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Abgract

The key factor for the phytoextraction efficiency is bioavailability of extracted element. Mobility and bioavailability of metal (loid)sis affected by
numerous soil factors. Toimprove the metal (10i d)s accumul ation capacities, the addition of chelating agents has been proposed. The objectives of this
researchwasto investigate the ability of different chelating agents (EDTA, humic substances) and glutathioneto enhance the metal (1 oid)s phytoextraction
by four Cannabis sativa L. cultivars. Our results showed that metal(loid)s accumulation in plants increased with increasing concentration of

metal (loid)sin growing solution; although, the metal distribution in plant partswas various. Generally, all metal (Ioid)s were accumulated mainly in
roots except arsenic that was detected primarily in shoots. However, our results showed that metal (1oid)s accumul ation depended on chosen cultivar
and there was no existing strategy for metal detoxification in C.sativa. Tested chelates enhanced the transfer from roots to shoots. Assuming that
EDTA had a positive effect on the metal (Ioid)s mobhility, alarger amount of metal (loid)sis taken up and translocated to the shoots, while an effect
of humic substanceswasn’t statistically proved. Neverthel ess, glutathione application increased metal (1oid)s accumulation in roots. C.sativa plants
demonstrated to possess the ability to transfer arsenic, cadmium, copper and zinc from root to shoot, one of the criteriathat must be met to consider

aplant well suited for phytoextraction.
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Introduction
L ow contaminated sites near theindustrial plantsare not suitable
for food crops cultivation 1. Contaminants accumulated in food
crop may cause danger to human health. Though, low contaminated
sites seem to be applicable for other useful plants. Nowadays,
there is a huge energy demand; therefore, the growth of energy
crops on polluted sites can befeasible.

Industrial hempisacrop with abroad range of applications. Its
best known products are based on hemp fibers. Generally, the
fiber content in plant isabout 25% 2, therest of thewood material
is pressed into briquettes or it is used as thermal insulating
materials 3. Dueto ahigh biomass production, hemp can be used
as an energy crop and at the same time it can clean up the
environment. Its growth on contaminated soil can reduce the
pollution through a transfer of the contaminant from soil to
harvestable plant parts“. Green technol ogies as phytoremediation
have recently attracted a great deal of attention as an alternative
means of soil and water pollution 58, For example, phytoextraction
technique usesan ability of plantsto uptake of toxic metal (loid)s
from soil ®. A potential of different plant species for
phytoextraction wasbroadly studied 1213, Phytoextraction by hemp
was studied for cadmium, lead, zinc, copper, chromium and
nickel 416, Fewer studiesfocused on afibre quality. Linger et al.
have recently shown no effect of heavy metal contamination on
fibre fineness and strength. According to other authors, hemp is
suitablefor growing inindustrialy polluted regions, and it can be
used for reclamation of heavy metal contaminated soilswith further
utilization of biomassintheindustry “". Hempisasofeasiblefor
anaerobic sewage sludge management. It can remove heavy
metals from sludge and at the same time the addition of sludge
increases hemp biomass production 28,
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Plantsaccumul ate from soil metal (loid)sthat have either essential
or nonessential function. Each plant species requires different
element composition and concentration. Generally, plantstakeup
macronutrients as nitrate and phosphate, essential elementssuch
as chromium, copper, iron, manganese and zinc °, nonessential
elements such as cadmium, cobalt, mercury, lead and vanadium ®
16 and radioactive elements such as cesium, strontium and
uranium? 2L, Lack of nutrients can cause serious crop production
problems 2. Such conditions lead to a synthesis of specific
substances that can make the lacking elements bioavailable. For
instance, roots of higher plants cultivated in solution without
nutrients could secrete proteases and increase the level of free
amino acidsinthe soil solution asasource of nitrogen . However,
phytotoxic amounts of both essential and nonessential metal (loid)s
in plants can lead to an inhibition of plant growth 242,

