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Abstract
Background and aims Legumes respond to PAH-
contamination in a systemic manner and influence the
overall rhizosphere microbial community structure, but
the effect on the functional microbial community is
unknown. In this study, plant-mediated PAH effects on
specific bacterial taxa and the PAH-degraders in the
rhizosphere were examined.
Methods White clover was cultivated using a split-root
system, with one side exposed to phenanthrene or pyrene,
and the other side uncontaminated. Rhizosphere micro-
bial diversity and activity were assessed with DGGE and
qPCR, and changes in the root exudation were analyzed
with GC-MS and HPLC.
Results PAH contamination of one side of the rhizo-
sphere significantly influenced the community structure
of Alphaproteobacteria , Betaproteobacteria ,

Gammaproteobacteria, Acidobacteria, Actinobacteria,
Bacteroidetes, Firmicutes and Verrucomicrobia in the
uncontaminated side of the rhizosphere. This indirect
PAH-effect also influenced the diversity of bacterial
PAH dioxygenase genes present, though the expression
levels of these genes was not affected. No significant
difference in the root exudation of general metabolites
(amino acids, organic acids, sugars and sugar alcohols)
and a flavonoid was observed.
Conclusions In response to PAH-stress, white clover
specifically influenced the diversity of the PAH-
degrading community in its rhizosphere, but the abun-
dance and activity of these PAH-degraders was not en-
hanced by the indirect PAH-effect. The plant-mediated
response therefore does not appear to be directed towards
enhanced removal of PAH for plant protection.
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Introduction

The rhizosphere interaction between plants and root-
colonizing microbial communities is complex and has
evolved to benefit both organisms (Anderson et al. 1993).
Microbes benefit from the plant supply of sugars, organic
acids and amino acids in root exudates, which support
their growth and metabolic activity (Brimecombe et al.
2007). On the other hand, plant growth is stimulated by
the rhizosphere population, since the rhizosphere
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microbial communities enhance water and nutrient up-
take, promote root growth, and are critical for nitrogen
fixation and mobilization of mineral nutrients
(Pilon-Smits 2005). Plants are also protected from
hazardous organic contaminants such as polycyclic
aromatic hydrocarbons (PAHs) bymicrobes which are
able to degrade those compounds, in a process known as
rhizoremediation (Kuiper et al. 2004).

PAHs are widely distributed in the environment,
especially in urban and industrialized areas as they are
mostly generated by anthropogenic activities (Wilson
and Jones 1993). Some PAHs are known to possess
mutagenic and carcinogenic properties, and they persist
in the environment because of their low water solubility
(Cerniglia 1992). Rhizoremediation is a promising tech-
nique to clean up PAH-contaminated soils, as higher
rates of PAH-degradation are often observed in
plant rhizospheres than are found in non-
rhizosphere soil. This is primarily due to general
enrichment of microorganisms through the rhizo-
sphere effect (Corgié et al. 2003; Johnson et al.
2005). However, the composition of the rhizo-
sphere community is also an important factor for
successful rhizoremediation. Plants that can selec-
tively enrich PAH-degraders in their rhizospheres per-
form better in enhancing degradation of contaminants
(Siciliano et al. 2003).

The presence of plants has long been recognized to
have a major selective influence on the diversity of soil
microbial communities (Singh et al. 2007). Different
studies have variously found the main drivers determin-
ing microbial community structure to be plant species or
soil type (reviewed in Berg & Smalla (2009)), environ-
mental influences such as management practices
(Millard and Singh 2010; Sudini et al. 2011;
Xuan et al. 2012) and the total plant community
(Lamb et al. 2011). Unplanted Scottish grassland
soils, for example, were dominated by Bacilli,
Clostridia and Actinobacteria, but when planted
with grasses Lolium perenne, Anthoxanthum
odoratum or Agrostis capillaries, the population
shifted to be mainly Acidobacteria and Proteobacteria
(Singh et al. 2007). When less closely-related plants are
studied, clear plant-specific differences in the rhizo-
sphere community are seen (Marschner et al. 2004).

Contaminants in soils also have a considerable influ-
ence on the rhizosphere microbial community. PAH
contamination significantly affects the microbial com-
munity structures in rhizospheres of grass and legume

(Kawasaki et al. 2012). and in important horticultural
species such as pumpkin, zucchini, and lettuce
(Pritchina et al. 2011). For legumes, the rhizosphere
microbial community was both directly affected by the
PAH contamination (e.g. enrichment of PAH-degrading
organisms), and also influenced indirectly by the plant’s
response to the PAH contamination (Kawasaki et al.
2012). The observation of this indirect, plant-mediated
effect suggests that legumes may influence both the
rhizosphere diversity and its function in response to
PAH-stress, perhaps in order to protect the plant by
increasing PAH-degradation around the roots
(Kawasaki et al. 2012). Enrichment of bacteria
possessing aromatic catabolic genes in plant rhizo-
spheres has been reported in several studies (Cébron
et al. 2009; Siciliano et al. 2001; Siciliano et al. 2003).
and this enrichment and stimulation of specific
catabolic genotypes in the rhizosphere has been
linked to changing root exudation patterns (Jha
et al. 2015; Walton et al. 1994). However, it is
not yet clear whether enrichment of these bacteria by
plants is merely due to the rhizosphere effect, or whether
plants specifically recruit and stimulate these communi-
ties in response to the pollutant stress.

