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Abstract Two biphenyl-degrading bacterial strains,
SS1 and SS2, were isolated from polychlorinated
biphenyl (PCB)-contaminated soil. They were identi-
fied as Rhodococcus ruber and Rhodococcus pyri-
dinivorans based on the 16S rRNA gene sequence, as
well as morphological, physiological and biochemical
characteristics. SS1 and SS2 exhibited tolerance to
2000 and 3000 mg/L of biphenyl. And they could
degrade 83.2 and 71.5% of 1300 mg/L biphenyl
within 84 h, respectively. In the case of low-chlori-
nated PCB congeners, benzoate and 3-chlorobenzoate,
the degradation activities of SS1 and SS2 were also
significant. In addition, these two strains exhibited
chemotactic response toward TCA-cycle intermedi-
ates, benzoate, biphenyl and 2-chlorobenzoate. This
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study indicated that, like the flagellated bacteria, non-
flagellated Rhodococcus spp. might actively seek
substrates through the process of chemotaxis once
the substrates are depleted in their surroundings.
Together, these data provide supporting evidence that
SS1 and SS2 might be good candidates for restoring
biphenyl/PCB-polluted environments.
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Introduction

Polychlorinated biphenyls (PCBs) have been used
extensively for a variety of industrial purposes, such as
the manufacture of flame retardants, oil condensers,
dielectrics, plasticizers, heat exchangers and hydraulic
fluids (Abraham et al. 2002; Pieper 2005; Pieper and
Seeger 2008; Vasilyeva and Strijakova 2007).
Although the use of PCBs is now banned (Aken
et al. 2010), they are still recalcitrant in the environ-
ment due to low bioavailability and stable structure.
PCBs are toxic and cause serious effects on the
immune, endocrine, nervous and reproductive systems
in animals, often leading to cancer (Aoki 2001; Faroon
et al. 2000). These deleterious effects have motivated
the search for ways to remove these organic pollutants
from contaminated environments.
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Biological degradation of PCBs is an attractive
clean-up strategy because it is environmentally
friendly and cost-effective (Ohtsubo et al. 2004).
Many studies have shown that biphenyl-degrading
bacteria can utilize or co-metabolize various PCB
congeners through the biphenyl catabolic pathway
(Kohler et al. 1988; Bartels et al. 1999; Bopp 1986;
Taguchi et al. 2007). In fact, a complete biphenyl
catabolic pathway includes two parts: biphenyl upper
pathway (transformation of biphenyl/PCBs into ben-
zoate/chlorobenzoates (CBAs) and aliphatic acids)
and biphenyl lower pathway (further mineralization of
benzoate/CBAs and aliphatic acid) (Aken et al. 2010).
Some biphenyl-degrading bacteria do not contain a
complete biphenyl catabolic pathway (Pieper and
Seeger 2008), which might lead to accumulation of
dead-end intermediates and cause potential damage
during biphenyl/PCBs biodegradation. The most
easily accumulated dead-end intermediates are ben-
zoate and CBAs (Adebusoye et al. 2008a; Furukawa
et al. 1979). It has been proved that the intermediates
(benzoate and CBAs) formed during the process of
biphenyl/PCB biodegradation might inhibit the
growth of microorganisms (Eklund 1985). And the
inhibition effects of CBAs on PCBs degradation have
been also reported (Adebusoye et al. 2008a; Stratford
et al. 1996). Thus, it is necessary to screen excellent
strains which have the ability to degrade biphenyl,
PCBs and their intermediates.