Metal (loid)saffect enzyme mechanismshby binding to sulphydryl
groups in proteins or by displacing of the essential metals in
metalloproteins or metal protein complexes?. Some metal s affect
chloroplast apparatus. For instance, cadmium affects chlorophyl|
synthesis, water splitting, Calvin cycle enzymesand regul ation of
energy distribution of PS 2 %, Indeed, plants response to the
stress with increasing production of reactive oxygen species
(ROS) 22, Low molecular weight thiols, as glutathione (GSH),
play important role in defense mechanisms against ROS. GSH
detoxifies xenobiotics by prior activation and conjugation with
such compounds ** 3L, Further, GSH acts as a precursor for the
synthesis of phytochelatins 2,

Theeffectivity of phytoextractionisstrongly dependent onthe
biomass production, metal (loid)s concentrationsin plant tissues
and bioavailability of extracted element . The key factor is
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bioavailability. Mohility and bioavailability of metal(loid)s is
affected by numerous soil factors, such as cation exchange

capacity, pH and organic matter content 3 %, To improve the
metal (loid)s accumulation capacities, and the enhancement of

metal (loid)s availability in soil, the addition of chelating agents
has been proposed. Recently, the synthetic chelating agents such
as ethylenediaminetetraacetic acid (EDTA) have been used .

Nowadays, the biodegradable chelating agents such as

ethylenediamine disuccinate (EDDS) have beentested 14, Asan
alternative to above mentioned chelates natural sources such as
humic substances (HS) can be used ¥. They are composed from
threemain fractions: humic acid, fulvic acid and humin*. Soluble
complexes of HS and metal ionsreduce metal absorption onto soil
surfacewhileincreasethe metal uptakeinto plants. Humic acids
(HA) werefound more effectivein enhancing metal s uptake than
EDTA in sunflower and corn . Furthermore, it was stated that
HAsareidea soil amendmentsfor phytoextraction enhancement
but more studies are needed to prove the potentia of HSto become
effective phytoextraction enhancers.

The objectives of thisresearch wereto investigate the ability of
different chelating agents (EDTA, humic substances) and
glutathione to enhance the metal (loid)s phytoextraction by four
Cannabissativa L. cultivars.

Materialsand M ethods

Plant material: CannabissativaL. cv. Beniko, Biaobrzskie, Fibrol
and Monoica, fibrehemp cultivars (Agritec, Ltd.), werecultivated
inacultivation room under controlled conditions (23°C, humidity
about 60%, daily light phase of 16 hours) with supplementary
light (irradiance of 115 pmol/m?s) in Hoagland's sol ution #2. Four
weeksold plantswere replaced into solution with toxic metal (loid)s.
The experimentswere performed intriplicates.

Firstly, an ability of phytoextraction of hemp cultivars was
tested. Plantswere cultivated in the solution with ions of arsenic
(NaAsO,), cadmium (Cd(NO,),-4H.0), copper (Cu(NO,),-3H,0),
lead (Pb(NO,),) or zinc (Zn(NO,),-6H,0) at metal (loid)s
concentrations 50, 100, 200, 500, 1000, 2000 and 5000 pmal/I.

Secondly, amendment effects on metal (1oid)saccumul ation were
studied. Plantsgrew in amodified solution. The modification was
realized as an amendment of 100 umol/l of EDTA salt
(C, H. N, Na,O,.2H.0), GSH (Sigma-Aldrich), or 100 mg/l of a
mixture of humic and fulvic acids (LignohumateAM - AMARGO
s.r.0., Czech Republic) to Hoagland's solution. The solution also
contained 100 umol/I of metal(loid).

After oneweek, the plantswere harvested. Roots were washed
subsequently in double distilled water, in solution of EDTA (0.1
mol/l) and double distilled water. Plant |eaves, stems and roots
wereseparated, frozen at -70°Cinliquid nitrogen and freeze-dried.

