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Surface water pollution has a complex multicomponent nature, due to a combination of various heavy metals that have a syner-
gistic or antagonistic effect on various physiological parameters. Under model conditions, the combined effect of several heavy met-
als on aquatic plants was studied in terms of their toxicity, taking into account the nature of the interaction. In laboratory conditions,
we studied the effect of nickel and copper ions and their mixtures in different concentrations on seed germination, growth and devel-
opment of seedlings of the coastal-aquatic plant Alisma plantago-aquatica L. At the end of the experiment, seed germination, inhibi-
tion coefficient, morphometric indicators of seedlings and tolerance index were determined. A/isma seeds are highly resistant to nickel
and copper chlorides and their mixtures. The toxicity limit for seed germination at 1-500 mg/L was not detected, although the inhibi-
tion coefficient in all variants of the experiment increased. A greater toxic effect of copper ions was noted compared to nickel ions.
With the joint action of two metals on seed germination, a change in the nature of the effect from an independent action at low con-
centrations to antagonism at high concentrations was revealed. The growth and development of seedlings was observed at 1-100
mg/L. The main inhibitory effect of heavy metals was on the length of the main root, the first true leaf, and the number of adventitious
roots. Necrosis of the root system and hypocotyl, a weakening of the differentiation of the site of transition of the hypocotyl to the
cotyledon, a change in the shape of the cotyledon, the colour intensity and turgor of the cotyledon and leaves were noted. The toler-
ance index showed that resistance at a level above 50% to the action of nickel, copper and their mixture was maintained at 1 mg/L. In
the case of the development of hypocotyl and cotyledon, copper was more toxic than nickel; nickel had a greater inhibitory effect on
leaves. Under the action of the heavy metal mixture on the growth and development of seedlings, the independent action at low con-
centrations changed to antagonistic at high concentrations, which is probably due to competition in a number of indicators between

nickel and copper.
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Introduction

Due to the increase in environmental pollution, studies of the absorp-
tion and primary incorporation of heavy metals into plant metabolism are
becoming more and more popular. In small quantities, many of the heavy
metals are necessary for normal plant life, for example, copper, zinc, man-
ganese and nickel are part of various biological complexes. However, in
high concentrations, they inhibit growth and affect viability, disrupting the
physiological and biochemical processes in the cells (Devi & Prasad,
2005; Hu etal., 2009).

Since plants are important components of aquatic ecosystems, and all
anthropogenic influences enter the hydrosphere through processes asso-
ciated with the water cycle, identifying the resistance of higher aquatic
plants to heavy metal pollution is a priority in modem biology (Devi &
Prasad, 2005; Zaripova & Stefanovich, 2008; Maleva et al., 2012). The abi-
lity of higher water plants to accumulate heavy metals in significant quan-
tities, forming non-toxic complexes, opens up wide prospects for their use in
monitoring and phytoremediation (Malec et al., 2009; Maleva et al., 2009).

Recently, many works on the influence of individual ions have appea-
red in the literature, but the combined effect of two or more metals has not
been studied sufficiently (Brygadyrenko & Ivanyshyn, 2015; Marenkov
etal., 2018). In nature, metal ions are rarely found in isolation from each
other, and surface water pollution is complex multicomponent, due to a
combination of various heavy metals that have a synergistic or antagonis-
tic effect on various physiological parameters. Therefore, under model
conditions, the combined effect of several heavy metals on aquatic plants

should be investigated not only in terms of their toxicity, but also taking
into account the nature of the interaction. Knowledge of the physiological
and biochemical mechanisms of plant resistance to the combined action of
heavy metal ions will expand the understanding of the plasticity of meta-
bolic processes and the limits of sensitivity to them (Maleva et al., 2012).
The purpose of this study is to determine the resistance of the initial stages
of ontogenesis (seed germination, growth and development of seedlings)
of Alisma plantago-aquatica L. to the combined action of nickel and
copper ions.