Nevertheless, biodegradation efficiency is not only
associated with the degrading capability of bacteria,
but also depends on the bioavailability of pollutants
(Yang et al. 1995), which is influenced by microbial
mobility in addition to the soil medium and the nature
of the pollutants. The biodegradation efficiency of
biphenyl can be limited by its strong hydrophobicity
and low biodegradability. In the past few years, many
studies have shown that most motile bacteria can sense
and access pollutants through the process of chemo-
taxis (Pandey and Jain 2002; Parales and Harwood
2002). The chemotactic motility of bacteria could
increase pollutant bioavailability, which in turn was
found to have a key role in bioremediation (Krell et al.
2013; Marx and Aitken 1999, 2000; Pandey and Jain
2002; Paul et al. 2006; Parales et al. 2015). The extent
to which biphenyl, PCB congeners and their interme-
diates act as chemoattractants for biphenyl-degrading
bacteria plays an important role in improving the
degradation efficiency of PCBs. There have been
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reports of biphenyl-degrading bacteria showing
chemotactic response to benzoate, biphenyl (Gordillo
et al. 2007; Wu et al. 2003), PCBs (Gordillo et al.
2007; Tremaroli et al. 2010), 2-chlorobenzoate (2-
CBA), 3-chlorobenzoate (3-CBA) and 4-chloroben-
zoate (4-CBA) (Harwood 1989; Harwood et al. 1990).
Notably, most of the reported biphenyl-degrading
bacteria with chemotactic capability are Pseudomonas
spp., which are motile and have flagellums. Interest-
ingly, although Rhodococcus spp. are considered non-
motile bacteria, some studies have shown that they
exhibit chemotaxis towards Arabidopsis thaliana root
exudates (Toussaint et al. 2012), biphenyl (Wu et al.
2003), and natural crude oil (Tanase et al. 2012). In
fact, Rhodococcus spp., which can utilize biphenyl,
are the dominant microorganisms found in a PCB-
contaminated site (Leigh et al. 2006). It is unclear how
these flagella-independent mechanisms contribute to
overcome the restricted bioavailability of pollutants.

In this study, two biphenyl-degrading strains SS1
and SS2 were isolated from soil samples in electronic
waste recycling area, Taizhou (28.5605°N,
121.3852°E, PCB concentration of 3.60 mg/kg), Zhe-
jiang Province, China. The degradation ability of
PCBs, biphenyl, benzoate and CBAs of SS1 and SS2
were investigated, and the chemotaxis of SS1 and SS2
toward TCA-cycle intermediates, biphenyl, benzoate,
PCBs and CBAs were preliminarily studied.

Materials and methods
Chemicals and culture media

Biphenyl and benzoic acid were obtained from
Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). PCB congeners were purchased from Accu-
standard Co., Ltd (USA), while 2-CBA, 3-CBA, and
4-CBA were purchased from Aladdin Chemical Co.,
Ltd (Shanghai, China). TCA-cycle intermediates were
purchased from Beijing Solarbio Science & Technol-
ogy Co., Ltd (Beijing, China). Other chemical stan-
dards used in this study were obtained from Sangon
Biotech Co., Ltd (Shanghai, China).

The culture media used in this study were Luria—
Bertani (LB) medium (NaCl 10.0, tryptone 10.0, and
yeast extract 5.0 g/L, pH 7.2), mineral salts medium
(MSM, KH2PO4 10, KzHPO43H20 30, MgSO4 0. 15,
FeS0O, 0.01, CaCl, 0.005, NaCl 1.0, (NH,4),S0,4 0.5 g/
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L), and trace elements solution 0.1% (v/v) at pH 7.2.
The trace elements solution contained the following
(g/L): Na;MO4-H,0 6.7, ZnSO,4-5H,0 28.0, CuSOy-
5H,0 2.0, H3BO,4 4.0, MnSO4-5H,0 4.0, and CoSOy-
7TH,0 4.7 at pH 7.2, drop assay medium (KH,POy, 1,
K,HPO,-3H,0 3, FeSO,4-7H,0 0.02, (NH,4),S0,4 0.5,
NaCl 2 g/L, containing 0.5% agar), and M9 minimal
salts medium (Na,PO,-12H,O 15.13, KH,PO, 3.0,
NaCl 0.5, NH,Cl 1.0, MgSO4-7H,O 0.246, CaCl,
0.01, g/L)). All media were sterilized by autoclaving at
121 °C for 20 min.

