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Abstract

Purpose Soil contamination by multiple organic and inorgan-
ic contaminants is common but its remediation by hyperaccu-
mulator plants is rarely reported. The growth of a cadmium
(Cd) hyperaccumulator Sedum alfredii and removal of con-
taminants from Cd and polycyclic aromatic hydrocarbons
(PAHSs) co-contaminated soil were reported in this study.
Materials and methods Soil slightly contaminated by Cd
(0.92 mg kg "' DW) was collected from a vegetable field in
Hangzhou and was spiked with two levels (0 and 6 mg kg
DW) of Cd and three levels (0, 25, and 150 mg kg ' DW) of
phenanthrene (PHE) or pyrene (PYR). A pot experiment was
conducted in a greenhouse using S. alfredii with unplanted
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controls for 60 days. Shoot and root biomass of plants, dehy-
drogenase activity (DHA), and microbial biomass carbon in
the soil were measured. Concentrations of Cd and PAHs in the
plant and soil were determined.

Results and discussion Elevated Cd level (6.38 mg kg '
DW) increased S. alfredii growth. The presence of PAHs
decreased the stimulatory effects of Cd on plant biomass and
Cd concentrations in shoots in Cd spiked soil, thus decreas-
ing Cd phytoextraction efficiency. Cadmium removal by S.
alfredii after 60 days of growth varied from 5.8% to 6.7%
and from 5.7% to 9.6%, in Cd unspiked and spiked soils,
respectively. Removal rate of PAHs in the soil was similar
with or without the plants. Removal rate of PYR decreased
at the elevated Cd level in the soil. This appears to be due to
a decrease in soil microbial activity. This is confirmed by a
decrease in DHA, which is a good indicator of soil microbial
activity.

Conclusions Our results demonstrate that S. alfredii could
effectively extract Cd from Cd-contaminated soils in the
presence of PHE or PYR; however, both PAHs exhibited
negative effects on phytoextraction of Cd from Cd spiked
soil (6.38 mg kg~' DW). S. alfredii is not suitable for
remediation of PAHs. The effects of Cd and PAHs concen-
trations on the removal rate of PAHs appear to be attributed
to the changes in microbial activities in the soil.

Keywords Cadmium - Co-contamination -
Hyperaccumulator - Polycyclic aromatic hydrocarbons

1 Introduction

Soil contamination by cadmium (Cd) and polycyclic aro-

matic hydrocarbons (PAHs) has been accelerated in China
during the past decade because of rapid urbanization and



J Soils Sediments (2012) 12:556-564

557

industrialization (Sun et al. 2011). Accumulation of these
pollutants in the soil negatively influences the soil health,
food chain safety, and public health (Lu and Zhu 2009;
Murakami et al. 2009). Increasing environmental Cd load
represents a threat to plant, animal, and human due to its
high mobility and toxicity (Bertin and Averbeck 2006).
Polycyclic aromatic hydrocarbons (PAHs), a group of priority
pollutants suggested by the US Environmental Protection
Agency (US EPA), are frequently detected in varying concen-
trations in agricultural and urban soils worldwide (Tao et al.
2004; Li et al. 2006; Honda et al. 2007; Morillo et al. 2007).
Forty percent of the hazardous waste sites currently on the
National Priority List of the US EPA are contaminated by
multiple pollutants (Sandrin et al. 2000).

Remediation of soils co-contaminated by metals and
organic pollutants is a complex problem, since the chemical
processes and remediation technologies are different for
each group of pollutants (Sandrin and Maier 2003). The
feasibility of phytoremediation for soils contaminated by
multiple organic and inorganic contaminants has been re-
cently investigated (Lin et al. 2006, 2008; Singer et al. 2007,
Zhang et al. 2009; Rengel et al. 2011; Sun et al. 2011). The
presence of multiple contaminants influences remediation
processes because of their interactive effects on soil processes,
plant growth, and rhizosphere biota (Almeida et al. 2008). The
presence of PAHs may influence the mechanisms of metal
uptake, thus kinetics and extent of metal phytoextraction
(Almeida et al. 2008). For instance, the presence of pyrene
in copper (Cu) contaminated soils decreased phytoextraction
efficiency of Cu by maize (Zea mays L.; Lin et al. 2008).
However, extraction of nickel (Ni) by hyperaccumalator plant
Alyssum lesbiacum was not influenced by co-contamination
of PAHs (Singer et al. 2007). Uptake of zinc (Zn) by Indian
mustard (Brassica juncea) was greater from a soil co-
contaminated by pyrene and Zn as compared to that from only
Zn-contaminated soil (Batty and Anslow 2008). On the other
hand, excess metals in the soil may influence biodegradation
of organic pollutants in aerobic or anaerobic co-contaminated
systems (Sandrin and Maier 2003).

