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Abstract Rhodococcus erythropolis U23A is a polychlori-
nated biphenyl (PCB)-degrading bacterium isolated from
the rhizosphere of plants grown on a PCB-contaminated
soil. Strain U23A bphA exhibited 99% identity with bphA1
of Rhodococcus globerulus P6. We grew Arabidopsis thali-
ana in a hydroponic axenic system, collected, and concen-
trated the plant secondary metabolite-containing root
exudates. Strain U23A exhibited a chemotactic response
toward these root exudates. In a root colonizing assay, the
number of cells of strain U23A associated to the plant roots
(5.7×105 CFU g−1) was greater than the number remaining
in the surrounding sand (4.5×104 CFU g−1). Furthermore,
the exudates could support the growth of strain U23A. In a
resting cell suspension assay, cells grown in a minimal
medium containing Arabidopsis root exudates as sole
growth substrate were able to metabolize 2,3,4′- and
2,3′,4-trichlorobiphenyl. However, no significant degrada-
tion of any of congeners was observed for control cells
grown on Luria–Bertani medium. Although strain U23A
was unable to grow on any of the flavonoids identified in
root exudates, biphenyl-induced cells metabolized flavanone,
one of the major root exudate components. In addition, when
used as co-substrate with sodium acetate, flavanone was as
efficient as biphenyl to induce the biphenyl catabolic pathway

of strain U23A. Together, these data provide supporting evi-
dence that some rhodococci can live in soil in close associa-
tion with plant roots and that root exudates can support their
growth and trigger their PCB-degrading ability. This suggests
that, like the flagellated Gram-negative bacteria, non-
flagellated rhodococci may also play a key role in the degra-
dation of persistent pollutants.
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Introduction

Although the use of polychlorinated biphenyls (PCBs) has
been banned inmany countries since the late 1970s (Vasilyeva
and Strijakova 2007; VanAken et al. 2010), they still persist in
the environment due to their chemical and physical properties
for which they were appreciated in the first place. PCBs
mainly accumulate in soils, sediments, but also in animal
and human adipose tissues (Borja et al. 2005), which provided
the incentive to find ways of eradicating these compounds
from the environment. Because of the relatively high cost
associated with land filling or incineration, biological degra-
dation of PCBs has received increasing interest over the years.
Many studies have now shown that a wide range of bacteria
that can utilize or co-metabolize PCBs through the biphenyl
catabolic pathway are promising tools to remediate these
compounds (see review by Vasilyeva and Strijakova 2007).

Generally, the bacteria capable of aerobically degrading
PCB congeners do so via the 2,3-dioxygenase pathway
(Abramowicz 1995). Although analogue enrichment with
biphenyl can increase bacterial PCB degradation rates (Fava
and Bertin 1999; Luo et al. 2007), the use of biphenyl to
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enrich PCB-contaminated soils is not a viable idea. Because
of the similarity between xenobiotics (e.g., PCBs) and nat-
ural occurring compounds in the soil (e.g., plant secondary
metabolites—PSMs), it has been suggested that PSMs could
be suitable candidates to be exploited in order to stimulate
bacterial degradation of PCBs and other persistent organic
pollutants such as polycyclic aromatic hydrocarbons (Miya
and Firestone 2001; Singer et al. 2003). This is supported by
several studies showing that PSMs such as flavonoids and
terpenes can support the growth of PCB-degrading bacteria
and trigger their PCB-degrading abilities (Donnelly et al.
1994; Hernandez et al. 1997; Leigh et al. 2002, 2006;
Narasimhan et al. 2003). For example, PCB degradation
was stimulated in soils containing natural sources of ter-
penes (e.g., orange peels, eucalyptus leaves, pine needles,
spearmint leaves, and ivy leaves) (Gilbert and Crowley
1997; Hernandez et al. 1997), or in liquid culture, when
biphenyl-degrading bacteria were grown in the presence of
flavonoids (Donnelly et al. 1994). Furthermore, PCB deple-
tion was significantly higher in soil sown with an Arabidop-
sismutant overproducing root PSMs and inoculated with the
PCB-degrading and flavonoid-degrading rhizobacteria
Pseudomonas putida PML2, than in soil sown with the
wild-type plants (Narasimhan et al. 2003). These experi-
ments provide evidence that plant chemicals can trigger
bacterial and notably rhizobacterial PCB degradation in soil.

These observations encourage the development of pro-
cesses exploiting plants and their associated rhizobacteria to
degrade PCBs (Sylvestre and Toussaint 2011). However, the
mechanism by which PSMs trigger the PCB-degrading abil-
ity of rhizobacteria is still unclear since no study has yet
demonstrated that these chemicals can act as non-specific
inducers of the bacterial biphenyl degradation enzymes
when they are used as growth substrate (Shaw et al. 2006).
It is also unclear whether these chemicals act at low con-
centrations, as signals to induce PCB degradation (Singer et
al. 2003), or if they act as substrates in a co-metabolism
process as suggested by Hernandez et al (1997). Answers to
these questions will help in designing new enrichment strat-
egies based on plant–microbe interactions to increase PCB
degradation in the rhizosphere.

On the other hand, although Gram-negative bacteria are
traditionally believed to play a major role in pollutant re-
moval in soil and in the rhizosphere, many rhodococcal
bacteria capable of degrading PCBs have been described
(Chebrou et al. 1999; Iwasaki et al. 2006; Kim et al. 2003;
McKay et al. 2003). In addition, rhodococci were recently
found to represent the dominant population in the rhi-
zosphere of plants grown in a PCB-contaminated site
(Leigh et al. 2006). However, a very limited number of
studies examining plant–rhodococcal bacteria interac-
tions and their impact on PCB degradation have been
reported (Francis et al. 2010).

In this work, we have isolated a PCB-degrading rhodo-
coccal strain. We provide evidence that this strain is able to
colonize plant roots and exhibits a chemotactic response
toward root exudates. We have examined the ability of
Arabidopsis thaliana PSMs to promote growth and PCB-
degrading ability of this bacterium, and we have assessed
the ability of flavanone, one of the major root exudate
components to induce its biphenyl catabolic pathway. Data
provide more insights into how plant flavonoids might in-
teract with rhodoccocal rhizobacteria to trigger their PCB-
degrading ability.

Materials and methods

Bacterial strains, culture media, and chemicals

The bacterial strains used in this study were isolate U23A
identified based on 16S rRNA gene sequencing as Rhodo-
coccus erythropolis (see below) and Pseudomonas fluores-
cens F113 (Brazil et al. 1995) (obtained from Prof. David
Dowling—Institute of Technology, Carlow, Ireland). The cul-
ture media used were Luria–Bertani (LB) broth (Sambrook et
al. 1989), basal medium M9 (Sambrook et al. 1989), or
minimal mineral medium no. 30 (MM30) (Sylvestre 1980)
amended with various sources of carbon depending on the
experiment (see below). All strains were maintained on LB
agar medium at 28°C for experimental purposes. The flavo-
noids and other chemical standards used in this study were
obtained from Sigma-Aldrich and the PCB congeners were
purchased from UltraScientific.

