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Abstract A modified hydroponic experiment was
focused on the influence of mutual changes in the Ca/Mg
ratio and trace elements (Cd and Pb) concentration in
solution on the efficiency of low molecular weight organic
acid (LMWOA) formation in the Salix viminalis rhizo-
sphere. The study showed that changes in the LMWOA
contents were caused by the Ca/Mg ratio as well as the kind
and concentration of trace element (Cd or Pb) in hydro-
ponic solution. Under 0.5 mM solution of Cd, the total
concentration of LMWOAs—depending on the Ca/Mg
ratio—decreased according to the formula: 20:1 > 4:1 >
1:10 > 1:%, while under 0.5 mM of Pb, it was as follows:
20:1 =~ 4:1 > 1:% > 1:10. When comparing all the
experimental systems, it is important to underline that
regardless of the Ca/Mg ratio, the concentration of
LMWOA:s in the rhizosphere was higher under 0.5 mM Cd
than Pb, with the exception of 1:'/, Ca/Mg ratio, where the
opposite observation was made and both of these values
were lower than in the control. In addition, accumulation of
Cd and Pb in Salix roots and young shoots was dependent
on Ca/Mg ratio only and decreased according to the
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Introduction

Hundreds of hyperaccumulators have been identified and
described in the past three decades (Li et al. 2011). Most
hyperaccumulators, such as Thlaspi or Alyssum, are char-
acterized by a generally slow growth rate and low biomass
production, which make these plants impractical for use in
phytoextraction in the field (Evangelou et al. 2004; Peer
et al. 2005; Puschenreiter et al. 2001). Moreover, many
hyperaccumulators have various strategies to actively
accumulate metals e.g. Thlaspi actively produces roots that
go into pools with high metal concentrations.

Recent studies on phytoextraction are focused on plants
not recognized as hyperaccumulators, but still very effec-
tive in phytoremediation with high biomass effectiveness
during the growth season, i.e. maize (Zea mays), peas
(Pisum sativum), oat (Avena sativa), Indian mustard
(Brassica juncea) as well as the trees Salix and Populus
(Chen et al. 2004; Shen et al. 2002). Other important fac-
tors include a strongly developed and deep root system,
quick establishment, followed by easy adaption to a wide
range of environmental conditions (Mleczek et al. 2010),
fast growth, elevated rates of photosynthesis and watering
demand (Zalesny et al. 2006; Zupancic et al. 2010). Salix
viminalis L. features all the above-mentioned properties
with exceptional abilities to tolerate and accumulate high
concentrations of trace elements. All this makes Salix
an ideal plant to study mechanisms responsible for
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hyperaccumulation as well as to enhance phytoremediation
processes.

To date, studies on the mechanism of metal tolerance
and accumulation of Salix have been mainly focused on the
uptake (Lu et al. 2008; Mleczek et al. 2011; Yang et al.
2006) and subcellular distribution characteristics (Li et al.
2006; Tian et al. 2009), with no information on many basic
processes in the rhizosphere of the plant (Li et al. 2011;
Pilon-Smits 2005). The processes of metal accumulation by
the rhizosphere have not been elucidated; nor have the
mechanisms of trace element solubilization and absorption
by plants from contaminated soils (Gonzaga et al. 2009; Li
et al. 2011). Several studies have tried to assess changes in
rhizosphere chemistry of hyperaccumulator and non-
hyperaccumulator plants with high capacity for metal
accumulation for solubilisation of non-labile forms of
metals. There was no correlation found between metal
uptake and root-induced changes in the rhizosphere such as
acidification and release of a wide spectrum of organic
compounds (amino acids, low-molecular-weight carbox-
ylic acids, sugars, and simple and flavonoid-type phenolics)
(Dessureault-Rompré et al. 2010; Magdziak et al. 2011).

Low molecular weight organic acids (LMWOAs) are
common metabolites in many pathways of plants. In soil,
the predominant input of them is from root exudates, dead
plant material and microbial decomposition products.
Organic manures can also contain large amounts of organic
acids (Wang and Zhong 2011). These root exudates are
implicated in the weathering of soil minerals, mobilisation
of soil nutrients (e.g. P and Fe), enhancement of nutrient
uptake and stress resistance to acid soils and toxic metals
(e.g. Al) (Barcel6 and Poschenrieder 2002; Hinsinger et al.
1993; Jones 1998; Kidd et al. 2001; Watanabe and Osaki
2002). What is more, root exudates may affect the behav-
iour/properties of nutrients and trace elements, either
enhancing or reducing their availability, by directly
affecting acidification, chelation, precipitation and redox
reactions, or indirectly, through their effects on microbial
activity, physical and chemical properties of the rhizo-
sphere and root growth pattern (Kidd et al. 2009; Tao et al.
2004; Uren and Reisenauer 1988). Organic acid can bind
elements such as metals, and their role as detoxification
agents has been widely discussed (Jones 1998). They are
able to form complexes with metal ions and modify the
mobility of the metals in the rhizosphere (Maturi and
Reddy 2008; Renella et al. 2004) and their exudation is
probably an internal mechanism against toxic effects of
trace elements (Gasecka et al. 2012). However, there is
little information in the literature concerning the mecha-
nism of how these compounds affect trace element accu-
mulation in plants (Wang and Zhong 2011).