Metal determination: The dried plant tissues were ground to a
powder and digestedin 5 ml of acid mixtureof 65% HNO, and 60%
HCIO, (v/v ratio 85/15) **. Contents of cadmium, copper, lead and
zinc were measured by atomic absorption spectroscopy (SensAA,
GBS, Australia). Determination of arsenic was realized by
measurement at Optima 2000 DV | CPspectrometer (Perkin Elmer,
USA). Metd (loid)s concentrationswere cal culated asaproportion
of the metal (loid) amount to dry weight (DW) of the plant part.

Data analysis: The statistical treatment included calculation of
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mean concentrations of elements and analysis of variances to
estimate statistically significant differences between groups of
samples. The significance of differences was determined using
Student’st-test for o >0.05.

The differences among amendment treatments of particular
cultivars were tested by one-way ANOVA with Tukey’s HSD
multiple comparison test. Significance level Pwas0.05 for both
analyses. Each treatment was represented by three biological
replicates. STATISTICA 8 (StatSoft, Tulsa, OK, USA) software
was used for all the computations.

Resultsand Discussion

Phytoextraction of metal(loid)s: Our results showed that

metal (loid)s accumulation in plants increased with increasing

concentration in the growing solution, although the metal (loid)s
distribution in plant parts was various. Tested metals (cadmium,
copper, and zinc) were accumul ated primarily inrootswhilearsenic
occurred mostly in shoots. Moreover, accumulation trends of

cadmium, copper, and zinc werevery similar to each other. Higher
concentrations of metal (loid)sin solution increased their transfer
tothe shoots. Metal absorption and therestriction of trand ocation
to the shoots may be the avoi dance of toxic effect of themetal on
theroots*.

Arsenic: When cultivated with the addition of arsenite, plantsin
5000 pumol/I solution began to wilt next day in 2000 pmol/I, third
day in 1000 pmol/I, and sixth day in other concentrations (Table
1). Arseniteionsreduced rel ative growth rate and devel oped severe
browning which progressed to necrosis. At low concentrations
(up to 200 pmol/l) arsenic was accumulated mostly in stems of
tested cultivars, and at higher concentrationsin leaves (Table 2).
At 5000 pmol/l, the highest arsenic concentration was detected in
theleavesof Beniko cultivar (18 mg/g DW) and thelowest inthe
stemsof Fibrol and Monoicacultivars (both, 3 mg/g DW). Inthe
cultivar Bialobrzskie the stems and the |leaves arsenic contents
were comparable, and moreover at the highest concentration the
metalloid value in the stems exceeded its value in the leaves (15
and 13 mg/g DW, respectively). Conversely, it wasreported that
arsenicisstored primarily inroots*> 4, However, different arsenic
translocation in plant parts depends on their sensitivity or
resistanceto arsenic.

Theaccumulation of arsenicin hyperaccumulator P. vittata was
much lower in therootsthan in the fronds, while the oppositewas
truein non-hyperaccumulator P. ensiformis®. It was demonstrated
that tomato plants stored arsenic in roots, while arsenic in bean
plants was readily transported into the shoots and accumulated
inhighlevelsintheleaves. Limiting of arsenic transfer to shoots
hel ped tomato plants against arsenic phytotoxicity, so they were
moretolerant to arsenic than bean plants. Phytotoxicity of arsenite
isin agreement with published data®:“°. It isknown that arsenite
is mobile and it is taken up into the plant by P-independent
mechanism . Onceinsidethe plant, arsenite bound to thiol groups
and interferes with enzymes mechanisms “. Its reaction with
sulphydryl groups of proteins causes disruption of root functions,
and even cellular death 5. Transport to the shoots might be
supported by a complex of As-thiol. It was demonstrated the
formation of As(l11)-S complexesintheroots of Prosopis, which
were freely transported into the shoots 2. Arsenic uptake and
distribution is also strongly dependent on the type of arsenic.
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According to Carbonell et al. “, the ahility to uptake of arsenic
into the roots of Spartina alterniflora grew in order:

dimethylarsenic acid (DMAA) < monomethylarsenic acid

(MMAA) <As (V) <As(I1l). Inorganic arsenic and MMAA were
accumulated mainly intheroot system, while DMAA wasreadily
translocated to the shoots.

