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Abstract. Aquatic ecosystems are very sensitive to industrial impacts, and, therefore, it is increasingly
important to study the mechanisms underlying the tolerance of aquatic organisms to water pollution.
Heavy metals (HMs) are among the most common and toxic pollutants of aquatic ecosystems. They have
a particularly strong effect on macrophytes, which are in close contact with the aquatic environment and
can accumulate metals in considerable quantities. Hydrocharis morsus-ranae L. is a floating macrophyte
(pleistophyte) with a high capacity for accumulation of HMs. The aim of the present study was to assess
the effect of industrial pollution on the redox reactions in H. morsus-ranae and to identify the role
of low molecular weight antioxidants in adaptation of this macrophyte to unfavorable conditions. A
comparative analysis of the physiological and biochemical characteristics of H. morsus-ranae from two
(reference and impacted) water bodies was carried out. The study revealed an increased level of lipid
peroxidation products in the leaves of H. morsus-ranae under industrial impact, which indicates oxidative
stress. Nevertheless, this floating plant demonstrated fairly high resistance to adverse conditions, due
to the synthesis of non-enzymatic antioxidants such as proline and soluble protein thiols. Revealing the
response of macrophytes to pollution of water bodies will help predict the state of aquatic ecosystems

with an increase in anthropogenic pressure.
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Penoxc-peakuuu y Hydrocharis morsus-ranae L.

B YCJIOBHUSIX TeXHOT€HHOM Harpys3kKu

I U. llupses?, I.I. bopucosa?, /1. A. lllykuna?,
H.B. Uykuna®, A.B. Co6enun’, M.I. MaJjieBa®
“Vpanvckuil pedepanvHulil yHusepcumem

umenu nepgoeo Illpesuoenma Poccuu b. H. Envyuna
Poccuiickas ®@eoepayus, Examepunoype

SUncmumym 2opnoco oena Ypanvckoeo omoenenus PAH
Poccuiickas ®@eoepayus, Examepunobype

AHHOTanus. BogHbIe 95KOCUCTEMbI XapaKTEPU3YIOTCSl BHICOKOI 4YBCTBUTEILHOCTHIO K TEXHOT€HHBIM
Harpyskam, [o3ToMy Bce 0oJiee aKTyaJbHBIM SIBIISICTCS N3YyUYCHUE MEXaHU3MOB YCTOWYHBOCTH
rUAPOOMOHTOB K 3arpsi3HEHHIO BOAHBIX 00beKTOB. Tskenbie meTamibl (TM) oTHOCsATCS K Hanboliee
pacrnpocTpaHEeHHBIM U TOKCHYHBIM MOJUTIOTAaHTaM I'HpodKocucTeM. OCOOEHHO CHIIBHOE BO3ICHCTBHE OHU
OKa3bIBAIOT HA MAKPO(UTHI, KOTOPbIE KOHTAKTUPYIOT C BOJHOM CPeloi U MOTYT HAKAIJIMBATh METAJIIbI
B 3HAYUTEIBHBIX Konn4ecTBax. Hydrocharis morsus-ranae L. OTHOCUTCS K IJIaBaIOIMM MaKpoduTam
(uteticroduram), 00718 1AFOIINM BBICOKOM aKKYMYJISITUBHOM CIIOCOOHOCTHIO 110 oTHOMmIEeHUO K TM. Lens
HCCIIEZIOBAaHMS — OIIEHKA BIIMSTHHS TEXHOT€HHOTO 3arps3HEHUS Ha PeoKc-peakuuu y H. morsus-ranae,
a TAKKe BBISIBIICHUE POJIM HU3KOMOJIEKYJISIPHBIX aHTHOKCH/IAHTOB B €0 aJIallTalluy K HEONaromnpusTHIM
ycioBusiM. [IpoBenieH cpaBHUTENBHBIN aHATN3 (PU3HOIIOT0-OMOXMMUYECKUX XapaKTePUCTHK H. morsus-
ranae U3 AByX BOAHBIX 00beKkTOB (hoH 1 uMIakT). MccnenoBanue onpenesnio NoBbIIIEHHbII ypPOBEHb
CoZIep)KaHus IPOLYKTOB MEPEKHUCHOT'O OKMCIICHHUSI JTUITH/IOB B TUCTBAX H. morsus-ranae B yCIOBHSIX
TEXHOTEHHOI'0 BO3JICHCTBHSI, YTO CBHACTEILCTBYET 00 OKUCIUTEIBHOM CTpecce. TeM He MeHee 3TOT
MakKpOQHUT MTPOIEMOHCTPHPOBA JOCTATOUHO BBICOKYIO YCTOHYHNBOCTB K HEOIArOMpUATHBIM yCIIOBHUSIM,
YTO CTAJI0 BOBMOXHBIM OJIarojiaps CHHTE3y TaKWX HEOH3MMATHUECKUX aHTHOKCUJAHTOB, KaK IPOJIUH
1 pacTBOPHUMBIE OCIIKOBBIE THOJBI. BBIsSBIIEHHE OTBETHBIX PEAKIMH MaKpO(QHUTOB HA 3arpsI3HECHUE
BOJIHBIX 00BEKTOB Oy/IET CIIOCOOCTBOBATH TPOTHO3UPOBAHUIO COCTOSIHUS TUAPOLICHO30B MPH YCUICHHH