Over the last 20 years, numerous studies have demon-
strated that the value of many nutritional elements, as well

@ Springer

as trace elements, may have a considerable effect on
growth and the accumulation efficiency of other elements
present in the soil. Moreover, the data presented in the
literature indicate that the Ca/Mg ratio has a significant
effect on the phytoremediation process (Parker et al. 1998;
Osretds and Greger 2006). However, information on their
influence on the efficiency of heavy metal accumulation in
plant organs in association with LMWOA secretion by
plant roots is substantially limited. Following the results of
our earlier work (Magdziak et al. 2011; Mleczek et al.
2011) and a small number of works on the role of organic
acids in phytoremediation, the aims of this study were
(a) to investigate the changes of LMWOA composition and
concentration in the rhizosphere of Salix under 0.5 mM Cd
or Pb supplementation and (b) to assess the role of
LMWOA:s in the rhizosphere of Salix in Cd and Pb accu-
mulation at four different Ca/Mg ratios. Pb and Cd were
selected because they are among the most toxic elements
for humans and widespread in contaminated ecosystems.
The selection of the Ca/Mg ratio was also not accidental as
regards the different roles of these nutritional elements in
plant growth.

Materials and methods
Plant material

One-year-old cuttings of S. viminalis L. cv. ‘Cannabina’
collected from 3-year-old rootstock without foliage were
used in the experiment under fully controlled conditions
(phytotron). To induce root formation, standardized rods
(25 cm long, 15 mm in diameter) were under complete
Knop’s medium (10 mL of 10 % Ca(NOj3),, 2.5 mL of
10 % KNO;, 1.2 mL of 10 % KCI, 10 mL of 2.5 %
KH,POy4, 5 mL of 5 % MgSO, and 0.25 mL of 0.25 %
FeCl; diluted to 1 L with acidified water of pH 5.42
(PN-ISO 10390 1997); electrical conductivity (PN-ISO
1265+AC1: 1997) of nutrient solution was 1.36 mS crn*l).
To improve root formation, the solution applied at the
beginning of the preliminary incubation period contained
50 % salt contents in the standard Knop medium, which
also facilitated easier and faster adaptation of plants to the
new conditions.

After 10 days, plants were selected according to the size
of the root system to obtain a uniform group (mean initial
lengths of main roots for particular tested plants were in the
range between 4.5 and 5.0 cm and the diameter of them
was 2.0-2.5 mm) and transferred to Knop’s medium
(0.5 L) containing the appropriate amount of Cd or Pb
nitrate (V) stabilized with steamed ultra-pure quartz sand
(1.15 kg per pot: pH = 7.2, SiO, content >97 %, moisture
content 0.061 %) in hydroponic pots (one Salix cutting per
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pot and seven plants per Cd and Pb concentration). In every
pot (13 x 15 cm, diameter x height), part of the rhizo-
sphere was separated from the rest of the sand using inert
material to obtain better opportunities to analyse compo-
sition and amount of LMWOAs. Plants were cultivated in
0.5 L of 0.1 mM solution of each of the two tested trace
elements (control: Cdy; + Pbg ;) and in four experimental
combinations where one of the metals was at 0.5 mM
concentration, while the second was at 0.1 mM (Cdg 5 or
Pbgs). In these experiments, we have also analysed plants
growing in 0 mM concentration, but the use of control in
Cdg.; + Pby; form was expedient and necessary because
this experiment is an extension of our other experimental
studies carried out in the environment (the results will be
compared and presented in a subsequent work). In addition,
the use of control in Cdy; + Pby; form was possible as
regards the insignificant differences in analysed plant
growth (plant biomass, LMWOA exudation as well as trace
element accumulation) between Cd,; + Pby; and Cd and
Pb free medium. The concentrations 0.1 and 0.5 mM were
selected based on growth of the tested plants in soil with
Cd and Pb in the concentration range usually present in
Polish soils (Kabata-Pendias and Pendias 1999). In addi-
tion, the difference between the two concentrations is high
enough to observe its influence on composition and con-
centration of LMWOAs as well as antagonistic/synergic
effects between trace elements and the differences in plant
development with no toxic influence. Four (previously
tested) Ca/Mg ratios were also chosen to indicate the dif-
ferences in LMWOA secretion into the rhizosphere, Cd and
Pb accumulation and plant growth in physiological ratio
(4:1—Cc, = 4.23 mM and Cy, = 1.05 mM), in excess of
calcium (20:1—C¢, = 21.16 mM and Cy, = 1.05 mM),
in excess of magnesium (1:10—Cc, = 1.06 mM and
Cmg = 10.5 mM) and in deficiency of both macroelements
(1:'/4—Cc,y = 1.06 mM and Cyy, = 0.26 mM).

The 21-day experiment was performed in a climate
chamber under controlled conditions (air temperature
22 + 1 °C, relative humidity 79 & 1 %), equipped with a
fluorescent lamp (MASTER TL-D Secura 58 W/830 1SL)
providing a radiation (photon) flux of 235 WE s™' m™>
(umol s~' m™?) at the top of the plant for 16 h a day. Plant
roots were aerated by a hose system (1 h periods, three
times per day). Solution was not replaced during the
experiment with metals and no bactericide was used. Plants
were harvested 21 days after the beginning of the photo-
period, and then the seedlings were gently removed from
the pots. Rhizosphere quartz sand samples were collected
with a sample collector in a volume of 100 mL from the
separated area, then mixed and dried at room temperature
(20 £ 2 °C). Roots and young shoots of Salix plants were
first washed with tap water, then rinsed with ultrapure,
deionized water, dried in an electric drier at 105 £ 5 °C

for 72 h, and then ground for 3 min in a laboratory Cutting
Boll Mill 200 by RETSCH. The heavy metal contents were
analysed in the milled fraction after passing through sieves
of diameter 0.5-1 mm.