Cadmium: Theaddition of cadmiumled to gradual wilting of plants
(Table 1). Third day plants started to wilt in 5000 and 2000 pmol/I
cadmium solution, fourth day in 1000 umol/I and sixth day in 500
and 200 umol/l. Roots became brownish, less branching and

reduced growth. Toxicity symptoms as stunting and chlorosis
also appeared. Cadmium toxicity might causetrand ocation to the
shoots as the avoidance of toxic effect of the metal on theroots.
At the highest concentration (5000 pmol/l), the amount of the
metal in the stems greatly raised up to the root levels (Table 3).

Furthermore, cadmium content in the stem of Bialobrzskie cultivar
was twice more higher than in the root. The plants from the

solutionswith other concentrati ons accumul ated cadmium chiefly
in roots. The amount in the roots varied between 22 mg/g DW
(Monoica) and 30 mg/g DW (Beniko, Bialobrzskie, Fibral). It

corresponds to the literature. It was found that cannabis plants
accumulated 4 g/g in root and 0.1 g/g in shoots at the cadmium
concentration of 200 mg/kg inthe cultivation medium . Energy
plants accumulated cadmium morein root, lessin shoots. These
results are consi stent with the general assumption that the metals
deposited especially in roots “, which is probably part of the
defense mechanism of plants against to toxic substances. It was
found that roots of |ettuce released much more of their absorbed
cadmium for translocation to the roots than ryegrass or

orchardgrass®. Theeffect of theincreased cadmium accumulation
inshoot wasconfirmedin |pomoea stem %. Cadmium trand ocation
to the shoots may be the avoi dance of toxic effect of themetal on
theroots*. Cadmium detrimental effect on photosynthetic activity,
chlorophyll content, and plant growth was also proved -5, Metal

induced oxidative stress that led to protein degradation through
amino acid metabolism resulting in decrease of plant growth %6,

Copper: Copper is an essentia element and thus plants were
more tolerant to its presence in solution. Tested concentrations
of copper did not cause evident toxic symptoms (Table 1). It is
known that copper plays roles in photosynthesis, respiration,

antioxidant activity, cell wall metabolismand hormone perception .
However, it was reported that copper concentration in non-

contaminated soilsisabout 20-30 pg/g but in contaminated soils
can reach levels one hundred times higher %. Our tested

concentrations were higher than natural background and copper
was concentrated mainly in theroots (Table 4). On the other hand,
the amount of copper in the rootswasindependent on the amount
of copper in solution. It was evident that all four cultivarsreached
similar copper level intheroots (about 15 mg/g DW) and eventhe
higher concentration in solution did not increaseit. Moreover, at
the highest concentration (5000 umol/l) the amount of themetd in
thestemsgreatly raised up (from 15 mg/g DW for Bialobrzskieto
30 mg/g DW for Fibrol and Monoica) so copper content in the
stems was bigger than in the roots. It was demonstrated that

toxicity symptomsinduced by copper (1500 umol/l) werelinked to
a sharp rise of copper content in leaf of Hordeum vulgare,

accompanied by oxidative stress*®. However, any dataregarding
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copper toxicity on C.sativa have not been published. Hemp plants
seemed to be more resistant comparing to barley. Our results
corresponded with the accumulation and distribution of copper
in Elsholtzia splendens ®, which is known for its tolerance to
high concentrations of this metal. The amount of copper in plant
parts also decreased in theline: root > stem > leaf. At 500 pmol/I
copper content in roots was about 8 mg/g, 1 mg/g in stems and
0.25 mg/g in leaves. The amounts of copper in plant parts of E.
splendens agreed with our results (9-12 mg/g DW inroots, 1.7-3.8
mg/g DW in stems, and 0.2-2.4 mg/g DW in leaves).