R. erythropolis U23A was isolated by enrichment on
biphenyl from the rhizosphere of a PCB-contaminated mi-
crocosm set in the laboratory. To prepare the microcosm, a
beaker (250 ml) was filled to approximately 10-cm height
with a PCB-contaminated soil obtained from Netolice,
Czech Republic, and this soil was covered with the 2-cm
top portion of a vegetated soil from St-Hippolyte, QC,
Canada which contained a mixture of monocotyledon plants
and their roots. The microcosm was kept under laboratory
conditions for 6 months at 20°C under a fluorescent light
with a 16/8-h day/night cycle so that the plant could grow.
Then, the rhizosphere (i.e., the remaining soil adhering to
plant roots after vigorous shaking) of this mixture of mono-
cotyledon plants was collected. One gram of freshly collect-
ed rhizosphere material was then transferred in 10 ml sterile
NaCl (0.85% w/v). The suspension was vigorously shaken
by vortexing, diluted serially, and inoculated onto solid
MM30 agar plates exposed to biphenyl vapor as sole growth
substrate. The cultures were grown at 25°C for 48 to 72 h.
The colonies able to degrade chlorobiphenyls were identi-
fied using the 4-chlorobiphenyl sprayed-plate assay de-
scribed previously (Sylvestre 1980). From this screening

1590 Appl Microbiol Biotechnol (2012) 95:1589–1603



step, seven bacterial strains were retained based on colony
morphology (size, color, and colony surface roughness) and
were further purified by streaking on MM30 agar plates
exposed to biphenyl vapor. Based on their ability to use root
exudates as sole growth substrate (see below), three of these
isolates U22, U23A, and U24 were selected. Because of
their inability to grow on root exudates, the other isolates
were not considered for this study and discarded.

Identification of strains U22, U23A, and U24
and amplification of bphA gene

Strains U22, U23A, and U24 were identified based on their
16S rRNA gene sequence, and strain U23A was further
characterized on the basis of morphological examination
and biochemical tests. Genomic DNA was isolated using
the QIAGEN QIAamp DNA Mini kit and the protocol
suggested by the manufacturer. The 16S rRNA gene was
amplified from total genomic DNA using primers pA
(AGAGTTTGATCCTGGCTCAG) and pH (AAGGAGGT
GATCCAGCCGCA) (Edwards et al. 1989). Genomic DNA
was also probed for the presence of bphA gene using a
previously described set of three pairs of degenerated pri-
mers that amplify the C-terminal portion of bphA gene
(Vézina et al. 2007) and specific primers designed to ampli-
fy the complete bphA genes from Burkholderia xenovorans
LB400 (Hurtubise et al. 1998), from Pandoraea pnomenusa
B-356 (Hurtubise et al. 1996) and from Rhodococcus globe-
rulus P6 (Chebrou et al. 1999). The PCR conditions used to
amplify the genes were as recommended by QIAGEN for
the HotStart High Fidelity polymerase kit (QIAGEN), with
the following modifications of the program: 15 min at 95°C
to activate the polymerase, then for 30 cycles, 94°C for
1 min, 56°C for 1 min and 72°C for 2.5 min, and 1 cycle
at 72°C for 10 min. The amplicons from the PCR were
sequenced at the Génome Québec DNA Sequencing Center
(Montreal, Quebec, Canada). BLASTn from NCBI data
bank was used to analyze the 16S rRNA gene sequence
and BLASTp for the deduced sequence of BphA.

Axenic culture for the production of root exudates

A. thaliana was grown in a hydroponic axenic culture sys-
tem containing 100 ml of a tenth-strength Hoagland’s solu-
tion (Hoagland’s No. 2 Basal Salt Mixture from Sigma-
Aldrich; see Fig. 1). The system in which the plants were
grown was made out of a pipette tip support and 0.5 ml
Eppendorf tubes without lids. Holes were punched at the
bottom of the Eppendorf tubes in order to let A. thaliana
roots grow through. The tubes were then fitted in a pipette
tip support rack, which was sterilized by autoclaving for 1 h
at 121°C, and put in sterile transparent plastic Magenta
containers. Each Eppendorf tube was filled with a tenth-

strength Hoagland’s solution containing 1% agar. Once the
medium was solidified, sterilized seeds of A. thaliana were
deposited on the top of the solidified medium. The seeds
were sterilized by soaking into a 2% hypochloric solution
for 5 min and rinsing with deionized sterile water for 5 min.
There was one seed per Eppendorf tube, and the whole
system comprised approx. 30 tubes (plants). The plants were
grown for 18 weeks under a fluorescent light with a 16/8-
h day/night cycle. Root exudates were collected under ster-
ile conditions periodically starting at the eighth week after
seed germination. Preliminary experiments allowed us to
determine that out of all the exudates harvested and tested,
the ones collected after 16 weeks of A. thaliana growth were
the ones that allowed optimal bacterial growth. Hence, those
exudates were used for all of the experiments described
thereafter.

Flavonoid detection and identification from root exudates
by HPLC, LC–MS, and GC–MS

For root exudate fractionation, 10 ml of root exudates from
A. thaliana were collected and concentrated approx. 15
times using a Büchi roto-evaporator prior injection to
HPLC. The HPLC apparatus was an Agilent 1100 Series
liquid chromatography system comprising a UV lamp de-
tector. The analysis was performed on a reverse-phase
Eclipse XBD-C8 column (Agilent 4·6×150 mm, 5-μm pore
size). The column was eluted with a non-linear gradient
starting from 80% A (HPLC grade water with 0.085%
ortho-phosphoric acid) and 20% B (acetonitrile) to 50% B
at 12 min, 70% B at 17 min, 80% at 21 min, 100% B at
25 min, then back to 80% A at 29 min. Fifty microliters of

Fig. 1 Axenic culture system for the growth of A. thaliana and the
collection of root exudates. Sterile plastic Magenta containing approx.
30 Eppendorf tubes punched with holes at the bottom that were
mounted on a pipette rack and filled with a tenth strength Hoagland’s
solution containing 1% agar. Sterilized seeds of A. thaliana were
grown for several weeks in 100 ml of a tenth strength Hoagland
solution, under a fluorescent lamp with a 16/8-h day/night cycle
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the root exudates was injected and the column was eluted at
a flow rate of 1 ml min−1 and detected at 280 nm.

For further detection of the compounds, root exudates
were hydrolyzed for 1 h at 90°C with 1 M HCl to hydrolyze
the conjugated plant metabolites. The hydrolysate was then
neutralized (pH07–8) before extracting the metabolites
twice with ethyl acetate. The extract was dried over ammo-
nium sulfate and evaporated to dryness under N2. This
hydrolyzed extract was analyzed by liquid chromatogra-
phy–mass spectrometry (LC–MS) and by gas chromatogra-
phy–mass spectrometry (GC–MS). For LC–MS analysis,
the residues were dissolved in a solution containing 30%
methanol and 1% acetic acid in HPLC grade water. Fifty
microliters was injected into an Agilent HP111/Quatro Micro-
mass LC–MS. The LC analysis was performed on a reverse-
phase Eclipse XBD-C8 column (Agilent 4·6×150 mm, 5-μm
pore size), and the column was eluted with a gradient consist-
ing of solvent A, water and solvent B, 1% acetic acid in
acetonitrile (0–1 min 0% solvent B; 1–5 min 50% B; 5–
10 min 50% B; 10–19 min 100% B; 19–24 min 100% B;
and 24–29 min 0% B). The mass spectrometry detection was
done using a positive mode (ESP+) with a capillary value of
3.50, cone value of 28, and extractor value of 5.

