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ABSTRACT

Most of the soils in the lower Volga region of Russia are polluted by salinity and heavy metals due to the saline water of the Volga River
and industrial pollutants. As a result, most of the soils of this region are unsuitable for crop cultivation. In order to assess the potential
growth of two medicinal halophytes, Halocnemum strobilaceum and Artemisia absinthium, in this region, sulphate (SO,4)- and chloride
(Cl)-containing salts (at 3.0, 5.0, 8.0 and 10.4%, w/v) were added to a lysimeter prior to seeding. In addition, to assess the response of
these plants to zinc (Zn) in soil where salt concentration was high (10.4% Cl and SO, type of salts), zinc sulphate (ZnSO,) was applied at
300, 400 and 500 mg Zn kg™ soil. A three-year trial indicated that both halophytes showed high tolerance to Zn without accumulating this
heavy metal in their biomass. The ability of these plants to grow on Zn-polluted and saline soils would allow them to serve the pharma-

ceutical industry as medicinal raw materials while playing an important role in ecological phytoremediation.
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INTRODUCTION

The United Nations Food and Agriculture Organization and
the United Nations Environment Programme estimate that
there are currently 4 million km® of salinized land while
approximately 20% of agricultural land and 50% of crop-
land in the world is salt-stressed, threatening agricultural
productivity (Ravindran ef al. 2007; Rozena and Flowers
2008). Salt-impacted soils show structural problems created
by certain physical processes and specific conditions which
affect water and air movement, plant-available water hol-
ding capacity, and root penetration. Such soils also have
devastating effects on plant growth and survival through
both ionic and osmotic stresses which act on plants in
various ways and at different levels of complexity (White
and Broadley 2001; Qadir ef al. 2003). Since a segment of
the world’s agricultural fields are exposed to heavy metals,
a serious danger of accumulation, translocation and trans-
formation of heavy metals in plants exists which may be
passed down the food chain, ultimately negatively impac-
ting human health (Begonia 19988; Franzaring et al. 2006;
Divan Jr. ef al. 2008).

The goal of defining metal threshold values serves to
minimize the transfer of metals down the food chain to
humans. In this case, ideally, plant metal threshold values
need to be established first. Once allowable levels for
metals in a crop have been set, the next step is to determine
threshold levels for metals in particular soil types such that
crops growing in those specific soils do not take up metals
in excess of the allowable level (Hamon and McLaughlin
2003). Most of the international guidelines enacted to regu-
late metal levels in agricultural soils have related to the
application of sewage sludge (‘biosolids’) to land (reviewed
by McLaughlin et al. 2000). Table 1 shows the guidelines
for maximum allowable concentrations of Cd (cadmium),
Cu (copper), Pb (lead) and Zn (zinc) in agricultural soils
receiving biosolids that have been established in various
countries. In plants, the estimated safe and adequate daily

Table 1 Maximum concentrations of metals established by various coun-
tries for agricultural soils receiving anthropogenic inputs of metals.*

Country Cd Cu Pb Zn
(mgkg') (mgkg') (mgkg') (mgkg?)

Australia 1 100 150 200

Australia 3 200 200 250

New Zealand 3 140 300 300

Europe 1-3 50-140 50-300 150-300

(limits vary among state)

Vietnam, pH 6 2 120 70 200

(limits vary with pH)

USA 20 750 150 1400

Pb — lead; Zn — zinc; Cd — cadmium; Cu — copper
* Source: McLaughlin et al. (2000)

intake of Zn, Fe (iron) and Cu is between 10,000-20,000,
1000, 12,000 pg/day (Anonymous 1980; Annan et al. 2010),
but is 11,000 pg/day for Mn (manganese) (Dey et al. 2009).
The maximum acceptable concentration of Cd in foodstuff
is about 1 pg/g (Linder 1991; Annan et al. 2010), 100
ug/day for Ni (nickel) (Das and Dasgupta 2002), and 6, 25,
and 75 pg/day for Pb in children, pregnant women and
adults, respectively (Anonymous 2012).