Plant species have different tolerance strategiesthat protected
themselves against copper toxicity. It was described by researchers
that compared plants naturally growing on contaminated site ©L.
In Malva sylvestris, exclusion of copper from the roots or its
stabilizationinthe soil restricted itstoxicity effects. Chenopodium
ambrosioides accumulated copper in roots and then in leaves
and in Datura stramonium most of copper was accumulated in
leaves. Moreover, D. stramonium and C. ambrosioides elevated
their antioxidative enzyme activitiesin response to copper toxicity.
The protection strategy in C. sativa seems to be similar to C.
ambrosioides. Dueto easily binding of copper to the sulfhydryl
groups of membrane proteins, a damage of the proteins can be
provoked 2, A model for effect of copper on C. sativa roots was
also proposed %, Aldo/keto reductaseisthefirst proteininteracting
with copper ions, it could reduce copper to Cu(l), soionscould be
available for interaction with other partner proteins, like
phytochelatins, which usually bind Cu(l), and from thislocation
copper can be transported to the vacuole.

Lead: Toxic effect of lead appeared third day (Table 1). Plants
wilted gradually in solution concentration of above 1000 umol/I.
Roots became brownish and reduced growth. Sixth day, wilting of
plantswasvisiblealso at lower concentrations (200 and 500 umol/
). Wilting of plantsgrowing in solution with higher concentrations
of lead was caused by an increase of lead amount in the stems
(Table5). Lead concentrations in the leaves varied from 7 to 24
mg/g DW, and at lower concentrations were comparable to the
control plants (from 3 to 14 mg/g DW). Generally, lead was
accumulated primarily intheroots, and thenin the stems. At 5000
pmol/I, the highest lead concentration was detected in the roots
of Fibrol and Monoicacultivars (both 60 mg/g DW) and thelowest
oneinBeniko cultivar (30 mg/g DW), Our resultsarein agreement
with literature*. Linumusitatissimumand C.sativa plantsgrowing
at anindustrialy polluted region accumulated lead mainly inroots
and lessin stem and in leaves. Similarly, the accumulation of lead
by Elsholtzia sp. aso decreased in line root> stem> leaf ®. For
example, at 200 pmol/l concentration plants reached lead

concentration of 20 mg/ginroots, 2 mg/gin stems and 0.15 mg/
ginleaves. Inour experiment we detected in roots 12—30, in stems
0.3- 0.6 andinleaves0.002—-0.010 mg/g DW of lead. It isevident
that C. sativa plants transported less metal in the shoots, while
plantsof Elsholtzia sp. transported morelead in the shootswhich
corresponded with their known high tolerance to heavy metals. It
was reported that once absorbed by the roots, lead is rather

immobile, showing very limited translocation into shoots : ,

According to literature, lead retention in roots is based on the
binding of lead to ion exchange sites on the root cell walls and
extracellular precipitation, mainly in theform of Pb carbonates®’.
L ead treatment of 300 umol/I reduced root elongation of Triticum
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aestivum L. more than three times and significantly increased
antioxidative enzymes activities %, It was shown that 500 pmol/I
lead concentrationis moderately toxic and 1000 umol/l highly toxic
to Oryza sativa L. plants %. On the other hand, C.sativa plants
seemed to be moretolerant since the plant survived even at 5000
pmol/l concentration.

Zinc: Comparing to cadmium and lead, zinc did not led to a
perishing of C. sativa plants (Table 1). Zinc content in plant parts
increased with the increase of zinc exposure (Table 6). The
accumulation trend in plant parts decreased in the line: root >
stem > leaf, and the trend was equal to cadmium, copper and lead
accumulation. Plantsof Beniko and Bialobrzskie cultivated in 500
and 1000 pmol/I solution showed asharp increase of zinc amount
in the roots. At the highest zinc concentration (5000 umol/I) the
amount of zincintherootsvaried from 25 mg/g DW (Monoica) to
45 mg/g DW (Fibral). Surprisingly, higher concentrations of zinc
(500, 1000 pmol/l) did not led to araise of zinc accumulationinthe
roots but led to asteep increase of zinc amount inthe stems. Zinc
content in the stems greatly rose up to the root levelsin Beniko
and Bialobrzskie cultivars and zinc content in the stem at 5000
pmol/I was 37and 27 mg/g DW, respectively, and in the roots 30
mg/g DW, each. It was proved that zinc transl ocation grew with
itsamount in the soil, and at higher concentration of zinc greater
amount was accumulated in C.sativa plants 8. Zinc content in
plant parts of C. sativa declined inthe following sequence: root >
leaf >gtem.

