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Abstract Chemical amendments can enhance heavy
metal phytoextraction by increasing metal bioavailabil-
ity for plant root uptake and translocation to shoots, and
by improving plant growth. This study assessed the
effect of various amendments on plant growth and metal
uptake over a 30-day period. An aminopolycarboxylic
acid (EDDS), amino acid (histidine), organic acid (citric
acid), biosurfactant (rhamnolipid), and inorganic ligand
(sulfate) were applied as amendments individually or in
combination to hydroponically grown ryegrass (Lolium
perenne cv. SR4500) in the presence of a metal (Cu, Cd
or Pb). EDDS (1 mM) was the most effective
amendment (individually and in combinations) for
enhancing Cu and Pb uptake to shoot tissue, while
histidine was beneficial for increasing both Cu and Cd
uptake. Individual treatments of citric acid, rhamnolipid
and sulfate moderately enhanced shoot concentrations
of Cu and Cd only. The combination of EDDS,
rhamnolipid and citric acid resulted in the highest shoot
metal levels, but also caused severe phytotoxicity.

Translocation to shoot tissue was generally greater for
amendments with higher affinity for the metal of
interest, and metal mobility appeared to be influenced
by speciation. Due to potential toxicity, amendment
combinations may be more effective when applied
shortly before harvesting.
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Introduction

High concentrations of heavy metals in the environ-
ment can pose concerns for human health due to their
persistence and carcinogenic and mutagenic effects
(Turgut et al. 2004). Although at low concentrations
heavy metals such as copper (Cu) serve as essential
elements for plants growth (Pahlsson 1989), at
elevated levels Cu, and other heavy metals such as
cadmium (Cd) and lead (Pb) have no known
biological functions (Kos and Lestan 2004). Further-
more the uptake and accumulation of these metals in
plants can cause adverse effects in terms of growth
and biomass yield due to impairment of natural
processes such as photosynthesis, respiration, and
nitrogen assimilation (di Sanita and Gabbrielli 1999).
Thus phytoremediation of soil and water contaminat-
ed with elevated heavy metal levels can be challeng-
ing as the metals can precipitate as carbonates,
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hydroxides and phosphates, sorb to clays and form
complexes with organic matter (McBride 1994),
thereby limiting their bioavailability for plant uptake
(McGrath et al. 1995; Wu et al. 2005).

Phytoextraction, a key component in successful
phytoremediation, uses high biomass producing plants
to remove contaminants via accumulation in harvestable
tissues such as stems and leaves (Pilon-Smits 2005).
Previous studies have shown that certain plants can
hyperaccumulate metals such as Cd and zinc (Zn)
(Lombi et al. 2001), nickel (Ni) (Singer et al. 2007) and
Pb (Chandra Sekhar et al. 2005). In recent years, non-
hyperaccumulator plants with high biomass yield and
greater metal tolerance have been explored as alter-
natives. Effectiveness of heavy metal extraction from
contaminated media can be limited by factors such as
bioavailability of metals for root uptake (Quartacci et al.
2006) and soil characteristics such as pH and cation
exchange capacity (Salt et al. 1995). Chemically
enhanced phytoextraction can overcome the limitations
of natural phytoextraction (Lombi et al. 2001) by
increasing the availability of metals in soil, leading to
increased uptake and translocation of metals to above
ground plant parts (Quartacci et al. 2006; Quartacci et
al. 2007). Chemical amendments that form water-
soluble metal complexes, making metals more bioavail-
able for uptake by roots, have been identified as
successful candidates to desorb metals from the soil
matrix (Schmidt 2003). Chelating agents (Chiu et al.
2005; Kulli et al. 1999), organic acids (Chen et al.
2003; Evangelou et al. 2006), amino acids (Kerkeb and
Kramer 2003; Singer et al. 2007), synthetic and
biosurfactants (Jordan et al. 2002; Mulligan 2007),
and inorganic ligands (Kayser et al. 2000; Puschenreiter
et al. 2001) have been previously studied for enhancing
bioavailability and metal accumulation in plant parts.
However, only a limited number of phytoextraction
studies have trialed combinations of amendments (Luo
et al. 2006a; Wu et al. 2007). A potential limitation for
the application of enhanced phytoextraction is that
chelator-mobilized metals can migrate from contami-
nated soil, potentially spreading the contamination over
a wider area and into groundwater (Evangelou et al.
2007). Additionally, due to their persistence in the
environment, chelating agents such as EDTA can often
be regarded as contaminants in their own right (Oviedo
and Rodríguez 2003). For this reason, this study has
focused on amendments that are biodegradable and
occur naturally in the environment.

