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Abstract This study was aimed at studying the
effect of heavy metals and arsenic on the survival
and biofilm formation of some saprotrophic micro-
organisms: Bacillus megaterium var. phosphaticum,
Bacillus  mucilaginosus, Pectobacterium caroto-
vorum, and Escherichia coli. As a source of heavy
metals and arsenic, we used aqueous solutions of
NaAsO,, Cd(CH;COO),, and Pb(NO,), (2.5, 25,
250 mg L7Y). The cultures in the liquid medium
had different resistance to the toxicants under study:
B. megaterium>B. mucilaginosus>P. carotovo-
rum> E. coli. The toxicity of the tested solutions of
heavy metals and arsenic for microorganisms can be
arranged (decreasing toxicity) as follows: cadmium
acetate >lead nitrate >sodium metaarsenite. These
experiments revealed some regularities related to the
mechanisms of toxic effect of As, Pb, and Cd solu-
tions on the formation of biofilms of soil bacteria,
changes in bacterial cellular forms, and their survival.
Bacillus megaterium strain was the most resistant to
high As concentrations and was able to influence the
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formation of highly structured colonies of bacterial
cells with the honeycomb-like structure. The immobi-
lization of heavy metals can be achieved due to their
binding into strong compounds with the matrix sub-
stances of biofilms and polymeric organic compounds
formed during the sporulation of rhizobacteria. It
can increase the resistance of bacteria to high con-
centrations of heavy metals and arsenic. The results
obtained can be of great practical importance in the
development of biotechnologies related to soil biore-
mediation, in the field of nanotechnology, crop pro-
duction, and medicine.

Keywords Cadmium - Lead - Arsenic - Biofilm -
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1 Introduction

Anthropogenic pollution of the environment with
heavy metals leads to their accumulation in the soil,
water, and food chain of living organisms. Plant-
microbial and soil ecosystems are known to be
closely interrelated (McLean et al., 2014; Miki and
Doi, 2016), including the interrelations through the
exchange of elements. Technogenic pollution of the
environment inevitably leads to the involvement of
xenobiotics in this exchange process. The role of the
saprotrophic soil bacteria in this process, in particular
under conditions of technogenesis, is recently being
widely discussed (Chen et al., 2018; Khan et al.,
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2017; Mani & Kumar, 2014; Ullah et al., 2015). In
this respect, the study of As and heavy metals such as
Pb and Cd and their biogenic behavior on the soil bac-
teria is of particular relevance since the compounds of
these elements are toxic, particularly as low molecu-
lar organic compounds, able to migrate in food chains
and accumulate in living organisms (Kabata-Pendias,
2011). Microorganisms play a major role in the trans-
formation of mineral components in all biosphere
environments.

As shown earlier, Bacillus mucilaginosus secretes
the silicase enzyme and provides silicon and other
macro- and microelements from natural silicates to
the rhizosphere of plants (Vaishlya et al., 2013). The
rhizobacteria are effective as components of biologi-
cal agriculture, able to increase soil microbiological
activity and thus crop production (Sokolova et al.,
2011). The effect of As and heavy metals on micro-
organisms can be discussed in various aspects. Micro-
organisms are known to reduce the concentrations
of chemical elements in the environment due to the
adsorption of metals on the surface of bacterial cells.
It is a passive process being not dependent on metab-
olism of bacterial cells. Immobilization of heavy met-
als can occur both inside live and dead bacterial cells
and in the biofilm matrix (Liu & Fang, 2002; Singh
and Cameotra, 2004; Tabak et al., 2005). All the
above processes rely on a number of factors: bacte-
ria species, timing of their contact with xenobiotics,
pH in the environment, metal concentration, and their
speciation.

