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The separate and combined impacts of aluminum, manganese and silver ions on onion (Allium cepa L.) have been
studied. The experiments have been performed in several series with different solutions of metal salts: AlCl3 • 6H2O,
KMnO4, MnCl2 • 4H2O for the first and second series and Al(NO3)3 and AgNO3 – in third series. The ion concentra-
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tions of all studied metals amounted to 1 MPC according to the Russian health legislation and were 0.5 mg/L for Al,
0.1 mg/L for Mn and 50 mg/L for Ag. The phytotoxic effect and genotoxic effect (such as mitotic index and the frequency
of chromosome aberrations) were estimated. It was showed that aluminum ions promote negative processes in all our
experiments. We found that manganese in combined presence in solution with aluminum reduced the phytotoxic and
genotoxic effects aluminum on Allium cepa: the coefficients of antagonism calculated for frequency of aberrant cells
and mitotic index are equal to 0.2. We have the same tendency for the silver ions. Taking into account our previously
obtained data (the reducing of genotoxic effect of aluminum ions by iron ions) it is possible to conclude about similar
mechanism for manganese (regardless of valency) and silver. Thus our results demonstrated this unique and at the
same time universal mechanism of interaction between two metals (aluminum and other) and their detoxification
effect in plant. We anticipate our assay to be a new starting point in investigation of detoxification mechanisms for
heavy metals in plants: it is found that a combination of several metals reduces the negative action of each of them.
Keywords: aluminum, manganese ions, silver ions, barley, separate and combined action, phytotoxicity and cytogenotoxicity of aluminum, antagonism indicies.
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It is known that the well-being of the world
around is provided by harmonic combination of
all components and appeared deviations should be
compensated. Heavy metal contaminations of agricultural lands provide negative effect at all stage of
plant growth as well as induce the genotoxic effects
[1]. An important role is played by the impact of
elevated concentrations of biologically important
metals and another metal ions existing in the environment [2]. It has been shown that ions of Cu,
Zn or Ni which present separately in the solution
for germination of onion (Allium cepa test) inhibited onion root meristem cell division in varying
degrees. On the other hand, the combine presence
of these metals ions in solution for germination of
onion reduces the level of genotoxic effect which
was obtained in the case of the separate metal
ions action. In addition, this effect was associated
with the chemical characteristics of metal and its
concentration in solution.
Generally, the model objects Allium cepa L. are
used in many experimental studies for the investigations of genotoxic effects of various harmful and
dangerous substances [3–6]. At the same time the
presence of iron ions together with aluminum ions
contributes to the removal of the negative influence
of the latter, which is most pronounced on varieties
of barley sensitive to the action of aluminum. It was
suggested that a decrease in the phytotoxic effect
of aluminum ions due to iron ions is associated
with the induction of synthesis of proteins same
as transferrin or lactoferrin in animals, organic
acids or phytochelatin proteins that inactivate
aluminum ions [7]. The influence of Ni and Zn on
the synthesis of metallothioneins was noted in [8].
The main mechanisms of toxic effect of heavy
metals are discussed in [1] but in most cases they
concern the action of one particular metal. Data on
the combined action of metals at concentrations
actually existing in the environment are practically
nonexistent, which prevents the development of
standards to limit their impact on ecosystems and
components of agrobiocenoses.

For plants it means that the entry of ions of any
chemical element in quantities which adversely affect an organism should activate the mechanisms
preventing negative reactions. This is also true
for essential metals and also metal ions which are
found in the same medium but have the capacity
for neutralizing adverse effect. Our main aim was
to study the phytotoxic and genotoxic effects of
some ions of metals in plants and estimate the
antagonistic interactions between them.

