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Introduction

Moroz, O. M., Hnatush, S. O., Yavorska, H. V., Zvir, G. L, & Tarabas, O. V. (2022). Influence of potassium dichromate on the reduc-
tion of sulfur, nitrate and nitrite ions by bacteria Desulfiromonas sp. Regulatory Mechanisms in Biosystems, 13(2), 153-167.
doi:10.15421/022220

This article presents the regularities of reduction of sulfur, nitrate and nitrite ions by sulfur reducing bacteria Desulfiromonas sp.,
which were isolated from the water of the man-made Yavorivske Lake (Lviv Region, Ukraine), under the influence of potassium dichro-
mate. This bacteria in the process of anaerobic respiration can use and reduce different electron acceptors, such as sulfur, nitrates, nitrites,
oxidized forms of heavy metals, in particular, hexavalent chromium. Technogenically altered ecotopes are characterized by complex
pollution, so several electron acceptors are available to bacteria at the same time. Strains of microorganisms isolated from such ecotopes
are adapted to unfavourable conditions and therefore have high biotechnological potential. The purpose of this work was to investigate the
regularities of elemental sulfur, nitrate or nitrite ion usage by sulfidogenic bacteria of Desulfiromonas genus in conditions of simultaneous
presence in the medium of another electron acceptor — Cr(V1), to establish the succession of reduction of electron acceptors by strains of
these bacteria and to evaluate the efficiency of their possible application in technologies of complex purification of the environment from
metal compounds and other inorganic toxicants. Bacteria were grown under anaerobic conditions in Kravtsov-Sorokin medium without
SO, and without Mohr’s salt for 10 days. To study the efficiency of sulfur, nitrate or nitrite ions’ reduction at simultaneous presence in
the medium of Cr(VI) bacteria were sown in media with elemental sulfur, NaNOs, NaNO; or K,Cr;0O; to final S°, NOs, NO, or Cr(VI)
concentration in the medium of 3.47 (concentration of' SO in medium of standard composition) or 1.74,3.47,5.21, 6.94 and 10.41 mM.
Biomass was determined by the turbidimetric method, and the concentrations of nitrate, nitrite, ammonium ions, hydrogen sulfide, Cr(VI),
Cr(IIl) in cultural liquid were determined spectrophotometrically. It has been established that Cr(V1) inhibits the biomass accumulation
and hydrogen sulfide production by bacteria of Desulfiromonas sp. after simultaneous addition into the medium of 3.47 mM S’ and 1.74—
1041 mM Cr(VI). In the medium with the same initial content (3.47 mM) of S” and Cr(VI) bacteria produced Cr(III) at concentrations
3.3-3.4 times higher than that of hydrogen sulfide. It has been shown that K,Cr,O7 inhibits biomass accumulation, nitrate ions’ reduction
and ammonium ions” production by bacteria after simultaneous addition into the medium of 3.47 mM NO; and 1.74-1041 mM Cr(VI)
or 1.74-1041 mM NO; and 3.47 mM Cr(VI). In the medium with the same initial content (3.47 mM) of NO; and Cr(VI) bacteria re-
duced up to 1.2 times more nitrate ions than Cr(VI) with the production of ammonium ions at concentrations the same times higher than
those of Cr(II). It has been established that K,Cr,O5 inhibits biomass accumulation, nitrite ions’ reduction and ammonium ions’ produc-
tion by bacteria after simultaneous addition into the medium of 3.47 mM NO, and 1.74-10.41 mM Cr(VI) or 1.74-10.41 mM NO, and
3.47 mM Cr(VI). In the medium with the same initial content of (3.47 mM) NO,and Cr(VI) the reduction of Cr(VI) by bacteria was only
slightly, up to 1.1 times, lower than the reduction of nitrite ions, almost the same concentrations of trivalent chromium and ammonium
ions were detected in the cultural liquid. The processes of nitrate and nitride reduction carried out by bacteria of Desulfiromonas genus
were revealed to be less sensitive to the negative influence of sodium dichromate, as compared with the process of sulfur reduction, be-
cause in the media with the same initial content (3.47 mM) of NO; or NO; and Cr(VI) bacteria produced 1.1—1.2 times more NH, " than
Cr(III), but in the medium with the same initial content (3.47 mM) of S’ and Cr(VI) ) bacteria produced over than three times more Cr(III)
than hydrogen sulfide. Our data allow us to conclude that bacteria of Desulfiromonas genus, the investigated strains of which are adapted
to high concentrations (up to 10.41 mM) of inorganic toxicants, play an important role in the geochemical cycles of sulfur, nitrogen and
chromium in aquatic environments that have been under anthropogenic influence.

Keywords: Desulfiuromonas sp.; sulfur; nitrate ions; nitrite ions; hexavalent chromium; electron acceptors.

treatment of chromite ore. In addition to mining and industrial activities,
natural rocks such as ultramafic and mafic rocks, volcanic eruptions, forest

Chromium is one of the most common environmental contaminants.
Chromium is routinely discharged to the environment from effluents of
multiple industrial processes (chrome plating, dye manufacturing, the
textile industry, the aircraft industry, leather tanning, wood preservation,
mud drilling, steel, automobile manufacturing, military defense applica-
tions). Chromates, dichromates, chromic acid, chromic sulfate and chro-
mic oxides are examples of industrially relevant chromium compounds.
These chromium compounds are generally produced from the mining and
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fires, and weathering are also a geogenic source of Cr(VI) in groundwater
(Viti et al,, 2014; Kazakis et al., 2015). Cr has high redox potential, and it
can exist in several oxidation states, the most stable of which are Cr(III)
and Cr(VI). They differ in chemical characteristics and biological effects
(Sharma et al., 2022). Cr(VI) pollution has become one of the world’s
most serious environmental concerns due to its non-biodegradability and
long persistence in the soil and water and highly toxicity to humans and
wildlife. Cr(VI) is classified as a group 1 carcinogen by the World Health
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Organization, the maximum allowed concentration of chromium in drin-
king water is set at 50 pg/L by the drinking water guideline (Sharma et al.,
2022). Physico-chemical techniques currently used for Cr(VI) removal
(adsorption, chemical precipitation, reverse osmosis, ion exchange, elect-
rocoagulation, membrane separation, electrodialysis) are not environmen-
tally friendly and use a large number of chemicals (Fathima et al., 2005).
Bioremediation (bioaccumulation, biotransformation, biosorption, biolea-
ching) is often the preferred method to deal with Cr contaminated sites,
because it is an eco-friendly and cost-effective technology. A variety of
fungal and bacterial species (Aspergillus sp., Streptomyces rimosus, Acti-
nomyces sp., Streptomyces griseus, Chelatococcus daeguensis, Pseudo-
monas alcaliphila NEWG-2, Bacillus sp., Pleurotus ostreatus, Scenedes-
mus sp.) showed promise in removing Cr(VI) from industrial effluent
(Poopal & Laxman, 2009; Sharma et al., 2022). Representatives of the
sulfidogenic microbiota, isolated from contaminated environments and
adapted to stress factors, also are suitable for use in the technologies of
purification of different substrates from chromium compounds and other
toxicants (Moroz et al., 2014; Kuznetsov et al., 2015; Moroz et al., 2018;
Tengetal., 2019).

Cr(II) is relatively insoluble under natural conditions and therefore
less toxic than Cr(VI) (Sobol & Schiestl, 2012; Viti et al., 2014). Despite
the fact that Cr(IIl) is an essential oligoelement for humans (Joutey et al.,
2015), at high concentrations it affects DNA replication, causes mutage-
nesis, and alters the structure and activity of enzymes, reacting with their
carboxyl and thiol groups in cells (Viti et al., 2014). The hexavalent form
of Cr is soluble, carcinogenic, genotoxic, and mutagenic for living orga-
nisms (Viti et al., 2014; Liang et al., 2021). In bacteria cells Cr(VI) modi-
fies the expression of genes whose products are involved in transport and
metabolism of carbohydrates, amino acid conversion, production and use
of energy in the form of ATP (Viti et al., 2014). Cr(VI) penetrate the cell
membrane of Shewanella oneidensis MR-1, Pseudomonas putida F1,
Cupriavidus metallidurans CH34, Arthrobacter sp. FB24 by the ABC
sulfate transporter system (Aguilar-Barajas et al., 2011; Hoffimann et al,
2017). In cytoplasm it interacts with intracellular reductants (amino acids,
nucleotides, sugars, organic acids, glutathione, flavoenzymes, vitamins)
and generates chemically active intermediates Cr(V) or Ci(IV), Cr(III) as
the end product, free radicals and can cause oxidative stress (Sobol &
Schiestl, 2012; Viti et al., 2014; Hnatush & Maslovska, 2018). Reduction
of Cr(VI) to Cr(V) is combined with the formation of H,O,. The interac-
tion of Cr(V) with H,O, leads to the formation of hydroxyl radicals. Pro-
bably, the genotoxicity and toxicity of Crn(VI) is due to damage of DNA
and proteins, respectively, caused by oxygen radicals, formed as a result of
its reduction (Sobol & Schiestl, 2012).

