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Abstract

Orange peels, eucalyptus leaves, pine needles and ivy leaves were added separately to soil spiked with Aroclor
1242 (100 mgkg—1). Polychorinated biphenyls (PCBs) disappeared after six months in all the amended soils,
but not in unamended soils. Although biphenyl was not added to any of the sails, all four amended soils had
much higher levels (108/g) of biphenyl-utilizing bacteriathan the unamended control (10%/g). Ten random isolates
obtained from these soils were identified as coryneform bacteria. Five isolates, that were distinctly different, were
studied further with respect to growth on pure terpenes and metabolism of PCBs. The most effective strains were
Cellulomonas sp. T109 and R. rhodochrous T100, which metabolized 83% and 80% of Aroclor 1242, respectively,
during asix day period of growth on cymene and limonene, respectively. The bphA gene, cloned asa 2.8 Kb Sa/l
fragment of pAW6194 from cbpA (Walia et al. 1990) hybridized to total DNA of all coryneform isolates, and to
the well-established PCB degrader Rhodococcus globerulus. In contrast, a5 Kb Xhol-Smal fragment of the bphA
gene (Furukawa & Miyazaki 1986) did not show any homology to the genomic DNA of any of theisolatesor to R.
globerulus, but did hybridize to two other well-known PCB degraders Pseudomonas sp. LB400, and Alcaligenes
eutrophus H850. The data presented herein indicate that terpenes may be natural substrates for biphenyl-degrading

bacteriaand may enhance substantial transformation of Aroclor 1242.

Introduction

Polychlorinated biphenyls (PCBs) are among the
most recalcitrant priority pollutants known. Anaer-
obic dehalogenation typically occurs with reduction
of higher chlorinated congeners to lesser chlorinat-
ed ones (Quensen Ill et al. 1988; Brown et al.
1989; Nies & Vogel 1990). Aerobic metabolism of
lesser chlorinated PCBs to chlorobenzoates is fortu-
itously effected by four sequential steps encoded by
the bphABCD genes of biphenyl-degrading bacteria
(Furukawa 1994). Biphenyl has conventionally been
used to isolate and grow bacteria that partially trans-
form PCB congeners(Ahmed & Focht 1973; Furukawa
et a. 1978; Bedard et al. 1986, 1987; Kohler et al.
1988) and to enhance biodegradation in soil (Brunner
et al. 1985; Focht & Brunner 1985) and sediments
(Harknesset al. 1993). However, biphenyl is not anor-

mal constituent of soil, fromwhich biphenyl-degrading
bacteria are readily isolated. Thus, the enzymes of
the biphenyl/PCB pathway are clearly designed to
attack natural substrates having structural similarity
to biphenyl. Lignin is not one of those substrates,
because it does not enhance biodegradation of Aroclor
1242 in the same soil (Brunner et al. 1985) used in the
study presented herein. Moreover, lignin isattacked by
non-specific peroxidases and monooxygenases (Kirk
1984), whereas the initial oxidation of biphenyl (Lunt
& Evans 1970; Furukawa & Miyazaki 1986; Haddock
et al. 1995) involves a specific dioxygenase attack.
Other naturally occurring substrates, similar in
structure to biphenyl, may aso facilitate biodegra-
dation of PCBs. Donnelly et al. (1994) demonstrat-
ed that some plant flavinoids were equal to biphenyl
in promoting metabolism of PCBs. The study here-
in was undertaken to determine if plant residues rich
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in terpenes would enhance biodegradation of Aroclor
1242 in soil, and to determine the genetic homology
of terpene-utilizing isolates among each other and to
well-characterized PCB-degraders.

Materials and methods
Soil incubations

Plant terpeneswere considered aslikely analogsfor the
cometabolism of PCBs becausethe conjugated double-
bond structure of the cyclic six-membered ring may be
similar to 2,3-site at which dioxygenation occurs with
biphenyl. Each treatment, including the control, con-
sisted of 100 g of Altamont soil (pH 6.8) (Brunner et
al. 1985) and 10 mg Aroclor 1242. Except for the con-
trol, each soil was amended with one of the four plant
residues (5 g dry mass): orange peels, ivy leaves, pine
needles and eucalyptus leaves. All treatments, includ-
ing the control, were done in duplicate. Biphenyl was
not added to any soils in this investigation. Following
a six month aeraobic incubation at ambient tempera-
ture and 50% soil saturation, 1 g soil was removed for
microbial enumeration, and the remainder was extract-
ed by a hexane/acetone (1 : 1, vol/vol) mixture (Brun-
ner et al. 1985) for gas chromatographic analysis.

