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a b s t r a c t

Rhizoremediation, the use of the plant rhizosphere and associated microorganisms represents a prom-
ising method for the clean up of soils contaminated with polycyclic aromatic hydrocarbons (PAHs)
including phenanthrene and pyrene, two model PAHs. Although numerous studies have been published
reporting the degradation of phenanthrene and pyrene, very few evaluate the microbial basis of the
rhizoremediation process through the application of molecular tools. The aim of this study was to
investigate the effect of wheat on the degradation of two model PAHs (alone or in combination) and also
on soil bacterial, fungal and nidA gene (i.e. a key gene in the degradation of pyrene) communities. The
addition of wheat plants led to a significant enhancement in the degradation of both phenanthrene and
pyrene. In pyrene-contaminated soils, the degradation rate increased from 15% (65 mg/kg) and 18%
(90 mg/kg) in unplanted soils to 65% (280 mg/kg) and 70% (350 mg/kg) in planted treatments while
phenanthrene reduction was enhanced from 97% (394 mg/kg) and 87% (392 mg/kg) for unplanted soils to
100% (406 mg/kg) and 98% (441 mg/kg) in the presence of wheat. PCR-DGGE results showed that the
plant root let to some changes in the bacterial and fungal communities; these variations did not reflect
any change in hydrocarbon-degrading communities. However, plate counting, traditional MPN and MPN-
qPCR of nidA gene revealed that the wheat rhizosphere led to an increase in the total microbial abun-
dance including PAH degrading organisms and these increased activities resulted in enhanced degra-
dation of phenanthrene and pyrene. This clearer insight into the mechanisms underpinning PAH
degradation will enable better application of this environmentally friendly technique.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Phytoremediation is defined as the use of plant and associated
microorganisms to remove, or degrade contaminants in soil, water
and air. This technique represents a cost effective, non-invasive
eco-friendly method for the clean-up of environmental contami-
nation (Arthur et al., 2005), that enjoys wide public acceptance.
Petroleum-derived hydrocarbons (e.g. polycyclic aromatic hydro-
carbons, PAHs) are a group of organic contaminants which have
been successfully treated by plants through a phytoremediation
technique termed rhizoremediation (Banks et al., 2003; Cheema
et al., 2010; Gaskin and Bentham, 2010; Reilley et al., 1996;
Shahsavari et al., 2013c). Generally, in rhizoremediation, the
rhizosphere accelerates the degradation of petroleum hydrocar-
bons with its associated induced microorganisms. This technology
. Shahsavari).
can be useful for treating contaminants which cannot be taken up
by plant tissue but can be degraded by microorganisms (Pilon-
Smits, 2005).

Plant roots may enhance the degradation rate of petroleum
hydrocarbons in different ways (Fig. 1). For example, plant roots
stimulate microbial activity by releasing nutrients, exudates and
oxygen into the soil (Macek et al., 2000). It is estimated that
40e90% of the stored carbon in the root of an annual plant is
released into the soil via rhizodeposition (Olson et al., 2004). As a
result, the density of microorganisms increase up to 10e1000 fold
in planted soil relative to unplanted soil. In addition, released car-
bon, exudates and oxygen in the soil leads to enhanced soil aeration
and also improved soil quality. In terms of PAH degradation, plants
may induce the microbial genes responsible for the early stage of
PAH degradation. One compound, salicylate plays an important role
in plant signaling and has also been reported as an inducer of the
nah gene (the gene is involved in naphthalene degradation) (Yen
et al., 1988).
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Fig. 1. Proposed beneficial effects of plant rhizosphere on the degradation of petroleum hydrocarbons (Olson et al., 2004).
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Among petroleum hydrocarbon compounds, PAHs are toxic,
mutagenic and carcinogenic. In addition, PAHs are recalcitrant and
persist in soils for a long, for example, the half-life of benz[a]
anthracene in soil is 6,250 d (Mougin, 2002). Consequently, the
USEPA has categorized 16 dangerous PAHs, including phenanthrene
and pyrene as priority contaminants. Phenanthrene and pyrene are
used as model compounds for 3-ring and 4-ring PAHs, respectively,
inmany phytoremediation studies (Cheema et al., 2010, 2009; Chen
and Banks, 2004; Chen et al., 2003; D'Orazio et al., 2013; Lee et al.,
2008; Liste and Alexander, 2000; Lu et al., 2014; Wang et al., 2014;
Wei and Pan, 2010). Lee et al. (2008) investigated the degradation of
phenanthrene and pyrene by four native Korean plant species
(Panicum bisulcatum, Echinogalus crus-galli, Astragalus mem-
branaceus, and Aeschynomene indica) during an 80-day experiment.
The results showed that >99% and between 77% and 94% of
phenanthrene and pyrene, respectively were degraded in planted
soil, while the degradation of these two PAHs in control soil was
99% and 69%. In another study, D'Orazio et al. (2013) investigated
the potential effect of 3 plant species, namely: alfalfa, oilseed rape
and ryegrass on the degradation of pyrene in a greenhouse-based
study. The authors reported that pyrene concentration was
reduced to 32%, 30% and 28% in soils planted with alfalfa, oilseed
rape and ryegrass, respectively, while it was reduced only to 18% in
the control after 90 d of incubation.

