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INTRODUCTION

Submerged higher aquatic plants (hydrophytes)
considerably differing in the contact surface of leaves
with water are characterized by a high absorbing
capacity [2, 9]. In the process of life activity, they
extract not only biogenic elements from aquatic
objects, but also different toxic substances, including
heavy metals (HMs).

The excess of HMs in habitats, as a rule, leads to
their increased accumulation by plant organisms;
however, the magnitude and pattern of accumulation
in different species of plants have their own specifics
[15]. Depending on the “strategy” of metals accumu�
lation, one can distinguish accumulators, indicators,
and excluders [19].

HMs in increased amounts cause accumulation in
the cells of plants and other living organisms of reac�
tive oxygen species (ROS), protection from which is
provided by different components of the antioxidant
system [14].

There are many data on the activity of antioxidant
enzymes and the concentration of low molecular
weight antioxidants in plants under conditions of oxi�
dative stress induced by the action of HMs [4, 11, 13].
The relationship between antioxidant activity of plants
and their “accumulative strategy” has been studied to
a smaller degree.

Determining characteristics of oxidative stress and
mechanisms of antioxidant system (AOS) action in
plants seems especially urgent, since the functioning
of this system is one of nonspecific tolerance ways to
stress impacts.

The purpose of this work was to study the antioxi�
dant status of submerged higher aquatic plants with
different abilities to accumulate HMs.

MATERIAL AND METHODS

Study objects were Batrachium trichophyllum
(Chaix) Bosch. and Potamogeton alpinus Balb., i.e.,
submerged higher aquatic plants with different accu�
mulative capacities that were selected from the same
habitat.

The selection of study objects to achieve the task
was performed on the basis of comparing the accumu�
lative ability of hydrophyte species most widespread in
water bodies and water courses of Sverdlovsk oblast. It
was found that Batrachium trichophyllum was distin�
guished by a high accumulative ability with respect to
HMs, while the minimal concentration of HM in
leaves was typical for Potamogeton alpinus [15]; there�
fore, these species were chosen as study objects.

Further, a brief characteristic of species is pre�
sented [7].

Batrachium trichophyllum (Chaix) Bosch. (Hair�
leaved water crowfoot). Dark green, fluccose in the
upper part plant, leaves underwater, sessile, vaginate,
with a length of 3–5 cm, usually three�fold tripartite,
segments with a wide and hairy spurious sheath near
leaf base. Flowers 12–15 mm in diameter. Blossoms in
summer. Found in rivers and oxbows.

Potamogeton alpinus (Bath.) (Pondweed). Stem
branching, leaves stem�clasping, all submerged in
water, obtuse. Fruit from outside acute�carinate. In a
dry state, all parts of the plant usually assume a reddish
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tint, according to which it is easily recognizable.
Grows in ponds, rivers, and swamps.

Hydrophytes for study were selected in July 2011 in
the period of their blooming from the same habitat,
the Revda River (Sverdlovsk oblast). Simultaneously,
water samples were taken by mixing different speci�
mens up to a depth of 0.5 m.

The Revda River, a left�bank tributary of the Chus�
ovaya River (basin of the Kama River), is formed from
the fusion of a great number of small rivers. The river
is used both as drinking water and to provide technical
water to industrial enterprises [3].

Concentration of metals in leaves of hydrophytes
and in unfiltered river water was determined by
atomic�absorption spectroscopy after wet washing
with 70% nitric acid [5]. The bioconcentarion factor
(BCF) was calculated as the ratio of metal content in
the plant biomass to the total concentration of this
metal in water.

Concentration of soluble protein in leaves of plants
was determined using the Shakterle method [23]. The
intensity of processes of peroxidation of lipids (POL)
and activity of antioxidant enzymes were determined
in averaged samples of leaves (weight of weighted por�
tion 0.5 g) that were homogenized in cold in a 0.1 M
K/Na�phosphate buffer (pH 7.4) and centrifuged. The
resulting supernatant was used to determine the POL,
activity of SOD, and guaiacol peroxidase (GP).

The intensity of POL was determined in a butanol
extract according to the concentration of products
reacting with thiobarbituric acid (TBA�reacting prod�
ucts) [24]. The activity of SOD was determined using
a method based on measuring the inhibition of photo�
chemical restoration of nitroblue tetrazolium [21].
The activity of GP was assessed from an increase in the
optical density of reactionary medium at a wavelength
of 470 nm as a result of guaiacol oxidation [32].