Biometric analysis

The cumulative (total) leaf area, and mean length of shoots
and roots were measured for biometric analysis. The shoot
and root lengths were measured by tape. The cumulative
leaf area was measured with a DocuPEN™ RC 800 por-
table scanner (ABBYY) with ABBYY FineReader 6.0
Sprint (ABBYY) and Adobe Photoshop 10.0 (Adobe)
software.

Chemical analysis
Chemicals and standards

The LMWOA standards were purchased from SUPELCO
with the certified standard grade. Organic solvents were of
HPLC grade, purchased from Sigma. For pH adjustment
concentrated acid (H5PO,4, HCIl) and other chemicals
(methanol, KH,PO,, ethyl acetate and acetonitrile) of
analytical grade (Sigma) were used. For Cd and Pb anal-
ysis, analytical grade HNO3 (65 %), H,O, (30 %) and a
standard Cd** (Cd(NO3),) and Pb>*" (Pb(NO;),) solution
(1 gL™") were purchased from FLUKA. All aqueous
solutions were prepared on the basis of Milli-Q water
(Millipore Corporation).

LMWOA analysis

The LMWOAs were extracted from 20 g of the samples
with 100 mL of water (pH 2 acidified with concentrated
HCI) in an orbital shaker at room temperature for 12 h.
Extracts were filtered through Whatman No. 42 filters, and
organic acids were extracted from the water solution three
times with ethyl acetate (20 mL, 5 min) (Baziramakenga
et al. 1995). The volume of the solvent was reduced to
5 mL with a rotary evaporator at 40 °C and transferred into
an amber glass vial. The residue was rinsed from the flask
with 1 mL of distilled water and added to the vial. The
solvent was evaporated at room temperature under a stream
of nitrogen to obtain 1 mL of water solution, and a 0.5 mL
water aliquot was analysed. LMWOAs were determined
with a Waters Alliance 2695 Chromatograph coupled with
a Waters 2996 Photodiode Array Detector at A = 220 nm.
Separations were performed on a Waters Atlantis C;g
column (250 mm x 4.6 mm, 5 um) at room temperature
(25 + 2 °C) at a flow rate of 0.8 mL min~'. The mobile
phase consisted of 25 mM KH,PO, adjusted to pH 2.5 with
concentrated H3PO, and methanol (95:5, v/v). For the
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analysis of root exudate samples, gradient elution was
employed every fiveth sample, to obtain 95 % methanol in
15 min to fully flush the column of hydrophobic com-
pounds from previous injections (Cawthray 2003). A
reversed-phase liquid chromatography column (RPLC) was
used for the separation and quantification of ten LMWOA
(malic, malonic, lactic, acetic, maleic, citric, succinic,
fumaric, formic and oxalic) in plant root exudates. Com-
pounds were identified by retention times of their peaks in
a chromatogram and quantified by comparing peak area
with standards at a known compound concentration
according to the appropriate standard curve. Retention
times (7gr) and limits of detection (LOD) for ten analysed
low molecular weight organic acids (LMWOAs) are pre-
sented in Table 1.

The content and composition of ten organic acids ana-
lysed individually as well as total content of LMWOAs
were established based on both the concentration of trace
elements (Cd**, Pb>") and at four Ca/Mg ratios (4:1, 1:10,
20:1 and 1:%) in solution. Data were normalized for the dry
mass of the quartz sand used in each experiment.

Cd** and Pb*" phytoextraction

The material was mineralized with a CEM Mars 5 Xpress
(CEM, Matthews, NC) microwave mineralization system
(55 mL vessels) using 8 mL HNO; and 2 mL H,O..
Digestion of the plant materials was performed according
to a microwave programme composed of three stages: first
stage: power 800 W, time 10 min, temperature 120 °C;
second stage: power 1,600 W, time 10 min, temperature
160 °C; third stage: power 1,600 W, time 10 min, tem-
perature 200 °C. Materials after digestion were filtered
through 45 mm filters (Qualitative Filter Papers Whatman,
Grade 595: 4-7 um), and then whole contents were com-

Table 1 Retention times (7g) and limits of detection (LOD) for ten
analysed low molecular weight organic acids (LMWOAs)

LMWOAs Tr (min) LOD (uM)
Oxalic acid 4.46 0.011
Formic acid 4.60 0.002

Malic acid 5.30 0.007
Malonic acid 5.64 0.009

Lactic acid 6.52 0.014
Acetic acid 7.08 0.008
Maleic acid 7.81 8.6 x 1077
Citric acid 8.96 495 x 1073
Fumaric acid 10.65 43 x 107°
Succinic acid 11.18 8.475 x 1073

@ Springer

plement to a final volume bulbs of 50 mL by deionized
water.