Since biofilms are the preferential growth lifestyle
of microorganisms able to protect microbial cells
from stressful environmental conditions, their com-
position, structure, and mechanisms of interrelations
between microorganisms, contained in biofilms, and
xenobiotics are one of the priorities in their study
(Van Hullebusch et al.,, 2003). Biofilms are inten-
sively studied in medicine, as they play a leading
role in the growth and chronicity of infectious dis-
eases. They can inlay permanent catheters, internal
implants, contact lenses, and prostheses (Azevedo
et al., 2017; Wu et al., 2019). Biofilms can be formed
on various organs and tissues in bodies of humans
and animals. The ability of bacteria to form biofilms
is now considered as a factor of their pathogenicity as
the bacterial cells contained in the biofilm are highly
resistant to antibiotics and disinfectants (Borriello
et al., 2004; Hall & Mah, 2017; Yuan et al., 2020).
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Such a resistance creates significant difficulties in
the control of biofilms and presents a serious epide-
miological problem in medical institutions (Aslam
& Darouiche, 2011; Ielapi et al., 2020; Kim et al.,
2012; Walz et al., 2010). Moreover, biofilms of some
bacteria can be applicable in the following areas: in
industries involving long biotransformation of toxic
substances, due to the increased bacterial toler-
ance to xenobiotics (Nadagouda et al., 2012; Nocelli
et al., 2016; Grujic et al., 2017; Al-Amshawee et al.,
2020); in the biological purification of water, air, and
other media by creating microbial communities of a
given composition that effectively decompose harm-
ful compounds (Hall-Stoodley et al., 2004; Abebe,
2020); in biological control of phytopathogens caus-
ing plant diseases; as well as in medicine when using
medications with probiotic activity of living bacteria
(Alreshidi et al., 2020; Bais et al., 2004).

Rhizosphere microorganisms form biofilms on the
surface of plant roots. These microorganisms are able
to stimulate plant growth, secreting a huge amount of
various biologically active compounds and to protect
plants from pathogenic soil microflora and from con-
tamination by heavy metals (Castiblanco & Sundin,
2016).

Many microorganisms have the ability to resist the
toxic effect of heavy metals, which is explained by
their increased resistance, developed in the process
of their evolution. One of the ways to counteract this
was the formation of biofilms, due to polymer organic
materials released by microorganisms. Possible and
critical concentrations of heavy metals required for
the vital activity of bacteria are very important issues
which are to be studied for certain microorganisms
and metals individually. To develop effective methods
of metal bioaccumulation, it is required to investigate
the mechanisms of this process, to isolate active bac-
terial strains, to select microbial communities, and to
analyze the influence of external conditions on the
bioaccumulation process. The solution of a number of
environmental problems depends both on the ability
of microorganisms to precipitate or accumulate heavy
metals and on the analysis of the toxic effect of heavy
metals on microorganisms. Therefore, it is important
to study the patterns of biofilm formation under the
influence of various chemical compounds on biofilms
and the ability of bacteria to survive at different con-
centrations of xenobiotics.
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Since the effect of heavy metals on soil microor-
ganisms, particularly on their biofilms remains an
insufficiently studied biogeochemical sector, this
study was aimed at analyzing the effect of heavy met-
als and arsenic on the survival and biofilm formation
of some saprotrophic microorganisms. Better under-
standing of heavy metal-biofilm interactions can be
useful in managing the life of natural microbial popu-
lations and in the development of nanotechnologies
and biotechnologies, related to soil remediation, crop
production, and medicine.

2 Objects and Methods

In this study, we used the strains Bacillus megaterium
var. phosphaticum P1-04 (ACM (All-Russian collec-
tion of microorganisms) B-2357 D), Bacillus muci-
laginosus (ACM B-1574), Pectobacterium carotovo-
rum ssp. carotovorum ACM B-1247, and Escherichia
coli XL-1 Blue (“Stratagene”, USA).

Bacillus megaterium soil microorganisms are able
to convert phosphate from insoluble to a plant-acces-
sible form; Bacillus mucilaginosus can stimulate root
formation and supply silicon and other macro- and
microelements from natural silicates to a plant rhizo-
sphere (Bao et al., 2014; Stefanescu, 2015). Biologi-
cal preparations used in the study are environmentally
friendly, non-toxic, and safe for humans and ani-
mals plant growth stimulants (Vaishlya et al., 2013;
Sokolova et al., 2011).

The causative agent of the black rot of P. caro-
tovorum potato leads to wilting of the stems during
the growing season and causes rotting of the tubers
during both the growing season and storage. The san-
itary-indicative microorganism E. coli can be found
in the environment with fecal contamination and can
signal the sanitary inadequacy of soils for human eco-
nomic needs. The used plasmidless cells of E. coli
strain XL1-Blue are not pathogenic.

As a source of heavy metals and arsenic, we used
aqueous solutions of sodium metaarsenite NaAsO,,
cadmium acetate Cd(CH;COO),, and lead nitrate
Pb(NOy), (2.5, 25, 250 mg L_l). Their bactericidal
concentrations were determined by the disc-diffu-
sion method. On the surface of the fish-peptone agar

culture medium (FBIS “State Research Center for
Applied Microbiology & Biotechnology™), sterile
discs of filter paper with a diameter of 6 mm, sodden
with solutions of the investigated toxicants in differ-
ent concentrations, were impregnated in Petri dishes.
After the lawns from the microorganisms grew, the
diameter of the growth inhibition zones of the test
cultures was measured.

