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Abstract

Understanding the microbiological, biochemical and physiological aspects of phytoremediation of soil and water environments polluted
to different degrees with heavy metals has very important theoretical and practical implications. In this study, a comparison was made
between total cadmium concentration in root and shoot tissues as well as concentrations of particular fractions of Cd immobilized by roots
of Festuca ovina (Sheep’s fescue) hydroponically cultivated in nutrient solutions supplemented with 1 ug Cd ml and those cultivated at
10 pg Cd ml™. After three weeks of . ovina cultivation, the number of bacterial CFU and the amounts of organic chelators, siderophores,
proteins and reducing sugars in the growth medium and on the root surface were higher at 10 than at 1 ug Cd ml™. The grass also reacted to
the high Cd concentration by a decrease in plant growth and dehydrogenase activity in root tissues. The concentration of Cd determined in
fractions bound with different strength in roots was significantly dependent on Cd concentration in the growth medium. When the plants
were grown at 1 pg Cd ml™, 9% of the immobilized cadmium was loosely bound to the root surface, 20% was exchangeable adsorbed, and
28% was bound by chelation; at 10 ug Cd ml™’, the respective values were 12%, 25%, and 20%. About 43% of the immobilized cadmium
remained in roots after sequential extraction, and bioaccumulation factors in shoots had the same values independently of Cd concentra-
tion. At both Cd concentrations, the cadmium translocation index for F ovina was low (< 1), which is why this grass can be recommended
for phytostabilization of the metal under study.
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Introduction

Cadmium is not essential for plant, animal and
human metabolism (Van der Perk, 2006). The only
known biological function of Cd has been described
in marine diatoms under zinc limitation. In those con-
ditions, a low concentration of Cd acted as a cofactor
in Cd-carbonic anhydrase (Xu and Morel, 2013). Cad-
mium tends to be less strongly adsorbed than other
divalent metals and, therefore, it is more labile in soil
and more available to plants (An etal., 2011; Kacél-
kové etal., 2014). Areas located in industrial regions
can contain high concentrations of heavy metals (HM).
For example, in southern Poland, there are regions with
HM-polluted sites (e.g. Bolestaw near Olkusz, Upper
Silesia) where the concentrations of Zn, Pb and Cd
exceed 40,000 mg kg™, 5,000 mg kg™' and 300 mg kg™,
respectively (Majewska et al., 2011). In such cases, it
is very important to prevent the migration of these
metals to surrounding uncontaminated soils. Apart
from physico-chemical stabilization (compost applica-

tion, liming efc.), phytostabilization can be taken into
account as a method of remediation of HM-contami-
nated soils (Alvarenga et al., 2008). This method is an
aesthetically pleasing strategy that uses the ability of
metal-tolerant plants to grow in and cover contami-
nated ground. Phytostabilization consists in sequestra-
tion of metals within roots and the rhizosphere without
translocating them into the above-ground plant tissues
(Mendez and Maier, 2008; Ganesan, 2012; Zhang et al.,
2012). Plants are colonized by endophytic and rhizo-
spheric microorganisms which increase the resistance
of their hosts to environmental stresses (Jha etal,
2013). These microorganisms can play an important
role in phytoremediation of soils polluted with heavy
metals (Soleimani et al., 2010) and many other, espe-
cially organic, contaminants (Gerhardt et al., 2009).
Organic components of root exudates are a good
source of nutrients and energy for microorganisms,
hence, a microbial community living in the rhizosphere
can be 10-100 times larger than the same type of com-
munity found in bulk soil (Huang and Germina, 2002).
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Microbial immobilization of a HM from rhizosphere
soil solution can involve binding of the metal by cell
envelopes, its intracellular accumulation, formation
of insoluble complexes with extracellular biopoly-
mers or precipitation with inorganic anions, such as
sulfides and phosphates (Kurek and Majewska, 2012).
On the other hand, microorganisms can accelerate the
decomposition of organic matter (e.g. dead roots) and,
consequently, mobilize HM in the rhizosphere. Dis-
solved organic ligands (e.g. carboxylates and phenolics)
exuded by plant roots and those produced by micro-
organisms are also responsible for HM mobilization.
Soluble ligands which have a higher affinity for HM
than roots and other solids, and those ligands which
acidify the root zone are important factors in increas-
ing HM desorption (Haoliang et al., 2007; Kim et al.,
2010; Kurek and Majewska, 2012). These processes
can increase HM concentrations in soil solution and
decrease the capacity of phytostabilization.

