fig. 1).

Both isolates are catalase-positive and oxidase-nega-
tive.

Therefore, microbiological characteristics according
to Bergey’s Manual of Systematic Bacteriology (De Vos
et al., 2009) prove that the isolated bacteria can belong to
the Bacillus genus.

3.2. Genome variability of the new isolates

The results of PCR-ISSR analysis are presented in Figure
2. The comparison of the sets of amplification fragments
obtained (in number and size) between isolates showed the
presence of common and unique for each sample ampli-
cons. The size of PCR products ranged from 600 to 3000
bp ((GA),C) and from 300 to 2000 bp ((GA),T). The total
spectrum of amplification products with primer ((GA),C)
consisted of 7 fragments, 3 of which were polymorphic.
The percentage of polymorphic loci using primer (GA),T
was 62.5%, 5 of 8 amplicons. Thus, the bacteria NUChC
C1 and NUChC C2b do belong to different strains.

b

Figure 1. Test isolates (colonies on MPA (24 hours) and microphotographs of the cells (electron microscopy, x16000). a — NUChC

C1; b — NUChC C2b (scale bar: 5 pm)
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3.3. The presence and activity of bacillibactin,
fengycin and polyglutamic acid synthesis genes
in the genome of NUChC C1 and NUChC C2b strains

Bacillus bacteria are known to be widespread in the en-
vironment, including soil, and are able to produce a vari-
ety of important natural substances (Saxena et al., 2020).
They are used to improve plant growth and development
and as biocontrol agents, due to their ability to synthe-
size substances with antifungal, antibacterial and nemato-
cidal activity (Mongkolthanaruk, 2012; Ramlucken et al.,
2020; Saxena et al., 2020). Such substances include cyclic
lipopeptide fengycin, siderophore bacillibactin (Mong-
kolthanaruk, 2012) and polyglutamic acid (Hsueh et al.,
2017).

(GA),C

(GA)sT

1000 bp

500 bp

Figure 2. The electrophoregram of amplification products with
primers to short nucleotide repeats: M — DNA ladder
(ThermoScientific); 1, 3 — NUChC C1; 2, 4 -NUChC
C2b

The study of the presence of genes for the synthesis of
bacillibactin (dhbC, dhbF), fengycin (fenA) and polyglu-
tamic acid (epsK) in the genome of isolates showed that the
studied strains have only the gene for the synthesis of ba-
cillibactin (Fig. 3). Bacillibactin biosynthesis relies on the
dhbA-F operon encoding enzymes that carry out four se-
quential reactions converting 3-chorismate to bacillibactin
(Abe et al., 2019; Qin et al., 2019). Comparative analysis
of dhbC and dhbF genes expression revealed differences
in mRNA abundance between two strains. NUChC C2b
strain demonstrated the higher transcriptional activity after
24 hours of cultivation compared to NUChC CI1 strain but
the level of dhbC and dhbF expression was decreasing on
144" hour in NUChC C2b strain while it was still increas-
ing in NUChC Cl strain (Fig. 4).

Figure 3. The electrophoregram of amplification products of the
dhbF gene fragment. M — a molecular weight marker;
1 — the negative control; 2 — NUChC C1; 3 — NUChC
C2b

30 7

25 A

20 A

ONUChC C1

2-AACt

B NUChC C2b

144 h

Figure 4. Relative total dhbC and dhbF genes expression level in test strains. The least total gene expression level was taken
as 1 (NUChC C1). The differences between strains are statistically significant at p<0.05
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The results of the investigation of the number of si-
derophores of the catecholate type in the culture fluid of
the studied strains are shown in Table 2.

Table 2. Optical density (OD,,) of the supernatant of the
studied NUChC C1 and NUChC C2b strains by
spectrophotometric testing of Neilands

OD490
A variant of the experiment
24 hours 144 hours
MPB (without bacteria) 0.045 0.050
Supernatant from MPB culture
of NUChC C1 0.050 0.055
Supernatant from MPB culture 0.064 0.063

of NUChC C2b

It was found that optical density of the supernatant from
MPB culture of NUChC C2b strain is 15-28% higher than
NUChHC C1 strain (Table 2). This indicates a higher number
of catecholate-type siderophores in NUChC C2b strain
culture at both the 24th and 144th hours of cultivation.

