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Introduction

The extent of soil pollution by potentially toxic elements (PTE) in
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Little information is available as to the real effectiveness of the phytoextraction remediation technique, since laboratory experiments are
still the most common way in which this is measured. Given this, an
experiment on a cadmium-polluted soil was carried out in open field
conditions in Southern Italy with the aim of assessing the growth and
the phytoextraction potential of giant reed (Arundo donax L). Compost
fertilisation and Trichoderma harzianum A6 inoculations were used to
verify the possibility of increasing the metal uptake of the crop.
Biomass yield of giant reed in the first growth season (average 12.8
Mg ha–1) was not affected by the Cd concentration in the soil and this
increased significantly with compost fertilisation (13.8 Mg ha–1). Both
compost fertilisation and T. harzianum inoculation increased cadmium uptake and translocation in leaves. Nitrifying bacteria was shown
to be a useful tool to biomonitor soil quality. These results proved the
suitability of the giant reed for assisted-phytoremedation with the use
of compost fertilisation and T. harzianum.

industrialised areas is well documented (Glass, 1998; Black, 1999) and
represents an important environmental concern due to their potential
accumulation in the food chain. Human activities such as industrial
plants, mining, road transport and the unwise application of sewage
sludges, fertilisers and pesticides to agricultural soils are recognised
to be the main sources of PTE pollution (do Nascimento et al., 2006;
Lado et al., 2008). A large number of methods are available to remediate soils, such as soil washing with synthetic surfactants. However,
these are extremely expensive, such that a large number of sites
remain contaminated (Ensley, 2000). Moreover, ex situ soil reclamation techniques lead to a big reduction in soil fertility due to the soil
disturbance and to the toxicity of synthetic surfactants. Soil washing
with humic substances extracted from composted organic matter or
from geochemical deposits represents a reliable alternative (Conte et
al., 2005) and phytoextraction is a valuable complementary technique.
It is low cost and environmentally safe (Wu et al., 2006) and is able to
both remove heavy metal pollutants from the soil and to offer important economic and agronomic advantages (Mattina et al., 2003). It
involves the utilisation of plants to remove heavy metals from soil and
concentrate them in the biomass. For years now, metal hyperaccumulating plants such as Alyssum murale, Berkheya coddii, Brassica juncea
and Thlaspi caerulescens have been considered the most suitable tool
to decontaminate metal-polluted soils, but the low biomass growth and
scarce ability to accumulate various different metals together (Krämer,
2005) have discouraged their inclusion in commercial phytoextraction
protocols (do Nascimento et al., 2006).
Consequently, the current trend is to use fast-growing high biomass
crops that accumulate moderate levels of metals in their shoots
(Hernández-Allica et al., 2008), since a greater aboveground biomass
yield can more than compensate for the lower PTE concentration in
plant tissues (Ebbs and Kochian, 1998).
From this point of view, the most suitable species for phytoextraction have to be characterised by wide-ranging tolerance to pollutants,
high biomass yield and easy cropping technique (Chaney et al., 2000).
These characteristics are perfectly coupled in giant reed (Arundo
donax L.), a rhizomatous perennial grass, native to southeast Europe,
that lives in a wide range of different ecological conditions
(Papazoglou, 2007). Giant reed was shown to be able to grow vigorously in soils with high cadmium (Cd) and nickel (Ni) content (McGarth
et al., 2006; Chary et al., 2008), or in contaminated soils with high levels of arsenic (As), Cd and lead (Pb) (Guo and Miao, 2010), gaining a
total biomass yield of 30-40 Mg ha–1 without any agronomic input
(Angelini et al., 2005; Williams and Biswas, 2010).
Due to its fast growth and high cellulose content, giant reed is considered one of the most promising energy crops for marginal lands
(Nassi, 2011) and its culms represent an interesting source of cellulose for producing paper (Ververis et al., 2004), second generation
ethanol, bio-diesel or biopolymers (Williams and Biswas, 2010; Pirozzi
et al., 2010). Furthermore, the residual lignin content (15-20%)
(Ververis et al., 2004) could be of interest for compost production or
other high-value materials such as lignin-based resin coatings and
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microorganisms in soils, through functional disturbance, protein
denaturation or destruction of cell membranes (Leita et al., 1995).
Microorganisms involved in the nitrogen cycle have been found to be
particularly sensitive to PTE in field and in vitro experiments. The
nitrification process is considered one of the most sensitive microbial
assays since it can evaluate even small traces of metal toxicity (Broos
et al., 2005). In fact, nitrifying bacteria are sensitive to inorganic compounds such as Cd (Hu et al., 2002; Chandran and Love, 2008), Ni,
chromium (Cr), Cu and Zn (Cela and Sumner, 2002).
Little is known about the real effectiveness of phytoextraction with
high biomass crops since laboratory experiments are still the most
common way in which this is measured. (Van Nevel et al., 2007). In
particular, the metal bioconcentration ability of giant reed has only
been studied in controlled environments adopting soilless or in-pot cultivation (Mavrogianopoulos et al., 2002; Papazoglou, 2007; Mirza et al.,
2010). Moreover, assisted-phytoextraction has never been studied with
this plant.
In this study, we carried out an experiment on a heavy metal polluted soil in Southern Italy to assess the growth and phytoextraction
potential of giant reed in open field conditions. Compost fertilisation
and inoculation of rhizomes with Trichoderma harzianum strain A6
were also tested in order to evaluate a low cost technique for soil
cleanup. The composition of total aerobic heterotrophic, ammonia and
nitrite-oxidizing bacterial populations was estimated and the structure
of a cultivable microbial population was also assessed to monitor the
effects of the treatments on metal availability and soil quality.
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composites (Piccolo et al., 1997; Park et al., 2008). If high levels of metals in the phytoextracting biomasses do not allow any other uses, the
most environmentally-safe solution is the production of energy from
combustion or pyro-gasification (Chen et al., 2004; Vervaeke et al.,
2006; Lievens et al., 2008) followed by metal recovery from the molten
fly ashes by using hydrometallurgical routes, such as the carried-inpulp method proposed by Alorro et al. (2008).
Since the long period for cleaning up is considered the real Achilles’
heel of phytoextraction (Van Nevel et al., 2007), management techniques have been developed that can increase PTE availability to plants
(Marchiol and Fellet, 2011) and to manipulate rhyzosphere plantmicrobe associations for a better uptake efficiency of roots (assisted
phytoextraction). Synthetic chelates, such as ethylenediaminetetraacetic acid (EDTA), significantly increase plant ability to uptake
heavy metals, but this technique is not practicable in open fields since
the high environmental persistence could lead to metal leaching in the
water table (Meers et al., 2005). On the contrary, many organic compounds such as low molecular organic acids (citric and gallic acids) are
able to increase Cd, zinc (Zn), copper (Cu) and Ni uptake from soil
without environmental risks (do Nascimiento et al., 2006). In some
cases, compost fertilisation could be a useful tool to increase metal
availability due to the high capacity of metal complexation by humic
substances (Clemente and Bernal, 2006; Bianchi et al., 2008), soil fertility due to the soil organic matter buildup (Piccolo et al., 2004;
Fagnano et al., 2011), and functional microbial groups (Pepe et al.,
2013). Moreover, the effect of exogenous organic matter is pH dependent, allowing an increase in metal availability in alkaline soils
(Santibáñez et al., 2008; Fagnano et al., 2011) while this is reduced in
low pH soils (Alvarenga et al., 2009; Fornes et al., 2009). Interesting
results could also be achieved by modifying the microbe-plant association in rhizo-soil (Cao et al., 2008), since microbes play a key role in
soil element cycling. Fungi are well known for their ability to detoxify
PTE through passive and active uptake (Kapoor et al., 1999), valence
transformation or precipitation (Zafar et al., 2007). Among these,
Trichoderma spp., an avirulent, opportunistic plant symbiotic, has
emerged thanks to its high detoxification potential (Harman et al.,
2004; Vinale et al., 2009). Its high colonisation ability together with its
action in promoting plant growth (Vinale et al., 2003) allowed a significant increase in heavy metal uptake in a wide range of plant species
from willow (Adams et al., 2007) to oilseed rape (Brassica napus)
(Wang et al., 2009).
The study of the mechanisms of assisted-phytoremediation is obviously plant-based, since the metal concentration in plant tissues is the
emerging effect of metal bioavailability. Understanding of the processes taking place in the polluted soils by adding chelating agents or
manipulating rhizosphere could be improved by measuring metal availability, but this approach is sometimes expensive in terms of time and
money. Biomonitoring with soil microorganisms can integrate chemical analyses to assess soil quality, since microbial communities live in
intimate contact with the soil microenvironment, and rapidly and sensitively respond to changes in the surrounding conditions (Hargreaves
et al., 2003). PTE affect growth, morphology and metabolism of