For GC–MS analysis, the dried residues from the ethyl
acetate extract of the hydrolyzed exudates were dissolved in
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) (Supelco,
Sigma-Aldrich), and the solution was heated for 30 min
at 70°C (Massé et al. 1989). The trimethysilyl (TMS)
derivatized extract was then injected in a Hewlett Packard
HP6890 gas chromatograph equipped with a SPB-5 capillary
column (30 m×0.2 mm i.d.) (Sigma-Aldrich Biotechnology
LP) and a HP5973 mass selective detector. The initial oven
temperature (100°C) was held for 2 min and programmed at
15°C per min to 200°C and at 10°C per min to 300°C. The
injector and the detector were maintained at 250°C and
300°C, respectively. The mass spectrometer was operat-
ed in the electron impact ionization mode.

Growth of R. erythropolis U23A and other isolates
on root exudates

To test for the ability of isolates to grow on root exudates,
the exudates from a 16-week-old A. thaliana hydroponic
culture were concentrated 15 times using a Büchi roto-
evaporator. The concentrated preparation was filter-
sterilized, aliquoted, and frozen at −20°C until used. Cells
grown overnight in LB broth were washed twice in 0.85%
NaCl and suspended in 0.85% NaCl to an OD600 nm of 0.5.
Ten-milliliter screw-capped tubes containing 2 ml of MM30
were supplemented with 1% (v/v) (20 μl) of the 15 times
concentrated exudates. Concentrated exudates were used in
order to avoid diluting the culture medium, but the final
medium contained the equivalent of 15 parts of exudates per

100 parts of culture medium. These media were inoculated
with 100 μl of the above cell suspension. The cultures were
incubated 28°C at 100 rpm. Cell growth was monitored at
OD600 nm.

PCB congener degradation

R. erythropolis U23A was grown overnight at 28°C on
MM30 containing 0.1% (w/v) sodium acetate, in LB or in
MM30 amended with either 3.4 mM biphenyl or with 1%
(v/v) of the 15 times concentrated root exudates described
above. Cultures growing on biphenyl were filtered through
packed glass wool to remove crystals of the substrate. Cells
from overnight cultures were centrifuged, washed with
MM30 medium, and suspended in a final volume of 1 ml.
The bacterial suspensions were adjusted to OD600 nm01
with MM30 and distributed in 2-ml Teflon-lined screw-
capped tubes by portions of 200 μl containing 1 μl of a
mixture of 18 PCB congeners prepared in ethanol such as to
give the final concentration of each congener which is
indicated in Table 1. Tubes were incubated overnight at
28°C and shaken at 100 rpm. The cultures were then
extracted twice with hexane and the extracts were analyzed
by gas chromatography using an electron capture detector to
quantify PCB depletion using previously published proto-
cols (Barriault et al. 2004).

Table 1 List of PCBs and their concentrations in a mixture of 18
congeners

Congener Final concentration
in the reaction (μM)

2,6-Dichlorobiphenyl 1

3,3′-Dichlorobiphenyl 5

4,4′-Dichlorobiphenyl 5

2,3,4′-Trichlorobiphenyl 1

2,3′,4-Trichlorobiphenyl 1

2,4,4′-Trichlorobiphenyl 1

2,2′,3,3′-Tetrachlorobiphenyl 1

2,2′,4,4′-Tetrachlorobiphenyl 1

2,2′,5,5′-Tetrachlorobiphenyl 1

2,2′,6,6′-Tetrachlorobiphenyl 1

2,3′,4,4′-Tetrachlorobiphenyl 1

3,3′,4,4′-Tetrachlorobiphenyl 1

3,3′,4,5′-Tetrachlorobiphenyl 1

2,2′,3,4,5′-Pentachlorobiphenyl 1

2,3′,4,4′,5-Pentachlorobiphenyl 1

2,2′,3,4,5,5′-Hexachlorobiphenyl 1

2,2′,4,4′,5,5′-Hexachlorobiphenyl 1

2,2′,3,3′,4,5,5′,6,6′-Nonachlorobiphenyl
(internal standard)

0.5
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Metabolism of flavanone by biphenyl-induced cells of strain
U23A

R. erythropolis U23A was grown at 28°C on MM30 con-
taining 3.4 mM biphenyl. Cells from overnight cultures
were harvested by centrifugation and washed with M9 me-
dium. The cells were suspended in M9 to an OD600 nm05.
This cell suspension was proportionally distributed (5 ml)
among 50 ml glass tubes covered with Teflon-lined screw
caps. Flavanone was added to a final concentration of
200 μM and the cell suspensions were incubated at 28°C.
After 30 min, or periodically between 3 and 18 h, the cell
suspensions were extracted twice with 5 ml of ethyl acetate,
and the solvent phases were combined, dehydrated over
ammonium sulfate, and evaporated to dryness under a
stream of nitrogen. The residues were dissolved in 250 μl
of anhydrous acetone plus 5 μl of a 25-mM solution of n-
butylboronate (nBuB). The mixture was incubated at 20°C
for 30 min and then evaporated and the residues were
dissolved in 50 μl hexane for GC–MS analysis. Alternative-
ly, the extracts were treated with BSTFA as above to gener-
ate the TMS derivatives. The GC–MS conditions were
identical to those described above.

As a control to facilitate the identification of the metab-
olites produced from flavanone by U23A cells, we also
examined the ability of a reconstituted purified preparation
of P. pnomenusa B356 biphenyl dioxygenase (BPDO) to
metabolize flavanone. In this case, each of the three purified
enzyme components were produced as His-tagged proteins
by recombinant Escherichia coli cells and they were puri-
fied by affinity chromatography using previously described
protocols (L’Abbée et al. 2011). The enzyme assays were
performed in a volume of 200 μl in 50 mM morpholinetha-
nesulfonic buffer pH 5.5, at 37°C as described previously
(Hurtubise et al. 1996). The metabolites generated after
10 min of incubation were extracted with ethyl acetate and
treated with nBuB or BSTFA for GC–MS analysis.

4-Chlorobiphenyl degradation assay

A resting cell assay using 4-chlorobiphenyl as substrate was
performed to assess the ability of root exudates to induce the
biphenyl catabolic pathway of R. erythropolis U23A. 4-
Chlorobiphenyl metabolism was determined by monitoring
4-chlorobenzoate which accumulates as end metabolite of
the biphenyl catabolic pathway. Cells of R. erythropolis
U23A were grown overnight at 28°C on LB medium or
M9 medium amended with biphenyl (3.4 mM) or with 1%
(v/v) of the 15 times concentrated root exudates described
above. The bacterial cultures were centrifuged at 7,000 rpm
for 10 min and washed twice in M9. The suspensions were
adjusted to OD600 nm of 1 with M9 and distributed by
portions of 200 μl into 1.5 ml Eppendorf tubes. The tubes

were vortexed quickly and incubated at 28°C in an Eppen-
dorf Thermomixer 5436 for 5 min. Five microliters of 4-
chlorobiphenyl in acetone (final concentration of 1.25 mM)
or acetone (negative control) was added and the reaction
vials were further incubated for 120 min. The suspensions
were then acidified with HCl before extracting the metabo-
lites twice with ethyl acetate. The extracts were dried over
ammonium sulfate, evaporated to dryness under N2, and
derivatized with BSFTA for GC–MS analysis according to
published protocols (Massé et al. 1989).

