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ABSTRACT

Phytoremediation may be an alternative to traditional methods of removing heavy metals
from the aquatic environment. In order to remove mercury at a concentration of 0.3 mg/L
from Hoagland medium, two species of pleustophytes were used, namely Salvinia natans and
Lemna minor. Some homogeneous cultures and another one mixed in a weight ratio of 2:1
were used. The physiological condition of the plants was controlled after 7, 14 and 21 d by
evaluating biomass growth, analysing the changes in the amount of total protein and assim-
ilation dyes. At the same time, the level of the mercury content in the base and plant tissues
was controlled. The increase in biomass during plant exposure to mercury was up to 190%
compared to baseline. Accumulation of mercury in plant tissues to 238.34 mg/kgd.m.,
contributed to a significant reduction in its concentration in the medium. The bad condition
of the plants led to an attempt to support phytoremediation by micro-organisms taking an
active part in the transformation of mercury. For this purpose, epiphytic bacteria, accompa-
nying S. natans, which are resistant to mercury at a concentrations of 0.3 mg/L, were
isolated. Studies indicate the possibility of using the plants S. natans and L. minor to remove
mercury compounds from the aquatic environment, while providing a basis to determine the
principles of design and operation of Lemna ponds, especially when the process is
simultaneously stimulated by those bacteria that are resistant to high concentrations of
mercury.
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1. Introduction

The progress of civilization has contributed to a
significant increase in environmental pollution by
heavy metals, including mercury. The exhaust gas,
waste and excessive use of various types of chemicals
applied in industry and agriculture lead to the

contamination not only on a local scale, but more and
more frequently on a global one [1,2]. Contamination
of ecosystems with mercury adversely affects the
metabolism of plant and animal organisms, and
consequently the human health [3]. Particular
attention should be paid to aquatic ecosystems since
they still represent a major route of contamination
entering the human body despite using increasingly
sophisticated methods of treatment [4,5]. In an
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aqueous environment, mercury may be present in
different chemical forms largely dependent on the
oxidation–reduction conditions.

An alternative to traditional methods of removing
heavy metals from the aquatic environment is phy-
toextraction [6–8], using the above-average natural
ability of some plant species to accumulate contami-
nants [9,10]. The efficiency of the process largely
depends on the plant, which should be primarily
characterized by a rapid growth [1,11–13]. Its big
advantage is the low cost [14].

Among hyperaccumulators, there are also pleusto-
fits, i.e. Salvinia natans and Lemna minor, occurring in
the territory of Poland [15–17].

The phytoremediation process may be supported
by micro-organisms [18–20]. Microflora (bacteria and
fungi) takes an active part in the transformation, and
among other things, mercury detoxification [21]. There
are a number of defence mechanisms against the heavy
metals: formation of insoluble mercury sulphide,
lowering the cell wall permeability, methylation of
mercury compounds and conversion of non-volatile
mercury compounds to volatile form at zero oxidation
degree [22]. The mechanism of bacterial resistance to
mercury ions is one of the best known regarding
bacteria resistance to heavy metals [23,24].

The aim of the study was to determine the accumula-
tion of mercury by S. natans and L. minor. The results
were compared with the results of phytoremediation
assisted by micro-organisms resistant to mercury (mer-
cury transformation mechanisms). This process depends
greatly on the condition of the plants and therefore is
dependent on the size of their growth and some physio-
logical parameters (total protein, chlorophyll).

2. Methods

2.1. Material

Homogenous cultures of S. natans (S.n.) and
L. minor (L.m.), as well as a mixed culture of both spe-
cies (S.n. + L.m.) in a weight ratio of 2:1, which
resulted from the same water surface area occupied
by the plants, were used for the tests. In the case of a
homogeneous culture in 90 ml of liquid medium was
placed 1 g of plants. The plants were taken from com-
mercial farms.

Five strains from own collection obtained by select-
ing S. natans epiphytes were used.