In this study, we used a previously developed split-
root system (Kawasaki et al. 2012) to examine how
white clover (Trifolium repens) influences the functional
rhizosphere community in response to PAH-stress. By
exposing the plant roots in a heterogeneous system (one
half of the rhizosphere contaminated with PAH, the
other half uncontaminated), the split-root system en-
ables us to study how the plant responds to the PAH
contamination to affect the rhizosphere microbes with-
out the direct presence of PAH. Development and activ-
ity of PAH-degraders and specific bacterial taxa in the
rhizosphere were monitored, and we also examined
how these responded to changes in plant root
exudation (major plant metabolites and a flavo-
noid). White clover responded to PAH contamina-
tion by modifying the diversity of all rhizosphere
bacterial taxa tested, and more importantly, the
diversity of rhizosphere bacteria harbouring PAH-
catabolic genes was also influenced by the plant
PAH-stress response. However, this indirect PAH-
effect did not enhance expression of these PAH-
catabolic genes, and was not driven by the exuda-
tion of major plant metabolites (amino acids, organic
acids, sugars and sugar alcohols) nor a flavonoid (7,4′-
dihydroxy flavone).
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Materials and methods

Soil, media and bacterial growth conditions

Sandy loam agricultural topsoil was collected from the
University of Sydney’s Lansdowne Farm (soil details
previously published (Kawasaki et al. 2012)). PAH-
contaminated soil was prepared by adding phenanthrene
or pyrene dissolved in acetone to 10% of the soil (10 ml
acetone/100 g soil), and the solvent was allowed to
evaporate. This soil was then mixed with the residual
90 % of the soil to give final concentrations of 1000 or
500 μg/g dry soil for phenanthrene or pyrene respec-
tively (Kawasaki et al. 2012). Control uncontaminated
soil was acetone-treated in the same manner, without
addition of PAH.

For isolation and cultivation of rhizobia, yeast man-
nitol agar (YMA) [per litre - 1 g yeast extract, 10 g
mannitol, 0.5 g K2HPO4, 0.2 g MgSO4, 0.1 g NaCl, 1 g
CaCO3, and 1.5 % agar] and glucose broth [per litre -
0.75 g K2HPO4, 0.4 g MgSO4•7H2O, 5.13 g glucose,
and 3 g yeast extract] were used. Susceptibility of rhi-
zobial nodule isolates to pyrene was tested in pyrene-
saturated glucose broth, by measuring growth of the
isolate in 200 μl cultures in a 96-well microplate, using
a Synergy H1 microplate reader (BioTek Instruments).
The microplate was incubated at 25 °C with orbital
shaking at medium speed, and OD600 was measured
every 10 min for 72 h.

Plant growth conditions

White clover (Trifolium repens) seeds were purchased
from Heritage Seeds (Mulgrave, Australia), and split-
root systems were set up as previously described with
phenanthrene or pyrene contamination (1000 or 500 μg/
g dry soil, respectively) (Kawasaki et al. 2012). Briefly,
the white clover root system was split into two and
allowed to grow out into two separated pots containing
PAH-contaminated or uncontaminated soil. Three types
of split-root treatments were prepared. These included
(a) a heterogeneous split-root system with one side
contaminated with pyrene or phenanthrene (designated
Het-Pyr orHet-Phe), and the other side uncontaminated
(designated Het-Cpyr or Het-Cphe for the respective un-
contaminated control pots)), (b) a homogeneous, PAH-
contaminated split-root system (both sides contaminated
with PAH (Hom-Pyr or Hom-Phe)), and (c) a homoge-
neous, control split-root system (both sides

uncontaminated (Hom-C)) (Table 1). The split-root sys-
tems were prepared in 3–5 replicates and cultivated for
30 days in a greenhouse under natural light conditions,
with the temperature maintained at 23 °C. Rhizosphere
samples were harvested after 30 days of cultivation and
stored at −80 °C for subsequent analysis.

Measurement of nodulation, and isolation
and characterization of rhizobia

Roots were washed carefully with tap water and nodules
were excised using a scalpel. Total nodule and root
weights were determined after drying (50 °C, overnight).
For rhizobia isolation, fresh nodules were surface-
sterilized by washing with 70 % ethanol for 30 s, 20 %
(v/v) bleach for 5 min and then rinsed 6–7 times with
sterile water. Nodules were crushed, and the nodule
contents were streaked onto YMA plates. The resulting
colonies were analyzed by 16S rRNA gene restriction
fragment length polymorphism (RFLP) analysis, using
the 27f/1492r primer set (Supplementary Table S1). PCR
was carried out in a 25 μl reaction mixture consisting of
5 μl MangoTaq Buffer (5×, Bioline, Alexandria,
Australia), 1.5 mM MgCl2, 200 μΜ dNTPs, 10 pmol
of each primer, 0.5μL of resuspended bacterial cells, and
0.5 U MangoTaq DNA polymerase (Bioline). PCR am-
plification was carried out in an S1000 Thermal Cycler
(Bio-Rad, Gladesville, Australia) with PCR programme
No. 1 (Suppl. Table S2). The PCR products were
digested with TaqαI and HhaI restriction enzymes
(New England Biolabs, Ipswich, MA, USA), and the
digested PCR products were separated on a 2 % (w/v)
agarose gel. Sequencing of the 16S rRNA gene fragment
was carried out by AGRF (Westmead, NSW, Australia)
with 27f primer.

DNA extraction and PCR denaturing gradient gel
electrophoresis (DGGE)

DNA was extracted from the rhizosphere (roots and
attached soil) using the PowerSoil DNA Isolation Kit
(MO BIO Laboratories, Inc., Carlsbad, CA, USA) ac-
cording to the manufacturer’s protocols. Purified rhizo-
sphere DNAwas stored at −20 °C.