AHTPOMNOI€HHOI'0 NpCeCCHUHTA.
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KiioueBble cjioBa: niaBaroiuii MakpoQuT, TsKEJIble METallJIbl, OKUCIUTEIbHBIH CTpecc,

HHU3KOMOJICKYJISIPHBIC aHTUOKCUIAHTBI.

BuaarogaprocTu. PaboTa BeIoTHEHA TIPH YacTHYHOH (rHAHCOBOI ogaepxkke PODU u [IpaButenscTBa

CBepasoBckoi obacTu B paMKax Hay4yHoro npoekra Ne 20—45-660014. ABTOpBI BEIpaKaroT

6maromapHOCTh peneH3eHTy, mpodeccopy, . 6. H. T.K. l'onosko (MuacTHTYT Ononornn Komu HaygHOTO

neHTpa Ypanbsckoro otneneHuss PAH, CbhIKThIBKAp) 3a LIEHHBIE KOMMEHTAPUHU 0 YIy4YIIEHUIO 3TON

CTaThH, a Takke NokTopy Tpuntu (Ypansckuit GpenepanpHblil yauBepcuteT, EkatepuaOypr, Poccus)

3a pCAAKTUPOBAHUEC AHTJIMMCKOI'0 TEKCTA.

Luruposanue: llupses, I 1. Penoxc-peakumn y Hydrocharis morsus-ranae L. B ycnoBusix TexanorenHoi Harpysku / I 1. Illupses,
I.T" Bopucoga, 1. A. Illyxuna, H.B. Uyknna, A.B. Cobennn, M.IT. Manesa / XKypn. Cub. dpenep. yu-ta. buonorus, 2021. 14(3).

C. 296-305. DOI: 10.17516/1997-1389-0352

Introduction
Hydrocharis morsus-ranae L. (Hydro-
charitaceae Juss. family) is one of the

widespread floating macrophytes (pleistophytes).
Macrophytes play an important role in production
processes, transformation of organic compounds,
and biogeochemical cycles of elements in water
bodies. Aquatic ecosystems are very sensitive to
industrial impacts. Therefore, it is increasingly
important to study the mechanisms responsible
for the tolerance of macrophytes to environmental
pollution (Polechonska et al., 2017; Galczynska et
al., 2019).

Heavy metals (HMs) are among the most
common and dangerous pollutants of the
hydrosphere (Kabata-Pendias, Mukherjee, 2007).
As is known, with an increased HM level in the
habitat, aquatic plants can accumulate HMs
in rather high amounts, which are sometimes
several thousand times greater than the HM
content in the surface waters (Borisova et al.,
2016; Gatczynska et al., 2019).