Hyperaccumulating plants are valuable for phytoextrac-
tion of metals in contaminated soils (Salt et al. 1998;
McGrath and Zhao 2003). Sedum alfredii is a Cd hyper-
accumulator native to China (Lu et al. 2008; Tian et al.
2009). It has been studied extensively with respect to its
hyperaccumulating characteristics (Lu et al. 2008, 2009,
2011; Tian et al. 2009, 2010). The plant exhibited high
translocation of soil Cd from roots to shoots (Yang et al.
2004). Roots of this plant could excrete high amounts of
dissolved organic matter that can complex and detoxify
heavy metals in the rhizosphere, hence could be beneficial to
PAHs degrading microorganisms in the soil (Li et al. 2011).

Several researchers focused mainly on the potential of
crops or wetland plants for phytoremediation of soils or

sediments co-contaminated by metals and organic contami-
nants (Lin et al. 2008; Zhang et al. 2009; Rengel et al.
2011). The growth and phytoextraction potential of Cd
hyperaccumulator S. alfredii in metal and PAHs co-
contaminated soils are not fully investigated. The objectives
of this study were to investigate: (1) the growth of S. alfredii
in soil co-contaminated by Cd and PAHs, (2) phytoextrac-
tion of Cd by S. alfredii in the presence of PAHs and vice
versa, (3) PAHs removal in co-contaminated soils, and (4)
the interactive effects of Cd, PAHs and plant on soil dehy-
drogenase activity (DHA) and microbial biomass carbon,
which are good indicators of soil microbial activity.

2 Materials and methods
2.1 Chemicals

Phenanthrene (PHE) and pyrene (PYR) as representative
PAHs, were purchased from Aldrich Chemical Co. with a
purity>98%. Molecular weights (M,, g mol ") were 178.23
for PHE and 202.26 for PYR; solubility in water at 25°C
(Sw, mg L") were 1.18 for PHE and 0.12 for PYR and
octanol-water partition coefficients (log K,) were 4.46 for
PHE and 4.88 for PYR (Yaws 1999).

2.2 Soil treatments

Soil was collected (0-20 cm depth) from a vegetable field in
Hangzhou, Zhejiang province, China, which was PAHs free
but slightly contaminated with Cd (0.92 mg kg ' DW). Se-
lected physicochemical properties of the soil are presented in
Table 1. The bulk soil was air-dried and sieved through a
5-mm sieve prior to spiked with Cd (6 mg kg™’ DW) and
PAHs (25 or 150 mg kg ' DW). With inclusion of unspiked
soil, there were two Cd levels and three PHE/PYR levels. The
soil, as per treatment, was first spiked with aqueous solution of
Cd(NOs), as a source of Cd and incubated moist for 8 weeks.
The unspiked soil was also incubated under the same condi-
tions. The subsamples were air-dried, fully homogenized and
sieved through a 5-mm sieve again and then spiked with PHE
or PYR in acetone. After acetone was evaporated, the treated
soils were progressively mixed with PAHs free soil and ho-
mogenized. The treated soils were then packed into pots (1 kg
soil per pot), and equilibrated in a greenhouse for 3 days at
60% water-holding capacity (WHC). The initial concentra-
tions of contaminants in soils of different treatments were
measured and data are shown in Table 2.