Agricultural production in Russia (about 80%) is con-
centrated in arid regions of the country. The most severe
climatic conditions are inherent to the Pre-Caspian lowland,
where the aridity coefficient of desert and semi-desert zones
in the Volgograd and Astrakhan regions (European Russia),
which occupy more than 2000 ha of natural unproductive
stocks, is caused by soil salinity and heavy metal pollutants
(Yamnova ef al. 2010). Salt-affected soils in the area were
shaped under the impact of a combination of several fac-
tors: (1) salt-bearing deposits of the Caspian Sea, (2) salts
transferred by wind with a drop in seawater levels (impul-
verized salts) and (3) salts from groundwater. Filtering and
evaporating river waters may also serve as additional
sources of salts in arid climates (Yamnova et al. 2010).
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Table 2 Examples of halophytic plant species used for the purpose of phytoremediation.

Plant species

Heavy metals

References

Sesuvium portulacastrum

Halimione portulacoides, Spartina maritima
Spartina densiflora, S. maritima

Halimione portulacoides

Juncus maritimus

Sporobolus virginicus, Spartina patens, Atriplex nammularia ~ Zn, Cu, and Ni
Tamarix smyrnensis Pb and Cd
Arthrocnemum macrostachyum, Spartina argentinensis Cd and Cr

Cd, Pb and As
Cd, Cu, Pb, and Zn

As, Cu, Fe, Mn, Pb, and Zn

Zn, Pb, Co, Cd, Ni, and Cu

Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn

Zaier et al. 2010a, 2010b

Reboreda and Cagador 2007, 2008
Cambrolle ef al. 2008

Sousa et al. 2008; Almeida ef al. 2009
Almeida et al. 2006

Eid and Eissa 2010

Kadukova et al. 2008; Manousaki et al. 2008
Redondo-Gémez et al. 2010a, 2010b

Table 3 Heavy metals content of light brown soils in lower Volga of Russia (non active and active forms of heavy metals, mg kg™’ dry soil).

Different districts in lower Volga, Volgograd, Russia

Pb (mg kg dry soil) Zn (mg kg’ dry soil) Cd (mg kg™ dry soil) Cu (mg kg™ dry soil)

Krasnoarmeisky district 21.3/4.2
Svetloyarsky district 13.5/4.1
Kirovsky district 23.1/4.8
Voroshilovsky district 22.1/4.6
Threshold concentration of heavy metals for Russia (non ~ 32.0/6.0

active and active form, mg kg’ dry soil)

186.4/28.5 1.6/0.1 43.6/2.1
180.3/25.6 1.54/0.21 38.6/2.2
185.5/27.1 1.13/0.22 42.4/1.8
182.6/27.5 1.15/0.32 38.5/1.4
100.0/23.0 1.0/0.5 55.0/3.0

Emissions of polluting substances into the atmosphere
of the Volgograd region from stationary sources amounted
to about 233,741x10° tons year' (including 22,710x10°
tons of solid and 211,031x10° tons of gas and liquid), with
Zn being the main heavy metal pollutant of soils within the
territory of the lower Volga region {Administration of
Volgograd Region (AVR) 2012}. The main sources of at-
mospheric pollution in the semi-desertic zone of Volgograd
and Astrakhan regions include heavy metals from different
power-plant-related enterprises, including the metallurgical
industry (Severstal-metiz Ltd.), the oil-processing industry
(Lukoil-Volgograd Oil Processing Co. Ltd.), and other
industries (AVR 2012).

A halophyte is a plant that grows in waters of high
salinity, coming into contact with saline water through its
roots or by salt spray, such as in saline semi-deserts, man-
grove swamps, marshes and sloughs, and seashores (Glenn
et al. 1999) and can be used in ecological phytomelioration
to improve the quality of saline soils and increase the
efficiency of pasturable lands (Ruan ez al. 2010; Ruan and
Teixeira da Silva 2011). These plants are also tolerant to
heavy metals. Halophytes are capable of growing in soil
polluted by heavy metals without accumulating such metals
in their vegetative biomass (Dushenkov et al. 1997; Kang
2008). Halophytes are capable of surviving and reproducing
in environments where the salt concentration is around 200
mM of NaCl or more and can tolerate salt concentrations
that would, under natural conditions, kill 99% of other spe-
cies. Among these salt-adapted halophytes are annuals and
perennials, monocotyledonous and dicotyledonous species,
shrubs, and some trees. Examples of some halophytic plant
species used for the purpose of phytoremediation are pre-
sented in Table 2.