Group-specific 16S rRNA DGGE-PCR

Alphapro t eobac t e r ia , Be tapro t eobac t e r ia ,
Gammaproteobacteria, Bacteroidetes, Firmicutes,
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Acidobacteria,Actinobacteria andVerrucomicrobia com-
munities colonizing the split-rhizospheres were analyzed
by targeting the respective 16S rRNA genes. The PCR
was carried out in a 25 μL reaction mixture consisting of
5 μL PCR Reaction Buffer A (5×, Kapa Biosystem, Inc.,
Woburn, MA, USA), 200 μΜ dNTPs, 10 pmol of each
primer, 0.5 units KAPA 2G Robust DNA polymerase
(Kapa Biosystem), and 0.5 μL of 10-fold diluted rhizo-
sphere DNA (~10 ng) as the template, and the PCR
amplification was carried out in an S1000 Thermal
Cycler (Bio-Rad). Group-specific amplification of 16S
rRNA genes was done with a two-step PCR protocol,
using the primer sets listed (Suppl. Tables S1 and S3). The
first round PCRs were conducted with the group-specific
primer sets, and a 10-fold dilution of the first round PCR
product was used as template for the second round (semi-)
nested DGGE-PCR. Both PCRs were carried out using
PCR programme No. 2 (Suppl. Table S2), with the reac-
tion mixture stated above.

PAH ring-hydroxylating dioxygenase gene DGGE-PCR

The diversity of PAH ring-hydroxylating dioxygenase
alpha subunit genes from Gram-positive bacteria (PAH-
RHDα-GP) was analyzed with DGGE. PAH-RHDα-GP
genes were amplified by PCR from rhizosphere DNA
using the PAH-RHDαGP_F/PAH-RHDαGP_R primer
set (Suppl. Table S1) (Cébron et al. 2008). A 10-fold
dilution of this first round PCR product was then used as
the template for the subsequent second round DGGE-
PCR with the PAH-RHDαGP_F/GC-PAH-RHDαGP_R
primer set. Both PCRs were carried out in a 25 μl
reaction mixture consisting of 5 μl MangoTaq
Buffer (5×, Bioline), 1.5 mM MgCl2, 200 μΜ
dNTPs, 40 pmol of each primer (10 pmol for the
second round DGGE-PCR), 2.5 μg BSA, 2 % DMSO
(v/v), 5 % acetamide (w/v), 0.5 μl of template, and 0.5
units of MangoTaq DNA polymerase (Bioline). PCR

programmeNo. 3 (Suppl. Table S2) was used (40 cy-
cles amplification for the first round PCR and
30 cycles for the second round DGGE-PCR).

DGGE analysis

Denaturant gradients used for the group specific 16S
DGGEs are listed in Supplementary Table S3, while for
PAH-RHDα-GP DGGE, 50–70 % denaturant gradient
was used. Gels were loaded with the DGGE-PCR prod-
ucts (200 ng/sample) and electrophoresis was conducted
at 60 °C for a total of 1008 Vor 1700V hours depending
on the DGGE-PCR product size. After completion, the
gel was stained with SYBR Gold (Invitrogen), washed
briefly with dH2O, and gel image analysis was carried
out with Quantity One V4.6.9 software (Bio-Rad). The
presence or absence of bands was scored to give binary
matrices for statistical analysis.

Quantitative PCR of PAH-catabolic genes

RNA and DNA extraction, and cDNA synthesis

RNA and DNA were extracted from rhizosphere soil
(2 g) with RNA PowerSoil Total RNA Isolation Kit
(MO BIO). RNAwas extracted according to the manu-
facturer’s protocol, and eluted in 100 μL of RNase/
DNase-free water. DNAwas then eluted from the same
RNA Capture Column using 4 mL of DNA elution
buffer [1 M NaCl, 50 mM MOPS, 15 % isopropanol,
pH 7.0]. The eluted DNA was precipitated with
isopropanol, redissolved in 10 mM Tris-HCl (pH 8.5)
and further treated with Sephadex G200 resin
(Pharmacia Fine Chemicals) to remove humic sub-
stances (Miller 2001).

RNA was treated with DNase I (New England
Biolabs) and re-purified with RNeasy Mini Kit
(QIAGEN, Doncaster, Australia) according to the

Table 1 List of the split-root treatments, combination of the soils filled in the two pots, and the designated rhizosphere sample name

Split-root treatment Combination of two pots Name of rhizosphere sample

(a) Heterogeneous + pyrene or phenanthrene Het-Pyr or Het-Phe

uncontaminated Het-Cpyr or Het-Cphe

(b) Homogeneous-PAH (PAH-contaminated control) + pyrene or phenanthrene Hom-Pyr or Hom-Phe
+ pyrene or phenanthrene

(c) Homogeneous-control (uncontaminated control) uncontaminated Hom-C
uncontaminated
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manufacturer’s protocol. Complete removal of DNA
was confirmed by absence of 16S rRNA gene amplifi-
cation with 27f/1492r primers (Suppl. Table S1). cDNA
was synthesized by reverse transcription of purified
RNA (0.3–4.7 μg) with random hexamer primers
(4 μM) and 400 units M-MuLV reverse trancriptase
(New England Biolabs), following the manufacturer’s
instructions. The resulting cDNA was purified with
ISOLATE PCR and Gel Kit (Bioline).