The influence of heavy metals and arsenic on bio-
film formation was assessed using spectrophotometry
by comparing the sorption of the dye with biofilms
in the control and experimental groups. One hundred
fifty microliters of a mixture consisting of 113 pl of
the suspension of the test strain of the microorganism
(D=0.2), washed with physiologic buffered saline
(PBS) with 0.5% glucose (PBSG) and 37 pl of PBSG
with a dissolved toxicant (10, 100, 1000 mg L_l) was
pipetted in 96-well plates. Suspensions of microbial
cells were cultured for 3 days at 31 °C. The optical
density of the biofilms was measured on the 4™ day
on the plate spectrophotometer (Bio-Rad, USA) at a
wavelength of 590 nm before staining and of 495 nm
after it. Before staining, plankton cells were shaken
out from wells with contents.

Then, 150 pl of distilled water and 20 pl of 1%
alcohol solution of gentian violet were added to the
wells of the plate, followed by a 45-min incubation
at room temperature. The biomass of the films was
assessed by measuring the amount of the dye asso-
ciated with them. For this purpose, 200 pl of 96%
ethanol was added to each well for extraction of
the dye from the surface of the plate, and the opti-
cal density of this solution was immediately meas-
ured. The degree of film formation corresponded to
the staining intensity of the well contents (Turskaya
etal., 2017).

To study the effect of arsenic and heavy metals
on changes in cell length and number of spores as
well as on the appearance of biofilm matrix, biofilms
were grown on coverslips in Petri dishes and then
they were microscopized. So, defatted sterile cov-
erslips were placed in Petri dishes filled with 20 ml
of a mixture consisting of 1:3 of a toxicant solution
(10, 100, 1000 mg L") in phosphate buffer and a sus-
pension of the microorganisms under study (D=0.2,
PBSQG), respectively. Coverslips should be completely
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immersed within the fluid. Instead of the toxicant
solution, PBSG was added in the control experiment.
Petri dishes were incubated for 3 days at 28 °C. Then,
the liquid contents of the Petri dishes were drained
and 5 ml of 2% glutaraldehyde in PBS was added
thereto. Within 2 h, the dishes were exposed at 4 °C
and then washed three times in PBSG at an interval of
15 min to remove glutaraldehyde. The biofilms were
visualized on the coverslips using an Axio Observer
Z1 microscope (Carl Zeiss, Germany). The number
and dimensions of the cells were determined in 10
fields of view of each sample using the Axio Vision
program.

To study the sorption of heavy metals and arse-
nic by microbial biofilms using ICP-MS inductively
coupled plasma mass spectrometry, their content was
determined in overbiofilm liquid. The ICP-MS with
the magnetic sector ELEMENT 2 (Finnigan MAT,
Germany) which has double focusing and the ability to
register the signal at various resolutions was used. The
determination error did not exceed 5-7%. To estimate
the concentrations, calibration was carried out using the
certified CLMS-1-4 solutions from SPEX (USA) with
element concentrations of 0.1; 1.0; and 5.0 ng mL~",
The levelling of the matrix effect was achieved by dilut-
ing the prepared solutions of the samples for the anal-
ysis in 1000 and 5000 times. Chemical analyses were
accomplished with the scientific equipment of the cer-
tified analytical center of collective use “Isotopic—geo-
chemical investigations” at the Institute of Geochemis-
try, SB RAS.

2.1 Statistical Analysis

Standard deviation (SD) was calculated with a prob-
ability p<0.05 in the analysis of chemical elements.
Error control was analyzed using the Thermo SPEC
spectrometer software (version 4.1). The tables show
mean values and their standard deviations. Chemical
analysis was accomplished using several measurements
(3 analytical replicates).

Graphs of the effects of heavy metals and arsenic
on bacterial survival were constructed using Micro-
soft Excel 2010 and STATISTICA 10 for Windows.
The graphs and tables show the arithmetic means and
their standard deviations for visual clarity. Significant
differences from the control growth of microorgan-
isms for the 3™ day are marked by the symbol “*”. The
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significance of the results obtained was determined
using the non-parametric Wilcoxon test.