EDDS is a naturally occurring (Alkorta et al. 2004)
and easily biodegradable chelating agent that has been
shown to enhance the uptake of heavy metals such as
Cu, Cd, Pb, Zn and Ni by various plant species
(Grčman et al. 2003; Kos and Lestan 2003; Luo et al.
2005; Luo et al. 2006b). Histidine is a natural amino
acid that can behave as a tridentate ligand via its
carboxylate, amine and imadozole functional groups to
enhance metal accumulation (Callahan et al. 2005;
Kerkeb and Kramer 2003; Kramer et al. 1996). Citric
acid is a low molecular weight organic acid present in
the cell vacuoles of photosynthetic plant tissues
(Callahan et al. 2005). It is also exuded by plants into
the soil and has been suggested as an alternative to
synthetic chelators for use in chemically enhanced
phytoextraction (Callahan et al. 2005; Evangelou et al.
2006). Rhamnolipid, an anionic biosurfactant produced
by Pseudomonas aeruginosa, has been studied for
complexation with heavy metals (Jordan et al. 2002;
Mulligan 2005; 2007; Mulligan et al. 2001; Ochoa-Loza
et al. 2001; Torrens et al. 1998), remediation of heavy
metal contaminated soils (Jordan et al. 2002; Mulligan
2005; 2007; Mulligan et al. 2001; Ochoa-Loza et al.
2001; Torrens et al. 1998) and for use in phytoremedia-
tion (Johnson et al. 2009, Jordan et al. 2002).

The current study uses perennial ryegrass (Lolium
perenne cv. SR4500) as a relatively metal-tolerant
model species (Bidar et al. 2009) to explore the effect
of amendments on heavy metal uptake. Specifically,
this study investigates the role of various amendments
and their combinations on the uptake of copper,
cadmium and lead by perennial ryegrass from
solution. The amendments trialed include an amino-
polycarboxylic acid (EDDS), an amino acid (histi-
dine), an organic acid (citric acid), a biosurfactant
(rhamnolipid) and an inorganic ligand (sulfate),
chosen for their different mechanisms for enhancing
metal solubility and mobilization in solution.

Materials and methods

Plant growth conditions

Hydroponic experiments were carried out with Cu, Cd
and Pb, in the presence or absence of amendments,
individually or as combinations, over short term (2 and
10 day) and long term (30 day) exposure durations.
Short term experiments showmetal uptake with reduced
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effects of metal redistribution and dilution/concentration
due to tissue growth (Wu et al. 2005) whereas long term
experiments can provide toxicity information. Perenni-
al ryegrass (Lolium perenne cv. SR4500) seeds were
first germinated in a substrate of glass beads (ABR
T-170, Syntech Distributors) supplemented with Hoag-
land’s nutrient solution modified by supplying iron as
ferric ammonium citrate instead of ferric tartrate in
order to limit the number of chelating agents present in
solution. Supplemental lighting was provided to
maintain a 12-hour photoperiod. The average ambient
temperature ranges were 20±2°C and 16±2°C during
the day and night, respectively. Plants were grown for
30 days and then transplanted into 30 mL vials
containing nutrient solution with added metals and
amendments. Ten plants were suspended using PTFE
tape in each of the vials. Solutions for the control
treatments consisted of elevated metals without amend-
ments, amendments without elevated metals, and the
nutrient solution without amendments or additional
metals. All treatment solutions were initially adjusted
to pH 6, a level found to promote plant growth and
metal solubility. In an attempt to maintain relatively
constant concentrations over 30 days, treatment sol-
utions were replaced weekly. Experiments were per-
formed in triplicate. Table 1 summarizes the
concentration of metals and amendments used in the
experiments. The metal control treatments included
10 mg/L copper as Cu(NO3)2, 1 mg/l cadmium as
CdCl2 or 5 mg/l of Pb as Pb(NO3)2 added to the
nutrient solution. As part of a wider study, Cu, Cd and
Pb concentrations were chosen to represent approxi-
mate ratios of these metals found in stormwater. In
order to determine if the presence of chelators would
influence the toxicity of these metals, concentrations
were chosen (based on preliminary toxicity studies) that
would result in mild but observable toxicity symptoms
in L. perenne. Five amendments were used individually
or in combination: EDDS (Fluka), histidine (Ajax
Finechem), citric acid (Baker), JBR425 rhamnolipid
biosurfactant (Jeneil Biosurfactant Company) and
sulfate as Na2SO4 (BDH). Concentrations were select-
ed based on the results of preliminary toxicity studies
and speciation modeling.

