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Abstract The paper considers mechanisms of detoxification
of pollutant solutions by water-soluble humic substances
(HSs), natural detoxifying agents. The problems and perspec-
tives of bioassay application for toxicity monitoring of com-
plex solutions are discussed from ecological point of view.
Bioluminescence assays based on marine bacteria and their
enzymes are of special attention here; they were shown to be
convenient tools to study the detoxifying effects on cellular
and biochemical levels. The advantages of bioluminescent
enzymatic assay for monitoring both integral and oxidative
toxicities in complex solutions of model pollutants and HS
were demonstrated. The efficiencies of detoxification of the
solutions of organic oxidizers and salts of metals (including
radioactive ones) by HS were analyzed. The dependencies of
detoxification efficiency on time of exposure to HS and HS
concentrations were demonstrated. Antioxidant properties of
HS were considered in detail. The detoxifying effects of HS
were shown to be complex and regarded as ‘external’ (binding
and redox processes in solutions outside the organisms) and/or
‘internal’ organismal processes. The paper demonstrates that
the HS can stimulate a protective response of bacterial cells as
a result of (1) changes of rates of biochemical reactions and (2)
stabilization of mucous layers outside the cell walls.
Acceleration of auto-oxidation of NADH, endogenous reduc-
er, by HSwas suggested as a reason for toxicity increase in the
presence of HS due to abatement of reduction ability of
intracellular media.
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Environmental toxicity monitoring and bacterial
bioluminescent assay

Biological assays, along with chemical ones, are a basis of
ecological investigations. Differences and scope of applica-
tion of these two types of assays should be clearly specified.
Chemical assays are known to be qualitative or quantitative.
Biological assays use organisms to monitor toxicity of media.
In general, the term “toxicity” is of biological origin; it means
a suppression of organism’s physiological functions (Ilyin
et al. 1990; Sanotskiy 1970). Classic bioassays involve the
use of mice, frogs, microorganisms, fish, algae, crustaceans,
plants, or other organisms (Tigini et al. 2011; Rizzo 2011;
Stom and Dagurov 2004; Petukhov et al. 2000; Donnelly et al.
1997). The examples of their physiological functions moni-
tored during bioassay procedure are lifetime; the rates of
growth, movement, and respiration; and others.

The main feature of all classic bioassays is an integral
response; it means that effects of all toxic compounds in
solutions are integrated and result in a change of a definite
physiological function. This feature implies that it is impossi-
ble to determine a reason of toxic effect, i.e., type and con-
centrations of toxic compounds, using only biological assays.
Another feature of bioassays is non-additivity of effects of
numerous environmental pollutants and natural components.
It means that toxic effect of a sum of compounds in complex
solutions can be higher or lower than the sum of individual
effects of these compounds. This feature implies that it is
impossible to evaluate toxicity of a complex medium, basing
only on the data of chemical analyses. As a result, the current
approach to ecological investigations bases on the combina-
tion of chemical and biological methods that can provide
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complete information on the ecological state of a medium (Ma
et al. 2014; Deprezc et al. 2012; Tigini et al. 2011;
Kudryasheva et al. 1998). Some bioassays can be used as
preliminary “alarm” tests prior to chemical assays, which are
usually more laborious, expensive, and time-consuming.

Besides, it should be always kept in mind that chemical
assays are initially calibrated using a standard biological assay
system under definite environmental conditions. For example,
critical concentrations that are widely used in ecology are
introduced exactly this way.

Difference insensitivities of bioassays based on different
organisms are determined by physiological, cellular, and bio-
chemical peculiarities of the organisms; this problem should
be always taken into consideration in the course of ecological
investigations. It was supposed (Deprezc et al. 2012; Tigini
et al. 2011; Kudryasheva et al. 1998) that the combination of
chemical and biological methods constructed for ecological
monitoring should include a set of bioassays differing in
sensitivity to pollutants. Sensitivities of bioassays to contam-
inants should be preliminary evaluated (Tigini et al. 2011).

Bioluminescence of marine bacteria is very sensitive to the
presence of toxic compounds; this is why the marine bacteria
have been widely used to assess environmental toxicity for
more than 40 years. Now, the biological assay systems involv-
ing luminous marine bacteria are the traditional biotechnolog-
ical application of bioluminescence phenomenon (Thakur and
Ragavan 2013; Ranjan et al. 2012; Roda et al. 2009, 2004;
Thomas et al. 2009; Ivask et al. 2009; Girotti et al. 2008;
Kudryasheva et al. 1998). This accounts for intensive research
on the structure and functions of luminous bacteria, as well as
their sensitivity to exogenous compounds (Hastings 2012;
Deryabin and Karimov 2010; Deryabin and Aleshina 2008;
Girotti et al. 2008). The tested parameter here is the lumines-
cence intensity which can be easily measured instrumentally.
The advantages of the bioluminescent assays are sensitivity,
simplicity, rapidity, and availability of devices for toxicity
registration.

The bioassay based on bioluminescent bacteria was de-
scribed in 1969 by Kossler as reported in (Grabert and
Kossler 1997). In the late 1980s, the test was standardized in
Germany as a method to detect pollutants. Later, it was mod-
ified by different researchers and adapted for their specific
purposes (Tarasova et al. 2012, Ranjan et al. 2012; Rozhko
et al. 2007; Kratasyuk et al. 2001; Natecz-Jawecki et al. 1997;
Stom et al. 1992; Bulich and Isenberg 1981).