Cd and Pb concentration was determined by flame
atomic absorption spectrometry (FAAS) using an AA Duo-
AA280FS/AA280Z spectrometer (Agilent Technologies,
Mulgrave, Victoria, Australia). Calibration curves were
prepared in advance, with five replicates per Cd or Pb
concentration. The limits of detection were 0.94 and
10.89 pg dm™> for Cd and Pb, respectively. Results were
validated on the basis of certified reference materials, i.e.
NIST 1575a (Pine Needles) and NCS DC 73350 (Leaves of
poplar) analysed in every tenth measuring set, and simul-
taneous analyses of randomly selected samples using
inductively coupled plasma optical emission spectrometry
(ICP-OES) with Vista MPX apparatus by Varian.

The bioaccumulation factors (BAFs) were calculated as
the ratio of Cd or Pb concentration in Salix organs (roots
and shoots) to the initial metal concentration in the culti-
vation medium (Eq. 1). Depending on the BAF value, the
efficiency of Cd or Pb accumulation was described on a
four-grade scale as follows: BAF > 1 (I—intensive), 1-0.1
(M—medium), 0.1-0.01 (W—weak) and 0.01-0.001 (L—
no accumulation) (Kabata-Pendias and Pendias 1999).

n+ : : —-1
BAF — Me""content in Salixorgan (mg kg~ DW)

Me""content in the culivation medium (mg kg~' DW) "
(1)

Statistical analyses

The experimental data were analysed statistically using
STATISTICA 9 software (StatSoft Inc.). In particular,
2-factor analyses of variance for efficiency of Cd and Pb
accumulation in roots and shoots under different Ca/Mg
ratios in S. viminalis and the content of LMWOAs
observed in Salix rhizosphere under Cd and Pb supple-
mentation were performed. The appropriate F statistics for
tests of significance factor effects and for the interaction
effect between two factors were applied. The differences
between means for the combination of factor levels were
tested using Duncan’s multiple range test (Gomez and
Gomez 1984).

Results

Biomass analysis

Simultaneously with the total amount of cadmium and lead
in tested parts of Salix, morphometric analyses were per-

formed. The length of roots and shoots, leaf surface area
and total plant biomass are presented in Table 2.
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Table 2 The responses of biometric parameters to the different levels of Pb>" and Cd*" and Ca/Mg ratios in S. viminalis L

Parameter System 20:1 4:1 1, 1:10

Root length (cm) Cdo s 11.49 £ 1.14° 17.09 £ 0.68" 16.62 £ 1.02* 13.27 4+ 0.53°
Pby s 15.07 £ 0.65" 13.41 £ 1.18° 15.20 £ 0.76" 12.01 4 0.53°
Control 10.32 £ 0.74° 1491 £ 0.38° 18.17 £ 1.13* 10.52 £ 0.60°

Shoot length (cm) Cdos 9.02 + 1.02° 13.85 £ 0.65" 16.02 £ 1.97* 6.91 + 0.61°
Pbo s 13.86 + 1.15* 14.36 + 0.47* 12.15 + 0.33° 8.07 + 0.42°
Control 5.11 £ 1.08° 9.85 + 1.28° 17.43 £ 0.53* 6.28 + 1.20°

Leaf area (cm?) Cdy s 12.09 + 0.71° 17.20 + 1.12° 23.15 £ 1.19* 10.96 + 0.32¢
Pby s 18.55 £ 0.75" 16.07 & 0.43° 12.67 £ 1.92° 10.29 + 1.46°
Control 10.02 £ 0.71° 24.35 £ 2.00° 29.89 + 1.99* 13.12 &+ 1.55¢

Total plant biomass (g) Cdos 21.94 £+ 2.45* 25.78 + 3.84" 24.84 + 4.05" 22.57 £ 3.24*
Pbos 24.16 £+ 3.77* 23.28 + 4.62° 23.69 £ 2.61° 22.09 £ 2.58"
Control 20.34 + 2.96" 24.69 + 2.15% 27.55 £ 2.86" 19.76 + 3.40°

Mean values (n = 7) £ SD
aboepy particular rows for Cd (Pb) under various Ca/Mg ratios are significantly different at P = 0.05

Table 3 Low molecular weight organic acid contents [uM kg~' DW] in S. viminalis L. rhizosphere according to trace element concentration
and Ca/Mg ratio in the medium

Ca/Mg Metal
ratio content
(mM)

LMWOAEs contents [uM kg~' DW]

Formic
CH,0,

Malonic
C3H30,4

Acetic
C,H,0,

Citric
C¢HgO4

Total of ten
LMWOAs

20:1 Cdy s
Pby 5
Control
4:1 Cdy s
Pby s
Control
1Y, Cdgs
Pby 5
Control
1:10 Cdy s
Pbg s

Control

0.429 + 0.042°
0.081 + 0.012°
0.115 £ 0.007°
0.076 + 0.009°
0.061 £ 0.011°
0.357 + 0.009°
0.054 £ 0.004*
0.072 £ 0.003*
0.054 £ 0.006*
0.038 + 0.004*
0.069 + 0.004*
0.018 + 0.001°

0.084 + 0.024°
n.d.

9.738 + 0.847"
2.019 + 0.409°
6.097 + 0.357*
0.144 + 0.066°
4.582 + 0.274°
4,083 £ 0.313"
1.714 4 0.224°
27.240 £ 1.799°
0.573 + 0.188°
n.d.