The aim of the present study was to compare spe-
ciation of Cd (water-soluble, exchangeable absorbed
and chelate-bound fractions) immobilized by roots
of Festuca ovina grown at 1 or 10 ug Cd ml™ of the
growth medium. Also, the numbers of microorganisms
inhabiting the growth medium and the root surface,
and the concentrations of organic compounds (i.e. phe-
nols, proteins, citric acid, reducing sugars, total Fe(III)-
chelators and siderophores) released by roots and/or
root-associated microorganisms after three weeks of
plant cultivation in both media were compared.

Experimental
Materials and Methods

Plant growth conditions. Half a gram of non-steri-
lized grass seeds (about 625) were transferred to sterile
plastic sieves with a surface area of 170 cm? The sieves
were placed in sterile plastic containers (2,000 ml)
holding 600 ml of autoclave-sterilized (non-aerated)
Hoagland medium (Atlas, 1995; Sipos et al., 2013) sup-
plemented with 1 or 10 ug Cd ml™* (as CdCl,-2.5H,0).
Cadmium-free Hoagland medium was used as a con-
trol. All glassware and plastic containers were soaked
in 7.5M HNO, for at least 2 h, rinsed thoroughly with
deionized water and sterilized before use.

The plants were grown in a growth chamber (Bio-
genet, FD147 Inox) at 24/18°C (day/night), with
a 12/12h (day/night) photoperiod, at a photosynthetic
photon flux density of 250 umol m™ s for 3 weeks.
The volume of the growth medium was kept constant
by replenishing the volume evaporated during plant
growth with sterile Hoagland medium without added
Cd (Majewska and Kurek, 2011). After 3 weeks, 30 ran-
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domly-selected plants were removed from the medium
and separated into roots and shoots. The roots were
washed with sterile deionized water. Shoot height and
root length as well as fresh and dry weight of the plants
were determined. The dry weight of the plants was esti-
mated after heating the plant material at 105°C until
a constant weight was obtained.

Estimation of cadmium concentration in growth
medium and in plants. The growth medium was col-
lected and centrifuged (9,000 x g for 15 minutes), and
its pH was measured using a Beckman pH-meter. The
concentration of cadmium ions was determined using
a cadmium ion selective electrode from SENTEK with
a detection limit of 10”7 M. Next, 20 ml of the medium
was evaporated to dryness and digested with concen-
trated HNO,. In order to determine the concentration
of the metal in shoots and roots, 30 mg of dry plant
material was digested with concentrated HNO,. Next,
the acid was evaporated to dryness, and then the resi-
due was dissolved in 10 ml of 1M HNO, (Majewska
etal., 2006). Cadmium concentrations were determined
by mixing 1 ml of mineralizate, 2 ml of 3 M NaOH, 2 ml
of an aqueous solution of Triton X-100 (5%) contain-
ing 0.3 mM dithizone, and 5 ml deionized water. The
absorbance of the samples was determined at A =549
nm using a Varian UV-visible spectrophotometer
(Fiedler et al., 2004; Majewska and Kurek, 2011). The
bioaccumulation factor (BAF) was calculated as Cd
concentration in roots or shoots (mgkg™) divided by
the initial concentration of Cd in the medium (mgl™),
and the translocation index (TRL) was described as mg
Cdkg™ of dry weight of shoots divided by mg Cd kg™ of
dry weight of roots (Mendez and Maier, 2008; Cheraghi
etal., 2011).

Determination of dehydrogenase activity in root
tissues. Metabolic activity in root tissues was assessed
by the tetrazolium chloride (TTC) reduction method
according to the procedure described by Comas et al.
(2000). In the tissues, TTC was reduced to formazan
(a bright-red pigment) by dehydrogenase enzymes.
Roots (50 mg of fresh weight) were submerged in
3ml of 0.6% TTC in 0.05 M Na,HPO,-KH, PO, buffer
(pH 7.4) containing 0.05% Triton X-100. The samples
were incubated at 28°C for 24 h, rinsed twice with dis-
tilled water, and extracted with 10 ml of 95% ethanol
for 10 minutes in a water bath at 85°C. The total volume
of the extract was made up to 25 ml, and the absorb-
ance was measured at A =490 nm (Varian, UV-visible
spectrophotometer). Control roots were boiled for
15 minutes in distilled water to denature the enzyme.
Dehydrogenase activity in roots was expressed as ug of
formazan formed by 1 mg of root dry weight.

