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Abstract: Phytoextraction is gaining acceptance as

a cost-effective and environmentally friendly

phytoremediation strategy for reducing toxic metal levels from contaminated soils. Cognizant of the potential of
this phytoremediation technique as an alternative to expensive engineering-based remediation technologies,
experiments were conducted to evaluate the suitability of some plants as phytoextraction species. From one of our
preliminary studies, we found that tall fescue (Festuca arundinacea Schreb. cv. Spirit) can tolerate and
accumulate significant amounts of lead (Pb) in its shoots when grown in Pb-amended sand. To further evaluate
the suitability of tall fescue as one of the potential crop rotation species for phytoextraction, a study was
conducted to determine whether the addition of ethylenediaminetetraacetic acid (EDTA) alone or in combination
with acetic acid can further enhance the shoot uptake of Pb. Seeds were planted in 3.8 L plastic pots containing
top soil, peat, and sand (4:2:1, v:v:v) spiked with various levels (0,1000, 2000 mg Pb/kg dry soil) of lead. At six
weeks after planting, aqueous solutions (0, 5 mmol/kg dry soil) of EDTA and acetic acid (5 mmol/kg dry soil)
were applied to the root zone, and all plants were harvested a week later. Results revealed that tall fescue was
relatively tolerant to moderate levels of Pb as shown by non-significant differences in root and shoot biomass
among treatments. An exception to this trend however, was the slight reduction in root and shoot biomass of
plants exposed to the highest Pb level in combination with the two chelates. Root Pb concentration increased with
increasing level of soil-applied Pb. Further increases in root Pb concentrations were attributed to chelate
amendments. Translocation index, which is a measure of the partitioning of the metal to the shoots, was
significantly enhanced with chelate addition especially when both EDTA and acetic acid were used. Chelate-
induced increases in translocation indices correspondingly led to higher shoot Pb concentrations.
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Introduction

Metals are anthropogenically released into the
environment at increasing rates by mining, industry, and
agriculture, causing serious problems for environmental
and human health [1-4]. In the USA alone, more than
50,000 metal-contaminated sites await remediation,
many of them Superfund sites [5]. In spite of the ever-
growing number of toxic metal-contaminated sites, the
most commonly used methods dealing with heavy metal
pollution are either the extremely costly process of
excavation and burial or simply isolation of the
contaminated sites. Such cleanup is practical only for
small areas, often a hectare or less [6]. Recent U.S.
remediation costs have been estimated at $7 billion to $8
billion per year, approximately 35% of which involves
remediation of metals [7].
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Recently, heavy metal phytoextraction has emerged
as a promising, cost-effective alternative to the
conventional engineering-based remediation [8-12]. The
objective of phytoextraction is to reduce heavy metal
levels below regulatory limits within a reasonable time
frame [9]. To achieve this objective, plants must
accumulate high levels of heavy metals and produce high
amounts of biomass. Early phytoextraction research
dealt with hyperaccumulating plants, which have the
ability to concentrate high amounts of heavy metals in
their tissues [10, 13]. However, hyperaccumulators
often accumulate only a specific element and are slow-
growing, low-biomass-producing plants with little
known agronomic or horticultural attributes. Moreover,
there is no known hyperaccumulating plant for Pb, one
of the most widespread and toxic metal pollutants in
soils.
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Previous hydroponic studies revealed that uptake and
translocation of heavy metals in plants are enhanced by
increasing heavy metal concentration in the nutrient
solution [14]. The bioavailability of heavy metals in the
soil is therefore, of paramount importance for successful
phytoextraction. Lead has limited solubility in soils, and
its availability for plant uptake is minimal due to
complexation with organic and inorganic soil colloids,
sorption on oxides and clays, and precipitation as
carbonates, hydroxides, and phosphates [15-16].
Therefore, successful phytoextraction must include
mobilization of heavy metals into the soil solution that is
in direct contact with the roots. In most soils capable of
supporting plant growth, the readily available levels of
heavy metals, especially Pb, are low and do not allow
substantial plant uptake if chelates are not applied.
Chelates have been shown to desorb heavy metals from
the soil matrix into soil solution [17], facilitate metal
transport into the xylem, and increase metal translocation
from roots to shoots of several fast-growing, high-
biomass-producing plants [18-27].