Objects and Methods
The separate and combined impacts of aluminum, manganese and silver ions have been
studied using the Allium test recommended by the
World Health Organization to assess mutagenic
substances in the environment and to estimate 1)
general toxicity from the root length inhibition and
2) genotoxicity from changes in the mitotic index
value (MI), the frequency of aberrant cells (FAC)
and the spectrum of chromosome aberrations (the
type of chromosome anomalies).
The object of studies was Stuttgarter Riezen
bulb onion (Allium cepa L.). This onion has 16
large well-karyotyped chromosomes. The experiments have been performed in several series
in a quadruple number of replications. Ten seed
onion bulbs of the same size (1.5–1.7 cm) were
selected in a replication. The bulbs were preliminary watered in cold distilled water (4 оC)
for more uniform germinating. Then the bulbs
were being germinated during 72 hours in a
germinator at 24.0 ± 0.5 оC: in the reference test –
in distilled water, in the experiments – in aluminum and manganese salt solutions (KMnO4,
MnCl2 • 4H2O and AlCl3 • 6H2O). In studying
a combined impact of silver and aluminum ions
the salts AgNO3 and Al(NO3)3 were used. The ion
concentrations of all studied metals amounted to
1 MPC according to the Russian health legislation
and were 0.5 mg/L for Al, 0.1 mg/L for Mn and
50 μg/L for Ag, respectively. The hydrogen ion
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concentration (pH) for all the studied and reference solutions was 4.5 (due to better solubility of
aluminum salts at this pH value). The presence of
manganese ions (and cations of relevant metals)
in a solution did not result in chemical sedimentation of aluminum compounds: the pH value of a
solution for germinating onion bulbs was retained
by adding small amounts of concentrated HCl at
pH = 4.5, whereby aluminum is in a form of Al3+.
During the incubation in distilled water
(reference) the length of bulb roots reached 15–
20 mm and during the incubation in salt solutions
it was close to these values or below them. The roots
of about 10 mm in length in the experiment and in
the reference test were cut off and preserved in the
mixture of alcohol with glacial acetic acid in a 3:1
ratio during 24 hours, later the fixer was drawn off
and the specimens were washed first in 80% and
then in 70% ethanol. The pressed specimens were
stained with hot aceto-orceine by 1–2 min heating
of the glasses with an alcoholic lamp. The dividing
cells were counted by Laboval’s microscope with a
400X magnification. The mitotic index (MI) was
found from the following equation:
MI = [(F + М + А + Т) / (F + М + А + Т + I)]
• 100 (%),
where MI is the mitotic index, F is the fraction
of cells in prophase, M is the fraction of cells in
metaphase, A is the fraction of cells in anaphase, T
is the fraction of cells in telophase, I is the fraction
of cells in interphase (in fractions of 1).
The frequency of chromosome aberrations
(FCA) was found by comparing the number of
anaphases with aberrations and the total number
of anaphases (not less than 500 per each experiment variant) in the division zone. The chromatid
(single), chromosomal (double) and three-lane
mitoses were counted. In assessing such aberrations as chromosome retardation, calculated were
the chromosomes spaced by a fully two times larger
distance from the divided chromatin “caps” than
the chromosome depth. The following types of
aberrations (mutations) have been considered: 1) a
chromatid bridge (single) – the fusion of two chromatids, after an isolocus break; 2) a chromosome
bridge (double) – the fusion of two chromosomes,
after an isolocus break; 3) a fragment – the chromatid detachment from a chromosome, after an
isolocus break; 4) retardation of the entire chromosome; 5) tripolar mitosis – the formation of three
strands of a division spindle and the chromosome
disjunction to three poles.
The coefficient of antagonism (Cant) in a combined impact of two metals on onion roots was

calculated from Cant = S1+2 /(S1 + S2), where S1+2 is
the parameter value determined in a combined impact of two chemical elements minus the reference
value; S1, S2 is the parameter value determined in a
separate impact of every chemical element minus
the reference value.
The phytotoxic effect (PE) from degradation
of the onion root length was calculated using:
PE = [(L0 – Lx) / L0] • 100%,
where L0 is the length of onion roots after
germinating in distilled water, mm; Lx is the
length of onion roots after germinating in metal
salt solutions.
The experimental results have been statistically processed with the Excel 2000 software.
The reliability of differences was assessed by the
Student’s test. The differences at p ≤ 0.05 were
considered statistically significant.