49.756 + 8.092°
23.829 + 2.632°
1.461 + 0.033¢
41.686 + 3.821°
20.956 + 3.932°
2.159 =+ 0.052°
4.145 £ 0.151°
11.720 + 0.163™
16.417 + 1.606°
6.495 + 0.483*
6.927 + 0.071°
8.235 + 0.579°

0.578 + 0.090°
3.682 £ 0.819*
0.032 + 0.002°
0.249 + 0.002*
0.082 =+ 0.011*
0.415 =+ 0.025*
5.235 + 0.274¢
9.773 £ 0.373*
8.499 + 0.375°
3.771 £ 0.207*
3.687 =+ 0.999°
2258 + 0.452°

Oxalic Lactic

CH,0, C53HeO3

n.d. 1.358 & 0.445°
0.327 £ 0.015 1.221 £ 0.019°
n.d. 0.896 =+ 0.050°
n.d. 0.819 =+ 0.024°
0.276 £ 0.016 1.287 + 0.043°
n.d. 1.114 + 0.040°
n.d. 1.227 + 0.033*
n.d. 0.703 £ 0.037°
n.d. 0.801 =+ 0.035°
n.d. 0.683 + 0.038"
n.d. 1.242 + 0.030°
n.d. 0.609 + 0.035"

52.722 + 7.840°
29.825 =+ 2.399"
12.496 + 0.867°
45208 + 3.708°
29.243 + 3.636"

4.445 £ 0.078°
15.733 4 0.241°
26.901 + 0.745°
27.656 + 1.489°
39.130 + 2.052°
13.478 &+ 1.217°
11.427 4 0.176"

Mean values (n = 7) £ SD

nd not detected

a ¢ I particular columns for various Ca/Mg ratios are significantly different at P = 0.05

Results of biometric analyses present significant dif-

ferences in growth of tested parts of Salix cuttings

depending on trace element (Cd** or Pb>") supplemen-
tation and the mutual Ca/Mg ratio. Depending on these
two factors, different S. viminalis L. responses to added
trace elements were observed, indicating inhibition or

stimulation of plant growth. However, it should be noted

that greater changes in tested Salix parts depend mainly

on the Ca/Mg ratio.

LMWOA contents

The efficiency of acid exudation to the rhizosphere (mean
values from two independent experiments, each in three
replications), depending on the dominant metal under
0.5 mM, is shown in Table 3.

Among the ten analysed LMWOAs in the S. viminalis

L. rhizosphere, the dominant acids were acetic, citric,

malonic, lactic and formic acids, while oxalic, maleic, fumaric
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Table 4 Trace elements’ accumulation [mg kg ' D.W.] in S. viminalis L. organs under different Pb>" and Cd** concentrations and Ca/Mg ratio

in the medium

Salix organ/ Cd Pb
system ] ]
20:1 4:1 1:°/, 1:10 20:1 4:1 1:7/, 1:10
Root
Cdy s 222 £0.16° 351 +031° 158 4+ 0.12¢ 3.76 £ 041" 571 £042° 806 +£051° 490+ 041° 892+ 0.76
Pby s 327 £ 028 3.63 4+ 029° 3.01 &+ 028" 396+ 034" 12.13 + 0.86° 14.52 4 1.03° 11.23 + 098 16.81 + 1.42°
Control 1.69 £ 0.14° 226 + 0.17° 1.14 £ 0.119 2.63 £ 0.21* 3.71 £ 0.28° 434 £ 0.37° 278 £ 0.24*  4.79 & 0.39*
Shoot
Cdy s 242 4 022° 2914 0.19° 1.85+0.14% 3.64 £ 0.29° 421 £+ 0.33° 4.64 + 029" 3.86 +0.33% 537 4 0.58"
Pby s 201 +£0.19° 2.78 4+ 0.24* 1.84 £ 0.15¢ 2.19 £ 0.21° 6.65 + 0.55° 7.33 + 0.64° 621 £0.59¢ 8.63 &+ 0.37*
Control 1.86 + 1.13° 2.04 + 0.16° 1.78 &+ 0.149 2.72 4+ 0.22* 3.61 & 0.29° 438 + 0.35° 3.42 £ 0.30° 5.02 & 0.42*

Mean values (n = 7) £ SD

abocyy particular rows for Cd (Pb) under various Ca/Mg ratios are significantly different at P = 0.05

and succinic acids were present at much lower levels. Malic
acid was below the detection limit in any studied system.
The changes in the content of LMWOASs were caused by
the Ca/Mg ratio as well as the trace element in solution at
0.5 mM concentration. Under 0.5 mM Cd supplementation
(Cdo s), the total concentration of LMWOAs, depending on
the Ca/Mg ratio, decreased according to the for-
mula 20:1 > 4:1 > 1:10 > 1:1/4 and was 52.7, 45.2, 39.1
and 15.7 upM kg™' D.W., respectively. For the system
under 0.5 mM Pb supplementation (Pby s), the total con-
centration of LMWOAs decreased according to the for-
mula 20:1 ~ 4:1 > 1:1/4 > 1:10 and was 29.8, 29.2, 26.9
and 13.5 uM kg~' D.W. Comparing all the experimental
systems, it is important to underline that regardless of
Ca/Mg ratio, the total concentration of LMWOAs in the
rhizosphere was higher under Cdjs than Pbgs, and for
systems under 1:10, 20:1 and 4:1 Ca/Mg ratio, it was 2.9,
1.8 and 1.5 times higher, respectively. The exception was the

experimental systems at 1:'/, Ca/Mg ratio. In this system, the
total amount of LMWOAs was higher under 0.5 mM of Pb
(26.9 uM kg~ DW) when compared to Cd supplementation
(15.7 uM kg~' DW), and both of these values were lower
than in the control system (27.7 uM kg~' DW). At 1:'/,
Ca/Mg ratio, the total concentration of LMWOAs for the
0.5 mM Pb system was almost 1.7 times higher than for
0.5 mM Cd.