Consequently, the advantages of halophytes over non-
halophytic plants toward several abiotic factors may simply
result from the more efficient performance of several basic
biochemical tolerance mechanisms (Bohnert et al. 1995).
Therefore, halophytes have been suggested to be naturally
better adapted to cope with environmental stresses, inclu-
ding heavy metals, compared to salt-sensitive crop plants
commonly chosen for phytoremediation purposes for the
removal of heavy metals from soils (Jordan et al. 2002;
Ghnaya et al. 2005, 2007). The in vitro milieu may serve
for the rapid selection of metal-tolerant germplasm (e.g.,
Aldahhak et al. 2010).

Previous research in Pakistan (Khan and Qaiser 2006),
India (Vinayak ef al. 2012) and in the USA (WWS 2012)
indicated that Halocnemum strobilaceum L. and Artemisia
absinthium L. have the ability to phytoremediate salt- and
heavy metal-contaminated soil. However, in Russia, the
prospect of these two halophytes remains unknown. On the
basis of this background, a lysimetric greenhouse experi-
ment was conducted over three consecutive years in the
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lower Volga region of Russia to assess the prospect of both
these medical halophytes to phytoremediate salt- and heavy
metal-contaminated soil.

MATERIALS AND METHODS

A three-year (2009-2012) lysimetric greenhouse experiment was
conducted in the “Volgograd Administrative Department of Envi-
ronment Protection” (46° 14’ 10” N, 48° 11’ 15” E), Volgograd,
Russia. For the lysimetric greenhouse research, soils were col-
lected from an open field (fallow land) in the lower Volga region
of Russia (Table 3; Fig. 1), where soils are light brown, organic
matter was 1.84% and pH was 7.45. The greenhouse environment
during the experimental period (2009-2012) was 25-30°C (air tem-
perature), 75% relative humidity, 15% soil moisture in the soil ara-
ble layer, approx. 0.2% CO, in the air and 90% light availability.

Seeds were collected from wild halophytes from the southern
slopes of Ergeninsky, Volga, then grown in the lysimeter. At the
time of the experiment, soil moisture in the lysimeter was always
maintained at field capacity through daily watering.

To assess the ability of both species of growing in saline soil
from the lower Volga region (Table 3; Fig. 1), sulphate (SO,4)- and
chloride (Cl)-containing salts (at 3.0, 5.0, 8.0 and 10.4%, w/v)
were added to the lysimeter prior to seeding. Thus, treatments
were: control (soil collected from an open field in the lower Volga
region was used); Tg; (SO4) = T¢; (Cl) = 3.0; Tgy= T, = 5.0; Ts3
=Tc; = 8.0 and Tsy= Ty = 10.4% for both SO, and ClI treatments.

To assess the response to Zn in soil where salt concentration
was high (10.4% CI and SO, type of salts), zinc sulphate (ZnSO,)
was applied at 300, 400 and 500 mg Zn kg soil (T, (control) =
without Zn; T, = 300, Tyns = 400, T, = 500 mg Zn kg™ soil).

Plants biomass was analyzed by ICP-AES (Inductive Coupled
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Fig. 1 Concentration of salts in light brown soils of the lower Volga
region of Russia.
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Table 4 Change of biometric indicators of Halocnemum strobilaceum depending on concentration of salts and type of salt structure in the soil. Ts; =
8 and Ts4/Tcs = 10.4 % for both SO, and Cl content salt treatments.