There are several Cr-resistance mechanisms that are displayed by
microorganisms. These include active efflux of Cr compounds, metabolic
reduction of Cr(VI) to Cr(Ill), activation of enzymes involved in the de-
toxification of active oxygen forms and repair of DNA damage, and either
intercellular or extracellular precipitation of Cr(VI) (Belchik et al., 2011;
Richter et al., 2012; Joutey et al., 2015). Determinants of chromate and
dichromate resistance (genes encoding proteins involved in their transport
across the membrane) in isolates of Enterobacteriaceae are localized in
chromosomal or plasmid DNA (Caballero-Flores et al., 2011). Microbial
Cr(VI) removal typically involves three stages: binding of chromium to
the cell surface, translocation of chromium into the cell, and reduction of
Cr(V]) to Cr(III). Cr(VI) reduction by microorganisms may proceed on
the cell surface, outside the cell, or intracellularly, either directly via chro-
mate reductase enzymes, or indirectly via metabolite reduction of Cr(VI)
(Sharma et al., 2022). Membrane-bound metal reductases in gram-
negative bacteria are associated with the outer side of the membrane to
reduction metal ions outside the cell (Lengeler et al., 2005; Richter et al.,
2012). For bioaccumulation live biomass uses cellular energy to transport
hexavalent chromium through the cell membrane. The uptake of chro-
mium ions is a biphasic process. The primary step is known as biosorp-
tion, a metabolic energy independent process. Potentially hazardous heavy
metal ions link themselves (by mechanisms of ion exchange, complexa-
tion, chelation, adsorption, microprecipitation) to the cell’s surface binding
sites (phosphates, carboxyl, imidazole, amino, hydroxyl moieties, thio-
ether, sulfate, phenol, amine, sulthydryl groups). Thereafter, bioaccumula-
tion occurs, but is much slower, and is dependent on cell metabolic activi-

ty. The metal-ligand combination that develops on the cell surface is sub-
sequently transported inside by transporter protein. In addition, intracellu-
larly transported complexes interact with metal-binding proteins such
phytochelatins and metallothionein, causing precipitation, methylation,
and other reactions (Joutey et al., 2015; Sharma et al., 2022). Most repre-
sentatives of sulfidogenic bacteria have a non-specific metal reductase
enzyme system that allows them to use compounds of Cr(VI), Fe(1Il),
Mn(IV), U(VI), Cu(Il) and other metals as electron acceptors of anaerobic
respiration (Kozlova et al., 2008). Soluble and insoluble metal compounds
are reduced outside the cells by a system of membrane-bound metal re-
ductases (multi-heme c-type cytochromes) (Gescher & Kappler, 2012;
Richter et al., 2012; Breuer et al., 2015), therefore electrons are released
into the media, allowing these exoelectrogenic anaerobic bacteria to be
used in the microbial fuel cells as the anode biocatalysts (Fitzgerald et al.,
2013; Vasyliv et al., 2016; Prokhorova et al., 2017; Simonte et al., 2017).
Cytochromes MtrA, MtrB, MtrC and OmcA of Shewanella oneidensis
MR-1 are involved in dissimilatory reduction of oxidized forms of metals,
and it was found that MtrC and OmcA are terminal reductases of extracel-
lular Cr(VI) reduction (Belchik et al., 2011; Jing et al., 2020). Three-, tetra-
and deca-heme c-type cytochromes in Shevanella fiigidimarina, Desulfo-
vibrio vulgaris, Desulfiromonas acetoxidans are localized between the
inner and outer membranes and in the periplasm, through which electrons
from the cytoplasm from the reactions of organic compounds oxidation
are transferred to the outside of the cells, where the metal ions are reduced
(Gescher & Kappler, 2012). Bacteria of the Desulfiromonas genus oxi-
dize organic substrates using metals with variable valence as electron
acceptors (Moroz et al., 2014; Moroz et al., 2016), reduce and transform
them into non-toxic or less toxic for living organisms forms (Vasyliv et al.,
2011; Bilyy etal., 2014; Maslovska et al., 2015).

Obligate anaerobic eubacteria Desulfiuromonas acetoxidans, Desulfu-
rella acetivorans, Wolinella succinogenes, Desulfovibrio gigas, Desulfo-
microbium sp. can carry out sulfur respiration with the formation of hy-
drogen sulfide (Kozlova et al., 2008). Bacteria of the Desulfiromonas
genus use elemental or polysulfide sulfur, nitrates, nitrites, L-malate, fu-
marate, tri- or tetrachlorethylene, oxidized forms of heavy metals (Cr(VI),
Fe(IIT), Mn(IV), Cu(ID)) as electron acceptors (Sung et al., 2003; Kuever
etal., 2005; Moroz et al., 2014; An & Picarda, 2015; Hnatush et al., 2018),
oxidizing H, or the simple organic compounds to CO, (Roden & Lovley,
1993; Hedderich et al., 1999; Vasyliv et al.,, 2015). In Wolinella succino-
genes polysulfide reduction occurs in the periplasm, using hydrogen and
electron transport chain, which includes hydrogenase and polysulfide
reductase. These enzymes are localized in the cytoplasmic membrane and
their substrate-binding sites are oriented to the periplasm. Polysulfide
reductase contains molybdopterine guanine dinucleotide and Fe-S protein
and bound with hydrogenase by cytochromes or quinones (Hedderich
etal., 1999; Lengeler et al., 2005). Sulfidogenic bacteria attract attention of
biotechnologists as potential agents of purification of contaminated by
metal compounds environments, because as a result of interaction H,S
with divalent metal ions their insoluble sulfides are formed and thus they
are removed from the natural cycle of elements (Kiran et al., 2017; Moroz
et al,, 2018). These bacteria reduce nitrates and nitrites with the participa-
tion of NADH,, NAD(P)H or reduced quinone to ammonium (Lengeler
et al., 2005; Kozlova et al., 2008). NarGHI nitrate reductase is an enzyme
complex consisting of multi-heme b-type cytochrome, proteins with Fe-S
clusters and Mo-containing cofactor (Morozkina & Zvyagilskaya, 2007,
Kozlova et al., 2008). Nitrate reduction with the formation of nitrites and
their subsequent reduction by a complex of periplasmic dissimilatory
nitrite reductases to NH," in Wolinella succinogenes and Desulfiromonas
sp. was described (Bokranz et al., 1983; Chayka & Peretyatko, 2018).

Technogenically altered ecotopes, in particular such as Yavorivske
Lake, are characterized by complex pollution, so several electron accep-
tors are available to bacteria at the same time. Strains of microorganisms
isolated from such ecotopes are adapted to unfavourable conditions and
therefore have high biotechnological potential. The selection of strains
isolated from polluted ecotopes and adapted to contaminations which are
capable of metabolizing a wide spectrum of pollutants is a particularty
relevant task for establishing the mechanisms of their resistance and crea-
tion of new methods for environment purification (Mustapha & Hali-
moon, 2015). Studies of the influence of hexavalent chromium on sulfur,
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nitrate and nitrite ions reduction by bacteria of Desulfiromonas sp. are
important for development of effective and profitable biological methods
of regulating their level in transformed biotopes. Investigation of the abili-
ty of sulfur reducing bacteria to reduce Cr(VI) and other electron acceptors
is necessary for deepening understanding of mechanisms of their resis-
tance and adaptation to existence in environments contaminated by chro-
mium compounds. Therefore, the purpose of this work was to investigate
the regularities of elemental sulfurr, nitrate or nitrite ions’ usage by sulfido-
genic bacteria of Desulfuromonas genus at conditions of simultaneous
presence in the media of another electron acceptor — Cr(VI), to establish
the succession of electron acceptors’ reduction by strains of these bacteria
which were isolated by us from Yavorivske Lake and to evaluate the
efficiency of their possible application in technologies of complex purifi-
cation of the environment from metal compounds and other inorganic
toxicants.

Materials and methods

Sulfur reducing bacteria Desulfiromonas acetoxidans IMV B-7384,
Desulfiromonas sp. Yavor-5 and Desulfiromonas sp. Yavor-7, isolated
by us earlier from Yavorivske Lake, were identified at the Microbiology
Department of Ivan Franko National University of Lviv (Moroz et al.,
2013). Strain D. acetoxidans IMV B-7384 has been stored in the deposito-
ry of D. K. Zabolotny Institute of Microbiology and Virology of the NAS
of Ukraine since 2013.

The bacteria were grown in Kravtsov-Sorokin media (Gudz et al.,
2014) without SO,> and without Mohr’s salt of such composition (g/L):
NaH,PO,x12H,0 (0.84), K,HPO, (0.5), NH,Cl (0.16), MgClLx6H,O
(0.10), sodium lactate (NaC3HsO;) (2.00). Before bacteria seeding
0.05 mL of Na,Sx9H,0 (1%) sterile solution was added to the media.
A sterile 10 N NaOH solution was used to provide pH of the media to 7.2.
Bacteria were sown in the media to initial concentration of cells of 0.1
mg/mL. Solutions of sodium fumarate (C4H3NaO,), NaNO;, NaNO,,
KoCr,0; were sterilized separately and placed into the media before seed-
ing of the cells at different concentrations. S° was sterilized separately (0.5
atm.) and placed in the media as weighted quantities (0.11 g/L) at concen-
tration of 3.47 mM (concentration of SO, in media of standard composi-
tion). Into the media with C4H;NaO,, K,CryO; or NaNO; or NaNO,
0.017 mM cysteine (C;H,NO,S) was introduced to provide the assimila-
tion needs of bacteria in sulfur (Lengeler et al., 2005). To media with
NaNO;, NaNO, and K,Cr,O; or without it NH4Cl was not added. Bacte-
ria were grown for 10 days in test tubes (25 mL), completely topped up by
the media and tightly closed with rubber plugs, at a temperature of 30 °C.