Sequential extraction of Cd immobilized in roots.
After three weeks of plant growth, speciation of the
metal immobilized by roots was analyzed using a three-
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step sequential extraction procedure. This method
makes it possible to fractionate metals into fractions
operationally defined as the water-soluble fraction
(extracted with deionized water), the exchangeable
absorbed fraction (extracted with 0.1 M NaNO,) and
the chelate-bound fraction (extracted with 0.02M
EDTA). In addition, a residual fraction of cadmium, not
removed during sequential extraction, was determined
(Majewska and Kurek, 2011). Roots (500 mg fresh
weight) were suspended in 100 ml of each extractant
and shaken (250 rotations per minute) at room temper-
ature for 30 minutes. The extracts were evaporated to
dryness, and Cd concentration was determined in the
residues as described above. After sequential extraction,
the roots were collected by filtration, dried and digested
with HNO,, and the amount of Cd in root tissues was
determined. Total cadmium concentrations as well as
Cd ions were determined in all of the tested fractions
as described above.

Determination of microorganisms CFU num-
ber. After three weeks of plant growth, the numbers of
microorganisms in the growth medium, those released
from the root surface during sequential extraction and
those inhabiting interior root tissues were estimated
by the plate count method. Fungi were cultivated on
Martin medium (Martin, 1950) and bacteria on nutri-
ent agar (Atlas, 1995) for 7 days at 28°C. The number of
microorganisms was expressed as log  colony forming
units (CFU) per milligram of dry weight root mass.

Determination of organic compound concentra-
tions. Dissolved organic compounds, such as reduc-
ing sugars, proteins, phenols, citric acid, total Fe(III)-
chelators and siderophores were quantitated in water
extracts and 0.1 M NaNO, extracts from roots, and in
the growth medium. Before determination of organic
compounds, the plant growth medium was centrifuged
(9,000 x g for 15minutes). The amounts of reducing
sugars were measured according to the method of Nel-
son and Somogyi (Alef and Nannipieri, 1995). Bradford
reagent was used to determine protein concentrations,
with albumin as a standard (Bradford, 1976). Total sol-
uble phenolic compounds were measured by reaction
with the Folin-Ciocalteau reagent, and calibration was
performed using ferulic acid as a standard (de Ascencao
and Dubery, 2003). Citric acid was determined using
a commercial kit (R-BIOPHARM Enzymatic Bioanaly-
sis, Cat. No 10 139076 035). Reactions with FeCl, were
carried out to estimate the total amount of organic
Fe(III)-chelators. In this method, desferrioxamine B
was used to construct the calibration curve (Atkin et al.,
1970). Catechol and hydroxamate siderophores were
determined by the Arnow method with 3,4-dihydro-
xybenzoic acid as a standard (Arnow, 1937) and the
Csaky method with hydroxylamine hydrochloride
(Csaky, 1948), respectively.
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Data analysis. Three experimental settings were
used for each treatment (0, 1 and 10pug Cd ml™ of
growth medium), and the experiment was performed
three times. One-way analysis of variance was carried
out to compare the mean values. When significant
p-values were obtained (p<0.05), differences between
the individual means were compared using Student’s
t-test (Brandt, 1999). All data analyses were performed
using Microsoft®Excel 2010.

Results

Plant growth and dehydrogenase activity under
different Cd concentrations. Symptoms of cadmium
toxicity to grass seedlings were developed 3 weeks
after the treatments, especially in the presence of 10 pg
Cdml™ in the growth medium. Yellow lesions on shoots
and dark-brown root tips were found. Cd concentration
in the growth medium did not affect the number of
plants surviving at the end of the experiment (Table I).
Plant growth, expressed as shoot height and shoot fresh
weight, was significantly inhibited when the plants were
exposed to 1pg Cdml™. Cd had a stronger effect on
shoots than on roots (Table I). No significant reduction
in fresh and dry weights and length of roots in the pres-
ence of 1 ug Cd ml™ was observed. Inhibition of plant
growth by 10 ug Cd ml™* of the medium was much more
severe than that caused by 1 pg Cd ml™. The activity of
dehydrogenase enzymes in root tissues declined with
the increase in Cd concentration in the growth medium
(Table I). The highest decrease in the activity of these
enzymes was observed in roots of plants cultivated in
the presence of 10 pg Cd ml™.