2.2. Experimental procedure

The Hoagland medium [25] contaminated with
mercury (II) nitrate, obtained a concentration of

0.3 mg/L (the maximum concentration for which no
deadly effect for plants was observed), was used for
the tests. The time of plant’s exposure to mercury was
7, 14 and 21 d. In the case of microbiologically sup-
ported phytoremediation, the culture was fed with
three (with five isolated) different strains of epiphytic
bacteria as an inoculum in a quantity of 1 ml/100 ml
of medium. The tests of microbiologically supported
phytoextraction were carried out separately for each
bacterial strain. In order to maintain constant physical
conditions, the incubation was conducted in a phy-
totron FD 147 Inox manufactured by Biosell, fitted
with 18 W/965 Biolux fluorescent lamps by OSRAM,
in a day/night cycle (12 h/12 h) at relative humidity
of 40% and a temperature of 22˚C/15˚C.

2.3. Analytical methods

The increase in plant biomass was evaluated using
an analytical balance WAA 160/C/1 manufactured by
Radwag.

Total protein was determined by the Lowry’s
method [26] modified by Eggstein and Kreutz [27].
The samples for the determination of protein were
hydrolysates obtained by mechanical homogenization
of 0.1 g of fresh plant mass in 1 M NaOH solution in
an Ultra-Turrax Tube Driver. Subsequently, the hydro-
lysate was incubated in a water bath at a temperature
of 100˚C for 10 min (physicial denaturation) and fil-
tered, and the absorbance was measured at λ = 750 nm
on the apparatus T80 + UV/VIS (PG Instruments
Ltd).

For the determination of a and b chlorophyll, the
plant extracts were prepared by mechanical homoge-
nization of 0.1 g fresh plant mass at 90% acetone by
means of the homogenizer-type Ultra-Turrax Tube
Driver. The resultant homogenates were extracted for
22 h in the dark at a temperature of 5˚C and then fil-
tered. The absorbance measurements were made on
the apparatus T80 + UV/VIS (PG Instruments Ltd) at
λ = 663 nm for chlorophyll a and λ = 645 nm for
chlorophyll b. The total chlorophyll content CChl was
calculated on the basis of the results of the analyses of
chlorophyll a and b in plant material by the following
formula:

CChl ¼ 8:02�Að663Þ þ 20:2�Að645Þ

The content of mercury in solutions and in the air-dry
plant mass was determined using an atomic absorp-
tion spectrometer AMA 254 manufactured by Altem.
The standard for AMA 254 was mercury (II) nitrate
from Merck.
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3. Results

The increase in plant biomass in the given environ-
mental conditions can be indirectly a parameter for
the evaluation of the effectiveness of the phytoextrac-
tion process, namely the ability of plants to accumu-
late contaminants in tissues, since along with its
growth, the plant collects from the environment not
only some necessary nutrients, but also the contami-
nants. Systematic growth of S. natans plant was
observed for both the reference samples and incubated
with mercury ones. For the reference samples, it was
58% on the 7th day, 103% on the 14th day and 158%
at the 21st day. In relation to the baseline, the increase
in biomass of S. natans after the 7 d of incubation with
mercury was 122; 135% on the 14th day; and 190% on
the 21st day, suggesting a stimulating influence of
mercury as an effect of toxicity (Fig. 1). Different
results were obtained for L. minor, whose growth in
the reference was significantly more intense than in
the case of exposure to mercury. For the reference
samples, the 67% growth was achieved on the 7th
day, which in the subsequent days was 134% (14th
day) and 295% (21st day). The samples exposed to
mercury showed a growth of 64% after the 7th day
and it was similar to the reference, but in the subse-
quent days of exposure, the growth was significantly
smaller than the reference one. On the 14th day, it
was 71%, which is twice smaller than the reference

one, and on the 21st day, it was even three times
amounting to 97%. These results were obvious in view
of its characteristics (high sensitivity), which led to the
choice for the test organism in generally used toxicity
tests. This was particularly evident on the 21st day of
the experiment; the growth of the reference L. minor
was as much as 295%, and one exposed to mercury
was only 97%.