Ter = (Cl) 3. 0 Tsz/Tcz 5. 0 Ts3/Tc3

(804 /

Type of salt structure Treatments Concen- Height, cm Diameter of Number of Dry weight (g)
in the soil tration (%) astalk,cm®  leavesinthe Leaves Stalk and  Gross weight of elevated
main stalk petioles parts of plants
Control (without salt) - 77.80 8.60 9.6 12.17 16.51 35.56
Tsi 3.00 77.50 8.50 9.5 12.16 15.21 34.23
SO4-types salt Ts2 5.00 77.20 8.60 9.5 12.17 16.33 35.21
Tss 8.00 77.40 8.60 9.5 12.15 16.43 35.52
Tsq 10.4 77.00 8.20 9.4 12.13 16.22 34.01
Fisher’s test ns ns ns ns ns ns
e 3.00 78.80 8.60 9.5 12.17 16.23 34.23
CI types salt Tca 5.00 71.10 7.30 8.2 11.33 15.22 33.45
Tcs 8.00 67.50 6.40 7.6 11.12 14.78 32.34
Tcs 10.4 62.10 5.90 6.9 10.10 13.55 31.78
Fisher’s test ns ns ns ns ns ns

ns = not significant

Plasma Atomic Emission Spectrometry) using an Activa—Horiba
Jobin Yvon Spectrometer at the Laboratory of the “Volgograd
Administrative Department of Environment Protection, Russia”.

The availability of heavy metals was evaluated in a two-step
sequential extraction procedure, as proposed by Maiz et al. (2000).
This procedure involved mixing 4 g of soil with 20 ml 0.01M
CaCl,, then agitating the solution for 24 h at room temperature.
This first suspension was centrifuged at 3000x/min for 15 min,
and the supernatant was collected for the analysis of the active
fraction. The residue was then rinsed twice with ultra pure water
and resuspended in 20 ml of 0.005M diethylene triamine penta-
acetic acid (DTPA), 0.0IM CaCl, and 0.1M triethanolamine
(TEA), pH 7.3, under continuous agitation, for 24 h. After centri-
fugation at 3000x/min for 15 min, the supernatant was removed
and the mobilizable fraction was analyzed.

The heavy metals of various extracts were measured by ICP-
AES. Metal accumulation in plant tissues was evaluated in the two
tested species. Plant samples were thoroughly washed in tap water
and rinsed three times with distilled water. Samples were then
separated into leaves, stems and roots, dried at 40°C until constant
weight, ground to a powder, then passed through a 2-mm sieve.
Digestion of plant samples was performed using hot nitric concen-
trated acid (Zarcinas et al. 1987; Secu et al. 2008).

Data was analyzed using MSTAT-C (Russell 1994). To know
the impact of salt and heavy metals on both tested plants, means
were separated by analysis of variance and assessed by Fisher’s
test at P = 0.05 (Fisher 1954).

RESULTS

Concentration of heavy metals in the light brown
soils of the lower Volga region of Russia

The analysis of soil data from different districts in the lower
Volga region of Russia (Table 3) shows that Zn was the
main polluting heavy metal in the light brown soils of the
lower Volga region, since there was an excess of maximum
available as well as non-active and active forms of Zn. The
highest permissible concentration of Zn in non-active and
active forms was observed in the Krasnoarmelsky district of
the Volgograd region (186.4/28.5 mg kg™ dry soil), and the
lowest in the Svetloyarsky district of the Volgograd region
(180.3/25.6 mg kg™ dry soil). Others heavy metals (Pb, Cd
and Cu) were under the threshold level (Table 3).

Salt concentration in the light brown soils of lower
Volga region of Russia

The analysis of soil data for salt concentration from dif-
ferent depths of soil indicated that SO4 and Cl types of salts
were higher in the light brown soil of the lower Volga
region then other molecules present in the soil. The highest
salt concentration was found in the arable level (0-10 cm),
but salt concentration decreased with an increase in depth

(Fig. 1).

Change of H. strobilaceum biometric indicators
based on salt concentration in the soil and type of
salt structure

A high concentration of salts (SO, and Cl) did not influence
H. strobilaceum plant height, stalk diameter and other stu-
died characteristics (Table 4). For example, at the maxi-
mum concentration of SO, salt (10.4%), plant height only
decreased 1.02% relative to the control (Table 4). On the
other hand, Cl-type salts negatively impacted the height of
plants and other studied characteristics. Cl at 3.0 and 5.0%
did not influence plant height, stalk diameter or dry weight,
but 10.4% influenced these biometric indicators. For exam-
ple, 10.4% Cl salt decreased plant height by 20.1% relative
to the control (Table 4). These findings indicate that H.
strobilaceum was strongly capable of adapting to saline soil.

