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Proceedings of the

2nd PCB Workshop: Recent Advances in the
Environmental Toxicology and Health Effects of PCBS

FOREWORD

The Second PCB Workshop, entitled "Recent Advances in the Environmental Toxicology and Health Effects of PCBs" was attended by more than
150 scientists from Europe, the Americas and Asia. They met in Brno, Czech
Republic during the week of May 7-11, 2002. The NIEHS/EPA-Superfund
Basic Research Program, the Graduate Center for Toxicology at the University of Kentucky and the Research Centre for Atmospheric and Environmental
Chemistry and Ecotoxicology of Masaryk University, Brno sponsored the
Workshop. Papers were presented at six separate sessions (including poster
sessions) emphasizing themes related to the origins, human residues and exposures, actions, biomarkers, risk and remediation of polychlorinated biphenyls (PCBs). Special thanks to the NIEHS/EPA-Superfund Basic Research Program for their support of the publication costs of this volume of
articles that grew out of that meeting.

Dr. Holoubek

Dr. Robertson

RECETOX-TOCOEN & Associates
Brno - Czech Republic

University of Iowa
Iowa City - USA
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RISK ASSESSMENT OF NON-DIOXIN-LIKE PCBs REPORT ON A WHO-CONSULTATION
Klaus E. Appel
Federal Institute for Health Protection of Consumers and Veterinary Medicine (BgVV), 14195 Berlin, Germany

INTRODUCTION
Polychlorinated biphenyls (PCBs) have been used
commercially since 1930 as dielectric and heat-exchange
fluids and in a variety of other applications. Many of them
are persistent and accumulate in food webs. Human exposure is largely due to the consumption of contaminated
food, but may also result from inhalation and skin absorption. PCBs accumulate in fatty tissues of humans, and
have been shown to exert a variety of toxic effects. Although PCBs have been banned, and their production
discontinued, exposure still occurs due to their persistence
in the environment. PCBs are among the 12 substances/mixtures that were subject of the Stockholm Convention on Persistent Organic Pollutants (POPs).
PCBs have undergone a number of international
evaluations. In 1993, the International Programme on
Chemical Safety (WHO, ILO, UNEP) evaluated PCBs,
along with polychlorinated terphenyls, in Environmental
Health Criteria 140, 1993. At this time, it was concluded
that the PCB congener composition found in the environment, foods and human tissues does not resemble that
of commercial mixtures although the majority of toxicological studies performed were based on testing with the
latter. Also, many earlier studies with commercial mixtures did not account for possible biochemical/toxic effect
contributions from commercial PCB impurities, in particular chlorinated dibenzofurans and naphthalenes. A conclusion was that, due to a variety of limitations, ”it was
impossible to establish a precise numerical value for a
tolerable intake for humans“. A Concise International
Chemical Assessment Document (CICAD) on PCBs is
currently in preparation.
Some PCB congeners bind to the Ah-receptor and can
exert dioxin-like activity via that mechanism of action, in
addition to their potential non-dioxin-like effects. Hence,
in evaluating the overall dioxin-like effect of a given
exposure situation, the contribution by dioxin-like PCBcongeners needs to be considered. To address this issue,
WHO held a series of consultations to consider the concept of toxic equivalency factors (TCDD-TEFs) for those

PCBs with demonstrated dioxin-like activity. TEFs were
assigned to a total of 12 PCB congeners using strict criteria covering the mechanism of action and dose-response
characteristics, and assuming additivity. In 1998, WHO
established a revised TDI range of 1-4 pg TEQ/kg bw,
which included dioxins, furans and the 12 dioxin-like
PCBs [1]. This approach obviously covers dioxin-like
activities only, and does not address non-dioxin-like
effects of PCB-congeners. Whether or not this approach is
protective of non-dioxin-like PCB effects remains unclear. Unlike for the dioxin-like PCBs, a corresponding
TEF concept cannot be applied to the non-dioxin-like
PCB-congener due the lack of major criteria, the most
important being the lack of a common mechanism of
action that results in all different types of toxic outcomes.
To address this issue, the German Federal Institute
for Health Protection of Consumers and Veterinary
Medicine (BgVV), now Federal Institute for Risk Assessment (BfR) organized an exploratory consultation on
behalf of the World Health Organization. The consultation was held from 3-4 September 2001 at the BgVV in
Berlin, Germany and was attended by experts from Belgium, Canada, Denmark, Germany, Japan, The Netherlands and USA, as well as by staff of the BgVV, the
German Federal Environmental Agency (UBA) and
WHO. Financial support was provided by the German
Federal Ministry for the Environment, Nature Conservation and Nuclear Safety and the BgVV.
Prof. Dr. Dr. Dieter Schrenk was elected as chairman,
Dr. Mark Feeley as rapporteur. Dr. Maged Younes,
WHO, Dr. Klaus E. Appel, BgVV and Dr. Frans Verstraete, EC, were joint scientific secretaries.
As a basis for the discussions during the Consultation
a thought-starter document was prepared in advance of
the meeting by Prof. Dr. Martin van den Berg. In addition,
comments from various participants with regard to risk
assessment of non-dioxin-like PCBs were circulated in
advance of the consultation.
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The meeting was opened by Dr. Wolfgang Lingk,
BgVV who welcomed the participants on behalf of the
Federal Institute for Health Protection of Consumers and
Veterinary Medicine. He also addressed the overall goals
of the meeting. Dr. Younes outlined the scope of the consultation, and Dr. Appel discussed organizational issues.

KEYWORDS:
PCBs, non-dioxin-like, dioxin-like risk assessment, WHO.

GOALS AND SCOPE OF THE MEETING
Risk assessment of dioxins and furans, and PCBs,
was conducted separately resulting, in many cases, in
independent regulatory standards for these two groups. In
Germany, for example, separate TDIs were derived for
dioxins/furans in 1985 (1-10 pg TEQ/kg bw), and for the
sum of all PCB congeners (1-3 µg/kg bw).
Following the recommendation by WHO of a TDI
range of 1-4 pg WHO-TEQ /kg bw including both dioxins/ furans and 12 dioxin-like PCBs in 1998, a number of
national agencies including the BgVV adopted this recommendation. Problems remain, however, in terms of
how to address non-dioxin-like PCBs, which are not included in the scheme, and which constitute the majority of
the PCB congeners. Non-dioxin-like PCBs are of relevance, since many of them persist and accumulate in the
food chain and represent a major part of PCB congeners
found in human tissues. They elicit a wide spectrum of
toxic responses in experimental animals, including neurotoxic /neurodevelopmental effects, tumour promotion and
endocrine changes.
The question arises as to whether or not the application of a separate TDI for total PCBs remains scientifically justified and of practical value.
The scope of this consultation, therefore, was to explore concepts of addressing the overall toxicological
properties of non-dioxin-like PCBs in the context of risk
assessment and regulatory decision-making.

gible Ah-receptor-mediated activity, their concentrations
in environmental matrices is much higher when compared
to the dioxin-like PCBs.
Ignoring the non-dioxin-like effects of PCBs could
result in an underestimation of the potential adverse effects of environmental mixtures. If dioxin-like PCBs are
the critical part of contaminants e.g. in food, then risk
assessment can be performed by the WHO-TEQ approach. However, if the critical effects are caused by nondioxin-like PCBs, the use of the WHO-TEQ approach
would not be appropriate and elaborating a recommendation for a tolerable intake of non-dioxin like PCBs might be
considered. As in mixtures correlations exist between concentrations of dioxin-like PCBs and non-dioxin-like PCBs
control of dioxin-like PCBs may, at the same time, protect
against contamination by non-dioxin-like PCBs [2]. In a
similar manner, the control of non-dioxin-like PCBs (e.g.
indicator congeners) as surrogates could be protective
against dioxin-like congeners.
WHO has taken these issues into consideration, and,
therefore, it is the purpose of this meeting, to explore
approaches to evaluate non-dioxin-like PCBs as a basis
for setting of international guidelines and national standards. By reviewing various approaches one should be able
to recommend the most scientific and feasible approach.
It is intended that this would lead to a workshop on a
larger scale, at which the evaluation could be completed
and final recommendations be made.
The following sections summarize the major topics
discussed.

TERMINOLOGY
The question was discussed as to what would be the
most appropriate or accurate descriptor for the PCBs in
question: non-coplanar, non-dioxin-like or ortho-substituted, i.e. should functional or structural designations be
the basis for their definition ?
It was concluded that the terms ‘coplanar’ and ‘noncoplanar’ were not appropriate, since even the non-orthosubstituted PCBs were not truly coplanar in configuration.
In comparing the terms "non-dioxin-like" and "orthosubstituted", preference was given to the use of a biologically-based approach for the following reasons:

The ratio of dioxin-like vs. non-dioxin-like PCB residues varies in different matrices and their different mechanisms of toxicity complicate risk assessment and the
development of scientifically based regulations. A comparative assessment of dioxin-like and non-dioxin-like
effects should be performed to evaluate the relative significance of dioxin-like and non-dioxin-like PCBs in risk
assessment. Although non-dioxin-like PCBs are often
considered to be less toxic and possess no or only negli-
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a)

A functional classification was used for the initial description of PCBs in the original WHO TEF scheme.

b)

Evolving scientific data, based on biological effects, have been the reason for changes that were
introduced to the original TCDD-TEF scheme for
PCBs over the years.
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PCBs with non-dioxin-like activities are typically ortho-substituted (Table 1). Certain monoortho-substituted PCBs demonstrate both dioxinlike and non-dioxin-like activity. It should be
noted that dioxin-like mono-ortho-substituted
PCBs with TCDD-TEFs (Table 2) will have to be
considered in a TEQ* estimation, in a quantifica-

tion of total PCBs and eventually in a mass sum of nondioxin-like PCBs.
* A total TEQ (toxic equivalency) value is based on separate contributions from both dioxin-like PCBs (Table 2) and
dioxins/furans calculated using TCDD-TEFs as derived by a
WHO expert group [3].

TABLE 1
Examples of PCBs with non-dioxin-like activities prevalent in environmental mixtures.

PCB Congener (IUPAC #)
28
52
66
74
101
138
153
170
180
183
187
194
203

Chlorine Substitution Pattern
2,4,4`
2,2',5,5'
2,3',4,4'
2,4,4',5
2,2`,4,5,5`
2,2',3,4,4',5'
2,2',4,4',5,5'
2,2`,3,3`,4,4`,5
2,2',3,4,4',5,5'
2,2',3,4,4',5',6
2,2`,3,4`,5,5`,6
2,2`,3,3`,4,4`,5,5`
2,2`,3,4,4`,5,5`,6

Remark
Indicator congener
Indicator congener

Indicator congener
Indicator congener
Indicator congener
Indicator congener

Listed congeners are typically found in human breast milk (certain mono-ortho PCBs including those from Table 2 have both dioxin-and
non-dioxin-like activities).

TABLE 2
PCBs with dioxin-like activities recommended by WHO for including in risk assessment (TEQ approach).

PCB congener (IUPAC #)
Non-ortho PCBs
77
81
126
169
Mono-ortho PCBs
105
114
118
123
156
157
167
189

Chlorine substitution pattern

TCDD-TEF

3,3',4,4'
3,4,4',5
3,3',4,4',5
3,3',4,4',5,5'

0.0001
0.0001
0.1
0.01

2,3,3',4,4'
2,3,4,4',5
2,3',4,4',5
2',3,4,4',5
2,3,3',4,4',5
2,3,3',4,4',5'
2,3',4,4',5,5'
2,3,3',4,4',5,5'

0.0001
0.0005
0.0001
0.0001
0.0005
0.0005
0.00001
0.0001
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EXPOSURE
a) It was the general conclusion that commercial PCB
mixtures (like the Aroclors) were not representative of
actual human exposure scenarios in the environment.
Therefore, the relevance of risk assessments based on the
evaluation of commercial PCB mixtures for current PCB
exposure scenarios was questioned. It was pointed out
that additional toxicological studies with commercial
mixtures would not be considered relevant from a risk
assessment perspective, except when dealing with specific
relevant exposure scenarios only (i.e., occupational, hazardous wastes, etc.).
It was recommended that future studies, if necessary,
should involve reconstituted mixtures resembling relevant
”environmental“ exposures of humans (i.e. mixtures
found in food, mothers milk, indoor air). Such mixtures
include both dioxin-like and non-dioxin-like congeners.
The goals of such experimental studies would be the determination if the adverse effects induced by dioxin-like
PCB activity occur at lower exposure levels than those of
the non-dioxin-like PCBs. In such a case, this would
mean that measures to control dioxin-like PCBs would be
protective of all PCB effects.

variety of analytical techniques (i.e., PCBs 28, 52, 101,
118, 138, 153, 180) were selected under analytical aspects. They are considered typical candidates for the
congener pattern and distribution of PCB contaminations
as prevalent in the environment (e.g. indicator congeners
for PCB in food and human tissue and possibly also in
indoor air).
In cases of inhalation exposure to less persistent, relatively volatile PCBs via, e.g. indoor air, external exposure
measurements would generally be useful. The number of
measures needed to characterize external exposure accurately remains to be determined.
As various metabolites of PCBs (e.g. hydroxy metabolites) are known to be biologically active, they should
also be considered in any exposure assessments.

TOXICOLOGY
With regard to the toxicological assessment of individual congeners, the question as to which are the most
relevant/sensitive endpoints specific to non-dioxin-like
PCBs was addressed.

It was also agreed that compilation of exposure data
for major non-dioxin-like PCB congeners in a variety of
human populations would be useful to determine the
background levels of exposure.