Cd concentrations in shoots and roots. The con-
centration of cadmium immobilized by the plant bio-
mass increased with the increase in Cd concentration
in the growth medium, and was always higher in roots
than in shoots. Cd concentration in roots of plants
grown at 1 ug Cd ml™ was approximately three times
lower than in roots of plants grown in the medium
containing 10 pg Cd ml™ whereas for shoots this dif-
ference was almost 10-fold (Table I). The value of
the bioaccumulation factor (BAF) for roots of plants
cultivated in the medium containing 10 pg Cd ml™!
was significantly lower than for those grown at 1pg
Cd ml™. On the other hand, there was no significant
difference between the values of BAF for shoots from
the two treatments (Table I). Cadmium concentration
in the growth medium significantly affected the values
of TRL. For plants cultivated in the growth medium at
10 pg Cd ml™', TRL was 3.5 times higher than for plants
cultivated at 1 ug Cd ml™" (Table I).

Concentrations of Cd in the growth medium and
in the individual fractions of the root extraction. At
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Table I
Effect of Cd on E ovina growth parameters, dehydrogenase activity and Cd accumulation in its roots and shoots. Mean
values with marked the same letter within the same row do not differ significantly (p>0.05). Values are expressed as
mean+S.D. (n=9)

Cadmium concentration in the growth medium (ug ml™)
Parameters
0 1 10

Number of plants 509+27 a 536+4la 505+28 a
Shoot height (mm) 95+9a 63+19b 49+14b
Root length (mm) 91+30a 65+31a 16+7b
FW (mg) Shoots 1046+ 106 a 700+76b 297+48 ¢
Biomass of 100 plants (100%) (67%) (28%)

Roots 501+68a 602+8la 53+14b

(100%) (120%) (11%)

DW (mg) Shoots 148+16a 128+9a 79+1c
Biomass of 100 plants (100%) (86%) (53%)

Roots 57t1la 58+20a 24+6b

(100%) (102%) (42%)

Activity of root dehydrogenase (ug formazan mg' DW) 2.78+0.74a 1.58+0.96a 0.52+0.16b
Cd concentration (ug Cd mg' DW) Shoots 0.07+0.01b 0.76+0.17 a

Roots 1.74£0.18b 5.39+0.30a
BAF Shoots - 71+12a 76+17a

Roots - 1742+188a 539+35b
TRL - 0.04+0.01b 0.14+£0.04a

- not determined, FW - fresh weight, DW - dry weight, BAF - bioaccumulation factor, TRL - translocation index

Table II
Distribution of Cd between plant biomass (Cd bioaccumulation), sediment (Cd precipitation)
and growth medium (soluble complexes and ionic form of Cd) after 3-week cultivation of E ovina
in the hydroponic system. Values are expressed as mean +S.D. (n=9)

Parameters

Cadmium concentration in growth medium
(ug ml™)
1 10

Initial amount of Cd in the hydroponic system (pg)

527452 (100%)

5917 +42 (100%)

Amount of Cd accumulated by plants

357 +41 (64%)

841+ 67 (16%)

Amount of Cd in sediment (insoluble forms of Cd)

3542 (6%)

661+ 112 (13%)

Amount of Cd in growth medium | Ionic form

17+3 (3%)

3550+ 148 (60%)

Non-ionic form

147 +3 (27%)

687+48 (11%)

1 ug Cd ml™, plants accumulated 64% of Cd present
in the growth medium, 6% was converted to insoluble
forms, which were separated by centrifugation, and
30% of Cd remained in the growth medium. The metal
in the medium was either in the ionic form or bound
to soluble compounds (Table II). When the concentra-
tion of Cd was increased to 10 pg Cd ml™', 16% of the
metal was accumulated in the plant biomass, 13% was
stored as insoluble forms and 71% was still found in the
medium, primarily in the ionic form (Table II).

A three-step sequential extraction of the Cd immo-
bilized by grass roots was applied to evaluate the par-
ticipation of the dissolution (fraction 1, Cd extracted
with deionized water), ionic exchange (fraction 2,

Cd extracted with 0.1 M NaNO,) and chelation (frac-
tion 3, Cd extracted with 0.02 M EDTA) processes, as
well as intracellular accumulation (fraction 4, residual
Cd) in cadmium immobilization by roots of sheep’s fes-
cue plants. When Cd concentration in the medium was
1 pg ml™, 9% was extracted with deionized water, 20%
was extracted with 0.1 M NaNO, and 28% with 0.02 M
EDTA (Fig. 1B). The increase in metal concentration
in the medium from 1 to 10 ug Cd ml™' resulted in an
elevated concentration of Cd in all the fractions tested
(Fig. 1A). The percentage distribution of Cd between
the fractions was also changed: it increased in the water-
soluble (12%) and ionic exchange (25%) fractions and
decreased in the fraction extracted with 0.02 M EDTA
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1 — water-soluble fraction

(Cd extracted with deionized water)

2 — exchangeable absorbed fraction
(Cd extracted with 0.1 M NaNO,)

E 3 — chelate-bound fraction
(Cd extracted with 0.02 M EDTA)
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Fig. 1. Sequential extraction of Cd immobilized by roots of F ovina after 3-week cultivation in Hoagland’s growth medium supple-
mented with 1 or 10 ug Cd ml™".