In spite of the fact that many reports are available in the liter-
ature regarding the phytoremediation of phenanthrene and pyrene
as PAH model compounds, only a few of these reports assessed the
soil microbial community using molecular tools. Chen and Banks
(2004) used polymerase chain reactionedenaturing gradient gel
electrophoresis (PCR-DGGE) to assess the bacterial community in a
pyrene-spiked soil planted with tall fescue. The authors were not
able to see any changes in bacterial community in spite of the fact
that the presence of the tall fescue plants significantly enhanced
the degradation of pyrene relative to unplanted soil. In addition, the
authors did not assess the fungal community.

It is well known that not all plant species are suitable for phy-
toremediation (Shahsavari et al., 2013c). In our previous study
(Shahsavari et al., 2013c), 11 plant species were assessed in order to
determine which plants could be used for phytoremediation pro-
jects in a hydrocarbon contaminated soil. Our results showed that
wheat was one of the plants that demonstrated a high potential for
use in the degradation of diesel/oil engine and crude oil sludge
among the 11 tested plants. Therefore, the objective of this study
was to further investigate the effect of wheat plants on the
degradation of model PAHs (phenanthrene and pyrene) alone or in
combination. In addition, both molecular tools (PCR-DGGE and
Most probable number-qPCR; MPN-qPCR) and traditional methods
were used to investigate the effects of rhizoremediation on the soil
contaminated with phenanthrene and pyrene.
2. Materials and methods

2.1. Experimental design

An uncontaminated sandy loam (clean) soil from South
Australia was used in pots for this study. Physical and chemical
characteristics of the soil have been described previously
(Shahsavari et al., 2013b).

The experiment was carried out in a greenhouse at 25e32 �C.
The contamination of the soil samples was performed as described
previously (Shahsavari et al., 2013a). The initial concentration of
phenanthrene and pyrene was 406 ± 48 and 430 ± 60 mg/kg
respectively when spiked individually, while when added in com-
bination, the concentration was found to be 450 ± 60 and
500 ± 70 mg/kg for phenanthrene and pyrene respectively.

Wheat seeds (n ¼ 5) were sown into each pot containing 1 kg of
either contaminated or uncontaminated soil. The number of seed-
lings was thinned to three when the seedlings length was ~3e4 cm.
In total, seven treatments and controls pots (each in triplicate) were
set up (Table 1). All pots were watered as appropriate so that a
water holding capacity of 70% was maintained throughout the
experiment. After 90 d, shoots and roots were harvested, with the
roots being shaken by hand to remove loose unwanted soil. The
attached rhizosphere soil and also control and clean soils were
collected for PAH and microbial analyses.