2.3 Plant material

Healthy and uniform sized shoots of S. alfiedii were chosen
from seedlings grown in Cd-free soil for 4 months and
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Table 1 Selected physicochemical properties of the soil in this study

Parameter Value

pH 5.15+0.09
Organic matter (g kg ' DW) 20.69+1.39
CEC (¢ mol kg”' DW) 13.45+0.22
Total N (mg kg ' DW) 1,750+15.46
Available N (mg kg ' DW) 87.89+5.83
Total P (mg kg ' DW) 870+7.51
Available P (mg kg”' DW) 12.78+0.84
Soil texture

Clay (%) 34.4+0.2
Silt (%) 55.6+0.3
Sand (%) 10.0+0.1
Total metals (mg kg~' DW)

Zn 147.53+5.32
Cu 15.61+£1.94
Pb 30.41+2.06
Cd 0.92+0.04
PAHs (mg kg ' DW)

Phenanthrene Not detected
Pyrene Not detected

grown first in distilled water for initiation of new roots, then
transferred to one fourth strength of Hoagland solution for
4 weeks, and then transplanted (five plants per pot) to the
soil pots with different treatments.

2.4 Pot experiment

Each treatment shown in Table 2 was maintained with or
without plants (each with three replicate pots). The experiment

Table 2 Initial concentrations of Cd, phenanthrene (PHE), and pyrene
(PYR) in the treated soils (mg kg ™' DW)

Treatments® Cd Phenanthrene Pyrene

Cd1P0 0.92+0.04 Not detected Not detected
Cd1PHE1 0.92+0.04 13.3+£0.95 Not detected
Cd1PHE2 0.92+0.04 122.3+£13.7 Not detected
Cd1PYR1 0.92+0.04 Not detected 17.2+1.84
Cd1PYR2 0.92+0.04 Not detected 117.0+£9.21
Cd2P0 6.38+0.12 Not detected Not detected
Cd2PHEI1 6.38+0.12 14.0+0.85 Not detected
Cd2PHE2 6.38+0.12 118.1+11.5 Not detected
Cd2PYRI1 6.38+0.12 Not detected 14.7+0.98
Cd2PYR2 6.38+0.12 Not detected 115.1+9.43

* Treatments: Cd1 and Cd2 represent unspiked and 6.00 mg kg~' DW
Cd spiked soils; PO represents PAHs free soil; PHE1 and PHE2
represent 25 and 150 mg kg~' DW spiked with phenanthrene; PYR1
and PYR2 represent 25 and 150 mg kg' DW spiked with pyrene
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was conducted in the greenhouse (Huajiachi campus,
Zhejiang University) with natural light and day/night temper-
ature of 30/24°C and humidity of 70/85%. The water content
of the soil in the pots was regularly adjusted to about 60%
WHC by weighing the pots.

2.5 Soil and plant sampling and sample preparation

Soil and plants were sampled 60 days after transplanting.
Plant shoots and roots separated from soil were carefully
washed first with tap water, and then distilled water for several
times. Shoots and roots were freeze-dried (LABCONCO,
USA). Dry biomass weights were recorded, ground to powder
(<0.25 mm) using a horizontal grinder (Retsch RS-100,
Germany) and stored in a deep freezer at —80°C prior to
analysis.

The whole soil from each pot was homogenized and
divided into two subsamples. One subsample was air dried,
sieved through 2 mm screen and stored at 4°C prior to
analysis of microbial biomass carbon according to the method
described below and DHA following the procedure described
by Lee et al. (2008). A mixture of 1 mL of triphenyltetrazo-
lium chloride solution (3%) and 1.5 mL of distilled water were
added to 10 g of soil mixed with 0.1 g of CaCO5. After 24 h of
incubation at 37°C, the reaction product was extracted with
methanol, and the absorbance was measured at 485 nm. The
second subsample was freeze dried and ground to powder
(<0.25 mm) and stored in the deep freezer at —80°C prior to
PAHs and Cd analyses.

2.6 Soil microbial biomass carbon analysis

The fumigation-extraction method described by Vance et al.
(1987) with some modifications was used. The sample, after
remoistened and incubated for a week, was fumigated in the
dark in a vacuum desiccator filled with gasified ethanol-free
CHCI; for 24 h at 25°C. The CHCl; was removed and the
soil samples were extracted by shaking with 20 mL 0.5 M
K,S0, for 30 min on a rotary shaker. The suspension was
then filtered through filter paper. Triplicate samples of unfu-
migated control soils were extracted for dissolved organic
carbon under the same conditions. Dissolved organic C in
the extract was measured using an automated TOC analyzer
(Analytik Jena multi N/C 3100, Germany). Biomass C (B¢)
was calculated as: B-=E-/0.45, where Ec- = [(organic C
extracted from fumigated soil) — (organic C extracted from
non-fumigated soil)], 0.45 is the conversion coefficient from
carbon flush to microbial biomass carbon.