Bacterial strains

Rhodococcus ruber SS1 and Rhodococcus pyridinivo-
rans SS2 were isolated in our laboratory by enrich-
ment on biphenyl from PCB-contaminated soil
samples as described earlier by Hu et al. (2015).
Strains SS1 and SS2 were identified based on their 16S
rRNA gene sequence and further characterized on the
basis of morphological examination and biochemical
tests. The 16S rRNA genes of SS1 and SS2 were
amplified by PCR with a pair of forward and reverse
primers: 27f (5'-AGA GTT TGA TCC TGG CTC AG-
3’) and 1492r (5-TAC CTT GTT ACG ACT T-3)
(Heuer et al. 1997). The 16S rRNA gene sequence and
related sequences acquired from GenBank were
aligned by BIOEDIT version 7.0 software. A phylo-
genetic tree was built by the neighbor-joining method
as implemented in MEGA version 4.0 software.

Biphenyl degradation experiments

SS1 and SS2 were pre-cultured for 24 h in LB medium
containing 5 mg/L biphenyl at 30 °C and 180 rpm on
a shaker. Then cells were collected by centrifugation
at 6000 rpm for 5 min at room temperature, washed
twice with phosphate buffers (0.05 M, pH 7.2) and
suspended in MSM. The cell suspensions were
adjusted to an ODgqq of 1.0 for the following test.
For biphenyl tolerance concentration experiment,
biphenyls (dissolved in acetone) were added to sterile
flasks and the acetone evaporated, then 20 mL cell
suspensions were added to the flasks. The initial
concentrations of biphenyl were 50, 100, 500, 1000,
2000 and 3000 mg/L. Biphenyl is poorly soluble in
water and therefore the indicated concentrations in the
test are only nominal. Residual biphenyl was collected
with an equal volume of ethyl acetate after incubation

for 84 h at 30 °C and 180 rpm. The organic phases
were diluted appropriately, dried with anhydrous
sodium sulphate and measured using gas chromatog-
raphy-mass spectrometry (GC-MS) as described by
Hu et al. (2015).

To investigate the biphenyl degradation curve of
SS1 and SS2, biphenyls (dissolved in acetone) were
added to glass tubes and the acetone evaporated, then
5 mL cell suspensions were inoculated into the glass
tubes at a final biphenyl concentration of 1300 mg/L.
The glass tubes were cultured at 30 °C and 180 rpm.
Residual biphenyl was extracted with an equal volume
of ethyl acetate at 12 h intervals within 108 h. The
growth of SS1 and SS2 were monitored by measuring
the ODg(qg at the time of extraction. Concentrations of
biphenyl were determined as previously described.

PCB and CBAs degradation experiments

Before 5 mL cell suspensions (ODgg 1.0) of SS1 and
SS2 were separately inoculated into sterile glass tubes
(control groups without SS1 and SS2), PCB congeners
(dissolved in hexane) were added to these tubes. The
initial concentration of 2-CB, 3-CB, 2,4-DCB, 3,3'-
DCB, 24,4-TrCB, 2,4'5-TrCB, 2,2',3,3'-TeCB,
2,2',45'-TeCB, 2,3,4,5-TeCB, 2,2',4,4',5,5-HCB
were 5.57, 6.41, 7.18, 7.93, 7.43, 9.36, 16.73, 4.53,
2.44, 5.51 mg/L, respectively. This treatment method
was also adopted to CBAs degradation experiment.
Residual PCBs and CBAs were extracted after incu-
bation for 72 h at 30 °C and 180 rpm and analyzed by
gas chromatography (GC) as described by Hu et al.
(2015).

The degradation efficiency was calculated by the
following equation: degradation efficiency (%) = (1 —
residual concentration/initial concentration) x 100.