Quantitative PCR

Quantitative PCR (qPCR) was used to quantify copy
numbers of 16S rRNA, PAH-RHDα-GP and catechol
2,3-dioxygenase (C23O) genes in DNA and cDNA
samples, using 518f/785r primers, PAH-RHDα-GP_F/
PAH-RHDα-GP_R primers, and C23Of/C23Or primers
respectively (Suppl. Table S1). qPCR was performed in
a 5 μl reaction mixture containing 2.5 μl KAPA SYBR
FASTqPCRMasterMix (2×,KapaBiosystems), 2 pmol
(16S rRNA and C23O) or 4 pmol (PAH-RHDα-GP) of
each primer, and approximately 5 ng of the rhizosphere
DNA or cDNA as template. For C23O qPCR, 0.5 μg
BSA and 5 % acetamide (w/v) were added to each
reaction. The reactions were prepared in 384-well PCR
plates (Roche Diagnostics) and the amplification was
carried out in a LightCycler 480 Real-Time PCRSystem
(Roche) using PCR programmeNo. 4 (Suppl. Table S2).
SYBR® Green I fluorescent signals (λexc 483 nm; λem
533 nm) were measured at the primer dimer-dissociation
step of 10 s at 80 °C. Standards for the qPCRs were
purified 16S rRNA and PAH-RHDα-GP PCR products
from Mycobacterium vanbaalenii PYR-1 (DSMZ
7251), and C23O PCR product from Sphingobium
yanoikuyae B1 (DSMZ 6900). The PCR products were
purified (ISOLATE PCR and Gel Kit, Bioline) and
quantified (NanoDrop 2000C), and the copy number
of the standard amplicons was calculated
(amplicon size, 16S: 296 bp, PAH-RHDα-GP:
292 bp, and C23O: 381 bp). Standard curves were
created for 108 to 103 target gene copies/μL, and gene
quantification was carried out with the LightCycler®
480 software (Roche).

Root exudate collection and analysis

Root exudates of white clover were collected after
30 days of cultivation. Bottom pots of the split-root
system were removed and soil adhering to the roots

was carefully washed off with running tap water.
Excess moisture was removed with a paper towel, and
each half of the split-root system was separately im-
mersed in 50 mL of ultrapure water for 2 h in
the light. The collected root exudate solution was
then filtered through a 0.22 μm nylon syringe
filter (Millipore) and lyophilized.

Root exudate analysis

Methoximated trimethylsilyl (TMS) derivatives were
prepared essentially as described previously (Lisec
et al. 2006). An internal standard (1 μg ribitol) was
added to the lyophilized root exudate sample, which
was then derivatised with 40 μl of methoxyamination
reagent [20 mg methoxyamine hydrochloride/mL in
anhydrous pyridine] and 70 μl of MSTFA (with 1 %
trimethylchlorosilane (TMCS)) (Thermo Fisher
Scientific). Samples (1 μL) were separated by capillary
gas chromatography on an arylene-modified 5 %
diphenyl-95 % dimethyl polysiloxane stationary phase
(30 m × 0.25 mm ID × 0.25 μm film thickness with a
10 m Bguard column^; Rxi-5SilMS, Restek). The col-
umn eluent was ionised by electron impact (70 eV) and
mass spectra were collected from 70 to 600 amu at 6.67
scans per sec (GCMS-QP2010Plus, Shimadzu).
Metabolites were identified by comparing retention in-
dices and mass spectra with an in-house mass spectral/
retention index (RI) library for 130 chemical standards
plus the Golm Metabolome Database (GMD) (Schauer
et al. 2005). Agilent Fiehn and NIST libraries.

Amino acids were quantified as tert-butyldimethyl-
silyl (t-BDMS) derivatives (Mawhinney et al. 1986).
Internal standard (0.5 μg norleucine) was added to the
lyophilized root exudate sample, which was then
derivatized with 50 μ l of N-methyl-N-[ tert-
butyldimethyl-silyl]trifluoroacetamide. Samples (1 μL)
were separated by capillary gas chromatography on the
same Rxi-5SilMS column, the column eluent was
ionised by electron impact (70 eV) and mass spectra
were collected from 100 to 600 amu at 4 scans per
second. Amino acids were identified based on retention
indices and mass spectra of authentic standards run
under the same conditions.

The concentration of 7,4′-dihydroxy flavone
(DHF) in root exudates was measured with
reversed-phase HPLC. Root exudate solution was ly-
ophilized, re-dissolved in DMSO (400 μL), and made
up to 2 mL with 40 % MeOH. DHF was separated on a
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5 μmHypersil BDS C18 column (Shandon HPLC), with
an Alltech C18 guard column (Alltech Associates), using
a Dionex HPLC system and Chromeleon software
ver.6.8 (Dionex). The flow rate was 1 mL/min and
analytes were eluted using a multistep gradient of 40–
80 % methanol in 1 % acetic acid. DHF was detected
fluorometrically (λexc 360 nm; λem 415 nm) with an
RF2000 fluorescence detector (Dionex), and compared
by co-chromatography with standard DHF (INDOFINE
Chemical Company).

Statistical analysis

Mean comparison, one-way analysis of variance
(ANOVA) and Tukey’s test were conducted using
IBM SPSS Statistics 19 (IBM Corporation). For micro-
bial community analysis, presence or absence of
DGGE bands was converted into binary matrices,
and non-metric multidimensional scaling (NMDS)
and permutational multivariate analysis of variance
(PERMANOVA) (Anderson 2001) were performed
with the Jaccard distance using the Palaeontological
Statistics (PAST) package ver.3.07 (Hammer et al.
2001) to assess the similarities between the rhizosphere
microbial communities.