Using a Pb-amended sand [28], tall fescue (Festuca
arundinacea Schreb. cv. Spirit) was identified as a
potential phytoextraction species because of its high
biomass yield under elevated Pb levels and its ability to
translocate high amounts of Pb into its shoots. The
main objective of this study was to further evaluate the
effectiveness of tall fescue as a phytoextraction species.
We envisioned that this species can be used in a crop
rotation scheme during the colder months, and also
serves as cover crop for an otherwise barren metal-
contaminated soil. Specifically, this experiment was
conducted to determine whether pre-harvest amendments
of ethylenediaminetetraacetic acid (EDTA) alone or in
combination with acetic acid can further enhance the
shoot accumulation (i.e., translocation index) of Pb by
tall fescue grown on a Pb-contaminated soil.

Materials and Methods
Plant Culture and Experimental Design

Plants were maintained under a naturally-lit
greenhouse with 31°C/20°C day/night temperatures.
Supplemental light for 12 hours were provided by high
intensity super halide lamps (1000 W H.Y. Lites
Horizontal System, High Yield, Inc., Camas, WA). The
photosynthetically active radiation (PAR; 400-700 nm)
measured at the canopy level was no less than 1400
umol photons m™ sec” as measured with a LI-COR 6200
portable photosynthesis system (LI-COR, Inc., Lincoln,
NE). Tall fescue (Festuca arundinacea Schreb. cv.
Spirit) seeds were obtained from Hutto’s Garden,
Jackson, MS. Unless otherwise specified, six seeds were
sown in each 3.8 L plastic pot containing a growth
medium composed of sieved silty clay loam soil (pH 8.2;
1.5% organic matter), peat, and sand mixed in 4:2:1
volumetric proportions. Emerged seedlings were thinned
out to 5 plants per pot at 5 days after planting. Using a
hand trowel, three concentrations (0, 1000, 2000 mg
Pb/kg dry soil) of lead (supplied as lead nitrate) were
thoroughly mixed with the soil. The Pb levels used are
within previously reported Pb concentration ranges
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found in various contaminated sites [12, 18, 19]. The
Pb-spiked soils with moisture contents maintained at
field capacity were then allowed to equilibrate inside the
greenhouse for 21 days prior to planting. Using
previously described sequential extraction procedures
[29], this Pb-spiked soil had the following percentages of
Pb distributed in the various soil fractions: exchangeable
(34.5%), carbonates (43.5%), Fe-Mn oxides (11.5%),
organic matter (4.3%), residual (6.2%). Plants were
watered every 2 to 3 days, depending on the evaporative
demand, with full strength nutrient solution [30-31].
EDTA (0 or 5 mmol/kg dry soil) was applied as a 100
mL aqueous solution one week before harvest (pre-
harvest). Moreover, a 100 mL aqueous solution of acetic
acid (5 mmol/kg dry soil) was also added to some of the
treatments one week before harvest. On average, 100
mL of nutrient solution were added to each pot to ensure
that soil moisture content was maintained at field
capacity and that no excess soil moisture drained from
perforations at the bottom of each pot. A 17.8-cm plastic
saucer was placed beneath each pot to prevent cross
contamination among treatments.

Any symptoms of metal toxicity (e.g., discoloration,
pigmentation, yellowing, necrosis, stunting) exhibited by
plants were visually noted during the experimental
period. All plants were harvested at seven weeks after
planting. For dry biomass determinations, shoots and
roots were separated during harvest then oven-dried at
70°C for 48 hours. Prior to oven drying, roots were
washed with distilled water to remove any adhering
debris.