A separateincubationto determineif plant residues
might sequester PCBs was performed. Duplicate treat-
ments containing orange peels and duplicates contain-
ing no amendment were added to soil in conjunction
with Aroclor 1242 (10 mg100 g~ soil) and autocl aved
(121 °Cand 15min). After 6 weeks, soilswere extract-
ed, as described above, and analyzed by gas chro-
matography, as described below.

Gas chromatography

A Hewlett Packard 5890 Series || gas chromatograph
equipped with a flame ionization detector and a DB-5
capillary column (30 m x 0.32 mm ID; film thick-
ness, 0.25 pm; J&W Scientific, Folsom, CA) was used
with a helium carrier gas flow of 30 mimin—! and a
1: 10 injector split ratio. The temperature program
ran from 150 °C to 225 °C using the following ramp-
ing conditions: 150 °C for 1 min, 1.5 °C min~! to
165 °C, 3.0 °C min~! to 225 °C. The internal stan-
dard 2,3,4,2',3',4' hexachlorobiphenyl! (retention time
of 34 min) was added prior to extraction.

Microbial enumeration and isolation

Even though biphenyl was not added to any of the soils
in this study, numbers of biphenyl-degrading bacte-
ria were analyzed to determine if compoundsin plant
residues supported growth and maintenance of these
bacteria. Soil samples (1.0 g) were taken at the end
of the incubation from each of the duplicate flasks.
Serial ten-fold dilutions were made in sterile 50 mM
phosphate buffer, from which 0.1 ml was inoculated
in duplicate plates of mineral sats agar (2% Noble)
with biphenyl as the carbon source. Dilutions con-
taining between 100 and 125 colonies were counted
followingincubation for 10 daysat 28 °C. Ten random
isolates obtained from plant-amended soilswere tested
for their ability to use cymene, a-pinene, abietic acid
and limonene as a carbon source as these are major
terpenoid compounds of the plant residues used in our
study (Newall et a. 1996; Ikan 1991). Cultures were
grownin50 ml screw-cap Erlenmeyer flaskscontaining
20 ml of mineral salts media (Focht 1994). Cymene,
pinene and limonene were placed separately (50 ml)
into an Eppendorf tube which was fastened with awire
over the neck of the flask. Abietic acid (500 ppm) was
added directly to the medium and neutralized as the
sodium salt. Growth was noted as positive if turbidity
was observed within 20 days.

Molecular biology

The genetic homology of terpene-degrading isolates
and other well-known biphenyl-degraders was deter-
mined using two different probes of the bphA gene,
which encodesfor theinitial dioxygenation of biphenyl
(Furukawa & Miyazaki 1986). The bphA gene (2.8 kb
Sal | fragment of pAW6194, also known as cbpA)
from Pseudomonas putida strain OU83 (Walia et
al. 1990) was cloned in pU18 and designated as
pDF. The bphA gene (5 kb Xho I-Smal fragment of
pKTF18) originated from Pseudomonas pseudoal cali-
genes strain KF707 (Taira et al. 1992). Subcloning
of gene probes, genomic DNA extractions, and other
molecular biological procedures were used (Maniatis
et a. 1982). Non-radioactive probes were prepared
using the Genius DNA Labeling and Detection Kit
(Boehringer Mannheim), and dlot blot hybridization
was observed by chemiluminescent detection (Lumi-
Phos 530) (Koh et al. 1993). Hybridization was con-
ducted at high stringency, allowing over 70% sequence
homology.



Table1. Colony forming units (CFU/g) of biphenyl-degraders
with standard deviation

Treatment Log CFU/g
Control, Aroclor 1242 3.36 + 0.85
Eucalyptus leaves + Aroclor 1242 7.84+ 0.84
Orange leaves + Aroclor 1242 8.12 + 0.07
Ivy leaves + Aroclor 1242 812+ 0.35
Pine needles + Aroclor 1242 7.86 + 0.56

Metabolism of PCBs

Bacterial strains were grown in 50 ml vials contain-
ing 10 ml of mineral sats media (Focht, 1994) and
0.10 mg of Aroclor 1242. A stock solution of Aroclor
1242 in hexane was added to sterile vials and alowed
tovolatilizebefore adding the sterile mineral salts solu-
tionand inoculum. Limoneneor cymenewere added as
growth substrates by placing 50 ul in a sterile 500 uL
Eppendorf tube suspended from a wire inside the vial
(Focht 1994). Biphenyl (0.05%) was added directly as
afine powder. Growth on glucose (0.1%) and Aroclor
1242 was used as the comparative control.