To determine the efficiency of sulfur, nitrate, or nitrite ions’ reduction
at simultaneous presence in the media of potassium dichromate (the media
with two electron acceptors: S° NO; or NO; and Cr(VD)), cells were
previously cultivated in the media with sodium fumarate (3.47 mM) as an
electron acceptor and sodium lactate (17.86 mM) as an electron donor to
the middle of the exponential growth phase. Bacteria were sown in a
media with sodium lactate (17.86 mM), to which weighted quantities of
insoluble in water sterile S° and sterile 1 M solutions of NaNO; or NaNO,
were added to their final concentration in the media of 3.47 mM (concen-
tration of SO, in media of standard composition) and different volumes
of the sterile 1 M solution of K,Cr,O; to final Cr(VI) concentrations in the
media of 1.74,3.47,5.21,6.94 and 10.41 mM, whichisin 0.5, 1.0, 1.5,2.0
and 3.0 times different from the standard electron acceptor content in
Kravtsov-Sorokin media. Bacteria were also sown in a media with so-
dium lactate at the same concentration, to which different volumes of
sterile 1 M solutions of NaNO; or NaNO, were added to their final con-
centrations in the media of 1.74, 3.47, 5.21, 6.94 and 10.41 mM and the
sterile 1 M solution of K,Cr,O, to final Cr(VI) concentration in the media
of 3.47 mM. The cells were also sown in a media with sodium lactate, to
which were added weighted quantities of S°, sterile 1 M solutions of Na-
NO;, NaNO, or KoCr;05 to final S°, NO;~, NO, ™ or Cr(VI) concentration
in the media of 3.47 mM, to test the bacteria growth in media with sulfir,
nitrate, nitrite ions or Cr(V1) as the sole electron acceptor (control). Into the
media without bacteria the weighted quantities of S? solutions of NaNOs,
NaNO, or K,Cr,O, were added to final S°, NO;~, NO, or Cr(VI) concen-
tration in the media of 3.47 mM to verify their spontaneous reduction.
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Different volumes of the 1 M solution of K,Cr,O; in the media to obtain
required Cr(VI) concentrations were calculated taking into account the
molecular weight of the compound and atomic mass of chromium (two
atoms), since it is known that in aqueous solutions dichromate ions are
hydrolysed to form of HCrO,: Cr,07 + H,0 2 2HCrO, (Mandich,
1997). Therefore, to obtain the same content of S° NO;, NO; or Cr(VI)
the molar concentration of K;Cr,0; in the media was twice lower than S°
and compounds of nitrogen (NaNO; or NaNO,) that contain one atom of
sulfur or nitrogen. Biomass, the concentrations of nitrate or nitrite ions,
Cr(VI), Cr(I1I), hydrogen sulfide or ammonium ions in cultural liquid
were determined on 10 day or 1, 2, 4, 6, 8 and 10 days of growth. By the
difference between the initial and residual content of electron acceptors in
the media the efficiency (%) of their reduction by bacteria was calculated,
based on the ratio of molar concentrations of reduced by bacteria nitrate,
nitrite ions or Cr(VI) in the process of anaerobic respiration and their con-
centrations at the beginning of cultivation, which were taken as 100%.

Biomass was determined by the turbidimetric method by the optical
density of the cell suspension by measuring it at a wavelength of 340 nm
in a cuvette with an optical way of 3 mm and calculated using the formula:
C, g/L = (Ezg x n)Y/K, where Ez — extinction (A = 340 nm); n — dilution
factor; K — coefficient of recalculation, obtained from the calibration curve
of the dependence of extinction from the mass of dry cells, determined by
the weight method, and equal to 0.72 (Gudz et al., 2014). In a cultural
liquid, separated from the cells by centrifugation (4025 g, 15 min), the
concentrations of nitrate ions (after their reduction to nitrites in the pre-
sence of Zn:MnSQO, (1:100) powder as a reducing agent) and nitrite ions
were determined by spectrophotometric method which relies on a diazoti-
zation reaction with a Griess reagent (n-(1-naphthyl)ethylenediamine
dihydrochloride, sulfanil and acetic acid) (Granger, 1996), Cr(VI) colori-
metrically by interaction with 1,5-diphenylcarbazide in acid solution,
Cr(Ill) by reaction with chromazurol S, hydrogen sulfide by spectropho-
tometric method for the formation of methylene blue and ammonium ions
by colorimetric method for the formation of indophenol (Gudz et al.,
2014).

Experiments were repeated three times with three parallel formula-
tions for each variant of experimental and control conditions. The obtained
data were processed by generally accepted methods of variation statistics.
The data in the tables are presented as x = SD (mean value + standard
deviation of three measurements). The reliability of the difference between
experimental and control variants was evaluated using ANOVA software.
Differences between the samples were considered statistically significant
atP<0.05.

Results

The intensity of anaerobic respiration of microorganisms in contami-
nated ecotopes is determined by the level of their adaptation to unfavoura-
ble environmental conditions. The efficiency of technologies of complex
purification of the environment from pollutants primarily depends from
resistance of the selected strains of bacteria to metal compounds, in parti-
cular, increased content of hexavalent chromium. Therefore, we studied
the ability of bacteria Desulfiromonas sp. to reduce in the process of
anaerobic respiration elemental sulfur, nitrate or nitrite ions with the simul-
taneous presence in the media of K,Cr,O; at different concentrations.

To study the influence of sodium dichromate at Cr(VI) concentration
in the media of 1.74-10.41 mM on the sulfur reduction by sulfur reducing
bacteria, they were grown in the media, to which 347 mM S” and
K,Cr,O; at different concentrations were added. The bacteria were also
sown in the media with S° or K,Cr,0; to final sulfur or Cr(VI) concentra-
tion in the media of 3.47 mM, to test the use by bacteria of sulfur or hex-
avalent chromium as the sole electron acceptor (Table 1). After 10 days of
growth the biomass of bacteria in the media with S° was 1.7-2.0 times
higher than in the media with K,Cr,O;. After the simultaneous addition of
S” and K,Cr,0; to the cultivation media with growing of Cr(VI) concen-
trations a gradual decrease in the biomass accumulation by bacteria was
observed, compared to growth in the media with only S. In the media
with 3.47 mM S° and 1041 mM Cr(VI) the growth of bacteria decreased
2.3-2.4 times, compared with growth in the media with only S’. In the
media with S° and K,Cr,O; with increase of Cr(VI) concentrations a
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gradual decrease was observed in concentrations of hydrogen sulfide
produced by bacteria, as compared with its production in the media with
only S°. In media with S° and K,Cr,0; the cells produced 049-0.74 mM
hydrogen sulfide (control: 2.36-2.40 mM, Table 1). The efficiency of
Cr(VI) reduction by bacteria in the media with S° and K,Cr,O; was found
to be 1.1-2.0 times lower as compared with its reduction in the media with
only K,Cr,0; (70.6-72.1%, Fig. 1). In the media with sulfur and K,Cr,0O,
bacteria produced 1.08-3.88 mM of Cr(Ill) (control: 2.43-2.47 mM,
Table 1). In the media with S° or K,Cr,0; without bacteria the efficiency
of spontaneous sulfur and Cr(VI) reduction was found to be insignificant
and did not exceed 4.0 (calculated according to the produced H,S) and
4.3% respectively (Table 1, Fig. 1). Thus, it has been established that
Cr(VI) inhibits the biomass accumulation and hydrogen sulfide produc-
tion by bacteria of Desulfiromonas sp. atter simultaneous addition into the
media of 347 mM S” and 1.74-1041 mM Cr(VI). In the media with the
same initial content (3.47 mM) of S° and Cr(VI) bacteria produced Cr(III)
at concentrations 3.3-3.4 times higher than that of hydrogen sulfide.

For research on the influence of sodium dichromate at Cr(VI) con-
centration in the media of 1.74-10.41 mM on the 3.47 mM nitrate ions’
usage by bacteria, they were cultivated in the media without NH,Cl, to
which 3.47 mM NaNO; and K,Cr,0O; at different concentrations were
added. The bacteria were also grown in the media with NaNO; or
KoCr,05 to final NO;s~ or Cr(VI) concentration in the media of 3.47 mM,
to test the usage by bacteria of nitrate ions or hexavalent chromium as the
sole electron acceptor (Table 2). After 10 days of growth the biomass of
bacteria in the media with NaNO; was revealed to be 2.0-2.1 times higher
than in the media with K,Cr,O,. After simultaneous addition into the
media of NaNO; and K,Cr,O; with increasing concentrations of Cr(VI) a
gradual inhibition of bacteria growth was observed, compared with
growth in the media with only NaNOs. In the media with NO; and
10.41 mM Cr(VI) the growth of bacteria decreased 2.2-2.3 times, com-
pared with the growth in the media with NaNO; as the sole electron ac-
ceptor. In the media with NaNO; and K,Cr,O, with increase of Cr(VI)
concentrations a gradual (1.2-2.2 times) decrease was also observed in the
efficiency of nitrate ions’ reduction by bacteria, compared with their re-
duction in the media with only NaNO; (92.7-94.8%) (Fig. 2a). In the
media with NaNO; and K,Cr,0; bacteria produced 1.48-2.58 mM of
ammonium ions (control: 2.69-2.74 mM, Table 2). The efficiency of

Table 1

Cr(VI) reduction by cells with increase in its concentrations in the media
with NaNO; and K,Cr,0O; was revealed to be from 1.2 to 2.3 times lower
than its reduction in the media only with K,Cr,O7 (69.5-70.3%, Fig. 2b).
In the media with NaNOj; and K,Cr,0; bacteria produced 0.94-3.34 mM
of Cr(Ill) (control: 2.38-2.39 mM, Table 2). In a media with NaNO; or
KoCr,O; without bacteria the efficiency of NO; ™ and Cr(VI) reduction did
not exceed 3.7% and 4.0%, respectively (Fig. 2). Thus, it has been shown
that K,Cr,O; inhibits biomass accumulation, nitrate ions’ reduction and
ammonium ions’ production by bacteria of Desulfuromonas sp. after
simultaneous addition into the media of 3.47 mM NO; and Cr(VI) (1.74—
1041 mM).