3.4. The intensity of biofilm-formation and growth
of D. oryzae under the influence of NUChC C1
and NUChC C2b strains

A number of researchers point to the fact that bacteria of the
genus Bacillus are able to inhibit the development of mi-
croorganisms that actively biodegrade materials and their
formation of biofilms (Jayaraman et al., 1999a; Jayaraman
et al., 1999b; Ornek et al., 2002; Korenblum et al., 2008;
Bano & Qazi, 2011; Korenblum et al., 2012; Du et al.,
2014; Aimeur et al., 2015; Wadood et al., 2015).
Therefore, we investigated the intensity of SRB biofilm
formation on the surface of PET samples in the presence
of a supernatant from MPB cultures of NUChC C1 and

a b

NUCKhC C2b, which contained siderophore bacillibactin.
The results are presented in Figure 5 and 6.

It was found that the supernatant of the studied NUChC
C1 and NUChC C2b strains significantly inhibits (2 times)
the formation of a biofilm on the surface of PET bacteria
D. oryzae NUChC SRBI (Fig. 6). It should be noted that
the inhibition of SRB biofilm formation on PET by the
supernatant of both strains was the same, despite the ob-
served different level of expression of bacillibactin sidero-
phore synthesis genes and the difference in the number of
catecholate-type siderophores (Fig. 4, Table 2). Thus, a su-
pernatant from MPB cultures of NUChC C1 and NUChC
C2b strains inhibits the formation of SRB biofilm on the
poly(ethylene terephthalate) surface.

Therefore, we further investigated the antagonistic
properties of our isolates against SRB D. oryzae. The ex-
periment was performed by filling the antagonist colonies
with Postgate’s “C” agar medium containing test-organ-
isms. It was found that SRB D. oryzae strains NUChC
SRB1 and NUChC SRB2 develop around colonies of iso-
lates — sterile arecas are absent. Therefore, the antagonis-
tic properties of the studied isolates against SRB were not
observed.

3.5. Identification of isolates by 16S rRNA gene
sequence analysis

As a result of molecular-genetic analysis of isolates,
fragments of the 16S rRNA gene with a size of 567 bp
(NUChC C1), 665 and 179 bp (NUChC C2b) were se-
quenced. The initial comparison of the obtained sequences
using the BLAST program showed 99 % similarity with
different members of the genus Bacillus: B. methylotrophi-
cus, B. amyloliquefaciens subsp. plantarum, B. velezen-
sis. Based on the nucleotide sequences of the 16S rRNA
gene of type strains of the most similar species and stud-
ied isolates using the Neighbor-Joining algorithm and the
two-parameter Kimura’s model, a dendrogram of genetic
similarity was constructed (Fig. 7).

c d
Figure 5. Samples of PET with the formed biofilm of sulfate-reducing bacteria: a — control; b — SRB1; ¢ — SRB1 + C1; d — SRB1 + C2b
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Figure 6. Biofilm-forming ability of sulfate-reducing bacteria of strain D. oryzae NUChC SRB1 on the poly(ethylene terephthalate)
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Figure 7. Results of phylogenetic analysis of isolates of NUChC C1 and NUChC C2b and other members of the genus Bacillus
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All these species of the genus Bacillus combined into
one cluster. As can be seen from Figure 7, isolates of
NUChHC C1 and NUChC C2b were included in one sub-
cluster with the species Bacillus velezensis, which con-
firms their belonging to this species. It should be noted
that today the species names of B. amyloliquefaciens
subsp. plantarum, B. methylotrophicus, “B. oryzicola”,
B. methylotrophicus subsp. plantarum are accepted as het-
erotypic synonyms of B. velezensis (Dunlap et al., 2016;
NCBI, 2019).

Therefore, NUChC C1 and NUChC C2b isolates have
been identified as Bacillus velezensis for a number of mi-
crobiological and genetic characteristics.