Results

Heterogeneous PAH contamination alters the pattern
of plant nodulation

The rhizosphere microbial diversity of several legume
species has been shown to be influenced by the plant’s
response to PAH contamination (Kawasaki et al. 2012).
In order to investigate how this plant-mediated effect
controls the function of the rhizosphere community, we
studied the effect of PAH contamination on the clover-
rhizobium interaction, since this is a critically important
functional interaction for nitrogen fixation. No signifi-
cant difference in nodulation rates were observed be-
tween pyrene-contaminated (Hom-Pyr) and uncontami-
nated (Hom-C) homogeneous split-root systems
(Fig. 1), demonstrating that pyrene contamination did
not itself affect nodulation. In the heterogeneous treat-
ment, however, nodulation of the contaminated roots
(Het-Pyr) was significantly suppressed, with very few
nodules formed, and nodulation of the uncontaminated
roots (Het-Cpyr) was significantly enhanced (p < 0.05)

(Fig. 1a). When the two halves of each split-root
system were combined (Het-Pyr/Het-Cpyr, Hom-Pyr
and Hom-C), the nodulation rates per total plant mass
between the three split-root systems were not signifi-
cantly different (Fig. 1b).

In principle, the observed differences in nodulation
rate between the different pyrene treatments could be
explained by changed nodule occupancy, with specific
rhizobia displaying different sensitivity to PAH contam-
ination. In order to test this, a total of 76 bacterial
colonies were isolated from Het-Pyr, Het-Cpyr, Hom-
Pyr and Hom-C nodules, and characterized by 16S-
RFLP analysis. The nodules were found to be colonized
exclusively by a single bacterial genotype, and DNA
sequencing revealed that the isolates all shared >99 %
16S rRNA gene sequence similarity with Rhizobium
leguminosarum. Susceptibility of the nodule isolates to
pyrene was tested in vitro during growth in glucose
broth with various concentrations of pyrene. The iso-
lates tested all showed comparable growth rates at a
range of pyrene concentrations, even in pyrene-
saturated medium, indicating that the rhizobia coloniz-
ing the white clover nodules were not susceptible to
pyrene contamination (data not shown).

White clover influences specific rhizosphere bacterial
groups in response to PAH contamination

The effects of PAH contamination and the plant PAH-
stress response on functionally different members of the
rhizosphere community were examined in detail by
group-specific 16S DGGE of eight bacterial taxa
(Alphaproteobac ter ia , Betaproteobacter ia ,
Gammaproteobacteria, Bacteroidetes, Firmicutes,
Acidobacteria, Actinobacteria and Verrucomicrobia).
In homogeneous split-root systems, the PAH-
contaminated rhizospheres (Hom-Pyr and Hom-Phe)
and the uncontaminated rhizospheres (Hom-C) showed
significantly different community structures for almost
all the bacterial groups studied (p < 0.05) (Suppl.
Fig. S1). The only exception here was Firmicutes diver-
sity, which did not appear to react to pyrene contamina-
tion. The result suggests that PAH exposure is a power-
ful selective agent for most bacterial taxa in the soil,
discriminating for strains that either have enhanced PAH
resistance, or are able to degrade PAHs for growth.

Heterogeneous split-root systems revealed that the
diversity of all bacterial groups responded strongly to
indirect PAH contamination, i.e. mediated by the plant
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PAH-stress response, but that for many groups this dif-
fered according to which PAH was applied. For pyrene
treatment, Betaproteobacteria, Gammaproteobacteria
and Acidobacteria community structures in Het-Cpyr

were significantly different from those in Hom-C
(p < 0.05) (Table 2, and Suppl. Fig. S1b, c and f),
indicating that the plant pyrene-stress response affected
these groups of bacteria. The same effect was observed
with phenanthrene treatment for Alphaproteobacteria,
Gammaproteobacteria, Bacteroidetes, Firmicutes,
Acidobacteria, Actinobacteria and Verrucomicrobia
(p < 0.05) (Table 2, and Suppl. Fig. S1a, c, d, e, f, g
and h). Since the bacterial taxa affected in this experiment
had not been directly exposed to the respective PAHs,

this suggested that the plant-response was selecting for
particular microbial functions in its rhizosphere as a
response to a specific PAH treatment.

Indirect PAH contamination effect influences
the diversity of rhizosphere PAH-degraders,
but not their activity

White clover plants are placed under considerable stress
by the PAH concentrations used in this study with up to
50 % growth inhibition (Kawasaki et al. 2012). We
hypothesized that the PAH-degrading community in
the rhizosphere may be specifically enriched or stimu-
lated by the plants, as a defense response against PAH-
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stress. In order to test this, the diversity and activity of
the PAH-degrading community were assessed by
targeting two genes involved in PAH degradation those
encoding the alpha subunit of the PAH ring-
hydroxylating dioxygenase (PAH-RHDα), which cata-
lyzes the first PAH-degradation step (Cébron et al. 2008;
Habe and Omori 2003). and catechol 2,3-dioxygenase, a
general aromatic catabolic enzyme.