Analysis

After exposure to the treatment for 2, 10 or 30 days,
plants were removed from solution and the roots

rinsed briefly with deionised water to remove any
metals loosely adhering to root surfaces. Roots and
shoots were sectioned and oven dried at 104°C for
24 h. Dry weights of plant parts were then measured.
Dried plant material was ashed at 550°C for 4 h in a
muffle furnace, with the ash then dissolved using 2 ml
of 2 M nitric acid. Samples were diluted where
necessary with deionized water and analyzed using
graphite furnace atomic absorption spectrophotometry
(GTA-110/SpectrAA50, Varian, Inc.). Monobasic am-
monium phosphate (5 mg/ml solution) was used as
the chemical modifier for all three metals (Rothery
1988). Statistical analysis of the experimental data
was performed using Microsoft Office Excel 2003.
Significance was determined by the t-test, with p<
0.05 deemed significant. Speciation modeling of the
nutrient solution was carried out for EDDS, citric
acid, sulfate and their combinations using Visual
MINTEQ version 2.60 (obtained from www.lwr.kth.
se/english/oursoftware/vminteq) to estimate the frac-
tion of metal species present in solution. The
translocation coefficient was calculated to be the ratio
of the shoot metal concentration to the root metal
concentration.

Table 1 Concentrations of metals and amendments in nutrient
solutions

Treatment Concentration (mM)

Cu+2 0.158 (10 mg/l)

Cd+2 0.009 (1 mg/l)

Pb+2 0.024 (5 mg/l)

EDDS 1

Histidine (His) 1.5

Citric acid (Cit) 2

Rhamnolipid (Rhm) 0.15 (1.7×CMCa)

Sulfate (Sulf) 3

Rhm+EDDS 0.15 Rhm+1 EDDS

Rhm+His 0.15 Rhm+1.5 His

Rhm+Cit 0.15 Rhm+2 Cit

Rhm+Sulf 0.15 Rhm+3 Sulf

Rhm+Cit+EDDS 0.15 Rhm+2 Cit+EDDS

Sulf+Cit 3 Sulf+2 Cit

a CMC represents the critical micelle concentration, which for
Jeneil rhamnolipid is 50 mg/L with a molecular weight of 567 g
(Jeneil Biosurfactant Co. LLC 2001; Neilson et al. 2003)
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Results

Effect of amendments on plant growth

Visual observations were made over 30 days to assess
possible toxicity effects caused by the treatments.
After 2 days, no clear toxicity symptoms were
observed for controls and treatments, however the
controls and treatments containing rhamnolipid (indi-
vidually and in combination) soon began to display
symptoms of toxicity such as necrosis of leaf tips.
These symptoms became more severe during the
course of the experiments. After 30 days, all Cu
treatments showed chronic Cu toxicity symptoms
such as chlorotic and necrotic leaves. Plants with Cd
plus amendments showed symptoms of chlorotic
leaves and impeded growth. Ryegrass with Pb plus
amendments showed dark green shoots, wilting of
older leaves and a well developed root system. Among
the amendment combinations, combined treatment
with rhamnolipid, citric acid and EDDS (Rhm+Cit
+EDDS) resulted in severe phytotoxicity, with stunted
plant growth clear in the controls (amendments without
metals) and Pb treatments, and almost complete
necrosis of plants with Cu or Cd after 30 days.