A - concentration of Cd in the individual fractions (ug Cd per 1 ml of extract); B — percentage distribution of Cd between the fractions tested. Bars
marked with the same letter are not significantly different (p>0.05). Standard deviations are shown as deviation bars (n=9)

(20%) (Fig.1B). At both Cd concentrations in the
growth medium, the roots of the grass accumulated an
average of 43% of the immobilized metal in their tissues.
Cadmium extracted from roots was released as
metal bound to soluble organic compounds and as free
ions. When the metal was extracted with 0.02 M EDTA,
the whole pool of cadmium removed was bound to
EDTA in both treatments. At 1 ug Cd ml™, 12.3% of the
metal extracted from roots with 0.1 M NaNO, was in the
ionic form, whereas at 10 ug Cd ml™', as much as 48.5%
of Cd was present in the extracts in this form. No cad-
mium ions were found in water extracts from roots of
plants grown at 1 ug Cd ml™, but at 10 pg Cd ml™, about
7.1% Cd was in the ionic form (data not presented).
Concentrations of organic compounds. Sheep’s
fescue grass reacted to the presence of cadmium in the
growth medium with an increased release of organic

compounds from roots into the growth medium. After
plant cultivation, the growth medium supplemented
with 10 ug Cd ml™, was enriched 3-fold with total che-
lators and citric acid, 4-fold with catechol siderophores
and 5-fold with hydroxamate siderophores, proteins and
reducing sugars compared to the control medium with-
out added metal. At 1 pg Cd ml™, the growth medium
was significantly enriched with catechol siderophores,
proteins and reducing sugars only (Table III). Also, the
amounts of total chelators, siderophores, proteins and
reducing sugars extracted with deionized water and
0.1 MNaNO, from root surfaces were increased, but
the amount of citric acid dropped with the increase in
Cd concentration in the growth medium (Fig. 2). The
solution of NaNO, mobilized more organic compounds
from roots than did deionized water, except for total
chelators and citric acid, which were efficiently released

Table IIT
Organic compounds in the growth medium after 3-week cultivation of E ovina
in Hoagland medium. The amounts of the individual compounds are expressed as
pg mg dry weight of roots. Mean values marked with the same letter within the same
row do not differ significantly (p >0.05). Values are expressed as mean + S.D. (n=9)

. Cd in the growth medium (ug Cd ml™)
Organic compounds

0 1 10
Total chelators 3.43+041b 424+0.31b 11.54+1.74a
Hydroxamate siderophores 2.14+1.53b 2.65+0.46 b 10.01+4.06 a
Reducing sugars 2.31+£0.56b 7.13+1.67 a 11.84+4.08 a

Phenols 0.25%£0.01 a 0.98+0.16 a 0
Citric acids 0.90+0.36 b 1.00+0.18 b 2.62+0.47 a
Proteins 0.72+0.53 b 3.48+0.62a 381+232a
Catechol siderophores 1.50+£0.48 ¢ 2.88+0.18b 5.58+0.40 a
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Fig. 2. Two-step sequential extraction of organic compounds (OC) from roots of E ovina after 3-week cultivation in Hoagland’s growth
medium supplemented with 1 or 10 pg Cd ml™".

The amounts of the individual compounds are expressed as ug OC mg™' dry weight of roots. Bars marked with the same letter are not significantly
different (p>0.05). Standard deviations are shown as deviation bars (n=9)

to the water fraction. There were no differences between
the treatments in the amounts of phenols extracted
from roots.