120~
BD. acetoxidans IMB B-7384
100 A O Desulfuromonas sp. Yavor-5
O Desulfuromonas sp. Yavor-7
= 80 A
£ T,
E FE o1z
2 60 & &
5 i3
5 40 A
20 A
0 T T T T T T |
Control 1 2 3 4 5 6

Electron acceptors of anaerobic respiration

Fig. 1. Efficiency of 1.74-10.41 mM Cr(VI) reduction by Desulfiromo-
nas sp. after 10 days of growth in media with S° or K,Cr,O; (x + SD,
n=13): designation on the horizontal axis: control —3.47 mM Cr(VI),
1-347mM S’ and 1.74 mM Cr(VI); 2—347 mM S° and 347 mM

Cr(VI); 3—347 mM S’ and 521 mM Cr(VI); 4— 347 mM S and
6.94mM Cr(VI); 5—-347 mM S’ and 10.41 mM Cr(VI);
6—3.47 mM Cr(VI) (without bacteria)

Reduction of 3.47 mM S” and 1.74-10.41 mM Cr(VI) by Desulfiromonas sp. after 10 days of growth in media with S” or K,Cr,O; (x £ SD, n=3)

Strain Electron acceptors of anaerobic respiration Residual content of Cr(VI) in cultural liquid, mM Cr(Ill), mM S*, mM Biomass, g/L
347mM S” 0 236+0.02 2.17+0.02
347mM S° (wh) 0 014002 0

g3 347mMS’and 1.74mM Cr(VD) 0.62+0.09 1.08£0.01 0.71£0.04 1.88+0.07

.~§p 347 mM S’ and 347 mM Cr(VI) 136+001 208+0.02 0.62+0.07 1.69+0.08

§& 347mMS’and 521 mM Cr(VT) 234+008 276£0.02 0.59+0.02 130+0.04

%E 347 mM S and 6.94 mM Cr(VI) 3.80£0.09 3.07+0.06 0.53+0.03 1.15+0.09

S~ 347mM S and 1041 mM Cr(VI) 649+001 388+0.04 0.51+0.07 0934001
347 mM Cr(VI) 0.98+0.08 245+004 0 125+002
3.47mMC0r(VI) (wb) 3.32£0.05 0.15+001 0 0
347mMS 0 240£0.02 223+0.08

. 347mM S (wb) 0 0.14+0.02 0
§ 347mM sg and 1,74 mM Cr(VI) 0.59+0.09 1.10+0.06 0.73+0.04 1.80+0.01
w 347mM S and 347 mM Cr(VI) 127+007 2.11+005 0.65+0.07 1.61+0.08

g & 347mMS’and 521 mM Cr(V]) 2.09+0.06 3.02+007 0.58+0.06 1264007

§ & 347mM S and 6.94 mM Cr(V1) 378+0.02 3.12+003 0.51+0.03 1.13+0.06

3§ 347TmM S’and 1041 mM Cr(VI) 6.59+001 379+0.07 049+0.03 0.98+0.06

S 347mMC(VI) 097+001 247+003 0 120£0.06
347 mM Cr(VI) (wb) 3.32+0.05 0.15+001 0 0
347mM S” 0 238001 232+003

. 347mM S (wh) 0 0.14+0.02 0

% 347mMSand 1.74mM Cr(VI) 0.61+001 1.09+0.06 0.74+0.04 1924001

§'\. 347 mM S’ and 347 mM Cr(VI) 131£0.05 2.10£0.05 0.63+0.07 1.67+0.08

§ & 347mMS’and 521 mM Cr(VD) 227+0.04 2894007 0.56+£0.06 1.41+007

S5 347mM S’ and 6.94 mM Cr(VI) 396006 295+003 0.54+0.03 1224006

g 347mM S’ and 1041 mM Cr(VI) 6.67+001 3.69+007 0.50+0.04 0.96+0.06

S 347mMC(VI) 1.02+0.02 2434002 0 1.17+0.06
347 mM Cr(VI) (wb) 3.32+0.05 0.15+001 0 0

Note: (wb)—the media without bacteria.
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Fig. 2. Efficiency of 3.47 mM NO; ™ (a) and 1.74-10.41 mM Cr(VI) (b) reduction by Desulfiromonas sp. after 10 days of growth in media with NaNO,
and/or K,Cr,O; (x £ SD, n = 3): designation on the horizontal axis: control — 3.47 mM nitrate ions (a), 3.47 mM Cr(VI) (b); I —3.47 mM nitrate ions and
1.74 mM Cr(VI); 2 — 3.47 mM nitrate ions and 3.47 mM Cr(VI); 3 —3.47 mM nitrate ions and 5.21 mM Cr(VI); 4—3.47 mM nitrate ions and 6.94 mM
Cr(VI); 5—3.47 mM nitrate ions and 10.41 mM Cr(VI); 6 —3.47 mM nitrate ions (without bacteria) (a), 3.47 mM Cr(VI) (without bacteria) (b);

* —the data were statistically significant as compared with the control (P <0.05)

Table 2
Reduction of 3.47 mM NOs™ and 1.74-10.41 mM Cr(VI) by Desulfiromonas sp. after 10 days of growth in media with NaNO; or KoCr,O; (x +SD, n=3)
Strain Electron acceptors of anaerobic respiration Resu%i%?mem in cultural ]écrp(n\(li,DmM Cr(Ill), mM NH;,mM Biomass, g/LL
347 mM NOy 025+0.02 0 0 2.69+0.02 247+0.02
347 mM NO;s(wb) 334+003 0 0 0.11+0.01 0
€3 347mMNO; and 1.74 mM Cr(VI) 0.87+0.01 0.73+0.03 0.96+0.04 2.53+0.05 2224003
§ 2 347mMNO; and 347 mM Cr(VI) 131002 1.66+0.02 1.76 £0.08 2.11+001 1.76 £0.05
$ & 347mMNO; and 5.21 mM Cr(VI) 1.54+0.02 2.71+0.05 2.46+0.01 1.91+0.02 1.54+0.01
8 g 347 mM NO5 and 6.94 MM Cr(VI) 1.73£0.04 391+008 3.01+002 1.69+0.01 1.31+001
Q 347 mMNO; and 1041 mM Cr(VI) 1.89+£0.04 7.12+0.01 324+0.03 1.53+£0.03 1.09+£0.02
347 mM Cr(VI) 0 1.06+0.02 238+0.04 0 125+005
347 mM Cr(V]) (wb) 0 3.33+0.06 0.13+0.01 0 0
347 mMNOy 022+0.01 0 0 2.73+£0.06 245+004
& 3.47 mM NO;s(wb) 334+0.03 0 0 0.11+0.01 0
347 mM NO5 and 1.74 mM Cr(VI) 0.84+0.03 0.71+0.08 097+0.01 2.58+0.08 2.19+007
§ vn  347mMNO; and 347 mM Cr(VI) 1.28+0.08 1.59+0.02 1.84+0.08 2.15+0.09 1.86+0.08
g § 347 mMNO5 and 521 mM Cr(VI) 1.49£0.05 2.64+003 2.55+0.02 1.94+0.04 1.63+0.01
§\ S 347mMNO;s and 6.94 MM Cr(VI) 1.62+0.02 3.98+0.06 2.93+0.04 1.79+0.02 1.25+0.03
] 347 mMNO5 and 1041 mM Cr(VI) 1.88+0.04 7.01+£0.08 3.34+0.09 1.55+0.03 1.10+0.02
g 347 mM Cr(VI) 0 1.05+0.04 2.38+0.02 0 1.19+£0.04
347 mM Cr(VI) (wb) 0 333+006 0.13£0.01 0 0
347 mM NO5 0.18+0.01 0 0 274+0.02 2.51+0.03
o 347 mM NOs(wb) 334+003 0 0 0.11+0.01 0
a 347 mM NOs and 1.74 mM Cr(VI) 0.89+0.05 0.73+£0.08 0.94+0.02 2.55+0.06 223+0.01
g v 347mMNO; and 347 mM Cr(VI) 127+003 1.61+£0.02 1.81+0.03 2.17+0.09 1.94+0.03
5 § 347 mM NO; and 521 mM Cr(VI) 143+£0.04 2.74+0.03 243+004 2.01+£0.04 1.71+£0.05
é & 347mMNOs and 6.94 MM Cr(VI) 1.68+£0.02 3.84+0.06 3.08+0.03 1.75+0.05 1.39+0.08
g 347 mMNO; and 1041 mM Cr(VI) 1.95+£0.06 728+0.08 3.11+0.07 1.48+0.04 1.12+0.01
S 347 mM Cr(VI) 0 1.03+0.04 2.39+0.06 0 121002
347 mM Cr(V]) (wb) 0 3.33+0.06 0.13+001 0 0
Notes: (wb)—the media without bacteria; to media with NO;™ and Cr(VI) or without it NH4Cl was not added.
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Fig. 3. Efficiency of 3.47 mM NO, (@) and 1.74-1041 mM Cr(VI) (b) reduction by Desulfiromonas sp. after 10 days of growth in media with NaNO,
or KyCr,O; (x £ SD, n= 3): designation on the horizontal axis: control —3.47 mM nitrite ions (a), 3.47 mM Cr(VI) (b); 1 —3.47 mM nitrite ions and
1.74 mM Cr(VI); 2 —3.47 mM nitrite ions and 3.47 mM Cr(VI); 3 —3.47 mM nitrite ions and 5.21 mM Cr(VI); 4—3.47 mM nitrite ions and 6.94 mM
Cr(VI); 5—3.47 mM nitrite ions and 10.41 mM Cr(VI); 6 — 3.47 mM nitrite ions (without bacteria) (a), 3.47 mM Cr(VI) (without bacteria) (b);