Proline concentration was determined by the com�
mon method [20] using an acidninhydrin reagent. The
determination of ascorbic acid and glutathione was
performed from one averaged weighted portion of
leaves by the trinolometric method using parallel titra�

tion by 2.6�dichlorophenol�iodophenol and potas�
sium iodate [17]. The content of flavonoids was deter�
mined in alcoholic (96% ethanol) extract using a cit�
ric�acid boric reagent with spectrophotometer at a
wavelength of 420 nm [12].

The significance of differences was assessed
according to a nonparametric Mann–Whitney U�test
at p < 0.05. Tables include average arithmetic values
from three biological replications and their standard
errors.

RESULTS

Results of determining the HM content in surface
waters and coefficients of their biological accumula�
tion in leaves of the studied hydrophytes from the
Revda River are presented in Table 1.

In the study period, the concentration of the stud�
ied metals in waters of the river exceeded the maxi�
mum acceptable concentration (MAC) for fishery
water bodies. To the maximum degree, it is typical for
copper and nickel compounds, the ratio of excess for
which comprised 10 and 30 MAC, respectively.

Results of an assessment of HMs accumulation in
leaves of the studied hydrophytes reflect considerable
differences between the two species: the amount of all
studied metals in leaves of Batrachium trichophyllum
was several times (or by an order of magnitude) higher
than in leaves of Potamogeton alpinus (Table 1). Excess
ratio for zinc was 4, for copper and nickel it was 7, for
manganese it was 13, and for iron it was 25.

The intensity of POL processes in leaves of Batra�
chium trichophyllum was an order of magnitude higher
than that in Potamogeton alpinus (Table 2).

Activity of SOD and GP–key enzymes of the anti�
oxidant system in leaves of Batrachium trichophyllum
were considerably higher (3.4 and 1.6 times, respec�
tively) (Table 2). Content of soluble protein in leaves of
this plant species also exceeded its amount 2.5 times in
leaves of Potamogeton alpinus.

The content of nonenzymatic antioxidants in
leaves of aquatic plants is different (Table 3). Batrach�

Table 1. Content of HMs in surface waters of the Revda River, leaves of plants, and coefficients of biological accumulation

Index Cu Fe Ni Zn Mn

 Surface waters

HMs, mg/L 0.010 0.170 0.300 0.012 0.022

MAC, mg/L 0.001 0.100 0.010 0.010 0.010

Leaves of Potamogeton alpinus

HMs, mg per 1 kg of dry mass 11.8 558.9 10.8 110.3 370.5

BCF 1179 3288 36 9234 16842

Leaves of Batrachium trichophyllum

HMs, mg per 1 kg of dry mass 85.3 14128.2 72.00 416.2 4804.0

BCF 8531 83107 240 34688 218366
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ium trichophyllum—a hydrophyte with a high accu�
mulative capacity—differed from Potamogeton alpinus
in a higher content of all studied low�molecular com�
ponents of the antioxidant system of plants. For
instance, the ascorbate content in leaves of Batrach�
ium trichophyllum was 1.8 times higher, that of proline
was 2 times higher, glutathione was 2.8 times higher,
and flavonoids were 7 times higher than in leaves of
Potamogeton alpinus.

DISCUSSION

Physiological and biochemical effects of oxidation
stress induced by the impact of HMs and the methods
of protection from it using antioxidant systems are
actively studied. The results of performed theoretical
and experimental studies indicate a considerable
diversity of antioxidant mechanisms of living systems,
which provides their tolerance and reliability of func�
tioning.

The pattern of interaction between components of
the system of antioxidant protection remains poorly
studied. The functioning of components of the antiox�
idant system in plants in dynamics and in the loading
gradient, as well as the role of different components of
antioxidant system against ROS, is also studied insuf�
ficiently. Other issues related to the formation of plants
tolerance to unfavorable conditions remain unsolved.
In connection with this, studies oriented at the expan�
sion and deepening of plants and other living organ�
isms antioxidant systems functioning knowledges and
the change in the activity of AOS components under
stress conditions also remain urgent. A study of the
antioxidant status of living systems directed on the
assessment of the possibility of using it for integrated

diagnostics of their stability to anthropogenic impact
is especially important.

Surface waters of the Revda River, as of most other
water bodies of Sverdlovsk oblast, are characterized by
increased HMs concentrations. This fact, on the one
hand, is a reflection of geochemical specific features of
the territory related to the bedding of polymetallic ores
and their mining and, on the other hand, it is a conse�
quence of a high degree of urbanization and inflow of
waste waters from industrial enterprises [3].