Now, the luminous bacteria are widely used as a bioassay
tomonitor toxicity of water solutions (Shao et al. 2012; Girotti
et al. 2008), e.g., acute toxicity of wastewaters contaminated
with metals (Qua et al. 2013; Wang et al. 2009a), organic
oxidizers (Wang et al. 2009b), and compositions of explosive
nitrated organic compounds (Yea et al. 2011). Genes of bac-
terial enzymes responsible for the generation of light (lux
genes) can be cloned from a bioluminescent microorganism

into one that is not naturally bioluminescent. Light output can
be monitored to provide information on the metabolic state,
quantity of cells, and toxicity of the environment (Morrisseya
et al. 2013; Roda et al. 2009, 2004; Girotti et al. 2008).

Figure 1 demonstrates the principle of toxicity measure-
ments with bioluminescent assays. Toxic compounds suppress
bioluminescent intensity. Integral toxicity of toxic solutions
can be evaluated by relative bioluminescent intensity, I rel:

I rel ¼ I1=I contr ð1Þ

Here, Icontr and I1 are maximal bioluminescent intensities in
the absence and presence of toxic compounds, respectively.

Detoxifying agents (curve 2) increase bioluminescent in-
tensity, shifting the kinetic curve closer to control (Fig. 1).

The bacterial bioluminescent assays can base on biological
systems of different complexity—bacteria or enzymes, thus
making studying the effects of toxic compounds on bacterial
cells and enzymes possible (Ma et al. 2014; Fedorova et al.
2007; Rozhko et al. 2007).

Bacterial bioluminescent enzyme system was suggested as
a bioassay for the first time in 1990 (Kratasyuk 1990). As
compared to classic whole-organism-based assay that charac-
terizes the effects of toxic compounds on physiological func-
tions of an organism, the enzymatic assay estimates the rates
of biochemical reactions under the influence of toxicants. The
use of enzymatic assay allows avoiding the problem of the
classic one, i.e., the difference in sensitivities of various assay
organisms.

Possibility to change sensitivity to definite toxic com-
pounds by varying the component concentrations and con-
structing the polyenzymatic coupled systems is an advantage
of the enzymatic assays (Roda et al. 2009; Girotti et al. 2008;
Kudryasheva et al. 2002a, b; Stom et al. 1992). In
Kudryasheva et al. (2003a, 1999a), the polyenzymatic sys-
tems were used to analyze activity of alcohol dehydrogenase
and tripsin in solutions of organic oxidizers. Bioluminescent
enzymatic reagent immobilized into starch gel was developed
in (Esimbekova et al. 2013, 2009, 2007).

Fig. 1 Principle of toxicity measurements: dependence of biolumines-
cent intensity (I) on time in a control sample (control), in the presence of a
toxic compound (1) and in solution of a toxic compound + detoxifying
agent (2)
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Mechanisms of interactions of exogenous compounds with
bioluminescent enzyme systems were intensively studied. It is
known that toxic effects of exogenous compounds are deter-
mined by physicochemical characteristics of the compounds;
the effects can be classified as physical, chemical, and/or
biochemical ones. Basing on a broad investigation of effects
of model toxic exogenous compounds (Kudryasheva et al.
2004; Gerasimova and Kudryasheva 2002; Kudryasheva
et al. 1999a, b), a classification of the effects on the biolumi-
nescent enzymatic assay system was suggested (Kudryasheva
2006a, b) and developed. Five mechanisms are discussed: (1)
change of electron-excited states’ population and energy
transfer processes in the presence of exogenous molecular
energy acceptors; (2) change of the efficiency of S-T conver-
sion in bioluminescent emitter in the presence of external
heavy-halogen-substituted compounds; (3) change of rates
of coupled enzymatic redox reactions under exposure to oxi-
dizers; (4) interactions of hydrophobic and/or halogen-
substituted compounds with enzymes and variation, by this,
the enzymatic activity; and (5) non-specific effects of electron
acceptors. The effects of different groups of exogenous com-
pounds–organic dyes (Nemtseva and Kudryasheva 2007;
Kudryasheva et al. 2004; 2003b), oxidizers (Vetrova et al.
2009; 2007; 2005), halogen-substituted molecules (Kirillova
et al. 2011; Kirillova and Kudryasheva 2007; Gerasimova and
Kudryasheva 2002; Kudryasheva et al. 2002b), and salts of
stable and radioactive metals (Selivanova et al. 2013; Kamnev
et al. 2013; Tarasova et al. 2012; Alexandrova et al. 2011;
Rozhko et al. 2007; Kudryasheva et al. 1999 b; 1996) are
discussed according to the classification suggested.

The conventional bioluminescent enzymatic assay is based
on bacterial bioluminescent enzyme system; it involves two
coupled enzymatic reactions. The first one, catalyzed by
NADH:FMN-oxidoreductase, is a reduction of FMN by
NADH:

NADH þ FMN →
NADH:FMN−oxidoreductase

FMN⋅H− þ NADþ ð1Þ

In the second reaction, catalyzed by bacterial lucifer-
ase, the reduced flavin (ionized form) and the long-chain
aldehyde are oxidized by molecular oxygen to yield the
corresponding acid, H2O, FMN, and a quantum of light
(λmax about 500 nm):

FMN⋅H− þ RCHO þ O2 →
luci ferase

FMN þ RCOO− þ H2O þ hν

ð2Þ

Toxic compounds suppress bioluminescent intensity of the
enzymatic system; therefore, the enzyme-based biolumines-
cent assay, similar to the bacteria-based one, can be used for
monitoring the integral toxicity of solutions according to Eq.1.