Hydroponically growing plants of Brassica napusand Trifolium
repens translocated most of the zinc in the leaves and less into
the stems, whereas Agrostis stolonifera distributed the metal
equally ™. All results confirmed that excess of zinc wastransferred
from the root into the shoot while zinc distribution in the shoot
depended on plant species. Zinc as an essential element playsan
important role in plant metabolism by an involvement in the
activation of many enzymesand supply of alink between enzyme
and substrate . However, excess of zinc raises specific
physiological and morphological changes such as an inhibition
of photosynthesis, root system reduction, aerial part dwarfism,
chlorosis formation or disruption of mitochondrial structures .
Resistant plants such as Daturainnoxia didn’t show any visible
injury at 5000 pmol/I but high amount of zinc decreased the
photosynthesis and stomatal conductance 7. Other plants were
more sensitive. Growth inhibition and decrease of chlorophyl|
content in leaves of S. lycopersicum was observed at
concentration of 150 umol/l ™. Moreover, ascorbate oxidation
occurred in the leaves of Phaseolus vulgaris L. treated by 50
pmol/l 7, Plants of C.sativa seemed to belong to resistant plants
sincethe highest tested concentration (5000 umol/1) did not show
any visibletoxic symptoms.

Amendmentseffect: Amendmentsof EDTA, GSH or humic acids
mixturein solutions had no significant effect on plantsgrowth. In
the presence of arsenic, cadmium and lead ions plants wilted as
was mentioned previously. On the other hand, our results

demonstrated that the solution enhancement had an influence on
metal (loid)s accumulation and distribution in plants. EDTA

increased the transfer from rootsto shoots, while GSH increased
metal (loid)saccumulationinroots.
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Chelates: The presence of EDTA inthe solution had no effect on
arsenic uptake (Fig.1) but it had an effect on uptake of other

metals (Figs 2-5). It significantly reduced the amount of

accumulated cadmium, copper and zincin therootsand the stems,
and at the same time it increased metals transport into leaves
(Figs 2, 3 and 5). Indeed, the metal contents in the roots were
approximately twice (cadmium), threetimes (copper) or four times
lower (zinc), whereas the metal contents in the leaves were
approximately twice (zinc) or six times (copper) higher. Theincrease
of cadmium content in the leaves was strongly dependent on the
cultivar and varied from 0.2 t0 0.7 mg/g DW, whereasits content
in plants grown in solution without EDTA varied from 0.003 to
0.17 mg/g DW. Moreover, a significant increase of lead was
observedintheleaves(Fig.4), the content wasforty timeshigher
comparing to the plants treated by solution without EDTA. On
the other hand, humic substances (HS) had only a merely effect
on metal (loid)s accumulation. The most pronounced effect was
observed in roots and stems (Fig.1). For example, a significant
increase (twice more) was observed in the accumulation of lead in
therootsand stemsof Bialobrzskie cultivar. Moreover, intheroots
of the cultivar an increase of arsenic amount was detected. In
contrast, a decrease in arsenic and zinc accumulation was
measured in the stems of Bialobrzskie and Monoicacultivars.