A similar experiment was set up to examine the ability of
flavanone to induce the biphenyl catabolic pathway of strain
U23A when it was used as co-substrate. In this case, cells
were grown overnight in MM30 containing 30 mM sodium
acetate as sole growth substrate or in MM30 containing
30 mM sodium acetate plus variable amounts (1, 0.01, or
0.001 mM) of flavanone or of biphenyl. The latter two con-
centrations were in the range of those estimated to be present
in the culture media containing 15 times concentrated root
exudates described above. Cells from each of the overnight
grown cultures were then prepared to evaluate their ability to
metabolize 4-chlorobiphenyl to 4-chlorobenzoate using the 4-
chlorobiphenyl assay described above.

Motility assays

Although R. erythropolis U23A is a Gram-positive bacteri-
um, it can likely be motile by gliding (Jarrell and McBride
2008). Therefore, it was tested for its capacity to exhibit
phenotypic traits that are likely to contribute in the root
colonization process. Hence, mobility, chemotaxis, cell hy-
drophobicity, cell adhesion, and root colonization capacities
were tested as described below.

Chemotaxis assay

The chemotaxis assay was based on a protocol described by
Gordillo et al. (2007). Tryptone 1% (positive control), sterile
water (negative control), and a sterile concentrated root
exudates were tested for their capacity to induce a chemo-
taxis response. R. erythropolis U23A was grown overnight
at 28°C in Petri dishes on solid LB medium. Cells were then
collected and suspended in a 0.5-M phosphate buffered
solution (PBS), pH 7.3 containing 0.1% agar and the sus-
pension was adjusted to an OD600 nm of 5. The suspension
was poured into 50 mm Petri dishes and allowed to settle for
a few minutes before transferring the disk soaked with the
substrates to be tested. Sterile filter paper discs were soaked
individually with 20 μl of each preparation to be tested, the
filters were air-dried in a sterile laminar-flow cabinet, and
then gently deposited on the surface of the soft agar medium
containing the bacterial suspension. The formation of a
turbidity ring around the disc, reflecting the movement of
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the bacterial suspension towards the chemo-attractant, was
observed regularly for 2 h and pictures were taken to doc-
ument the assay.

Binding assays: microbial adhesion test
on hydrocarbons/sand

Microbial adhesion to hydrocarbons (MATH) (Rosenberg et
al. 1980) and microbial adhesion to silica sand (MATS)
(Déziel et al. 2001) assays were performed according to
previously described protocols (Déziel et al. 2001; Rosenberg
et al. 1980). R. erythropolis U23A and P. fluorescens F113 (a
positive control) were grown on liquid LB medium overnight
at 28°C, centrifuged at 7,000 rpm and washed twice in 0.85%
NaCl, and suspended in 3 ml of 0.5 M PBS, pH 7.3, and
OD600 nm was adjusted to 0.5. For the MATH assay, 500 μl of
the bacterial suspension was mixed with 500 μl of mineral oil
in 2 ml glass vials, vortexed for 1 min at maximum speed and
allowed to settle for 30min at room temperature. Two hundred
microliters of the aqueous phase was transferred into the wells
of a 96-well plate and OD600 nm was recorded. For the MATS
assay, 500 μl of the bacterial suspension was mixed in 500 mg
of washed sand in an Eppendorf tube and mixed on a rotation
shaker for 30 min at room temperature. The tubes were then
put aside to let the sand settle at the bottom, and the
supernatant was transferred in a spectrophotometer tube
to read OD600 nm against a blank of PBS. For both assays,
OD600 nm was measured prior and after completing the test in
order to compare and calculate the absorption percentage on
either mineral oil or sand. Comparisons were also made be-
tween the two strains for each assay.

Root colonization assay

The root colonization assay was partly adapted from that of
Scher et al. (1984) and Villacieros et al. (2005). For this
assay, alfalfa (Medicago sativa L. var. Geneva) seeds were
used as their root system is bigger and easier to handle than
that of A. thaliana. Seeds were surface-sterilized by soaking
in a 50% hypochlorite solution (commercial bleach 4%) for
5 min and rinsed with sterile distilled water. Bacterial cul-
tures of R. erythropolis U23A and P. fluorescens F113 were
grown at 28°C overnight in 2 ml LB medium, and OD600 nm

was adjusted to 1 in sterile NaCl (0.85%). The sterilized
seeds were soaked in the bacterial suspension for 30 min on
a horizontal agitator, after which they were inoculated in
50 ml test tubes filled with 40 g sterilized Ottawa sand. Prior
seed inoculation, the sand was watered with 7 ml of half-
strength Hoagland’s solution. Triplicate tubes were seeded
for each treatment. Triplicate control tubes seeded with
uninoculated seeds were also included in the experiment to
confirm the sterility of the plant cultures. The seeds were
allowed to germinate and grow for 4 weeks before

harvesting. For each treatment, three replicated seeds that
had been soaked in the bacterial suspensions were washed in
sterile 0.85% NaCl and vortexed for 10 s. Serial tenfold
dilutions were made in sterile 0.85% NaCl from which
0.1 ml was inoculated on LB agar plates in triplicate. Col-
onies were counted following incubation for 24 h at 28°C to
determine the total number of colony-forming units per
inoculated seed. The extent of root colonization was evalu-
ated using a protocol similar to the one described by
Sanchez-Contreras et al. (2002). Four-week-old plants (in-
cluding the roots) were carefully removed from the sands,
and their roots were excised, weighted, transferred in a tube
containing 5 ml sterile 0.85% NaCl, and vortexed vigorous-
ly. Similarly, the sand from each tube was collected, weight-
ed, and vortexed into 5 ml 0.85% NaCl to release the
bacteria remaining in the sand fraction. Both bacterial
suspensions (roots and sands) were diluted and plated on
LB agar as above to count the CFUs from the roots or
sand fractions. The CFUs were expressed per gram of
roots or of sand.

Results

Isolation and identification

Based on 16S rRNA sequence analysis, strains U22 and
U24 clustered with R. globerulus. Their PCB-degrading
patterns, based on their ability to metabolize the mixture
of 18 PCB congeners described in Table 1, were very similar
to the one obtained for strain U23A described below (data
not shown). However, both of these strains exhibited a poor
growth when root exudates were used as the sole carbon
source. Therefore, these two strains were not further con-
sidered in the study. Strain U23A is an aerobic, non-
sporulating, Gram-positive bacterium. It is catalase-
positive, and based on microscopic observation, it forms
rods to extensively branched vegetative chains. On the basis
of its morphological and biochemical features, it was iden-
tified as a Rhodococcus. The identity was confirmed as R.
erythropolis based on 16S rRNA gene sequence. The 16S
rRNA gene sequence of R. erythropolis U23A is available
under the GenBank accession number HQ412801 and it is
99% identical to that of R. erythropolis strain LG12 and
OUCZ211 16S rRNA gene (GenBank: AY785750.1 and
EU852376.1). Strain U23A has been deposited at the Amer-
ican Type Culture Collection under the accession number
ATCC BAA-2259.