After 6 days, 0.5 ml H,SO4 (5 M), 5 ml hexane,
and 4 ml of Nadodecyl sulfate (12.5%) were added to
each vial, which was agitated on a shaking platform
for 1 hr. The hexane phase was removed to atest tube,
and the remaining aqueous phase was extracted with
5 ml of hexane and shaken for 15 min. The second
extract was pooled with the first, and dried over 5 g
of anhydrousNa,SO,. Hexane extracts were removed,
rinsed out of the test tube, and brought up to volumein
10 ml volumetric flasks. GC analyses were performed
as described previoudly.

Results and discussion

Transformation of Aroclor 1242 occurred completely
in all the amended soils, but not in the non-amended
soil (Figure 1). Decomposition of thelighter mass con-
geners was evident in the control. Although biphenyl
was not added to any of the soils, the numbers of
biphenyl-degraders in the amended soils were five
orders of magnitude higher than in the non-amended
soils (Table 1), which supports the hypothesis that ter-
penesmay beoneof thenatural substratesfor biphenyl-
utilizing bacteria.

Ten isolates were obtained on agar plates, contain-
ing biphenyl as a carbon source, from plant-amended
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Figure 1. Gas chromatographic analysis of Aroclor 1242 standard
(200 ng/uL; (A) and soil extracts of terpene-amended and non-
amended soils; (B) non-amended; (C) orange peels; (D) ivy leaves;
(E) pine needles; (F) eucayptus leaves. The peak at 34 min is the
internal standard of 2,3,4,2',3' 4’ -hexachl orobiphenyl.

soils. They exhibited typical coryneform morphology,
namely Gram-variable, bent, club-shaped, long rods,
and fragmented cocci. The isolates were differentiated
as Rhodococcus, Corynebacterium, and Cellulomonas
on the basis of cell wall fatty acids. As several isolates
wereidentical, only five, that were distinctly different,
were studied further with respect to growth on pure
terpenes (Table 2) and metabolism of PCBs (Table 3).
Three well-established biphenyl degradersR. globeru-
lus P6 (Furukawa et al. 1978; Asturias et al. 1994),
A. eutrophus H850 (Bedard et al. 1987), and P. putida
LB400 (Bopp 1986) grew poorly on at least one of
the four terpenestested. Turbidity was not observedin
uninoculated controls containing either of the terpenes
that were tested.

As there are two genetically different groups
of biphenyl-utilizers (Yates & Mondello 1989), the
genetic homology of the terpene isolates was per-
tinent to determine if terpenes are substrates for
biphenyl-degraders. The genomic DNA of P. acidovo-
rans M3GY (McCullar et al. 1994), a recombinant,
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Table 2. Growth of biphenyl-utilizing coryneform isolates on terpenes

Strain cymene pinene abietic acid limonene
R. rhodochrous T100 n/d + + +
R. rhodochrous T101 + + +
Corynebacterium sp. T104 + + +
Cellulomonas sp. T109 + n/d + +
R. rhodochrous T110 + n/d + +
n/d : not determined.
a b
1 e 3 B
eI g - o
2 o ﬁ,
3 =
4
12 e—
D
13—
[ J—
T — -
15
5 e—

Figure2. Slot blot hybridization of biphenyl-degrading strains to the bphA gene 2.8 kb fragment of pAW6194 (lane A) and the bphA gene 5 kb
Xho-Smal fragment of pK TF18 (lane B). Numbers correspond to the following strains: 1. Pseudomonas sp. LB400 (Bopp 1986), 2. Alcaligenes
eutrophus H850 (Bedard et a. 1987), 3. E. coli, 4. Pseudomonas sp. MB86 (Barton & Crawford 1988), 5. P. acidovorans M3GY (McCullar et
a. 1994), 6. Rhodococcus globerulus P6 (Asturias et d. 1994), 7-15. terpene-utilizing isolates.

Rhodococcus globerulus P6 (Asturias et a. 1994),
the parental strain of M3GY, and all terpene-utilizers
hybridized to the bphA 2.8 kb fragment (Walia et al.
1990), but not to the bphA 5 kb fragment (Taira et al.
1992). In contrast, genetic homology to the bphA gene
5 kb fragment was observed only in Pseudomonas sp.
LB400 (Bopp 1986) and Al caligenes eutrophus H850
(Bedard et al. 1987) (Figure 2).