Peculiarity of the enzymatic assay system is its specificity
to oxidizers. Oxidizers are capable of competing with FMN in
reduction by NADH in the first reaction and, hence, inhibiting
the second (luminescent) reaction. In this case, specific chang-
es take place in bioluminescent kinetics: delay period appears,
with its duration depending on concentration and redox po-
tentials of the oxidizers (Tarasova et al. 2011; Vetrova et al.
2007). Figure 2 illustrates bioluminescent kinetics in solution
of a model oxidizer (curve 1). Antioxidant agents (curve 2)
increase bioluminescent intensity and decrease delay period,
shifting the kinetic curve closer to control (curve 2).

In Vetrova et al. (2007) and Kudryasheva et al. (2002a), the
bioluminescence delay period was used to evaluate the oxida-
tive toxicity of solutions of organic oxidizers, quinones. The
delay period was observed for quinones of high redox activity
and was absent for those of low redox activity. Similar effects
took place in solutions of salts of metals: metals of higher
standard redox potential, e.g., iron(III), developed the delay
period, thus demonstrating oxidative toxicity (Tarasova et al.
2011) while metals of lower redox potentials did not
(Tarasova et al. 2012; Kudryasheva et al. 1998).

Hence, the bioluminescent bacterial and the enzymatic
assays can be applied to evaluate the integral toxicity of
solutions, with bioluminescent intensity as a tested kinetic
parameter. Additionally, the enzyme-based assay is applicable
to evaluate the oxidative toxicity; the kinetic parameter under
monitoring here is the bioluminescence delay period. The
oxidative toxicity is attributed to redox activity of toxic com-
pounds, while the integral toxicity considers, in a non-additive
way, all interactions of exogenous compounds with compo-
nents of the bioluminescent enzymatic assay system—redox
reactions, hydrophobic, and polar interactions.

Humic substances as natural detoxifying agents

Humic substances (HSs) are the widespread group of organic
substances in natural environment. They are ubiquitous and

Fig. 2 Bioluminescence kinetics of a coupled enzymatic system
NAD(P)H:FMN-oxidoreductase–luciferase of a control sample and in
the presence of an oxidizer (1) (Kudryasheva et al. 2002a) and in a
solution of oxidizer + antioxidant (2) (Tarasova et al. 2011)
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originate from organic matter naturally transformed in soil and
bottom sediments. About 2×1010 t of carbon per year is
involved into humification, a process of HS formation
(Kulikova et al. 2005). This is a second (after photosynthesis)
process of transformation of organic matter in environment.
The main terrestrial HS reservoirs exist in the form of natu-
rally occurring ore, peat, or lignite.

HSs are supposed to be irregular polymers of a complex
structure (Orlov 1997; Perminova et al. 2001). Another con-
cept for HS molecular organization, supramolecular one, as-
sumes HS to consist of relatively small molecules linked by
hydrogen, hydrophobic, or π–π bonds, as well as polyvalent
cations (Richard et al. 2009; Trubetskoj et al. 2009; Piccolo
et al. 2001; Piccolo 2001).

HSs are known as natural attenuators of pollutant toxicity
(Sachs and Bernhard 2011; Zhilin et al. 2004; Orlov 1997;
Perminova et al. 2001). Their ability to detoxify water solu-
tions is a subject of interest for researchers. Detoxifying
effects of HS were studied earlier using classic bioassays
involving fish, algae, crustaceans, or plants (Stom and
Dagurov 2004; Perminova et al. 2001; Granier et al. 1999;
Donnelly et al. 1997; Oikari et al. 1992).

Insight into mechanism of detoxification by HS is a chal-
lenge for researchers. Its elucidation promotes development of
effective and ecological methods for remediation of contam-
inated waters involving photoinduced detoxification of com-
plex solutions (Carlosa et al. 2012; Tchaikovskaya et al. 2008,
2007; Chaikovskaya et al. 2008; Bryantseva et al. 2008).

Carboxyl, quinoid, phenolic, SH, and other electron-
donating groups of HS are known to be responsible for bind-
ing and, hence, decreasing the amount of free metal ions in
water ecosystems (Theng 2012; Sachs and Bernhard 2011; Al-
Abri et al. 2010; Havelcová et al. 2009; Lorenzo et al. 2002).
Phenolic, SH, and other groups of HS macromolecules reduce
toxic impact of organic and inorganic oxidizers. Redox
activity of HS was studied in Fedorova et al. (2007) and
Kulikova et al. (2005).

So, it is currently supposed that detoxifying effect of HS
deals with their complexing and redox abilities resulting in the
decrease of free toxic compound concentration in water solu-
tions. Since the term toxicity is rather biological than chemi-
cal, it implies an active role of organisms as a response to
unfavorable impact of toxicants. The way the organisms react
to toxic compounds in the presence of HS is the point of
attention of biophysicists and toxicologists. The responses
could be studied on biochemical, cellular, tissue levels, and
on the levels of individual organ, whole organism, and
population.