Furthermore, using the primers to amplify the gene
encoding for the large subunit of the biphenyl dioxygenase’s
oxygenase component (bphA), we amplified a 1.2-kb frag-
ment with the primers that are specific for R. globerulus P6
bphA1. Sequence analysis of the amplified 1.2-kb fragment

1594 Appl Microbiol Biotechnol (2012) 95:1589–1603



confirmed the presence of bphA and its deduced amino acid
sequence was closely related (99% identity) to BphA1 of R.
globerulus strain P6 (Barriault et al. 2002). The two proteins
differ by only one amino acid residue, where the alanine at
position 446 of P6 BphA1 is replaced by a glycine in U23A
BphA. The presence of a single bphA in the genome of
strain U23A was supported by the fact that the previously
described sets of degenerated pairs of primers designed to
amplify a broad range of bphA genes (Vézina et al. 2007)
did not amplify any amplicon other than the one
corresponding to the sequence described above and the
primers specific for B. xenovorans LB400 or P. pnomenusa
B-356 bphA did not amplify any gene.

Bacterial growth on root exudates and flavonoid detection
by HPLC

R. erythropolis U23Awas able to grow in MM30 containing
1% (v/v) of the 15 times concentrated root exudates as sole
growth substrate, reaching an OD600 nm of approximately
0.7 within 48 h at 28°C. Under the same conditions, when
grown on 3.4 mMbiphenyl, strain U23A reached an OD600 nm

of 2.5 after 24 h of incubation. The root exudates were
fractionated by HPLC according to the protocol described in
the “Materials and methods” section. Approximately 40
HPLC chromatographic peaks were obtained from this sepa-
ration. In order to facilitate identification of the components,
the exudates were acid-hydrolyzed before separation by
HPLC. On the basis of LC–MS, GC–MS analyses and with
comparison to commercially available flavonoids and phenyl-
propanoids few peaks were identified, including coumarin,
flavanone, hydroxybenzoic acid, hydroxytyrosol, naringenin,
syringic acid, and vanillic acid (not shown). However, under
our experimental conditions, we were unable to identify the

other peaks, many of which were very low, indicating they
were minor components of the mixture or they were lost
during acid hydrolysis.

PCB and 4CB degradation by cells grown on root exudates

Resting cell suspensions of biphenyl-induced R. erythrop-
olis U23Awere able to degrade seven congeners of the mix
of 18 congeners described in Table 1, ranging from di- to
tetra-chlorinated biphenyls (Table 2). More importantly,
when cells were grown in a minimal medium containing
1% (v/v) of the 15 times concentrated root exudates as sole
growth substrate, the resting cells were able to degrade three
chlorobiphenyls more significantly than cells grown on
MM30 containing sodium acetate as sole growth substrate
or grown on LB medium (Table 2).

A resting cell assay described in the “Materials and
methods” section was performed to determine the effect of
root exudates on the ability of R. erythropolis U23A to
convert 4-chlorobiphenyl to 4-chlorobenzoate. When cells
were grown on MM30 containing biphenyl as growth sub-
strate, the resting cell suspension converted approximately
half (750 μM) of the 1.25 mM of 4-chlorobiphenyl added to
the medium into 4-chlorobenzoate (Fig. 2) which was
detected as sole metabolite by GC–MS analysis (not
shown). When cells were grown on LB medium, approxi-
mately 7 μM 4-chlorobenzoate was produced and no other
intermediate metabolites were detected in the medium, in-
dicating that the biphenyl-degrading enzymes are constitu-
tively expressed at a very low level in strain U23A.
However, when cells were grown using root exudates as
sole growth substrate, using identical conditions, resting
cells of R. erythropolis produced 3.5 times more 4-
chlorobenzoate than those grown on LB broth. This

Table 2 Effect of carbon source on the PCB-degrading ability of R. erythropolis U23A toward the PCB congeners found in a mixture of 18

Congenera LB broth Na acetate Exudates Biphenyl
% depletion of each congenerb

33′ 0.0±0.0 a 1.4±2.5 a 17.6±9.6 b 97.9±3.6 c

44′ 0.0±0.0 a 0.0±0.0 a 0.0±0.0 a 30.8±1.6 b

23′4 5.4±4.8 a 2.5±4.3 a 84.5±2.9 b 100.0±0.0 b

244′ 3.0±1.4 a 2.8±4.9 a 5.0±6.6 a 83.6±4.1 b

234′ 5.8±2.7 a 3.0±5.2 a 21.7±10.1 b 94.4±4.9 c

22′33′ 0.0±0.0 a 0.0±0.0 a 0.0±0.0 a 59.0±13.6 b

23′44′ 0.0±0.0 a 0.0±0.0 a 0.0±0.0 a 25.7±11.0 b

a Only the congeners that are degraded by the biphenyl-grown cells are indicated
b Cells were grown overnight at 28°C on LB Broth or on MM30 amended with 0.1% sodium acetate (Na acetate), with 3.4 mM biphenyl (biphenyl)
or with 1% (v/v) 15 times concentrated root exudates (exudates) and then used in the resting cell assay described in the “Materials and methods”
section. Means (n03)±standard deviations are shown. Values in bold represent the congeners that were significantly degraded compared to the
control cultures grown on Na acetate or in LB broth, and for each congener, different letters indicate significant differences according to Tukey’s
test (P≤0.05)
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observation provides further evidence that U23A bph gene
cluster responds to the Arabidopsis root exudates (although
to a lesser extent than for biphenyl) by increasing the level
of the biphenyl catabolic enzymes above the basal level
found in cells grown in LB broth.

Metabolism of flavonoids by strain U23A

None of the compounds that were identified from root
exudates (listed above) were able to sustain the growth of
strain U23A when used as sole growth substrate. Since
flavanone was among the most abundant chemicals detected
in the root exudates (its concentration was estimated be-
tween 0.5 and 1 mM based on the peak area of HPLC and
GC–MS chromatography), we have examined the ability of
biphenyl-induced cells to metabolize this flavonoid. When a
resting cell suspension was incubated for 30 min in the
presence of 200 μM flavanone under the conditions de-
scribed in the “Materials and methods” section, two dihy-
drodiol metabolites were detected in the culture media
(Fig. 3a). The mass spectral features of the butylboronate
derivatives of both metabolites were very similar and corre-
sponded to the 2-(2,3-dihydro-2,3-dihydroxyphenyl)chro-
mane-4-one and the 2-(3,4-dihydro-3,4-dihydroxyphenyl)
chromane-4-one. Both metabolites were characterized by a
high molecular ion at m/z 324 and diagnostically important
ions at m/z 308 (M+–O), 267 (M+–n-Bu), 240 (M+–n-Bu-
BO), 224 (M+–n-BuBO2), 147 (M+–n-BuBO2–C6H5), 120

(M+–n-BuBO2–C6H5–CH–CH2). The identity of these two
metabolites as dihydrodihydroxy compounds was con-
firmed by the fact that a reconstituted purified preparation
of P. pnomenusa B356 biphenyl dioxygenase produced the
same two metabolites from flavanone (Fig. 3a). Although
GC–MS analysis did not allow us to distinguish between the
2,3- and 3,4-dihydroxylated metabolites, the mass spectral
fragmentation pattern (presence of ions at 147 and 120) was
consistent with a dihydroxylation reaction occurring on the
phenyl ring, at both positions. This ring was also the one
that an engineered biphenyl dioxygenase produced by Pseu-
domonas pseudoalcaligenes KF707 was shown to hydrox-
ylate (Shindo et al. 2003).