A number of endpoints were discussed:

b) The question was raised as to the potential utility
of indicator-congeners* as useful surrogates of total PCB
exposure. It was concluded that with appropriate validation, indicator congeners could be used both as an estimate of total PCB exposure and to prioritize risk assessment activities.
It was also discussed if indicator congeners can be
used as hazard characterization surrogates. However,
limited current data exist to support the use of indicator
congeners as a measure for toxicity [4 - 6].
c) With regard to external vs. internal dose measurements by human biomonitoring methods, it was concluded that, in general, for more persistent, bioaccumulative
congeners, the internal measure associated with exposure
would be an appropriate dose metric. However, it was
also recognized that lower chlorinated non-dioxin-like
PCBs with a short half-life may be capable of inducing
biological effects which would persist beyond measurable
levels of the congener. For example, in non-human primates, continued depression in brain dopamine concentration following Aroclor 1016 exposure appears to be independent of brain PCB levels [6].
* As quantification of all PCB congeners (total PCBs) is
achievable with great efforts only so-called indicator
congeners readily detectable in abiota and biota by a

-

intracellular Ca2+ mobilization,

-

PKC translocation,

-

binding to the ryanodine receptor,

-

induction of CYP2B/3A,

-

tumour promotion,

-

immuntoxic effects,

-

neurotoxic effects (chemical, structural, functional),

-

estrogenicity,

-

other endocrine-related effects (insulin, thyroid
hormone).

The general conclusion was that a number of these effects were specific to particular cell lines/or species,
and/or could also be induced by dioxin-like chemicals.
For example, both, the non-dioxin-like PCB 4 (2,2`) and
the dioxin-like PCB 126 (3,3`,4,4`,5), decrease calcium
uptake in brain mitochondrial preparations while increasing intracellular calcium concentrations in cerebellar
granule cells [8]. Perinatal exposure to dioxin-like PCB
77 (3,3`,4,4`) in pregnant mice (CD-1) can produce reductions in brain dopamine levels in offspring, with similar
effects induced by non-dioxin-like PCBs 47 (2,2,`4,4`)
and 128 (2,2`,3,3`,4,4`) in rats [9, 10]. Rats exposed to
dioxin-like PCB 77 or non-dioxin-like PCB 47 or a combination of both from gestation day 7 until weaning exhibited neurobehavioral alterations at an adult age [11].
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When adult animals (rats and non-human primates) are
exposed to dioxin-like PCBs, no significant effects on
brain biogenic amine levels are generally observed, while
decreases can still be induced by ortho-substituted PCBs
[4, 12]. Both dioxin-like (PCB 77 and 126) and nondioxin-like PCBs - 47, 52 (2,2`,5,5`) and 153
(2,2`,4,4`,5,5`) - have also been shown to exert tumourpromoting activity in rat liver [e.g. 13].
For a variety of biological and toxicological nondioxin like endpoints, it was thought that additional information would be required to define a more precise
relationship between degree and position of PCB congener chlorination and activity. A number of the different
endpoints were found to have different dose-response
relationships for the same congener [see also 8, 14].
In all cases, it must be ensured that in single congener
studies, congener purity in terms of possible contamination
with dioxin-like chemicals, is well proven and documented.
It was considered that induction of CYP2B/3A and
other possible endpoints would be indicative of exposure
to, and/or effects of, non-dioxin-like PCBs, with the absence of CYP1A induction indicating the lack of dioxinlike activity. In this context, it was also noted that the
molecular mechanism(s) of induction of CYP2B/3A with
regard to receptors and transcriptional factors remains to
be further elucidated.
From an animal experiment perspective, the utility of
external dosing with relevant mixtures was stressed.
One example of such a study is that of Rice and
Hayward [15], in which non-human primate offspring
exhibited neurobehavioural effects following exposure to
an environmentally based mixture of PCBs (breast milk)
for 20 weeks following parturition. Although this study
might be relevant for identification of sensitive experimental PCB endpoints, it was noted that the mixture also
contained dioxin-like PCBs (PCBs 105, 118, 156, 157,
189). There is currently limited congener-specific information on in vivo nervous system effects to draw any
definitive conclusion on structure-activity-relationships.
Using a similar experimental design, Arnold et al. [16]
conducted a study in infant non-human primates, which
were exposed to a PCB mixture based on human breast
milk composition for 22 weeks following parturition.
Although a number of mild alterations were seen in some
immunological parameters (IgM and IgG titres), approximately 24% (w/w) of the daily dose (7.5 ug/kg bw/day)
consisted of dioxin-like mono-ortho PCBs (36 pg TEQ/kg
bw/day).
In addition, after gestational and lactational exposure to
a reconstituted mixture according to the congener pattern in

human breast milk, dose-dependent decreases in serum testosterone have been observed in rats at an adult age [17].
Because of the concomitant exposure to both dioxin-like
and non-dioxin-like PCBs, it is difficult to ascertain whether
the subtle effects observed were due solely to one PCB
group or whether a combination of both was necessary.
US-EPA is currently involved in an assessment of
non-cancer effects associated with exposure to PCBs.
Comprehensive scientific database searches have been
conducted, and applicable data for metabolism, toxicokinetics, hepatic, endocrine, immunological, neurological
and reproductive effects compiled.
As a number of these endpoints are relevant to an assessment of non-dioxin-like PCBs, it was recommended
that WHO build on, and continue with, the EPA exercise as
a future stage in assessing the risk of non-dioxin-like PCBs.
Additional similar data compilations will be required
for relevant endpoints not covered in the current EPA
assessment (i.e, tumour promotion, carcinogenesis).
For the latter effect, it was noted that the available
studies with commercial mixtures indicate that nondioxin-like PCBs may be responsible for the hepatic tumourigenic response in male rats supporting the evidence
from tumour promotion studies with non-dioxin-like
PCBs [18]. Furthermore, future results should be available from the NTP chronic bioassay for PCBs 118
(2,3`,4,4`,5), 126 and 153, which are still in progress.

EPIDEMIOLOGY
An overview of 10 available epidemiological studies
relevant to background level PCB effects on neurodevelopment was presented, including 6 U.S. studies, one each
from the Netherlands, Germany, Faroe Islands and Canada (Arctic). Whereas maternal serum PCB measurements
for the studies were compared based on PCB 153 concentrations, no indication was provided with respect to a TEQ
contribution. Maternal and infant effects reviewed were
birth weight, thyroid economy and neurodevelopmental
effects, based on a variety of endpoints. Not all studies
were comparable due to the lack of measurement of all
effects in every study. Although subtle effects were noted
for all 3 endpoints in various studies, there appeared to be
no consistent association when compared to the exposure
index. This may be due in part to differences in age for
infant assessment and/or the nature of the complex exposure including additional potential neurotoxic contaminants. Whether effects on neurodevelopment observed in
some studies are reversible by adulthood is unknown.
Data on PCBs and immune function measures showed no
consistent relations but few data are available.
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In studies where both a dioxin/furan/PCB TEQ and
total PCBs have been measured, there is usually a strong
association between their respective concentrations making distinction of dioxin-like vs. non-dioxin-like effects
difficult [19, 20].
In support of the possible neurological effects noted in
certain of the epidemiological studies, it was recognized that
a review of various non-human primate studies involving
individual congeners, commercial mixtures and data on the
effects of environmental mixtures would be appropriate.

3. It should be recognized that in all environmental exposures, non-dioxin-like PCBs always are present
with a TEQ contribution from dioxin-like PCBs and
other dioxin-like compounds (dioxins and furans).
4. Following the proposed toxicology data evaluation
by WHO, a detailed evaluation should be conducted
for those endpoints thought to be specific to nondioxin-like PCBs and the dose ranges for the NOELs/LOELs compared to estimated exposure. This
process will also serve to identify those major areas
of experimental data requirements.

Occupational PCB studies on cancer were also reviewed and indicated only a modest association for melanoma. It was noted that the majority of occupational PCB
studies rely on surrogates for exposure estimations rather
than actual worker PCB measurements and this was regarded as a major deficiency. Also, as commercial mixtures
often contained measurable concentrations of dioxin-like
contaminants (i.e., dibenzofurans), determination of a solely non-dioxin-like PCB effect would again be difficult.

5. An in-depth assessment of approaches to assessing
risks from exposure to non-dioxin-like PCBs should
be conducted once the necessary information on
comparative toxicity and exposure are available.

For environmental PCB exposure and a possible link
to breast cancer risk, the majority of studies do not support a possible association [21].

7. Therefore, following the recommended WHO indepth evaluation of all relevant scientific data on
PCBs with regard to hazard characterization, including studies with complex ”environmental“ mixtures,
a decision can be made as to the necessity or possibility of conducting a separate risk assessment for
non-dioxin-like PCBs.

Future investigations should consider the possibility
of generational effects, i.e. studying dose-effect relationships dealing with perinatal exposure.

6. With regard to future strategies for risk assessment it
was stated that, as previously indicated, current PCB
risk assessments based on commercial mixtures, although in use, are accompanied by major problems
and may not be appropriate.

The following scientists (consultants and guests) participated in the consultation:

CONCLUSIONS AND RECOMMENDATIONS
1. The Consultation recognized that in general the level
of exposure to PCBs has declined significantly over
the last 25 years. This decline has been due in part to
a ban on the production and use of PCBs in most industrialized countries. In addition, general measures
to limit the emissions of dioxins and other environmental pollutants has also reduced the levels of
PCBs in the environment. However, in some areas
closed system use of PCBs is still in effect. Preventing further environmental contamination by taking
suitable measures is of paramount importance.
2. The Consultation agreed on the need for a survey of
the available exposure data with respect to the ratio
between non-dioxin-like PCBs and dioxin-like
PCBs, and that between non-dioxin-like PCBs and
TEQs. One aim of such a survey would be to examine if the current assessment of WHO-TEQ exposure
(dioxins/furans, dioxin-like PCBs) is regarded as
sufficient for protection of humans against exposure
to non-dioxin-like PCBs or if a separate regulation
of the latter is still required e.g. for exposure scenarios showing a relatively high ratio of non-dioxin-like
PCBs vs. dioxin-like PCBs such as contaminated indoor air.
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STRATEGIES FOR THE SELECTIVE ENRICHMENT OF MICROORGANISMS CARRYING OUT REDUCTIVE DECHLORINATION OF
POLYCHLORINATED BIPHENYLS IN FRESHWATER SEDIMENTS
Donna L. Bedard, Greta Van Slyke Jerzak, and Jessica J. Bailey
Department of Biology, Rensselaer Polytechnic Institute, Troy, New York, United States of America

SUMMARY

INTRODUCTION

The sediments of the Housatonic River (Lenox, Massachusetts, USA) are contaminated with Aroclor 1260, a
commercial polychlorinated biphenyl (PCB) mixture
composed of mainly hexa- and heptachlorobiphenyls. We
previously identified specific halogenated biphenyls that
selectively stimulate indigenous microorganisms in these
sediments to dechlorinate the PCBs by three different
dechlorination processes (Processes N, P, and LP), which
differ in congener selectivity, position of the chlorine
removed, and terminal products. Here we summarize,
further characterize, and compare dechlorination processes N, P, and LP. We also develop strategies to selectively
enrich the microbial consortia responsible for each distinct dechlorination activity and eliminate many nonessential microorganisms. Pasteurization completely inhibited -Dechlorination processesN, Pand LP, but molybdate, which inhibits sulfate reducers, had little or no effect. Penicillin G and vancomycin did not inhibit dechlorination processes N or P, but streptomycin completely
inhibited both. These and other data indicate that the
PCB-dechlorinating bacteria responsible for dechlorination processes N, P, and LP are not spore-formers, and not
sulfate reducers. We conclude that penicillin G, vancomycin, and molybdate can be used to selectively eliminate
non-essential microorganisms, while the PCBdechlorinating population is simultaneously enriched by
repeated transfer using selective primers, temperature, and
pH. Our findings lay the basis for developing highly enriched microcosms for each PCB dechlorination process.
This research may lead to effective and environmentally
compatible ways to accelerate the detoxification and degradation of PCBs in situ.

KEYWORDS: PCBs, microbial dechlorination, PCB dechlorination, dehalogenation, microbial enrichment.