* —the data were statistically significant as compared with the control (P <0.05)
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Table 3
Reduction of 3.47 mM NO, and 1.74-10.41 mM Cr(VI) by Desulfiromonas sp. after 10 days of growth in media with NaNO, or K,Cr,0O, (x £+ SD, n=3)

Residual content in cultural liquid, mM

Strain Electron acceptors of anaerobic respiration NO, vl Cr(IIl), mM NH,” mM Biomass, g/L
347 mMNOy 0.18+0.01 0 0 2.59+0.02 236+0.06
347 mM NO;(wb) 334+002 0 0 0.09+0.01 0
g 3 347mMNO; and 1.74 mM Cr(VI) 1.20+0.05 0.77+0.03 0.95+0.02 225+0.02 2.12+0.01
"§ £ 347mMNO; and 347 mM Cr(VI) 1.62+0.03 1.75+0.02 1.71+0.03 1.80+0.05 1.64+0.03
£ 347mMNO; and 521 mM Cr(VI) 1.78+0.04 2.89+0.03 2.30+0.02 1.64+0.04 141+0.05
8 g 347 mM NO; and 6.94 MM Cr(VI) 1.96+0.02 4.46+0.06 246+0.02 1.46+0.05 1.29+0.08
Q 347 mMNO; and 1041 mM Cr(VI) 230+0.06 7.28+0.08 3.09£0.07 1.15+0.02 1.02+0.01
347 mM Cr(VI) 0 1.01+£0.04 241+0.02 0 1.17+£0.02
347 mM Cr(VI) (wb) 0 334+0.05 0.12£0.02 0 0
347 mMNO;y 0.25+0.06 0 0 2.55+002 2.32+0.01
g 34TmM NO;(wb) 334+002 0 0 0.09+£0.01 0
4 347 mM NO; and 1.74 mM Cr(VI) 1.22+0.01 0.83+0.03 0.89+0.03 222+0.03 2.11+0.03
§ v 347mMNO; and 347 mM Cr(VI) 1.66+0.02 1.84+0.02 1.60+0.03 1.78+0.03 1.66+0.05
g § 347 mMNO; and 521 mM Cr(VI) 1.89+0.02 3.02+0.05 2.15+0.01 1.54+0.04 1.44+001
§ 5 347mMNO; and 6.94 MM Cr(VI) 2.08+0.06 4.61+0.08 231£002 1.35+£0.01 121+0.01
T 347mMNO; and 1041 mM Cr(VI) 224+004 7.64+0.01 2.73+0.03 1.19+0.03 0.99+0.02
& 347mMCr(VI) 0 097+0.02 2424004 0 1254005
347 mM Cr(VI) (wb) 0 334+0.05 0.12+£0.02 0 0
347 mMNO;, 0.22+0.01 0 0 2.53+0.06 240+0.03
o 34TmM NO, (wb) 334+0.02 0 0 0.09+0.01 0
e 347 mMNO; and 1.74 mM Cr(VI) 1.19£0.03 0.76£0.02 0.96+0.02 224+004 2.14£007
§ - 347mMNO; and 347 mM Cr(VI) 1.59+0.02 1.77+0.02 1.69+0.01 1.82+0.06 1.66+0.08
g § 347 mMNO; and 521 mM Cr(VI) 1.84+0.05 2.84+0.03 233004 1.59+0.04 1.43+0.01
§ 5 347mMNO; and 6.94 MM Cr(VI) 1.97+£0.02 4.40+0.06 252+£004 1.48+0.02 1.25+0.03
S 347mMNO; and 1041 mM Cr(VI) 223+004 7.32+0.03 3.05+0.04 1.22+0.03 1.10+0.01
S 347 mM Cr(VI) 0 1.05+0.04 237+0.03 0 1.19+£0.04
347 mM Cr(V]) (wb) 0 3.34+0.05 0.12£0.02 0 0
Notes: (wb)— the media without bacteria; to media with NO, and Cr(VI) or without it the NH,Cl was not added.
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Fig. 4. Efficiency of 1.74-10.41 mM NO;™ (a) and 3.47 mM Cr(VI) () reduction by Desulfiromonas sp. after 10 days of growth in media with NaNO;
or KyCrOy (x £ SD, n = 3): designation on the horizontal axis: control —3.47 mM nitrate ions (@), 3.47 mM Cr(VI]) (b); I — 1.74 mM nitrate ions and
3.47 mM Cr(VI); 2—3.47 mM nitrate ions and 3.47 mM Cr(VI); 3 —5.21 mM nitrate ions and 3.47 mM Cr(VI); 4 — 6.94 mM nitrate ions and 3.47 mM
Cr(VI); 5—10.41 mM nitrate ions and 3.47 mM Cr(VI); 6 —3.47 mM nitrate ions (without bacteria) (a), 3.47 mM Cr(VI) (without bacteria) (b);

* —the data were statistically significant as compared with the control (P <0.05)
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Fig. 5. Efficiency of 1.74-10.41 mM NO, (a) and 3.47 mM Cr(VI) (b) reduction by Desulfiromonas sp. after 10 days of growth in media with NaNO,
or K,Cr,O5 (x + SD, n = 3): designation on the horizontal axis: control —3.47 mM nitrite ions (a), 3.47 mM Cr(VI) (b); I — 1.74 mM nitrite ions and
3.47 mM Cr(VI); 2 —3.47 mM nitrite ions and 3.47 mM Cr(VI); 3 —5.21 mM nitrite ions and 3.47 mM Cr(VI); 4—6.94 mM nitrite ions and 3.47 mM
Cr(VI); 5—10.41 mM nitrite ions and 3.47 mM Cr(VI); 6 —3.47 mM nitrite ions (without bacteria) (a), 3.47 mM Cr(VI) (without bacteria) (b);

* —the data were statistically significant as compared with the control (P < 0.05)
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Table 4

Reduction of 1.74-10.41 mM NOs ™ and 3.47 mM Cr(VI) by Desulfiuromonas sp. after 10 days of growth in media with NaNO; or K,Cr,0O, (x £ SD, n=3)

Residual content in cultural liquid, mM

Strain Electron acceptors of anaerobic respiration NO: Cr(VI) Cr(Ill), mM. NH,’,mM Biomass, g/L
347 mMNO5 029+0.04 0 0 2.69+0.02 249+0.01
3.47 mM NO;s(wb) 335+003 0 0 0.09+0.01 0
gy L74mMNO;y and 3.47 mM Cr(VI) 044+001 1.34+0.03 2.11+£0.02 1.27+0.03 2224003
% Q  347mMNO; and 347 mM Cr(VI) 1.31+£0.02 1.70+0.02 1.75+£0.02 2.14+0.01 1.73£0.03
S & 521 mMNO;y and 347 mM Cr(VI) 2524002 1.77+0.05 1.70£0.01 2.65+0.04 1.51+£0.05
S E 6.94 mM NO5"and 347 MM Cr(VI) 4.16+0.06 1.85+0.05 1.62+0.02 276 +0.02 1.21£0.01
Q 1041 mM NO;5 and 3.47 mM Cr(VI) 7.76 +0.04 1.92+0.01 1.53+£0.01 2.62+0.03 0.98+£0.02
347 mM Cr(VI) 0 1.09+0.02 236+0.02 0 125+0.04
347 mM Cr(VI) (wb) 0 3.33+0.01 0.13+0.01 0 0
347 mMNOy 027+001 0 0 2.73+0.06 246+0.03
. 3.47 mM NO;s(wb) 335+003 0 0 0.09+0.01 0
% 1.74 mM NO5 and 347 mM Cr(VI) 046+0.03 1.32+0.08 2.12+0.03 126+0.02 223+007
g v 347mMNOs and 3.47 mM Cr(VI) 1.35+0.04 1.66+0.02 1.79£0.01 2.10+0.03 1.81£0.05
§ § 521 mM NO5 and 3.47 mM Cr(VI) 2.55+0.05 1.83+0.03 1.63+£0.04 2.63+0.03 1.62+0.04
S = 6.94mMNO; and 347 MM Cr(VI) 3.94+0.02 1.85+0.06 1.60+0.04 296+0.02 1.25+0.03
2 1041 mM NO5 and 3.47 mM Cr(VI) 741+004 1.91+0.02 1.54+0.01 295+0.05 1.01£0.01
Q 347 mM Cr(VI) 0 1.05+£0.04 242+£0.02 0 1.16+0.03
347 mM Cr(VI) (wb) 0 3.33+0.01 0.13+0.01 0 0
347 mMNOy 0.33+0.01 0 0 2.70£0.02 2.52+0.06
. 3.47 mM NO;s(wb) 335+003 0 0 0.09+0.01 0
% 1.74 mM NO5"and 347 mM Cr(VI) 0.43+0.05 1.36+0.08 2.07+0.04 1.29+0.02 226+001
g & 347mMNOs and 347 mM Cr(VI) 127+003 1.64+0.02 1.81£0.03 2.18+£0.02 1.74+0.06
§ § 521 mM NO5 and 3.47 mM Cr(VI) 2.52+0.04 1.79+0.03 1.67+0.02 2.67+004 1.54+0.02
S = 6.94mMNO; and 347 MM Cr(VI) 4.05+0.02 1.88+0.06 1.57+0.02 2.85+0.04 1.29+0.08
2 1041 mM NO;5 and 3.47 mM Cr(VI) 7.52+0.06 1.97+0.02 1.49+0.03 2.88+0.02 1.02£0.01
Q 347 mM Cr(VI) 0 1.03+0.04 243+0.01 0 1.17+£0.02
347 mM Cr(VI) (wb) 0 333+0.01 0.13+0.01 0 0

Notes: (wb)— the media without bacteria; to media with NO; and Cr(VI) or without it NH,Cl was not added.