The high ability of H. morsus-ranae to
accumulate such metals as Mn, Fe, Co, Ni, Zn,
and Cu has already been noted (Brekhovskikh
et al., 2009; Polechonska, Samecka-Cymerman,
2016). Polechonska and Dambiec (2014) reported

that the contents of Mn, Fe, and Cu in the leaves

of H. morsus-ranae exceeded the average levels
observed for other floating macrophytes, even
in cases of low metal content in water bodies.
At the same time, the average concentrations
of Zn, Mn, and Fe exceeded physiological
values and corresponded to the level of toxicity
(Polechonska, Dambiec, 2014).

The study of the HM accumulation by
H. morsus-ranae during the growing season
showed that the maximal contents of most
HMs in plants and the highest bioconcentration
factors were noted in June. It has been
suggested that the increased content of metals
in the floating macrophyte at the beginning of
the growing season may be associated with the
contact of hibernating buds with contaminated
sediments during the winter (Polechonska et
al., 2017).

The HM bioaccumulation in H. morsus-
ranae shoots depends on the type of industrial
activities. The highest levels of Cd and Co were
found near plants producing organic compounds
and the

concentrations of Cr, Cu, and Pb were noted near

automotive industries; elevated
thermal power plant and former ferrochrome
industry. At the same time, the concentrations of
alkali metals, Co, and Fe in H. morsus-ranae were

higher than in other aquatic plants regardless of
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their amounts in the environment (Polechonska,
Samecka-Cymerman, 2016).

HM concentrations in the H. morsus-ranae
leaves were ranked as follows: Mn > Fe > Zn >
> Cu > Hg. Based on the bioaccumulation and
translocation factors, it was concluded that
H. morsus-ranae is an accumulator of Co, Cr,
Cu, Fe, K, Mn, Ni, Pb, and Zn (Polechonska,
2016). Moreover, the

roots accumulate more HMs than the leaves

Samecka-Cymerman,

(Galczynska et al., 2019). Significant positive
correlations were also found between the
contents of Zn, Fe, and Hg in H. morsus-ranae
and in water, which indicates the possibility
of using this floating macrophyte in the
biomonitoring of water pollution (Brekhovskikh
et al., 2009).

Thus, a lot of data have been reported
on the high tolerance of H. morsus-ranae to
environmental pollution with HMs and its
accumulative abilities. However, there is only
information on the

fragmentary adaptive

physiological and biochemical mechanisms
contributing to the growth and vitality of this
floating macrophyte even under considerable
industrial impacts.

The aim of the study was to assess the
effect of industrial pollution on redox reactions
in H. morsus-ranae and identify the role of low
molecular weight antioxidants in adaptation of

this species to unfavorable conditions.

Materials and methods

H. morsus-ranae is a cosmopolitan perennial
plant with numerous roots hanging down into
the water column. The leaf blade is rounded;
the aerenchyma is not developed. The plant has
a high growth rate and vegetative reproduction,
prefers water bodies with an average trophic
status, grows best in low-flow habitats such as
swamps, river backwaters, lakes, and reservoirs
(Polechonska, 2014; Polechonska,
Samecka-Cymerman, 2016).

Dambiec,

Sampling of surface waters, sediments,
and plant material was carried out in the
Chelyabinsk Region (South Ural, Russia) in
July 2018-2019. Samples were collected from
two sites: the reference site (Site 1) and the
impacted site (Site 2). The coastal water of the
Irtyash Lake (55°52'22" N 60°42'16" E) was used
as the reference site (Table 1). This reservoir
lake is located in the Kaslinsky district of the
Chelyabinsk Region. According to its primary
productivity and nutrient content, the Irtyash
Lake is a mesotrophic water body.

The Egoza River backwater (55°44'03" N
60°30'57" E) near the town of Kyshtym was
used as an impacted site (Table 1). There are
several industrial facilities in Kyshtym, and due
to their activities, various pollutants, including
HMs, enter the river. In addition, the increased
contents of many HMs are associated with the

presence of serpentinite rocks, which contain

Table 1. The pH value, specific electrical conductivity, and total index of toxic load in the study sites

Parameter Site 1 Site 2
pH value of water 6.9+0.1 6.8+£0.2
Specific electrical conductivity of 3927+ 332 5513 4 35.3%
water, uS/cm
Si (water) 34
Si (sediments) 2.0

Data presented as Mean + SE; asterisk (*) indicates significant differences between the study sites at p < 0.05.
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high concentrations of Ni, Fe, Cr, and Co (Tripti
etal., 2021).