Change of A. absinthium biometric indicators
based on salt concentration in the soil and type of
salt structure

Plant height, stalk diameter and other studied characteristics
of A. absinthium were not influenced by high concentra-
tions of salts (SO, and Cl) (Table 5). For example, at the
maximum concentration of SO4 and Cl salt (10.4%), plant
height decreased 2.3 and 4.2% relative to the control (Table
4). On the other hand, high concentrations of salts (SO4 and
Cl) did not influence the biometric indicators of A. absin-
thium unlike H. strobilaceum (Table 5). These findings
indicated that A. absinthium was strongly capable of adap-
ting to saline soil.

Success of H. strobilaceum and A. absinthium
germination depends on the level of soil Zn

To estimate the tolerance of plants to heavy metals, soil of
the highest salt concentration (10.4%) was artificially pol-
luted by zinc sulfate (ZnSO4 7H,0) at three concentrations:
300, 400, 500 mg Zn kg soil. Field germination (%) of H.
strobilaceum and A. absinthium was studied when the soil
was artificially polluted at different doses (Fig. 2, 3).
Research findings over three years indicates that the germi-
nation level of H. strobilaceum and A. absinthiumon in the
control (i.e., without Zn pollution) was 76.4 and 76.3%.
Germination of H. strobilaceum and A. absinthium was not
affected by 300 and 400 mg Zn kg™ soil, which was only
1.0% lower than the control (Fig. 2, 3). On the other hand,
the highest dose of Zn (500 mg Zn kg™) slightly (# value
insignificant) negatively affected the germination of H.
strobilaceum (72.8%), which was 4.7% lower than the con-
trol (76.4%). Similar results were also observed for the ger-
mination of A. absinthium (72.9%), which was 4.6% lower
(F value insignificant) than the control (76.3%) (Fig. 2, 3).
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Table 5 Change of biometric indicators Artemisia absinthium L. depending on concentration of salts in the soil and type of salt structure of the soil.

Treatments detailed in Table 3.

Type of salt structure Treatments Concen- Height,cm  Diameter of Number of Dry weight (g)
in the soil tration (%) a stalk, cm leaves in the Leaves Stalk and  Gross weight of elevated
main stalk petioles parts of plants
Control (without salty - 68.60 7.80 8.5 11.27 15.51 34.56
Tsi 3.0 67.50 7.70 8.5 11.26 15.21 34.23
SO4-types salt Ts 5.0 67.20 7.50 8.5 11.17 15.13 34.21
Ts3 8.0 67.40 7.10 8.4 11.15 15.03 34.12
Ts4 10.4 67.00 7.00 83 11.03 14.82 34.01
Fisher’s test ns ns ns ns ns ns
Te 3.0 68.10 7.60 8.5 11.27 15.13 34.33
CT types salt Te 5.0 67.10 7.30 8.4 11.13 15.12 33.95
Tes 8.0 66.90 6.60 8.4 11.10 14.88 33.34
Tes 10.4 65.70 5.90 8.4 11.11 14.55 32.78
Fisher’s test ns ns ns ns ns ns
ns = not significant
78 55
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Fig. 2 Germination (%) of Halocnemum strobilaceum, depending on
level of soil Zn concentration. Mean (+SD) was calculated from three
replicates for each treatment. T, (control) = without Zn; T, = 300, T3
=400, T,n4 =500 mg Zn kg soil.
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Fig. 3 Germination (%) of Artemisia absinthium L., depending on level
of soil Zn concentration. Mean (+SD) was calculated from three rep-
licates for each treatment. Treatments details as Fig. 2.