Chemotaxis assays

The chemotactic behaviour was studied by modified
drop assays as described by Pandey et al. (2002). Cells
were grown in LB medium at the logarithmic phase,
washed twice, resuspended in drop assay medium
(ODggp 0.6) and poured into petri dishes. A small
amount of crystal attractant was placed in the center of
the petri dish to create a concentration gradient. For
the biphenyl assay, cells ware grown in M9 minimal
salts medium with 1 mM biphenyl. Chemotactic rings
were assessed for TCA-cycle intermediates
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(succinate, malate, a-ketoglutarate, citrate, fumarate,
oxaloacetate, aconitate), benzoate and biphenyl after
incubating 24 h at 30 °C.

All experiments were performed in triplicate and
the averages were calculated. SPSS version 16.0
software was used for data analysis. One-way analysis
of variance was used for statistical comparisons. The
significance level was set to P < 0.05.

Results

Identification of R. ruber SS1 and R.
pyridinivorans SS2

Two biphenyl-degrading strains, SS1 and SS2, were
isolated from the soil sample. Both colonies were
observed to be round and convex with a smooth,
opaque surface on LB agar plates. Colonies were
orange red and flesh pink for SS1 and SS2, respec-
tively. Observation by scanning electron microscopy
revealed that both cells were short rods or cocci
(Fig. 1). Both strains were aerobic gram-positive
bacteria with no spore formed. Based on the 16S
rRNA sequence analysis, morphological features,
physiological and biochemical characteristics
(Tables S1 and S2), strains SS1 and SS2 were
identified as R. ruber (Accession Number:
KY082044) and R. pyridinivorans (accession number:
KY082045), respectively. The 16S rRNA gene
sequence of SS1 and SS2 were 99% similar to R.
ruber DSM 43338 (Accession Number: X80625) and
99% similar to R. pyridinivorans PDB9' (accession
number: AF173005), respectively (Fig. 2).

) BV PP )\
SU8010 3.0kV 9.4mm x10.0k SE(UL)

Metabolism of biphenyl
Tolerance concentration of biphenyl

To study the biphenyl tolerance ability of SS1 and
SS2, a series of biphenyl concentrations from 100 to
3000 mg/L were adopted. The results are showed in
Fig. 3. With an increase in biphenyl concentration
from 100 to 1000 mg/L, almost all biphenyls were
removed by SS1 within 84 h. At an initial concentra-
tion of 2000, 1840 mg/L biphenyl was degraded.
Nevertheless, when the biphenyl concentration
reached 3000 mg/L, only 269 mg/L. biphenyl was
removed (Fig. 3a). Over 99% of the biphenyl was
degraded by SS2 when the biphenyl concentration
increased from 100 to 3000 mg/L (Fig. 3b). These
results indicated that SS1 could tolerate 2000 mg/L
biphenyl, and SS2 could tolerate more than 3000 mg/
L biphenyl. The biphenyl tolerance of SS2 appears to
be better than that of SS1.

Degradation characteristics of biphenyl

Figure 4 shows the degradation of biphenyl and cell
growth at 1300 mg/L biphenyl. SS2 exhibited higher
biphenyl degradation ability and cell growth than SS1
did. The degradation efficiency of SS2 reached 48.5%
within 12 h, but only 14.5% for SS1. Cell growth for
both strains reached a plateau between 48 and 84 h.
The general cell growth trend was consistent with the
biphenyl degradation rate. The biphenyl degradation
efficiencies were 83.2 and 71.8% for SS1 and SS2
after 84 h, respectively.

Fig. 1 SEM image of SS1 (a) and SS2 (b) at x 10,000 magnification
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Fig. 2 Phylogenetic analysis based on the 16S rRNA gene sequences of strain SS1 (a) and SS2 (b), and other related microorganisms in
the genus Rhodococcus. GenBank nucleotide sequence accession numbers are indicated in parentheses
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Fig. 3 Tolerance concentrations of biphenyl (100-3000 mg/L) by SS1 (a) and SS2 (b) in 84 h. Error bars represent mean + standard
deviation (n = 3)

Degradation of PCBs, benzoate and CBAs degradation of 2-CBA and 4-CBA was

remarkable.