PCBs are persistent worldwide contaminants of
freshwater and estuarine sediments. They bioaccumulate
and biomagnify in the food chain and have been associated with adverse health effects in both wildlife and humans. Consequently, fishing and recreational activities are
usually restricted in PCB-contaminated rivers, lakes, and
harbors. Microbial dechlorination of PCBs occurs naturally in many aquatic sediments [1-3] and could significantly
reduce the persistence, bioaccumulation, and toxicity of
PCBs. Unfortunately, PCB dechlorination in situ typically
has not progressed far enough to eliminate concerns.
Furthermore, despite 15 years of study, there is still very
little known about the anaerobic bacteria responsible for
PCB dechlorination or the dehalogenating enzymes that
they harbor, and no PCB-dechlorinating bacteria have yet
been isolated.
Quensen and colleagues first demonstrated that the
PCB dechlorination observed in the Hudson River sediments could be replicated in the laboratory in sediments
taken from the river, spiked with PCBs, and incubated
under anaerobic conditions [4]. They also confirmed that
the dechlorination was microbially-mediated. Since that
time, numerous laboratories have studied microbial PCB
dechlorination in the laboratory (see [1, 3] for reviews).
To date, nine different microbial PCB dechlorination
activities have been distinguished on the basis of careful
analysis of the patterns of congener loss and product formation [1, 2]. A particular PCB dechlorination process or
activity is the set of dechlorination reactions exhibiting a
particular pattern of congener selectivity and chlorophenyl reactivity. Hence, each dechlorination process can
be described by a set of reactions that indicates which
congeners are substrates, which chlorines are targets, and
which products will form.
Our studies have focused on microbial dechlorination
of PCBs in the upper Housatonic River (Lenox, Massachusetts, U.S.A.) The predominant PCB contamination at this
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site is from Aroclor 1260 [5], a commercial PCB mixture
composed primarily of congeners with 6 to 9 chlorines [6].
The PCBs in the sediment exhibit clear evidence of meta
and para dechlorination, but the extent of dechlorination is
highly variable between and even within sediment cores [5,
7]. We have observed three major dechlorination processes in Housatonic River sediments: dechlorination processes N, P, and LP. The dehalogenation specificities of these
three dechlorination processes are distinctly different.
Process N primarily removes meta chlorines that are
flanked by at least one chlorine at positions 2 or 4, i.e.
flanked meta chlorines [8]. Process P removes flanked
para chlorines [9], and Process LP removes both flanked
and unflanked para chlorines [10] as well as metachlorines flanked by an ortho chlorine on certain chlorophenyl groups [11]. For example, Figure 1 shows a hexachlorobiphenyl that is a major component of Aroclor 1260
and the terminal dechlorination products produced from
it by Processes N, P, and the combinations of N plus LP,
and P plus LP. Process LP dechlorinates most of the
products of Process N, hence sequential dechlorination
by these two activities results in the most extensive
chlorine removal.
The PCBs in most of the Housatonic River sediment samples that have been analyzed, show predominantly Process
N dechlorination, but many also show some evidence of
Process P. In addition, the dechlorination products in a few
cores showed that a high degree of Process LP dechlorination had occurred in combination with Process N dechlorination. One convenient measure of the extent of dechlorination of Aroclor 1260 is the reduction in the proportion
of congeners that have 6 to 9 chlorines, because 90% of the
congeners in Aroclor 1260 have 6 or more chlorines [6].
The natural dechlorination that has occurred over the past
50 years in the upper Housatonic River has reduced the
fraction of PCBs with 6 to 9 chlorines to varying extents.
Of more than a hundred sediment cores analyzed, most
showed only a 10 to 30% reduction in this fraction of
PCBs, although a few showed up to a 60% reduction [5, 7,
12]. However, no detectable dechlorination occurred in
unamended anaerobic microcosms of Housatonic River
sediment incubated for more than a year [12, 13]. This
suggests that PCB dechlorination may no longer be occurring in the sediments.
Although PCB-dechlorinating organisms may no
longer be active in Housatonic River sediments, they are
clearly present. Previously, we demonstrated that we can
selectively stimulate or “prime” dechlorination processes
N, P, and LP in Housatonic River sediment by spiking
with a suitable halogenated biphenyl [8-10, 3-15]. For
Processes N and P, the halogenated biphenyl likely provides energy for growth, possibly by acting as an electron
acceptor. In the case of Process N, dehalogenation of the
added substrate stimulates growth of the PCB-dechlorinators by up to 1000-fold [16]. The increased numbers of
PCB-dechlorinating microorganisms then begin to de-

chlorinate the decades-old PCBs in the sediment. For
example, Process N decreased the fraction of PCBs in the
sediment with 6 to 9 chlorines by 75.6% in 125 days [14].
Process P, which removes only flanked para chlorines, is
less effective, but still decreased this fraction of PCBs by
28.4% in 120 days [14].
Process LP has little impact on Aroclor 1260 by itself, but it can remove unflanked para chlorines and is
particularly active on the ortho-, para- substituted products of Process N dechlorination (see Fig. 1). Sequential
dechlorination by Processes N and LP converts most of
the hexa- through nonachlorobiphenyls in the sediment to
di- and trichlorobiphenyls that are far less persistent [12]
and are degradable by a wide range of organisms.
Our previous experiments clearly demonstrate that it
is possible to activate the organisms in the sediment to
dechlorinate PCBs that have been associated with the
sediment for decades. However, activation of the PCB
dechlorination required the addition of a halogenated
biphenyl, which is neither desirable nor cost-effective.
Our objectives in this paper are to summarize what is
known about dechlorination processes N, P, and LP, to
further characterize these activities, and to outline strategies for developing highly enriched PCB dechlorinating
consortia for these activities. Our specific goals are: 1)
to eliminate prokaryotes that are not essential to each
particular dechlorination process, and 2) to enrich the
microbial population carrying out each particular
dechlorination process by continued transfer of actively
dechlorinating microcosms. These strategies may ultimately lead to the development of effective, economical,
and environmentally acceptable ways to stimulate PCB
dechlorination in situ.

MATERIALS AND METHODS
Sediment Microcosms: All three of the desired PCB
dechlorination activities can be activated in sediment
from Woods Pond (Lenox, Massachusetts). (Woods Pond
is a dammed section of the Housatonic River.) Therefore,
PCB-contaminated sediment collected from the western
shore of Woods Pond (Lenox, MA) was used for these
experiments. The sediment was stored under a nitrogen
headspace in sealed jars at 4 °C until use. Sediment microcosms were composed of 40% wet sediment and 60%
deionized, glass-distilled, reduced water under a headspace of nitrogen in serum bottles sealed with Tefloncoated septa. They were incubated in the dark at 34 °C for
Process P, and at 22-25 °C for Processes LP and N. The
primary incubations were set up aseptically in an anaerobic chamber. All subsequent samplings and transfers were
carried out aseptically at the bench using the Hungate
technique. Autoclaved and live controls were prepared as
previously described [14]. Sterile Woods Pond sediment
was prepared as previously described [15].
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FIGURE 1 - Dechlorination of 2,2´,3,4,4´,5´-hexachlorobiphenyl, a major component
of Aroclor 1260, by Process N, Processes N plus LP, Process P, and Process P plus LP.
The figure shows the terminal dechlorination products produced from this congener by the various
dechlorination activities. The most extensive chlorine removal occurs from sequential dechlorination by
Processes N and LP. In this paper individual PCB and brominated biphenyl congeners will be identified
by listing the substituted positions on each ring, separated by a hyphen, and followed by the designation
-CB (chlorinated biphenyl) or -BB (brominated biphenyl).

Experimental Design: All microcosms were set up in
duplicate or triplicate. We optimized conditions for each
dechlorination process as shown in Table 1. We used
concentrated stock solutions (prepared in acetone) of 2,6dibromobiphenyl (26-BB) to stimulate Process N, and
4,4´-dibromobiphenyl (4-4-BB) to stimulate Process P as
previously described [14], and of 2,6-difluoro-4-chlorobiphenyl (DFCB) (prepared in methanol) to stimulate
Process LP [10]. The final concentration of the bromobiphenyls or DFCB used were 350 µM and 700 µM, respectively. The final concentrations (vol/vol) of acetone
and methanol were 0.5%. Experiments, except for those
with Process LP, also included 10 mM disodium malate,
pH 7, because this has been shown to accelerate the onset
of dechlorination when added with the halogenated biphenyl. Live controls included acetone and, where appro-

priate, malate. For dechlorination processes N and P, we
monitored the dechlorination of the residual Aroclor 1260
associated with the sediment. However, Aroclor 1260 is
not a good substrate for Process LP, so for experiments
testing LP dechlorination we spiked the sediment with
24-24-CB (50 µM) and monitored its dechlorination to
24-2-CB then 2-2-CB. We chose this congener, because
it is the major terminal dechlorination product of Process
N dechlorination.
There have been several reports of microbial PCB
dechlorination activities from the Hudson River that survived pasteurization [17, 18], suggesting that the PCBdechlorinating organisms responsible for these activities
were spore-formers. Pasteurization would be an ideal way
to reduce the biocomplexity of any PCB-dechlorinating
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community composed of spore-formers. Therefore, we
included experiments to test pasteurized sediments for
dehalogenation activity. Pasteurization was achieved by
heating sediment microcosms at 75 °C for 10 minutes in
an 80 °C water bath.
We used 2 mM bromoethane sulfonic acid (BES) to
block methanogenesis [19], and 20 mM molybdate to
inhibit sulfate reducers [20-22]. In addition, we also tested
the effect of a variety of antibiotics. Antibiotics were
added at a final concentration of 1 mg/ml. Our rationale
was that any inhibitors or antibiotics which did not block
(or change the pattern of) dechlorination, would reduce
the complexity of the microbial community by eliminating microorganisms not essential for dechlorination. The
inhibitors were added again every three weeks, and the
antibiotics every 30 days.
The progress of dehalogenation of the spiked bromobiphenyl or DFCB and of the PCBs was monitored weekly. PCB dechlorination began shortly after dehalogenation of the spiked bromobiphenyl. When most of the
brominated biphenyl was depleted, we either added
more brominated biphenyl and again monitored the
progress of dehalogenation, or inoculated a sterile slurry
with a 1/10 volume of the actively dechlorinating consortium and respiked with the halogenated biphenyl. The
intent of both procedures was to increase the concentration of PCB dechlorinators.
Chemicals: 2,6-Dibromobiphenyl, 2,6-difluoro-4-chlorobiphenyl, and 2,6-difluorobiphenyl were synthesized at GE
Corporate Research and Development (Niskayuna, NY) and
provided as a gift. Other bromobiphenyls were purchased
from AccuStandard (New Haven, Connecticut) or SigmaAldrich Fine Chemicals (St. Louis, Missouri). Biphenyl,
malic acid, sodium molybdate dihydrate, 2-bromoethane
sulfonic acid (sodium salt), ampicillin (sodium salt), kanamycin monosulfate, penicillin G (sodium salt), streptomycin (sulfate salt), and vancomycin hydrochloride were all
purchased from Sigma-Aldrich. Malic Acid, sodium acetate, sodium propionate, butyric acid, hexanoic acid, and
sodium sulfate were also purchased from Sigma-Aldrich.
We prepared a mixture of fatty acids to feed our microcosms. A 100X stock was prepared containing 250 mM
each of acetate, propionate, and butyric acid and 75 mM
hexanoic acid. This stock was neutralized, and sterilefiltered. We also prepared a mix of 12 vitamins as described [23]. The vitamins were: p-aminobenzoic acid, Dbiotin, folic acid, niacinamide, D-pantothenic acid, pyridoxal, pyridoxamine, pyridoxidine, riboflavin, thiamine,
DL-6,8-thioctic acid, and vitamin B12. All vitamins were
from Sigma-Aldrich.
PCB, Bromobiphenyl, and DFCB Analyses: All analytical
procedures have been previously published. Briefly, PCBs
and brominated biphenyls were extracted from the sediment microcosms with five volumes of anhydrous ether in
the presence of acid-reduced copper filings ( ~ 50 mg, to

remove sulfur from extracted material). Quantitative comparisons of the mole percent (mole %) PCB congener distributions for samples extracted by this simple procedure and
by a rigorous Soxhlet procedure (EPA 3540) [24] demonstrated no significant differences [25], hence we routinely
used the simple one-step extraction procedure. The progress
of PCB dechlorination was monitored by a gas chromatograph (GC) (Hewlett-Packard, 5890) fitted with a Ni63 electron capture detector (ECD). Dehalogenation of brominated
biphenyls, DFCB, and the spiked 24-24-CB was monitored
by a GC fitted with a mass spectrometric detector (HewlettPackard 5890/5971A). Both GCs were equipped with a
DB-1 polydimethylsiloxane fused silica capillary column
(length, 30m; inside diameter, 0.25 mm; phase thickness,
0.25 µm; J&W Scientific, Folsom, California) and operated
using methods as described [10, 26]. Brominated biphenyls, biphenyl, DFCB, its dechlorination product, 2,6difluorobiphenyl (DFB), and 24-24-CB and its dechlorination products (24-2-CB and 2-2-CB) were analyzed by
selected ion monitoring. The ions monitored were: biphenyl, m/z 153 and 154; 4-BB and 2-BB, m/z 232, 234,
and 152; 26-BB and 4-4-BB, m/z 312, 314, and152;
DFCB, m/z 224, 226, and 188; DFB, m/z 190, 189, 188;
24-24-CB, m/z 292, 290, and 220; 24-2-CB, m/z 258, 256,
and 186; and 2-2-CB, m/z 222, 224, and 152. The brominated biphenyls, DFCB, and 24-24-CB and their respective
products were quantified against authentic standards using
a four point linear calibration curve forced through zero.
Mole percent distributions of each substrate and its products were calculated. The PCB congeners in Aroclor 1260
measured by GC-ECD were identified and quantified by
comparison to a customized PCB standard (Aroclor 1260
supplemented with PCB congeners known to be dechlorination products) using a quadratic fit of the data to a four
point external standard calibration curve forced through
zero [14, 25]. Mole percent distributions of the PCB congeners and homologs, and the distribution of ortho, meta,
and para chlorines per biphenyl were calculated using a
spreadsheet program (Microsoft Excel).
RESULTS AND DISCUSSION
We previously proposed that three discrete PCBdechlorinating populations are responsible for dechlorination Processes N, P, and LP. Evidence for this is three-fold:
(1) The three dechlorination processes exhibit different
temperature ranges. Process N occurs at 8 to 30 °C, Process P at 12 to 34 °C, and Process LP at 18 to 30 °C [13].
(2) The three dechlorination processes exhibit different
pH ranges and optima [27]. (3) Each of the three dechlorination processes can be selectively and reproducibly activated in the same sediment by specific halogenated biphenyls. For example, Process N is activated by 25-BB,
26-BB, and 25-3-BB, and Process P by 4-BB, 4-4-BB,
and 24-BB [14]. Process LP was not activated by any of
the brominated biphenyls we tested, but can be activated
by 2,6-difluoro-4-chlorobiphenyl (DFCB) [10].
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TABLE 1
Comparison of Three Microbial PCB Dechlorination Processes.