Materials and methods
Site description and experimental set up

The study site was located on the Acerra plain, Province of Naples,
southern Italy (longitude 40°59’56”N, latitude 14°20’58”E), that has
volcanic soils particularly suitable for intensive horticultural crops.
The open field trial was carried out on a private farm. This was a specific project and was not part of any agricultural activity due to soil cadmium contamination assessed by environmental monitoring carried
out by the Regional Agency for Environmental Protection. Low-quality
compost applications such as solid waste burning were recognised to
be the main sources of cadmium pollution (ARPAC, 2005).
Nevertheless, cadmium concentrations in the soil were low if compared
to other polluted sites and, therefore, a medium-term experiment of
soil cleanup was considered feasible.
The soil is classified as Vitrandic Haplusepts ashy, glassy, thermic
(USDA soil taxonomy), that has developed on ash and pumice deposits
and pyroclastic flows that have been redistributed locally by surface
water.
Soil texture was sandy-loam according to USDA criteria, with very
high carbonate content (average 50%), sub-alkaline pH, and high
organic carbon and nitrogen content (Table 1). Among PTE, Cd was
higher than the legal Italian threshold (3.1 vs 2.0 mg kg–1) for agri-

Table 1. Main chemical and physical soil characteristics.
Layer
(cm)

CaCO3
(%)