Amplification of bacterial PAH dioxygenase genes in
the tested rhizospheres using the published primers for
Gram-negative and Gram-positive PAH-RHDα genes
(Cébron et al. 2008) revealed that PAH-degraders in the
white clover rhizospheres were dominated by Gram-
positive bacteria, as we could not detect Gram-negative
PAH-RHDα genes in this soil (although the Gram-
negative genes were detected in other rhizosphere soil
samples (data not shown)). DGGE community profiling
of the Gram-positive PAH-RHDα (PAH-RHDα-GP) gene
diversity in the homogeneous split-root rhizospheres
(Fig. 2) showed that PAH-contaminated rhizospheres
(Hom-Pyr and Hom-Phe) clearly differed from the un-
contaminated rhizosphere (Hom-C) (PERMANOVA
p values of 0.059 (Hom-Pyr and Hom-C) and 0.005
(Hom-Phe and Hom-C)). PAH contamination therefore
has a significant influence in changing the diversity of
PAH-RHDα-GP gene possessing communities (Fig. 2).
For the heterogeneous pyrene treatment, however, the
PAH-RHDα-GP community in heterogeneous-control
rhizosphere Het-Cpyr was significantly different from that

of the homogeneous-control rhizosphere Hom-C
(PERMANOVA p value 0.029), and was more similar
to those of the pyrene-contaminated Het-Pyr and Hom-
Pyr rhizospheres (Fig. 2a). This indirect effect of pyrene
contamination on the PAH-RHDα-GP community sug-
gests that the plant actively shapes the PAH-degrading
community in its rhizosphere in response to the pyrene-
stress. However, this indirect effect was not observed for
phenanthrene contamination, as the PAH-RHDα-GP gene
community in Het-Cphe was not different from Hom-C
(PERMANOVA p value 0.341) (Fig. 2b).

The indirect effect of pyrene contamination on the
abundance and activity of the PAH-degrading commu-
nity in the test rhizospheres was measured by qPCR of
the PAH-RHDα-GP, C23O and 16S rRNA genes. Total
rhizosphere DNA and RNA (transformed to cDNA)
were used to assess abundance and activity of the pop-
ulation respectively. No significant difference in the
total bacterial population was observed for the different
treatments (Fig. 3c, 16S rRNA gene qPCR). Although
the total bacterial activity (16S cDNA) in Het-Pyr was
significantly lower than in Hom-C (p = 0.046), no
significant difference was seen between Hom-Pyr and
Hom-C, indicating that this effect was not directly due to
pyrene contamination (Fig. 3c). In contrast to the 16S
rRNA gene results, significant changes in PAH-RHDα-
GP gene copy number were observed in both DNA and
cDNA samples. Rhizospheres contaminated with
pyrene (Het-Pyr andHom-Pyr) contained a significantly

Table 2 Bacterial groups that are influenced by the plant PAH-
stress response in white clover rhizospheres. Group-specific dif-
ferences in the bacterial community structure between Het-Cpyr or
Het-Cphe and Hom-C were calculated from the 16S DGGE

fingerprints (presence or absence of bands) by PERMANOVA
using Jaccard distance. Bacterial groups which were significantly
affected (p < 0.05) and unaffected (p > 0.05) by the indirect PAH-
effect are defined

Effect of plant PAH-stress response on Het-Cpyr and Het-Cphe bacterial communities

Significantly affected p values (< 0.05) Not affected p values (> 0.05)

Alphaproteobacteria (Phe) 0.024 Alphaproteobacteria (Pyr) 0.096

Betaproteobacteria (Pyr) 0.025 Betaproteobacteria (Phe) 0.060

Gammaproteobacteria (Pyr) 0.012 Bacteroidetes (Pyr) 0.164

Gammaproteobacteria (Phe) 0.013 Firmicutes (Pyr) 0.111

Bacteroidetes (Phe) 0.036 Actinobacteria (Pyr) 0.110

Firmicutes (Phe) 0.023 Verrucomicrobia (Pyr) 0.074

Acidobacteria (Pyr) 0.012

Acidobacteria (Phe) 0.033

Actinobacteria (Phe) 0.012

Verrucomicrobia (Phe) 0.012

Pyr pyrene treatment in the heterogenous split-root system, Phe phenanthrene treatment in the heterogenous split-root system
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higher population (DNA sample) and activity (cDNA
sample) of bacteria possessing the PAH-RHDα-GP
genes, compared to the uncontaminated rhizospheres
(Het-Cpyr and Hom-C) (p < 0.05) (Fig. 3a). However,
there was no significant difference in PAH-RHDα-GP
expression between Het-Cpyr and Hom-C (p > 0.05),

indicating that the indirect PAH-effect mediated by the
plant does not affect the population size and activity of
the PAH-RHDα-GP gene possessing community
(Fig. 3a). No significant differences in the C23O gene
abundance and expression were observed between the
treatments (p > 0.05) (Fig. 3b), showing that even direct
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pyrene contamination did not significantly enrich the
general aromatic-degrading microbial community.

Hence, although the plant-mediated indirect pyrene-
effect influenced the diversity of pyrene-degraders in
the rhizosphere, increases in PAH-RHDα-GP abun-
dance or activity required direct exposure to the
contaminant.

Response of white clover root exudates to pyrene
treatment

Root exudates have a significant effect in shaping the
rhizosphere microbial community structure. Specific
exudate compounds released by white clover in re-
sponse to pyrene-stress may be responsible for the ob-
served rhizosphere diversity response. Therefore, the
concentrations of major exudate components (amino
acids, organic acids, sugars and sugar alcohols) and of
a flavonoid were investigated.

Root exudates were collected from each half of the
split-root systems after 30 days of cultivation. A total of
16 amino acids and 25 other metabolites (organic acids,
sugars, and sugar alcohols) were detected in the exu-
dates by GC-MS (Fig. 4). The mean total amino acids
exuded from the roots within the 2 h collection time
were 20.9, 8.7, 42.3 and 51.2 μg/g dry root for Het-Pyr,
Het-Cpyr, Hom-Pyr and Hom-C respectively. For other
metabolites, the mean total amounts were 190.1, 232.5,
626.1 and 489.9 μg/g dry root in Het-Pyr, Het-Cpyr,
Hom-Pyr andHom-C respectively. Themeasured values
ranged from 0.074 μg/g dry root (sorbitol) to 81.4 μg/g
dry root (pinitol), but there was no significant difference
in the concentration of any of these compounds between
treatments (p > 0.05) (Fig. 4). Changes in the exudation
of these major metabolic compounds are therefore not
directly linked with the plant-mediated rhizosphere di-
versity effects of PAH treatments.