The effects of amendments on root and shoot dry
mass yields after 30 days are included in Supplementary
Table A. Biomass yields relative to the control
(metals without amendments) plants are shown in
Fig. 1. Control plants with Cd or Pb exhibited higher
biomass than plants with Cu. The effects of individual
amendments on root growth with Cu or Pb were not
significant (P>0.05); however with Cd, EDDS and
sulfate were detrimental while citric acid and histidine
were beneficial for the root growth. Other amendment
combinations generally decreased root growth. The
effect was significant with the rhamnolipid and EDDS
(Rhm+EDDS) (P<0.05), and Rhm+Cit+EDDS
(P<0.05) combinations with root dry matter yields
decreasing after 30 days to 41% and 36% with Cu;
65% and 77% with Cd and 62% and 45% with Pb,
respectively, compared to the controls (metals without
amendments). However, after 30 days, plants with
sulfate and citric acid (Sulf+Cit) with Cu and rhamno-
lipid and citric acid (Rhm+Cit) with Pb had signifi-
cantly increased root biomass yield by 60% (P<0.05)
and 33% (P<0.05) respectively. Amendment effects on
shoot growth were similar to those seen for roots. After
30 days with Cu, amendment combinations containing

EDDS decreased shoot growth while histidine alone
was beneficial. With Cd, histidine increased the shoot
biomass yield by 50% after 30 days. Significant
decreases in shoot tissue mass were observed with
combinations of Rhm+EDDS (P<0.01), rhamnolipid
and sulfate (Rhm+Sulf) (P<0.05), and Rhm+
Cit+EDDS (P<0.05). Compared to the respective
control treatments (metals without amendments), shoot
growth was reduced by 41%, 17% and 36% respec-
tively with Cu, 51%, 23% and 57% with Cd and 46%,
24% and 34% with Pb for Rhm+EDDS, Rhm+Sulf
and Rhm+Cit+EDDS treatments respectively. The pH
of all treatment solutions was found to increase during
the exposure period, with the greatest increases
observed for treatments containing citric acid or
histidine (individually or in combinations). Speciation
modeling was carried out using Visual MINTEQ
version 2.60 to assess the effect of these pH changes
on the proportions of metal complexes present in
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Fig. 1 Effect of chemical amendments and combinations on
dry root and shoot mass after 30 days. Error bars represent the
standard deviation
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solution. Results of speciation modeling are presented
in Table 2. Metal precipitation was not indicated by
speciation modeling, nor visually observed during the
experiments.

Effect of amendments on copper, cadmium and lead
uptake by ryegrass

Tissue metal concentrations

The effects of amendments on the uptake of Cu, Cd
and Pb in the roots and shoots are shown in Fig. 2.
After 30 days, average shoot metal concentrations in
control (metals without amendments) plants were 40,
10 and 46µg/g-dry weight with Cu, Cd and Pb
respectively. In general, individual amendments en-
hanced shoot Cu and Cd concentrations but most
were ineffective or detrimental for enhancing shoot
Pb levels. Application of EDDS markedly elevated
shoot Cu, Cd and Pb concentrations with 26
(P<0.001), 4 (P<0.001) and 1.5-fold (P<0.05)
increases respectively after 30 days. This corre-
sponded with low concentrations of Cu and Cd
observed in root tissue. The Rhm+EDDS and
Rhm+Cit+EDDS treatments significantly (P<0.01)
increased shoot Cu, Cd and Pb concentrations (22,
38-fold with Cu, 8, 9-fold with Cd and 2, 3-fold with
Pb respectively after 30 days). Comparisons between
the total metal mass accumulated in roots or shoots in
plants (per vial) and other parameters (root and shoot
biomass and metal concentrations) showed that metal
mass removal was more closely correlated with tissue
metal concentrations than the tissue mass.