Bioluminescent assays were applied for the first time in
2005 to monitor changes in the toxicity of pollutant solutions
exposed to HS (Fedorova et al. 2007, 2005). The HS con-
centration ranges applicable for the bioluminescent assays,
bacteria-based and enzyme-based, were determined there.

The change of luminescent intensities (Irel) of luminous bac-
teria and enzyme system in HS solutions is evident from
Fig. 3. It shows that HSs inhibit bioluminescence at concen-
trations >2×10−3 g/L in the case of enzymatic assay and
>10−1 g/L in the case of bacterial assay. Since HS solutions
are colored, their high concentrations suppress bioluminescent
intensity due to the effect of optic filter (Fedorova et al. 2007).
Additional contributions to bioluminescence decrease might
be provided by diffusion of HS macromolecules in water
solutions, by that interfering with enzyme coupling, substrate
binding, protective functioning of cellular membrane, etc. The
concentrations mentioned should be excluded from the toxic-
ity analysis. Hence, these HS concentrations limit the appli-
cation of bioluminescent enzymatic and bacterial assays in HS
solutions.

Detoxification of oxidizer solutions

Redox processes are a part of the main vital metabolic cycles,
such as respiration and photosynthesis, and the excess of
exogenous redox compounds (quinones, phenols, and multi-
valent metals) in the environment may disturb the redox
equilibrium, resulting in toxic impact of pollutants on organ-
isms (Rizzo 2011; Agrawal et al. 2009).

Quinones, being organic oxidizers, produce semiquinone
radicals and other reactive oxygen species (ROS) with a
harmful impact on water systems and their inhabitants. In
nature, quinones can appear as a result of oxidative transfor-
mation of phenols, a numerous group of hydroxylated aro-
matic compounds, that are known to be the third in the top list
of widespread pollutants (after metal salts and oil products).
Phenols are frequent components in wastewaters of chemical
recovery, organic synthesis, as well as hydrolytic, cellulose,
and flax industries (Park et al. 2012; Paisio et al. 2010;
Shourian et al. 2009; Ren 2003). A range of phenolic sub-
stances are also synthesized and extracellularly excreted by
many soil bacteria; the substances are used as molecular
signals in microbial communication and as adaptogens
(Stasiuk & Kozubek, 2010; El’-Registan et al. 2006) and are

Fig. 3 Bioluminescent intensity, Irel, at different HS concentrations, CHS.
1 bacterial assay, 2 enzymatic assay (Tarasova et al. 2012)

158 Environ Sci Pollut Res (2015) 22:155–167



prone to redox transformations in soils and aquifers, especially
at low pH in the presence of iron(III) (Kamnev et al., 2014).

Figure 4 illustrates the reversible redox transformation of
quinone to hydroquinone (phenol).

The reduced forms of quinones (dihydroquinones) are
known to be less toxic than the corresponding quinones
(Vetrova et al. 2007; Stom 1977). Additionally, auto-
oxidation of hydroquinones in water solutions in the presence
of molecular oxygen leads to the formation of ROS and
toxicity increase (Bironaite et al. 1998; Schultz et al. 1997).

Physicochemical characteristics of quinones govern their
biological activity (Rodriguez et al. 2004; Brunmark and
Cadenas 1989). The following parameters are important: re-
dox potential, dissociation constant, and polarity of molecular
fragments. Non-polar fragments of quinone molecules deter-
mine their affinity to hydrophobic fragments of biological
macromolecules (Vetrova et al. 2009; Kudryasheva 2006a,
b; Kudryasheva et al. 2003a), intensifying, by this, the local
toxic action.

Among the effects of HS in the environment, increasing
evidence indicates that they can act as natural attenuators of
toxicity of oxidizers (Tarasova et al. 2011, 2012; Fedorova
et al. 2007; Perminova et al. 2005; Zhilin et al. 2004; Gu and
Chen 2003; Orlov 1997). Detoxifying properties of HS in
solutions of oxidizers are generally attributed to HS reduction
ability (Matthiessen 1996; Skogerboe and Wilson 1981); phe-
nolic, SH, and other groups of HS macromolecules can be
responsible for the reduction of oxidizers. Evidence has been
accumulated that HSs, and their quinoid moieties, in particu-
lar, play an important role as electron shuttles in microbial
redox reactions involved in biodegradation of pollutants
(Perminova et al. 2005; Osterberg and Shirshova 1997). As
reported in (Perminova et al. 2005), the values of formal
electrode potentials for natural HSs vary from 0.328 to 0.78 V.

Detoxifying ability of HS in solutions of quinones of
different redox potentials was studied in Fedorova et al.
(2007, 2005). The bioluminescent assays (luminous bacterial
strain Photobacterium phosphoreum and NADH:FMN-oxi-
doreductase–luciferase enzyme system isolated from these
bacteria) were applied there for the first time to monitor
changes in the toxicity of quinones exposed to HS. A series
of homologous quinones: 1,4-benzoquinone, tetrafluoro-1,4-
benzoquinone, methyl-1,4-benzoquinone, tetramethyl-1,4-
benzoquinone, and 1,4-naphtoquinone, were used. Chemical
structures of the quinones are presented in Fig. 5. The

toxicities of quinone solutions in the presence and absence
of HS were compared.