In the media with the same initial content (3.47 mM) of NO; and
Cr(VI) bacteria reduced 1.2 times more nitrate ions than Cr(VI) with the
production of ammonium ions at concentrations 1.2 times higher than that
of Cr(TI).

To investigate the influence of sodium dichromate at Cr(VI) concen-
tration in the media of 1.74-10.41 mM on the 3.47 mM nitrite ions’ re-
duction by sulfur reducing bacteria, they were grown in a media without
NH4CI to which 3.47 mM NaNO, and K,Cr,0O; at different concentra-
Table 5

tions were added. The bacteria were also sown in a media with NaNO, or
KoCr,05 to final NO,~ or Cr(VI) concentration in the media of 3.47 mM,
to test the usage by bacteria of nitrite ions or hexavalent chromium as the
sole electron acceptor (Table 3). Biomass of bacteria in the media with
NaNO, was revealed to be up to 2.0 times higher than in the media with
K,CrO,. After simultaneous addition into the media of NaNO, and
KoCr,O, with increasing concentrations of Cr(VI) there was a decrease in
the bacteria growth, compared with growth in the media with NaNO,.

Reduction of 1.74-10.41 mM NO,and 3.47 mM Cr(VI) by Desulfuromonas sp. after 10 days of growth in media with NaNO, or K,Cr,O, (x+ SD, n=3)

Strain Electron acceptors of anaerobic respiration Resﬂ;a(l)zc_ontent in cultural ]éq;\;‘f)nM Cr(IlT), mM NH,’,mM Biomass, g/l
347 mMNO, 023+0.01 0 0 2.56+0.02 236+0.05
347 mM NO;(wb) 333+002 0 0 0.12£0.02 0
gy 174AmMNO; and 3.47 mM Cr(VI) 0.60+0.05 1.43+0.08 204+002 1.11+0.06 2.12+0.01
é € 347mMNO, and 3.47 mM Cr(VI) 1.62+0.03 1.81£0.02 1.64=£0.02 1.82+0.03 1.64£0.03
s /521 mMNO; and 347 mM Cr(VI) 3.09+£0.04 1.86+£0.03 1.60+0.02 2.09+0.03 1.31£0.05
S E 6.94 mM NO; and 347 MM Cr(VI) 475+0.02 1.88+0.06 1.57+0.03 2.17+0.05 1.09+0.08
Q 1041 mM NO, and 3.47 mM Cr(VI) 7.93+0.06 1.94+£0.08 1.51+£0.03 244+0.03 0.92+0.01
347 mM Cr(VI) 0 1.01+£0.04 245+0.01 0 1.18+0.04
347 mM Cr(VI) (wb) 0 3.34+0.05 0.12+0.01 0 0
347 mMNO,y 0.26+:0.06 0 0 2.59+0.02 2324001
. 347 mM NO;(wb) 333+0.02 0 0 0.12£0.02 0
% 1.74 mM NO; and 347 mM Cr(VI) 0.61+0.01 1.48+0.03 1.97+0.02 1.10+0.05 2.15+0.03
g v 347mMNO; and 347 mM Cr(VI) 1.66+0.02 1.87+£0.02 1.58+0.04 1.79+0.03 1.66+0.05
§ § 521 mM NO, and 3.47 mM Cr(VI) 3.15+£0.02 1.91£0.05 1.54+0.01 2.03+0.03 1.34+001
S = 6.94mMNO; and 347 MM Cr(VI) 4.85+0.06 1.92+0.08 1.51+0.03 2.03+£0.06 1.10£0.01
z 1041 mM NO, and 3.47 mM Cr(VI) 7.76+£0.04 1.96+0.01 1.48+0.03 262004 0.89+£0.02
Q 347 mM Cr(VI) 0 0.97+0.02 248+0.02 0 1.22+0.03
347 mM Cr(VI) (wb) 0 3.34+0.05 0.12+0.01 0 0
347 mMNO;, 0.19£0.01 0 0 2.53+0.06 230+0.05
. 3.47 mM NO;(wb) 333+002 0 0 0.12£0.02 0
? 1.74 mM NO; and 347 mM Cr(VI) 0.60+0.03 1.39+0.08 2.07+0.01 1.13+£0.03 2.09+0.07
§ v 347mMNO;, and 3.47 mM Cr(VI) 1.64+0.05 1.77+£0.02 1.68+0.03 1.81+0.02 1.63+0.05
g § 521 mM NO, and 3.47 mM Cr(VI) 3.07+0.05 1.83+£0.03 1.63+£0.01 2.10+£0.04 1.33+0.04
S5 694mMNO; and 347 MM Cr(VI) 463002 1.85+0.06 1.59+0.04 228+0.02 1.05+0.03
3 1041 mM NO, and 3.47 mM Cr(VI) 772004 1.93+0.08 1.54+0.02 2.65+0.04 0.96+0.04
Q 3.47 mM Cr(VI) 0 1.05+0.04 240+0.02 0 1.19£0.01
347 mM Cr(VI) (wb) 0 334+005 0.12+0.01 0 0

Notes: (wb) — the media without bacteria; to media with NO, and Cr(VI) or without it the NH4Cl was not added.
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In the media with NO, and 10.41 mM Cr(VI) the growth of bacte-
ria decreased 2.2-2.3 times, compared with growth in the media with
NaNO, as the sole electron acceptor. In the media with NaNO, and
KyCr,0; with increase of Cr(VI) concentrations there was a gradual
(1.4-2.8 times) decrease in the efficiency of nitrite ions’ reduction by
bacteria, as compared with their reduction in the media with NaNO,
(92.8-94.8%, Fig. 3a). In the media, containing NaNO, and K,Cr,05,
the cells produced 1.15-2.25 mM of ammonium ions (control — 2.53—
2.59 mM, Table 3). The efficiency of Cr(VI) reduction by bacteria with
increase in its concentration in the media with NaNO, and K,Cr,0O; was
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revealed to be from 1.2 to 2.7 times lower than its reduction in the me-
dia with K,Cr,O7 (69.7-72.0%, Fig. 3b). In the media with NaNO, and
K;,Cr,O; cells produced 0.89-3.09 mM of the Cr(III) (control — 2.37—
2.42 mM, Table 3).

In the media with NaNO, or K,Cr,O; without bacteria the reduc-
tion of NO, and Cr(VI) did not exceed 3.8% (Fig. 3). Thus, it has been
established that K,Cr,O; inhibits the biomass accumulation, the nitrite
ions’ reduction and the ammonium ions’ production by bacteria of
Desulfiuromonas sp. after simultaneous addition into the media of
347 mMNO, and Cr(VI) (1.74-10.41 mM).
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Fig. 6. Biomass accumulation by Desulfiromonas acetoxidans IMV B-7384 (a), Desulfiromonas sp. Yavor-5 (b)
and Desulfuromonas sp. Yavor-7 (c) during growth in media with NaNO; (7), NaNO; and K,Cr,O; (2), K;,Cr, 05 (3) (x£SD, n=3)

In the media with the same initial content of (3.47 mM) NO, and
Cr(VI) the reduction of Cr(VI) by bacteria was only slightly lower (up to
1.1 times) than the reduction of nitrite ions, the almost same concentra-
tions of trivalent chromium and ammonium ions were detected in the
cultural liquid.

Sulfur reducing bacteria play an important role in regulating the level
not only of sulfur and carbon compounds, but also of nitrogen and metals
in the environment. Contamination of the environment with heavy metals
adversely affects the physiological and biochemical processes carried out
by these bacteria. The features of the metabolism of microorganisms
under the influence of toxic nitrogen compounds (in particular, nitrates
and nitrites) as stressors often remains poorly understood. Therefore, we
studied the ability of Desulfiromonas sp. bacteria to reduce in the process
of anaerobic respiration nitrate or nitrite ions at different concentrations
with the simultaneous presence of Cr(VI) in the media.

The influence of 3.47 mM Cr(VI) on the 1.74-10.41 mM nitrate ions
usage by bacteria was studied. Bacteria were cultivated in the media with-
out NH,Cl, to which NaNO; at different concentrations and K,Cr,O; at
Cr(VI) concentration of 3.47 mM were added. The bacteria were also
sown in the media with NaNO; or K,Cr,O; to final NO;~ or Cr(VI) con-

centration in the media of 3.47 mM, to test the bacteria growth in the
media with nitrate ions or hexavalent chromium as the sole electron ac-
ceptor (Table 4). After 10 days of growth the biomass of bacteria in the
media with NaNO; was found to be 2.0-2.2 times higher than in the me-
dia with K,Cr,O. After simultaneous addition into the media of NaNO;
and K,CryO; with increasing concentrations of NO;~ a gradual inhibition
of bacteria growth was observed, compared with growth in the media with
only NaNOs. In the media with 10.41 mM NO;™ and Cr(VI) the growth of
bacteria decreased up to 2.5 times, compared with the growth in the media
with NaNO; as the sole electron acceptor. In the media with NaNO; and
KoCr,0; with increase in NO; ™ concentrations there was also a gradual
(1.2-3.6 times) decrease in the efficiency of nitrate ions’ reduction by
cells, compared with their reduction in the media with onty NaNO; (90.5—
92.2%, Fig. 4a). In the media with NaNO; and K,Cr,O; bacteria produced
1.26-2.95 mM of ammonium ions (control — 2.69-2.73 mM, Table 4).
The efficiency of Cr(VI) reduction by cells with increasing NO; ™ concen-
trations in the media with NaNOs and K,Cr,O, was revealed to be 1.1-1.6
times lower than its reduction in the media only with K,Cr,O; (68.6—
70.3%, Fig. 4b). In the media with NaNO; and K,Cr,O; bacteria pro-
duced 1.49-2.12 mM of Cr(Ill) (control — 2.36-2.43 mM, Table 4).
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In media with NaNO; or K,Cr,O; without bacteria the efficiency of NO;~
and Cr(VI) reduction did not exceed 3.5% and 4.0%, respectively (Fig. 4).
Thus, it has been shown that K,Cr,O; inhibits the biomass accumulation,
the nitrate ions’ reduction and the ammonium ions’ production by bacteria
of Desulfiromonas sp. after simultaneous addition into the media of 1.74—
10.41 mM NOj; ™ and 3.47 mM Cr(VI). In the media with the same initial
content (3.47 mM) of NO;~ and Cr(VI) bacteria reduced up to 1.2 times
more nitrate ions than Cr(VI) with the production of ammonium ions at
concentrations the same times higher than that of Cr(III).