Concentration of Zn in H. strobilaceum and
A. absinthium depends on the level of soil Zn

From the three-year field study it was found that high doses
of Zn did not increase the Zn concentration in H. strobi-
laceum more than the control. In the control (i.e., without
soil pollution caused by Zn), the three-year average concen-
tration of Zn in plants was 40.3 mg Zn kg’ s011 but when
soil was polluted by 300, 400, 500 mg Zn kg so1l the con-
centratlon of Zn in H. strobilaceum was 44. 2,49.3,53.1 mg
kg biomass, which was statistically similar to the control
(Fig. 4). Thus H. strobilaceum plants showed tolerance to

Concentration of Zn in H. strobilaceum

Tzn1 Tzn2 Tzn3 Tzn4

Application rate of Zn mg kg

Fig. 4 Concentration of Zn (mg kg") in Halocnemum strobilaceum,
dependence on level of soil Zn concentration. Mean (£SD) was calcu-
lated from three replicates for each treatment. Treatments details as Fig. 2.
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Concentration of Zn in A. absinthium

Tzn1 Tzn2 Tzn3 Tzn4

Application rate of Zn mg kg™

Fig. 5 Concentration of Zn (mg kg™) in Artemisia absinthium plants,
depending on level of pollution of the soil zinc. Mean (=SD) was calcu-
lated from three replicates for each treatment. Treatments details as Fig. 2.

an increased concentration of Zn in the soil but did not
accumulate Zn in the plant biomass.

In the control the concentration of Zn in A. absinthium
was 33.2 mg kg biomass, which was 21.3% less than the
similar treatment of H. strobilaceum (three—year average
data). When polluted by 300, 400, 500 mg Zn kg soil, the
concentratlon of Zn in A. absinthium was 43. 5, 35.6, 37. 4
mg kg'. When soil was polluted by 400 and 500 mg Zn kg
soil, the concentration of Zn in A. absinthium was 38.4%
and 41.9% lower than the Zn concentration in H. strobi-
laceum (Fig. 5). Thus, A. absinthium showed a greater tol-
erance to a high concentration of Zn in plant biomass than
H. strobilaceum plants but did not accumulate Zn in the
plant biomass.
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DISCUSSION

The present research findings indicate that the two medici-
nal halophytes (H. strobilaceum and A. absinthium) grow-
ing wild that were studied can potentially be used in ecolo-
gical phytomelioration to accumulate soil salts in the vege-
tative biomass of plants. Such halophytes are capable of
growing in strongly saline soil and can tolerate a high con-
centration of Zn. Manousaki et al. (2008), Manousaki and
Kalogerakis (2011), and Lokhande and Suprasanna (2012)
stated that halophytes may be used in phytomelioration due
to their biochemical tolerance mechanisms to several envi-
ronmental factors, including heavy metals and soil salinity.
Halophytes have been suggested to be naturally better adap-
ted to environmental stresses, such as heavy metals, salt-
sensitivity and thus offer a great potential for the phyto-
remediation and decontamination of heavy metal-polluted
soils (Manousaki et al. 2008; Manousaki and Kalogerakis
2011; Lokhande and Suprasanna 2012). Manousaki et al.
(2008) and Manousaki and Kalogerakis (2011) observed
that halophytes are ideal candidates for phytoextraction,
phytostabilization, or phytoexcretion of heavy metal-pol-
luted saline and nonsaline soils for soil desalination in arid
and semiarid regions.

Role of halophytes for desalination and
stabilization of saline soils

When soil has an electrical conductivity of 4 dS m ' or
more (which is equivalent to 40 mM NaCl) and when the
osmotic pressure is approximately —0.2 MPa, such soils are
termed saline soils (Goudie 1990). Saline soils are prob-
lematic around the world, particularly in arid and semi-arid
regions, similar to the soil in our study area (Table 3; Fig.
1) where insufficient precipitation and inappropriate irriga-
tion systems have been unable to reduce the salt burden in
the rhizosphere of plants and where suitable physicochemi-
cal methods are too expensive to apply (Shahid 2002; Lok-
hande and Suprasanna 2012). In this context, research all
around the world has developed various physical, chemical,
and biological approaches to reclaim such saline soils (Sha-
hid 2002). Among these, a large number of plant species has
been utilized for soil desalination (Table 2; Lokhande and
Suprasanna 2012). Based on this, plants differ greatly in
their growth response to saline conditions and are therefore
classified as ‘“halophytes”, which have the capacity of
growing on highly saline environments (Munns and Tester
2008) and can complete their life cycle in a substrate rich in
NaCl that is normally toxic to other plant species (Flowers
and Colmer 2008). Therefore, studies on halophytes can
elucidate the mechanism by which halophytes survive and
maintain productivity under abiotic constraints which can
be used to define a minimal set of adaptations required in
tolerant germplasm (Lokhande and Suprasanna 2012). This
knowledge can help to evaluate the overall feasibility of
high-salinity agriculture, which depends on more than fin-
ding a source of tolerant germplasm (Glenn et al. 1997;
Lokhande and Suprasanna 2012).