The effect of HS on bioluminescent intensity in quinone
solutions is evident from Fig. 5; the bacterial bioluminescent
assay is chosen here as an example. One can see that the
addition of HS increases bioluminescence intensities in the
case of tetrafluoro-1,4-benzoquinone, 1,4-benzoquinone, and
methyl-1,4-benzoquinone, bringing them closer to that of
control and, hence, decreasing the integral toxicity. Solutions
of tetramethyl-1,4-benzoquinone and 1,4-naphtoquinone
were not detoxified by HS.

Correlations between bioluminescent intensities in quinone
+ HS solutions (I rel, Fig. 5) and standard redox potentials of
quinones (E 0, Fig. 5) were found (Fedorova et al. 2007):
correlation coefficients were 0.93 and 0.83 for the bacteria
and enzymatic systems, respectively. The fact confirms that
the detoxifying effect of HS is governed by the redox activity
of quinones.

Detoxification of inorganic oxidizers (i.e., salts of metals of
variable valency) is intensively studied (Valls and Lorenzo
2002). The role of sulfur-containing functional groups of HS
for the Np(V) reduction in aqueous solution has been studied
to specify individual processes contributing to the overall
redox activity of HS (Schmeide et al. 2012). In addition to
quinoid moieties and phenolic groups, generally acknowl-
edged as the main redox-active sites in HS, the sulfur groups
have been identified as further redox-active moieties of HS
being active especially in the slightly acidic pH range. Due to
the low (up to 2 wt%) content of sulfur groups in natural HS,
their contribution to the total reducing capacity is smaller than
that of the other redox-active functional groups.

In Tarasova et al. (2011), the regularities of HS detoxifica-
tion of an inorganic oxidizer were studied using biolumines-
cent enzyme system as a bioassay. Potassium ferricyanide,
K3[Fe(CN)6], was chosen as a model oxidizer because of its
stability in water solution (in contrast to unclustered iron salts)
and monoelectron oxidative transition Fe3+/Fe2+ (Katafias
et al. 2008; Zhang et al. 2008). Detoxification coefficients
DIT and DOxT were calculated to characterize changes in
integral toxicity (IT) and oxidative toxicity (OxT) under the
action of HS (Tarasova et al. 2011). Values of DIT were
calculated according to the equation:

DIT ¼ I relHS=I
rel ð2Þ

where IHS
rel and I rel are relative bioluminescent intensities in the

presence and absence of HS. The DIT>1 and DIT<1 indicate
decrease and increase of the solution integral toxicity,
respectively.

Values of DOxT were calculated by the equation:

DOxT ¼ T0:5= T0:5ð ÞHS ð3ÞFig. 4 Redox transformation of 1,4-benzoquinone to 1,4-hydroquinone
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where T0.5 and (T0.5)HS are the bioluminescence delay periods
(Fig. 2) in the absence and presence of HS, respectively. The
DOxT>1 and DOxT<1 indicate decrease and increase of the
solution oxidative toxicity, respectively. The DOxT is a char-
acteristic of antioxidant activity of HS.

Ability of HS to decrease or increase IT and OxT of the
solutions was demonstrated. Figure 6 shows the dependences
of DIT (A) and DOxT (B) on concentration of HS, under
incubation of HS + potassium ferricyanide (curve 2) and
without incubation (curve 1) (Tarasova et al. 2011).

In Fig. 6a, the slight increase of integral toxicity (DIT<1) is
observed for the case without incubation (curve 1), while the
incubation (curve 2) provokes detoxification (DIT>1) atCHS<
0.0002 g/L and increase of integral toxicity (DIT<1) at higher
HS concentrations.

As follows from Fig. 6b (curve 1), the addition of HS
increases oxidative toxicity of ferricyanide solution (DOxT<
1) at СHS>10

−4 g/L. Incubation of ferricyanide with HS
decreases the oxidative toxicity (DOxT>1) at all concentra-
tions of HS (curve 2).

As a result, conditions for detoxification of ferricyanide
solutions by HS were determined using bioluminescent enzy-
matic assay system (Tarasova et al. 2011). The conditions for
IT decrease were as follows: prior incubation of ferricyanide
with HS and HS concentrations below 10−4 g/L. Decrease of

OxT of ferricyanide solution was observed under incubation
with HS at all HS concentrations used.

Hence, the bioluminescent enzymatic assay system was
demonstrated to be applicable for evaluation of both integral
and oxidative toxicities in the process of detoxification of
solutions of organic and inorganic oxidizers by HS
(Tarasova et al. 2011; Fedorova et al. 2007).

Detoxification of metal salt solutions

Salts of metals are the leaders among environmental pollut-
ants; therefore, they deserve a special consideration. Some
natural processes and anthropogenic activities (mining and
firing operations, fertilizing, etc.) result in emission of heavy
metals and their accumulation in environment (Hooda 2007).
As exogenously introduced contaminants, metals penetrate
into humus horizons of soils, as well as water reservoirs.

In water systems, metal salts are distributed in their ionic
forms. Since electronmigration, as a primary physicochemical
process, accounts for all chemical and biochemical changes,
the positively charged metallic ions affect the rates of all
environmentally important processes, including biological
ones, producing toxic effects on organisms. The exogenous
metals can thus influence a lot of intracellular processes, and
their effects are integral. In Kudryasheva et al. (1999b, 2006a,
b), the dependence of bioluminescent intensity of enzymatic
system (reactions 1, 2) on cation electron affinity was demon-
strated; the change of bioluminescent intensity was considered
there as an integral physiological response to the influence of
metallic cations.