Org-N
(%)

Org-C
(%)

0-20
20-40
40-60

48.3
50.6
23.7

0.18
0.18
0.12

1.73
1.72
1.13

SOM
(%)
2.99
2.97
1.95

NO3−N
(ppm)

NH4−N
(ppm)

pH

EC
(µS cm–1)

9.7
15.0
8.0

7.7
9.7
8.7

7.7
7.7
7.8

193.3
215.3
211.3

Particle size distribution (%)
Sand
Silt
Clay
59.2
57.8
50.2

25.0
25.3
32.3

15.8
16.8
17.5

CaCo3, calcium carbonate; Org-N, -C, organic nitrogen and carbon; SOM, soil organic matter; NO3−N, nitric nitrogen ; NH4−N, ammonia nitrogen; EC, electrical conductivity.
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according to the Hach® method and the extracts were analysed by
spectrophotometer at 500 (NO3−–N) and 425 (NH4+–N) nm wavelength
(Hach DR2000®, Hach Company, Loveland, CO, USA). Organic N content of soil and plant tissues was measured by the Kjeldahl method.
Total PTE concentration was determined on soil extracts by a Perkin
Elmer Analyst 700® atomic absorption spectrometer. The digestion
procedure for soil was carried out by using H2O2 and HCl: HNO3 solution (3:1) at 250-650 W for 24 min. The digestion procedure for plants
was prepared with an H2O2:HNO3 solution (1:3) at 250-600 W for 20
min. The bioavailable fraction of metals was determined with a diethylenetriaminepentaacetic acid (DTPA) extraction solution 0.005 M
(0.005 M DTPA, 0.01 M CaCl2 and 0.10M Triethanolamine adjusted to
pH 7.3). We preferred to use DTPA because in alkaline soils it is more
efficient than EDTA (Linsday and Norvell, 1978; Feng et al., 2005).
Extraction vessels were then placed on a reciprocating mechanical
shaker for 2 h at 25°C and 60 oscillations per minute and then centrifuged for 5 min at 5000 RPM and immediately filtered with Whatman
no. 42. Blank samples were also prepared with the same procedure.
Microbiological analyses were performed according to standard
Italian methods. Ten grams of soil samples were shaken in 90 mL of
physiological solution and 0.162 g of tetrasodium pyrophosphate for 30
min to detach the bacteria from soil particles. After 15 min, to allow soil
particles to settle, 10-fold serial dilutions were performed. Selected
populations of soil microbial community were detected at 28°C in agar
and liquid media: i) total aerobic heterotrophic bacteria on Plate Count
Agar plates (Oxoid Ltd., Oxford, UK); ii) free-living (N2)-fixing aerobic
bacteria in Augier medium (Augier, 1956); iii) ammonia-oxidising and
nitrite-oxidising bacteria in Stanier medium (Stanier et al., 1966).
All tests were carried out in triplicate and microbiological data were
expressed as log10 CFU or MPN g–1 of DW soil.
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cultural soils (Table 2).
Compost fertilisation and inoculation of giant reed rhizomes with T.
harzianum A6 were combined in four different treatments: not inoculated rhizomes and not fertilised (NT-NC); inoculated rhizomes and not
fertilised (T-NC); not inoculated rhizomes and compost fertilisation
(NT-C); and inoculated rhizomes and compost fertilisation (T-C).
Treatments were arranged in a randomised complete block design with
three replicates in 132 m2 (6¥22 m) plots.
Compost was a mixture of park, garden and organic fraction of
municipal solid wastes, with a content of PTE lower than the threshold
values established by the Italian legislation governing fertilisers for
green wastes compost (Law 784/94; Legislative Decree 99/92). Compost
potential phytotoxicity was excluded (Alluvione et al., 2009) by using
Lactuca sativa biomass production in relation to increasing compost
doses (Hulzebos et al., 1993). It was manually distributed in fertilised
plots on 4/14/2009 at the rate of 20 Mg ha–1, corresponding to 130 kg N
ha–1, and then buried with a rotary hoe (4/16/2009). Giant reed rhizomes were transplanted on 4/17/2009 at a depth of 0.20 m in rows 0.60
m apart with a density of 2.7 plants m–2. Plants were watered only after
transplanting in order to ensure good root contact with the soil, while
no irrigation was carried out during the following crop growth period.
In T-NC and T-C plots, rhizomes were first inoculated with T.
harzianum A6 (107 CFU/g) by dipping (24 h) rhizomes in a 100 mL/100
litre water suspension of a commercial bioregulator [BioplantGuard ®,
Saipan S.r.l., Cava de’ Tirreni (SA), Italy]. We decided to use cheap
materials (compost, commercial bioregulator) and exclude mineral fertilisation and irrigation in order to assess the effectiveness of a truly
low-cost phytoextraction biotechnology.