Metal translocation

Metal translocation from roots into shoot tissues was
affected by amendments, decreasing in the order
Cu>Cd>Pb (Fig. 3). EDDS resulted in significantly
(P<0.001) higher translocation ratios for Cu and Cd
after 30 days (32 fold and 12 fold increases
respectively), though the effect on Pb was not
significant (P> 0.05). The combinations of
Rhm+EDDS and Rhm+Cit+EDDS dramatically in-
creased Cu, Cd and Pb translocation although severe
toxicity symptoms were observed. Histidine, citric
acid and Rhm+Sulf increased only Cd translocation
(five- to eight-fold), while other treatments did not
have a pronounced effect.

Discussion

The effects of amendments on the key growth and
uptake parameters for Cu, Cd and Pb are summarized
in Table 3. Observed toxicity symptoms can be
associated with increased chemical concentrations in
solution, enhanced metal uptake and greater metal
translocation. Plants exposed to elevated copper
levels had previously been reported to show reduced
biomass yield, chlorotic symptoms (Yruela 2005),
and poor root growth (Lepp 2005). The Cd toxicity
observed could be due to replacement of some of the
essential cations such as Ca2+ and Fe3+ by Cd2+ ions
(Van Engelen et al. 2007). Cadmium accumulated in
shoots has been attributed to association with phy-
tochelatins and sequestered in the cell wall vacuoles
(Salt et al. 1995). Plants with Pb and amendments
initially displayed tolerance to excessive Pb content,
with well-formed dark green leaves, followed in later
stages by symptoms of phytotoxicity such as leaf
chlorosis and necrosis (Kabata-Pendias and Pendias
2001).

Findings of the current study are consistent with
previous observations. EDDS caused chlorosis and
necrosis of corn (Zea mays L. cv. Nongda 108) and
bean (Phaseolus vulgaris L. white bean) 14 days after
addition of 5 mmol/kg EDDS, with shoot biomass
decreasing to 52% and 62% of the control (metals
without amendments) respectively (Luo et al. 2005).
The comparatively low reduction in biomass yield
observed with EDDS in the present study could be
due to the low EDDS concentration used (1 mM).
Histidine has previously been shown to benefit
growth of Alyssum montanum (with Ni), nearly
halving inhibitory effects on root elongation and
more than doubling biomass production (Kramer et
al. 1996). The significant decrease in shoot growth
with amendment combinations Rhm+EDDS,
Rhm+Sulf and Rhm+Cit+EDDS could be related to
enhanced metal accumulation in shoot tissues
(Vassilev et al. 2002) and due to the toxicity of the
rhamnolipid itself, as observed for the controls
(amendments without metals). Correspondingly, poor
root growth would be expected to reduce water and
ion uptake (Lepp 2005) leading to deficiencies of
essential nutrients (Boussama et al. 1999). Increased
plant biomass would be expected to allow greater
mass uptake of metals and thus their removal from
contaminated soil (Paz-Alberto et al. 2007).
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Once metal ions have entered the roots, they can
either be stored or exported to the shoots (Salt et al.
1995). Root accumulation of Cu was higher than for
Cd and Pb, likely due to the higher initial concentra-

tion in solution. In general, shoot metal levels with
amendments were increased by factors of 2-37, 1–9
and 1–3 for Cu, Cd and Pb respectively. Variations in
metal accumulation could be due to varying mecha-

Table 2 Modelling results for metal speciation in treatment solutions (pH 6)