We have focused our attention on the bphA gene,
based on the rationale that the corresponding gene
product may bring about more effectivedioxygenolytic
removal of ortho-chorinesubstituents, which comprise
the most recalcitrant PCB congenersfor aerobic attack
(Furukawa et al. 1979; Bedard et al. 1987). Bedard
questioned the paradigm that ortho-chlorines block

dioxygenation (Bedard 1990). Indeed, dioxygenation
of 2,5,2',5' by Pseudomonassp. L B400 caused sponta-
neous removal of an ortho-chlorine to form the corre-
sponding catechol directly in arecent study (Haddock
et al. 1995).

Terpene degradation has characteristically been
demonstrated to occur by monooxygenasereactionsin
fungi and bacteria (Trudgill 1994), so that PCB trans-
formation may also have been effected by monooxy-
genase attack. Nevertheless, all terpene-utilizing iso-
lates grew on biphenyl as a sole carbon source and
hybridized to one of the bphA genes. That both
monooxygenases and dioxygenases may play a role
in transformation of PCBsisasubject worthy of future
studies.



Table 3. Transformation of Aroclor 1242 by bacterial cultures: %
relative to glucose control (%) for each culture

Strain Substrate % Transformation

biphenyl  56.6 & 14.2
limonene 796+ 5.6
limonene 426+ 3.8
limonene 528+ 28
cymene 206+ 4.6
limonene 5754+ 4.7
cymene 826+ 6.3
limonene  none

cymene 52.7 £ 117

R. globerulus P6

R. rhodochrous T100

R. rhodochrous T101
Corynebacterium sp. T104
Corynebacterium sp. T104
Cellulomonas sp. T109
Cellulomonas sp. T109

R. rhodochrous T110

R. rhodochrous T110

No discernible patterns of growth substrate were
evident with regard to transformation of PCBs. The
two most effective strainswere Cellulomonas sp. T109,
grownoncymene, and R. rhodochrousT100, grown on
l[imonene (Table 3). Comparisons between strains able
to utilize both terpenes showed greater transformation
of PCBs by Corynebacteriumsp. T104 with [imonene,
while Cellulomonassp. T109 and R. rhodochrous T110
effected greater transformation with cymene. Asall of
thesedataarerelativeto theglucose-grown cells, which
are taken as a zero-baseline, the absolute transforma-
tion of Aroclor 1242 may be much higher.

The addition of four different plant residues
enhanced complete aerobic disappearance of Aroclor
1242 from soil. In contrast, addition of biphenyl has
not resulted in complete disappearance of the higher
chlorinated congeners when biphenyl is depleted from
the soil (Brunner et al. 1985; Focht & Brunner 1985).
Two possible scenarios may account for these differ-
ences. Firgt, if terpenes are the mgjor substrates which
enhancetransformation of PCBs, they may bereleased
dowly as other plant residues are metabolized. Sec-
ond, the biphenyl-utilizers' that arosein high numbers
(108g~1) may be different than those that respond to
addition of biphenyl to soil, perhapsin having broad-
er substrate specificity towards PCBs. However, these
coryneform isolates grow more slowly on biphenyl, in
comparison to typical gram negative biphenyl-utilizers
(Bopp 1986; Bedard et al. 1987), so they would not be
the dominant PCB-degrading bacteriain soil amended
with biphenyl. Although bipheny! has characteristical -
ly been the substrate of choice for rapid enrichment of
PCB-degrading bacteria, plant residues containing ter-
penes or other related substrates might be more effec-
tive in enhancing biodegradation of PCBs in soil by
slower-growing coryneform bacteria.
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Finally, the possibility that plant residues may have
decreased the amount of extractable PCBs is unlikely
as the recovery of Aroclor 1242 from sterilized treat-
ments with orange peels was higher (10.0 + 0.7 mg),
relativeto theinternal standard, thanin soilscontaining
no orange peels (6.2 + 0.4 mg). This surprising result
suggests that orange peels may have adsorbed PCBs
in a manner that rendered them more extractable than
those adsorbed by soil alone. Thus, plant residuesrich
in terpenes would have three distinct advantages over
biphenyl in bioremediation of PCB in soil, namely as
agents which promote bioavailability, are not priority
pollutants, and are widespread throughout the world.
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