2.7 PAHs analyses in soil and plant

The procedure reported by Gao and Zhu (2004) with some
modifications was used for soil samples. Two grams soil
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was weighed into a 25-mL glass tube; 10 mL dichloromethane
was added, followed by ultrasonication for 1 h and centrifuged
at 3,000 rpm for 10 min. Then 2 mL of the supernatant was
filtered through 2.5 g of silica gel column with 15 mL hexane
and dichloromethane mixture (1/1, v/v). The solvent fraction
was then evaporated using a rotary evaporator and dissolved
in methanol for a final volume of 5 mL.

For plant tissue, the procedure described by Zhu and
Zhang (2008) with some modifications was used. Freeze-
dried plant sample was weighed 0.2 g (for shoot) or 0.05 g
(for root) into 25-mL glass tubes, 10 mL acetone and
dichloromethane mixture (1/1, v/v) was added, followed by
ultrasonication for 30 min and centrifuged at 3,000 rpm for
10 min. The supernatants from three successive extractions
were collected, evaporated and dissolved in 2 mL of hexane,
followed by the same clean up and concentration procedure
as described above for soil samples.

The above extract was filtrated through a 0.22-um filter,
PAHs concentration was determined using Agilent 1200
HPLC with a 4.6 x 150 mm reverse phase XDB-C18 column
and both UV and FLD detectors with methanol/water
(85/15, v/v) as the mobile phase at a flow rate of 1 mL min .
Chromatography was performed at 30°C. PHE and PYR were
detected at 245 and 234 nm, respectively, using UV detector.
The excitation wavelengths of PHE and PYR were 246 and
270 nm, while the emission wavelengths were 370 and
390 nm for FLD detector.

The average recoveries obtained by spiked soil samples
with known concentrations of PHE and PYR were 96.8%
(n=4, RSD<2.13%) and 93.2% (n=4, RSD<1.98%), re-
spectively. The average recoveries obtained by spiked plant
samples with PHE and PYR were 94.3% (n=4, RSD<
2.87%) and 91.9% (n=4, RSD<2.22%), respectively.

PAHs removal rate in soils was calculated as:

PAHs removal rate (%) = [(initial concentration of PAHsin soil

— concentration of PAHsin soil after 60 days)/initial concentration PAHs in soil] x 100

2.8 Cd analyses in soil and plant samples

Ground plant samples were digested in HNO5-HC1O,, while
the soil samples were digested in HF-HNO;-HCIO4. Cadmium
concentrations were determined using ICP-MS (Agilent
7500a, USA).

The translocation factor (TF) was calculated as:

TF = Cd concentration in shoot/Cd concentration in root

The percent of removal of Cd by plants was calculated as:

Cdremoval by plant (%)
= (total Cd accumulation in plant per pot/initial Cd amount per pot)
x 100

2.9 Statistical analyses

Statistical two-way analysis of variance was used to com-
pare the effects of Cd, PAHs, and their interactions on plant
growth, biomass, contaminant concentrations, and accumu-
lation in plant tissues, Cd removal by plants, PAHs removal
rate in soils, soil dehydrogenase activity, and microbial
biomass carbon. All data were statistically analyzed using
the SPSS package (version 16.0) and least significant dif-
ference was applied to test for significance between the
means.