2.2. Measurement of plant parameters

The shoots and roots were harvested, washed with tap water
and dried gently with filter paper on a bench in a greenhouse. Shoot
lengths were measured after 30, 60 and 90 d while root lengths
were measured after 90 d. All samples were oven-dried at 75 �C for
72 h. The dry weights of shoots and roots were measured gravi-
metrically and expressed as root/shoot ratio (dry mass of roots/dry
mass of shoots).

2.3. PAH analysis

The soil samples were sent to an external analytical laboratory
(Flinders Advanced Analytical Laboratory, Flinders University,
Australia) for the analysis of PAH concentration. The phenanthrene
and pyrene concentrations of the soil samples were measured with
Gas Chromatography as described by Makadia et al. (2011).

2.4. Microbial enumerations of soil samples

Enumeration of total viable bacteria, actinobacteria and fungi in
soils was performed using plate counting methods, described
elsewhere (Peng et al., 2009). In addition, a most probable number



Table 1
Treatments used throughout this study.

Treatments Symbol

Uncontaminated soil þ wheat plant CS
Uncontaminated soil þ phenanthrene (control) CA
Uncontaminated soil þ phenanthrene þ wheat plant PA
Uncontaminated soil þ pyrene (control) CB
Uncontaminated soil þ pyrene þ wheat plant PB
Uncontaminated soil þ phenanthrene þ pyrene (control) CC
Uncontaminated soil þ phenanthrene þ pyrene þ wheat plant PC
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(MPN) method described by Gaskin and Bentham (2005) was used
to enumerate the PAH degraders.
2.5. Microbial community structure

Extraction of total DNA and RNA was carried out from soils ac-
cording to the method of Griffiths et al. (2000). The cDNA was
prepared using the Reverse Transcription System (Promega,
Australia) according to the manufacturer's protocol as described
previously (Shahsavari et al., 2013b). The DNA and cDNA were
stored at �20 �C until further analyses.

The total (16S rDNA) and active (16S rRNA (cDNA)) soil bacterial
community was amplified using 341F GC and 518R primers ac-
cording to themethod ofMuyzer et al. (1993). A nested PCRmethod
was used to evaluate the fungal community by using ITS1, IT1F GC,
ITS2 and ITS4 primers (ITS region based primers) as described by
Sheppard et al. (2011). The PAH degrading community (based on
the detection of nidA genes) was analyzed using nidA based primers
(Sho et al., 2004) using a semi-nested PCR as described previously
by Makadia et al. (2011); for the nidA gene based analysis, the GC
clamp was attached to the forward primer. DGGE analysis was
carried out on the PCR amplicons using a D-Code System (BioRad).
PCR products were loaded onto a 9% urea-formamide denaturant
gradient polyacrylamide gel with a denaturing gradient of 45e65%
for bacteria and 42e52% for fungi and nidA gene communities and
run for 20 h at 60 �C and 60 V. The DGGE gels were silver stained
(Girvan et al., 2003) or SYBR gold. Dominant and unique bands on
the bacterial and fungal DGGE gels were excised and sequenced as
described earlier (Adetutu et al., 2011). Images of DGGE gels were
scanned and subjected to analysis with Phoretix 1D software to
create a dendrogram.
2.6. Gene copy number of nidA genes using MPN-qPCR

Enumeration of nidA gene (a key gene in degradation of pyrene
andmost likely phenanthrene) copy numbers was performed using
MPN-qPCR, based on methods described by P�erez-de-Mora et al.
(2010). Serial dilutions of prepared DNA of different treatments
(control and planted soils) were used for PCR using the nidA
primers (Sho et al., 2004).
Fig. 2. Effects of phenanthrene and pyrene on wheat shoot length (a), root length (b)
and dry shoot/root biomass ratio (c) after 90 d of experiment. CS: Uncontaminated
soil þ wheat plant, PA: Uncontaminated soil þ phenanthrene þ wheat plant, PB:
Uncontaminated soil þ pyrene þ wheat plant, PC: Uncontaminated
soil þ phenanthrene þ pyrene þ wheat plant.
2.7. Data analysis