Toxicity of metals is conditioned by their availability to
organisms in water solutions. It is supposed that toxicity of
free cations of metals exceeds that of their high-molecular
complexes (Tao et al. 1999; Gachter et al. 1978).

Metal action on isolated cellular processes has been widely
investigated.Metals andmetallic complexes affect a myriad of

Fig. 5 Detoxification of quinone solutions by HS. Dark columns solu-
tions of quinones, light columns quinone + HS solutions. Bacterial assay.
E0 standard redox potentials of quinones

Fig. 6 Detoxification coefficients,DIT (a) andDOxT (b), for potassium ferricyanide solution (C=8×10−5М) vs. HS concentration. 1without incubation,
2 50-min incubation time
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physiological and metabolic processes, including photosyn-
thesis in plant cells (Kuzminov et al. 2013). Metals are able of
inhibiting the catalytic activity of enzymes by interaction with
their functional groups, SH and carboxylic groups, particular-
ly. The example of such interactions is the inhibition of
enzymes responsible for respiration. Furthermore, metals can
bind low-molecular components or substitute endogenous
metals in enzymatic reactions (Williams et al. 2000). They
can suppress or stimulate the synthesis of enzymes, affect a
cell nucleus, stimulate synthesis of DNA and RNA, or damage
them, producing carcinogenic effect (Hooda 2007; Williams
et al. 2000). Bioluminescent assays are widely applied for
monitoring of integral toxicity of metallic salt solutions (Qua
et al. 2013; Ranjan et al. 2012; Tigini et al. 2011; Medvedeva
et al. 2009; Tyulkova et al. 2009; Gerasimova and
Kudryasheva 2002; Kratasyuk et al. 2001; Kudryasheva
et al. 1996; Gitelzon et al. 1984).

HSs are known as natural attenuators of metal toxicity
(Theng 2012; Sachs and Bernhard 2011; Zhilin et al. 2004;
Gu and Chen 2003; Orlov 1997). They are able to bind the
metal ions in soils (Burlakovs et al. 2013). The ability to form
complexes with metal ions depends on the types of soil and
metal, as well as HS amount in soil. Remediation using HS
has shown good results for diminishing the content of biolog-
ically available copper and lead (Burlakovs et al. 2013).

In Tarasova et al. (2012), the effects of HS on solutions of
model inorganic pollutants, Pb(NO3)2, CoCl2, CuSO4,
Eu(NO3)3, CrCl3, and K3[Fe(CN)6], were considered. The
study compared the effects of (i) metal salt solutions, (ii)
HS, and (iii) complex solutions of salt + HS on bacterial and
enzymatic assay systems. Detoxification coefficients, DIT,
were determined in solutions of metal salts and HS using both
enzymatic and bacterial assay systems (Tarasova et al. 2012).
Preliminary incubation of HS with salts of metals increased
detoxifying efficiency. Such prolonged detoxifying effects of
HS were suggested (Tarasova et al. 2012) to be due to the
long-term formation of metal–HS complexes in water
solutions.

Figure 7 illustrates the dependency of DIT on HS concen-
tration. The solution of CuSO4 (as a model toxic compound)
and bacterial assay were chosen here as an example. It is seen
that HSs of lower concentrations (<10−2 g/L) detoxify the
solution (DIT>1), but HSs of higher concentrations (>2·
10−2 g/L) increase the toxicity (DIT<1) (Fig. 7, curve 1).
The border concentration is marked as C′HS. Increase of
incubation time from 0 to 50 min (Fig. 7, curves 1 and 2,
respectively) led to the rise of DIT.

Table 1 demonstrates maximal detoxification coefficients
in solutions of a series of metal salts at different incubation
times. It is seen that the incubation of HS with metal salts
increases the detoxifying efficiency.

The lowest detoxifying concentrations were around 2×
10−5 g/L for enzymatic assay and 5×10−5 g/L for bacterial

assay (Tarasova et al. 2012). The upper borders of detoxifying
HS concentrations, C′HS, are presented in Table 1. It is seen
that C′HS values for the bacterial assay system are close to (or
by one order of magnitude higher than) those for enzymatic
assay. Differences in detoxifying HS concentrations for enzy-
matic and bacterial assays are indicative of an active role of
the assay system in detoxification process. The sections below
consider this role in detail at biochemical and cellular levels.

Growing radioactive contamination is an important prob-
lem of modern ecology, and HSs are able to neutralize toxic
effects of radioactive heavy metals. In Keepax et al. (2002),
the metal–humate modeling has been driven to predict the
behavior of radionuclides in the environment.

Microorganisms are the simplest and basic part of the
environment, and their physiological indices can serve an
indicator of the state of biosphere on the whole.
Bioluminescent method with marine luminous bacteria in-
volved is a convenient tool for studying the radioactive effects
on microorganisms.

Radiotoxicity of aquatic solutions is affected by HSs which
are always present in water and bottom sediments of natural
water bodies. The HSs can form complexes with actinides
(Antunes et al. 2007; Sakuragi et al. 2004; Staunton et al.
2002; Lenhart et al. 2000; Silva et al. 1998, 1996), thereby
shielding water microorganisms from alpha particles and sec-
ondary products of alpha decay. This accounts for
radiotoxicity decrease in the presence of HS.