3 Results and discussion
3.1 Plant growth and biomass

After 60 days of growth, no visible symptoms of contami-
nant toxicity were observed in S. alfredii across all the
treatments. The growth of shoot was significantly influ-
enced by the presence of Cd but not by PAHs and their
interactions; however, the growth of root was also influ-
enced by PAHs (Fig. 1). Plant biomass weight was signifi-
cantly greater in Cd spiked soil without PAHs, as compared
to that in all other treatments, except shoot biomass in Cd
spiked soil with 25 mg kg™ ' PYR. The effects of Cd toxicity
have been studied for various plants across a wide range of
production systems (Clemens 2006). Shentu et al. (2008)
reported no inhibitory effects of Cd (up to 7.00 mg kg™
DW) on shoot growth of three vegetables. Relatively low
levels of Cd (<3.5 mg kg ' DW) had promotion effects on
plant growth. Similar findings were reported for a broad
range of species (Liu et al. 2003; Nyitrai et al. 2003). In
the present study, shoot biomass in 60 days was significantly
greater with Cd addition alone as compared to control. Sig-
nificant shoot growth enhancement of S. alfredii was noted at
relatively low Cd levels (25-100 wmol L™") under hydroponic
condition (Yang et al. 2004). It seems that low to moderate Cd
level in growth medium promotes S. alfredii growth, while it
can also tolerate higher level of Cd.
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Fig. 1 Dry weight of Sedum alfredii (five plants per pot) influenced by
Cd and PAHs treatments after 60 days of growth. Means with different
letters by shoot and root are significantly different based on least
significant difference (P<0.05). The results of two-way analysis of
variance (ANOVA) are shown below the graph, *P<0.05, **P<0.01
and n.s. not significant. Cdl and Cd2 represent unspiked and
6.00 mg kg ' DW Cd-spiked soils, PO represents PAHs free soil,
PHE! and PHE2 represent 25 and 150 mg kg ' DW spiked with
phenanthrene, PYR1 and PYR2 represent 25 and 150 mg kg™' DW
spiked with pyrene. Error bars standard deviation (n=3)

Low sensitivities to PAHs have been reported on some
grasses and vegetables (Gao and Zhu 2004; Batty and Anslow
2008; Lu and Zhu 2009). The effect of PAHs on wetland plant
growth could be largely depending on plant species regardless
of PAHs types and media (Zhang et al. 2010). Concentrations
of PHE and PYR above certain levels (133 and 172 mg kg
DW) decreased dry weight of 12 plant species (Gao and Zhu
2004). However, shoot biomass of Z. mays L. was not nega-
tively influenced by high initial concentration of 500 mg kg
DW PYR (Lin et al. 2008). In the present study, PAHs at both
concentrations showed no significant influence on plant
growth in Cd unspiked treatments. However, in Cd spiked
treatments, addition of PAHs decreased the shoot and root
biomass. These results suggest that interactions of Cd and
PAHs in Cd-spiked soil might exacerbate the phytotoxicities
of the contaminants, thus resulting in a decrease in biomass
weight. Both antagonistic and synergistic effects of metals and
PAHs on plant growth have been reported in co-contaminated
soils. For instance, the shoot biomass of Z. mays L. increased
with increasing concentration of PYR from 50 to 500 mg kg
DW, suggesting mitigation of Cu toxicity effects by PYR (Lin
etal. 2008). Rengel et al. (2011) also reported mitigation of Cd
toxicity to a wetland plant (Juncus subsecundus) with addition
of PHE and PYR. However, PYR did not alleviate Cd toxicity
to Z. mays L. (Zhang et al. 2009).