Results and discussion
The problem of aluminum toxicity for plants is
being considered by many research centers [9–11],
the reason of aluminum toxicity is the ability to
induce oxide radicals [12–14]. The modulation
of toxic aluminum impacts in Cassia tora roots by
salicylic acid is an indirect evidence of the fact that
Al induces the oxidation stress for plants [15]. Cytogenetic effects of metal ions on apical meristem
cells of Allium cepa L. seeding roots were discussed
in [16]. In our experiment the toxic effect of aluminum ions (salt solution of AlCl3 • 6H2O, ion
concentration of Al was 0.5 mg/L) appeared in the
degradation of growth processes and the changes
in cytogenetic indices. The biochemical and molecular implications of metals on seeds and their
significance for seeds germination were discussed
in [17]. In the present investigation the degradation of onion roots length as the value of phytotoxic
effect (PE) amounted to (39.0±4.6)% (р < 0.05
against the blank variant). On the contrary, onion
germination in a potassium permanganate solution
(KMnO4, ion concentration of Mn was 0.1 mg/L)
had stimulated the growth of onion roots. This effect can be explained by both the essential role of
manganese (a vital microelement for plant growth)
and the presence of potassium ions also important
for the plant growth [18]. In germinating onion
bulbs in aluminum and manganese salt solutions
the growth of roots was inhibited: the PE value
practically corresponded to that observed under
the impact of Al ions.
It is found that Al and Mn ions in quantities
coinciding with their typical concentrations in
acid soil solutions [18] have a profound impact
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on the onion root meristem cells: the reduction in
a mitotic index (MI) against reference values and
the increased frequency of aberrant cells (FAC)
are noted (Table 1, the first series of experiments).
However, in their combined impact on the
root meristem cells of onion the cytogenetic effect
is not summarized, and on the contrary, there is
antagonism: the coefficients of antagonism calculated for FAC and MI are equal to 0.2 in both
cases. Thus, the fractions of dividing cells and
cells with aberrations in the presence of these
two metal ions are practically not different as
compared to the blank.
In a type of chromosome aberrations, genome
mutations (tripolar mitosis) are found only for
the onion root meristem cells exposed to Al ions
(separately or in combination with Mn ions) (Table
2). In this case Mn ions reduce their levels only
partly. Single bridges and single fragments prevailed among other aberrations. A fraction of single
(chromatid) bridges in the reference test (blank) is
greater than in other variants of experiment and,
on the contrary, a fraction of single fragments is
less. The tendency to increase a fraction of single
fragments is typical of Mn ions.
The experiment with concentration of Mn ions
has demonstrated no impact of manganese (along
with potassium) valency on cytogenetic reactions
(MI, FAC) proceeding in the onion root meristem
(Table 1, the second series of experiments) that
may be stipulated by instability of seven-valent

manganese compounds and changes in the valency
of metal in a solution.
Early we established that not only oxidants
diminish the toxic Al impact on plants: iron(III)
ions reduced the genotoxic effect of Al ions in the
root meristem cells of barley sprouts [19]. The
different response of various cultivars of spring
barley to the modulating effect of Fe is the validation of genetically determined mechanisms of
aluminum toxicity [20]. This and other results
highlight the existence of a series of mechanisms
of Al-tolerance.
One of physiological responses of plants to
heavy and toxic metals as known is protein-phytochelatin synthesis. At the same time, it was showed
that Al ions do not provoke phytochelatin synthesis
in plants [21]. If we take into account that monovalent silver at 100 µM concentration turned out to
be the first in the ranked metals promoting phytochelatin synthesis it will be interested to estimate
the effects of aluminum and silver ions separately
or together. Based on the new information about
the capacity of aluminum to induce oxide radicals
[12–14], it can be expected that silver ions would
indirectly reduce the genotoxic effect of Al ions.
In our experiment were showed that PE
determined from the length of onion roots was
55.0±2.6%. The effect of silver ions on the root
meristem cells of onion is also manifested in reducing the MI index value (approximately two fold) as
well as in increasing the fraction of aberrant cells

Table 1
Cytogenetics effects of ions Al and Mn (VII and II valency) or Ag (separately and combined effects)
Variant
MI, %
FAC, %
I series of experiments
Blank
8.7±0.8
0.9±0.7
Al (AlCl3)
4.6±0.7*
7.1±2.5*
Mn (KMnO4) (VII valency)
4.9±0.3
2.8±1.6
Al + Mn
6.9±0.6
2.4±1.1
II series of experiments
Blank
8.2±0.6
1.4±0.8
Al (AlCl3)
5.1±0.5*
4.1±1.4
Mn (KMnO4) (VII valency)
7.0±0.9
2.2±0.4
Mn (MnCl2) (II valency)
6.2±0.7
1.3±0.6
Al + Mn (KMnO4) (VII valency)
6.9±0.6
2.4±1.1
Al + Mn (MnCl2) (II valency)
7.4±0.7
1.9±0.9
III series of experiments
Blank
10.1±0.9
1.2±0.8
Al (Al(NO3)3)
5.9±0.5*
4.0±1.9
Ag (AgNO3)
6.6±0.9
3.5±1.2*
Ag + Al
7.0±0.6
2.2±1.1
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Note: * – differences are significant at p <0.05 compared with blank variant. The degree of MI and FAC in the onion
root meristem on exposure to Al ions is more pronounced as compared to blank (p < 0.05) than on exposure to Mn ions (VII
valency) (p < 0.1).
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Table 2
Types of aberrations and their quantitative relations under the action of Al, Mn and Ag ions (separately or
in combination) at the root meristem cells of onion
Type of aberrations*, %
Variant
m1
m2
f1
f2
g
Blank
51.85
7.41
37.04
3.70
–
Al
31.71
7.32
41.46
13.41
6.1
Mn(VII)
45.10
3.92
47.06
3.92
–
Ag
72.22
–
27.78
–
–
Al + Mn(VII)
33.33
4.77
47.62
9.52
4.76
Al + Ag
64.29
–
35.71
–
–
Note: * m1 – chromatid bridge (single); m2 – chromosomal bridge (double); f1 – fragment; f2 – retardation of the entire
chromosome; g – tripolar mitosis; “–” – that type of aberration is missing.