N

Dechlorination Process
P

Targeted Chlorines

Flanked meta

Flanked para

PCB Substrate Range
(Chlorine Number)

5-9

4-6

2-6

234-, 236-, 245-,
2345-, 2346-, 2345624-, 26-, 2468 - 30 °C

34-, 234-, 245,
2345-, 234563-, 23-, 25-, 235-, 235612 - 34 °C

4-, 23-, 24-, 34-, 234-,
235-, 245-, 2462-, 3-, 25-, 2618 - 30 °C

Reactive Chlorophenyl Groups
Primary Chlorophenyl Products
Temperature Range
pH Range
Optimal pH and Temperature
Best Activator

LP
Flanked and unflanked
para and meta flanked
by ortho

5.5 - 8.0

6.5 - 7.5

6.0 - 6.5

pH 7.5, 25 °C
25-BB, 26-BB,
25-3-BB

pH 6.5, 34 °C

pH 6.5, 25 °C

4-BB, 4-4-BB, 24-BB

DFCB

TABLE 2 - Changes in Major Substrates and Products of Process P
Dechlorination in Primary Enrichment and First Transfer.

Substrate, Pathway, & Product

Primary Enrichment
Decrease
Increase
in Substrate
in Product
Mole %
Mole %

First Transfer
Decrease
Increase
in Substrate
in Product
Mole %
Mole %

245-25 → 25-25
245-245 → 245-25 → 25-25

0.74
5.75

6.14

2.24
10.75

12.09

234-245 → 234-25 → 23-25

2.64

2.35

6.59

4.60

2345-25 → 235-25
2345-245 → 235-245 → 235-25

0.24
3.40

4.02

1.13
7.13

6.13

Total

12.78

12.51

27.84

23.08

These data and the specific characteristics for each of
these three dechlorination processes are summarized in
Table 1. The temperature and pH optima and the specific
halobiphenyl primers provide the basis for selective enrichment of each of the three dechlorination processes.
Enrichment of Microorganisms Responsible for Dechlorination.

Our strategy for developing microcosms that are
highly enriched for a particular dechlorination process,
has two aspects: 1) stimulation of the appropriate dechlorinating microbial community, by priming with the appropriate halogenated biphenyl, and 2) elimination of
non-essential microorganisms through the use of specific
inhibitors. Less is known about optimal conditions for
Process LP than for the other dechlorination processes,
so we tested several conditions. We tested microcosms
of unbuffered Woods Pond sediment (about pH 6.8)

slurried with reduced water, and Woods Pond sediment
slurried with reduced anaerobic mineral medium
(RAMM, a methanogenic minimal medium) [28] and
buffered to pH 6.0, 6.5, or 7.0. Typically, we observed a
lag time of about two to three weeks followed by dehalogenation of the brominated biphenyl. PCB dechlorination
began shortly after dehalogenation of the spiked bromobiphenyl and then continued for a period of up to three
months. In contrast, the lag time preceding dehalogenation
of the DFCB was about 5 weeks, perhaps because these
microcosms were not supplemented with malate. Dechlorination of both DFCB and 24-24-CB was essentially the
same in unbuffered sediment slurries and in sediment
slurries in RAMM at pH 6.0. The DFCB was completely
dehalogenated to DFB, but only about 70% of the
24-24-CB was dehalogenated to 24-2-CB and 2-2-CB. In
contrast to Processes N and P, dechlorination of the PCBs
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stopped abruptly as soon as the halogenated primer
(DFCB) had been completely dechlorinated. Unexpectedly, there was no dechlorination of DFCB or of 24-24-CB
in microcosms made up in RAMM at either pH 6.5 or 7.0.
We activated Processes N and P with the appropriate
primer under optimal temperature and pH conditions.
When the bromobiphenyl substrate was completely
dehalogenated, we either transferred the actively dechlorinating consortium to a sterile sediment slurry, or
respiked it again with the brominated biphenyl. In either
case, the 2nd generation was prepared by transferring one
volume of the enriched primary microcosm to nine volumes of a slurry made from sterile uncontaminated sediment from a peat bog in the Adirondack region of the
state of New York. The uncontaminated sediment slurry
was prepared in RAMM buffered to pH 7.0 with 40 mM
potassium phosphate buffer and then pasteurized, incubated
for 24 h at 22-25°C (to activate spores), and finally autoclaved at 121 °C for 3 h to kill all indigenous organisms.
The 2nd generation microcosm, was then spiked with Aroclor 1260 and the appropriate bromobiphenyl, 5 ppm and
350µM, respectively, and supplemented with vitamins
and fatty acids. We found that sterile uncontaminated
sediment provides a better medium for continued enrichment than the original PCB-contaminated sediment. There
are two likely explanations: (1) The contaminated sediment from Woods Pond contains a high amount of an
unidentified hydrocarbon oil in addition to PCBs. The
PCBs partition into the oil and hence are less bioavailable
for dechlorination. (2) Fresh Aroclor 1260 is a better
dechlorination substrate than the partially dechlorinated
Aroclor 1260 in the contaminated sediment. Table 2 compares the dechlorination of several key substrates by Process P in the primary enrichment and the second generation. As expected, dechlorination was enhanced in the 2nd
generation, by a factor of about two. Similar results were
obtained for Process N (data not shown). We have found,

however, that we are often not able to transfer the dechlorination activity if the microcosm is respiked with brominated biphenyl. The reason for this is not apparent, but
one possibility is toxicity due to the increased concentration of the acetone carrier which may not be completely
metabolized. Since the activity is easily transferred after
the initial dehalogenation, this is the preferred strategy for
enrichment.
We were not able to transfer Process LP activity because the PCB dechlorination activity abruptly ceased as
soon as the DFCB was dehalogenated. Perhaps this activity could be successfully transferred during the 2-3 week
period, while the DFCB is actively dehalogenating.
Effect of Inhibitors and Antibiotics on PCB Dechlorination.

The second part of our strategy was to eliminate as
many non-essential organisms as possible through the use
of specific treatments and inhibitors that target various
groups of organisms. We used pasteurization to eliminate
spore-formers, molybdate to inhibit sulfate reducers [2022], bromoethane sulfonic acid (BES) to inhibit methanogens [19], and various antibiotics to kill different groups
of bacteria. Table 3 summarizes the results of the different
treatments, and Figure 2 shows the results of selected
inhibitors on the time course of Process N dechlorination.
Pasteurization completely inhibited all three dechlorination
processes. This indicates that the PCB-dechlorinating bacteria responsible for these activities are not spore-formers.
Dechlorination process N progressed more slowly in microcosms treated with molybdate, but by 8 weeks the extent
of dechlorination was comparable to that in untreated microcosms. Molybdate arrested Process LP within a week of
the onset of dechlorination, but DFCB and 24-24-CB were
still dechlorinated by about 85% and 50%, respectively.
Molybdate had no effect on Process P dechlorination. These results indicate that sulfate reducers are not essential
for any of these dechlorination processes.

TABLE 3 - Effect of Various Treatments on PCB Dechlorination.

Treatment

Process N

Process P

Process LP

Pasteurization

Total Inhibition

Total Inhibition

Total Inhibition

BES

Partial Inhibition

None

Total Inhibition

Molybdate

Delay

None

Slight Inhibition

Sodium sulfate

Delay

NT

Total Inhibition

Ampicillin

Delay

NT

NT

Penicillin G

Delay

None

NT

Kanamycin

Total Inhibition

NT

NT

Streptomycin

Total Inhibition

Total Inhibition

NT

Vancomycin

Delay

None

NT
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NT: Not tested

Mole% Hexa-Nona-CB

70
26BB

60
50

26BB+Mb

40

26BB+BES

30

26BB+BES+Mb

20

26BB+NaSO4

10
0

7 14 21 28 35 42 49 56 63 70 77
Incubation in Days

FIGURE 2 - Effect of inhibitors on Process N dechlorination.
The figure shows the dechlorination of hexa- through nonachlorobiphenyls in microcosms of
Woods Pond sediment primed with 26-BB with no other additions, or with molybdate (Mb) (20 mM),
bromoethane sulfonic acid (BES) (2 mM), BES plus Mb, or sodium sulfate (2 mM). See text for discussion.

70

Mole% Hexa-Nona-CB

26BB
60

26BB+FA+Vit

50

26BB+Kan

40

26BB+Kan+FA+Vit
26BB+Amp

30

26BB+Amp+FA+Vit

20

26BB+Vanc+FA+Vit
10
0

7

14 21 28 35 42 49 56 63 70 77

Incubation in Days
FIGURE 3 - Effect of antibiotics on Process N dechlorination.
The figure shows the dechlorination of hexa- through nonachlorobiphenyls in microcosms of
Woods Pond sediment primed with 26-BB with no other additions, or with fatty acids (FA)
and vitamins (Vit) in the presence of ampicillin, kanamycin, or vancomycin. See text for discussion.
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BES is a structural analog and competitive inhibitor
of coenzyme M, an essential co-factor for the methyl
reductase enzyme complex which catalyzes the final step
in methanogenesis [19]. Therefore, BES completely inhibits methanogenesis. Since BES had no effect on Process P dechlorination, we can conclude that methanogens
are not required for Process P dechlorination, even in a
supporting role. In contrast, BES partially inhibited Process
N dechlorination, and completely inhibited Process LP
dechlorination. One possible interpretation is that methanogens play an important, but not critical, role in PCB
dechlorination process N, and a critical role in dechlorination process LP. Methanogens have previously been implicated as the dechlorinating agents in para-dechlorination of some PCB congeners [29] and could conceivably be the dechlorinating agents responsible for Process
LP. It is also possible that methanogens could play an
important supporting role for PCB dechlorination, perhaps by removing excess H2. If methanogens are directly
or indirectly required for PCB dechlorination of Process
N or Process LP, the inhibition caused by BES should be
reversible by the addition of excess coenzyme M [30].
Subsequent experiments will be done to address this possibility. However, there are at least three other ways that
BES could cause inhibition of dechlorination. 1) BES could
stimulate the growth of sulfate reducers that can utilize the
sulfonate group of BES as an electron acceptor [31] and
compete with PCB dechlorinators for resources. 2) BES
could theoretically stimulate growth of a dehalogenating
microbial population that can use BES as an electron
acceptor by removing the bromine molecule through
halorespiration. Such a population might out-compete
PCB dechlorinators for resources. 3) BES has been shown
to inhibit dechlorination of chloroethene under circumstances where all the above possible mechanisms have
been ruled out [32], hence there is a yet unknown mechanism in which BES might inhibit PCB dechlorination.
The results from our Process N microcosms treated with
sulfate or with BES plus molybdate aid us in interpreting
whether the partial inhibition of Process N caused by BES
(Figure 2) is caused by competition from sulfate reducers
using the sulfonate group of BES. The data show that
molybdate did not eliminate the BES-mediated inhibition
of dechlorination process N. Furthermore, the addition of
sulfate at the same concentration as BES (2 mM, replenished every 3 weeks) did not limit the final extent of
dechlorination. Based on these results, it is unlikely that
the partial inhibition of Process N caused by BES is due
to competition from sulfate reducers. In contrast, LP
dechlorination was completely inhibited by a single addition of sodium sulfate at 10 mM. Therefore, we can not
eliminate the possibility that BES stimulated the growth
of sulfate reducers which out-competed LP dechlorinators
for resources. Further experiments will be required to
determine the nature of the BES-mediated inhibition of
Processes N and LP. Experiments to visualize the microbial composition of the microcosms by 16S rDNA based
methods will also help.

Figure 3 shows the effect of selected antibiotics on
the time course of Process N dechlorination. Vancomycin,
and penicillin G slowed the progress of Process N dechlorination, but had no effect on the final extent of dechlorination by either Process N or P. Both of these antibiotics
are narrow spectrum antibiotics that inhibit only gram
positive bacteria. Ampicillin primarily inhibits gram positive bacteria, but also inhibits a few gram negative bacteria. Ampicillin delayed the onset of Process N dechlorination (Fig. 3), but the dechlorination progressed to the
same extent as in untreated controls by day 56.
In contrast, streptomycin, a broad-spectrum antibiotic
that inhibits gram-positive bacteria and many gram negative bacteria, totally inhibited both Process N and Process
P dechlorination (data not shown). Kanamycin, a closely
related broad-spectrum antibiotic, also totally inhibited
Process N but was not tested on Process P. There was a
possibility that broad spectrum antibiotics might inhibit
PCB dechlorination by killing organisms that cross-feed
the PCB-dechlorinators rather than by killing the PCBdechlorinators themselves. To minimize this possibility,
we added a mixture of fatty acids and vitamins to the
microcosms to provide nutrients. This did not alleviate the
antibiotic inhibition

CONCLUSIONS AND FUTURE DIRECTIONS
Taken together, our data allow us to draw several
conclusions. In the case of dechlorination processes N and
P, successive transfers of actively dechlorinating consortia
with a specific halogenated primer enhanced dechlorination, apparently by enriching the specific PCB-dechlorinating populations N and P. It appears that none of the
PCB-dechlorinators responsible for Processes N, P, and
LP are spore-formers or sulfate reducers. This eliminates
organisms like Clostridia, Bacillus, and the various sulfatereducing bacteria, that are known to dehalogenate halophenols, halobenzoates, and haloalkanes [33]. The
dechlorinators responsible for dechlorination Processes N
and P are not gram-positive. Ampicillin, penicillin G,
vancomycin, and molybdate can all be used to remove
microorganisms that are not essential for dechlorination.
In conclusion, it appears that the dual approach strategy that we have outlined will help to elucidate the nature
of the microorganisms responsible for dechlorination
Processes N, P, and LP, and will result in microcosms,
that are highly enriched for at least Processes N and P.
This, in turn, should allow us to achieve our long term
goals: (1) identification of the PCB-dechlorinating bacteria, (2) acquisition of sufficient understanding of the ecology of PCB-dechlorinators to enable development of safe
and economical ways to stimulate their activity (and
hence PCB remediation) in situ, and (3) identification and
characterization of the novel enzymes responsible for
PCB dechlorination and the genes that encode them.
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SUMMARY
The study evaluates the effect of two terpenes, carvone and limonene, as potential inducers of the PCBdegrading pathway of a commercial mixture of PCBs,
DELOR 103. The purpose was to find out whether addition of terpenes stimulates biodegradation and how this
effect depends on terpene concentrations. The addition of
the studied terpenes, which could not serve as a sole carbon
source, exerted an enhancing effect on PCB degradation
when xylose was used as the carbon source and carvone as
the possible inducer. In this case, already 7-37 % of the
individual PCB congeners were degraded without carvone
addition, while 30-70 % of the congeners were degraded
after carvone addition. Good water solubility of carvone,
its low costs and effectiveness make it a potential inducer
for practical cleanup of DELOR-contaminated soil.

cation of natural compounds that could be used instead of
biphenyl would expedite the development of a new approach for bioremediation of contaminated soils.
Gilbert and Crowley [8] evaluated the repeated application strategy for bioremediation of PCB-contaminated
soils using carvone-induced bacteria. Our study evaluates
the effect of two terpenes, carvone and limonene, as potential inducers of a PCB degradative pathway in the
presence of glucose, biphenyl, glycerol and xylose as sole
carbon and energy sources, based on biodegradation of a
commercial mixture of PCBs, DELOR 103. Biodegradation experiments were carried out in the presence of PCBdegrading bacteria Pseudomonas stutzeri, an isolate from
long-term PCB-contaminated soil.