Plant flavonoids are key signalling compounds
that are involved in legume nodulation, which was
significantly affected by heterogeneous pyrene con-
tamination (Fig. 1a). To test whether these compounds
are also involved in indirect signalling of pyrene-stress,
concentrations of 7,4′-dihydroxyflavone (DHF, inducer
of R. leguminosarum bv. trifolii nod gene (Djordjevic
et al. 1987). in the root exudates were measured. HPLC
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analysis did not reveal significant differences in DHF
concentration (p > 0.05) between exudate samples
from different treatments, although root exudates from
Hom-Pyr contained slightly higher concentrations of
DHF compared to the heterogeneously-treated Het-Pyr
andHet-Cpyr samples (p = 0.085 and 0.058 respectively)
(Fig. 5).

Discussion

PAH-degradation in the plant rhizosphere is enhanced by
the general enrichment of the microbial population
caused by the rhizosphere effect, but it can also be
stimulated by specific enrichment of PAH-degrading mi-
crobial community (Siciliano and Germida 1998;
Siciliano et al. 2003). Legume plants specifically influ-
ence the microbial community structure of their rhizo-
sphere in response to PAH-stress (Kawasaki et al. 2012).
but the plant’s influence on rhizosphere function in re-
sponse to PAH-stress remains largely unknown. In the
present study, community changes in white clover rhizo-
sphere driven by the plant PAH-stress response were
examined. We tested whether plants specifically recruit
PAH-degraders and stimulate their PAH-catabolic activ-
ities in the rhizosphere in response to PAH-stress. The
results reported here show clearly that white clover influ-
ences the diversity of various bacterial groups in its
rhizosphere in response to PAH-stress, including the
PAH-degrading community. However, this plant-
mediated indirect PAH-effect did not stimulate PAH-

catabolic gene expression, and the microbial population
shift was not driven by the root exudation of major plant
metabolites.

Many different bacterial taxa are able to degrade
PAHs (Fernandez-Luqueno et al. 2011). Alpha-, Beta-,
Gammaproteobacteria and Actinobacteria include vari-
ous known PAH-degrading taxa such as sphingomonads,
Burkholderia, Pseudomonas, and Mycobacterium re-
spectively (Cunliffe and Kertesz 2006; Khan et al.
2002; Kim et al. 2003; Ma et al. 2006). The community
structure of all these groups was significantly affected by
the plant-mediated indirect PAH-effect (Table 2 and
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Suppl. Fig. S1), suggesting that they play an important
role in the plant’s PAH-stress response. Interestingly,
Acidobacteria and Verrucomicrobia diversity was also
affected by the plant PAH-response (Table 2). Increased
Verrucomicrobia population was previously observed in
pyrene-contaminated white clover rhizospheres
(Kawasaki et al. 2012). although PAH-degradation by
Acidobacteria and Verrucomicrobia has never been re-
ported. However, the rhizosphere population of these
bacterial groups may respond differently to PAH depend-
ing on the soil type and plant species. For instance, when
a birch rhizosphere was contaminated with PAHs, a
community which was predominantly composed of
Acidobacteria and Verrucomicrobia shifted to become
Alphaproteobacteria and Betaproteobacteria-dominated
(Yrjälä et al. 2010).

Direct and indirect plant-mediated effects of PAH
contamination on the functional changes in the rhizo-
sphere PAH-degrading community and activity were in-
vestigated in this work by targeting genes encoding the
alpha subunit of PAH ring-hydroxylating dioxygenase
(PAH-RHDα). In the soil tested, amplification with pub-
lished PCR probes for this gene showed that the PAH-
degrading community was dominated by Gram-positive
organisms. Although this may be soil-dependent, it is
interesting that in another legume, alfalfa, the density of
Gram-positive bacteria bearing the PAH-RHDα gene also
increased by about 10-fold during plant growth (Cébron
et al. 2009). This correlates with the enrichment of
Bacillus, Paenibacillus and Mycobacterium observed
previously in pyrene-contaminated white clover rhizo-
spheres (Kawasaki et al. 2012). and suggests that these
may be key species that are directly enriched in the
presence of pyrene, and responsible for PAH-
degradation in this system. However, one of the most
important findings of this study is that the PAH-RHDα-
GP community in the pyrene-contaminated heteroge-
neous split-root system responds not only to direct PAH
contamination, but also to the indirect PAH-effect medi-
ated by the plant. The PAH-RHDα-GP community struc-
ture in Het-Cpyr was significantly different from Hom-C,
but it was more similar to Hom-Pyr and Het-Pyr
(Fig. 2a). However, the abundance and expression of
PAH-RHDα-GP and C23O genes was not stimulated by
the indirect PAH-effect, (Fig. 3a and b). This indicates
that white clover can specifically alter the root colonizing
PAH-degrading population in response to pyrene-stress,
but at the time of sampling (after 30 days cultivation), the
plant does not directly stimulate expression of PAH-

degrading genes in the rhizosphere to increase
PAH-degradation.