The usage of 1.74-10.41 mM nitrite ions by bacteria under the influ-
ence of 3.47 mM Cr(VI) was studied. Bacteria were cultivated in media
without NH,CI, to which NaNO, at different concentrations and 3.47 mM
Cr(VI) in form of K,Cr,O; were added. The bacteria were also sown in
media with NaNO, or K,Cr,O5 to final NO, or Cr(VI) concentration in
the media of 3.47 mM, to test the bacteria growth in the media with nitrite
ions or hexavalent chromium as the sole electron acceptor (Table 5). Bio-
mass of bacteria in the media with NaNO, was revealed to be 1.9-2.0
times higher than in the media with K,Cr,O,. After simultaneous addition
into the media of NaNO, and K,Cr,0; with increasing concentrations of
NO, there was a decrease in the bacteria growth, compared with growth
in a media with NaNO,. In the media with 1041 mM NO, and Cr(VI)
the growth of bacteria decreased 2.4-2.6 times, compared with growth in
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media with only NaNO,. In the media with NaNO, and K,Cr,O; with
increase in NO, concentrations there was a gradual (1.4-3.9 times) de-
crease in the efficiency of nitrite ions’ reduction by bacteria, as compared
with their reduction in the media with NaNO, (92.5-94.5%, Fig. 5a). In
the media containing NaNO, and K,Cr,O,, the cells produced 1.10-
2.65mM of ammonium ions (control — 2.53-2.59 mM, Table 5). The
efficiency of the Cr(VI) reduction by bacteria with increase in NO, con-
centrations in the media with NaNO, and K,Cr,O; was revealed to be
from 1.2 to 1.7 times lower than its reduction in the media with K,Cr,O,
(69.7-72.0%, Fig. 5b). In the media with NaNO, and K,Cr,0; cells pro-
duced 1.48-2.07 mM of the Cr(IIT) (control — 2.40-2.48 mM, Table 5).

In the media with NaNO, and K,Cr,O, without bacteria the reduc-
tion of NO, and Cr(VI) did not exceed 4.0 and 3.8%, respectively
(Fig. 5). Thus, it has been established that K,Cr,O, inhibits the biomass
accumulation, the nitrite ions’ reduction and the ammonium ions’ pro-
duction by bacteria of Desulfiromonas sp. after simultaneous addition
into the media of 1.74-10.41 mM NO, and 3.47 mM Cr(VI). In the
media with the same initial content (3.47 mM) NO, and Cr(VI) the
reduction of Cr(VI) by bacteria was only slightly, up to 1.1 times, lower
than the reduction of nitrite ions, almost the same concentrations of
trivalent chromium and ammonium ions were detected in the cultural
liquid.
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Fig. 7. Efficiency of 3.47 mM NOs ™ (a, b) or 3.47 mM Cr(VI) (c, d) reduction by Desulfuromonas sp. after 10 days of growth
in the media with NaNOjs (a), NaNO; and K,Cr,0; (b, ¢), K,Cr,0O; (d) and in the same media without bacteria (x + SD, n=3)

Bacteria were grown during 10 days in the media without NH,CI,
to which NaNO; and K,Cr,0; were added to equal NO;™ and Cr(VI)
concentrations in the media of 3.47 mM. The bacteria were also sown in
the media with NaNOj; or K,Cr,O; to final NO; ™ or Cr(VI) concentra-
tion in the media of 3.47 mM, to test the bacteria growth in the media
with nitrate ions or hexavalent chromium as the sole electron acceptor
(Fig. 6-8). Onday 10 of growth the biomass of bacteria in the media
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with NaNO; was revealed to be 2.0-2.2 times higher than in the media
with K,Cr,05. In the media with NaNO; and K,Cr,O, the biomass of
bacteria was 1.4-1.5 times lower than in the media with only NaNOs,
but 1.5 times higher than in the media with K,Cr,O; as the sole electron
acceptor (Fig. 6). In the media with NaNO; and K,Cr,O; there was a
1.5 times decrease in the efficiency of nitrate ions reduction by cells,
compared with their reduction in the media with only NaNO; (93.4-
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94.5%, Fig. 7a, b). In the media with NaNO; and K,Cr,O; bacteria
produced 2.11-2.13 mM of ammonium ions (control — 2.45-2.49 mM)
(Fig. 8a, b, ¢). The efficiency of Cr(VI) reduction by cells in the media
with NaNO; and K,Cr,O; was revealed to be up to 1.3 times lower than
its reduction in the media only with K,Cr,O; (69.2-70.6%, Fig. 7c, d).
In the media with NaNO; and K,Cr,O; bacteria produced 1.79—
1.83 mM of Cr(IlI) (control —2.36-2.40 mM, Fig. 84, e, f). In the media
with NaNO; and K,Cr,O; bacteria reduced 1.2 times more nitrate ions
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than Cr(VI) with the production of NH," at concentrations 1.2 times
higher than that of Cr(Ill) (Fig. 8). In media with NaNO; or K,Cr,O,
without bacteria the efficiency of NO;™ and Cr(VI) reduction did not
exceed 3.5-3.8% and 4.0-4.3%, respectively (Fig. 7). Thus, it has been
shown that K,Cr,O, inhibits the biomass accumulation, the nitrate ions’
reduction and the ammonium ions’ production by bacteria of Desulfi-
romonas sp. after simultaneous addition into the media of 3.47 mM
NO;™ and 3.47 mM Cr(VI).
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Fig. 8. Residual content of NO;™ or Cr(VI) (1, 2, 5, 6) and concentrations of NH, " or Cr(III) (3, 4, 7, 8) in cultural liquid during growth
of Desulfiromonas acetoxidans IMV B-7384 (a, d), Desulfuromonas sp. Yavor-5 (b, €) and Desulfuromonas sp. Yavor-7 (c, f)
in the media with NaNO; or K,Cr,O; (4, 3), NaNO; and K,Cr,O (2, 4) and in the media with NaNO; or K,Cr, 05 (5, 7),
NaNO; and K,Cr,O; (6, 8) without bacteria (x + SD, n=3)
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Bacteria were cultivated during 10 days in the media without NH,Cl,
to which NaNO, and K,Cr,O; were added to equal NO, and Cr(VI)
concentrations in the media of 3.47 mM. The bacteria were also sown in
the media with NaNO, or K,Cr,O; to final NO, or Cr(VI) concentration
in the media of 3.47 mM, to test the bacteria growth in the media with
nitrite ions or hexavalent chromium as the sole electron acceptor (Fig. 9—
11). On day 10 of growth the biomass of bacteria in the media with Na-
NO, was revealed to be 1.9-2.1 times higher than in the media with
K5CryO;. In the media with NaNO, and K,Cr,O, the biomass of bacteria
was 1.4-1.5 times lower than in the media with only NaNO,, but 1.3-1.4
times higher than in the media with K,Cr,O; as the sole electron acceptor
(Fig. 9). In the media with NaNO, and K,Cr,O; there was a 1.7-1.8 times
decrease in the efficiency of nitrite ions’ reduction by cells, compared with
their reduction in the media with only NaNO, (93.7-94.8%, Fig. 10a, b).
In the media with NaNO, and K,Cr,O; bacteria produced 1.76-1.87 mM
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g
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of ammonium ions (control —2.30-2.37 mM, Fig. 11a, b, ¢). The efficien-
cy of Cr(VI) reduction by cells in the media with NaNO, and K,Cr,0O,
was revealed to be 1.4-1.5 times lower than its reduction in the media
only with K,Cr,O7 (69.9-72.2%, Fig. 10c, d). In the media with NaNO,
and K,Cr,O; bacteria produced 1.63—1.71 mM of Cr(III) (control —2.42—
249 mM, Fig. 11d, e, f). In the media with NaNO, and K,Cr,O, bacteria
reduced up to 1.1 times more nitrite ions than Cr(VI) with the production
of NH,," at concentrations the same times higher than that of Cr(III) (Fig.
11). In media with NaNO, or K,Cr,O; without bacteria the efficiency of
NO, and Cr(VI) reduction did not exceed 3.5-3.8% and 4.3-4.6%, re-
spectively (Fig. 10). Thus, it has been shown that K,Cr,O; inhibits the
biomass accumulation, the nitrite ions’ reduction and the ammonium ions’
production by bacteria of Desulfiromonas sp. after simultaneous addition
into the media of 3.47 mM NO, and 3.47 mM Cr(VI).
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Fig. 9. Biomass accumulation by Desulfiromonas acetoxidans IMV B-7384 (a), Desulfiromonas sp. Yavor-5 (b)
and Desulfiromonas sp. Yavor-7 (c) during growth in media with NaNO, (7), NaNO, and K,Cr,0O; (2), K,Cr,05 (3) (x£SD, n=3)
Discussion sulfur, nitrate or nitrite ions at a simultaneous presence in the media of

As a result of the constant ingress into the environment of various
chemical contaminants at critical concentrations, the metabolism of bacte-
ria slows down, the species composition of microbiocenoses changes, and
in the process of natural selection few resistant strains of microorganisms
survive. Sulfur reducing bacteria of the Desulfuromonas genus, isolated
by us from the man-made Yavorivske Lake, in the process of oxidation of
organic compounds use, besides sulfur, oxidized forms of nitrogen and
heavy metals, in particular, Cr(VI) as electron acceptors of anaerobic
respiration. The intensity of anaerobic respiration in these microorganisms
in contaminated ecotopes is determined by level of their adaptation to
unfavourable environmental conditions, in particular, increased content of
metal compounds (Viti et al., 2014; Simonte et al., 2017; Teng et al.,
2019). Therefore, the ability of bacteria of Desulfiromonas sp. to reduce

KoCr,0; at Cr(VI) concentrations 1.74-10.41 mM (0.5-3.0 times diffe-
rent from the standard electron acceptor content in conventional for sulfur
reducing bacteria Kravtsov-Sorokin media) was studied.