@ Springer

3.2 Cd accumulation, translocation, and extraction by plant

The concentration of Cd in the shoot and root were signif-
icantly influenced by Cd, PAHs, and their interactions. The
concentrations of Cd in shoot and root were greater in the
plants grown in Cd spiked soil as compared to those of the
plants in unspiked soil (Fig. 2), which agreed with the
reports by Yang et al. (2004). In the Cd unspiked soil, the
shoot and root Cd concentration were similar regardless of
types and concentrations of PAHs. The shoot Cd concen-
trations in Cd spiked soil decreased in the order: PHE or
PYR unspiked > both levels of PHE spiked > both levels of
PYR spiked treatments. Cadmium concentration of shoot in
Cd spiked soil decreased by the presence of either PHE or
PYR at both levels. This response was similar to that
reported by Lin et al. (2008), i.e., Cu concentration in shoot
of Z. mays L. grown in soil containing 400 mg Cu kg~' DW
soil was lower with co-contamination of PYR as compared
to that without PYR. Almerida et.al (2008) reported that
PAHs can increase Cu sorption by salt marsh plants by way
of increasing Cu solubility; however, such phenomenon
only occurred when plants were present, indicating that
PAHs-Cu interaction may be related to plants. Fractionation
of Cd in Cd contaminated soil showed no difference
with or without co-contamination of PYR (Zhang et al.
2009). Rengel et al. (2011) reported a decrease in water-
extractable Cd with PAHs additions, however no effect on
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Fig. 2 Cd concentrations and translocation factors of Sedum alfredii
influenced by Cd and PAHs treatments after 60 days of growth. The
translocation factor (TF) was calculated as: TF = Cd concentration in
shoot/Cd concentration in root. Means with different letters by shoot
and root are significantly different based on least significant difference
(P<0.05). The results of two-way analysis of variance (ANOVA) are
shown below the graph, *P<0.05, **P<0.01, and #n.s. not significant.
Refer to Fig. 1 legend for explanation of treatments abbreviations.
Error bars standard deviation (n=3)
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ethylenediaminetetraacetic acid-extractable Cd (which is
more related to plant growth). In the present study, the shoot
Cd concentrations of plants grown in Cd spiked soil were
lower with additional spiking of PYR than that of PHE (see
Fig. 2). This differential effect between two species of PAHs
on Cd uptake by S. alfredii may be related to the difference in
the phytotoxicities of PHE and PYE. In addition, PHE and
PYR have different water solubility which leads to lower
bioavailability of PYR. As a result, PHE is easier to degrade
than PYR, with less negative influence on the uptake of Cd by
S. alfredii. Further research is needed.

The TFs of Cd varied from 1.51 to 3.32 across all the
treatments, and were greater for the plants grown in Cd spiked
soils than those in Cd unspiked soils (see Fig. 2). This is in
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Fig. 3 Cd accumulation in plant shoot and root (a), and the percentage
of Cd removal from soils by whole plants (b) influenced by Cd and
PAHs treatments after 60 days of growth. Means with different letters
are significantly different based on least significant difference (P<
0.05). The results of two-way analysis of variance (ANOVA) are
shown below the graph, *P<0.05, **P<0.01, and #n.s. not significant.
Refer to Fig. 1 legend for explanation of treatments abbreviations.
Error bars standard deviation (n=3)

agreement with the characteristics of Cd hyperaccumulator
(Salt et al. 1998). In the Cd spiked soil, TF for Cd was lower in
PYR spiked treatment as compared to those in PHE spiked or
in soil without PAHs. In the Cd unspiked soil, TF was not
influenced by PAHs co-contamination (except 150 mg kg™’
DW PYR spiked treatment).

Cadmium accumulation in shoot and root of plants across
different Cd and PAHs treatments exhibited similar trend as
that of Cd concentration (Fig. 3). The percentage of Cd
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Fig. 4 Concentrations of phenanthrene (a) and pyrene (b) in shoot and
root of Sedum alfredii influenced by Cd and PAHs treatments after
60 days of growth. Means with different letters by shoot and root are
significantly different based on least significant difference (P<0.05).
The results of two-way analysis of variance (ANOVA) are shown
below the graph, *P<0.05, **P<0.01, and n.s. not significant. Refer
to Fig. 1 legend for explanation of treatments abbreviations. Error bars
show standard deviation (n=3)
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removal from soil was significantly greater by the plants
grown in Cd spiked soil without PAHs as compared to that
for all other treatments. Cadmium removal percentage varied
from 5.8% to 6.7%, and from 5.7% to 9.6%, in Cd unspiked
and Cd spiked soils, respectively. Presence of PAHs at both
concentrations in Cd spiked soil decreased the percentage of
Cd removal by S. alfredii.