3 Results

3.1 Evaluation of Heavy Metals and Arsenic Effect
on Microorganisms Using the Disc-Diffusion
Method

Solutions of sodium metaarsenite regardless of the
concentration did not affect the growth of B. mega-
terium, but had a bacteriostatic effect on B. mucilagi-
nosus. In this case, a weaker growth of microorgan-
isms was observed. The growth suppression zone in
this case was 10+1 and 8+0.5 mm in diameter at
250 and 25 mg L™, respectively (Fig. 1). With regard
to P. carotovorum and Escherichia coli, the solutions
showed a weak bactericidal effect: Small, clear zones
of no growth of microorganisms with a diameter of 7
and 8 mm, respectively, were formed in all concentra-
tions used.

Lead nitrate solutions in concentrations of
250-2.5 mg L~! inhibited the growth of all the test
cultures (Fig. 1). The growth suppression zone was
13+1 mm in diameter at 250 mg L~! in both bacilli
and 10+1 mm in P. carotovorum and Escherichia
coli. The most toxic agent was cadmium acetate. Its
solutions significantly inhibited the growth of the
lawn of the all test cultures (Fig. 1). The growth sup-
pression zone was 27+ 1 and 12+ 1 mm in diameter
at 250 and 25 mg L7! in B. mucilaginosus, 12+1
and 6+ 1 mm in B. megaterium, 20+1 and 15+1
in E. coli, and 15+1 and 10+1 in P. carotovorum,
respectively.

Thus, cadmium acetate was found to be the most
toxic solution, followed by lead nitrate and sodium
metaarsenite. In terms of decreasing resistance to the
action of all the selected toxicants on a dense nutri-
ent medium, the cultures can be arranged as fol-
lows: B. megaterium> P. carotovorum>E. coli> B.
mucilaginosus.

3.2 Evaluation of Heavy Metals and Arsenic Effect
on the Survival of Microorganisms

All the solutions of toxicants significantly suppressed
the increase of B. mucilaginosus cells in the sus-
pension with the exception of sodium metaarsenite,
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Fig. 1 Influence of solu-
tions of sodium metaarsen-
ite (A), cadmium acetate
(B), and lead nitrate (C) in
concentrations of I, 250; II,
25;and IIL, 2.5 mg L' on
the growth of bacteria: 1,
Bacillus megaterium var.
phosphaticum;, 2, Pecto-
bacterium carotovorum; 3,
Escherichia coli; 4, Bacillus
mucilaginosus

which did not influence the growth of culture in an
amount of 2.5 mg L~!. The most pronounced inhibi-
tory effect was found for the cadmium acetate solu-
tion (Fig. 2A).

Solutions of cadmium acetate and lead nitrate at
all the taken concentrations suppressed the increase
in B. megaterium var. phosphaticum by the 3™ day
of incubation as compared with the control experi-
ment (PBSG) (Fig. 2B). Herewith, a direct con-
centration dependence has been found. Cadmium
solutions were more toxic for microorganisms as

opposed to lead nitrate ones. However, a 2.5 mg L™
lead nitrate solution did not significantly influence
Bacillus megaterium growth. As opposed, solutions
of sodium metaarsenite had a significant stimulating
effect on the growth of biomass in all the concentra-
tions taken.

Solutions of lead nitrate and cadmium ace-
tate 2.5 mg L' and sodium metaarsenite 2.5 and
250 mg L~! significantly stimulated the growth of
P. carotovorum by the 3" day of incubation com-
pared with PBSG (Fig. 2C). In comparison with the
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Fig. 2 Influence of cadmium acetate—2, sodium metaarsen-
ite—3, and lead nitrate—4 (mg L™') on the survival rate of
Bacillus mucilaginosus (A), Bacillus megaterium (B), P. caro-
tovorum (C), and E. coli (D) on the 3™ day of incubation. D, is

initial optical density (0 days), the biomass did not
increase in the solution of cadmium acetate 250 mg
L. Solutions of lead nitrate 25 and 250 mg L™!
effected indifferently P. carotovorum. The growth
of microorganisms in the presence of cadmium
acetate 25 mg L' did not significantly differ from
the values of biomass buildup in PBSG.

Lead nitrate and sodium metaarsenite 250 mg
L' stimulated, while cadmium acetate 25 and
250 mg L~! suppressed the increase in E. coli bio-
mass (Fig. 2D). Other variants of the experiment
showed no significant effect.

The cultures in the liquid medium had dif-
ferent sensitivity to the action of the toxicants
taken: B. megaterium>B. mucilaginosus> P.