Microorganisms colonizing grass roots and the
growth medium. After three-week cultivation of plants,
a microbiological analysis of the plant growth media
and the extracts obtained during sequential extraction
of plant roots was performed. Regardless of Cd con-
centration in the growth medium, bacteria were the

only microorganisms isolated. The number of bacteria
in the growth medium without Cd added was signifi-
cantly lower than in the medium supplemented with 1
or 10 ug Cd ml™' (Table IV). After sequential extraction
of plant roots cultivated in Cd-contaminated media,
the number of bacteria in the water and 0.1 M NaNO,-
extracts was significantly higher than in extracts from
control roots (without added Cd). The concentration
of Cd was without effect on the number of bacteria
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Table IV
The number of bacteria in the growth medium and four sequential extraction fractions obtained from E ovina roots (log , CFUmg' DW
of roots). Mean values marked with the same letter within a column do not differ significantly (p>0.05). Values are expressed as mean
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+S.D. (n=9)
Cd concentration Bacteria Bacteria released from roots during sequential extraction
in Hoagland in Hoagland Fraction 1 extracted | Fraction 2 extracted | Fraction 3 extracted | Fraction 4 inhabiting
medium (ug Cd ml™') medium with H,0O with NaNO, with EDTA root tissues
0 5.60£0.12b 5.95+£0.27 b 4.92+0.06 b 513+0.32a 5.62%0.05a
1 6.02+0.01 a 6.72+0.21a 5.89+0.06 a 496+0.11a 523+0.16 a
10 6.69+0.37 a 6.96+0.28 a 596+0.03 a 528+0.10a 3.09£0.21b

released during extraction of roots with 0.02 M EDTA.
The number of bacteria isolated from root tissues after
sequential extraction was significantly decreased when
Cd concentration in the plant growth medium was
increased (Table IV). The water fraction was the rich-
est in bacteria. At the concentration of 10 ug Cd ml™,
the number of bacteria on the root surface (extracted
with water) was 10,000 higher than the number of bac-
teria isolated from root tissues. Release of microbial
and plant metabolites into the growth medium during
cultivation of the plants resulted in a decrease in pH
values from 6.6+0.1 to 5.8 £0.3 regardless of the con-
centration of Cd added.

Discussion

The root surface is a site of very important processes
involved in plant growth and of interactions between
organic compounds and microorganisms. These inter-
actions affect biogeochemical cycling, enhancing plant
growth, and increase plant tolerance to biotic and abio-
tic stress (Kamaludeen and Ramasamy, 2008; Philip-
pot et al., 2013). In the present study, the grass F. ovina
(var. Bornito — a commercially available cultivar) was
used because of its resistance to drought and nutrient
deficiency and because it does not require special soil
conditions (as noted on packet). This choice was also
influenced by observations of Grodzinska and Szarek-
Lukaszewska (2009), who had found that F. ovina was
one of the dominant plant species on postindustrial
waste heaps containing zinc, lead, cadmium, thallium
and other metals.

Cadmium tends to be more labile in soil and more
available to plants than other divalent metals (Kacalk-
ova etal., 2014). An etal. (2011) compared the accu-
mulation of Cd, Pb, Cu, Cr and Fe in different plant
species (tomato, maize, greengrocery, cabbage and Japa-
nese clover herb). Among the metals tested, cadmium
was easily absorbed and had the highest enrichment
coefficient values for most plant tissues. In the present
study, the values of the Cd bioaccumulation factor
(BAF) calculated for roots of F ovina growing at 1 or

10 ug Cdml™ of hydroponic solution were very high
(1742 and 539, respectively) because metal retention
by soil solid components was eliminated. Cadmium
concentration was always higher in roots of F ovina
than in its shoots and increased with the elevated Cd
concentration in the growth medium. A comparison
of cadmium accumulation in roots and shoots of other
grasses, such as Lolium perenne (Lou et al., 2013), Ely-
mus elongatus (Sipos etal., 2013) and Secale cereale
(Majewska and Kurek, 2011), also shows that roots tend
to contain more of this metal than shoots. Mendez and
Maier (2008), Cheraghi etal. (2011) and Zhang et al.
(2012) have recommended plants (monocotyledons
and dicotyledons) with a high BAF (>1) and a low
translocation index (TRL <1) as the best candidates
for phytostabilization. The values of TRL for F ovina
growing at 1 pg ml™ as well as at 10 pg ml™ were much
lower than 1 (0.04 and 0.14, respectively). The same
situation was observed in F ovina growing at 5, 10, 50
and 100 pg Cd g™ dry weight of soil (data unpublished).