When the cell suspensions were incubated from 3 to 18 h
under the same conditions, a single metabolite was detected.
This metabolite accumulated in the culture medium until the
substrate was completely depleted and it was not further
degraded by the cells. The TMS-derived metabolite was
detected by GC–MS and its mass spectral features corre-
sponded to the 4-oxo-2-chromanecarboxylic acid (Fig. 3b).
It was characterized by diagnostically important ions at m/z
264 (M+), 249 (M+–CH3), 219 (M+–3CH3), 205 (M+–CH3–
O–CO), 174 (M+–COOTMS), and 131 (M+–COOTMS–O).

Together, the data show the unique biphenyl dioxygenase
of the biphenyl catabolic pathway of strain U23A oxidized
flavanone on the phenyl ring and the ring is then cleaved to
ultimately generate 4-oxo-2-chromanecarboxylic acid.
However, since the hydroxylation occurs on carbons 2,3
and 3,4 of the phenyl ring and a single metabolite was
detected as the end product of this pathway, more work will
be required to determine the exact steps involved in the
metabolism of flavanone dihydrodiols. The biphenyl dioxy-
genase, the 2,3-dihydro-2,3-dihydroxybiphenyl 2,3-dehy-
drogenase and the 2,3-dihydroxybiphenyl 2,3-dioxygenase
of P. alcaligenes K707 were found to metabolize flavanone
to the meta-cleavage metabolite (Shindo et al. 2004) through
an initial oxygenation on carbons 2 and 3 of the phenyl ring.
Therefore, it is likely that 2,3-dihydroxylated metabolite
generated by U23A biphenyl dioxygenase would be trans-
formed to the 4-oxo-2-chromanecarboxylic acid using the
four enzymatic steps of the biphenyl catabolic pathway.
However, it is not clear how the 3,4-dihydroxylated metab-
olite was converted to this final metabolite. Trace amounts
of a metabolite whose TMS derivative exhibited mass spec-
tral features that were consistent with the 2-hydroxy(4-oxo-
2-chromane) acetaldehyde or the 4-oxo-2-chromane acetic
acid were detected. Diagnostically important ions were ob-
served at m/z 278 (M+), 263 (M+–CH3), 147 (M+–TMS–O–
CH–CH) (not shown). This metabolite is likely to be gen-
erated from the cleavage of the 3,4-dihydroxylated metabo-
lite. However, it is not clear what are the enzymes involved
in the ring cleavage and in the oxidation of the aliphatic
chain to generate the 4-oxo-2-chromanecarboxylic acid.

Fig. 2 Amount (micromolar) of 4-chlorobenzoic acid produced when
standardized resting cell suspensions of R. erythropolis U23A were
incubated with 1,250 μM 4-chlorobiphenyl for 2 h. R. erythropolis was
previously grown overnight at 28°C in either LB Broth, MM30
amended with 3.4 mM biphenyl, or a 1% (v/v) of a 15 times concen-
trated root exudates. Bars represent mean (n02) and SD are shown.
Different letters indicate significant differences according to Tukey’s
test (P≤0.05). The protocol for the standardized 4-chlorobiphenyl
assay is described in the “Materials and methods” section
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Induction of U23A biphenyl catabolic enzymes
by flavanone

Since flavanone alone was unable to serve as growth substrate
for strain U23A, we verified if this chemical could induce the
biphenyl catabolic enzymes when the cells were grown co-
metabolically on sodium acetate plus flavanone. The resting
cell assay described in the “Materials and methods” section
was performed to determine the effect of growing cells co-
metabolically on sodium acetate plus variable concentrations
of flavanone on the ability of R. erythropolisU23A to convert
4-chlorobiphenyl to 4-chlorobenzoate. By growing the cells
co-metabolically on sodium acetate plus flavanone and

collecting them after overnight growth (late log phase), we
were reproducing the conditions that were used to prepare the
cells grown on root exudates. Under these conditions, flava-
none was metabolized during growth on sodium acetate to
generate principally 4-oxo-2-chromanecarboxylic acid (not
shown). When cells were grown overnight onMM30 contain-
ing sodium acetate alone and tested for their ability to metab-
olize 4-chlorobiphenyl, only traces of 4-chlorobenzoate were
detected in the assay medium after 2 h of incubation. Howev-
er, cells grown co-metabolically on sodium acetate plus fla-
vanone metabolized 4-chlorobiphenyl to 4-chlorobenzoate
and the amounts of 4-chlorobenzoate produced varied
depending on the amount of flavanone added to the growth

Fig. 3 a Total ion
chromatogram showing the
peaks of the two metabolites
produced from flavanone after
30 min by a resting cell
suspension of R. erythropolis
U23A (gray curve) or after
10 min by a purified
preparation of P. pnomenusa
biphenyl dioxygenase (BPDO)
(black curve). The inset shows
the mass spectra of one of the
two metabolites; the second
mass spectrum is not shown but
very similar. b Total ion
chromatogram showing the
single peak of metabolite
produced after 18 h by a resting
cell suspension of R.
erythropolis U23A. The inset
shows the mass spectra of the
metabolite
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medium (Fig. 4). Cells grown in the presence of 1 mM flava-
none produced significantly more 4-chlorobenzoate than
those grown on 0.01 mM. However, it is noteworthy that in
spite of the fact that flavanone was metabolized and its con-
centration decreased during growth on sodium acetate, cells
grown in medium containing as little as 10 or 1 μM flavanone
produced more chlorobenzoate than the control without fla-
vanone. Cells grown on sodium acetate plus biphenyl
responded similarly to those grown on sodium acetate plus
flavanone, where the catabolic activity of overnight grown
cells toward 4-chlorobiphenyl decreased as the level of biphe-
nyl was lowered in the medium (Fig. 4). However, the amount
of 4-chlorobenzoate produced by the cells grown in the pres-
ence of flavanone was in the same range and even higher than
for those grown in the presence of biphenyl.

Together, the data provided strong evidence for the abil-
ity of the root exudates to promote PCB degradation, which
can be attributed to the capacity of flavanone (and perhaps
other unidentified phenylpropanoids) to serve as inducer of
U23A biphenyl catabolic pathway. Flavanone was unable to
serve as growth substrate, most likely because the
chromane-4-one portion was not metabolized. However,
the data show that the flavonoids, (especially flavanone
found in the exudates) are metabolized by the enzymes of
the biphenyl catabolic pathway and can serve as inducers of
the biphenyl catabolic pathway. The exudate components
supporting cell growth could not be identified but could be
anyone of the many peaks, including glycosylated com-
pounds, sugars, and/or amino acids that are likely to be
present in exudates.