Analysis of variance (ANOVA) was carried out by using IBM SPSS
software (version 21) for all data. Mean values were separated us-
ing the Least Significant Difference (LSD test; P ¼ 0.05), if the F-
value was significant. The standard error (SE) was used where
required. In the present study some mean values from control soils
were presented in Shahsavari et al. (2013a). In addition, the prin-
cipal component analysis (PCA) on microbial DGGE profiles was
also carried out with IBM SPSS software (version 21).
3. Results and discussion

3.1. Effect of PAHs on wheat growth

Seedling emergence of wheat plants was 100% in both clean and
PAH-contaminated soils. This finding further validates our previous
results that showed that diesel or crude oil sludge did not have any
adverse effects on wheat emergence rate (Shahsavari et al., 2013c).

To assess the effects of PAHs on shoot growth of wheat, the
shoot length of each treatment was measured after 30, 60, or 90 d.
The results showed that addition of phenanthrene and pyrene
alone or in combination led to a significant reduction in shoot
length in contaminated soils relative to clean soil (Fig. 2a). These
differences in clean and contaminated soils were more evident
after 30 d of experiments. For example, at the end of the
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experiment, the shoot length in PA (soil þ phenanthrene þ wheat
plant), PB (soil þ pyrene þ wheat plant) and PC
(soil þ phenanthrene þ pyrene þ wheat plant) treatments was
389.8, 348.3 and 347.2 mm/plant, respectively, while the shoot
length in clean soil was 471.9 mm/plant. The highest reduction of
shoot growth was 26%, observed in PC treatments (Fig. 2a). In
contrast, there were no significant differences between clean soil
and contaminated soils in terms of root length (Fig. 2b). The dry
root/shoot biomass ratio and root length were measured at the end
of the experiments. The dry root/shoot biomass ratio was higher in
treatments PB (uncontaminated soil þ pyrene þ wheat plant) and
PC (Uncontaminated soil þ phenanthrene þ pyrene þwheat plant)
compared with PA (uncontaminated soil þ phenanthrene þ wheat
plant) and CS (CS: uncontaminated soil þ wheat plant); however,
there were no significant differences observed between them
(Fig. 2c).

Although the addition of PAHs in this study decreased shoot
growth, the exposure was not lethal and the aboveground parts of
the wheat plant could still provide photosynthetic products to the
roots. Peng et al. (2009) reported that the presence of 10,000mg/kg
petroleum hydrocarbons (TPH) in soil decreased shoot growth of
four o'clock flower plants by 23.6% compared to its unplanted
control soil. D'Orazio et al. (2013) showed that soil contaminated
with 100 mg/kg pyrene led to a decrease in the shoot growth of
alfalfa and oilseed rape while this level of pyrene did not affect the
shoot growth in ryegrass. In this study, in contrast, both root length
and dry biomass ratio in plants growth in contaminated soils were
not significantly different to those values obtained for plants from
control soils, confirming that wheat roots may still play an impor-
tant role in the degradation of phenanthrene and pyrene.
3.2. Phenanthrene and pyrene concentration in contaminated soils

The effects of wheat plants on the degradation of phenanthrene
and pyrene are shown in Table 2. In all treatments, the presence of
wheat had a positive impact on the degradation of phenanthrene
and pyrene. In pyrene-contaminated soils planted with wheat, the
degradation ratewas 65% (280mg/kg) in PB and 70% (350mg/kg) in
PC treatments respectively compared to 15% (65 mg/kg) and 18%
(90mg/kg) in corresponding control soils (Table 2). The % reduction
of phenanthrene in planted treatments when used alone or in
combination was 100% (406 mg/kg) and 98% (441 mg/kg), respec-
tively, compared with 97% (394 mg/kg) and 87% (392 mg/kg) for
unplanted soils.

These results are supported by numerous studies reported in the
literature with regard to these two types of model PAHs (Cheema
et al., 2010, 2009; Chen and Banks, 2004; D'Orazio et al., 2013;
Table 2
Reduction rate of phenanthrene and pyrene in wheat planted and control soils after
90 d of experiment.