An analysis of coefficients of biological accumula�
tion of HMs in the studied species demonstrated that,
in Potamogeton alpinus, values of BCF comprised an
ascending series: Ni < Ca < Fe < Zn < Mn. The same
pattern of metals accumulation was observed in most
species of hydrophytes studied previously [15]. How�
ever, in Batrachium trichophyllum, BCF for iron was
higher than for zinc.

The results of studies allow us to suggest that an
increase in the intensity of POL in plants with
increased accumulative capacity (B. trichophyllum) is
related to the active accumulation of metals whose
excess caused an intensified generation of ROS. This
led to the activation of AOS components, i.e., an
increase in the intensity of lypoperoxidation could ini�
tiate the induction of adaptation mechanisms oriented
at the prevention of the subsequent development of
oxidation stress, including an increase in the activity
of antioxidant enzymes and an increase in the amount
of low molecular weight antioxidants.

SOD performs the role of the primary boundary
against active ROS. The activation of SOD under
unfavorable impacts is a response to an increase in the
production of radicals of superoxide under these con�
ditions, which protects cells and tissues from oxidative
damages. In the realization of the adaptation potential

Table 2. Content of soluble protein, intensity of POL, and antioxidat enzymes activity in leaves of the studied hydrophytes

Plant species
Content of soluble 
protein, mg per 1 g 

of dry mass

Intensity of POL, 
µmol per 1 g 
of dry mass

Activity of SOD, 
units per 1 g of dry 
mass per minute

Activity of GP, µmol 
per 1 g of dry mass 

per minute

Potamogeton alpinus 63.3 ± 2.1 90 ± 4.0 383 ± 42 518 ± 13

Batrachium trichophyllum 159.3 ± 6.8 1300 ± 20 1282 ± 34 811 ± 33

Table 3. Content of nonenzymatic antioxidants in leaves of the studied hydrophytes

Plant species Flavonoids, 
mg per 1 g of dry mass

Ascorbate Glutathione Proline

µg per 1 g of dry mass

Potamogeton alpinus 9.8 ± 0.8 179.1 ± 12.8 812.3 ± 12.2 279.0 ± 5.8

Batrachium trichophyllum 70.5 ± 1.0 319.7 ± 22.0 2296.4 ± 55.0 585.5 ± 9.0
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of plants, a special role is allocated to peroxidase, a
polyfunctional enzymatic system capable of respond�
ing to a wide spectrum of factors leading to distur�
bances of metabolic processes [14].

An increase in the activity of antioxidant enzymes
under the action of HMs can be determined by the
activation of their latent forms and/or the synthesis of
their molecules. SOD can also include metals such as
iron, copper, manganese, zinc, and the obligatory
component of peroxidases: iron [14]. One can suggest
that the accumulation of these HMs in cells of plants
led to an increase in the activity of SOD and GP. The
activation of antioxidant enzymes could also promote
the accumulation of low molecular weight antioxi�
dants. In particular, there are published data [1] on the
regulating effect of glutathione on the activity of SOD.
The restored glutathione induced expression of gene
of cytoash SOD in leaves of tobacco, although mech�
anisms of this effect have not been established [1].

An increase in the rate of antioxidant processes cat�
alyzed by antioxidant enzymes is determined not only
by the activation of antioxidant enzymes, but also by
their formation in increased amounts upon the devel�
opment of oxidation stress. The increase in the rate of
synthesis of antioxidant enzymes during the accumu�
lation of HMs is evidenced by a higher content of sol�
uble protein in leaves of B. trichophyllum.

The higher activity of antioxidant enzymes and the
increased content of low molecular weight antioxi�
dants in leaves of B. trichophyllum can be regarded as a
nonspecific adaptive response providing a high level of
tolerance of these plants to the absorbtion and accu�
mulation of a large amount of HMs.

One of the known methods of plants protecting
from the harmful effect of HMs is the biosynthesis of
low molecular weight proteins and peptides enriched
by SH�groups (metallothioneins and phytochelatins).
Metal�binding proteins and peptides are synthesized
in the norm in inconsiderable amounts. Their content
in a cell drastically increases upon an increase in HMs
concentration in the nutritive substrate [14].