The exposure of E ovina to 10 pg Cd ml™* resulted in
a significant decrease in shoot height, root length, fresh
and dry mass of the plants, and vitality of plant roots,
while at 1 pg ml™ these parameters were not signifi-
cantly changed (Table I). This indicates that low con-
centrations of Cd may have no impact on plants. In the
present study, the vitality of plant roots was determined
by measuring dehydrogenase activity expressed as TTC
reduction. According to Comas et al. (2000), there is
a relationship between respiration and dehydrogenase
activity, and respiration is a standard test of metabolic
activity of cells. A low TTC reduction can be indicative
of a generally low metabolic activity or necrosis of root
tissues. TTC reduction can be evaluated in the stele but
not in the cortex of old roots. Heavy metal toxicity can
accelerate the senescence and death of roots and can
cause a decline in root function. In these cases, roots
can only adsorb metals on their surface without trans-
porting them into root tissue cells and translocating
them into shoots.

Another reaction of the grass’s roots to Cd treat-
ment was an increased release of organic compounds to
the growth medium and their storage on the root sur-
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face. Numerous authors have observed that Cd-stress
induces changes in plant metabolism, with plants syn-
thesizing concentrations of organic compounds that are
significantly higher than those synthesized by plants
growing in unpolluted environments (dellAmico et al.,
2005; Madhaiyan et al., 2007; Adeniji et al., 2010; Kim
etal., 2010). Li et al. (2014) have reported that exuda-
tion of high amounts of dissolved organic carbon by
roots of Triticum aestivum is an important protective
mechanism under Cd stress. In our study, after cultiva-
tion of E ovina, the growth medium contaminated with
10 pg Cd ml™* was significantly enriched with various
organic chelators, siderophores, citric acid, reducing
sugars and different proteins (Table III). By contrast, the
amounts of phenols in the growth medium decreased to
zero at this Cd dose. This drop could have been caused
by accumulation of soluble phenolics in root cells and
their use in the phenylpropanoid (phenyloalanine)
pathway connected with induction of plant resistance
to different biotic and abiotic stresses (Atkinson and
Urwin, 2012; Khan et al., 2015; Zhang et al., 2015). One
of the main results of the induction of this pathway is
lignin biosynthesis, which leads to straightening of the
plant cell wall by its lignification (Schiitzendiidel et al.,
2001; Elobeid et al., 2012). Acceleration of cell wall lig-
nification under Cd-stress can, on the one hand, nega-
tively affect root elongation, but, on the other, increase
Cd immobilization and detoxification, and ultimately
enhance tolerance of the plants to this metal.

The exposure of sheep’s fescue to 10 pg Cd ml™ also
significantly increased the amounts of organic com-
pounds, other than citric acid, attached to the root sur-
face (Fig.2). A similar increase has been observed for
S. cereale cultivated in the same conditions (Majewska
and Kurek, 2011). The thick layer of organic material
developing on the root surface acted as the first bar-
rier against Cd entering into root tissues while organic
compounds secreted into the growth medium played an
important role in decreasing the concentration of free
metal ions. After F ovina cultivation, only part of the
Cd introduced into the hydroponic solution remained
in the medium in the ionic form (Table II).

Non-sterilized grass seeds were used in the experi-
ments. The microbial community of these seeds
inhabited the growth medium and the root surface of
cultivated plants (Table IV). Proliferation of micro-
organisms was stimulated in the presence of organic
compounds, which were efficiently released by roots of
plants growing at 10 ug Cd ml™'. The numbers of bac-
teria in the growth medium were significantly higher
at 10 ug Cd ml™ than in the control medium without
cadmium. Also, the numbers of bacteria attached to the
root surface and removed during extraction were the
highest at 10 pg Cd ml™. Fungi were found neither in
the growth medium nor on the root surface in either
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of the Cd treatments. The numbers of bacteria isolated
from F ovina roots after extraction declined with the
increase in Cd concentration in the growth medium,
and at 10 pg Cd ml ™ their titer was two orders of mag-
nitude lower than at 1 ug Cd ml™ (Table IV). In the
natural environment, plant roots are always associated
with microorganisms, which utilize organic compounds
released to the root zone and produce their own metab-
olites. Endophytes (strains inhabiting the internal tis-
sues of plants), such as Serratia nematodiphila, Entero-
bacter aerogenes, Enterobacter sp. or Acinetobacter sp.
(Chen etal., 2010), and rhizosphere bacteria, such as
those belonging to the genera Agrobacterium, Arthro-
bacter, Mycobacterium, Pseudomonas (dellAmico et al.,
2005), Burkholderia and Methylobacterium (Madhaiyan
et al., 2007), could protect plants from the toxic effect of
metals (biosorption and precipitation), produce plant
growth-promoting compounds (indole acetic acid,
siderophores and ACC-deaminase) and improve Fe
and P nutrition. In contaminated habitats, some sensi-
tive microbes would be eliminated while others would
develop resistance to heavy metals and proliferate.
Kao et al. (2006), for example, have demonstrated that
microorganisms adapted to high Zn, Cu and Pb con-
centrations in soil, and that their respiration, expressed
as CO, production, strongly increased within 7 days
after metal supplementation.