Metal Extraction and Analyses

Dried samples were weighed and ground in a Wiley
mill equipped with a 425 pm (40-mesh) screen. Lead
contents of each 200 mg dry, ground plant tissue were
extracted using previously described procedures [32]
with slight modifications [30-31]. Briefly, 40 ml of 50%
aqueous nitric acid were added to a 250 ml Erlenmayer
flask containing a representative sample of ground
tissue. The acidified sample was heated to 95 °C,
refluxed for 15 minutes without boiling and then allowed
to cool. Another 10 ml of 50 % aqueous nitric acid were
added and the sample was again heated and refluxed for
30 minutes. The heated sample was allowed to cool, then
completely oxidized in 5 ml concentrated nitric acid. The
oxidized solution was allowed to evaporate to
approximately Sml without boiling. To initiate the
peroxide reaction, 2 ml of deionized distilled water and
3ml of 30% hydrogen peroxide were added to the
concentrated  digestate and then heated until
effervescence subsided. Another 7 ml of 30% hydrogen
peroxide were added continuously in 1 ml aliquots as the
digestate was again heated. The digestate was heated
until effervescence was minimal and its volume reduced
to approximately 5 ml. After cooling, the final digestate
was diluted to about 100 ml with deionized, distilled
water. The digestate was filtered through a filter paper
(Whatman No. 1) and the final volume was adjusted to
100 ml with deionized, distilled water.

Lead concentrations were quantified using atomic
absorption spectrometry (Thermo Jarrell Ash Model AA
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Scan 4) and expressed as mg Pb/kg dry weight of plant
tissue. This analytical system had a 98% recovery
efficiency and detection limit of 5 parts per billion (ppb)
Pb. Per cent translocation index (T.I.) was calculated
using the formula described previously by Athalye et al.
[33]: T.I. = (shoot Pb accumulation) x 100/ (shoot + root
Pb accumulation).

Statistical Analysis

In this experiment, each treatment replicate consisted
of one pot containing 5 plants. Treatments were arranged
in a completely randomized design (CRD) with four
replications. Data were analyzed using Statistical
Analysis System (SAS). Treatment comparisons were
done wusing Fisher’s Protected Least Significant
Difference (LSD) test. In this study, a probability
p<0.05 was considered to be statistically significant.

Results

The Pb treatments alone did not significantly affect
root biomass of tall fascue plants (Table 1). However,
root biomass of plants grown at 1000 and 2000 mg Pb/kg
were reduced by 24% and 28%, respectively with the
addition of EDTA alone, and in combination with acetic
acid. Both Pb and chelate amendments did not affect
shoot biomass (Table 1). This observation was also
supported by the absence of any discernible phytotoxic
symptoms  (e.g., stunting, chlorosis, necrosis,
discoloration, pigmentation) exhibited by the shoots.

Table 1: Effects of various concentrations of Pb and
chelates on root and shoot dry biomass of tall fescue.
For each organ, means with a similar letter do not differ
significantly using Fisher’s Protected LSD test (p <0.05).
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with EDTA amendments. Further increases in root Pb
concentrations occurred due to the synergestic effects of
both chelates that were applied simultaneously. When no
chelates were applied, shoot Pb concentrations slightly
increased with increasing levels of soil-applied Pb (Fig.
1B). Dramatic increases in shoot Pb were observed with
the addition of EDTA alone. However, when both
chelates were amended, increases in shoot Pb were even
more remarkable.

One of the attributes of an effective phytoextraction
species is its ability to maximize the amount of metal
that is partitioned to the above-ground, harvestable
biomass (i.e., shoots). This is indicated by the
translocation index. In the absence of chelate(s),
translocation indices of tall fescue plants grown at 1000
and 2000 mg Pb/kg were minimal, accounting for only
3.3% and 11.4%, respectively (Table 2). However,
translocation indices dramatically increased to 66% and
73%, respectively when EDTA alone or both chelates
were added simultaneously.

Table 2: Effects of various concentrations of Pb and
chelates on per cent translocation indices of tall fescue.
Means with a similar letter do not differ significantly
using Fisher’s Protected LSD test (p <0.05).