Treatment Metal speciation as percentage of total metala

M+2 M-Citrate- M-EDDS−2 M-His2 M-Rhamno2 M-SO4 (aq) M-HPO4 (aq) M-NO3
+

Control Cu 69 1 6 20 2

Cd 81 8 9 2

Pb 72 14 2 9

Cit Cu 97

Cd 55 30 6 7 1

Pb 24 63 5 3

EDDS Cu 100

Cd 100

Pb 100

His Cu 100

Cd 80 8 9 2

Pb 72 14 2 9

Rhm Cu 43 1 37 4 13 1

Cd 76 5 7 9 2

Pb 28 61 6 3

Sulfate Cu 64 1 14 18 2

Cd 73 16 8 2

Pb 61 28 2 7

Rhm+EDDS Cu 100

Cd 100

Pb 100

Rhm+His Cu 100

Cd 76 5 7 9 2

Pb 28 61 6 3

Rhm+Cit Cu 91 6

Cd 53 28 4 6 7 1

Pb 15 39 39 3 2

Rhm+Sulf Cu 41 1 36 9 11

Cd 70 4 16 8 2

Pb 27 56 13 3

Rhm+Cit+EDDS Cu 100

Cd 100

Pb 100

Sulf+Cit Cu 96

Cd 50 29 12 6 1

Pb 22 61 11 2

a Speciation modelling results are presented for species at levels higher than 1% of total metals. Data for additional citrate complexes
(M2Citrate2

−2 and M.H.Citrate, present at levels <2%) have been omitted
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nisms utilized by roots for removal of metals
(Dushenkov et al. 1995) or by differences in metal
characteristics. Additionally, the type of ligand may
influence the transport pathway (apoplastic, sym-
plastic) available for the metal complex (Vassil et al.
1998) and whether it will be taken up actively or
passively (Jones 1998). Cu and Cd can move within
plants as free metals as well as metal complexes
(Welch and Norvell 1999; Wenger et al. 2003)
compared to Pb, which has low bioavailability and
mobility in plant tissues and a tendency to bind to
roots (Dushenkov et al. 1995; Salt et al. 1995).

Amendment addition was found to increase mass
uptake of Cu and Cd, with generally low or no
improvement seen for Pb. Shoot metal levels were
significantly increased by EDDS, which is able to
form strong metal complexes. The strength of amend-

ments for complexation with Cu, Cd and Pb decreases
in the order EDDS>His>Rhm>Cit>Sulf (Martell and
Smith 1974, Ochoa-Loza et al. 2001). For treatments
containing EDDS, speciation calculations show that
all Cu, Cd and Pb would be present as metal-EDDS
complexes (Table 2). This will lower metal binding to
cation exchange sites in root cell walls (Salt et al.
1998) and potentially increase metal translocation to
shoots. Enhanced metal uptake has been observed
with EDDS amendment (Blaylock et al. 1997; Tandy
et al. 2006). Increased Cu, Cd and Pb concentrations
in shoots of Zea mays were observed (45, 1.5 and 9
times the control treatment without amendments) two
weeks after application of 5 mmol-EDDS/kg-soil
(Luo et al. 2005). Lower enhancement factors
observed in the current study could be due to the
lower concentrations of metal and EDDS used. In
addition to EDDS, histidine greatly amplified Cu and
Cd mass uptake to shoot tissue (Table 3), a function
of both the increased shoot biomass and the enhanced
metal translocation. Relatively low enhancement of
mass uptake with citric acid and sulfate treatments is
likely to be due to the lower stability of the metal
complexes formed and the biodegradability of citric
acid. Decreased shoot Pb levels observed with sulfate
addition may be due to precipitation of PbSO4

(Puschenreiter et al. 2001) as results of speciation
modelling show that 28% of total Pb would be present
as PbSO4 in the solution at pH 6. The limited
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Amendment Metal Toxicity Mass Uptake of Metal

Observed Shoot Biomass Root Shoot

Duration (d) Duration (d) Duration (d) Duration (d)