Antibiofilming and antifouling properties of
B. velezensis bacteria have been noted in the works of
a number of researchers (Khan et al., 2016; Wang et al.,
2019; Yoo et al., 2019). In particular, B. velezensis WY
has the ability to quench the quorum sensing due to the
significant activity of degradation of acylhomoserinlac-
tone — a kind of signaling molecule required for the devel-
opment of biofilm (Khan et al., 2016). It is possible that
our B. velezensis NUChC C1 and NUChC C2b strains also
have the ability to quench the quorum sensing, because,
despite the antibiofilm-forming properties of SRB bio-
films, their antagonistic properties against these bacteria
have not been noted.

In addition, representatives of B. velezensis are produc-
ers of bacillibactin (Rabbee et al., 2019) — a siderophore
of the catecholate type (Hertlein et al., 2014). The ability
to form bacillibactin is also the characteristic of our stud-
ied strains of B. velezensis NUChC C1 and NUChC C2b.
Siderophores are low molecular weight compounds that
chelate Fe*" ions, convert iron bound to proteins or water-
insoluble compounds into an ionic form of Fe*" available
to microorganisms (Leonov et al., 2016).

A number of researchers point to the fact that iron
(ITI) plays an important role in the formation of micro-
bial biofilms, and the depletion of iron in the environ-
ment can slow down the formation of biofilms (Harrison
& Buckling, 2009; Cai et al., 2010; Glick et al., 2010;
Pelchovich et al., 2013; Ali & Wakte, 2016). Analyzing
recent publications, Rizzi et al. (Rizzi et al., 2019) con-
clude that biofilm formation and Fe uptake are closely
related, and that biofilm formation may play an impor-
tant mechanistic role in Fe uptake by siderophore in bi-
ofilm-forming bacteria. Harrison and Buckling showed
(Harrison & Buckling, 2009) that clones of Pseudomonas
aeruginosa which were defected from cooperative pro-
duction of iron-scavenging siderophores were deficient in
biofilm formation. The presence of such clones in mixed
biofilms with a wild-type clone led to reduced biofilm
mass (Harrison & Buckling, 2009). Researchers noted
(Ali & Wakte, 2016) that the supply of sufficient iron
by siderophore insists the strain to form strong biofilm.

While the strain produce low to moderate amount of si-
derophore shown weak biofilm formation. This reveals
that low amount of siderophore insufficient to transport
optimum iron for growth and biofilm development under
iron restricted condition (Ali & Wakte, 2016). Along with
this it is noted that the biofilm formation and development
are strongly dependent on iron availability, and, for this
reason, iron chelation may be an encouraging and novel
approach to control biofilm (Ribeiro & Simdes, 2019).
The antibacterial activity may be achieved by the ability
of non-metabolizable iron chelators to diminish iron that
could otherwise be used for bacterial replication. Very ef-
fective chelators may deprive pathogenic microorganisms
of the iron essential for growth. Thus, iron chelators can
be used as therapeutic compounds (Ribeiro & Simoes,
2019).

4. Conclusions

NUChHC C1 and NUChC C2b isolates from the collection
of the Department of Biology of the T.H. Shevchenko
National University “Chernihiv Colehium” belong to dif-
ferent strains, have the presence and different transcrip-
tional activity of genes of bacillibactin synthesis operon,
and, accordingly, different production of siderophore ba-
cillibactin. According to the complex of microbiological
and genetic traits, the studied bacteria were identified as
Bacillus velezensis. The siderophore-producing Bacillus
velesensis strains inhibit the formation of sulfate-reducing
bacteria biofilms on the polymeric material poly(ethylene
terephthalate) with its long-term exposure (50 days) in
a culture of bacteria under conditions of sufficient iron
supply. Antagonistic properties of the studied strains
against sulfate-reducing bacteria D. oryzae NUChC SRBI1
and D. oryzae NUChC SRB2 were not observed.

Bacillibactin-producing strains prevent the devel-
opment of bacterial biofilms on the poly(ethylene tere-
phthalate) surface. This is one of the reasons for the pro-
longation of the process of poly(ethylene terephthalate)
biodegradation in natural ecosystems.
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