@ Springer

the initial concentration of bacteria; “*” means significant dif-
ferences from the control growth of microorganisms (PBSG)
on the 3 day. 1—PBSG is physiologic buffered saline with
0.5% glucose

carotovorum> E. coli. The toxicity of the tested
solutions of heavy metals and arsenic for microor-
ganisms can be arranged (decreasing toxicity) as
follows: cadmium acetate >lead nitrate > sodium
metaarsenite.

3.3 Evaluation of Heavy Metals and Arsenic
Effect on Biofilm Formation Activity of
Microorganisms

The process of biofilm formation is known to be stim-
ulated under unfavorable conditions. However, solu-
tions of cadmium acetate 2.5-250 mg L' and lead
nitrate 250 mg L™! were so toxic that biofilm forma-
tion of B. mucilaginosus was significantly suppressed
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Fig. 3 Influence of cadmium acetate—2; sodium metaarsen-
ite—3; and lead nitrate—4 (mg L‘l) on biofilm formation
of Bacillus mucilaginosus (A), Bacillus megaterium (B), P.
carotovorum (C), and E. coli (D) on the 3t day of incubation.

on the 3" day of incubation (Fig. 3A). Solutions of
sodium metaarsenite 250 mg L' did not affect the
optical density of B. mucilaginosus biofilm.

Biofilm formation of B. megaterium var. phos-
phaticum was stimulated by sodium metaarsenite
2.5 and 250 mg L' and lead nitrate 2.5 and 25 mg
L~! (Fig. 3B). Cadmium acetate 2.5-250 mg L™! and
lead nitrate 250 mg L~! significantly inhibited this
process. In case of sodium metaarsenite 25 mg L™,
a decrease in the amount of biofilms was slightly less
than in the control level.

Stimulation of biofilm formation of P. carotovorum
was observed in all the variants of the experiment,
except for cadmium acetate, 250 mg L™! (Fig. 3C).

Cadmium acetate 2.5 mg L~!, lead nitrate, and
sodium metaarsenite were found to stimulate the for-
mation of biofilms at all the concentrations taken,
while cadmium acetate 250 mg L~! suppressed the
biofilm formation of E. coli (Fig. 3D). Cadmium

“*” means significant differences from biofilm in the control
variant of the experiment (PBSG) on the 3rd day; 1—PBSG is
physiologic buffered saline with 0.5% glucose

acetate 25 mg L~!' did not affect E. coli biofilm
formation.

Thus, cadmium acetate suppressed biofilm for-
mation in almost all the concentrations taken, and
sodium metaarsenite and lead nitrate mainly stimu-
lated this process.

3.4 Evaluation of Heavy Metals and Arsenic Effect
on Cell Length and Number of Spores

Microscopy of coverslips with B. mucilaginosus and
B. megaterium biofilms grown in the presence of
applied toxicants showed the change in the shape of
microorganism cells, the number of spores, and the
appearance of the biofilm matrix fragments (Figs. 4
and 5, Table 1). Under the influence of sodium
metaarsenite 25 mg L~!, the number of spores in B.
mucilaginosus decreased by 5 times. Meanwhile, mul-
ticellular structures similar to biofilms were formed
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Fig. 4 Bacillus mucilagi-
nosus: a, control; b, sodium
metaarsenite 25; ¢, lead
nitrate 25; d, cadmium
acetate 2.5 (mg L™ (x100)

Fig. 5 Bacillus megate-
rium: a, control; b, sodium
metaarsenite 25; ¢, lead
nitrate 25; d, cadmium
acetate 2.5 (mg L) (x 100)

(Fig. 4b). Lead nitrate 25 mg L™! and cadmium ace-
tate 2.5 mg L™! induced the formation of more spores
(1.4 and 6.5 times higher than in the control), lead-
ing to a decrease in cell length by almost 1.5 times
compared to the control (Fig. 4c and d, Table 1).
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Solutions of cadmium acetate 25 and 250 mg L™ led
to a complete elimination of microorganism cells.
Sodium metaarsenite 25 mg L' also influenced
the change in the shape of the cells of Bacillus mega-
terium (Fig. 5b, Table 1). The cells became shorter
(by 1.4 times) and wider, and were filamentous-like
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Table 1 Influence of heavy
metals on sporulation and
changes in cell shape on the

Reagent, mg L'

The average number of spores in
10 fields of vision

Cell length, pm

3 day of biofilm formation

B. mucilaginosus B. megaterium B. mucilaginosus B. megaterium

in Bacillus megaterium var.