It was stated that EDTA not only increased the solubility and
hence hiological availability of metalsinthe soil 767, but it also
participated in the transport of metalsin plant parts* 7, The
effect of EDTA onlead accumulation in the shoots of Helianthus
annuuswasdemonstrated. EDTA treatment increased | ead content
twelvetimes, and significantly bigger amount of lead wasallocated
in the shoots . The effect on other metal s distribution was also
reported. The addition of EDTA increased shoot concentration of
cadmium, lead and zinc in Helianthus annuus, Cannabis sativa
and Brassica rapa 2. It was reported that |ead in the roots of Zea
mayswith EDTA addition was mostly distributed in the apoplast,
while zinc was mostly located in the symplast; therefore, the
capacity of EDTA to enhance the nonsel ective apopl astic transport
of metal may be most important for chelates enhanced
phytoextraction &. Accordingto literature, effectivenessof EDTA
depends on its rate, contamination level of lead as well as
complementary metals present in soils and method of its
application®. Although EDTA hasbeen shownto beeffective, its
toxic effect on soil microorganismswas proved .

Humic substances (HS) were used as an aternativeto EDTA,
HS had more advantages than disadvantages. It was reported
that HS mitigated damaging effects of radiation, pesticides and
excess of mineral fertilizers . Severa studies showed that HS
applied into the soil increased metal transfer into the shoot. Direct
HSaddition significantly enhanced cadmium uptake by Nicotiana
tabacum®. The addition of HS significantly increased the copper
content in roots, and shoots of Elodea nuttallii, whereas the
presence of HSinthe soil had exactly opposite effect on cadmium
content in the roots 8. Moreover, it was proved that irrigation
with water containing HS increased metal savailability that led to
increased lead and cadmium accumulationin Triticumaestivum®.
Those studies indicated that the enhancement effect is strongly
dependent not only on plant species, but also on the concentration
of HS. However, gradual application of small doses of chelates
can considerably reducethetoxicity and environmental problems
associated with itsutilization ®.
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Figure 1. Arsenic concentration [pg/g] in stem and leaf of four Cannabissativa L. cultivars after 7 days of cultivation
in solution with 100 [pmol/I] of metal (loid) concentration with different additions (EDTA, GSH, or HS). Control means
solution without metal(loid) and without amendments; standard deviation is represented as + S.D. (n = 3). The
differences among amendments treatments of the cultivars were tested by one-way ANOVA with Tukey’s HSD
multiple comparison test (significancelevel P=0.05).
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Figure 2. Cadmium concentration [pg/g] in stem and leaf of four Cannabis sativa L. cultivars after 7 days of

cultivation in solution with 100 [umol/l] of metal (loid) concentration with different additions (EDTA, GSH, or HS).
Control means solution without metal (1oid) and without amendments; standard deviationisrepresented as+ S.D. (n
= 3). The differences among amendments treatments of the cultivars were tested by one-way ANOVA with Tukey’s
HSD multiple comparison test (significancelevel P=0.05).
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Figure 3. Copper concentration [ug/g] in stem and leaf of four Cannabis sativa L. cultivars after 7 days of cultivation
in solution with 100 [umol/I] of metal (1oid) concentration with different additions (EDTA, GSH, or HS). Control means
solution without metal (loid) and without amendments; standard deviation isrepresented as+ S.D. (n = 3). Thedifferences
among amendmentstreatments of the cultivarswere tested by one-way ANOVA with Tukey’sHSD multiple comparison
test (significancelevel P=0.05).
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Figure4. Lead concentration [pg/g] in stem and leaf of four Cannabissativa L. cultivarsafter 7 daysof cultivationin solution
with 100 [pumol/I] of metal (loid) concentration with different additions (EDTA, GSH, or HS). Control means solution without
metal (loid) and without amendments; standard deviation isrepresented as+ S.D. (n= 3). Thedifferences among amendments
treatments of the cultivars were tested by one-way ANOVA with Tukey’s HSD multiple comparison test (significance level

P=0.05).
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Figure5. Zinc concentration [pg/g] in stem and leaf of four Cannabissativa L. cultivars after 7 days of cultivation in solution
with 100 [pumol/I] of metal (loid) concentration with different additions (EDTA, GSH, or HS). Control means sol ution without
metal (loid) and without amendments; standard deviation isrepresented as+ S.D. (n = 3). The differences among amendments
treatments of the cultivars were tested by one-way ANOVA with Tukey’s HSD multiple comparison test (significance level P

=0.05).