The pH and specific electrical conductivity
of the water were measured using a pH meter/
conductometer (Hanna Instruments, Germany).

To determine the HM content, water and
sediment samples were taken at four points
of each site and mixed to prepare a composite
sample. The content of metals was determined
in three replicates by inductively coupled plasma
atomic emission spectrometry (iCAP 6500 Duo,
Thermo Fisher, U.S.A.) after wet digesting with
70 % HNO;. As an integrated indicator of water
and sediment pollution, the total index of toxic
load (S7) was used, which was calculated using
the formula (Bezel et al., 1998):

t=0my ()

where, C; is the concentration of metal in water/
sediments of the impacted site; Cigrence 1S the
concentration of metal in the water/sediments
of the reference site; n is the number of metals
studied.
Physiological biochemical
of lipid

peroxidation, content of carotenoids, free proline,

and
characteristics such as the rates
phenolic compounds, soluble thiols and proteins
were measured in the leaves of H. morsus-ranae
spectrophotometrically on a PD-303UV (APEL,
Japan), according to standard methods.

Therate of lipid peroxidation was determined
by the reaction of malonic dialdehyde (MDA)
with thiobarbituric acid (TBA). Absorbance was
measured at 532 and 600 nm (Heath, Packer,
1968). The contents of photosynthetic pigments
(chlorophylls and carotenoids) were measured at
470, 647, and 663 nm after extraction in 80 %
acetone. The carotenoid content was calculated
according to Lichtenthaler (1987). Free proline

content was determined after extraction in hot

water (95 °C) and boiling in a water bath for
20 min (Kalinkina et al., 1990). For staining, a
mixture of ninhydrin reagent with glacial acetic
acid (1:1) was used; absorbance was measured
at 520 nm. The total content of soluble phenolic
compounds was determined at 760 nm using
the Folin-Chiocalteu reagent after preliminary
extraction with 70 % ethanol solution for
24 hours. Gallic acid was used as a standard
(Singleton et al.,, 1999). The extraction and
determination of protein and non-protein thiols
were performed as described by Borisova et al.
(2016). The total content of soluble thiols was
determined after reaction with Elman's reagent
(5.5'-dithiobis (2-nitrobenzoic) acid) at 412 nm.
The content of protein thiols was calculated by
subtracting the amount of non-protein thiols
previously obtained by precipitation of proteins
with 50 % trichloroacetic acid from the total
soluble fraction. Reduced glutathione was used as
a standard (Borisova et al., 2016). The content of
soluble protein was determined at a wavelength
of 595 nm according to Bradford (1976).
Bovine serum albumin was used as a standard.
Determination of physiological and biochemical
parameters was carried out in 4 biological and
3 analytical replicates (n = 12). All parameters
were measured on fresh plant material and then
calculated as per one g of dry weight (DW).

The significance of differences was assessed
using the nonparametric Mann—Whitney test at
a significance level of p < 0.05. The tables and
figures show the mean values (Mean) and their
standard errors (SE); asterisks indicate significant

differences between the study sites.

Results and discussion

The study sites did not differ significantly
in water pH, while the specific electrical
conductivity of the surface waters in the impacted
site (the Egoza River) was 1.4 times higher than
in the reference one (the Irtyash Lake, Table 1).
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The total index of toxic load at the impacted
site (Site 2) was calculated from the contents of
four metals (Fe, Zn, Mn, and Ni). The toxic load
for water was 1.7 times higher than for sediments.
The average value of this index for surface waters
and sediments was 2.7 (Table 1).

The maximum difference between sites
in the contents of metals was found for Fe (5.6
times), Zn (2.4 times), Mn (2.2 times), Ni (3.0
times), and Co (4.0 times) in water, and for Ni,
Pb, and Zn in sediments (4.2, 2.7, and 1.6 times,
respectively) (Table 2).