2 10 30 2 10 30 2 10 30 2 10 30

EDDS Cu na − − na na na − − na ++ +++ +++

Cd na na − na na na − − − + ++ ++

Pb na na na na na na − + + na − +

His Cu + + + na na + ++ na + ++ ++ +++

Cd na + + na na + − na + − ++ +++

Pb na − + na na na + + − − − −
Cit Cu na na na na − na ++ + + ++ + ++

Cd na na na na na na na na na ++ ++ ++

Pb na − + − − na − na na na − na

Rhm Cu − − − na na na + − + ++ + +

Cd na − − na na na − − − + + ++

Pb − − −− na − na − − − − − −
Sulf Cu na na − na na na + + ++ ++ ++ ++

Cd na + + na na na − na na + ++ ++

Pb na − + − na na na na + − − −
Rhm+EDDS Cu na − −−− na − − − − na +++ +++ +++

Cd na − −− na − − − − − ++ ++ ++

Pb na −− −− na − − − − − na − na

Rhm+His Cu na na + na na na + na na +++ ++ ++

Cd na − − na na na − − na na ++ ++

Pb na − na na − na − − na na − na

Rhm+Cit Cu na − − na na na + na ++ ++ ++ ++

Cd na − na na na na − − na na + ++

Pb na − + na na na + + ++ + na +

Rhm+Sulf Cu na − − na na na ++ na + ++ ++ ++

Cd na na na na na − − − − ++ ++ ++

Pb na − −− − − − − na na na − na

Rhm+Cit+EDDS Cu − − −−− na − − − − + +++ +++ +++

Cd − − −− na − − − − − na ++ ++

Pb − − −− na − − na − − ++ + +

Sulf+Cit Cu na + ++ + na na + + ++ +++ ++ ++

Cd + + + na na na na − − na na +

Pb na na + − na na ++ + ++ na na +

Legend:

% Change Detriment Improvement

0−20% na na

20−100% − +

100−500% − − ++

>500% − − − +++

Table 3 Effects of amend-
ments on key parameters for
perennial ryegrass grown
with copper, cadmium
and lead over 30 days
exposure time
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effectiveness of rhamnolipid (when applied singly) in
enhancing metal levels could be attributed to the high
molecular mass of the metal-rhamnolipid complexes,
which can critically affect the passage of toxic
substances into roots (Kvesitadze et al. 2005) and
limit mobility. For metals such as Cu, Cd and Pb two
moles of rhamnolipid bind to one mole of metal
(Ochoa-Loza et al. 2001). The surfactant molecules
and resulting metal complexes formed are large, and
intact micelles would not be likely to traverse cell
membranes, lessening root uptake and translocation.
Rhamnolipid has been previously shown to be less
effective for enhancing accumulation of Cu, Pb and
Zn in shoots (Jordan et al. 2002).

The effects of amendment combinations can be
synergistic or antagonistic. The enhancements with
Rhm+EDDS and Rhm+Cit+EDDS were profound,
with shoot Cu, Cd and Pb concentrations with
Rhm+Cit+EDDS treatment the highest of any
treatment after 30 days. The remarkable effect of
these combinations could be attributed to the
synergistic actions of rhamnolipid, citric acid and
EDDS for increasing ligand availability in solution
and through potentially different modes of action
and uptake pathways. In the current study, these
combined treatments negatively affected plant
growth, possibly because physiological barriers in
roots were damaged by toxic effects of high
concentrations of free ligands and metal complexes
in solution. Breaks in the root endodermis and
Casparian strip associated with the damage can
enhance the ingress of metals to roots and transfer
to shoots via bypass flow (Schaider et al. 2006).
Rhamnolipid (type R1) has previously been found to
damage cell membranes, even at low concentrations
of 10µM (Stacey et al. 2008). High concentrations
(0.15 mM) of rhamnolipid (mixture of types R1 and
R2) in the present study may have been responsible
for damage to metal exclusion mechanisms in the
plants, allowing greater uptake of metal-amendment
complexes. The higher bioavailability of metals can
also overcome exclusion mechanisms resulting in
increased metal uptake. In this study, the highest Cu
accumulation in shoots (observed with Rhm+
Cit+EDDS) was greater than the hyperaccumulation
criteria for Cu (1,000 mg/kg shoot dry weight),
however Cd and Pb did not approach their hyper-
accumulation criteria of 100 and 1,000 mg/kg shoot
dry weight respectively (Lasat 2000).