The tests were also performed with the participation
of the mixed culture, for which, as in the case of L.
minor, the reductions were observed in the growth of
plant biomass as a result of exposure to the tested toxic
substance. On the 7th day, it was only 51% and signifi-
cantly increased up to 152% on 14th day, but it
decreased to 123% on the 21st day. The biomass growth
of reference samples in the mixed culture was the low-
est in comparison to other cultures. Such a situation
could result from ecological dependencies of the organ-
isms occupying the same habitat, and it suggests proba-
ble antagonistic impacts. The results obtained for
samples exposed to the metal were only 26% on the 7th
day, 66% on the 14th day and 87% on the 21st day. Just
like for the reference also for the plants exposed to mer-
cury, the results obtained for the mixed culture were
significantly lower than that for the monocultures.
Within the first seven days of the experiment, the
increase in biomass was 38–96%; on the 14th day was
5–69%; and even above 100% on the 21st day.

Fig. 1. Increase in plant dry mass after exposure to mercury at a concentration of 0.3 mg/L.
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In the reference samples of S. natans, the quantity
of protein was 457.64 mg/gd.m.; however, when
exposed to mercury, it started to grow (Fig. 2). On the
7th day, it amounted to 555.86 mg/gd.m. (an increase
by 21% relative to the reference); on the 14th day,
609.16 mg/gd.m. (an increase by 33% relative to the
reference); and on the 21st day, even 802.08 mg/gd.m.

(an increase by 75% relative to the reference). Similar
correlations were observed also for L. minor, but the
increase in the quantity of total protein did not exceed
34% (14 d) relative to the reference sample. In the
mixed culture, the toxicity effect manifested by stim-
ulation of protein synthesis was the greatest. Whereas,
for the reference samples, it was 354.23 mg/gd.m., and
then, it rose to 666.57 mg/gd.m. on the 7th day,
544.08 mg/gd.m. on the 14th day, and up to
704.71 mg/gd.m. on the 21st day. The quantity of total
protein in plant tissues was even 99% higher (21 d)
than for the reference. The increased quantity of total
protein in the presence of mercury suggests launching
the tolerance mechanisms by pleustofits, through the
synthesis of proteins, which can be primarily enzy-
matic proteins (transformations of mercury) or stabi-
lizing one (binding the metal in the biomass).

In all tested cultures, the total chlorophyll content
decreased when compared to the reference as the time
of exposure to mercury lengthened (Fig. 3). In the case
of S. natans, its quantity decreased even by 60%. The
reference samples contained 60.29 mg/g of protein,
but this quantity was reduced to 30.13 mg/g of pro-
tein on the 7th day of incubation with mercury and to

20.58 mg/g of protein on the 14th day. The analysis
on the 21st day (34.64 mg/g of protein) showed a gen-
eral increase in the quantity of total chlorophyll in
relation to the 7th and 14th days; however, its quan-
tity was still much below the reference samples, which
did not affect the production of proteins. A similar
situation was in the case of L. minor; however, the
reduction of the quantity of dyes did not exceed 24%.
The reference samples contained 43.28 mg/g of pro-
tein and the samples after incubation with mercury—
37.75 mg/g of protein (7 d), 33.25 mg/g of protein
(14 d) and 34.66 mg/g of protein (21 d). The mixed
culture showed quite significant instability of the total
chlorophyll content during incubation with mercury.
For the reference samples, the quantity was stated as
52.85 mg/g of protein, whereas on the 7th day, its
value decreased by 40% compared to the reference
and amounted to 31.50 mg/g of protein. Then, the
total chlorophyll content in tissues increased to the
value of 53.64 mg/g of protein (14d), achieving a
value close to the reference. On the 21st day, it
decreased again achieving a value of 45.37 mg/g of
protein.

In order to assess the effectiveness of phytoextrac-
tion, the changes in the levels of mercury content in
plant biomass (Fig. 4) were analysed. The quantity of
mercury for S. natans in the reference samples
amounted to 0.24–0.28 mg/kgd.m.; much higher
contents were observed in L. minor and in the mixed
culture (0.26–0.53 mg/kgd.m.). This proves its
constant presence in the environment in a form of

Fig. 2. Total protein content in plants exposed to mercury at a concentration of 0.3 mg/L.
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“background” and therefore its presence in the tissues
of plants cultivated on the medium containing no
mercury.