Plant and soil sampling
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Giant reed was harvested on 11/21/2009 by collecting the plants on 3
rows (10 m long for a total sampling area of 18 m2). A sub-sample (10
plants) was randomly collected to estimate the different yield components (leaves, culms and rhizomes), and then oven dried (65°C until
constant weight) and shredded for chemical analysis.
Soil samples were a mix of three sub-samples collected at time of
transplant and at harvest time at three different points per each plot.
Bulk-soil was collected between the rows at 0-20, 20-40 and 40-60 cm
layers, while rhizo-soil was obtained by vigorously shaking giant reed
roots to separate the loose soil. Soil samples were oven dried (65°C
until constant weight) and crushed with a mortar for the chemical
analysis.
Bulk-soil (from the top layer) and rhizo-soil samples for microbiological analyses were brought to the laboratories and stored in polyethylene bags at 4°C for less than 24 h.

Chemical and microbiological analyses
Soil mineral nitrogen (N) was extracted from 2 mm sieved samples

Data analyses

The phytoextraction ability of giant reed was evaluated by calculating two bio-concentration factors:
BCF = C roots/C soil and BCF’= C shoots/C soil

where C represents the metal concentration (Mattina et al., 2003).
Moreover, in order to asses the plant ability to translocate PTE from
roots to harvestable shoots, a translocation factor was calculated as
TF = C shoots /C shoots+roots (Ekvall and Greger, 2003).
Statistical analysis was performed by using the MSTAT-C software
version 2.0 (Crop and Soil Science Department, Michigan State
University, Benton Harbor, MI, USA). A two factor randomised block
design was used to assess the effects of compost fertilisation (C) and
T. harzianum A6 inoculation (T) on yield, N and PTEs uptake of giant
reed.
A 2-way ANOVA was performed to compare PTE content of different
plant organs (rhizomes, culms and leaves) considering compost fertilisation and T. harzianum A6 inoculation as main factors and plant

Table 2. Soil potentially toxic elements content and reference thresholds established by Italian legislation (Legislative Decree 152/06)
for agricultural soils.
Layer
(cm)

Zn
(mg kg–1)

Cu
(mg kg–1)

Cd
(mg kg–1)

Pb
(mg kg–1)

Cr
(mg kg–1)

0-20
20-40
40-60
Average
Threshold

114.6±30.5
101.2±20.8
68.5±14.9
94.7±28.6
150.0

62.9±4.9
64.6±10.3
35.8±11.8
54.4±16.2
100.0

3.4±0.3
3.5±0.1
2.3±0.2
3.1±0.6
2.0

86.9±3.8
83.2±7.5
50.9±8.3
73.7±18.2
150.0

13.9±1.4
14.0±1.4
16.6±0.6
14.8±1.7
150.0

Zn, zinc; Cu, copper; Cd, cadmium; Pb, lead; Cr, chromium.
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Biomass production and nitrogen uptake

A 2-way ANOVA on PTE content of plant tissues was made by fixing
compost fertilisation and T. harzianum A6 inoculation as main factors
and plant organs as sub-factor. A significant effect of plant organs was
found for all the average values of metals traced (Figure 2), while the
highest interaction was significant only for Cd (Figure 3).
Leaves showed the highest Cu and Cd content (12.4 and 5.1 mg kg–1,
respectively), Zn levels were found to be the same in rhizome and
leaves (average 14.5 mg kg–1) while culms were the main sink for Cr
(12.5 mg kg–1). Chromium preferential allocation in culms may be due
to Cr (III) adsorption on lignin through the ion-exchange mechanism
and formation inner-sphere complexes (Wu et al., 2008). In comparison
to control plots (NT-NC), Cd content of rhizome showed increases of
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Total biomass was significantly affected by both T. harzianum inoculation and compost fertilisation (Table 3), while aboveground biomass
significantly increased only with compost fertilisation. No interaction
between the two factors was significant (P≤0.336) for aboveground
biomass. Nevertheless, an increase in 3 Mg ha–1 was recorded with T-C
compared to the other treatments.
There were no differences in shoot/root ratio among the different
treatments (average 6.54) (data not shown), but an increasing trend
was found in rhizome biomass production with T (1.9-2.2 Mg ha–1,
P=0.12). Compost fertilisation also positively affected N content of
giant reed tissues (Figure 1A), with a significant increase in culms
(0.5-0.6% of N), while variations in leaves and total aboveground biomass were close to statistical significance (P=0.06 and 0.08, respectively). Consequently, aboveground N uptake (Figure 1B) significantly
increased with compost fertilisation, while no variation in N content of
plant tissues and N uptake occurred with T. harzianum inoculation.
Due to the high resistance of giant reed to soil PTE pollution (Guo
and Miao, 2010), the soil cadmium content (3.5 mg kg–1 in the 0-40 cm
layer) did not affect plant growth in our experiment, with an average
aboveground production of 13 Mg ha–1 (DW) after eight months of
growth.
This value is comparable to those reported by Cosentino et al., 2006
(13.1 Mg ha–1) and Christou, 2001 (13.7 Mg ha–1) in unpolluted soils in
Southern Italy and Southern Greece, respectively.
In sandy aerated soils, compost increased N availability to crops due
to the high mineralisation rates (Fagnano et al., 2011; Alluvione et al.,
2013) gaining a significant increase in biomass accumulation and N
content. Since our experiment was carried out on a fertile soil (0.18
and 1.73% of N and C, respectively), we can also suppose there will be
an effect of compost as growth regulator due to a hormone-like mechanism (Piccolo et al., 1996; Asli and Neumann, 2010).