Treatment

Trizzt;r:jent EDTA Biomass (mg/plant)
(mg Pbrkg)  (MMOVK®)  Root+tSEM  ShootSEM
0 0 130.3ab +4.8 269.8a+ 15.7

0 5 Pre-harvest 132.8a +8.4 245.8ab +13.3
1000 0 121.8a+2.5 249.8ab+ 18.2

1000 5 Pre-harvest 105.0c+12.2 236.8ab+ 8.4
1000  5* Pre-harvest 100.5c+ 8.5 243.8ab+ 12.2
2000 0 116.0abc+ 6.4 228.8b +13.3
2000 5 Pre-harvest 109.3bc £9.6 219.8b + 14.7

2000 5 *Pre-harvest 107.3c¢+£4.8 225.5b+ 6.7

Lead EDTA Translocation index
(mg Pblkg) (mmol/kg) (%) + SEM
0 0 0.0e+ 0.0
0 5 Pre-harvest 0.0e=+ 0.0
1000 0 33e+ 0.4
1000 5 Pre-harvest 69.8b+ 3.0
1000 5% Pre-harvest 75.6a+ 3.0
2000 0 114d+ 2.0
2000 5 Pre-harvest 6l.1c+ 1.5
2000 5 *Pre-harvest 70.9 ab+ 1.7

* indicates that an aqueous solution of acetic acid (5
mmol/kg dry soil) was added at the same time as the
aqueous solution of EDTA; (SEM= standard error of the
mean of 4 replications).

Pb accumulations in the roots increased in a dose-
response manner with increasing levels of Pb treatments
(Fig. 1A). Such root Pb accumulations were enhanced

* indicates that an aqueous solution of acetic acid
(5mmol/kg dry soil) was added at the same time as the
aqueous solution of EDTA; (SEM= standard error of the
mean of 4 replications).

Discussion

Since total metal removal is a function of the metal
concentration in the harvestable biomass (e.g., shoots),
the first requisite in phytoextraction is the production of
high plant biomass yield. This means that the plant
species must be able to grow successfully at the
contaminated site. Generally, F. arundinacea not only
produced high biomass but was able to tolerate elevated
levels of soil-applied Pb and chelates. There were no
noticeable phytotoxic effects of Pb and/or chelates on
tall fescue except for a slight reduction in root biomass
(Table 1). It is known that metal phytotoxicity causes
stress to the plant resulting in a reduction in biomass and
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eventual death (in some cases). Cunningham and Ow
[34] described the presence of specific high-affinity
ligands as one of the metal-resistance mechanisms
existing in some plants.  These ligands, which are
natural metal-binding peptides known as phytochelatins
and metallothioneins, make the metal less toxic to the
plant, and at a certain EDTA threshold, these ligands
may be activated. We are not certain whether this
resistance mechanism also exists in tall fescue hence,
further study is warranted. Vassil et al. [21] also
demonstrated that free protonated EDTA (H-EDTA) was
more phytotoxic to Brassica juncea than a Pb-EDTA
complex. From earlier studies [25], we also observed
the relative tolerance of wheat to Pb-EDTA complex.
These previous findings support our present observation
that a Pb-chelate complex was relatively nonphytotoxic
to tall fescue, a monocotyledonous plant like wheat.
Monocotyledonous species are usually more tolerant to
metals than dicotyledonous species [35].
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Figure 1: Root (A) and shoot (B) Pb concentrations of
tall fescue grown at various levels of Pb and chelates.
Means with a common letter do not differ significantly
using Fisher's Protected LSD test (P=0.05). An error bar
indicates the standard error of the mean of 4 replications.
(* indicates that an aqueous solution of acetic acid was
added at the same time as the aqueous solution of
EDTA).

Root Pb accumulation increased with increasing
levels of soil Pb treatments (Fig. 1A). The addition of
EDTA, one week before harvest, improved Pb
accumulation by the roots. However, when both EDTA
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and acetic acid were applied a week before harvest, there
was a significant increase in root Pb accumulation
especially at the highest soil Pb treatment. Majority of
the absorbed Pb remained in the roots when no chelate
was applied (see Fig. 1A vs. Fig. 1B). This could be due
to Pb binding to ion exchangeable sites on the cell wall
and extracellular deposition mainly in the form of Pb
carbonates deposited on the cell wall as previously
demonstrated [36]. Root depth and density are important
factors in phytoextraction. It was observed that during
the duration of the study, the root system of tall fescue
was extensive similar to the fibrous root systems of most
monocots including wheat in our previous studies [25].
Roots provide a large surface-to-volume ratio to
maximize the total uptake of various elements and
compounds from the soil [37]. Using hydroponics
systems, Dushenkov et al. [36] concluded that root Pb
absorption is a rapid process and may be the fastest
component of metal removal by plants. But, the ability
of plants to translocate Pb to the shoots varies much
more than their ability to accumulate metals in the roots
[24, 38].