Batrachium trichophyllum from a habitat with a
higher technogenic load (because of which in river
waters and leaves of plants an increased amount of
HMs was observed) differed in a more considerable
synthesis of SH�containing compounds than plants of
the same species from a “conventionally clean” habi�
tat [16]. The number of thiolic groups in an environ�
ment polluted with HMs significantly increased in sol�
uble and membrane bound proteins. The inactivation
of HMs in plants cells at their excessive delivery from
the habitat promoted an increase in tolerance for the
action of HMs. The increased level of non�enzymatic
antioxidants in leaves of B. trichophyllum is apparently
mediated by the accumulation of ROS. For instance,
ascorbic acid acts as a reducing agent, thereby increas�
ing the tolerance of plants for ROS. The formed dihy�
droascorbate can restore up to ascorbic acid at the
expense of the enzymatic and non�enzymatic oxida�

tion of glutathione. Glutathione serves also as the
main substrate for the formation of phytochelatins.
Thus, an increase in glutathione content and the sub�
sequent formation of phytochelatins in plant species
with a high accumulative ability is one mechanism of
HMs detoxication.

The increase in soluble proteins content in leaves of
plants differing in high levels of HMs accumulation is
apparently determined not only by the necessity of
synthesis of new molecules of antioxidant enzymes
induced by the intensification of prooxidant reactions,
but also by the formation of different protective metal�
binding proteins. This is proven by the results of stud�
ies [10, 16] evidencing an increase in the content of
membrane bound proteins in leaves of plants living in
aquatic habitat with HMs pollution.

The study of the antioxidant status of hydrophytes
in connection with their accumulative potential, espe�
cially under conditions of the anthropogenic impact,
promotes the detection of relations between physico�
chemical characteristics of plants and their adaptive
abilities.

CONCLUSIONS

Bioconcentration factor of five investigated metals
(Cu, Fe, Ni, Zn, and Mn) in leaves of Batrachium tri�
chophyllum were several times higher than in leaves of
Potamogeton alpinus. A comparison of the antioxidant
status in these two species demonstrated that the accu�
mulation of metals in leaves of Batrachium trichophyl�
lum was accompanied by the intensification of the pro�
cesses of lipids peroxidation, the activation of super�
oxidismutase and guaiacol�specific peroxidase, and an
increase in the content of low molecular weight anti�
oxidants: flavonoids, ascorbate, glutathione, and pro�
line. The activation of antioxidant enzymes and the
accumulation of non�enzymatic antioxidants is one of
protection mechanisms against the HMs effect that
promotes the survival of the plant organism and its
adaptation to an increased content of metals in an
aquatic habitat. Antioxidant systems, providing the
functioning of non�specific mechanisms of tolerance,
play a crucial role in the adaptation potential of plants
to metals. Studies of HMs accumulation by plants and
means of their adaptation to habitat pollution is the
basis for elaborating more effective technologies for
treating polluted waters, as well as for perfecting meth�
ods of biomonitoring aquatic ecosystems.

ACKNOWLEDGMENTS

This study was supported by Act 211 Government
of the Russian Federation  02.A03.21.0006).

REFERENCES

1. Baranenko, V.V., Superoxide dismutase in plant cells,
Tsitologiia, 2006, vol. 48, no. 6, pp. 465–474.



INLAND WATER BIOLOGY  Vol. 7  No. 4  2014

ANTIOXIDANT STATUS OF HYDROPHYTES 405

2. Vlasov, B.P. and Gigevich, G.S., Ispol’zovanie vysshikh
vodnykh rastenii dlya otsenki i kontrolya za sostoyaniem
vodnoi sredy: Metodicheskie rekomendatsii (The Use of
Higher Aquatic Plants for the Evaluation and Monitor�
ing of the Aquatic Environment: Guidelines), Minsk:
Belorus. Gos. Univ., 2002.

3. Vodnye resursy Sverdlovskoi oblasti (Water Resources of
the Sverdlovsk Oblast), Yekaterinburg: Izd. AMB, 2004.

4. Devi, S.R. and Prasad, M.N., Antioxidant capacity of
Brassica juncea plants exposed to elevated levels of cop�
per, Russ. J. Plant Physiol., 2005, vol. 52, no. 2,
pp. 205–208.

5. Ermachenko, L.A. and Ermachenko, V.M., Atomno�
absorbtsionnyi analiz s grafitovoi pech’yu (Atomic
Absorption Analysis with the Graphite Furnace), Mos�
cow: Izd. PAIMS, 1999.