Motility, binding, and colonization assays

In order to assess the ability of R. erythropolis U23A to
colonize plant roots, we have examined some of the traits
that are normally associated with bacterial adhesion to sur-
face, formation of biofilm, and colonization of plant roots.
In this respect, when 500 μl of a cell suspension of strain
U23A adjusted to 0.5 OD600 nm was mixed with 500 mg of
sand, 30±2% of cells remained associated to the sand frac-
tion which was much higher than the 8±1% of P. fluores-
cens F113 cells. On the other hand, when the same cell
suspensions of strain U23A were mixed with an equal
amount of mineral oil (MATH assay), 52±4% cells
remained associated to the oil fraction compared to 98±8%
of strain F113 cells that remained in the hydrocarbon fraction.
The cell surface of strain U23Awas quite hydrophobic in the
MATH assay since 50% of the cells remained associated with
the hydrocarbon fraction, although this was to a lesser extent
than cells from strain F113, which is a well-characterized
Gram-negative root colonizer (Brazil et al. 1995).

Notably, R. erythropolis U23A exhibited a chemotactic
response to root exudates, which was significantly stronger
than that of the positive control using tryptone (Fig. 5). No
chemotaxis movement was observed in the presence of
water (negative control; results not shown). Finally, as
shown on Fig. 6, although R. erythropolis U23A did not
colonize alfalfa roots as well as the well-characterized P.
fluorescens F113 strain, the number of cells associated to the
plant roots fraction (5.7×105 CFU g−1) compared to the
sand fraction (4.5×104 CFU g−1) was high enough for strain
U23A to conclude that this strain can either colonize the
roots or adhere to them.

Discussion

Rhizoremediation is becoming increasingly popular as a
means to treat soils contaminated with xenobiotics such as

Fig. 4 Amount (micromolar) of 4-chlorobenzoic acid produced when
standardized resting cell suspensions of R. erythropolis U23A were
incubated with 1,250 μM 4-chlorobiphenyl for 2 h. R. erythropolis was
previously grown overnight at 28°C in MM30 amended with 30 mM
acetate or with 30 mM acetate plus the indicated concentrations of
flavanone or of biphenyl. Bars represent mean (n02) and SD are
shown. The protocol for the standardized 4-chlorobiphenyl assay is
described in the “Materials and methods” section

Fig. 5 Chemotaxis movement of R. erythropolis U23A towards a filter
paper soaked with 1% tryptone (positive control; left) or A. thaliana
root exudates (concentrated 15 times; right) as indicated by the white
arrows. The bacterial suspension was adjusted to OD600 nm05 in a
phosphate buffered saline solution containing 0.1% agar
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PCBs (Van Aken et al. 2010; Sylvestre et al. 2009; Field and
Sierra-Alvarez 2008; Daar et al. 2002). Several reports have
provided evidence that plants promote the bacterial PCB
degradation in soil (Chekol et al. 2004; Dercova et al.
2003; Leigh et al. 2006; Narasimhan et al. 2003). However,
the mechanism by which plants associate with rhizobacteria
to remove the contaminants in the soil is poorly understood.
Understanding how plants stimulate the bacterial degrada-
tion of pollutants in soil will help design novel approaches
for soil remediation. Here we have isolated and character-
ized a rhodococcal rhizobacterium whose PCB-degrading
pathway was shown to be triggered by root exudate
components.

The presence of bphA encoding for the large subunit of
biphenyl dioxygenase’s oxygenase component and its ability
to transform 4-chlorobiphenyl into 4-chlorobenzoate are evi-
dences that R. erythropolisU23Ametabolizes PCB congeners
and flavanone through the biphenyl catabolic pathway. The
detection of 2-(dihydro-dihydroxy-phenyl) chromane-4-ones
and 4-oxo-2-chromanecarboxylic acid in resting cell assay
performed with biphenyl-induced cells provided strong evi-
dence that flavanone was metabolized by the unique biphenyl
dioxygenase found in strain U23A and most likely by the
other three enzymes of the biphenyl catabolic pathway.

Other R. erythropolis strains have previously been shown
to carry the bph gene cluster (Pieper 2005; Yang et al. 2004,
2007). However, sequence analysis of U23A bphA shows
that the dioxygenase that initiates the catabolic pathway is
closely related to that of R. globerulus P6, which is distinct

from those of previously described R. erythropolis PCB-
degrading strains. Because of the similarity between the
biphenyl dioxygenase of strains P6 and U23A, it was
expected that both strains would degrade the same range
of PCB congeners. This was confirmed since the pattern of
PCB congeners degraded by biphenyl-induced R. erythrop-
olis U23A cells (inability to metabolize 2,2′-dichlorobi-
phenyl or 2,2′,5,5′-tetrachlorobiphenyl and ability to
metabolize 3,3′-dichlorobiphenyl and 2,2′,3,3′-tetrachlor-
obiphenyl) is identical to the one previously reported by
Bedard et al. (1986) for Corynebacterium strain MB1
(later reclassified and renamed as R. globerulus P6)
(Asturias et al. 1994).

Many species belonging to the Rhodococcus genus are
known to degrade PCBs (Warren et al. 2004; Arai et al.
1998; Seto et al. 1996). Chlorobenzoate degradation by R.
erythropolis strain S-7 and Rhodococcus sp. R04 has also
been reported previously (Chung et al. 1994; Yang et al.
2004; Yun et al. 2009; Zhang et al. 2009). However,
unlike these strains, U23A was unable to metabolize 4-
chlorobenzoate produced from 4-chlorobiphenyl and it
was unable to metabolize 4-oxo-2-chromanecarboxylic
acid derived from flavanone.

Being non-flagellated, R. erythropolis U23A is not
expected to be motile, which is an important trait for root
colonization (Lugtenberg and Kamilova 2009). However,
our data show that the strain was able to colonize (or at
least to adhere) the roots of alfalfa, as well as to move
towards a disk soaked with a solution containing root exu-
dates in a chemotaxis assay. Motility is traditionally associ-
ated with bacteria that possess flagella and/or pili that confer
them the ability to swarm (Kearns 2010) or to move by
swimming or twitching (O’Toole et al. 2000), thus giving
them the potential to colonize plant roots. Rhodococcal are
not flagellated and there is no evidence indicating that they
possess pili on their surface. However, we cannot exclude
the possibility that R. erythropolis U23A is able to move by
gliding, as reported for other bacteria that lack flagella
(Jarrell and McBride 2008), or by sliding, as reported for a
Pseudomonas aeruginosa mutant lacking both pili and fla-
gella (Murray and Kazmierczak 2008).

On the other hand, the binding capacity of R. erythropolis
in the MATH test indicated that the hydrophobicity of this
strain is in the same range as found for R. erythropolis strain
CCM 2595 in a similar assay (Masak et al. 2005). Although
the role of cell surface properties on microbial adhesion to
surface is not clearly understood, surface hydrophobicity
appears as an important factor (Rosenberg 2006). In the
case of strain U23A, hydrophobicity might facilitate aggre-
gation on or around plant roots.