Materials and methods

Seeds of A. plantago-aquatica were collected in periodically drying
shallow water of the Chesnava River (Breitovsky District, Yaroslavl Re-
gion) in September 2019. Their germination was carried out according to
the “International rules for determining the quality of seeds” (Leurda,
1969). For cold stratification, the seeds were placed in distilled water at a
temperature of +4...+8 °C for 3 months. Then in batches of 50 pes they
were germinated on a Petri dish in a luminostat at a temperature of 20—
25 °C on filter paper moistened with solutions of salts of NiCl,*6H,O and
CuCly*2H,0 (chemically pure) in a volume of 15 mL each at concentra-
tions of 1, 10, 25, 50, 100, 250 and 500 mg/L, pH 6.8-7.2 (the graphs
show white and grey bars, respectively). High concentrations were used to
identify the toxic limit of heavy metals (concentrations above which the
seeds did not germinate). Mixtures of these salts were also taken in a 1:1
ratio at the same concentrations (7.5 mL of each salt solution per Petri

Regul. Mech. Biosyst., 2020, 11(3)

367



dish) (in the graphs NiCl,*6H,O + CuCl,*2H,0 — black bar). Distilled
water was used as a control. The experiments were performed in triplicate
at an illumination of 3200 A and a photoperiod of 9/15 (light:darkness).
The experiment lasted 14 days. The time (day) from the beginning of the
experiment to the rooting of the seed cover (lag time), the time (day) dur-
ing which the seeds sprouted (germination period) and the number of
germinated seeds (%) at the end of the experiment (germination) were
determined (Shipley & Parent, 1991; Nikolaeva et al., 1999). At the end of
the experiment, randomly taking 20 seedlings from each variant where the
seeds sprouted, the length of the main root, hypocotyl, cotyledon, first true
leaf were measured and the number of subordinate roots was counted.
The inhibition coefficient (Kj,,) was also calculated by the ratio of the
number of germinated seeds in the control (Ny) to the number of germi-
nated seeds in the experiment (N,): K,y = Ni/N,, and the tolerance index
(TT) or “root test” according to the formula: TT = Legerience/Looniol X 100%,
where: TI — index of tolerance (%); Legperionce — the length of the roots of
seedlings grown under the influence of heavy metals (mm); Ly 1S the
root length of the control seedlings (mm) (Willkins, 1978; Samantarey
etal., 1997; Chesnokova et al., 2016). Statistical analysis of the data was
carried out using the Statistica package (StatSoft Inc., USA). Data were
presented as means and their standard deviations (x £ SD). One-way
analysis of variance was used, differences between the mean values were
calculated using the Tukey test adjusted for Bonferroni, which are consi-
dered significant at P <0.05.

Results

The effect of salts of copper, nickel and their mixtures on seed germi-
nation. Seeds in the experiment germinated simultaneously, the lag time
was similar to the control values (2-3 days). When compared with the
control variant (5 days), an increase in the germination period to 7-9 days
was observed under the action of each heavy metal separately (nickel and
copper concentrations of 250 and 500 mg/L), as well as with their com-
bined effect (concentration of 50-500 mg/L).

In all variants of the experiment, the germination process was inhi-
bited. Germination under the influence of nickel ions significantly decrea-
sed at 25, 250, and 500 mg/L; copper ions significantly changed it at con-
centrations of 10-500 mg/L (Fig. 1, Table 1). The combined action of ions
caused significant differences between this indicator and the control only
at250 and 500 mg/L.
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Fig. 1. The effect of heavy metal ions on seed germination:
x+ SD, n=3; * —significant differences compared with control

For nickel chloride, a wave-like decrease in the percentage of germi-
nated seeds was noted, significant after a concentration of 10 mg/L. The
differences are statistically significant at P < 0.05 for variants 25 and
50 mg/L with variants 1 and 10 mg/L, for variants 250 and 500 mg/L with
all the others. Copper chloride was more toxic to seed germination than
nickel chloride, and after a concentration of 25 mg/L, a steady decrease in
seed germination was noted. The differences are statistically significant for
variants 10 and 25 mg/L with variant 1 mg/L, for variant 50 mg/L with
variant 1-25 mg/L, for variant 100 mg/L with variant 1-50 mg/L, for
250 and 500 mg/L — from 1-100 mg/L. The combined effect of these salts

was accompanied by a wave-like change in the germination rate, as in
nickel, and at 25 mg/LL and higher this indicator tumed out to be greater
than under the action of each salt separately. The differences are statistical-
ly significant for the 10 mg/L variant with the 1 mg/L variant, for the
50 mg/L variant with the 1 and 25 mg/L variants, for the 100 mg/L variant
with the 50 mg/L variant, for the 250 and 500 variants mg/L — with all the
others. The inhibition coefficient in all variants of the experiment in-
creased slightly, more under the action of copper ions, and the toxicity
limit of all the studied salts for seed germination was not found (Table 1).