Glutathione: The addition of GSH had an impact on uptake of all

metal (loid)s(Figs1- 5). Itincreased cadmium and zinc amountsin
theroots of all cultivars (Figs2 and 5). Besides, an increase of
lead accumulation in the roots of three cultivars (Beniko,

Bialobrzskie and Monoica) was detected (Fig. 4). Moreover,

enhanced arsenic uptake was observed in the roots of cultivars
Beniko, Bidobrzskieand Fibral (Fig. 1). Thetransfer of metal (loid)s
to the shoots was not so obvious. An increase of arsenic in the
leaves (Beniko, Bialobrzskie) and copper in the stems

(Bialobrzskie) was identified (Figs 1 and 3). Increased arsenic
transfer corresponded with literature. It was demonstrated that
low level of GSH (0.4 mmol/l) increased arsenic uptake by Pteris
vittata plants, while higher concentration (0.8 mmol/l) had no effect
on the uptake®. Neverthel ess, the addition of GSH helped arsenic
transport from the root to the shoot of P. vittata (transfer factor
rosetwice). It has been presented that glutathioneisinvolvedin
the reactions forming phytochel atins *2. Phytochelatins induced
on exposure to arsenic formed a complex with arseniteions 8,
High cadmium levels in Brassica juncea were also associated
with a rapid accumulation of phytochelatins in roots . The
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increase in glutathione synthetase activity was dependent on the
initial cadmium concentration. It wasfound that the accumulation
dynamic of cadmium or |ead bound with GSH waschanged in Zea
mays and Brassica napus roots %, Observed inhibition of lead
uptake in the presence of increasing GSH concentration and the
apparent up-regul ation of lead uptake following pre-exposure to
GSH were consistent with a transport via a peptide transporter,
that did not differentiated between GSH and the metal-GSH

complex. Therefore, higher metal (loid)s contentsin C.sativa might
be caused by GSH involvement in production of phytochelatins.

Conclusions
Our results showed that metal (loid)s accumulation significantly
varied with chosen cultivar. Generally, all metal(loid)s were
accumulated mainly in roots except arsenic. Arsenic accumulation
trend was similar to arsenic hyperaccumulator P. vittata. Other
metals showed different tendency. Cadmium content in the shoots
increased with increasing concentration of cadmium in solution.
Copper wasaccumulated differently. It reached similar level inthe
roots of cultivars and even the higher concentration in solution
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did not increase it. Moreover, at the highest concentration the
amount of the metal in the stems greatly raised up to the roots
levels. Zinc accumulation trend was comparableto copper. Higher
concentrations of zinc did not led to araise of zinc accumulation
intherootsbut led to asteep increase of zinc amount inthe stems.
Its translocation to the shoots might be the avoidance of toxic
effect of the metal on the roots. In contrast, lead was rather
immobile, showing very limited trand ocation into the shoots. From
the distribution of metals we can suggest that probably thereis
no existing strategy for metal detoxification in C.sativa.
Neverthel ess, hemp demonstrated to possessthe ability to transfer
arsenic, cadmium, copper and zinc from root to shoot, one of the
criteria that must be met to consider a plant well suited for
phytoextraction. However, studiesat real contaminated sites could
give moreinformation about the phytoextraction process.

Theéeffect of theamendmentson the accumul ation of metal (loid)s
varied depending on the cultivar and the element. The chelates
enhanced the nonsel ective apoplastic transport of metal(loid)s.
Our results showed that EDTA had apositive effect onthe metals
mobility, alarger amount of metal swastaken up and transl ocated
into the shoots, while an effect of humic substances wasn't
statistically significant. On the other hand, the addition of GSH
increased metal (loid)s amounts in the roots of plants. Higher
metal (loid)s contents in C.sativa may be caused by GSH
involvement in production of phytochelatins, but further studies
are needed to explain the mechanisms.
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