Potentially toxic elements uptake and translocation by
plants

y

Results and discussion

T. harzianum is able to enhance plant root activity by mycorrhisation
(Windham et al., 1986). In our case, a commercial product used as
bioregulator, without any declared specific effect on root activity, was
used for rhizome inoculation. We can exclude a positive effect of T.
harzianum on the N catching ability of roots, since the N content of
plant tissues was not affected by the treatment. Besides, the increase
in total biomass can be interpreted as a root growth induction, since T.
harzianum inoculation did not affect aboveground biomass.
The higher values of aboveground biomass recorded with T-C, could
be due to the ability of T. harzianum inoculated rhizomes to catch mineral N from compost degradation; this trend will probably be confirmed
in the next few years of the trial.
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organs (rhizomes vs stems vs leaves) as sub-factor.
A 2-way ANOVA was also adopted to assess the effect of plant rhizosphere on soil PTE content, considering compost fertilisation and T.
harzianum A6 inoculation as main factors and soil type (bulk-soil vs
rhizo-soil) as sub-factor. The same approach was adopted to assess the
effect of treatments and soil type on soil microbial communities. All
means were separated by calculating least significant difference at
P<0.05.

Figure 1. Effect of compost fertilisation: A) nitrogen (N) content;
B) N uptake in giant reed leaves, culms and aboveground biomass
(mean values and standard deviations). n.s., not significant;
*P≤0.05.

Table 3. Average effect of inoculation and compost fertilisation: productive behaviour of giant reed.
Factors
Inoculation
NT
T
Fertilisation
NC
C
Significance°
Inoculation
Fertilisation
Inoculation x fertilisation

Total biomass
(Mg ha–1 DW)

Aboveground biomass
(Mg ha–1 DW)

Leaves
(Mg ha–1 DW)

Culms
(Mg ha–1 DW)

Rhizomes
(Mg ha–1 DW)

13.9±1.9
15.8±1.8

12.0±1.6
13.6±2.0

3.3±0.8
3.8±0.7

8.7±1.2
9.9±1.2

1.9±0.4
2.2±0.4

13.9±2.2
15.8±1.7

11.8±1.9
13.8±1.6

3.2±0.7
3.8±0.7

8.6±1.3
10.0±1.4

2.1±0.5
2.0±0.3

*
*
n.s.

n.s.
*
n.s.

n.s.
n.s.
n.s.

n.s.
n.s.
n.s.

n.s.
n.s.
n.s.

NT, no trichoderma; T, trichoderma; NC, no compost; C, compost; n.s., not significant. *P≤0.05; °Level of significance of inoculation, compost fertilisation and of the interaction inoculation x fertilisation.
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tent of rhizome up to the point of saturation, thus enhancing the sink
effect of the leaves.
The results obtained in this field trial allow us to estimate the total
reclamation time, defined as the time required to clean up a soil by phytoextraction, given the soil conditions of this experiment. The soil Cd
content at the start of the experiment was 3.45 mg kg–1 (0-40 cm layer),
and according to a bulk density of 1.20 Mg m–3, a total removal of 6960
g ha–1 is required for Cd content to be under the legal threshold (2 mg
kg–1; Legislative Decree 152/06). Therefore, considering the aboveground biomass yield and the average plant Cd uptake obtained with
compost fertilisation, this would take 106 years (6960 g ha–1/64 g ha–1
year–1). The total reclamation time may be reduced 4-fold if an average
biomass production of 40 Mg ha–1 DW was considered. This yield level
is commonly obtained with giant reed in Italy from the 2nd-3rd cropping
year (Angelini et al., 2005, 2009; Cosentino et al., 2006) and it could be
easily obtained also on our site due to the low Cd pollution level and
high soil fertility. Obviously, there could be a significant reduction in
reclamation time if total uptake is taken into account, considering that
at the end of the reclamation period all the rhizomes also have to be
removed from the soil. Nevertheless, we decided not to take this into
consideration because we do not know enough about the growth and
metal accumulation of giant reed rhizomes and this could result in
unrealistic estimations being made.
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48%, 35% and 48% with T-NC, NT-C and T-C, respectively. Moreover, TC allowed also an increase in Cd content in leaves (+22%). Cd total and
aboveground uptake was positively affected by both main factors on the
average (Table 4). The 30% increase due to compost fertilisation was
mainly related to uptake of leaves and culms. On the contrary, the effect
of T. harzianum A6 (+18% of total Cd uptake) may be due to an
increase in rhizome uptake. From the interaction between compost and
T. harzianum (Figure 4), it is also possible to see that all the different
treatments allowed an increase of approximately 60% of Cd uptake by
rhizome. Treatments also led to a 17% increase in Cu and Cr uptakes,
both total and aboveground (data not shown) but values were below the
0.05 threshold (P=0.06 and 0.10, respectively).
The positive effect of compost fertilisation can be traced back to the
high chelating ability of humic acids derived from compost degradation
during the crop cycle. Furthermore, the soil used in our experiment
could have emphasised this effect because acidification due to microbial activity increases metal bioavailability in alkaline soil (Santibáñez
et al., 2008; Fornes et al., 2009; Fagnano et al., 2011). As regards the T.
harzianum A6 effect, both an active uptake by the fungus and an
increase in root Cd availability could have contributed to the increase
in the rhizome Cd content. The highest Cd content in leaves with T-C
could be explained by the combined effect of the increased metal
bioavailability and the improved uptake ability that raised the Cd con-