The abundance and expression of the PAH-catabolic
genes were only measured at one time point, at the end of
the plant cultivation, and it is possible that catabolic gene
expression was stimulated at earlier stages of plant
growth. Abundance and expression of PAH-RHDα genes
is highly dependent on the sampling time and the type of
PAH. Time course measurements of PAH-RHDα gene
abundance in PAH-contaminated soils revealed that ad-
dition of benzo(a)pyrene resulted in a 3-fold increase of
the Gram-negative PAH-RHDα gene abundance from
day 2 to day 20, while contamination with phenanthrene
or fluoranthene did not affect the gene abundance level
over the monitoring period (Sawulski et al. 2014).
Expression of ring-hydroxylating dioxygenase (RHD)
genes was monitored at the early stage of petroleum
contamination in a microcosm, and the gene expression
reached the peak at 12 h after addition of petroleum, and
no expression was detected after 24 h (Paisse et al. 2012).
Thus, time course monitoring may be able to elucidate
the stimulation of the PAH-catabolic gene abundance and
expression by the indirect PAH-effect in the white clover
rhizospheres.

Plant interactions with rhizosphere microbes are
largely controlled by root exudate rates, either through
the production of specific signal molecules, as for nod-
ulation, or by compositional changes in bulk exudate
selecting for specific microbial functional groups. Plants
change the root exudation rate and composition to pro-
tect themselves from various biotic and abiotic negative
stresses (Badri and Vivanco 2009). including PAH-
stress (Muratova et al. 2009a; Muratova et al. 2009b;
Xie et al. 2009). Addition of plant root exudates to soils
has been shown to enhance both the number of PAH-
degrading bacteria (Miya and Firestone 2001; Siciliano
et al. 2003; Yoshitomi and Shann 2001). and the diver-
sity of PAH-degraders (Cébron et al. 2011). For exam-
ple, addition of ryegrass root exudates to an aged PAH-
contaminated soil caused a shift in phenanthrene-
degraders from Pseudoxanthomonas spp. and
Microbacterium spp. to a population dominated by
Arthrobacter spp. and Pseudomonas stutzeri (Cébron
et al. 2011). The plant-mediated shifts in the bacterial
population of the white clover rhizosphere that were
observed after PAH-stress in this work might also be
driven by changes in the plant root exudation. However,
no significant differences were observed between the
exudates collected from control plants and those from
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PAH-exposed plants, for any compounds in the main
metabolite classes (Fig. 4). These metabolites are prob-
ably not the key signalling compounds that plants re-
lease in response to PAH-stress, since alfalfa and wild
rye also did not show significant changes in their root
exudation pattern for amino acids, organic acids and
phenolics when exposed to PAHs (phenanthrene and
pyrene) (Phillips et al. 2012).

Flavonoids are further components of root exudates
which are actively secreted from plant roots. They have
a key signalling role to mediate plant nodulation as the
inducers of rhizobium nod genes, (Hassan and
Mathesius 2012). and are also involved in the plant
defence response against various parasites and patho-
gens. Their concentration in root exudates increases in
response to various microbial signals and abiotic stress-
es (e.g. water, nitrogen and temperature) (Weston and
Mathesius 2013). When the heterogeneous split-root
system was stressed with pyrene, white clover
responded by inhibiting nodulation on contaminated
roots (Het-Pyr) but significantly enhancing nodule de-
velopment on the control uncontaminated roots (Het-
Cpyr) (Fig. 1a). Enhanced or suppressed nodulation on
one side of a split-root system has been reported before.
For instance, a time delay between inoculation of the
two sides of split-root soybeans with Rhizobium led to
significant inhibition of nodulation on the delayed side
(Kosslak and Bohlool 1984). and a similar result was
obtained with Lotus japonicus and Mesorhizobium loti
(Suzuki et al. 2008). This autoregulation of nodulation is
regulated through shoot-root signalling by peptide hor-
mones, and responds strongly to nitrate concentrations
in the plant, and to ethylene as a stress response mole-
cule (Ferguson et al. 2010; Suzuki et al. 2008). The
suppression of nodulation seen in the Het-Pyr rhizo-
sphere may be caused by a delay in the Rhizobium
infection relative to the Het-Cpyr rhizosphere, or by
synthesis of ethylene as a stress response to pyrene
contamination. Nevertheless, it is interesting that this is
apparent on a local level, and not systemically, since the
total number of nodules produced by the plant was
unchanged (Fig. 1b). Rhizobium leguminosarum bv.
trifolii is relatively resistant to PAH contamination in
soil (our data, and (Johnson et al. 2004)). This suggests
that rather than inhibiting the microbes, PAH may inter-
fere with plant-microbe signalling, either reducing the
synthesis of root-secreted flavonoids or interfering with
reception of the flavonoid signal by the rhizobia (Wetzel
and Werner 1995) . Since f lavonoid (DHF)

concentrations in the exudates were not significantly
different between treatments (Fig. 5), the latter appears
to be more likely. Other plant products that have been
shown to be involved in stimulating bacterial pyrene-
degradation include linoleic acid, which stimulates
Mycobacterium vanbaalenii PYR-1 (Yi and Crowley
2007). and secondary metabolites that are structurally
similar to xenobiotics, including PAH-analogues (Perry
et al. 2007; Singer et al. 2003). It is possible that plants
release these at low concentrations in response to PAH-
stress, in order to attract and stimulate microbes which
can degrade the secondary metaboli tes and
cometabolize PAHs, but these were below the detection
limit of the current study.

Further investigation on the mechanism of plant-mi-
crobes signalling in the PAH-contaminated rhizo-
sphere needs to address these minor components
of exudates, in the search for the signalling mole-
cules concerned.
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