Most of the concentrations of metals in
water exceeded the maximum permissible
concentrations (MPC) for fishery water bodies
(Water quality standards ..., 2016). The highest
excess of MPC was noted for mercury in the
water of Site 2 (66 times), while for zinc, iron,
and manganese it was 5 times higher on average.
Among the metals studied, the most toxic to plant
organisms are Hg, Co, Ni, Cu, and Pb (Kabata-
Pendias, Mukherjee, 2007). Their contents in Site
2 were higher both in water and in sediments.
The exception was Pb, whose concentration in
the water of the impacted site was slightly lower
than in the reference one (Table 2).

As is well known, an excess of HMs in

the habitat causes inhibition of photosynthesis

in plants, impaired transport of assimilates and
mineral nutrition, growth inhibition, and changes
in the water and hormonal status. Increased
concentrations of HMs (especially of such redox-
active ones as copper, iron, and manganese) can
promote the generation of reactive oxygen species
(ROS) (Blokhina et al., 2003; Gill, Tuteja, 2010).
Lipid peroxidation, whose rates are assessed
by the MDA content, is a reaction indicating
damage to cell membranes (Blokhina et al., 2003;
Sharova, 2016).

An assessment of the lipid peroxidation rate
in the leaves of H. morsus-ranae showed that the
MDA content in plants in Site 2 was 1.2 times
higher than in Site 1 (Fig. 1a). An increase in the
MDA content in the plants under anthropogenic
load indicates the development of oxidative stress,
despite the fact that most metals accumulate in
the H. morsus-ranae roots.

The concentration of ROS formed in the
cell is maintained at a sufficiently low level by a
multicomponent antioxidant defense system, the
state of which largely determines plant resistance
to stress (Blokhina et al., 2003; Sharova, 2016).
ROS and antioxidants interacting with them are
presently considered as redox-active molecules,
which are the main participants in redox processes
(Pradedova et al., 2017). As is well known, ROS

Table 2. The contents of heavy metals in water and sediments of the study water bodies

Metal content in water, pug/L

Metal content in sediments, mg/kg

Metal - - - -
Site 1 Site 2 Site 1 Site 2

Fe 94.27 +8.87 527.90 + 39.81* 26505.48 +1429.05  28602.91 + 1293.90
Zn 2542 +2.76 60.06 = 1.36* 72.15+2.51 115.19 + 9.75%
Mn 19.27 £0.77 43.40 + 1.50%* 614.02 = 3.06 768.17 + 14.47*
Ni 9.16 +0.55 27.12 £2.08* 32.40+1.05 136.90 + 7.85*
Cu 19.53 £ 1.75 23.45+0.19 60.06 = 1.25 76.92 + 1.35%
Co 0.50 £ 0.01 2.06 +0.16* 833+ 1.65 10.94 +0.68
Hg 0.40 +0.01 0.66 £ 0.09%* 13.44 £ 0.64 14.38 +0.33
Pb 5.41+0.16 3.04 £ 0.40% 4534 +£1.26 120.46 + 8.48*

Data presented as Mean + SE; asterisk (*) indicates significant differences between the study sites at p < 0.05.
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Fig. 1. Contents of malondialdehyde (a), carotenoids (b), free proline (c), and soluble phenolic compounds (d)
in the leaves of H. morsus-ranae. Data presented as Mean + SE; asterisk (*) indicates significant differences

between the study sites at p < 0.05

in plants are involved in the regulation of many
vital processes. At the same time, antioxidants
play a leading role in the understanding of the
physiological functions of ROS (Sharova, 2016;
Pradedova et al., 2017).