N

Figure 2. Average potentially toxic elements (PTE) content in
giant reed tissues (mean values and standard deviations). Zn,
zinc; Cu, copper; Cd, cadmium; Cr, chromium. Values with the
same letter were not significantly different (P≤0.05) for each
PTE.

Figure 3. Effect of trichoderma inoculation x compost fertilisation x plant organ interaction on cadmium content in giant reed
(mean values and standard deviations). NT, no trichoderma; NC,
no compost; C, compost; T, trichoderma. Values with the same
letter were not significantly different (P≤0.05).

Table 4. Average effect of inoculation and compost fertilisation: cadmium uptake of giant reed.
Factors
Inoculation
NT
T
Fertilisation
NC
C
Significance°
Inoculation
Fertilisation
Inoculation x fertilisation

Total
(g ha–1)

Aboveground
(g ha–1)

Leaves
(g ha–1)

Culms
(g ha–1)

Rhizomes
(g ha–1)

58.8±9.6
69.8±14.0

52.0±8.1
61.1±13.4

35.5±4.4
40.9±5.6

16.4±5.3
20.3±9.0

6.9±2.4
8.7±1.7

56.0±10.1
72.7±9.7

48.9±8.3
64.2±9.3

33.3±3.9
43.1±5.2

15.6±5.1
21.1±6.4

7.1±3.9
8.5±5.2

*
**
n.s.

*
**
n.s.

n.s.
*
n.s.

n.s.
**
n.s.

*
n.s.
*

NT, no trichoderma; T, trichoderma; NC, no compost; C, compost; n.s., not significant. *P≤0.05, **P≤0.01; °Level of significance of inoculation, compost fertilisation and of the interaction inoculation x fertilisation.
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Bioconcentration and translocation factors
Cadmium bioconcentration and translocation factors (BCF, BCF’ and
TF) were on average higher than 1 (Table 5) while the values were very
low for the other PTE analysed (data not shown). Cd BCF was an average 1.2, and was 231% of that calculable from data reported by Guo and
Miao (2010) on a soil with low Cd content (1.1 mg kg–1). In our case,
the soil Cd content was three times higher, but the ability of giant reed
to concentrate Cd could have been emphasised by the high soil fertility and by the absence of limited concentrations of the other PTE.
There was a significant increase in bioconcentration with compost
fertilisation (+15% and +25% for BCF and BCF’, respectively), thus
indicating that no problems occurred in giant reed uptake when Cd
bioavailability increased.

Soil potentially toxic elements content

y

As expected, PTE soil content was not affected by the treatments and
there was no significant difference in Cu and Cd contents of bulk soil

in top layer (0-20 cm) and those measured at time of transplant (Tables
2 and 6). Focusing on PTE content of rhizo-soil, a significant increase
in trace metal concentration was found (Table 6) if compared to the
bulk-soil, with the exception of Cr. The rhizosphere activity (chelating
biological agents from root exudates and microbial metabolism) and
the mass flows of soil solution due to root suction may be identified as
the main causes of this increase. The different behaviour of Cr may be
due to its lower mobility since it is strongly retained by soil particles
(Stewart et al., 2003; Fendorf, 1995).
Since the DTPA extraction was made on soil samples collected at the
end of growth cycle, it could represent the residual content of bioavailable metals resulting from the combined action of the treatments and
of plant uptake.
The percentages of bioavailable Cd, Zn and Cu, compared with total
content, were 9%, 9% and 47% in bulk-soil and 10%, 7% and 39% in
rhizo-soil, respectively (Tables 6 and 7). Bioavailable Cd was higher in
rhizo-soil than in bulk-soil. This could be because it tends to form
outer-sphere complex on soil colloid surfaces and thus is more mobile

Inoculation
NT
T
Fertilization
NC
C
Significance°
Inoculation
Fertilisation
Inoculation x fertilisation

BCF

BCF’

1.00±0.08
1.14±0.08

1.23±0.15
1.22±0.11

1.30±0.13
1.07±0.38

1.14±0.08
1.32±0.12

1.26±0.14
1.11±0.39

n.s.
*
n.s.

n.s.
n.s.
n.s.

0.95±0.05
1.19±0.08
n.s.
*
n.s.

TF

er
ci
al
us
e

Factors

on
l

Table 5. Average effect of inoculation and compost fertilisation: bioconcentration and translocation factors for cadmium.
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BCF, bioconcentration factor (roots/soil ratio); BCF’, bioconcentration factor (shoots/soil ratio); TF, translocation factor (shoots/shoots+roots ratio); NT, no trichoderma; T, trichoderma; NC, no compost; C, compost;
n.s., not significant. *P≤0.05; °Level of significance of inoculation, compost fertilisation and of the interaction inoculation x fertilisation.