An important finding in this work is that cells of strain
U23A grown in a medium containing Arabidopsis root
exudates as sole growth substrate could metabolize 3,3′-

Fig. 6 Number of colony-forming units (CFU) of R. erythropolis
U23A or P. fluorescens F113 remaining in sand or associated to roots
of M. sativa (alfalfa) after 4 weeks growth in vitro. The experimental
conditions are described in the “Materials and methods” section; CFUs
are expressed per unit of seed or per gram of roots or sand. Mean (n03)
and SE are shown
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dichlorobiphenyl, 2,3,4′-trichlorobiphenyl, and 2,3′,4-tri-
chlorobiphenyl more efficiently than cells grown on LB
medium or on MM30 with sodium acetate as sole growth
substrate (see Table 2). This suggests that root exudates
contain components not present in LB medium that can
trigger (or induce) the expression of bph genes. The inability
of cells grown on root exudates to degrade all the congeners
that are degraded by biphenyl-induced cells is most likely
due to the very low expression of the biphenyl catabolic
genes in the PSM-induced cells. The first enzyme of the bph
pathway, the three component biphenyl dioxygenase, deter-
mines which PCBs are at least partially transformed by the
microorganism (Mohammadi et al. 2011). In a previous
investigation with a reconstituted purified BPDO prepara-
tion, dihydroxylation of the more resistant congeners, such
as 2,2′-dichlorobiphenyl, was only detected when the levels
of enzyme components were high and optimized, i.e., when
the proportions of the ferredoxin and ferredoxin-reductase
were much higher than the oxygenase component (Imbeault
et al. 2000). Although no explanation has yet been provided
for this observation, it would explain why cells grown on
root exudates only degraded the low and most labile con-
geners (4-chlorobiphenyl and 2,3′,4-trichlorobiphenyl).

Our results indicated that flavanone, one of the major
components of A. thaliana exudates, is an inducer of the
biphenyl catabolic pathway. It is noteworthy to say that
flavanone is not only an inducer of the biphenyl catabolic
pathway, but is also metabolized by the biphenyl catabolic
pathway. However, despite the ability of the biphenyl cata-
bolic enzymes to metabolize flavanone, this compound
could not support growth of strain U23A, most likely be-
cause of the inability of the cells to metabolize the 4-oxo-2-
chromanecarboxylic acid. However, we cannot exclude an
inhibitory effect of flavanone on one or more of the steps of
the biphenyl assimilatory process since strain U23A was un-
able to grow in a culture medium containing biphenyl plus
flavanone (results not shown). A similar inhibitory effect of
phenylterpenoids was made by Gilbert and Crowley (1997)
where carvone, a terpenoid present in spearmint (Mentha
spicata), was shown to promote the PCB-degrading ability
of an Arthrobacter isolate. However, this terpene was toxic to
this organism and it was unable to support its growth.

It has long been suspected that PSMs may allow the
growth of bacteria in the rhizosphere as well as triggering
their biphenyl pathway, resulting in enhanced PCB degra-
dation (Bais et al. 2004; Donnelly et al. 1994; Fletcher and
Hegde 1995; Leigh et al. 2002; Shaw et al. 2006). Recently,
Leigh et al. (2006) demonstrated that rhodococci isolates
were associated with the roots of certain tree species (e.g.,
pine and willow) in a contaminated site and that some of
these isolates had strong PCB degradation potential. As
highlighted by the authors, rhodococci seem to be able to
use PSMs as growth substrate in soil (Donnelly et al. 1994;

Hernandez et al. 1997) and this feature might explain why
they are well adapted to degrade PCBs. However, this
hypothesis has not yet been demonstrated.

Although the interactions between Actinobacteria and
plants and their effect on plant growth and bacterial metab-
olism have been much less documented than the interaction
involving other bacterial groups (Francis et al. 2010), it is
clear that many members of the Actinobacteria including
members of the non-mobile genus Streptomyces have been
associated to plant diseases or been used to control plant
diseases. Our observation with strain U23A is corroborated
by the recent observation whereby R. erythropolis (MtCC
7905) (Trivedi et al. 2007) was shown to exhibit plant
growth promoting activity. In addition to its plant growth
promoting ability, strain MtCC 7905 was also shown to be a
useful chromate-reducing bacterium in soil. Therefore, our
data strongly support the idea that Gram-positive rhodoc-
coci may play an active role in the rhizosphere microbiota.

This is strengthened by the fact that flavanone induces
the biphenyl catabolic enzymes of R. erythropolis U23A and
is metabolized by this pathway. In a previous metabolomic
analysis of A. thaliana exudates, 125 PSMs were identified
(Narasimhan et al. 2003), 76% of which belonged to the
phenylpropanoid class of compounds. Therefore, flavanone
might not be the sole exudate component to exert an induc-
ing effect on the biphenyl catabolic enzymes. However, by
singling out flavanone, our study clearly shows that al-
though each single component of root exudates cannot
support growth, individually, some of the exudates compo-
nents can serve as inducer of this pathway. de Lorenzo and
Pérez-Martin (1996) have introduced the notion of fortu-
itous inducers to explain why several substrate analogs can
induce catabolic pathway enzymes. Traditionally, the level
of induction obtained from fortuitous inducers is significantly
lower than for the natural substrate of the pathway. However,
it is quite intriguing that during co-metabolic growth, flava-
none was found to be as efficient as biphenyl to induce the
biphenyl catabolic pathway enzymes and that flavanone phe-
nyl ring was metabolized completely by this pathway.

The ability of the biphenyl catabolic enzymes to metab-
olize flavanone and other flavonoids has been reported by
several investigators (Shindo et al. 2003, 2004; Seeger et al.
2003; Seo et al. 2011). Until now, these reactions were
believed to be fortuitous and explained on the basis of the
ability of the pathway enzymes to bind biphenyl analogs
productively. However, on the basis of our investigation and
others that provided evidence that PSMs act as inducers of the
biphenyl catabolic enzymes (Dercova et al. 2003; Donnelly et
al. 1994; Gilbert and Crowley 1997; Hernandez et al. 1997;
Miya and Firestone 2001; Singer et al. 2003), the question can
be raised whether this pathway plays a role in the maintenance
or recycling of phenylpropanoids and phenylterpenoids in the
rhizosphere.
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Altogether, our results highlight the fact that even though
R. erythropolis is considered a non-mobile bacterium, it still
possesses several traits conferring the capacity to colonize
(or grow on) plant roots surface (or in the rhizosphere). Our
data do not allow us to distinguish between the increase in
bacterial density in the rhizosphere that would be associated
to root colonization and growth promotion due to the pres-
ence of PSMs that promote growth of bacteria adhering to
root surfaces. Further work will be required to clearly show
that rhodoccoci can colonize plant roots. However, our data
clearly show that strain U23A exhibits a chemotaxic re-
sponse to root exudates and that flavanone and perhaps
other chemicals present in the root exudates can trigger the
biphenyl catabolic enzymes. We can thereby propose a
model for explaining how plants promote PCB degradation
in soil. In the rhizosphere, labile chemicals such as the sugar
moiety of the conjugated PSMs might provide a substrate on
which to grow, whereas the flavonoids or other phenylpro-
panoids would then induce the biphenyl pathway of strain
U23A. The ability of flavanone to act as strong inducer of
the biphenyl pathway raises the question of whether this
pathway plays a role in phenylpropanoid metabolism in soil.
However, an important contribution of this process is the
finding that flavanone triggers the metabolism of PCBs in soil.
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