not

The degradation of different chlorinated PCB con-

geners by SS1 and SS2 were investigated. Both strains
exhibited significant degradation of mono-, di-, and
tri-PCBs, while the degradation percentages of tetra-
and hex-PCBs were insignificant (Table 1). Table 2
shows the results of CBAs and benzoate degradation
by SS1 and SS2. Benzoate was almost completely
degraded by both strains after 72 h of incubation. The
degradation efficiencies of 3-CBA by SS1 and SS2
were 99.4 and 50.1%, respectively. However, the

Chemotactic responses of SSI and SS2 towards TCA-
cycle intermediates, biphenyl, benzoate, CBAs
and PCBs

Strains SS1 and SS2 were tested for chemotaxis
toward TCA-cycle intermediates, biphenyl, benzoate,
CBAs and PCBs by drop assay. For these qualitative
assays, the solid attractant in the middle of the drop
plate created a concentration gradient. The accumu-
lation of bacteria around the crystals is measured to
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Fig. 4 Comparison of biphenyl-degrading curve between strain
SS1 and SS2 at a concentration of 1300 mg/L. Error bars
represent mean =+ standard deviation (n = 3)

assess chemotaxis. Drop assays showed that strain SS1
and SS2 shown chemotaxis toward seven tested TCA-
cycle intermediates, biphenyl, benzoate and 2-CBA
(Table 3). Cells of SS1 and SS2 grew in LB medium
did not respond to biphenyl after incubation for 24 h.
However, the biphenyl-grown cells formed a denser

ring of turbidity in the middle of the plate around the
biphenyl (Fig. 5). These results indicated an induced
chemotaxis toward biphenyl. Although SS1 and SS2
can degrade 3-CBA, 2-CB, and 3-CB, they did not
show chemotaxis towards these compounds.

Discussion

It has been reported that many species belonging to the
Rhodococcus genus have the ability to degrade PCBs,
such as Rhodococcus jostii RHA1 (Atago et al. 2016),
Rhodococcus sp. M5 (Labbe et al. 1997), R. erythro-
polis TA421 (Chung et al. 1994), R. globerulus P6
(McKay et al. 2003), Rhodococcus sp. R04 (Yang
et al. 2004), Rhodococcus rhodochrous K37 (Taguchi
et al. 2004), Rhodococcus sp. TA431 and Rhodococ-
cus sp. HA99 (Taguchi er al. 2007). In this study,
Rhodococcus SS1 and SS2 isolated from PCB-con-
taminated soil also had the capability of depleting
biphenyl and PCBs.

Table 1 Degradation of 10

PCB congener
PCB congeners by SS1 and

Initial concentration (mg/L) Degradation efficiency (%)

SS2in 72 h Control group SS1 SS2
2-CB 5.57 £ 0.26 402 +7.0a  93.1+28b 983+ 1.0b
3-CB 6.41 + 0.31 334 13a  100.0 £ 0.0b 100.0 £ 0.0b
2,4'-DCB 7.18 + 0.28 113 +£34a  100.0 £ 0.0b 100.0 % 0.0b
3,3-DCB 7.93 £ 0.19 724+20a  100.0 £ 0.0b 100.0 £ 0.0b
2,4,4'-TrCB 743 £ 0.05 6.9 & 4.4a 6.8 +44a 869 £ 1.0b
Date are presented as 2.4, 5-TrCB 9.36 + 0.38 193 +34a  580+9.1c 32.0 £ 0.4b
mean = standard deviation 2,2',3,3'-TeCB 16.73 + 0.62 8.5 + 4.4a 124+78a 169 +2.4a
(n = 3). Data followed by
the same lowercase letter in 2,2/ 4,5'-TeCB 4.53 + 0.18 158 £5.1a  239+6la 240+47a
each row are not 2,34 ,5-TeCB 244 + 0.12 6.7 + 3.8a 10.1 =7.1a 154 £ 3.8a
significantly different 22 44'55HCB 551 £+ 0.08 97+£07a  139+79a 150+ 8.6a