The efficiency of electron acceptor reduction by bacteria is primarily
determined by the difference between the oxidation-reduction potential of
the electron donor and acceptor, which depends on the pH of the media
and changes during cultivation of bacteria (Gescher & Kappler, 2012; Go-
vorukha et al., 2015). Bacteria of the Desulfiromonas genus oxidize sim-
ple organic substrates completely to CO, and H,O in the tricarboxylic acid
cycle or in the acetyl-CoA/CO-dehydrogenase pathway (Sung et al,
2003; An & Picarda, 2015; Vasyliv et al., 2015). Although the succession
of electron acceptors’ reduction by microorganisms at their simultaneous
presence in the media is determined by their standard oxidation-reduction
potential (pH 7.0), the energy supply of cells during anaerobic respiration

Regul. Mech. Biosyst., 2022, 13(2)
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depends on the ways of ATP synthesis in the process of electron donor
oxidation: by substrate or oxidative phosphorylation (Lengeler et al., 2005;
McKinlay et al., 2020). In natural environments there usually are several
possible electron acceptors of anaerobic respiration, and bacteria first of all
reduce the most profitable acceptors for them. In every microorganism the
succession of use of different electron acceptors is determined genetically
and controlled by complex regulatory mechanisms (Lengeler et al., 2005;
Kozlova et al., 2008; Rosenberg et al., 2014).

At simultaneous presence in the cultivation media of sulfur and
K,Cr,O; bacteria reduce more Cr(VI) than S° (at pH 7.0 the standard
oxidation-reduction potential (Ey’ = +1.33 V) of the Cr(VI)/Cr(IIl) pair is
considerably higher than that (Ey’ =027 V) of SYHS™ pair) (Lengeler
etal., 2005; An & Picarda, 2015). The evidence of this is the fact that in
the media with the same (3.47 mM) initial concentration of S and Cr(VI)
the content of H,S was 3.3-3.4 times lower than the content of Cr(III),
produced by bacteria. In the sulfur respiration of bacteria of Desulfirono-
nas genus sulfur reductase and polysufide reductase are involved, which
are located in the cytoplasmic membrane and bounded with hydrogenase
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by components of the electron transport chain (Lengeler et al., 2005;
Chayka et al., 2016). Cr(VI) at all tested concentrations in the media re-
presses the dissimilatory sulfur reduction carried out by bacteria, as evi-
denced the decrease in the concentrations of produced by bacteria hydro-
gen sulfide in the media with S” and K,Cr,0y.

Under these conditions of growth Cr(VI) may damage the structure
of the cytoplasmic membrane of bacteria and thus influence on the
activity of membrane-bound enzymes (Maslovska & Hnatush, 2013).
Although the reduction of metals-oxidants by membrane-bound metal
reductases is mainly carried out outside the cell (Gescher & Kappler,
2012; Richter et al., 2012; Simonte et al., 2017), with increase in the
concentration of soluble K,Cr,O; in the media, increase in the degree of
Cr(VI) penetration through the cytoplasmic membrane of bacteria into
the cytoplasm, where its interaction with intracellular metabolites oc-
curs, oxygen radicals are formed, Cr(Ill) accumulates as a reduced end
product, which causes the inhibition of growth and metabolic activity of
bacteria (Richter et al., 2012; Viti et al., 2014; Hnatush & Maslovska,
2018).
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Fig. 10. Efficiency of 3.47 mM NO, (a, b) or 3.47 mM Cr(VI) (c, d) reduction by Desulfiromonas sp. after 10 days of growth
in the media with NaNO, (a), NaNO, and K,Cr,0; (b, ¢), K,Cr,0; (d) and in the same media without bacteria (x = SD, n=3)

Despite the fact that the standard redox potential at pH 7.0 of the
Cr(VI)/Cr(Ill) pair (Ey’ = +1.33 V) is considerably higher than that of
NO; /NO, and NO, /NH," pairs (Ey’ =+0.43 and +0.34 V, respectively)
(Lengeler et al., 2005; Kozlova et al., 2008; Richter et al., 2012), in the
media with the same initial content (3.47 mM) of NO; or NO, and
Cr(VI]) bacteria reduced more nitrate and nitrite ions than Cr(VI). Never-
theless, K,Cr,O; inhibited the nitrate and nitrite reduction, which bacteria
carried out, at all investigated concentrations of inorganic toxicants in the
media. The negative influence of Cr(VI) on the activity of molybdenum-
containing membrane-bound dissimilatory nitrate reductase (Morozkina
& Zvyagilskaya, 2007), as well as periplasmic nitrite reductase, containing
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siroheme as a prosthetic group (Lengeler et al., 2005), in bacteria of Desul-
firomonas genus can be caused by damage to the structure of cytoplasmic
membrane or modification of the active conformation and denaturation of
molecules of these enzymes. Sulfur, nitrates and nitrites are less-powerful
electron acceptors of anaerobic respiration to sulfidogenic bacteria than
oxidized forms of metals (Cadby et al., 2017). But they use a thermody-
namically more favourable electron acceptor, such as hexavalent chro-
mium, to a lesser extent, possibly due to its high toxicity.
Although the reduction of 1.74-1041 mM Cr(VI) by cells in media
with 347 mM S, NaNO, or NaNO, and K,Cr,O, decreased by 1.1-2.0,
1.2-2.3 and 1.2-2.7 times, respectively, compared with its reduction in
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media only with K,Cr,O;, anaerobic respiration by bacteria was per-
formed quite effectively using different electron acceptors.

In the media with the same initial content (3.47 mM) of NO;™ or
NO; ™ and Cr(VI) bacteria produced 1.1-1.2 times more NH," than Cr(III),
but in the media with the same initial content (3.47 mM) of S° and Cr(VI)
bacteria produced more than three times Cr(Ill) than hydrogen sulfide.
The obtained data indicate that the processes of nitrate and nitrite reduc-
tion, carried out by bacteria, are less sensitive to the negative influence

of sodium dichromate, than reduction of sulfuir. Due to the ability to use
different electron acceptors and reduce them at high concentrations (up
to 10.41 mM) adapted to survival conditions the investigated strains of
bacteria can be the basis of the new developments in the field of bio-
technology.

Our data allow us to conclude that bacteria of Desulfiromonas genus
play an important role in the geochemical cycles of sulfur, nitrogen and
chromium in technogenically altered ecotopes.
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Fig. 11. Residual content of NO, or Cr(VI) (1, 2, 5, 6) and concentrations of NH," or Cr(IIl) (3, 4, 7, 8) in cultural liquid during growth Desulfiromonas
acetoxidans IMV B-7384 (a, d), Desulfiromonas sp. Yavor-5 (b, e) and Desulfiromonas sp. Yavor-7 (c, f) in the media with NaNO, or K,Cr,0, (4, 3),
NaNO, and K;,Cr,O; (2, 4) and in the media with NaNO, or K,Cr,0; (3, 7), NaNO, and K,Cr,O, (6, 8) without bacteria (x + SD, n=3)

Conclusion

Thus, it was established that bacteria of Desulfiromonas genus, iso-
lated from Yavorivske Lake, use sulfur, nitrates, nitrites and Cr(VI) as
electron acceptors in the process of anaerobic respiration at concentrations
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of 347 mM or 1.74-10.41 mM in the media. Cr(VI) at all tested concen-
trations inhibits the hydrogen sulfide production by bacteria in the media
with S° and K,Cr,O,. Cr(VI) at all concentrations negatively affects the
nitrate or nitrite ions’ reduction and the ammonium ions’ production by
bacteria in the media with NaNO; or NaNO, and K,Cr,O,. Nevertheless,
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the efficiency of Cr(V1) reduction by cells in the media with 3.47 mM S°,
NaNO; or NaNO, and K,Cr,O; at Cr(VI) concentration of 1041 mM
was not lower than 35.9%, 30.1% and 26.6%, respectively. The studied
strains are capable of reductive transformation of inorganic toxicants at
high concentrations (up to 10.41 mM) and therefore are promising for use
in technologies for purifying environments with complex pollution from
chromium compounds.

The work was financially supported by the Ministry of Education and Science of
Ukraine “Modelling and prediction of the influence of chemical contaminants on
microorganisms, which convert sulfur compounds”, No. 0121U109616.
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