The analysis of the results clearly indicates that systems
with one of the trace elements at a higher concentration
show an influence on the level of analysed acids. Compared
to the control system, these values were increased from 1.2
(Pbg s—control in 1:10 Ca/Mg) to 10.2 (Cdy s—control in
4:1 Ca/Mg) times. As mentioned earlier, the exception was
the system under 1:'/, Ca/Mg. The total amount of
LMWOAs under 0.5 mM Pb supplementation was similar
to the control group, while under Cd supplementation, this
value was 1.8 times lower in comparison to the control.

Table 5 The bioaccumulation factor (BAF) values in S. viminalis L. organs under different Pb>* and Cd>* concentrations and Ca/Mg ratio in

the medium
Salix organ/system Cd Pb
20:1 4:1 1:Y, 1:10 20:1 4:1 1:Y, 1:10
Root
Cdys 0.040™ 0.063W 0.028™ 0.067W 0.276™ 0.389™ 0.237™ 0.431™
Pby 0.292™ 0.324™ 0.269™ 0.354™ 0.117W 0.140W 0.109W 0.162W
Control 0.151™ 0.202™ 0.102™ 0.235™ 0.179™ 0.210™ 0.134™ 0.231™
Shoot
Cdo s 0.043W 0.052W 0.033W 0.065™ 0.203™ 0.224™ 0.186™ 0.259™
Pby 0.179™ 0.248™ 0.164™ 0.196™ 0.064™ 0.071W 0.060" 0.083W
Control 0.166™ 0.182™ 0.159™ 0.243™ 0.174™ 0.212™ 0.165™ 0.243™

Mean values (n = 7) £ SD

M medium (1 > BAFs > 0.1) and W weak (0.1 > BAFs > 0.01) cadmium or lead ion accumulation
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Efficiency of trace elements accumulation
under different Ca/Mg ratios

In S. viminalis L., similar efficiency of Cd accumulation in
roots and shoots was observed (Table 4). In the case of Pb,
significantly higher efficiency of sorption was observed
in the roots than in the shoots. However, the efficiency
of Cd and Pb accumulation, regardless of the type of
tested willow part, decreased according to the formula
1:10 > 4:1 > 20:1 > 1:'/, Ca/Mg ratio.

These results for both trace elements and both tested
parts of Salix (roots and shoots), higher effectiveness of
accumulation was observed in comparison to the control
system. It can be assumed that the relationship observed in
this study is affected by the higher concentration of the
trace elements in the Knop medium. In the case of Cd
sorption by the roots in Cdy 5 system, accumulation of this
metal increased depending on the Ca/Mg ratio in the sys-
tems. This trend was not observed for the shoots in Pbg s
system. Probably, the differences in the capacity for Cd
sorption between the two parts of the willow were due to
differences in the mobility of both metals in the plant with
plant physiological fluids. In the case of Pb sorption, sig-
nificant differences in accumulation for roots and shoots
was observed under supplementation with 0.5 mM Pb
solution.

Calculated values of bioaccumulation factors, presented
in Table 5, indicated medium or weak accumulation of Cd
and Pb ions depending on metals’ concentration in Knop
medium. BAFs values were from 0.354 to 0.028 (roots) and
0.248 to 0.033 (shoots) for Cd, and from 0.431 to 0.117
(roots) and 0.259 to 0.060 (shoots) for Pb. Weak accu-
mulation of Cd by Salix roots and shoots only under the
Cdy 5 system was observed. For the other systems (Pbg s,
control), medium accumulation was observed. In the case
of Pb sorption by roots and shoots, medium accumulation
was observed with the exception of weak Pb sorption by
tested Salix shoots growing under this element supple-
mentation (Pby s).

Statistical analysis

To compare the composition and the content of ten
LMWOAs observed in the Salix rhizosphere under both Cd
and Pb supplementation, multivariate analysis of variance
was performed. Statistically significant differences for
Cdps—Pbys contrast in concentration of all identified
LMWOAs formed in the Salix root zone were observed,
except for fumaric acid. In the case of Pby s—c contrast, the
same situation was observed, with the exception of malonic
acid. For Cdys—c contrast, a statistically significant dif-
ference was also observed, but in this contrast exceptions
were formic, maleic and citric acids. Simultaneously, for

Table 6 Contrast analysis (Cdjs—c, Pbys—c) for changes in concen-
tration of LMWOAs in rhizosphere (UM kg_l D.W.) under 0.5 mM
Pb or Cd and phytoaccumulation efficiency in roots and shoots

Parameter Cdys—c Pbgs— Cdys—Pbg 5
Succinic acid 0.072% 0.143* —0.071*
Citric acid —0.343 1.505* —1.848%*
Fumaric acid 0.228* 0.228* —0.001
Maleic acid 0.023 0.057* —0.034*
Malonic acid 5.582% —0.211 5.793*
Lactic acid 0.167* 0.257* —0.090*
Formic acid 0.008 —0.074* 0.082*
Acetic acid 18.461%* 8.799* 9.663*
Root 0.838%* 1.538* —0.700*
Shoot 0.605%* 0.105% 0.500*

* Significant contrasts at P = 0.05

all analysed Ca/Mg ratio and presented contrasts (Cdg s—c,
Pby s—c), statistically significant differences were observed
in Cd and Pb accumulation by roots and shoots. The con-
trast analysis, showing the effectiveness of acid exudation
under supplementation of trace elements (0.5 mM) and
metal accumulation in relation to the control system (c), is
presented in Table 6.