Table 1
Change in the coefficient of inhibition of seed germination of
A. plantago-aquatica in solutions of nickel salts, copper and their mixtures

Heavy metal Inhibition rate
concentration, mg/L Nl o Ni** +Cu*

1 12 12 12

10 1.1 1.5 13

25 1.6 13 1.1

50 14 2.1 12

100 13 26 12

250 1.8 43 15

500 29 38 19

The effect of salts of copper, nickel and their mixture on the growth
and development of seedlings. Under the action of the studied salts at con-
centrations of 1-100 mg/L, the growth and development of seedlings was
observed. Moreover, a significant inhibitory effect was noted on the length
of the main root, the first true leaf and the number of subordinate roots.
The main root was absent as a result of the action of nickel and copper at
concentrations above 50 mg/L, and their combined action was above
100 mg/L (Fig. 2). A significant decrease in this indicator under the influ-
ence of nickel was noted already at 1 mg/L, under the influence of copper
and a mixture of metals — 10 mg/L. Starting from a concentration of
25 mg/L, the length of the main root as a result of the combined action of
metals was significantly higher than under the action of each metal sepa-
rately. Partial necrosis of both the main and adnexal roots was detected at
10 mg/L for both metals and their mixtures. Under the influence of a
concentration of 25 mg/L of nickel and copper, complete root necrosis
was recorded.
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Fig. 2. The influence of heavy metal ions on the length
of the main root (x + SD, n=20)

A change in the index of tolerance to the action of heavy metals, de-
termined by the length of the main root, confirmed what was said earlier
(Table 2).

Table 2
Changes in the tolerance index of 4. plantago-aquatica seedlings
in solutions of nickel, copper salts and their mixtures

Heavy metal Tolerance index
concentration, mg/L NiZ* Cu*’ Ni&' +Cu
1 689 833 789
10 6.1 159 142
25 1.1 138 314
50 0.8 62 19.1
100 0 0 6.6
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The adnexal roots were formed only at 1-25 mg/L of salts of nickel,
copper, and their mixture. Their number significantly decreased at 10 and
25 mg/L of a mixture of heavy metals and at 25 mg/L of copper and nic-
kel ions. Nickel in low concentrations stimulated the development of
accessory roots (Fig. 3). Necrosis of the accessory roots was noted under
the action of both metals and their mixtures at a concentration of 10 mg/L.

The subcotyledonous knee (hypocotyl) is the most stable part of the
seedling. Its presence is shown in all variants of the experiment at all con-
centrations of heavy metals. Under the influence of nickel concentrations
of 10-50 mg/L, the hypocotyl was 1.2—1.3 times longer than the control
values, at 25 and 50 mg/L of copper — 1.0-1.3 times longer than the con-
trol value, and the effect of a mixture of salts at 25-100 mg/L was 1.2—
1.4 times longer (Fig. 4). A significant decrease in hypocotyl was noted in
the presence of nickel and copper at concentrations of 250 and 500 mg/L.
However, at 10 mg/L, in all experimental variants, necrosis of the tip of
the hypocotyl was already detected. An increase in the concentration of
heavy metals led to increased necrosis and weakening of the differentia-
tion of the site of transition of the hypocotyl to the cotyledon.
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Fig. 3. The influence of heavy metal ions
on the number of subordinate roots (x + SD, n=20)
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Fig. 4. The effect of heavy metal ions on the length
of the hypocotyl (x = SD, n=20)

The cotyledon significantly decreased starting from a concentration of
25 mg/L both in the case of the action of nickel and copper separately, and
their mixture. It persisted even at the highest concentrations (Fig. 5). How-
ever, partial cotyledon necrosis and a change in their shape were noted
already at 25 mg/L. A further increase in the concentration of heavy met-
als increased necrosis and reduced the intensity of their colour.