3.3 PAHSs removal from soil

Numerous literatures have pointed out that PAHs could be
degraded by soil indigenous microorganisms (Reilley et al.
1996; Gao and Zhu 2004; Lee et al. 2008; Lu et al. 2008;
Sun et al. 2011). In the present study, the range of percent-
age of PHE removal was greater than that of PYR (Table 3).
These results agreed with other reports (Gao and Zhu 2004;
Lee et al. 2008). The removal of PAHs could be due to
biotransformation, biodegradation, plant uptake and metabo-
lism, or abiotic dissipation including photodegradation, vola-
tilization, and incorporation into soil organic material (Reilley
et al. 1996; Lin et al. 2008). The magnitudes of abiotic and
biotic losses of PAHs were not separated in the present study.
Sun et al. (2010) indicated that the contribution of abiotic
losses of soil PHE (amounting to 83% of the initial amount)
and PYR (57%) was the greatest among the four pathways

including abiotic losses, microbial degradation, plants uptake,
and promotion from root exudates. In this study, the abiotic
losses including volatilization and photodegradation might be
also high due to the labile nature of PHE and PYR.

Polycyclic aromatic hydrocarbons accumulation by S.
alfredii was quantified in the present study. There was a
significant positive correlation between PHE or PYR con-
centrations in plant tissues and the concentrations of PHE or
PYR spiked to soil (Fig. 4). These results were similar to
those reported by Gao and Zhu (2004). However, the accu-
mulation of PAHs in the plant was not significantly influ-
enced by soil Cd levels. The contribution of PAHs uptake by
plant to the total loss of PAHs from the soil was quite small,
which was consistent with previous studies (Ke et al. 2003;
Gao and Zhu 2004; Lu and Zhu 2009).

Many studies have demonstrated that numbers of plant
species can enhance PAHs removal (Reilley et al. 1996; Lee
et al. 2008; Lin et al. 2008; Sun et al. 2011; Teng et al. 2011)
as compared to that from unplanted soil due to phenomena
such as increased microbial activity and degradation medi-
ated by plant-secreted enzymes in the root zone (Lee et al.
2008). In contrast, there were no significant effects of S.
alfredii on enhancement of PAHs removal as compared to
the unplanted treatments (see Table 3). Previous studies also
reported small difference in PAHs removal between planted

Table 3 PAHs removal rate, dehydrogenase activity and microbial biomass C in soils influenced by Cd, PAHs and plant after 60 days

Dehydrogenase activity (ug TPF g ' dry soil)

Microbiol biomass C (ug C g ' dry soil)

Unplanted Planted Unplanted

Treatments® PAHSs removal rate (%)

Planted Unplanted Planted
CdIPHE1 97.80+0.50 B®  98.09+0.47 A 259.20+8.43 A
Cd2PHEI1 96.61+£0.27 C 98.17+0.05 A 218.00+15.88 B
Cd1PHE2 98.23£0.39 AB  97.93+£1.27 A 177.50+£9.46 C
Cd2PHE2 98.73+£0.31 A 98.72+0.16 A 133.20+12.06 D
ANOVA®
PHE level Hk ns ok
Cd level ns ns wx
PHEx Cd Hk ns ns
Cd1PYR1 77.89+4.51 A 78.97£291 A 248.87+14.31 A
Cd2PYRI1 53.2844.98 B 59.86+3.77 B 210.53+7.12 B
Cd1PYR2 50.03+0.23 B 50.34+1.13 C 151.63+17.46 C
Cd2PYR2 36.50+0.14 C 34.56+2.85 D 109.60+9.72 D
ANOVA
PYR level *x *x *x
Cd level *x *x *x
PYR x Cd ns ns ns

253.97+12.53 A
210.27+11.71 B
170.90+10.13 C
127.57+10.41 D

ok

ok

ns
240.07+15.07 A
212.37+7.61 B
144.63+5.80 C
113.73+5.99 D

ok

ok

ns

154.03+11.42 B
156.00+14.05 B
179.60+7.93 A

173.37+9.84 AB

kok

ns

ns
156.50+11.38 B
157.00+11.02 B
183.07+5.38 A
184.36+7.94 A

kK

ns
ns

154.77+11.41 A
154.73+£22.93 A
178.77+10.61 A
179.47+6.70 A

*

ns

ns
153.80+8.79 B
157.75+10.64 B
179.24+3.27 A
186.30+£6.38 A

ok

ns
ns

# Treatment notation was the same as in Table 2

" Means followed by different letters with the same column indicate significant differences at P<0.05
¢ The results of two-way analysis of variance (ANOVA) are shown, *P<0.05, **P<0.01, and ns not significant

@ Springer



J Soils Sediments (2012) 12:556-564

563

and unplanted soil, if the root system of plant was not very
active and developed (Ke et al. 2003; Lee et al. 2008). Plant
species vary widely with respect to root parameters and
rhizosphere characteristics (Gill and Jackson 2000; Smalla
et al. 2001), and the remediation potential of PAHs may vary
with plant species and ecotypes (Lee et al. 2008).