Treatments

CA PA CB PB CC PC

Phenanthrene (%) 97b* 100a e e 87c 98a

Pyrene (%) e e 15b 65a 18b 70a

CA: Uncontaminated soil þ phenanthrene (control), PA: Uncontaminated
soilþ phenanthreneþwheat plant, CB: Uncontaminated soilþ pyrene (control), PB:
Uncontaminated soil þ pyrene þ wheat plant, CC: Uncontaminated soil þ
phenanthrene þ pyrene (control), PC: Uncontaminated soil þ phenanthrene þ
pyrene þ wheat plant.
*Means with the different letter are significantly different in each row at P � 0.05
using LSD test.
eNot detected.
Liste and Alexander, 2000; Xu et al., 2006). Liste and Alexander
(2000) evaluated the ability of nine plant species to increase the
degradation of pyrene in soil. The authors reported that pyrene
reduction in planted soils was 74% compared to 40% fromunplanted
control soil after 8 weeks of experiment.

In another study, Cheema et al. (2009) showed that the presence
of tall fescue plants led to enhanced degradation of phenanthrene,
with an average increase in utilization of 1.88e3.19% and pyrene
with an average increase in utilization of 8.85e20.69% compared to
corresponding control soils.
3.3. Effects of wheat plant on microbial activities of PAH-
contaminated soil

The results of plate counting showed that the number of bac-
teria was significantly higher in planted treatments relative to the
corresponding control soils (Fig. 3). However, there were no sig-
nificant differences observed among the plant treatments. The
bacterial population in PA, PB and PC treatments was 8.02, 7.95 and
7.99 log10 CFU/g dry soil compared to 6.29, 6.74 and 7.15 log10 CFU/g
dry soil in corresponding controls (CA, CB and CC treatments). A
similar trend was also observed in actinobacterial and fungal
populations confirming that the presence of wheat plants led to a
significant increase in the numbers of microorganisms in contam-
inated soils, with the exception of actinobacterial numbers in PA
treatment.

In terms of PAH degraders, in the PA treatment the number of
PAH degraders was not significantly different from its control (CA).
In contrast, the number of PAH degraders in PB and PC treatments
increased significantly from 4.51 to 4.62 log10 CFU/g dry soil in the
control soil (BC and CC) to 5.51 and 6.02 log10 CFU/g dry soil
respectively (Fig. 3).

Similar results were also reported by Cheema et al. (2009) which
showed that the bacterial population of soils planted with tall
fescue (6.33 � 107 to 11.85 � 107 CFU/g dry soil) were significantly
higher than in unplanted control soils (3.01� 107 to 5.69� 107 CFU/
g dry soil). The authors also reported that the numbers of fungi in
planted soils were 1.5e2 fold higher than in unplanted soils. These
increased activities may be as a result of root exudates and oxygen
released from plant roots in to the soil. Plants roots release sub-
stantial amounts of organic compounds such as amino acids,
organic acids, sugars, enzymes and polymeric carbohydrates into
the soil which provide a rich environment for microbial growth
(Olson et al., 2004).
Fig. 3. Microbial population of planted and control soils contaminated with phenan-
threne and pyrene after 90 d of experiment. CA: Uncontaminated soil þ phenanthrene
(control), PA: Uncontaminated soil þ phenanthrene þ wheat plant, CB: Uncontami-
nated soil þ pyrene (control), PB: Uncontaminated soil þ pyrene þ wheat plant, CC:
Uncontaminated soil þ phenanthrene þ pyrene (control), PC: Uncontaminated
soil þ phenanthrene þ pyrene þ wheat plant.