MATERIALS AND METHODS
KEYWORDS: Polychlorinated biphenyls, PCBs, terpenes, carvone,
Pseudomonas, bioremediation.

INTRODUCTION
Use of PCB-degrading bacteria for bioremediation is
hindered by the impossibility to use biphenyl (known as
the primary substrate and the inducer of PCB degradation
pathway) in soil amendments due to its adverse health
effect, high cost, and low water solubility [1]. Recently, it
was speculated that certain plant compounds, including
flavonoids [2], lignin [3, 4] and terpenes [5-7], may serve
as natural substrates for induction of bph genes. Identifi-

Chemicals. A commercial formulation of PCBs, DELOR 103, containing 40 - 42 % (w/v) of bound chlorine
(product of Chemko Strážske, Slovakia); biphenyl
(Merck, Germany); n-hexane, pesticide grade (Merck,
Germany); acetone p. a. (Mikrochem Bratislava, Slovakia); carvone, limonene (Merck, Germany); chemicals
for mineral media (Lachema Brno, Czech Republic) and
octadecylsilica (C18) resin SILIPOR (55-105 µm)
(Lachema, Brno, Czech Republic) were used.
Microorganism. PCB-degrading bacteria Pseudomonas
stutzeri, isolated from a long-term PCB-contaminated soil
by enrichment in a synthetic mineral medium with biphenyl as the sole carbon source [9], were used in the
experiments. Bacteria were identified in Czech Collection
of Microorganisms (CCM), Masaryk University, Brno,
Czech Republic.
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Biomass dry weight determination. For determination
of the biomass dry weight, a concentrated cell suspension
was diluted with an appropriate amount of the synthetic
mineral medium to give optical density value ranging from
0.1 to 1.0 when measured at 620 nm. A portion (10 ml) of
each dilution was filtered through a marked, dried, and
pre-weighed membrane filter (SYNPOR, pore diameter
0.3 µm, Lachema, Czech Republic). All filters were then
dried to constant weight at 105 °C and placed into a desiccator to cool down. The biomass dry weight was calculated as the difference of the filter weight before and after
the procedure. At the end, the calibration curve was
constructed as the dependence of the optical density on
the biomass dry weight concentration. Calibration
curves of Pseudomonas stutzeri on individual substrates
after linear regression of the experimental data can be
presented as follows: glycerol (A620 = 1.6219.X-2.41.10-2),
xylose (1.4408.X+3.5.10-2), biphenyl (1.528.X-1.941.10-2),
glucose (1.8524.X+3.765.10-2), where X represents biomass concentration.
Toxicity assay. Toxicity of the tested terpenes – carvone and limonene - was measured applying the MICROTOX method using bioluminescent bacteria Vibrio
fischeri NRRL-B-11177. Toxicity was expressed as EC50
value within 15 and 30 min. Terpenes were added to the
tested bacteria as 1 % DMSO solutions. The same concentration of DMSO was added to a control.

The bacterial culture (minimum adaptation period of 14 days for each of the substrates used) was prepared by incubating Pseudomonas
stutzeri for 64 hours in the synthetic mineral medium
(pH 7.2) at 28 °C and 180 rpm containing 2.5 g.l-1 biphenyl, 2 g.l-1 glucose, 4 g.l-1 xylose, and 4 g.l-1 glycerol.
Biodegradation was carried out in Erlenmeyer flasks
(100 ml) closed with columns that were filled with the C18
sorbent. The apparatus for monitoring evaporation and
biodegradation has been described previously [10]. The
stock solution of PCBs was prepared from the commercial
mixture of DELOR 103 (2.5 g) by dissolving in acetone
(250 ml). The biomass suspension was added to the mineral
medium with the PCB stock solution (final concentration
10 mg.l-1), the individual carbon source, and inducer (carvone or limonene, final concentrations 10 and 20 mg.l-1,
respectively). The flasks were equipped with sorbent columns that were closed with a cotton wool stopper to maintain sterile environment and allow for gas diffusion. Flasks
were incubated for 7 days on a rotary shaker (180 rpm) at
28 °C in the dark. Whole flask contents were taken for PCB
analysis. The amounts of PCBs in the liquid medium and
remaining on the sorbent were analyzed.
PCB biodegradation assay.

Extraction of PCBs from the liquid phase and sorbent.

After incubation, each flask was filled with a mixture of
n-hexane and acetone (9:1, 10 ml) and kept in an ultrasonic bath for 15 min. The whole volume of the vessel was
transferred to a separatory funnel and intensively shaken

for 1 min. The hexane layer was collected into a 25-ml
volumetric flask. The aqueous layer was returned to the
original vessel and the whole procedure was repeated.
The two hexane layers were collected in the volumetric
flask, dried over anhydrous Na2SO4, filled up with nhexane to 25 ml, and analyzed by GC. After incubation,
the evaporated PCBs were eluted from the sorbent directly in the original glass column with 10 ml n-hexane, the
volume was adjusted to 10 ml, and analyzed by GC.
PCB analysis. Samples were analyzed by GC (HP 5890)
with H2 as carrier gas (60 kPa, 1.5 ml.min-1, split-splitless
inlet mode) using an electron capture detector (280 °C,
make-up gas N2 at 60 ml.min-1) and a fused-silica capillary column (50 m × 0.32 mm I.D.) with a non-polar
stationary phase HP 1 (film thickness 0.17 µm). Temperature conditions: injector 250 °C, column 45 °C (0.5 min) 20 °C/min - 150 °C - 2° C/min - 250 °C (6 min). Identification of peaks and their calibration was performed according to Krupčík et al. [11]. The reproducibility of the quantitative analysis was controlled using a standard solution
of DELOR 103 (c = 20 µg.ml-1). Relative deviations for
congeners that did not interfere with the background were
around 3 %.

RESULTS AND DISCUSSION
The purpose of the study was to find out whether addition of terpenes stimulates biodegradation of PCBs and
how this effect depends on terpenes concentration.
Biodegradation experiments were carried out in a mineral medium with an initial PCB concentration 10 mg.l-1
and the appropriate carbon source. As carbon sources
glucose, glycerol, biphenyl and xylose were used. To each
carbon source carvone and limonene were added separately to produce final concentrations of 10 and 20 mg.l-1. The
strain of Pseudomonas stutzeri used could not utilize
carvone and limonene as the sole carbon sources. This
was in agreement with the observations of Gilbert and
Crowley [8]. On the other hand, Hernandez et al. [6] isolated bacterial strains able to utilize limonene as the sole
carbon source. As the first step of our work, adaptation of
Pseudomonas stutzeri to each carbon source was carried
out. Adaptation to all carbon sources studied was successful. Kinetics of growth for each substrate was tested
for 8 initial concentrations – 0.2, 0.5, 1.0, 1.5, 2, 5, 7, and
10 g.l-1. Growth curves are shown in Fig.1.
The biodegradation experiments were performed for a
period of 7 days. The amounts of individual PCB congeners of DELOR 103 in the liquid phase and captured on
sorbent were monitored subsequently, and the effectiveness of biodegradation was determined. As a quantitative
parameter, percentage of elimination (degradation of the
individual congeners) from the system was chosen. The
total amount of the individual congeners in the system
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FIGURE 1
Growth of Pseudomonas stutzeri strain on biphenyl as the sole carbon and energy source.
Initial concentration of biphenyl: 0.2, 0.5, 1.0, 1.5, 2.0, 5, 7, 10 g.l-1.
Cultivation conditions: synthetic mineral medium pH 7.2, 30 °C, rotary shaker (240 rpm).

at the beginning of the experiment and after 7 days was
calculated according to equation (1):

Q = V ( cl + cs )

The elimination of the individual PCB congeners was
calculated according to equation (2):

(1)

P=

Q - the total amount of the individual PCB congeners
in the system in time t (µg)
V - volume of liquid phase in the system (L)

Y−X
100 %
Y

(2)

P - elimination of the individual PCB congeners from
the system (%)

cl - concentration of the individual congeners in the
hexane extract of liquid phase (µg.l-1)

X - total amount of individual PCB congeners determined in the system after 7 days (µg)

cs - concentration of the individual congeners in the
hexane extract of SILIPOR C18 (µg.l-1)

Y - initial amount of the individual PCB determined
in the system (µg).

TABLE 1 - The individual PCB congeners determined in biodegradation experiments.
Numbers of chromatographic peaks correspond to peak numbers in Fig. 2.

Peak
No
1
2
3
4
5
6
7
8
9
10
11
12

Retention
time (min)
14.03
16.06
17.07
18.46
19.57
22.02
22.42
23.88
24.18
25.22
26.10
26.60

IUPAC
No
4, 10
5, 8
19
18
16, 32
33, 53
22, 51
52
49
44
41, 64,
71, 72
40

288

Chlorine
Weight ratio
position
(%)
2, 2´; 2, 6
1.76
2, 3; 2, 4´
4.69
2, 2´, 6
0.54
2, 2´, 5
6.69
2, 2´, 3; 2, 4´, 6
10.34
2´, 3, 4; 2, 2´, 5, 6´
5.31
2, 3, 4´; 2, 2´, 4, 6´
2.91
2, 2´, 5, 5´
2.06
2, 2´, 4, 5´
1.83
2, 2´, 3, 5´
2.58
2, 2´, 3, 4; 2, 3, 4´, 6;
2.71
2, 3´, 4´, 6; 2, 3´, 5, 5´
2, 2´, 3, 3´
0.52
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28.50

66

2, 3´, 4, 4´

The elimination of the thirteen PCB congeners from
commercial mixture DELOR 103 was evaluated and expressed as percentage of the initial amount. PCB congeners analyzed are listed in Table 1.
The terpene concentrations used in the degradation experiments were 10 times lower than the EC50 values in
order to eliminate their possible inhibition effect (Table 2).
The EC50 values were determined using standard bioluminescent bacteria Vibrio fischeri. These bacteria are
more sensitive than bacteria from genera Pseudomonas.
TABLE 2 - Inhibition of bioluminescent activity of
Vibrio fischeri (MICROTOX) after 30 min of incubation.

Terpenes

EC50 (g/l)

carvone

0.227

limonene

0.267

The best effectiveness of biodegradation of PCBs
without terpenes addition was observed when Pseudomonas stutzeri was grown up on biphenyl, which could be
anticipated since it is not only a suitable carbon source,
but is also known to induce PCB biodegradation [12]. Diand trichlorinated PCB congeners were degraded to 90 %,
while for higher chlorinated compounds the effect was
slightly less pronounced. The next suitable substrate was
glucose. Since this substrate is generally easily utilizable,
it is not suitable to create selection pressure at bioaugmentation. According to some authors, readily utilizable
substrates, e.g. high concentrations of glucose, acetic or
succinic acids, inhibit PCB degradation [13]. Xylose was
the third in the sequence of suitable substrates. Glycerol
was the least appropriate substrate and the spectrum of
congeners degraded was minimal.

Biodegradation of PCBs (%)

5.13

Assumed inducing effect of carvone and limonene on
PCB biodegradation was not confirmed in all eight combinations of terpenes and carbon sources. With glucose
and carvone addition, even a decline of percentage of
elimination was observed. With biphenyl a moderate
decrease of elimination was observed, also upon the addition of limonene in the system. However, the percentage
of elimination did not reveal unambiguous dependence on
the content of carvone or limonene in the system. Biodegradation on glycerol with terpene addition caused extension of the spectrum of degraded PCB congeners and
increased effectiveness of their degradation. Interesting
results have been obtained for PCB biodegradation in the
presence of xylose as the sole carbon source and carvone
as a possible inducer (Fig. 2). In this case, 7 to 37 % of
individual PCB congeners were degraded from the system
without carvone addition, while 30 to 70 % of congeners
were degraded after carvone addition (10 and 20 mg.l-1),
independently on the concentration used.
As can be seen from Fig. 2, percentage of biodegradation of PCB congeners increased for di- and trichlorinated congeners with increasing of their hydrophobicity
(with chromatographic peak number) up to peak No 7,
while for highly chlorinated congeners with four and five
chlorine atoms the biodegradation was practically constant.
Carvone addition increased effectiveness of biodegradation
independently on the initial concentration used. In the presence of xylose and without terpene addition 2,2´-,2,6dichlorobiphenyls (co-eluting congeners, peak No 1),
2,2´,6-trichlororbiphenyl (peak No 3), and 2,2´,5trichlorobiphenyl (peak No 4) were not degraded, while
after carvone addition they were degraded. Values of
biodegradation in the first case were 1.8 to 6.2 times lower than in a medium with xylose and carvone.
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FIGURE 2 - Biodegradation of PCB congeners in the presence of xylose
as a carbon source (4 g.l-1) and carvone as an inducer (10 and 20 mg.l-1).
polychlorinated biphenyls in soil. Appl. Microbiol. Biotechnol. 50, 489-494.