(P > 0.05)

Table 2 Degradation of mono-chlorobenzoates and benzoate by SS1 and SS2 in 72 h

Substrate Initial concentration (mg/L) Degradation efficiency (%)

Control group SS1 SS2
Benzoate 19.17 £ 0.50 7.7 £ 2.0a 100.3 £ 0.5b 99.7 £+ 0.4b
2-CBA 19.55 £ 1.50 2.2 + 8.5a 4.7 + 6.1a 49 + 2.3a
3-CBA 13.78 £ 0.69 16.0 + 1.3a 99.4 + 0.0c 50.1 £ 9.1b
4-CBA 34.27 £+ 3.28 18.1 + 3.1a 27.5 + 2.1b 18.3 + 7.5a

Date are presented as mean =+ standard deviation (n = 3). Data followed by the same lowercase letter in each row are not

significantly different (P > 0.05)
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Table 3 Chemotaxis response of SS1 and SS2 to various
compounds

Chemoattractants R. ruber SS1 R. pyridinivorans SS2
Succinate + +
Malate + +
a-Ketoglutarate + +
Citrate + +
Fumarate + +
Oxaloacetate + +
Aconitate + +
Biphenyl + +
Benzoate + +
2-Chlorobenzoate + +

3-Chlorobenzoate

4-Chlorobenzoate
2-Chlorobiphenyl
3-Chlorobiphenyl — —

3

‘4’ indicates a chemotactic response was observed. ‘—’
indicates no chemotactic response was observed. Results
were obtained by using drop assay

Previous studies had shown that Mycobacterium sp.
PYR-1 was able to degrade over 98% of 80 mg/L
biphenyl within 72 h (Moody et al. 2002), Dyella
ginsengisoli LA-4 could degrade 95% of 100 mg/L
biphenyl within 36 h (Li et al. 2009), Achromobacter
sp. BP3 could completely degrade 50 mg/L biphenyl
within 28 h (Hong et al. 2009), and HC3 could grow
on 1000 mg/L biphenyl (Hu et al. 2015). In this study,
both strains could grow on 3000 mg/L biphenyl and
degrade biphenyl more rapidly, transforming almost
100% of 1000 mg/L biphenyl within 84 h (Fig. 3).
SS1 and SS2 exhibited higher biphenyl tolerance and
degradation abilities than those of the previously
reported strains.

In the case of low-PCB congeners, the degradation
activities of SS1 and SS2 were significant, as was
previously reported for other aerobic degradation
bacteria (Hu et al. 2015; Sakai et al. 2005), while the
degradation efficiency of tetra- and hex-PCBs were
insignificant. Previous studies shown that the number
and the position of chlorine substitution greatly affect
the biodegradation of PCBs. Degradation efficiency
decreased as chlorine substitution increased, and PCB
congeners containing more than four chlorines were
not easy to be degraded. Furthermore, PCB congeners
with double ortho substitutions are also poorly

degraded (Furukawa et al. 1979; Bedard and Haberl
1990). Based on the existing results, strains SS1 and
SS2 were relatively sensitive to 2- and 3-chlorophenyl
groups. And SS1 was insensitive to 2,4-chlorophenyl.
This may be influenced by the substrate preference of
enzyme. Burkholderia xenovorans LB400 have been
proved to exhibit exceptional abilities to attack a wide
range of PCB congeners, including hexachloro-
biphenyls (Bopp 1986). In this research, the substrate
range of SS1 and SS2 are narrow compared to LB400,
but SS1 and SS2 have an excellent capacity to degrade
biphenyl and low chlorinated biphenyl. Thus, it is
significant to investigate the biodegradation genes of
SS1 and SS2 for further research.