These results indicate statistically significant differences
under 20:1 and 4:1 Ca/Mg ratio for succinic, acetic, formic,
lactic and malonic acids for both analysed contrasts (Pby s—c
and Cdps—c). The opposite situation was observed for
fumaric and citric acids, detected in the plant root zone
under 111/4 and 1:10 Ca/Mg ratio. In other cases, statisti-
cally significant differences were observed sporadically,
showing no particular trends (Supporting information). The
presented statistical analyses showed that at four analysed
Ca/Mg ratios and for analysed contrasts (Cdg s—c, Pbg s—),
significant differences were observed in accumulation of
trace elements in roots and shoots.

Discussion

Salix, used in the experimental hydroponic system, is a
plant/tree not recognized as a hyperaccumulator, but with a
high ability to absorb and accumulate relatively high
amounts of trace elements, such as Zn, Cd, Cu, Pb and Ni
(Magdziak et al. 2011; Mleczek et al. 2009, 2011; Tlustos
et al. 2007). Exudation of LMWOAs has been put forward
as one of the major mechanisms by which fungi (Johansson
et al. 2008a, 2009) and plants (Gasecka et al. 2012;
Magdziak et al. 201 1; Mucha et al. 2010) resist metal toxicity.
The individually determined as well as total concentration
of LMWOA:s in the Salix rhizosphere under 0.5 mM Cd or
Pb supplementation explains the high accumulation ability
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of tested Salix taxa in relation to other plants (unpublished
data). Under 0.5 mM Cd supplementation, a higher level of
total concentration of LMWOASs was observed than under
0.5 mM Pb. This difference may be explained in two ways.

LMWOAs exudated by Salix roots into the rhizosphere
play an important role in the mobilization and bioavail-
ability of Cd and Pb to plants due to pH decreasing and
metal-ligand complexation in the root zone (Gidarakos and
Giannis 2006). The soluble form of Cd*" used in every
experimental system is highly mobile and becomes more
mobile at pH below 7 (because of excellent solubility)
(Johansson et al. 2008a; Kabata-Pendias and Pendias
1999), which makes it more prone (than Pb) to toxicity. In
the described hydroponic experiments, pH of the quartz
sand solution was 5.7. The exudates (LMWOASs) from the
root, which were detected in rhizosphere of Salix, were
found to transform Cd and Pb species in rhizosphere into
bioavailable forms, similar to lettuce seedlings under
higher concentration of Pb (Liao et al. 2006) or Cd for
Kandelia candel (L.) (Haoliang et al. 2007; Lin et al. 2001;
Wang et al. 2009). What is more, LMWOAs found in the
Salix root zone environment comprise mono-, di- and tri-
carboxylic acids and they function as ligands increasing
trace element desorption from quartz sand, thus enhancing
its mobility by complexing of metal cations (Strobel 2001).
Therefore, Cd and Pb from the experimental environment
by LMWOAs can reasonably be indicative of its bio-
availability to Salix seedlings. LMWOASs may form com-
plexes with ions of Cd and Pb through their carboxyl
groups (—COOQO). Acetate can only form monodentate
complexes with metals, while malonate, oxalate and citrate
carrying two or three -COO groups can form chelates with
five- or six-membered ring structure which are more stable
than monodentate complexes, hence leading to enhanced
Cd desorption from the quartz sand (Wang et al. 2009).

On the other hand, efficiency of LMWOAs exudation by
Salix roots depends as well as on the physico-chemical
properties and higher concentration of studied metals. Cd
and Pb, used in our studies, have some diverse properties as
specific transporters (Cosio et al. 2006; Sharma and Dietz
2009; Sharma and Dubey 2005), which need to be con-
sidered to define the effect of these metals on concentra-
tions of analysed acids (Johansson et al. 2008b). For this
reason, the theory is that higher concentration of total
LMWOAs under Cd 0.5 mM supplementation was due to
the fact that free Cd*" could have destroyed the physio-
logical barriers in roots by removing Fe*", Ca®" and other
divalent cations from the plasma membrane, which is
thought to be important for the root selectivity properties
(Luo et al. 2005), more than free Pb>* ions. It seems that
our results confirm the above theory.

It is also worth underlining that similar increased effi-
ciency of Cd and Pb accumulation in shoots was observed

@ Springer

for LMWOA s as well as EDTA addition. This may indicate
that EDTA not only increases Pb mobility of soluble
complexes but also makes easier transport of the com-
plexes via membranes to roots and later to shoots. The
above-mentioned improved mobility of the metal in the
plant (Vassil et al. 1998) is the result of damage of the
physiological barriers in roots (controlling uptake and
translocation of solutes) by chelating EDTA to active sites
in the membranes (Williams et al. 2006). The results
obtained in our experiments indicate that LMWOAs
secreted by Salix roots at relatively high concentration may
have a similar effect. In addition, metals themselves can
damage the membrane (Kaszuba and Hunt 1990; Pasternak
1987) and may confer random metal complexes of quartz
sand—solution access to root xylem and to the shoot via the
transpiration stream (Vassil et al. 1998), resulting in plant
necrosis. This theory could also explain why S. viminalis
L. seedlings growth was better and higher accumulation
was observed under Pb supplementation (Duquéne et al.
2009; Evangelou et al. 2006).