The study of Rozhko et al. (2011) demonstrates that water-
soluble HS can serve as protecting agents for water microor-
ganisms exposed to alpha radionuclides. The paper addresses
the effect of HS on marine luminous bacteria P. phosphoreum
exposed to alpha emitting radioactive metal Am-241
(3,000 Bq L−1, water solution). The HSs have been found to
reduce the effect of Am-241 on bioluminescence intensity, to
decrease the damage to cells, and to change the distribution of
Am-241 between bacterial cells and intercellular media.
Diffuse reflectance infrared Fourier transform (DRIFT) spec-
troscopy was used to control possible metabolic responses of
the bacteria to the alpha radioactivity stress (Kamnev et al.

Fig. 7 Detoxifying coefficients, DIT, vs. HS concentration, CHS, in 9×
10−5М CuSO4 solution, bacterial assay. Incubation time: 1 0 min, 2
50 min (Tarasova et al. 2012)
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2013). The DRIFTspectra were all very similar showing a low
content of intracellular poly-3-hydroxybutyrate (at the level of
a few percent of dry biomass) and no or negligible spectro-
scopic changes in the presence of Am-241 and/or HS. This
assumed that alpha radioactivity effect was transmitted by live
bacterial cells mainly to the enzyme system, with negligible
s t ructura l or composi t ional changes in cel lu lar
macrocomponents.

Biological effects in detoxification processes

All the detoxification effects mentioned above can be tradi-
tionally explained as chemical processes, taking place in
solutions outside the organisms and decreasing the amount
of toxic compounds in solutions. As HSs are polyfunctional,
they are able to form coordination complexes with metals, to
bind hydrophobically with amphiphilic molecules, and to
neutralize oxidizers in redox reactions. However, biological
processes in the presence of HS are not yet sufficiently
studied.

Detoxifying agents can change the rates of endogenous
processes and stimulate cellular processes in organisms neu-
tralizing the effects of toxic compounds. These processes are
considered as a protective response of organism to unfavor-
able influence of the toxic compounds.

Bioluminescent assay systems, enzymatic and bacterial
ones, were used to look into mechanisms of HS detoxify-
ing effects at biochemical and cellular levels in Tarasova
et al. (2012, 2011). Further, we consider the experimental
data on the protective responses resulting from the chang-
es of biochemical reaction rates (“Reaction rates in enzy-
matic assay system in solutions of metal salts and humic
substances” section) and the protective responses of a cell
on the whole (“Ultrastructure of bacterial cells in solu-
tions of toxic compounds and humic substances” section).

Reaction rates in enzymatic assay system in solutions of metal
salts and HSs

NADH, an organic reducer, is a component of a lot of
biochemical reactions including that of bioluminescent
enzyme assay system (reaction 1). The change of rate of
NADH oxidation under the influence of exogenous com-
pounds serves as an indicator of intensification (or slow-
down) of redox processes in the assay system. The rates
of NADH oxidation were studied in the presence and
absence of HS in salt solutions (Tarasova et al. 2012,
2011). They were compared in enzymatic and non-
enzymatic processes (Table 2). As Table 2 shows, the
rates of NADH auto-oxidation are similar in the absence
(no. 1) and presence (no. 1E) of the enzymes. Addition of
HS to these solutions increases the auto-oxidation rates by

Table 1 Detoxification coefficients DIT for enzymatic and bacterial assays at different incubation times

Salt DIT

Enzymatic assay Bacterial assay

C′HS (g/L) 0 min 15 min 25 min 50 min C′HS (g/L) 0 min 15 min 25 min 50 min

СоСl2 2.0×10−3 1.07 1.12 1.15 1.27 3.0×10−3 1.10 1.20 1.23 1.36

Eu(NO3)3 2.0×10−3 1.28 1.80 2.16 2.26 2.0×10−2 1.38 2.08 3.33 2.51

CrCl3 2.0×10−3 1.26 1.32 1.71 1.66 3.0×10−3 1.01 1.34 1.46 1.77

Pb(NO3)2 1.3×10−3 1.22 1.69 1.76 1.88 1.5×10−3 1.08 1.54 2.03 1.18

CuSO4 6.2×10−4 0.81 1.40 1.62 1.02 2.0×10−3 1.32 1.32 1.34 1.63

К3[Fe(СN)6] 2.0×10−4 1.00a 1.14a 1.14a 1.14a 3.0×10−3 1.10 1.35 1.43 1.65

C′HS (g/L) upper border of HS detoxifying concentration interval (Tarasova et al. 2012)
a Cited from Tarasova et al. 2011

Table 2 Rates of NADH oxidation in the absence (V) and presence (VHS)
of HS (Tarasova et al. 2012)

No. Components of solution V×107 (М/min)

V VHS VHS−V

Non-enzymatic processes

1 NADH (auto-oxidation) 0.4 1.0 0.6

2 NADH + FMN 3.9 5.1 1.2

3 NADH + CuSO4 1.8 1.8 0.0

4 NADH + CoCl2 0.6 0.5 −0.1
Enzymatic processes

1Е NADH + E (auto-oxidation) 0.4 0.9 0.5

2E NADH + FMN + E 7.0 8.0 1.0

3E NADH + CuSO4 + E 0.6 0.6 0.0

4Е NADH + CoCl2 + E −2.2 −2.6 −0.2

СNADH=1.6x10
−4 М, СHS=8×10

−5 g/L, CFMN=5.4×10
−5 М, СCoCl2=

5×10−3 M,СCuSO4=10
−6 М, enzyme preparation (E). Registrationwave-

length 340 nm. SD for V and VHS was 10
−8 М/min
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0.6×10-7 and 0.5×10-7 М/min, respectively. It means that
HS can decrease the bioluminescent intensity by
expending endogenous reducer and withdrawing it from
natural processes. The acceleration of auto-oxidation pro-
cesses (nos. 1 and 1E) by HS was considered as a reason
for toxicity increase discussed in “Detoxification of metal
salt solutions” section.