phosphaticum and Bacillus Cadmium acetate, 2.5 191+17 18.4+2.0 2.05+0.15 6.6+0.5

mucilaginosus Sodium metaarsenite, 25 5.2+0.4 47.0+4.8 29+02 3.25+0.35
Lead nitrate, 25 41.5+4.1 12713 2.1+0.2 4.1+0.39
PBSG (control) 28.5+2.9 54+0.5 3.0+02 4.7+0.5

grouped, resembling a honeycomb shape. The num-
ber of spores increased by 8.7 times. Lead nitrate
25 mg L' also led to an insignificant decrease in
cell length. Fragments of the biofilm matrix were
observed (Fig. 5c, Table 1). The number of spores
increased approximately by 2 times. In the experi-
ment with cadmium acetate 2.5 mg L~!, the number
of spores increased by 3 times compared to the con-
trol experiment; the cells grew longer (by 1.4 times)
and thinner (Fig. 5d, Table 1).

Change in the Concentration of Heavy Metals in
the Overbiofilm Liquid Bacillus megaterium var.
phosphaticum and Bacillus mucilaginosus.

The intercellular matrix of biofilm, consisting
mostly of polysaccharides and proteins, is able to
bind various compounds (Van Hullebusch et al.,
2003). We assumed that As, Cd, and Pb can be sorbed
by the matrix, which would allow us to recommend
these microorganisms for bioremediation. So, the
metal content in the initial culture solution was com-
pared at the beginning of the experiment and 3 days
after (Table 2). The heavy metals and arsenic contents
were found to decrease during the cultivation. Pollut-
ants accumulated to different degrees in biofilms with
different types of bacteria. Thus, it was found that at
the same initial concentrations of heavy metals and
arsenic in the initial cultivation medium, there is a

significant decrease in the metal content in the solu-
tion over the microbial mass of the B. mucilaginosus
strain (Table 2).

Although, as previous experiments showed, these
bacilli were more sensitive to the toxic effect of the
pollutants, they bound them better. In the variant with
Pb, the reduction was 96%, whereas in the experiment
with B. megaterium, it was only 56% (with the ini-
tial Pb content of 6 mg L™!). With initial Cd content
of 275 mg L~!, a reduction in the cadmium content
was 67% in the presence of B. mucilaginosus, while it
amounted only 30% in the presence of B. megaterium.
However, the bacillus strains used did not signifi-
cantly alter the amount of sodium metaarsenite with
As content of 150 mg L~'. Therefore, the concentra-
tions of As, Cd, and Pb decreased in the overbiofilm
liquid of B. mucilaginosus and B. megaterium, which
may be stipulated by their sorption in the biofilm
matrix.

4 Discussion

These experiments revealed some regularities related
to the mechanisms of toxic effect of As, Pb, and Cd
solutions on the formation of biofilms of B. megate-
rium, B. mucilaginosus, P. carotovorum, and E. coli;

Table 2 Change in the
concentration of As, Pb,

Chemical ele-

Initial concentration,

Final concentration (3" day), mg L™

. ’ ments mg L - - - —
and Cd in the overbiofilm Bacillus megaterium var. Bacillus mucilaginosus
liquid on the 3 day of phosphaticum
biofilm formation in -

Bacillus megaterium var. As 28.0+14 16.0+£0.8 15.3+0.8
phosphaticum and Bacillus 150+7.5 149+7.4 147.8+7.4
i”:”lag {nOSUS Pb 6.0+0.3 2.6+0.13 0.24+0.01

verage

concentration +SD, n=3 30.0x+1.5 9.7+0.5 2.6+0.15
analytical measurements. Cd 55.0+2.7 21.0+1.0 13.5+0.7
Values are not significantly 275+13.8 193+9.6 92.0+£4.6
different at p < 0.05 _ — —
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changes in bacterial cellular forms; and their survival.
The saprotrophic bacteria under study showed differ-
ent resistance to As, Pb, and Cd.

Solutions of sodium metaarsenite displayed a bac-
teriostatic effect on B. mucilaginosus but had little
effect on the growth of B. megaterium regardless of
concentration on lawns. The solutions showed a weak
bactericidal effect on P. carotovorum and E. coli. In
a liquid medium, solutions of sodium metaarsenite
inhibited the growth of B. mucilaginosus cell sus-
pension (except of 2.5 mg L7!) and stimulated the
accumulation of biomass in all other bacterial strains
(Fig. 2). Arsenic solutions did not affect the biofilm-
forming process of the B. mucilaginosus strain. They
stimulated this process of B. megaterium, P. caroto-
vorum, and E. coli at a maximum As concentration in
the solution (Fig. 3). Microscopy of coverslips with
B. megaterium grown in the presence of As solu-
tion revealed its specific behavior: The cells became
shorter and wider and were grouped into separate
chains, independent colonies, similar to honeycomb-
like structures (Fig. 5). In the presence of As solution,
B. mucilaginosus cells were spiral-shaped concen-
trated (Fig. 4).