In the present study, the removal rate of PHE was not
influenced by either Cd or PHE levels in unplanted treat-
ments (see Table 3). However, PHE loss in planted treat-
ment was significantly lower in Cd spiked soil in the
presence of low concentration of PHE as compared to that
in the rest of the treatments. The removal rate of PYR was
significantly influenced by PYR and Cd levels but not by
their interactions. The removal rate of PYR decreased sig-
nificantly with the addition of Cd and an increase in PYR
concentration in the soil (see Table 3). Effect of metals on
the degradation of PAHs can be negative or positive depend-
ing on type and concentration of both metals and PAHs
(Rengel et al. 2011). In the study of lead (Pb) and PYR
remediation, PYR removal was accelerated by Pb in both
rhizosphere and nonrhizosphere soils (Khan et al. 2009).
The presence of plant also played an important role on
influence of metals on PAHs removal, i.e., Z. mays L.
inhibited PYR removal in the presence of high concentra-
tion of Cu, implying that the change in microbial activity or
modified root physiology under Cu stress was probably
unfavorable to PYR removal (Lin et al. 2008). In this study,
negative effects of Cd on PYR removal were significant (see
Table 3); however, this effect was quite similar between
planted and unplanted soil. It is well documented that the
presence of metals such as Cd (as low as 2 mg kg'' DW
soil) can inhibit a broad range of microbial processes (Baath
1989). Rengel et al. (2011) reported that the treatments
planted with J. subsecundus significantly increased PHE
removal when 10 mg kg'' DW Cd was added, but that
was not the case in the treatment mixed with 50 mg kg’
DW Cd and 500 mg kg ' DW PAHs. The additions of Cd
and PAHs could influence the plant-microbe interactions in
the rhizosphere. The high Cd and PAHs concentrations
might be toxic to specific groups of microorganisms, and
the presence of PAHs may exasperate Cd toxicity to micro-
organisms (Shen et al. 2005).

The biological parameters measured during the experi-
ment were significantly correlated with PAHs concentration;
the DHA was negatively correlated with both PAHs concen-
tration, whereas the microbial biomass C was only positive-
ly correlated with PYR concentration. Dehydrogenase
activity in the soil is a good index of biological activity in
the soil (Gunther et al. 1996). Strong correlations between
PAHs removal and dehydrogenase activity are frequently
reported (Lee et al. 2008; Teng et al. 2011). In the present
study, an increase in Cd concentration in the soil decreased
the PYR removal at both PYR concentrations (see Table 3).

This also corresponds to a decrease in DHA. However, Cd
did not affect soil microbial biomass carbon at the end of
60 days, which was only affected by PAHs addition as a
carbon resource. The effects of Cd on PAHs removal and
biological parameters in soil need to be investigated within a
broad range of Cd levels in the future. Soil microbial com-
munity responses to Cd and PAHs co-contamination are also
important to reveal the mechanisms of effects of Cd on
PAHs removal.

4 Conclusions

The results of this study demonstrated that S. alfredii could
effectively extract Cd from Cd-contaminated soil (Cd aged
and spiked) in the presence of PHE or PYR; however both
exhibited negative effects on phytoextraction of Cd from the
Cd-spiked soil. Dissipation of both PHE and PYR was
similar in the bare soil as well as that planted with S. alfredii.
Removal rate of pyrene and soil DHA were negatively
impacted by an increase in Cd concentration. Hence, reme-
diation of heavy metals and organic contaminants co-
contaminated soils by metal hyperaccumulator plants is
influenced by interactions of contaminants in the soil. Ad-
ditional strategies are needed to accomplish the coremoval
of Cd and PAHs from co-contaminated soils by S. alfredii.
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