Zn
(mg kg–1)

Bulk-soil
Rhizo-soil
Significance°

N

Treatments

on
-

Table 6. Average potentially toxic elements content in bulk-soil (0-20 cm layer) and rhizo-soil.

93.7±12.5
115.9±20.3
*

Cu
(mg kg–1)

Cd
(mg kg–1)

Cr
(mg kg–1)

66.6±8.0
74.9±8.0
**

3.7±0.25
3.9±0.16
**

15.2±2.0
13.9±1.7
*

Zn, zinc; Cu, copper; Cd, cadmium; Cr, chromium. *P≤0.05, **P≤0.01; °Level of significance.

Table 7. Diethylenetriaminepentaacetic acid extracted cadmium,
zinc and copper from bulk-soil and rhizo-soil of Arundo donax.

Bulk-soil
Rhizo-soil
Significance

Cd

Zn
(mg kg–1)

Cu

0.33±0.02
0.39±0.03
P≤0.01

8.55±1.11
8.35±1.33
n.s.

31.48±3.2
29.54±3.1
0.090

Cd, cadmium; Zn, zinc; Cu, copper; n.s., not significant.

Figure 4. Effect of inoculation x compost fertilisation interaction
on cadmium (Cd) uptake by rhizomes (mean values and standard
deviations). NT, no trichoderma; NC, no compost; C, compost; T,
trichoderma.
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stances that can reduce the precipitation as hydroxid/carbonate expected in an alkaline and carbonatic soil (Clemente and Bernal, 2006;
Bianchi et al., 2008). These results confirm the findings of an experiment carried out in a similar environment (Fagnano et al., 2011).

Soil microbial dynamics

y

Microbial parameters were used to evaluate the influence of plant
growth and agronomic treatments on the growth of microflora related
to the N cycle. According to the 2-Way ANOVA, all the microbial populations analysed were highly affected by both compost addiction, T.
harzianum A6 inoculation and soil type (rhizo and bulk), and a significant compost x soil type interaction was also found (data not shown).
The highest interaction (compost fertilisation x T. harzianum inoculation x soil type) was significant for total aerobic heterotrophic bacteria,
free-living (N2)-fixing bacteria and nitrite-oxidizers (Figure 5).
The number of total aerobic heterotrophic bacteria (Figure 5A) was
always higher in rhizo-soil than in bulk-soil (10% increase) and this
increased with compost fertilisation, particularly emphasised in bulksoil. These results may be related to the high C and N availability
derived from plant exudation in rhizo-soil (Sørensen and Sessitsch,
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than the other metals (Alloway, 1995).
Bioavailable Cd and Zn contents were lower than those reported by
other researchers (Meers et al., 2007; Shaheen et al., 2009; Yang et al.,
2011) because the high content of carbonate of the soil used in this
experiment (59% in a 0-20 cm layer) could have reduced metal mobility adsorbing them on carbonate surface. A negative correlation
between Cd mobility and soil CaCO3 content was also reported by
Shaheen et al. (2009).
The effects of treatments were significant only in bulk-soil where
compost increased bioavailable Cd (+9%) and Trichoderma reduced
bioavailable Cu (-7.4%) (Table 8).
The difference in metal content between bulk-soil and rhizo-soil can
be related to the effects of plants on metal mobility. Since they are
micronutrients, Zn and Cu are lower in rhizosphere as a consequence
of the plant uptake, while Cd increases in rhizo-soil likely because root
exudates could increase its mobility. Meanwhile, plant uptake is lower
because it is not an essential element for plant nutrition (Cieśliński et
al., 1998).
The effect of compost on Cd bioavailability could be related to chelating/complexing reactions by acid functional groups of humic sub-

Figure 5. Effect of inoculation x compost fertilisation x soil type interaction on total aerobic heterotrophic bacteria (A), N2-fixing freeliving bacteria (B), ammonia-oxidizing bacteria (C) and nitrite-oxidizing bacteria (D) (mean values and standard deviations). NT, no
trichoderma; NC, no compost; C, compost; T, trichoderma; n.s., not significant. Values with the same letter were not significantly different (P≤0.05).
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Table 8. Effect of compost and trichoderma on diethylenetriaminepentaacetic acid extracted cadmium, zinc and copper.

Treatment
NT
T
Significance
Treatment
NC
C
Significance

Cd

Bulk-soil
Zn
(mg kg–1)

Cu

Cd

Rhizo-soil
Zn
(mg kg–1)

Cu

0.33±0.02
0.33±0.02
n.s.

8.55±1.02
8.55±1.29
n.s.

32.68±2.95
30.27±3.23
*

0.39±0.04
0.40±0.03
n.s.

8.41±1.19
8.28±1.57
n.s.

29.59±2.77
29.48±3.59
n.s.

0.32±0.02
0.34±0.01
**

8.59±1.18
8.51±1.15
n.s.

31.88±4.00
31.07±2.50
n.s.