It can be generally assumed that xylose belongs to the
hardly utilizable substrates under aerobic and anaerobic
conditions and, therefore, is available for the selection
pressure of Pseudomonas stutzeri. Furthermore, Pseudomonas stutzeri were able to utilize xylose as a sole carbon
source while simultaneously maintaining their degradation potential of PCBs. This makes this bacterium attractive as a microorganism suitable for bioaugmentation of
biotopes contaminated with PCBs. Good water solubility
of carvone (45 µM - 7 mg/l, 20 °C), its low cost, and
effectiveness make it a potential inducer for practical
cleanup of DELOR-contaminated soil.

[9]

Dercová, K., Baláž, Š., Haluška, Ľ., Horňák, V. and
Holecová, V. (1995) Degradation of PCB by bacteria isolated
from long-time contaminated soil. Int. J. Environ. Anal.
Chem. 58, 337-348.

[10] Dercová, K., Vrana, B. and Baláž, Š. (1999) A kinetic distribution model of evaporation, biosorption and biodegradation
of polychlorinated biphenyls (PCBs) in the suspension of
Pseudomonas stutzeri. Chemosphere 38, 1391-1400.
[11] Krupčík, J., Kočan, A., Petrík, J., Leclerq, P.A. and
Ballschmitter, K. (1992) On the use of reference standards
for quantitative trace analysis of PCBs by HRGC analyses of
technical PCB formulations by HRGC/FID. Chromatographia 33, 514-552.
[12] Barriault, D. and Sylvestre, M. (1993) Factors affecting PCB
degradation by an implanted bacterial strain in soil microcosms. Can. J. Microbiol. 39, 594-602.
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SUMMARY
The role of plant peroxidases and cytochrome P450 in
PCB transformation in several in vitro cultures of different plant species was followed using inhibitors and inducers of these systems. The results have proved the important role of peroxidases.
We also attempted to find lignin peroxidase and manganese dependent peroxidase in plant cells.
As main products of PCB transformation in plants
hydroxychlorobiphenyl derivatives were detected. Products with more simple structures were identified, too. Enzymatic reactions using commercial horseradish peroxidase and plant peroxidase isolated from Solanum nigrum
were carried out to compare the products with those
formed by whole cells.

KEYWORDS:
Polychlorinated biphenyls, plants, peroxidases, cytochrome P450.

into three phases: transformation (e.g. oxidation, hydroxylation reactions), conjugation and compartmentation. The
oxidation phase is quite critical for the next fate of xenobiotics in plant cells. There are several types of oxidative
enzymes (peroxidases and cytochrome P450) which are
involved in the first phase of detoxification in plants. The
main known and described transformation reactions occurring in higher organisms are catalysed by cytochromes
P450. In our studies we attempted to identify the function
of peroxidases and cytochrome P450 in PCB metabolism
in plants. The structures of the products can suggest the
type of enzymes that are involved in plant metabolism of
xenobiotic.
The role of plant peroxidases and cytochrome P450 in
PCB transformation was followed using inhibitors and
inducers of these enzymatic systems. Using commercial
PCB mixture, effective model cultures were selected and
used for correlation of enzyme activities with PCB removal from media. The PCB transformation products
obtained using whole plant cells and isolated enzymes
were compared.
MATERIALS AND METHODS

INTRODUCTION
Polychlorinated biphenyls (PCBs) are highly persistent xenobiotics. Some microorganisms (bacteria and
fungi) were found to be able to metabolise them [1].
Plants were also shown to be able to transform and detoxicate these xenobiotics and store them as non-phyto-toxic
conjugates [2]. In contrast to bacteria the knowledge
about plant enzymes involved in these processes is limited. The detoxification mechanism by plants is divided

Plant Cell Cultures

In vitro cultures of various species and morphology
(non-differentiated amorphous callus strains or shooty
teratomas and hairy root clones transformed by Ti or Ri
plasmids of Agrobacterium tumefaciens and A. rhizogenes,
respectively) were obtained from the Collection of Plant
Tissue Cultures of the Department of Natural Products,
Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic.
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Cultivation conditions

Enzyme Experiments

Plant cell cultures were incubated aseptically in Murashige’s and Skoog’s [3] nutrient medium for 14 days on
rotary shaker (100 rpm) in the dark at 24ºC. According to
the experiments, usually 5 g cell wet weight was used as
inoculum, and cultivaion carried out in 100 ml liquid media
in 250 ml Erlenmayer flasks.

The peroxidase from Solanum nigrum hairy roots was
isolated by two step fractionation with ammonium sulphate, saturated to 40% - 80%. Partially purified peroxidase and commercial horseradish peroxidase (Sigma, St.
Louis, USA) reacted with different mono- and dichlorobiphenyls as summarised in Table 1. The test assay consisted
of 2 ml of aqueous PCB solution (5 – 10 µM), 800 µl
phosphate buffer (0.1 M, pH 7) and 100 µl of the enzyme
solution (100 µM). To start the reaction 5 µl of hydrogen peroxide (31 %) was added. After specified time
intervals the reaction was stopped by addition of sulphuric acid (10 %). The samples were extracted by hexane and analysed by GC-MS [8].

PCBs

A standard commercial mixture of PCBs, Delor 103
was used as methanol solution. This mixture contains about
60 individual congeners of PCBs substituted by 1-5 chlorine
atoms per biphenyl molecule. The initial concentration of
Delor 103 was 25 ppm. For the enzymatic reactions and
identification of products formed individual congeners of
mono- and dichlorobiphenyls were used in initial concentration of 5 – 10 µM (equivalent to 1,11 - 1,88 ppm). The residual amount of PCBs was analysed by gas chromatography
[4], the structures of metabolites were identified by GC-MS.

TABLE 1
PCB congeners and concentrations used in enzymatic reactions.

PCB congeners
Monochlorobiphenyls
2-chlorobiphenyl
3-chlorobiphenyl
4-chlorobiphenyl
Dichlorobiphenyls
2,2’-dichlorobiphenyl
2,5-dichlorobiphenyl
4,4’-dichlorobiphenyl
Tetrachorobiphenyls
2,2’,5,5’-tetrachlorobiphenyl

Analysis of residual content of PCBs

After the cultivation the cells were killed by heat,
sonicated, homogenised and the whole content of flask
was extracted with hexane for 2 hours. Decrease of PCB
concentration was measured by gas chromatography, expressed as percentage of PCB removed comparing to control flasks. Flasks with heat-killed cells (90ºC, 25 minutes)
were used as controls and treated the same way.
Estimation of enzyme activities

The plant cultures for enzyme estimation were cultivated parallely. The cells and media were separated. The
cells were homogenised with liquid nitrogen and suspended into phosphate buffer ( pH 7).
1) Peroxidase activity was measured in medium and
cell extract by chemiluminescent method described
by Macková et al. [5]. The isoenzyme pattern of peroxidases in the cell extract and in the medium was
analysed by native electrophoresis in polyacrylamide
gel after visualisation of peroxidase isoenzymes with
guaiacol and hydrogen peroxide.
2) Ligninase activity was estimated with veratryl alcohol as a substrate according to Field et al. [6].
3) Mn-dependent peroxidase was measured with Mn2+
as a substrate according to Wariishi et al. [7].
Inhibition and Induction Studies

Various inhibitors of peroxidases (propylgallate and
natrium benzoate) and inhibitors (1-aminobenzotriazole
and metyrapone) and inducers (light, phenobarbital, ethanol, manganese chloride) of cytochrome P450 were used
to evaluate the role of both enzymatic systems in PCB
metabolism. Inhibitors and inducers were added to nutrient media prior to the cultivation, which was then sterilised by filtration.

IUPAC
NO.

Concentration
(µM)

PCB 1
PCB 2
PCB 3

10
10
10

PCB 4
PCB 9
PCB 15

5
5
5

PCB 52

5

Derivatisation of products

The identification of polar and H-acidic metabolites
was confirmed using derivatisation reaction with bis-trimethylsilyl-trifluoracetamide (BSTFA) [8]. The trimethylsilyl derivatives formed were analysed by GC-MS.

RESULTS AND DISCUSSION
In our work we screened several in vitro cultures of
different plant species for their ability to transform commercial mixture of PCBs – Delor103 [9]. The estimation
of the changes in total extra- and intracellular peroxidase
activity was performed after cultivation of plant cells with
and without xenobiotics. It was correlated with the ability
to metabolise PCBs. Cultures with good PCB transformation ability exhibited lower sensitivity of peroxidases
to the presence of PCBs expressed as the decrease of
peroxidase activity comparing to that of the controls incubated without contaminants. Cultures with markedly decreasing peroxidase activity in the presence of PCBs
exhibited also lower PCB conversion. We attempted to
detect in plants also lignin peroxidase and manganese
dependent peroxidase, enzymes originally described in
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the white rot fungi [10]. These enzymes are responsible
for the degradation of PCBs and other environmental
pollutants by white rot fungi. We found them in plants,

but, in contrast to the total peroxidase activities, these
enzymes did not show any clear correlation with the ability to metabolise PCBs (Table 2).

TABLE 2
Activities of extracellular enzymes of various cultures exhibiting high and low ability to transform PCBs.

a
c

Culture

D103

AGC-1
Solanum aviculare
AGC-3
Solanum aviculare
SNC-9O
Solanum nigrum
SNC-7H
Solanum nigrum
KS 1
Solanum aviculare
KK1N
Solanum aviculare
SNA-6
Solanum nigrum
R1BD
Atropa bella-donna

+
+
+
+
+
+
+
+

POXa
RLUdx107/mg
340
346
478
623
217
216
77
64
3020
646
4820
173
9
3
9830
166

Removal of PCB
(%)
40
40
45
45
10
13
0
12

LiPb

MnPc
nkat/mg

13.3
10.4
11.7
10.5
12.0
12.4
10.0
0
3.7
32.3
29.6
74.5
37.7
0
39.3
66.2

5.0
3.4
3.2
3.2
3.3
3.1
2.9
3.5
5.0
11.9
17.8
20.9
34.2
19.4
20.1
33.1

b

The total activity of peroxidases, Activity of lignin peroxidase,
Activity of Mn-dependent peroxidase, dRelative Luminescent Units.

To evaluate the role of plant peroxidases and cytochrome P450 in PCB transformation some inhibition and
induction studies were done. Propylgallate [11] and
sodium benzoate were chosen as inhibitors of peroxidases, 1-aminobenztriazole and metyrapone are known as
inhibitors of cytochrome P450. The use of both types of
inhibitors for peroxidases and for cytochrome P450
decreased the ability to metabolise PCBs, but it was
found (Table 3) that the presence of each of these tested
inhibitors also decreased the activity of peroxidases
(including those designed for cytochrome P450). Inducers of cytochrome P450 (light, phenobarbital, manganese chloride, ethanol) caused only small increase (up to
10 %, data not shown) of the efficiency of PCB transformation. Thus, the participation of cytochrome P450

could not be excluded, but the participation of peroxidases in PCB metabolism in plant cells has been confirmed.
For a better understanding of the role of the peroxidases involved in the detoxification of PCBs in plants
some in vitro experiments with isolated enzymes were
performed. The structures of metabolites of PCBs can
suggest the type of participating enzymes in plant transformation of xenobiotics. As products of transformation
of individual PCB congeners in whole plant cells hydroxychlorobiphenyl derivatives were detected, monohydroxychlorobiphenyls were formed as the main products
from monochlorobiphenyls [12]. Products with simpler
structure (benzoic acid derivatives) were identified, too.

TABLE 3
Ability of plant cells of the clone SNC-9O to transform PCBs in the presence of inhibitors.

Inhibitor
(target activity, concentration)
NONE
None
Propylgallate (POX; 100 mM)
Natrium benzoate (POX; 1 mM)

D103
+
+
+

293

Removal of PCB
%
45
10
15

POXa
RLUbx107/mg
390
318
48
84
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Aminobenzotriazole (cyt P450; 0.1 mM)
METYRAPONE (CYT P450; 5.5 MM)
a

+
+

20
12

49
37

The total activity of peroxidases, b Relative Luminescent Units.
TABLE 4 - Conversion of PCB congeners by Solanum nigrum peroxidase.

PCB congener
PCB 1
PCB 2
PCB 3
PCB 4
PCB 9
PCB 15
PCB 52

REMOVAL OF PCB (%)
4 hours incubation
12
30
25
32
32
21
9

21 hours incubation
35
35
100
56
66
34
35

METABOLITES
Plant cells:

Plant peroxidases:

n=3–4

294

© by PSP Volume 12 – No 3. 2003

Fresenius Environmental Bulletin

FIGURE 1 - Metabolites of PCBs transformation by whole plant
cells and isolated plant peroxidases, found in our experiments.