Furthermore, compounds with two or more halo-
gens per molecule are generally more recalcitrant,
they are usually biodegradable via co-metabolic
transformation processes (Kang 2014; Zhao et al.
2010). It has been reported that strains Ralstonia sp.
SA-5 and Pseudomonas sp. SA-6 were able to degrade
tetrachlorobiphenyls in the presence of biphenyl
supplementation as the growth substrate (Adebusoye
et al. 2008b). It is necessary to investigate whether SS1
and SS2 can transform PCBs that contain more than
three chlorines in the presence of biphenyl as co-
substrate for follow-up research.

During biodegradation of biphenyl/PCBs, benzoate
and different CBAs intermediates are generated (Po-
trawfke et al. 1998). It has been shown that some of
these compounds are toxic to the biodegrading bac-
teria and inhibit the growth of microorganisms (Ca-
mara et al. 2004; Parnell et al. 2006). Therefore, it was
necessary to investigate whether SS1 and SS2 were
able to degrade the benzoate and different CBAs
intermediates. R. erythropolis strain S-7 and
Rhodococcus sp. RO4 have been reported to utilize
chlorobenzoate (Yun et al. 2009; Zhang et al. 2009).
Similar to these strains, both SS1 and SS2 have the
ability to metabolize benzoate, 3-CBA and 4-CBA
(Table 2), suggesting that SS1 and SS2 might have the
ability to mineralize biphenyl and PCBs. Thus, SS1
and SS2 may play a more important role in the
degradation of biphenyl and PCBs.

Although microbial bioremediation can be envi-
ronmentally friendly and cost-effective for restoring
PCB-contaminated environments, the limited
bioavailability of the pollutants could restrict the
degradation rate. The current research has shown that
bacterial chemotaxis could increase pollutant
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Fig. 5 Chemotaxis response of SS1 (a) and SS2 (b) in drop assay. A biphenyl, B benzoate, C 2-chlorobenzoate, D 3-chlorobenzoate,
E 4-chlorobenzoate, F' 2-chlorobiphenyl, G 3-chlorobiphenyl, and A no chemoattractants (negative control)

bioavailability, which in turn would have improve the
potential for bioremediation (Law and Aitken 2003;
Marx and Aitken 2000; Paul et al. 2006). Being non-
flagellated, SS1 and SS2 are not expected to be motile.
However, our data indicate that SS1 and SS2 showed
chemotaxis toward TCA-cycle intermediates, biphe-
nyl, benzoate and 2-CBA. The chemotaxis of
Rhodococcus spp. toward chemical compounds has
been previously reported by other researchers (Tous-
saint et al. 2012; Wu et al. 2003). These flagella-
independent bacteria may overcome the restricted
bioavailability of pollutants by gliding, and they are
possibly motile under certain conditions, as has been
reported for other bacteria that lack flagella (Jarrell
and McBride 2008). Thus, it is necessary to quanti-
tatively analyze the chemotaxis of SS1 and SS2 in
semi-solid medium, other heterogenous medium and
in soil in future research. For bioremediation applica-
tion, it is important to evaluate whether bacteria
actually migrate through the heterogenous soil

@ Springer

medium towards a gradient of a particular chemoat-
tractant. Therefore, further research should be con-
ducted to investigate whether strains SS1 and SS2
could actually move in soil in a way that can increase
the biodegradation efficiency. And much work is
needed to uncover the potential integration of chemo-
taxis with degradation and to identify chemoreceptors
and biodegradation genes.

In conclusion, R. ruber SS1 and R. pyridinivorans
SS2, which have high biphenyl tolerances and degra-
dation efficiency, were isolated from a PCB-contam-
inated soil sample. Strains SS1 and SS2 could tolerate
up to 2000 and 3000 mg/L biphenyl, respectively, and
they were able to degrade benzoate, 3-CBA, 4-CBA
and PCBs with three or fewer chlorine atoms. SS1 and
SS2 shown chemotaxis toward TCA-cycle intermedi-
ates, biphenyl, benzoate and 2-CBA. The results
suggest that both bacteria might be good candidates
for restoring biphenyl/PCBs-contaminated
environments.
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