Metal translocation is expressed as the ratio of the
metal level in the shoots to that in the roots indicating
the ability of amendments to affect the metal transfer
from roots to shoots. Amendments increased translo-
cation of Cu and Cd but did not significantly affect Pb
translocation. Higher translocation with amendments
can be due to decreased metal binding to root tissue
(Blaylock et al. 1997). When complexed with amend-
ments, Cu and Cd would be reallocated to harvestable
plant tissues more readily than free metal ions
(Romkens et al. 2002). Cd movement through plant
tissues may be restricted due to interactions with
exchange sites in cell walls (Kabata-Pendias and
Pendias 2001), and vacuolar compartmentation (Hart
et al. 1998). Pb retention in the roots is based on
binding to cell wall exchange sites and extracellular
precipitation, mainly in the form of lead carbonates
deposited in the cell wall (Dushenkov et al. 1995).
Amendments that can prevent cell wall retention of
Pb can facilitate translocation into the shoots
(Blaylock et al. 1997). Enhanced Cu translocation
with EDDS could be due to the high affinity of EDDS
for Cu. Relatively stable Cu and Cd complexes could
be readily absorbed by roots and transported to the
shoots (Degryse et al. 2006). Complexation would
decrease binding of free metal ions to negatively
charged carboxyl groups in the xylem cell walls
(Wenger et al. 2003). Higher metal translocation with
amendment combinations including EDDS could be
due to the increased mobility of EDDS complexes
within plant tissues (Luo et al. 2006a). When EDTA
was partially replaced with EDDS, the molar ratio 2:1
EDTA:EDDS was found to have the highest efficien-
cy in increasing Cu, Pb, Zn and Cd concentrations in
Zea mays shoots (Luo et al. 2006a). This suggests the
importance of EDDS for increasing uptake and
translocation of Pb. This could also be due to the
direct uptake of the aqueous metal complexes by roots
and transport to the shoots (Luo et al. 2005).

This study showed that amendments influenced
biomass yield and the uptake and translocation of Cu,
Cd and Pb by ryegrass. EDDS was one of the most
effective amendments for enhancing shoot Cu, Cd
and Pb uptake and translocation of Cu and Cd from
roots to shoots. Histidine application increased Cu
and Cd uptake, resulting in one of the highest levels
of Cd in shoots of all the treatments. Histidine was
also generally beneficial for plant growth, an impor-
tant aspect as increased metal removal from contam-
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inated media is possible if high biomass production
occurs in conjunction with higher metal levels in
shoots. Alternatively, individual treatments of citric
acid or sulfate may be considered for Cu and Cd
phytoextraction while rhamnolipid could be used for
Cd extraction due to their ability to moderately
enhance metal concentrations in shoots. Other than
EDDS, individual amendments did not enhance Pb
uptake. Amendment combinations increased metal
uptake and translocation. The application of
Rhm+Cit+EDDS dramatically increased Cu, Cd and
Pb levels in shoots although plant growth was
drastically impeded. It was noted that, for phytoex-
traction of Cu and Pb, the combinations Rhm+Cit,
Rhm+His and Sulf+Cit could be considered as
alternatives to the individual application of citric acid,
histidine, rhamnolipid or sulfate whereas for Cd
phytoextraction, Rhm+His and Rhm+Cit could be
used rather than solely rhamnolipid. These combined
treatments had no significant toxicity effects on
biomass yield, but enhanced metal accumulation in
shoots.

The results demonstrated that the effects of amend-
ments and combinations on biomass yield and uptake
of Cu, Cd and Pb by ryegrass depend on the exposure
time and concentration of metals and amendments.
Due to worsening toxicity symptoms over time, the
application of amendment combinations showed
limited potential to be used in phytoextraction of Cu
and Cd other than shortly before harvesting, but may
be useful for Pb phytoextraction. It is recommended
that for efficient phytoextraction, amendments having
a high affinity for the metal of interest should be used.
Use of appropriate amendment concentrations and
exposure times could reduce metal toxicity, but
excessive chemicals may result in depressed plant
growth and reduced metal uptake.
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