Low concentrations of heavy metals (1 mg/L) and their mixtures con-
tributed to the normal development of the first true leaf. An increase in
concentration to 10 mg/L caused a significant decrease compared with the
control of its length, which was accompanied by a change in colour inten-
sity (Fig. 6). Nickel at concentrations of 25 and 50 mg/L completely inhi-
bited the development of leaves, copper caused such changes at 50 mg/L.
Under the action of a mixture of metals in this concentration, the leaves
developed, but their turgor and colour changed.
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Fig. 5. The effect of heavy metal ions on the length
of the cotyledon (x = SD, n=20)
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Fig. 6. The effect of heavy metal ions on leaf length (x + SD, n=20)

Discussion

Indicators of seed germination (lag time, germination period and
germination) in the control indicate their normal ripening and ability to
germinate. A change in the germination period showed the effect of nickel
and copper ions and their mixtures already at the stage of seed swelling by
inhibiting the germination process. A similar effect of heavy metals was
discovered by us earlier for other representatives of aquatic plants (Lapirov
etal., 2017; Krylova, 2018). In terms of seed germination, copper chloride
was more toxic than nickel chloride, and both metals depressed the germi-
nation process. It should be noted that 10 mg/L is the concentration at
which adaptation to the action of nickel and activation of protective me-
chanisms occur. For copper, this concentration is 1 mg/L. A similar effect
of copper was also noted by us earlier, and also revealed by other authors
(Rozencvet et al., 2003; Krylova, 2013, Krylova et al., 2014). Copper is
more toxic than nickel because it is able to displace functional metals from
enzymes, interact with biological membranes, and restore molecular oxy-
gen to its active forms (Demidchik et al., 2001). The wave-like nature
(sequential increase and decrease) of germination changes with an in-
crease in the concentration of heavy metals reflected the internal thythm of
the development of this species and showed that the germination process
is formed from the interaction of the mechanisms of seed emergence from
dormancy and potential environmental conditions that meet the conditions
for germination (Ivanova, 2006).

During the joint action of two metals on seed germination, a change
in the nature of their influence on each other was noted. In the presence of
ions of different metals in the solution, their mutual influence during entry
into the plant cell occurred already at the first stages of absorption.
The concentration of 1 mg/L. caused an independent effect and the joint
effect did not differ from the manifestation of the action of each metal
separately. Under the action of a concentration of 10 mg/L, germination
had an average value of the sum of the toxic effects of each metal sepa-
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rately. Higher concentrations (25-500 mg/L) were accompanied by anta-
gonism in the action of nickel and copper — metals reduced the toxic effect
of each other, as a result of which the germination was higher than with a
separate action of each metal. Presumably, this is due to the competition of
heavy metals with each other. A significant decrease in germination at
high concentrations (P < 0.05) was characteristic of both the action of
nickel and copper separately, and the influence of their mixture. A number
of researchers have shown that the main mechanism of toxicity with in-
creasing concentration of heavy metals is the blocking of important func-
tional groups (Schutzendubel & Polle, 2002).

Inhibition of seedling growth in the studied species was detected al-
ready under the action of 1 mg/L of both metals and their mixtures. This
concentration reduced the length of the main root and increased the num-
ber of subordinate roots, which indicated the stimulation of the protective
reaction of seedlings by maintaining the total root area and, thus, reducing
the influence of the heavy metals. A similar effect of a number of metals
on the subordinate roots was also noted in other species (Samantarey et al.,
1997; Timofeeva et al., 2016). An increase in the concentration of nickel
and copper and their mixture significantly reduced the length of the main
root (nickel > 16.5 times, copper > 6.5 times, a mixture of nickel and
copper > 3.0 times). Growth inhibition is one of the most important ma-
nifestations of heavy metal toxicity in plants, which is associated with their
effect on cell division and stretching (Titov et al., 2014). Visually, this was
also expressed in partial or complete necrosis of the root system. The tole-
rance index, which allows one to judge the resistance of the species to
heavy metals, showed that at a level above 50% to the action of nickel,
copper and their mixture, it was preserved only in a solution with a con-
centration of 1 mg/L. With the combined effect of metals on the root
system, antagonism was noted in the action of nickel and copper starting
from a concentration of 25 mg/L. Under the action of 100 mg/L, the main
root was found only in the variant with their mixture, although with a high
degree of necrosis.