6. Ipatova, V.I., Adaptatsiya vodnykh rastenii k stressovym
abioticheskim faktoram sredy (Adaptation of Aquatic
Plants to Stressful Environmental Factors), Moscow:
Grafikon�print, 2005.

7. Kokin, K.A., Ekologiya vysshikh vodnykh rastenii
(Ecology of Higher Aquatic Plants), Moscow: Izd.
MGU, 1982.

8. Kurilenko, V.V. and Osmolovskaya, N.G., Ecological–
biogeochemical role of macrophytes in aquatic ecosys�
tems of urbanized territories (an example of small water
bodies of St. Petersburg), Russ. J. Ecol., 2006, vol. 37,
no. 3, pp. 147–151.

9. Lukina, L.F. and Smirnova, N.N., Fiziologiya vysshikh
vodnykh rastenii (Physiology of Higher Aquatic Plants),
Kiev: Nauk. Dumka, 1988.

10. Makurina, O.A. and Udivankin, A.V., Some biochemi�
cal parameters of Potamogeton perfoliatus L. as indica�
tors of anthropogenic pollution of the Saratov Reservoir
with heavy metals, Vestn. Samar. Gos. Univ., Estestv.�
Nauch. Ser., 2006, no. 7, pp. 134–138.

11. Maleva, M.G., Nekrasova, G.F., Borisova, G.G., et al.,
Effect of heavy metals on photosynthetic apparatus and
antioxidant status of elodea, Russ. J. Plant Physiol.,
2012, vol. 59, no. 2, pp. 190–197.

12. Rogozhin, V.V., Praktikum po biologicheskoi khimii
(A Practical Course in Biological Chemistry),
St. Petersburg: Lan’, 2006.

13. Kholodova, V.P., Volkov, K.S., and Kuznetsov, V.V.,
Adaptation of the common ice plant to high copper and
zinc concentrations and their potential using for phy�

toremediation, Russ. J. Plant Physiol., 2005, vol. 52,
no. 6, pp. 748–757.

14. Chirkova, T.V., Fiziologicheskie osnovy ustoichivosti ras�
tenii (Physiological Bases of Plant Resistance),
St. Petersburg: Izd. St.�Peterburg. Univ., 2002.

15. Chukina, N.V. and Borisova, G.G., Structural and
functional parameters of higher aquatic plants from
habitats differing in levels of anthropogenic impact,
Inland Water Biol., 2010, vol. 3, no. 1, pp. 44–50.

16. Chukina, N.V., Maleva, M.G., and Borisova, G.G.,
Role of SH�compounds in the detoxification of heavy
metals and their importance for biological indication of
pollution of aquatic ecosystems, in Bioindikatsiya v
monitoringe presnovodnykh ekosistem (Bioindication in
Monitoring of Freshwater Ecosystems), St. Petersburg:
Lyubavich, 2011, vol. 2, pp. 36–41.

17. Chupakhina, G.N., Fiziologicheskie I biokhimicheskie
metody analiza rastenii (Physiological and Biochemical
Methods of Analysis of Plants), Kaliningrad: Izd.
Kaliningr. Univ., 2000.

18. Shashulovskaya, E.A., Accumulation of heavy metals in
higher aquatic vegetation of the Volgograd Reservoir,
Povolzh. Ekol. Zh., 2009, no. 4, pp. 357–360.

19. Baker, A.J.M., Accumulators and excluders�strategies
in response of plants to heavy metals, J. Plant Nutr.,
1981, vol. 3, pp. 643–654.

20. Bates, L.S., Rapid determination of free proline for
water stress studies, Plant Soil, 1973, vol. 39, pp. 205–
207.

21. Beauchamp, C. and Fridovich, I., Superoxide dismu�
tase: improved assays and an assay applicable to acryla�
mide gels, Anal. Biochem., 1971, vol. 44, pp. 276–287.

22. Chance, B. and Maehly, A.C., Assay catalase and per�
oxidase,, in Methods in Enzymology, New York: Acad.
Press, 1955, pp. 764–775.

23. Shakterle, T.R. and Pollack, R.L., A simplified method
for the quantities assay of small amounts of protein in
biological material, Anal. Biochem., 1973, vol. 51, no. 2,
pp. 654–655.

24. Uchiyama, M. and Mihara, M., Determination of mal�
onaldehyde precursor in tissues by thiobarbituric acid
test, Anal. Biochem., 1978, vol. 86, pp. 287–297. 

Translated by I. Pogosyants