The analysis of the mercury content in the tissues
of S. natans showed its continuous decrease with
increasing incubation time. On the 7th day, it was

166.68 mg/kgd.m., on the 14th day and decreased to
152.03 mg/kgd.m., and on the 21st day, it decreased to
116.46 mg/kgd.m. Reducing the content of mercury in
the biomass of S. natans by almost 9% on the 14th day
and by more than 30% on the 21st day compared to
the 7th day of the experiment proves that the element

Fig. 3. Total chlorophyll content in the plants exposed to mercury at a concentration of 0.3 mg/L.

Fig. 4. Total mercury content in tissue of the plants exposed to mercury with a concentration 0.3 mg/L.
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releases from plant tissues most likely as a result of
volatilization. This is confirmed by the fact that the
quantity of mercury in the medium did not increase
along with the reduction in its quantity in the plant
tissues. A similar phenomenon was observed in the
case of L. minor. On the 7th day, the quantity of mer-
cury in plants was 168.18 mg/kgd.m. and was similar
to the values obtained for S. natans. In the following
days of exposure, its quantity, as for the S. natans,
decreased to 147.19 and 153.83 mg/kgd.m. on the 14th
and 21st day, respectively. Particular attention should
be paid to the mixed culture which, despite its much
smaller increase, accumulated a larger quantity of
mercury in the tissues. On the 7th day, it was up to
238.34 mg/kgd.m., and this quantity decreased signifi-
cantly on the 14th day (111.39 mg/kgd.m.) and then
increased to 156.83 mg/kgd.m. on the 21st day.

Analysing the changes in the mercury contents in
the tissues of plants, it is evident that its greatest con-
tent was stated on the 7th day of exposure in the case
of all cultures, which proves the most intense accu-
mulation of contaminants in the first days of exposure
and, presumably, its emission into the atmosphere.
This is confirmed by the analysis of mercury in the
medium, where its quantity within the first seven
days decreased by over 90% and remained at that
level until the end of the experiment.

The plants used in this study are commercial ones,
which in the case of the mixed culture increased the
mercury content in tissues on the 21st day relative to
the 14th day. This may suggest that the mechanism of
tolerance was launched as a result of the stress associ-
ated with the presence of toxins with the concurrent
ecological competition, which was not observed in the
case of homogeneous cultures.

The deteriorating condition of plants engaged in
the process of phytoextraction prompted to support
the process by micro-organisms capable of transform-
ing mercury.

The analysis of the phytoremediation process in
the presence of 5 bacterial strains insensitive to mer-
cury at a concentration of 0.3 mg/L from own collec-
tion was performed using S. natans under analogous
conditions. In the presence of two of the five tested
strains based on visual assessment of the condition of
the plants, the poor condition of pleustofits (Fig. 5)
was stated. The negative impact of bacteria may be
related to the ability of these bacteria to methylation
of mercury or the fact that tested micro-organisms
belonged to plant pathogens, and therefore, they could
not be used in further research.

The results obtained from the study of plant
biomass growth (Fig. 6) show a very good plant
growth in the presence of three types of micro-organ-
isms tested in media with mercury.

Particularly good results were obtained for the
floating fern in the presence of the strain 1, wherein
the weight gain was 381% on the 7th day, 474% on
the 14th day and 682% on the 21st day of the experi-
ment. Compared to the plant biomass in the medium
without micro-organisms, the percentage growth of
biomass for the stain 1 was nine times higher on the
7th day, three times higher on the 14th and 13 times
higher on the 21st day of the experiment. The plants
from the medium without the addition of micro-or-
ganisms were characterized by the smallest increase in
biomass as compared to S. natans containing bacterial
cultures. On the 7th day of the experiment, the incre-
ment was 40%, and on the 14th day increased to
140%, but it decreased to 51% on the 21st day. In the
case of the strain 2, the percentage increase in biomass
on the 7th day was 184% and decreased to 159% on
14th day and then increased to 682% on the 21st day
of the experiment. The observed phenomenon may be
indicative of supporting plant life parameters by the
use of bacteria.