The hypocotyl and cotyledon are the most resistant parts of seedlings
to the action of heavy metals. Under the action of nickel at concentrations
of 10-50 mg/L, copper 25 and 50 mg/L and a mixture of metals at 25—
100 mg/L, the length of the hypocotyl was significantly greater than the
control values, i.e. metals at such concentrations stimulated the develop-
ment of this underground sprout organ. Apparently, the root system of
seedlings, acting as a barrier to the penetration of heavy metals, helped to
reduce their toxic effect on other organs. However, high concentrations
depressed the development of cotyledons and true leaves, which suggests
that protective barriers no longer cope with their task (Titov et al., 2003).
A change in the intensity of the green colour of the leaves, necrosis, and
the hook-like shape of the cotyledons were noted. Moreover, in the case of
the development of hypocotyl and cotyledon, copper is more toxic than
nickel, while nickel had a greater inhibitory effect on the leaves. We noted
earlier a similar effect for other plant species (Krylova et al., 2014).

As a result of the combined effect of nickel and copper on the hypo-
cotyl and cotyledon at concentrations of 1-25 mg/L, an independent effect
was noted, as well as on the root system. For leaves, the combined effect
did not differ from the isolated action of nickel and copper at 1-10 mg/L.
With a concentration of 50 mg/L for hypocotyl and cotyledon and with
25 mg/L for leaves, the experiments showed the antagonistic nature of the
action of the mixture of nickel and copper. A similar effect of a mixture of
metals was revealed by us for another species and a mixture of other salts
of nickel and copper (Krylova, 2017). The fact that synergism was shown
in the case of the presence of various ions in the solution at low concentra-
tions, and at high concentrations antagonisms has been noted in the litera-
ture (Dmitrieva et al., 2002). It is likely that high nickel concentrations
decrease the uptake of copper by cells, due to competition for the carrier
transporting them through the membrane, and that such changes are
caused by oxidative stress due to metal substitution of proteins and en-
zymes (Mishra & Kar, 1974; Broadley et al., 2004). The nature of the
manifestation of a change in the action of a mixture of metals is deter-
mined precisely by metal ions, and not by an acid radical. This was also
noted by other authors (Lyanguzova, 1999; Zavershinskij & Zavershins-
kaya, 2012; Fiala et al., 2013; Patel et al., 2013).
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Conclusion

Alisma seeds are highly resistant to nickel and copper chlorides and
their mixtures. The toxicity limit for seed germination at 1-500 mg/L was
not detected, however, in all variants of the experiment, the germination
process was inhibited. In terms of seed germination, a greater toxic effect
of copper ions was noted compared to nickel ions. The inhibition coeffi-
cient in all variants of the experiment increased. During the joint action of
two metals on seed germination, a change in the nature of their influence
on each other was noted from independent action at 1 and 10 mg/L, to
antagonism at higher concentrations.

The growth and development of seedlings was observed in solutions
with concentrations of 1-100 mg/L of the salts and their studied mixtures.
Heavy metals exerted the main inhibitory effect on the length of the main
root, the first true leaf, and the number of subordinate roots. We visually
observed necrosis of the root system, hypocotyl necrosis and a weakening
of the differentiation of the site of transition of the hypocotyl to the cotyle-
don, a change in the shape of the cotyledon, the colour intensity and turgor
of the cotyledon and leaves. The tolerance index, which allows us to judge
the resistance of the species to heavy metals, showed that at a level above
50% to the action of nickel, copper and their mixture, it was preserved
only at 1 mg/L. Moreover, in the case of the development of hypocotyl
and cotyledon, copper is more toxic than nickel, while nickel had a greater
inhibitory effect on the leaves. The experiments showed that under the
influence of a mixture of nickel and copper on the growth and develop-
ment of seedlings, an independent action at low concentrations (1, 10, and
25 mg/L) changed to antagonistic effect at other concentrations, which is
probably due to competition in a number of indicators between them.

This work was carried out in the framework of the state budget topic No. AAAA-
A18-118012690099-2, “Vegetation of water bodies and watercourses in Russia:
Structure and dynamics” (head — PhD, associate professor A. G. Lapirov).
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