Enzymatic reactions in vitro using commercial horseradish peroxidase and plant peroxidase isolated from
Solanum nigrum were performed (Table 4) to compare the
products formed. It was found that both these peroxidases
are able to transform PCBs in vitro [8] and the products
are comparable with those found in plant cells (Fig. 1).

using a commercial kit originally designed for blotting assays. Chem. Lett. 95, 130-132.
[6]

Field, J.A., Jong, E., Feijoo-Costa, G., Bont, J.A.M. (1993)
Screening for ligninolytic fungi applicable to the biodegradation of xenobiotics. TIBTECH 11, 44-48.

[7]
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peroxidase from the basidiomycete Phanerochaete chrysosporium: Spectral characterization of the oxidized states and
the catalytic cycle. Biochemistry 27, 5365-5370.
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Koeller, G., Moeder, M., Czihal, K. (2000) Peroxidative degradation of selected PCB: a mechanistic study. Chemosphere
41, 1827-1834.
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Mackova, M., Macek, T., Ocenaskova, J., Burkhard, J.,
Demnerova, K., Pazlarova, J. (1997) Biodegradation of polychlorinated biphenyls by plant cells. Int. Biodeterior. Biodegrad. 39, 317-325.

CONCLUSION
It is shown that enzymes of different origin could participate in PCB metabolism in microorganisms, plants and
mammals. In plant cells mainly cytochrome P450 has been
shown to take part in detoxification of different xenobiotics including PCBs [13]. Our results have proved that an
important role in PCB transformation can be attributed
also to plant peroxidases. More simple and less toxic
compounds [14] like chlorobenzoic acids and benzoic
acids were identified as products of peroxidase reactions.
These results should be taken into account in performing of phytoremediation studies and choosing of
proper plant species for removal of PCBs from contaminated environment.
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SUMMARY

INTRODUCTION

In this study three different plant species (tobacco,
black nightshade and alfalfa) were cultivated in a real soil
from an industrial site, long–term contaminated by PCBs.
After 6 months the decrease of PCB content in soil and
PCBs accumulation in plant tissue were analysed. The
highest decrease of PCB concentration was measured in
soil vegetated with tobacco (34% comparing to bulk soil).
Bacteria, which potentially participate in biodegradation
of PCBs were isolated from polluted soil and tested for
the presence of known genes of biphenyl operon by PCR
amplification of bphA1 and bphC genes. The degradative
capabilities were confirmed in presence of biphenyl as cosubstrate in liquid minimal medium at laboratory conditions. Bacterial strains showing the best growth and degradative properties were taxonomically identified by determination of nucleotide sequence of 16S ribosomal
DNA. Strain JAB1 efficiently degrading PCBs (56% of
original concentration) was identified as Pseudomonas
pseudoalcaligenes.

KEYWORDS: Phytoremediation, rhizoremediation, PCB degradation, 16S rDNA.

Millions of kilograms of PCBs are estimated to persist
in the environment, most of which have become dispersed
on large land areas in soils and sediments. During the last
30 years several research groups have successfully isolated
different strains of PCB-degrading bacteria from environmental samples and characterized their properties [1, 2].
PCB-degrading bacteria from environmental samples do
exist in the environment, but persistence of PCBs indicates that under conditions prevailing at PCB-sites the
indigenous bacteria are ineffective in degrading PCBs,
even though some of them are genetically capable of
metabolising PCBs. Thus, the primary challenge for successful bioremediation is to devise ways to encourage the
growth and PCB metabolism of a selected group of microbes. Under laboratory conditions the addition of biphenyl helps to enrich bacterial cultures degrading PCBs
and even PCB-degradation when provided as cosubstrate. Provision of biphenyls in a similar manner to
soil organisms at terrestrial sites poses some problems [3].
One solution, which has been shown to stimulate microbial growth and even microbial degradation abilities
efficiently, is vegetating the site by proper plant species.
These plants should produce and release to the soil organic compounds that selectively foster the growth of PCBdegrading bacteria [4, 5]. Generally, there are three important plant-driven mechanisms that may operate within
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rhizosphere to degrade recalcitrant compounds – direct
metabolism by either endogenous or exogenous plant
enzymes, indirect stimulation of the rhizosphere microflora to degrade pollutants and release of plant compounds
that solubilise contaminants whereby they are more available to both plant and microbial degradative enzymes [6].
In our study we cultivated three different plant species in soil from an industrial site, long-time contaminated
by PCBs. After a period of 6 months we analysed the
content of PCBs in vegetated and non-vegetated soil and
the accumulation of PCBs in plant tissue. Soil microorganisms growing in rhizosphere were isolated, identified,
and their degradative abilities were investigated.
MATERIAL AND METHODS
Pot experiments

For pot experiments 20 l buckets were filled with contaminated soil containing about 8.1 µg of PCBs per 1 g of
dry soil. Soil, obtained from places long-term contaminated
with PCBs, was homogenised; large rocks and particles
larger than 1 cm were removed by sieving. No amendments
were added prior to starting the experiment. Three different
plant species – Nicotiana tabacum (tobacco), Solanum
nigrum (black nightshade) and Medicago sativa (alfalfa)
were cultivated in contaminated soil and non-vegetated
bulk soil was used as the control. Plants grew in summertime for 6 months in open-air conditions. At the end of
cultivation several samples from each pot were collected
and the residual amount of PCBs was analysed. Also, the
total number of microorganisms, pseudomonads and related non-fermenting bacteria were estimated in the rhizosphere and rhizoplane of the plants cultivated.

with nitrogen as carrier gas (flow rate 1 ml/min). Results
were calculated from the residual amounts of congener
peaks present in each sample. For the evaluation of the
experiments US EPA method 8089/8081 for expressing of
the total content of PCBs as a sum of recommended indicator congeners (PCB 77, 101, 118, 138, 153, 180) was used.
Isolation of soil bacteria

10 g samples (not older than 2 weeks after their collection) of bulk soil, rhizospheric soil or roots were extracted
with 90 ml of medium with 1% peptone. Samples were
shaken in 300 ml flasks for 2 hours with glass beads, then
aliquots of the extracts were diluted with saline solution
and spread on Petri dishes containing Plate count agar
(Oxoid) for estimation of the total number of bacteria,
Pseudomonas agar (Oxoid) for the detection of pseudomonads and minimal medium with biphenyl as the sole
carbon source for identification of PCB degraders. Total
counts of grown bacterial cells were estimated after 24 and
48 hours, respectively. Chosen individual strains were
tested for their ability to degrade PCBs after cultivation in
minimal liquid medium containing biphenyl and PCB mixture.
Analysis of PCB degradation by bacterial isolates under
laboratory conditions

Bacterial strains or consortia were cultivated in 250 ml
Erlenmeyer flasks in mineral medium with biphenyl as
co-substrate and 50 ppm of PCB mixture Delor 103 for
14 days at 28 °C on a rotary shaker. In laboratory experiments commercial PCB mixture, Delor 103, containing
59 individual congeners substituted with 3-5 chlorines per
biphenyl molecule was used.

PCB analysis in soil and plant samples

The collected soil samples were dried overnight at room
temperature and sieved through a 1 mm mesh. The harvested plant tissue from each plant was homogenized with liquid nitrogen. Then 1 g of soil or 5 g of plant tissue were
extracted with hexane for 4 hours. The extract was concentrated to 1 ml by nitrogen flow, purified on a Florisil column, diluted with hexane to the same volume as was used
for extraction and analysed by GC using a Hewlett-Packard
5890 gas chromatograph with an electron capture detector
and a fused silica capillary column (30 m, 0.2 mm inner
diameter) coated with 0.25 µm immobilised phase SE-54

TABLE 1 - Assignment of PCB congeners to peaks of Delor 103.

IUPAC Nomenclature
Peak No.
1
2
3
4
5

IUPAC
5, 8
15, 18
17
16, 32
26

Chlorine substitution
2, 3
2, 4´
4, 4´
2, 2´, 5
2, 2´, 4
2, 2´, 3 2, 4´, 6
2, 3´, 5
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6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
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31
28
20, 33, 53
45
52, 69
49
47, 75
48
44
37, 42, 59
41, 64
96
74
70
66, 88, 95
101
77, 110

2, 4´, 5
2, 4, 4´
2, 3, 3´ 2´, 3, 4 2, 2´, 5, 6´
2, 2´, 3, 6
2, 2´, 4, 5´
2, 2´, 4, 5´
2, 2´, 4, 4´
2, 4, 4´, 6
2,2´, 4, 5
2, 2´, 3, 5´
3, 4, 4´ 2, 2´, 3, 4´
2, 3, 3´, 6
2, 2´, 3, 4 2, 3, 4´, 6
2, 2´, 3, 6, 6´
2, 4, 4´, 5
2, 3´, 4´, 5
2, 3´, 4, 4´
2, 2´, 3, 4, 6
2, 2´, 3, 5´, 6
2, 2´, 4, 5, 5´
3, 3´, 4, 4´
2, 3, 3´, 4´, 6

After 14 days of cultivation the flasks were heated
(95 °C for 10 min), sonicated and the contents of the
flasks were extracted by 10 ml of hexane on a rotary
shaker for 2 hours. Following phase separation, the hexane layer was subjected to GC analysis [7]. Twenty-two
of Delor 103 congeners were assigned to peaks with areas
larger than 0.5% of the total area of all 59 individual
chromatographic peaks. For the calculation of the residual
amount of PCBs the above-mentioned 22 chromatographic peaks were used (see Table 1), the residual amounts of
each congener peak of the sample were compared to the
respective peaks of the controls [7]. Using standard conditions for the preparation of samples for GC analysis, the
accuracy of the results obtained was 10%.

erichia coli numbering). Each 50 µl sample of PCR reaction mixture consisted of 5 µl of template DNA, 1 µl of
each primer (10 mM), 2,5 µl of deoxynucleoside triphosphate mixture (2,5 mM), 5 µl of 10 x PCR buffer,

PCR amplification of bph-genes

Bacterial colonies were scraped off from the agar plates
and dissolved in 50 µl of TE buffer. The samples were
heated (95 °C for 10 min) and centrifuged. BphA1 and bphC
genes were amplified by PCR using forward and reverse
primers forming fragments of 730 bp and 640 bp [8]. The
PCR reaction mixture consisted of 5 µl of template DNA,
1 µl of each primer (10 mM), 1 µl of deoxynucleoside
triphosphate mixture (10 mM), 5 µl of 10xPCR buffer, 3 µl
of MgCl2, 0.2 µl of Taq-polymerase and sterile distilled
water up to 50 µl of each reaction volume. PCR amplifications were performed in an automated thermal cycler Techne
(Progene) with an initial denaturing (94 °C for 5 min), followed by 30 cycles of denaturation (94 °C, 30 s), annealing (40 °C, 30 s), and extension (72 °C, 1 min) and concluded by a single final extension (72 °C, 10 min). The
presence of amplified parts of bphA1 (730 bp) and bphC
(640 bp) genes was confirmed by gel electrophoresis on a
2% agarose gel with TAE buffer.
16S rDNA amplification and sequencing

Bacterial colonies were scraped off from the agar
plates and suspended in 50 µl of TE buffer, followed by
heating (95 °C for 10 min) and centrifugation. 16S rDNA
genes were amplified by PCR using a forward primer
hybridising at position 8 to 27 and reverse primer hybridising at the complement of positions 1507 to 1492 (Esch-
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5 µl of MgCl2 and sterile distilled water up to 50 µl of each
reaction volume. PCR was carried out under the following
conditions: an initial denaturing (94 °C for 6 min), followed by 35 cycles of denaturation (94 °C, 1 min), annealing (50 °C, 2 min), and extension (72 °C, 2 min) and
single final extension (72 °C, 6 min). After PCR, the
amplified DNA was purified with PCR purifying kit
(Sigma) and checked by gel electrophoresis on a 1% agarose gel. The sequence of 16S rDNA was determined by
using a model CEQ 2000 XL DNA sequencer (Beckman
Coulter, USA) using the protocols recommended by the
manufacturer for “CEQ 2000 Dye Terminator Cycle Sequencing” with Quick Start kit using the fluorescent dyelabelled dideoxynucleotides and standard 16S rDNA
sequencing primers. Homology searching of the resulting
sequence data was carried out in comparison with 16S
rDNA sequences in the NCBI nucleotide database by
using BLAST database.
RESULTS AND DISCUSSION
Soil samples collected from pots with non-vegetated
bulk soil (with any weeds regularly removed) and pots

planted with three different plant species – Nicotiana
tabacum (tobacco), Solanum nigrum (black nightshade)
and Medicago sativa (alfalfa) - were analysed for PCB
content after 6 months of plant’ growth. In all pots including those with bulk soil a significant decrease of PCB
concentrations in comparison with initial PCB content
(8.1 µg/g soil) was measured. It seems that PCBs were
partly lost by evaporation or by leaking to deeper soil
levels. Comparing the data in Table 2, remarkable differences between samples of bulk or vegetated soil and, thus,
beneficial effect of plants can be seen. The highest decline
of PCB content was observed in pots cultivated with tobacco where final PCB content decreased to 66% in comparison with non-vegetated control soil.
To determine the effect of possible translocation of
PCBs to plant tissue resulting in their loss from the soil by
physical transport rather than by degradation, accumulation of PCBs in plant tissue was analysed. The highest
concentrations of PCBs were determined in tobacco
plants (see Table 3) as well as in other plant species, but
the concentrations per gram of plant tissue were very low,
10 – 100 times lower than in contaminated soil.

TABLE 2 - Comparison of PCB content in non-vegetated soil
and soil cultivated with tobacco, alfalfa and black nightshade.