(p < 0.05 in comparison with blank, Table 1, the
third series of experiments).
In a combined impact of Ag + Al ions the PE
has gone down to 12.5±3.2%. It gives evidence of
an obvious antagonism of silver ions relative to
aluminum ions (the coefficient of antagonism for
MI is 0.4, for FAC it is 0.2).
In a type of chromosome aberrations the
impact of silver ions on the root meristem cells of
onion was much different from that of aluminum
ions (Table 2): only aluminum ions cause genomic
violations. The silver ions has contributed only to
the formation of single bridges and fragments in
the ratio of 72.2:27.8 and 64.3:35.7 for Ag and Al
+ Ag variants respectively.

Conclusion
Thus among ecological problems the studying
of the mechanisms ensuring plant resistance to the
impact of aluminum are very important [22, 23].
When we investigating the impact of aluminum
on plants, it is found that in a soil solution with
which the root system comes into contact in the
growth, there are not only Al ions, but also ions of
other metals and nonmetals. And all the elements
present in the environment can have a cross impact
and due to this modify the toxic response of plants
to aluminum impact. Particularly, the ions of Fe
are capable of reducing both the phytotoxic and
the genotoxic effect of Al ions [20]. It can be also
expected that ions of other metals available in the
rhizosphere are up to modify (and, perhaps, inhibit
as Fe) the impact of aluminum.
The present studies of phytotoxic and cytogenotoxic effects of Al and Mn ions on the onion
roots have shown that Mn ions (irrespective of
valency) stimulate the process of onion root cell
stretching and practically do not govern the rate of
cell division. On the contrary, aluminum inhibits
the processes of growth and causes genetic deviations. The effect of silver ions manifests itself in

some reduction of the cell division activity and
does not cause a reliable increase of chromosome
aberrations.
The simultaneous presence of Al and Mn ions
in a solution for germinating onion bulbs reduces
the cytotoxic impact of aluminum (reduction of
MI) and its genotoxic effect (reduction of FAC and
changes in the aberration spectrum – the reduction
of genome aberrations most harmful for cells). The
presence of manganese ions (and cations of relevant metals) in a solution did not result in chemical sedimentation of aluminum compounds: the pH
value of a solution for germinating onion bulbs is
retained by adding small amounts of concentrated
HCl at pH = 4.5, whereby aluminum is in a form of
Al3+. Therefore it can be supposed that reduction of
the phytotoxic Al impact on plants takes place at
the level of metabolic reactions. The mechanisms
of these reactions are in part known [11, 13, 22,
24] and the others are to be found [25].
Considering molecular aspects of the antagonistic interaction found between manganese and
aluminum ions and silver and aluminum ions,
it can be expected that the impact of manganese
ions as well as silver ions results in the synthesis
of phytochelatin proteins [21] binding aluminum
ions in a complex. The alternative mechanisms
of aluminum detoxication are also known [25].
As to manganese, it possesses a pronounced antagonistic (relative to aluminum) impact both
in the septivalent and the bivalent states. In the
first state manganese is a strong oxidizer, very
unstable and therefore can change the valency
in a solution.
The performed studies allow one to conclude:
– the simultaneous presence of manganese
(valency VII) and aluminum ions in a solution for
germinating onion bulbs favors the reduction of an
adverse aluminum impact: the fraction of aberrant
cells decreases and the MI value of root meristem
cells increases; the coefficient of antagonism from
these indices is similar and equal to 0.2;
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– the ions of silver which are present simultaneously with aluminum ions in a solution
for germinating onion bulbs reduce an adverse
impact of aluminum ions on meristem cells: the
antagonism coefficients are 0.4 for the MI and 0.2
for FAC, respectively.
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