0.38±0.04
0.41±0.02
0.14

8.24±1.25
8.45±1.51
n.s.

29.23±3.48
29.84±2.87
n.s.

Cd, cadmium; Zn, zinc; Cu, copper; NT, no trichoderma; T, trichoderma; NC, no compost; C, compost; n.s., not significant; *P<0.05 ; ** P≤ 0.01
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et al., 2006; Glaser et al., 2010).
The big reduction in nitrite-oxidising bacteria found with T-NC versus control plots is in agreement with the increased root activity of
inoculated rhizomes. Moreover, this effect could also be due to high soil
colonisation, production of toxic metabolites, and competition for
nutrients. Interestingly, the T. harzianum A6 effect was still evident
even eight months after inoculation, while usually this only lasts two
months (Harman et al., 2004).
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2007) and to the mineralisation of organic matter contained in compost
(Branzini et al., 2009). Moreover, it has been reported that the number
of fast-growing heterotrophic bacteria is not affected by the presence of
PTE because metal exposure leads to the establishment of a tolerant
microbial population that is able to use the nutrients available in this
type of environment (Kelly et al., 2003; Piotrowska-Seget et al., 2005;
Garau et al., 2007; Castaldi et al., 2009). In fact, total aerobic heterotrophic bacteria comprise sensitive and tolerant populations that
may alter heavy metal availability in their vicinity by producing compounds which complex metal or by acidifying their environment (Giller
et al., 1998).
The effect of treatments on PTE availability was highlighted by N
cycling bacteria that followed a different pattern to that of total aerobic
heterotrophic bacteria (Figure 5B-D). An inhibitory effect of rhizosphere on nitrite oxidizing bacteria (Figure 5D) is clearly shown in control plots (NT-NC) by the reduction of 14% (rhizo-soil vs bulk-soil),
while compost fertilisation and rhizome inoculation affected microbial
growth differently in the two soil types.
As compared to control plots (NT-NC), a 17% reduction was found
with NT-C and T-C in bulk-soil while the same treatments increased
microbial population in rhizo-soil (average +13%). Moreover, in the
rhizo-soil as compared to bulk-soil, a strong reduction in nitrite-oxidising bacteria with T-NC (-36%) and a significant increase with compost
addition (+14% and +20% for NT-C and T-C, respectively) were found.
Free-living (N2)-fixing bacteria and ammonia-oxidising bacteria
(Figure 5B and C) showed a similar pattern but a stronger difference
among population number in bulk and rhizo-soil was found (23% and
13% decrease, respectively).
The ammonia and nitrite-oxidising bacteria are particularly sensitive to heavy metal content of soil solution (Chandran and Love, 2008),
but the negative effect on nitrification of ammonium and/or nitrite ions
is also well known. Since no differences in soil mineral N content
occurred after compost fertilisation (data not shown), the reduction in
nitrite-oxidising bacteria in bulk-soil (NT-C and T-C vs. NT-NC) could
easily be interpreted as a result of the increased metal availability
proved by giant reed uptakes (see above). On the contrary, compost fertilisation was able to increase the nitrite-oxidising community in
rhizo-soil, probably because the high uptake ability of giant reed
reduced the availability of metals to microbes allowing an increase in
their biomass as a side effect of organic fertilisation. The negative
effect of plant activity on nitrite-oxidising bacteria, revealed by the
decrease in population in control plots (rhizo-soil vs bulk-soil) was
probably caused both by increased metal availability due to metal
chelating compounds, and by plant competition for mineral N (Herman

Conclusions

The results of this field experiment highlighted the high productive
potentiality of giant reed on a low polluted soil, showing a profitable
way to use soils not suitable for food production. The estimated reclamation may be reduced to approximately 25 years but this could still be
too long to meet the requirements of environmental decision makers.
Nevertheless, any cost-benefit evaluation should also take into account
the low cost of this phytoremediation technique and the potential profits from bio-energy and biopolymer production.
The preferential allocation of Cr in culms could create some problems for the energy conversion of giant reed biomasses. In fact, due to
the a-specific hypertolerance of giant reed to mineral pollutants, there
could be a significant increase in Cr concentration in culms grown on
highly polluted soils. Therefore, metal toxicity may seriously limit the
microbial driven conversion of lignin-cellulose to second generation
ethanol or biopolymers. In these conditions, only combustion or pyrogasification in a power plant, followed by ash decontamination through
hydrometallurgical processes seems advisable.
Compost fertilisation was shown to be a useful tool to increase both
PTE and mineral N availability to crops while Trichoderma harzianum
A6 inoculation was able to increase only PTE uptake. Further efforts are
needed to improve assisted phytoremediation with mycorrhizal fungi
by selecting strains with higher capacity to uptake specific mineral pollutants. Moreover, bacteria involved in nitrogen cycle were seen to be
useful biomonitors to assess soil quality and PTE bioavailability, representing a viable complementary technique to the common soil chemical analyses. Over the following years, further research has been
planned to assess the residual effects of the treatments on PTE
bioavailability and on the phytoremediation efficiency in the long term,
particularly when giant reed gains the maximum yield levels.
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