Fig. 4. Dendrogram (a) and PCA analysis (b) of total (16S rDNA) and active bacterial (16S rRNA) communities in planted and control soils. CA: Uncontaminated soil þ phenanthrene
(control), PA: Uncontaminated soil þ phenanthrene þ wheat plant, CB: Uncontaminated soil þ pyrene (control), PB: Uncontaminated soil þ pyrene þ wheat plant, CC: Uncon-
taminated soil þ phenanthrene þ pyrene (control), PC: Uncontaminated soil þ phenanthrene þ pyrene þ wheat plant.
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3.4. Effects of wheat plants on microbial communities of
contaminated soil and nidA gene abundance

Cluster analysis following DGGEwas used to assess the effects of
plants on bacterial (total and active bacteria) and fungal soil com-
munities. The results showed that in control soils, both total (16s
rDNA) and active (16S rRNA) bacteria clustered differently from
planted treatments (no specific trends were observed between
rDNA and rRNA) (Fig. 4a). PCA analysis showed that both total and
active bacterial communities in pyrene-contaminated soil controls
grouped differently from other treatments, confirming that wheat
plants resulted in some shifts in bacterial communities in pyrene
treatments (Fig. 4b).

In terms of fungi, cluster analysis of DGGE profiles and PCA
analysis revealed that the presence of a plant rhizosphere led to
some shifts in the fungal community. The contaminated soil plants
with wheat grouped differently from contaminated soil without
wheat plants (Fig. 5a and 5b).

In terms of the nidA gene community, results showed that the
addition of phenanthrene and pyrene or wheat plants did not
change the nidA gene community, with DGGE profiles remaining
the same irrespective of treatment. However, in the pyrene
Fig. 5. Dendrogram (a) and PCA analysis (b) of fungal community in planted and cont
soil þ phenanthrene þ wheat plant, CB: Uncontaminated soil þ pyrene (contro
soil þ phenanthrene þ pyrene (control), PC: Uncontaminated soil þ phenanthrene þ pyren
treatments (planted and control soils) only one extra band was
observed (data not shown).

Sequencing of the bands of interest in bacterial and fungal com-
munities showed that some of these bacteria and fungi in the DGGE
profiles represented known hydrocarbon degraders. However, most
of these proposed hydrocarbon degraders were also detected in
control soil suggesting that the hydrocarbonoclastic microorganisms
are members of the normal soil microflora. MPN-qPCR showed that
nidA gene copy numbers in PAH-contaminated soil planted with
wheat were much higher than the corresponding controls (data not
shown). The gene copies in planted treatments showed 3.5-, 5.6- and
3-fold increase. The nidA gene codes the large subunit of pyrene
dioxygenase which catalyzes the initial step of PAH metabolism. In
addition, nidA may also be involved in phenanthrene degradation
(Stingley et al., 2004). In this study, wheat plants led to an increase in
the nidA gene copy number in contaminated soil. This result suggests
that this gene can be used as biomarker for monitoring phytor-
emediation of phenanthrene and pyrene. The nidA gene has also
been used as a biomarker in PAH-contaminated soils (DeBruyn et al.,
2007; Peng et al., 2010). Peng et al. (2010) showed that nidA gene
copy numbers could be used to predict pyrene contamination and its
degradation activity in soils.
rol soils. CA: Uncontaminated soil þ phenanthrene (control), PA: Uncontaminated
l), PB: Uncontaminated soil þ pyrene þ wheat plant, CC: Uncontaminated
e þ wheat plant.
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4. Conclusion

The results from this study revealed that phytoremediation
using wheat can be an effective treatment for the degradation of
phenanthrene and pyrene. The presence of wheat roots led to an
increase in microbial activity together with some changes in both
bacterial and fungal communities as assessed by PCR-DGGE.
However, these changes did not reflect any shift in PAH-
degrading community in plant treatments, confirming the soil
used in this experiment already contained PAHs degraders,
although these hydrocarbon degraders were not active due to the
poor soil conditions (e.g. insufficient nutrient). The MPN and nidA
gene copy numbers showed that the presence of wheat roots
increased the abundance of PAHs degraders. Therefore, planting the
soils with wheat resulted in an increase in PAHs degradation,
presumably through the addition of root exudes and oxygen into
the soils.
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