For the strain 3, the reverse trend was observed.
On the 7th day, it was 197%, and rapidly increased to
533% on the 14th day, but on the 21st day of the
experiment, it decreased to 301%. However, the
increase in biomass of plants in the case of the phy-
toremediation supported by the micro-organisms was
higher by 250% when compared to the plants exposed
to mercury without epiphytic micro-organisms resis-
tant to mercury.

The analysis of the total protein content (Fig. 7)
showed a similar trend for all plants. On the 14th day
of the experiment, the quantity of protein increased
when compared to the 7th day, and then decreased
(21st day comparing to 14th day). For plants from the
medium without the addition of micro-organisms, the
value rapidly increases on the 14th day of experiment
from 49.60 to 239.20 mg/gd.m. On the 21st day, the
final content was 139.90 mg/gd.m.. The process pro-
ceeded analogously in other cases; however, the quan-
tity of protein in the test organisms from the media
with micro-organisms was characterized by a higher
value (166.02 mg/gd.m. for the medium with the strain
1, 173.79 mg/gd.m. for the medium with the strain of 2
and 194. 23 mg/gd.m. for the medium with the strain
3). The results indicate that the applied strains support
and stimulate the plant life parameters.
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In the case of total chlorophyll (Fig. 8), a down-
ward trend for the amount of assimilation dye for the
plants from the medium with mercury was also main-
tained since the value decreased from 7.43 to 6.98 (for
the plants from the medium with the strain 2—from
11.79 on the 7th day to 8.14 on the 21st day, and for
the plants from the medium with the strain 3—from
13.71 to 8.59). The smallest amount of dyes was

characteristic for the test organisms from the medium
with mercury and without bacterial cultures, which
may indicate that the plants in the medium with the
addition of micro-organisms were characterized by
better physiological condition.

S. natans accumulated from 291.00 to 693.20 mg/
kgd.m. (Fig. 9). The minimum capacity of mercury
accumulation in the plants was characteristic for the

Fig. 5. Visual evaluation of the test organisms under the influence of the mercury on the 7, 14 and 21 d of the
experiment.

Fig. 6. Increase in the plant dry matter in the medium at a concentration of 0.3 mg/L.
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plants in the medium with mercury and without
micro-organisms resistant to mercury (from 225.10 to
567.30 mg/kgd.m.).

For all analysed media, there was observed a sub-
stantial reduction in the mercury content compared to
initial values (0.3 mg/L). The largest loss of mercury

in the medium was observed for phytoremediation in
a presence of the strain 1, where the values similar to
those in reference samples were obtained on the 7th
day. The smallest degree of mercury removal from the
medium was observed for phytoremediation not
supported by micro-organisms.

Fig. 7. The total protein content in plants exposed to mercury at a concentration of 0.3 mg/L in the presence of bacterial
strains.

Fig. 8. The total chlorophyll content in the plants exposed to mercury at a concentration of 0.3 mg/L in the presence of
bacterial strains.
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4. Conclusion

(1) S. natans and L. minor pleustophytes belong to
the species of plants tolerant to mercury in a
concentration of 0.3 mg/L and hence can be
used in the process of phytoremediation of
water contaminated with it.

(2) Mercury has an important impact on the
physiological processes of plants, especially the
biosynthesis of proteins and assimilation dyes,
which on the one hand confirms its toxicity,
but on the other indicates a high degree of
tolerance of the tested plants to mercury con-
tamination.

(3) L. minor as an organism, which due to its sensi-
tivity, is used to evaluate the toxicity of the
environment, showed higher sensitivity to mer-
cury contamination, as evidenced by its lower
growth and changes in the content of total pro-
tein and assimilation dyes.

(4) The obtained results of physiological parame-
ters of S. natans in the presence of micro-organ-
isms insensitive to mercury may indicate that
the used strains support the life processes of
floating fern.

(5) The obtained results indicate an increased
mercury removal efficiency in the presence of

isolated micro-organisms resistant to mercury
rather than merely involving plants.
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