Carotenoids

the  multifunctional

compounds of plants. Not only do they take partin

are

the absorption of light energy and the protection
of green pigments from photodegradation, but
they also have antioxidant activity (Strzalka
et al., 2003). The content of carotenoids in
H. morsus-ranae in Site 2 was significantly
(L4 times) lower than in Site 1 (Fig. 1b). A
decrease in the carotenoid content in a habitat
contaminated with metals was also noted in our
previous study of the helophyte Typha latifolia
L. (Maleva et al., 2019). Carotenoid molecules

have double bonds, and they are oxidized when
interacting with ROS (Strzalka et al., 2003).
Thus, a decrease in the content of carotenoids in
plants from contaminated habitats is apparently a
consequence of their oxidative degradation.
Proline is a proteinogenic heterocyclic amino
acid, which plays an important role in the plant
cells. It is involved not only in osmoregulation,
but also in the stabilization of proteins,
membranes, and subcellular structures. Proline is
also able to chelate HMs, maintain cellular redox
potential, and participate in ROS neutralization
(Hare, Cress, 1997; Sharova, 2016). The free
proline content in H. morsus-ranae from Site 2
increased by 26 % compared to Site 1 (Fig. lc),
which indicates its active role in the adaptation of

the macrophyte to the environmental pollution.
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Many phenolic compounds are known to
have antioxidant properties. Due to OH groups,
phenols can participate in the detoxification
of ROS (Sharova, 2016). Phenolic substances
readily interact with reactive oxygen species.
Initially, they are oxidized to phenoxyl radicals,
the further oxidation of which leads to the
formation of quinones. They can also chelate
HMs and stabilize membranes, which limits
the diffusion of free radicals and reduces the
rate of lipid peroxidation (Michalak, 2006). As
a rule, under stress, the synthesis of phenolic
compounds is enhanced (Pourcel et al., 2007,
Sharova, 2016). However, the present study
demonstrated that the content of soluble phenolic
components in the leaves of H. morsus-ranae in
Site 2 was 17 % lower than in Site 1 (Fig. 1d).
It can be assumed that, as a result of the high
level of toxic load, the rate of destruction of
phenols was higher compared to its synthesis
reactions. Interestingly, our previous study of
the helophyte plant Typha latifolia L. revealed
an opposite trend for phenolic compounds
(Maleva et al., 2019). That species demonstrated
higher tolerance to industrial pollution than H.
morsus-ranae. At the same time, they share
similar trends in changes of the contents of other

non-enzymatic antioxidants, which indicates a

B Non-protein OProtein
E #
o 15 4
s %
3 10 :
P
2
S 51
2]
0
Site 1 Site 2
(2

major role of these secondary metabolites in the
formation of tolerance to HMs.

Compounds containing SH-groups (thiols),
which can be divided into protein and non-
protein ones, play an important part in the
antioxidant protection of plants. Thiols can both
bind HMs and act as antioxidants, participating
in the neutralization of ROS formed during
oxidative stress (Cobbett, 2000; Sharova, 2016).
A previous study demonstrated that the contents
of soluble thiols in different species of aquatic
plants correlated with the accumulation of
HMs (Borisova et al., 2016). The present study
showed that the content of soluble thiols in the
contaminated site (Site 2) was significantly (1.2
times) higher than in the reference site (Fig. 2a).
Moreover, protein thiols prevailed over non-
protein ones: their content was about 86 % of the
total amount of soluble thiols.

Many proteins are involved in the antioxidant
defense system of plants. They are capable of both
directly chelating HMs and acting as enzymes,
catalyzing the reactions of ROS neutralization
(Kulaeva, Tsyganov, 2011). Determination of
the total content of soluble protein revealed
an increase in its amount in plants from Site 2
compared to the reference ones (by an average of
24 %, Fig. 2b).

200 -

z

A

o

s 150

S _

S 100

L

3

S 501
0
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®)

Fig. 2. Contents of soluble thiols (a) and protein (b) in the leaves of H. morsus-ranae. Data presented as Mean +
SE; asterisk (*) indicates significant differences between the study sites at p < 0.05.
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Thus, the study of the H. morsus-ranae
redox reactions to environmental pollution
showed that the development of oxidative
stress was accompanied by the accumulation
of proline, soluble thiols, and proteins in cells,
suggesting activation of their synthesis under

anthropogenic load.

Conclusion

Comparative analysis of the redox reactions

ofthe floating macrophyte H. morsus-ranae from
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