The reaction nos. 2 and 2E (Table 2) present endoge-
nous processes in the bioluminescent assay system, while
the reactions nos. 3, 3E, 4, and 4E (Table 2) include
exogenous compounds (CuSO4 and CoCl2) and can be
considered as a biochemical basis for toxic effects. As is
evident from Table 2, the reaction nos. 2 and 2E are
accelerated by HS (VHS−V=1.2×10-7 and 1.0×10-7М/
min, respectively), whereas “toxic” reactions nos. 3, 3E,
4, and 4E are not.

Similar results were obtained for solutions of potassium
ferricyanide, exogenous inorganic oxidizer of high oxidative
activity (Tarasova et al. 2011).

The results suggest that HS made endogenous reactions
more competitive as compared to the reactions with toxic
inorganic compounds involved into metabolic processes.
It is highly probable that polymeric poly-functional am-
phiphilic HS molecules promote interactions of NADH
and endogenous oxidizer FMN which are of amphiphilic
nature too.

It should be noted that the negative values of V and VHS in
process no. 4E (Table 2) point to the rise of NADH concen-
tration. This effect was explained (Tarasova et al. 2012) by
redox characteristics of solution no. 4A: since cobalt (Co2+) is
not applied here in its maximum oxidation level, it is consid-
ered as a weak reducer, which could be oxidized to Co3+ (in
the presence of strong complexing agents) by this increasing
NADH concentration, the rate of reaction (1), and, hence, the
rate of the coupled bioluminescent reaction (2) in the enzy-
matic assay system.

So, the work of Tarasova et al. (2012) demonstrated
that HSs detoxify solutions of metal salts by accelerating
endogenous NADH-dependent biochemical processes.
Moreover, the HS can increase the toxicity of aqueous
solutions by increasing the rates of NADH auto-oxidation.

Ultrastructure of bacterial cells in solutions of toxic
compounds and HSs

Electron microscopy was applied to study the effect of HS
on bacterial cells in solutions of toxic compounds
(Tarasova et al. 2012; Fedorova et al. 2007). Figure 8
illustrates it for the solutions of two model toxic com-
pounds—CrCl3 and tetrafluoro-1,4-benzoquinone. It was
found that in the presence of HS, specific changes in
cellular membrane appear: in the majority of cells, the
amorphous substance of average electron density was
observed outside of cell walls (see arrows in Fig. 8). It
seems to represent the remains of a mucous layer fixed by
HS macromolecules.

It is important that the remains of a mucous capsule were
not observed in toxic solutions without HS or in the solutions
of HS without toxicants.

Mucous capsules are known (Costerton 1988) to protect
bacteria from antimicrobial agents. They are almost always
present on the surface of cells growing in nature (as opposed
to laboratory cultures). While preparing samples for electron
microscopy procedure, the mucous layers are usually partly
washed away.

The bacteria were supposed (Tarasova et al. 2012) to in-
tensify the synthesis of extracellular matrix in response to
unfavorable influence of toxic compounds (CrCl3 or benzo-
quinone). Most likely, the HS macromolecules enhance and
stabilize the mucous capsule, thus intensifying the protective
response of cells.

Fig. 8 Ultrastructure of
P. phosphoreum batch culture
affected by a CrCl3 + HS and b
tetrafluoro-1,4-benzoquinone +
HS. Arrows denote fragments of
mucous capsules. Bar=1 μm
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Conclusion

The paper analyzes the combined action of toxic compounds
(organic and inorganic) and HSs (natural detoxifying agents)
on the bioluminescent assay systems—luminous marine bac-
teria, as well as their enzymatic reactions.

The detoxifying effects of HSs can be attributed to “exter-
nal” (binding and reduction in solutions outside the organ-
isms) and “internal” (i.e., with the organisms involved) pro-
cesses. Mechanisms of detoxification were revealed to be
complex; the detoxification processes were shown to be con-
ditioned not only by chemical, but also by biochemical and
cellular processes, too.

Organisms are generally classified as thermodynamically
open systems. This implies that they exchange energy and
substances with environment; the toxic compounds and de-
toxifying agents can change the rates of endogenous process-
es. Detoxifying agents stimulate cellular processes and neu-
tralize by this the impact of toxic compounds. These processes
can be considered as a protective response of an organism to
unfavorable influence of the toxic compounds.

Enzymatic and bacterial bioluminescent assay systems
have proved to be convenient tools to study the mecha-
nisms of detoxifying effects at biochemical and cellular
levels. The paper reports the results on the protective
responses of the assay systems accounted for by the
changes of biochemical reactions rates and the protective
responses of a cell on the whole. Acceleration of NADH
auto-oxidation by HS was suggested as a reason for
toxicity increase in the presence of HS.
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