With initial As content of 28 mg L', in the pres-
ence of B. mucilaginosus and B. megaterium, As con-
centration in the overbiofilm liquid decreased by 42%,
while its concentration did not change in the presence
of both cultures at the maximum As initial concentra-
tion (Table 1), which can be explained by both high
migration mobility of the element and specific fea-
tures of biofilm matrix. Soil bacteria can play a sig-
nificant role to stimulate arsenic migration (Fitz &
Wenzel, 2002). At the same time, there is a growing
body of evidence that soil bacteria can accumulate
As in less toxic biomethylated forms (Kabata-Pendias
2011). Since arsenic is widely distributed in nature
and is chemically similar to phosphorus, a biophile
element, many microorganisms have the ability to use
arsenic in metabolic processes, changing its valence.
As™ can enter cells via phosphate transporters and
interfere in oxidative phosphorylation by replacing
phosphate. Some bacteria use As™ as an electron
donor. Arsenic oxidation suggests aerobic respiration.
In such a transformation, more toxic As™> transforms
into less toxic As™ (Lieutaud et al., 2010; Perelomov
and Chulin, 2014).

In terms of decreasing resistance to the action
of heavy metals and arsenic on a dense nutrient
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medium, the cultures can be arranged as follows: B.
megaterium > P. carotovorum>E. coli>B. muci-
laginosus. The same cultures on a liquid medium
showed a different sensitivity to the action of toxi-
cants: B. megaterium > B. mucilaginosus> P. caro-
tovorum> E. coli. These two methods indicate that
the Bacillus megaterium var. phosphaticum strain
had a higher resistance to high concentrations of
arsenic. This strain was also able to influence the
translocation of phosphorus compounds into plants.
Thus, there is a special interaction of As with the
Bacillus megaterium var. phosphaticum strain. Cur-
rently, there are discussions that some bacteria in
critical situations can use arsenic instead of phos-
phorus for their vital activity, since these elements
are similar in their chemical properties (Oremland
et al., 2009).

As was shown earlier (Belogolova et al., 2019), B.
megaterium var. phosphaticum is able to initiate As
accumulation in the rhizosphere. This strain has a
significant effect on As migration, its mobilization,
and immobilization in the rhizosphere due to arsenic
leaching from mineral and difficult-to-destroy com-
pounds and its accumulation in the rhizosphere soil
and plant roots. The authors (Belogolova et al., 2015)
describe a combined effect of Bacillus megaterium,
Bacillus mucilaginosus, and Azotobacter on immo-
bilization of high As contents in rhizosphere soil. A
complex effect of bacteria can enhance the processes
of biosorption of xenobiotics in the biofilm matrix
(Nocelli et al., 2016). The study of the biogeochemi-
cal activity of arsenic in the rhizosphere can also be
of great practical importance, due to the possibility to
use strains of living soil bacteria Bacillus megaterium
var. phosphaticum, Bacillus mucilaginosus, and Azo-
tobacter for soil remediation.

Solutions of lead nitrate in our experiments inhib-
ited the growth of the lawns of all test cultures, irre-
spective of the concentration. In a liquid medium,
lead nitrate solutions inhibited the growth of B. muci-
laginosus and B. megaterium (Fig. 2). Solutions of
lead nitrate 250 mg L~! inhibited the biofilm-forming
ability of B. mucilaginosus and B. megaterium. Solu-
tions of lead nitrate enhanced the biofilm-forming
ability of P. carotovorum and E. coli in almost all
the concentrations taken (Fig. 3). Microscopy of
coverslips with B. megaterium biofilms grown in the
presence of lead solution displays an insignificant
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decrease in cell length and the appearance of the bio-
film matrix fragments (Fig. 5¢).

In the presence of B. mucilaginosus and B. mega-
terium, Pb concentration in the overbiofilm liquid
significantly decreased, in particular of B. mucilagi-
nosus (Table 2). It means that this strain initiated lead
fixation in the biomass. However, earlier experiments
showed that this strain was more sensitive to lead
toxic effect, but it bound lead better.