Earlier published data show the influence of Ca/Mg
levels on alleviation of phytotoxicities of Mn (Robson and
Loneragan 1970), Ni (Gabrielli and Pandolfini 1984), Pb
(Jowett 1964) and Zn (Simon and Lefébvre 1977), but
quantitative studies of the alleviation of Pb and Cd toxicity
and exudation of LMWOASs by either Ca or Mg in higher
plants are to our knowledge unknown. Petersen and Bottger
(1991) reported that natural organic acids secreted into the
rhizosphere influenced acidification of the root zone.
Higher concentrations of analysed LMWOASs in hydro-
ponic systems decreased the pH of sand, and solubility and
mobility of particular elements, which influenced reduction
of the trace elements’ adsorption by structural elements of
the sand and increased the concentrations of soluble forms
of metals and bioavailability to the plant (Harter 1983).
Such a situation was observed for three analysed systems
under 1:10, 4:1 and 20:1 Ca/Mg ratio, when the amount of
secreted LMWOASs was always higher under 0.5 mM Cd or
Pb supplementation, when compared to the control system.
In analyses of root exudates of Salix seedlings, growing
under hydroponic conditions, roots of willow exudated
relatively high amounts of LMWOAs to complexation
(chelating) ions of studied trace elements, reducing the pH
of quartz sand used in the study as well as increasing their
bioavailability to the plants (Hammer and Keller 2002;
Zhao et al. 2000). The changes in the root zone, in con-
sequence, resulted in increased Cd and Pb phytoaccumu-
lation efficiencies of studied parts of S. viminalis L. (Liao
et al. 2006). A different situation was observed for the
system with 1:'/, Ca/Mg ratio, when the concentration of
LMWOAs in the rhizosphere under 0.5 mM Cd and Pb
supplementation was lower than in the control system,
which confirms the above-mentioned Ca versus Cd
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competition at higher Ca concentration. In conclusion, the
obtained results in the hydroponic system, higher concen-
trations of various trace elements and Ca/Mg ratio suggest
that both factors have a significant impact on the
LMWOAs exudated by roots.

The above results confirm previous reports on the
relationship between the amount of LMWOAs secreted by
Salix under higher supplementation of trace elements
(Drzewiecka et al. 2012; Gasecka et al. 2012) as well as
the influence of the Ca/Mg ratio on the increased acid
biosynthesis (Magdziak et al. 2011). Also, significant
differences in composition of analysed LMWOAs
revealed an essential influence of Ca and Mg on acid
secretion. According to the literature data, the relationship
between both macroelements (Cieslinski et al. 1998)
indicates that dependence in composition between these
compounds results in effectiveness of the complexation
reaction and then in formation of the metal complexed
form.

Our study indicates that the contents of LMWOAs in the
S. viminalis L. rhizosphere is influenced by both 0.5 mM
trace elements (Cd®", Pb*") supplementation and four
Ca/Mg ratios (4:1, 20:1, 1:10 and 1:1/4) in experimental
hydroponic systems, which strongly supports our idea that
the above factors (LMWOA concentration levels, presence
of Cd, Pb and Ca/Mg ratio) are significantly related. Both
of these factors have a significant influence on the com-
position and content of analysed organic acids present in
the root zone of Salix. A higher concentration of LMWOAs
was always observed for systems, where the concentration
of Cd or Pb was higher in comparison to the control system
(with the exception of the 1:'/, Ca/Mg ratio system). It also
indicates that the addition of Pb or Cd at higher concen-
tration stimulates exudation of LMWOASs into the
rhizosphere.

Moreover, the results show that S. viminalis L. was able
to accumulate high amounts of Cd and Pb, which suggests
that probably due to very strong adsorption to roots and
other plant tissues, the element is not transported to ribo-
somes and in consequence is not able to denature macro-
molecules responsible for genetic information, which
works in Salix as an internal, particular mechanism for
metal detoxification (Mucha et al. 2010). It has to be
underlined that the above changes of LMWOA concen-
tration levels caused by the Cd and Pb presence and Ca/Mg
ratio was always accompanied by significant morphologi-
cal changes, i.e. decreased length of roots, shoots and leaf
surface area but with no evidence of necrotic symptoms,
which may confirm the above conclusion about the
mechanism.

It is the first time, to our knowledge, that data are pre-
sented about LMWOA secretion as a response to Cd and
Pb contamination and depending on Ca/Mg ratio.

Conclusions

The effectiveness of LMWOA secretion significantly
depends on both which trace element is present in the
medium and what its concentration levels are. For each
metal, the total amount of LMWOAs decreased according
to a similar formula, which suggests a significant influence
of both Ca/Mg ratio and trace element supplementation on
the accumulation efficiency. The efficiency of Cd and Pb
accumulation by roots or shoots was generally higher in
Cdys and Pbgs systems than in the control, which may
suggest synergistic effects of both elements on their phy-
toextraction by the plant from the soil.
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