One of the requisites contributing to the success of
phytoextraction is the enhancement of Pb accumulation
in the harvestable biomass (e.g., shoots). Vassil et al.
[21] demonstrated that coordination of Pb transport by
EDTA enhances the mobility within the plants of this
otherwise insoluble metal ion, allowing plants to
accumulate high concentrations of Pb in shoots. In this
study, shoot Pb accumulation in tall fescue increased
with increasing concentrations of Pb applied to the
growth medium. This increase was especially
remarkable in plants grown at 2000 mg Pb/kg with pre-
harvest EDTA/acetic acid amendments (Fig. 1B). Lead,
being a soft Lewis acid, forms a strong covalent bond
not only with the soil, but with plant tissues as well [19].
It is believed that since the xylem cell walls have a high
cation exchange capacity, the upward movement of
metal cations are severely retarded [12]. Bringing the Pb
into solution with a chelating agent, not only makes
more Pb bioavailable for root uptake [18-19, 39]) but
also moves the Pb that is sequestered in the xylem cell
wall upwards and into the shoots.

In an earlier study, Blaylock et al. [18] demonstrated
with Indian mustard (Brassica juncea) that induced
phytoextraction (i.e., equivalent to pre-harvest chelate
amendment in our study) brings more of the Pb ions into
solution and decreases the binding of Pb by the root
tissue, thereby facilitating some of the desirable
characteristics of a hyperaccumulator, such as high metal
uptake by the roots, and translocation of the metal from
the root to the above ground shoots. We believe that
EDTA enhanced Pb desorption from soil to soil solution
and facilitated transport from roots to shoots as
previously demonstrated in EDTA-mediated
phytoextraction studies using corn, peas and Brassica
juncea [18-19, 21]. Corollary studies relating the
available Pb levels in soils and chelate-mediated shoot
Pb  uptake are currently being investigated in our
laboratory. Our preliminary results indicated that with
EDTA application, there is a positive correlation
between bioavailable Pb levels in soil and shoot Pb
accumulation (data not shown).
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In a previous study by Blaylock et al. [18] using
EDTA and acetic acid, the pH of the soil was decreased
only slightly from 8.3 to 7.8. Similarly in our
experiment, the pH of the soil before planting was 8.2,
and decreased to 7.4 at harvest.  Soil pH not only
represents an easily determined feature of soil but is an
easily managed agronomic parameter as well. Several
plant nutrients become less available to plants at the
extremes of pH values and other elements become
available in toxic amounts [40]. Likewise, the
bioavailability and plant uptake for Pb (free lead) can be
accomplished by lowering soil pH. In this study, it was
observed that root Pb accumulation increased as the soil
pH was decreased (data not shown).

The results of this study indicated that tall fescue can
be an efficient Pb-accumulating plant when coupled with
other phytoextraction strategies such as lower pH, and
the use of a chelate. Chelates, however, may pose
environmental risks and possible contamination of the
groundwater if allowed to stay long in a polluted soil, a
serious concern raised in many phytoextraction studies
reviewed by Lasat [39]. It is therefore likely that further
technical refinements are needed on chelate-assisted
phytoextraction particularly the EDTA threshold
requirements for efficiency of Pb uptake. Other
engineering control measures will have to be provided to
prevent leaching of soluble Pb into the ground water,
thereby preventing a secondary source of Pb
contamination [19]. Also, limiting the resident time of
the chelate in the soil by applying it a few days before
harvest lessens the mobility of bioavailable metals that
can potentially migrate and serve as sources of
secondary pollution to the ground water [41].
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