Role of halophytes in phytoremediation of heavy
metal-contaminated soil

Contamination of agricultural soil by heavy metals has
become a serious environmental concern due to their mostly
negative impact on crop growth (i.e., above physiologically
normal conditions) and ecosystems (Almeida et al. 2006;
Reboreda and Cagador 2007, 2008; Cambrolle ef al. 2008;
Kadukova et al. 2008; Manousaki et al. 2008; Sousa et al.
2008; Almeida et al. 2009; Eid and Eisa 2010; Redondo-
Gomez et al. 2010a, 2010b; Ruan et al. 2010; Ruan and
Teixeira da Silva 2011; Zaier et al. 2010a, 2010b; Lokhande
et al. 2011; Lokhande and Suprasanna 2012). Such toxic
elements are considered to be soil and water pollutants due
to their widespread occurrence, and their acute and chronic
toxic effect on plants grown in such soils as well as on
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humans living in their surrounding (Yadav 2010). All heavy
metals can be toxic when present above threshold concen-
trations, although this concentration depends on the metal,
the animal/plant species, and also on the environment,
which determines the availability (Kennish 1996).

In our present study, soil of the lower Volga regions of
Russia contained different types of industrial heavy metals
(Table 3). Thus, the ability of two medicinal halophytes as
soil phytoremediators was tested. From a variety of plant
species studied (Table 2), it was noted that each species has
a species-specific limitation to accumulate toxic metals and
detoxify nontoxic compounds through enzymatic reactions.
In the course of evolution from marine to freshwater habi-
tats, halophytes are the most successful group of plants
which have shown adaptations to a variety of abiotic
stresses, tolerance to heavy metal stress (Aken 2008; Lok-
hande and Suprasanna 2012). Different plant species may
have evolved different mechanisms to tolerate excess heavy
metals, and even within the one plant species more than one
mechanism could be in operation (Hossain et al. 2011).
Physiological, biochemical, and molecular approaches con-
tinue to be employed to identify the underlying mechanisms
of heavy metals accumulation, tolerance, and adaptive
mechanisms to cope with heavy metals stress (Hossain ef al.
2011). Some adaptive mechanisms evolved by tolerant
plants include immobilization, plasma membrane exclusion,
restriction of uptake and transport, synthesis of specific
heavy metal transporters, chelation and sequestration of
heavy metals, induction of mechanisms contrasting the ef-
fects: such as upregulation of antioxidants and the glyoxa-
lase system), induction of stress proteins, the biosynthesis
of proline, polyamines, and signaling molecules such as
salicylic acid and nitric oxide (Dalcorso et al. 2008, 2010;
Hossain ef al. 2009, 2010, 2011; Zhu et al. 2011).

Some halophytes (degiceras and Avicennia) have speci-
alized glands or glandular trichomes on abaxial and adaxial
leaf surfaces to secrete excessive Na“ and K'; while such
specialized structures are absent in nonsecretors halophytes
(Rhizophora and Sonneratia) (Lokhande et al. 2011; Lok-
hande and Suprasanna 2012). Indeed, mangroves and a
number of other estuarine halophytes with glandular tissue
are known to excrete heavy metals concomitantly with
other solutes (MacFarlane and Burchett 2000). The varia-
tion in morphology and function of nutritive root tissue and
glandular tissue to deal with the challenges of excess
cations in saline environments could become significant for
metal accumulation, transport, partitioning, and excretion
among halophytic plant species (Zabtudowska ef al. 2009).

CONCLUSIONS

This study shows that H. strobilaceum and A. absinthium
have a high tolerance ability to grow in the presence of a
high concentration of Zn and salts (SO, and Cl) without
accumulating Zn in plant biomass. Thus, these plants may
be used in the pharmaceutical industry as medicinal raw
materials as well as in the phytoremediation of salt- and
heavy metal-contaminated soil.
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