Cadmium applied at the concentrations of 1 and
10 pg ml™ of the growth medium was immobilized by
E ovina roots in different amounts (1.7 and 5.4 mgg™',
respectively). Roots are composed of many different
compounds which are responsible for immobilization
of metals. Chen et al. (2013) have suggested that pectin
and cellulose, but not hemicellulose, present in the cell
walls of Salix jiangsuensis J172 were responsible for Cd
adsorption. Next to cellulose, the most abundant natu-
ral raw material is lignin. Lignin is an aromatic polymer
which contains several functional groups, e.g. metho-
xyl, aliphatic and phenolic hydroxyl, and carboxyl
groups, that can act as very efficient binding agents in
the immobilization of heavy metal ions (S¢iban et al.,
2011). The results of the present study revealed that
43% of Cd immobilized by the roots of plants grown
at both cadmium concentrations was retained in their
tissues and not released during sequential extraction
(Fig. 1). Yin et al. (2015), in a study of Boehmeria nivea,
have recorded the highest concentration of Cd in the
cytoderm fraction (precipitated Cd or Cd bound in cell
walls), which was found to be the most stable fraction
of the metal in plant tissues. This metal could be mobi-
lized only after cell lysis and microbial mineralization
of dead tissues. The remaining part of Cd immobilized
by E ovina roots was loosely bound (deionized water
extractable metal), exchangeably bound (extracted with
0.1 MNaNO,) and bound by chelation (Cd extracted
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with 0.02 M EDTA). Cadmium mobilized by deion-
ized water and 0.1 M NaNO, solution with an ionic
strength equal to the strength of soil solution is con-
sidered to be the most labile. Cadmium extracted with
EDTA is strongly bound and difficult to remove by soil
solution (Kurek and Majewska, 2004). The increase in
Cd concentration in the medium from 1 to 10 pg ml™
resulted in elevated amounts of Cd extracted from roots
with deionized water and 0.1 M NaNO,, and decreased
amounts of Cd extracted with 0.02 M EDTA (Fig. 1B),
which means that the stability of Cd immobilized by
roots was weakened.

Cadmium extracted from F ovina roots was released
as free ions and as metal bound to soluble organic com-
pounds. Metal-organic complexes present in the root
zone have different degrees of toxicity, bioavailability
and degradation. It has been proven that the rate of
mineralization of metal-organic complexes such as
Cd-acetate and Cd-citrate was significantly lower than
for complexes with Mg or Zn (Renella et al., 2004). In
such cases, metal-organic complexes can be incorpo-
rated into the soil organic matter during humification
and humus accumulation. In the natural environment,
microbiological decomposition of plant residues is
a source of substrates for the synthesis of macromo-
lecular polymers that are combined into aggregates of
humic substances (Semenov et al., 2013). If grass shoots
with a low Cd concentration (~0.76 uygmg'DW)
return to the soil as plant residues, they could facilitate
humification and efficiently increase metal stabiliza-
tion in re-vegetated soils. Further studies are required,
however, to fully understand the mechanisms of HM
phytostabilization in contaminated soils.

Conclusion

In order to exclude Cd retention by soil solid
components, hydroponic cultures were chosen for
the experiments. The results of the present study
show that Cd-stress decreased F. ovina biomass, shoot
height, root length and root activity but increased the
quantity of root exudates, especially at 10 ugml™ of
the growth medium. At this Cd concentration, root
exudates containing organic chelators, siderophores,
proteins and reducing sugars significantly stimulated
proliferation of bacteria introduced into the hydro-
ponic solution with non-sterilized seeds. Fungi were
not detected.

E ovina immobilized Cd in roots (BAF=539),
with a very low translocation of this metal to shoots
(TRL=0.14). Therefore, this grass could be potentially
used for phytostabilization of metals in contaminated
soils. Cadmium immobilized by roots was released
during sequential extraction as free ions or in a form
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bound with organic compounds. These observations
suggest that the dissolution, ion exchange and chela-
tion processes occurring in the close vicinity of roots
can release Cd immobilized in those roots. The root
zone is a specific habitat created by root exudates and
microorganisms, and mechanisms controlling Cd phy-
tostabilization are difficult to determine precisely due
to the multiple factors acting in this zone.
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