It is known that microorganisms are able to adsorb
trace elements on the surface of cells and accumu-
late them inside the cells due to biological sorption
(Tabak et al., 2005). Lead can also be accumulated
in the biofilm matrix (Koechler et al., 2015). As
opposed to As, lead has lesser migration mobility in
natural environments and is able to form strong bonds
with organic matter (Kabata-Pendias, 2011). For
instance, B. mucilaginosus displayed higher spore-
forming ability. Spore formation leads to the accumu-
lation of polymeric organic substances. These com-
pounds could initiate lead sorption, therefore leading
to significant decrease in its concentration in the solu-
tion compared to the biomass of B. mucilaginosus
(Table 2).

Microorganisms are known to adsorb heavy met-
als at a high rate. Dead cells are also capable of
accumulating heavy metals (Das et al., 2012; Wang
& Chen, 2009). The early researches showed the abil-
ity of organic lead compounds to transfer into more
mobile forms in the rhizosphere soil inoculated with
Azotobacter, B. megaterium, and B. mucilaginosus
and to initiate its immobilization in chelate forms
in rhizosphere and plant roots (Belogolova et al.,
2020). These bacteria intensively affect lead mobi-
lization and immobilization in the soil-plant system
and suppress its entry into the upper parts of plants.
This is also illustrated by the example of Rhodobacter
sphaeroides (Li et al., 2016).

Solutions of cadmium acetate inhibited the
growth of all test cultures on dense and liquid nutrient
media and the biofilm-forming process, as cadmium
is the most toxic element amongst heavy metals. It
possesses high genotoxicity, as it readily accumulates
inside the cells of living organisms. Cadmium is also
known to inhibit the DNA-mediated transformation in
microorganisms (Kabata-Pendias, 2011).

We studied the effect of different cadmium con-
centrations on the survival rate of microorganisms.
The results show that when cadmium concentration

decreased, microbial growth increased, while its
higher concentrations suppressed the microbial
growth (Fig. 2). These data are consistent with the
results of the disc-diffusion method. Microscopy of
coverslips with B. mucilaginosus and B. megaterium
biofilms grown in the presence of Cd salts displayed
an adaptive strategy of microorganism survival. Solu-
tion of cadmium acetate 2.5 mg L™! stimulated spore-
forming ability of B. mucilaginosus that resulted in
shortening of cell length and appearance of biofilm
matrix fragments compared with the control experi-
ment. The same solution stimulated the spore-form-
ing process of B. megaterium and led to elongation
and thinning of cells (Fig. 5d, Table 1). This may also
suggest the influence of genotoxicity of cadmium,
leading to reshaping bacteria cells. B. mucilaginosus
was shown to have a high spore-forming ability that
may suppress the growth and inhibit biofilm forma-
tion under the effect of cadmium, which demonstrated
a higher toxicity. Like in the case with Pb, cadmium
concentrations significantly decreased in the overbi-
ofilm liquid of B. mucilaginosus. It means that spore-
forming processes inhibited cadmium entry into the
overbiofilm solutions and initiate its immobilization
that can occur under the effect of polymeric organic
substances, produced from the spore-forming process.

Some authors report that extracellular polymeric
organic substances may be more important in the
biosorption of heavy metals than the surface of bacte-
rial cells (Koechler et al., 2015; Van Hullebusch et al.,
2003; Zakaria & Ahmad, 2020). Therefore, both bac-
terial cells and extracellular polymeric organic sub-
stances, formed in the biofilm matrix and in the spore
formation process, are able to initiate immobilization
of heavy metals.

5 Conclusion

All in all, the experiments established specific fea-
tures related to mechanisms of toxic effect of As,
Pb, and Cd salt solutions on biofilm formation of B.
megaterium, B. mucilaginosus, P. carotovorum, and
E. coli; changes in bacterial cellular forms; and their
survival. The bacteria under study demonstrated dif-
ferent resistance to As, Pb, and Cd. The Cd solutions
showed the maximum toxicity to the studied bacteria
and suppressed the biofilm formation almost at all the

@ Springer



343 Page120f14

Water Air Soil Pollut (2021) 232: 343

taken concentrations while As and Pb solutions stim-
ulated this process.

The immobilization of heavy metals can be
achieved due to their binding into strong compounds
with the matrix substances of biofilms and polymeric
organic compounds formed during the sporulation of
bacteria. The strain Bacillus megaterium was found to
be the most resistant to high As concentrations and
was able to influence the formation of highly struc-
tured colonies of bacterial cells with honeycomb-like
structures.

The study of heavy metal-biofilm interactions can
be useful in managing the life of natural microbial
populations in the development of nanotechnologies
and biotechnologies, related to soil bioremediation,
crop production, and medicine.
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