Content of PCB in contaminated soil after 6 months
non-vegetated soil
µg PCB/g dry soil

Nicotiana tabacum
µg PCB/g dry soil

Solanum nigrum
µg PCB/g dry soil

Medicago sativa
µg PCB/g dry soil

6.51±0.63 (100%)

4.3±0.33 (65.9%)

4.93±0.5 (75.2%)

4.86±0.35 (74.6%)

The results are means of triplicate experiments.
TABLE 3 - Accumulation of PCBs in plant tissues.

Plant
Nicotiana tabacum
Tobacco
Solanum nigrum
Black nightshade

Plant tissue

PCB content
µg PCB/g fresh biomass

stalk + leaves

0.244±0.02

stalk

0.041±0.01

leaves
fruit

0.028±0.05
0.026±0.05

stalk

0.049±0.01

leaves

0.036±0.008

Medicago sativa
Alfalfa
The results are means of triplicate experiments.

Plants play an important role in direct and indirect
removal of persistent organic pollutants. They not only do
accumulate and transform various xenobiotics including
PCBs [8], but they also play an important role in supporting of nutrients and increasing of bioavailability of pollu-

tants for rhizosphere microorganisms living on rhizoplane
or in soil close to rhizosphere and the roots of plants.
Numbers of microorganisms and their properties, abilities
to survive in contaminated soil and degrade PCBs can be
significantly influenced by site-specific factors, but they
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can differ with the plant species. Certain plants can produce in exudate compounds, which may preferentially
support harbouring of PCB-degrading bacteria [9].
The effect of plants, total counts of bacteria, numbers
of pseudomonads and related non-fermenting species present in samples from pot experiments were evaluated in
parallel with the analysis of PCB content (Table 4). Generally, higher numbers of bacteria were detected in the presence of vegetation, especially the total counts of pseudomonads (usually exhibiting high degrading abilities) at the
rhizosphere of plants in comparison with the bulk soil and
on rhizoplane can be considered as very positive, i.e. the
presence of plants and root exudates has a beneficial effect
on microbial growth. The highest total counts of pseudomonads were determined in tobacco rhizosphere.

as co-substrate and to degrade PCBs. This property can be
quickly proved in presence of dibenzofuran, which is
cleaved to form a visible coloured product. Presence of
biphenyl operon in bacteria giving positive reaction with
dibenzofuran was detected using specific primers for the
part of bphA1 gene (730 bp), encoding dioxygenase enzyme that converts biphenyl to dihydrodiol and the other
dioxygenase coded by the bphC gene (640 bp product),
which cleaves 2,3-dihydroxybiphenyl to yield a coloured
meta cleavage product.
The presence of amplified fragments of bph genes
and their proper size indicated the successful isolation of
PCB degraders (data not shown). The best results (see
Figure 1) and degradation abilities were obtained with the
strain JAB 1, originally isolated from a highly PCBpolluted site in Northern Bohemia.

Bacteria isolated from contaminated soil were tested
for the ability to grow on minimal medium with biphenyl

TABLE 4
Microbial analysis of the PCB-contaminated soil, vegetated with plants.

Total amount of MO

Plant
Nicotiana tabacum

Rhizosphere

Solanum nigrum
Medicago sativa

(cfu/g soil)

Total amount of Pseudomonas
(cfu/g soil)

4.6*107

1.5*104

8

7.2*104

Rhizoplane

1.4*10

Rhizosphere

1.6*107

6*103

Rhizoplane

2.1*108

8.5*103

Rhizosphere

8.3*107

8*103

Rhizoplane

1.5*10

8

3.7*104

3*107

Non-vegetated soil

1.6*103

The results are means of triplicate experiments.

2

3

4

bph A1

5

6

7
1 - marker 100 bp DNA ladder
2 - PCR product of bphA1 gene – strain
JAB 1, 730 bp
3 - positive control – strain LB 400
5 - PCR product of bphC gene - strain
JAB 1, 640 bp
6 - positive control – strain LB 400
7 - negative control

bph C

FIGURE 1 - Detection of bphA1 and bphC genes in strain JAB 1.
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FIGURE 2
Peak profile showing PCB degradation by the strain JAB1 in the presence of biphenyl.

The degradative capabilities of JAB 1 were confirmed in presence of biphenyl as co-substrate under laboratory conditions. 56% of PCB degradation occurred
after 14 days of cultivation (see Figure 2).
The taxonomical identification of the bacterial strains
was performed by testing of nucleotide sequences of their
16S ribosomal DNA. The strains isolated were classified
as bacteria belonging to the genera Pseudomonas, Enterobacter, Acinetobacter and Achromobacter. In case of the
strain JAB 1 nearly complete 16S rDNA genes were amplified and sequenced. The bacterium was identified as
Pseudomonas pseudoalcaligenes.
CONCLUSIONS

supporting indigenous PCB-degrading bacteria is the
simplest solution to support suitable populations.
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One of the major problems for in situ bioremediation
of soils contaminated by organic compounds, including
PCBs, is the general decline of the populations of bacteria
when introduced into a competitive environment. To
counteract this problem the PCB-degrading bacteria must
be repeatedly inoculated, alternatively selective pressure
must be exerted to maintain adequate populations [9, 10].
Our experiments with real, long-term PCBcontaminated soil proved that plants help to remediate soil
contaminated with PCBs. The action may result from the
stimulation and support of indigenous PCB-degrading
bacterial consortia in the rhizosphere and on rhizoplane of
plants, as well as from the transformation abilities of the
plants themselves. Rhizosphere of plants is usually rich in
nutrients including carbon and, therefore, provides an
ecological niche for those microorganisms adapted to its
unique environment. Thus establishment of plant species
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SUMMARY
Nine polychlorinated biphenyl (PCB) congeners
(2-chlorobiphenyl (#1), 3-chlorobiphenyl (#2), 4-chlorobiphenyl (#3), 2,3,4-trichlorobiphenyl (#21), 2,2’,5,5’-tetrachlorobiphenyl (#52), 2,3’,4,4’,5-pentachlorobiphenyl
(#118), 3,3’,4,4’,5-pentachlorobiphenyl (#126), 2,2’,4,4’,
5,5’-hexachlorobiphenyl (#153), and decachlorobiphenyl
(#209) were dechlorinated by hydrogenation over a palladium/carbon (Pd/C) catalyst. The reaction solutions were
sampled at intervals during the dechlorinations and analyzed by GC/MS. The three monochlorobiphenyls were
compared in terms of the reactivity of their ortho, meta,
and para chlorine atoms. The dechlorination of 2-chlorobiphenyl was slower than that of 3- or 4-chlorobiphenyl.
The degradation pathways of the other six congeners were
investigated. In general, ortho chlorines were lost at a
slower rate than meta and para chlorines, and highly toxic
coplanar PCB congeners were not observed in these decomposition experiments. On the basis of the identification of the dechlorinated products and the quantitative
data obtained during the reactions, we propose the major
reaction pathways for the Pd/C dechlorinations. The
dechlorination rates and pathways were influenced both
by steric hindrance and by inductive electronic effects.

KEYWORDS: PCB, Palladium/carbon, degradation pathway,
hydrogenation, steric hindrance.

INTRODUCTION
Owing to their physical and chemical properties, polychlorinated biphenyls (PCBs) have found a wide variety of
industrial applications; for example, they have been used as
heat-transfer agents, flame retardants, organic diluents,
and dielectric fluids. The study of PCBs has been of considerable interest because of their environmental toxicity.

Their hydrophobicity and low biodegradability result in
their becoming concentrated as they move through the
food chain. Therefore, the use of PCBs has been severely
restricted or completely prohibited. However, the stocks
of PCBs that remain must be destroyed with a minimum
of secondary pollution. In Japan, wastes containing PCBs
have remained untreated for a long time. This situation
has prompted the Japanese government to arrange for and
promote reliable and environmentally sound treatment of
PCB wastes. A law requiring that waste PCBs be treated
within 15 years was enacted on June 15, 2001.
In recent years, PCB-destruction technologies have
been developed, and some chemical treatment technologies, such as sodium-metal dechlorination, base-catalyzed
decomposition, and hydrothermal decomposition, are
beginning to be used [1, 2]. Although PCBs can be destroyed by these methods, the degradation mechanisms
have not been well studied. Therefore, it is important to
study the intermediates, final products, byproducts, and
degradation pathways of any proposed decomposition
process. Palladium-catalyzed dechlorination of commercial PCB mixtures has been studied, and the kinetic
mechanism has been discussed in several reports [3 – 5],
however, these reports do not mention the degradation
pathway. Ohno et al. [6] reported that the intermediates of
PCB decomposition by Pd/C dechlorination are lesschlorinated biphenyls, which are produced by stepwise
dechlorination, and that the major end products are biphenyl, phenylcyclohexane, and bicyclohexyl. Almost all
of the chlorine substituents are released and converted
into inorganic chlorine.
The objective of our research has been to elucidate
the degradation pathways of nine PCB congeners. We
designed the study to obtain detailed information about
the decomposition mechanism of hydrogenation over a
Pd/C catalyst. PCB congeners #1, #2, #3, #21, #52, #118,
#126, #153, and #209 were the starting compounds in
these experiments. When we decomposed commercial
PCBs containing many congeners, identification of the
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pathways was extremely difficult, because there were
many intermediates. The congeners we chose are representative of the congeners present in Kanechlor and included highly toxic PCB congeners. The reaction conditions applied were milder than usual so that intermediate
substances could be obtained. The reaction solutions were
sampled at intervals during the decompositions and analyzed by GC/MS. On the basis of the identification of the
dechlorinated products and the quantitative data obtained
during the reactions, we propose the major reaction pathways for the Pd/C dechlorinations.

stirring. After the liquid reached a constant temperature, H2
gas (1.2 L/min) was passed through the vessel for 30 s.
Following the treatment with H2, N2 (0.1 L/min) was
passed through the vessel for 4.5 min. This 5-min cycle
was repeated at least ten times. Aliquots (10 mL) of the
liquid phase were periodically removed just before treatment with H2.
Analytical Methods

The samples were analyzed by GC/MS (JEOL JMS
700 at a resolution of 10,000) with an HT-8 capillary
column (0.22 mm × 50 m × 0.25 µm).

MATERIALS AND METHODS

RESULTS AND DISCUSSION

Reagents

1. Degradation of monochlorobiphenyls (#1, #2, #3)

PCB congeners #1, #2, #3, #21, #52, #118, #126,
#153, and #209 were purchased from AccuStandard Inc.
Labeled and native PCBs for quantification, MBP-MXP
and BP-MXP, were obtained from Wellington Laboratories Inc. Pd/C catalyst (5% Pd, K-type) and hexadecane
(special grade) were obtained from N.E. CHEMCAT Co.
and Tokyo Kasei Kogyou Co. Ltd, respectively. The IUPAC numbering system was used throughout this study.

We compared three monochlorobiphenyls (M1CBs) to
determine the relative reactivity of the ortho, meta, and
para chlorine atoms. The concentration of each of the
three congeners was 160 µmol/L at the beginning of the
run. Figure 2 shows the concentrations of the M1CBs at
different reaction times. The dechlorination of #1 was
slower than that of #2 or #3, and that of #2 was a little
slower than that of #3. Therefore, the reactivity of the
chlorines is thought to decrease in the order para > meta
>> ortho. In contrast, Murena et al. [7, 8] have reported
that the reactivity of M1CBs decreased in the order meta >
para >> ortho when they were subjected to decomposition
in the presence of a Ni–Mo catalyst, a result that is the
reverse of what we observed for the meta and para reactivities. In the case of photodechlorination, the degradation of #1 was significantly faster than that of #2 or #3,

Hydrogenation Procedure

Figure 1 shows the experimental apparatus for hydrogenation over a Pd/C catalyst. All reactions were carried
out in the 2-L glass reaction vessel. After the PCB congener (95–160 µmol/L) and 1200 g of hexadecane were
mixed in the reaction vessel, 0.12 g of Pd/C catalyst was
added, and the reactor heated to 260 °C under N2 with
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and the chlorine in the ortho position was easily dechlorinated [9, 10]. It is interesting that the reactivity of the
chlorine substituents varies with the type of catalyst and
with the degradation method.

C oncentration  (μ mol/l)

1000

#1(2)

100

#2(3)

#3

#3(4)

#2

1
0.1
0.01

Initial

5

15
30
Reaction  time  (min)

2.3. Degradation of 2,3’,4,4’,5-pentachlorobiphenyl (#118)

Congener #118, a monoortho PCB, has a different
number of chlorine atoms on each of the biphenylring.
The concentrations of the para-dechlorination products,
#67 and #70, were about ten times as high as the concentration of the ortho-dechlorination product, #77, and
about twice as high as the concentrations of the metadechlorination products, #66 and #74. The reactivity of
the chlorine substituents is thought to decrease in the
order para > meta > ortho. The major didechlorination
products were #29 and #33, which are mainly produced
by meta dechlorination of #67 or #70. Congener #67 has
one chlorine atom on one of the biphenyl rings and three
chlorines on the other. Congener #29 has three chlorine
atoms on one phenyl ring and none on the other. The
dechlorination did not occur on the more-substituted ring.
This result differs from the results of photochemical
dechlorination, in which the reactions occur on the moresubstituted ring and the number of chlorines on the biphenylring are well balanced [14].

#1

10

ly than those at the para and meta positions, which is
contrary to our results [11 – 13].

50

Figure 2. The concentrations of monochlorobiphenyl at different times
FIGURE 2
The concentrations of monochlorobiphenyl at different times.

2.4. Degradation of 3,3’,4,4’,5-pentachlorobiphenyl (#126)

2. Degradation of #21, #52, #118, #126, #153, and #209

Figure 3 shows the concentrations of #21, #52, #118,
#126, #153, #209, and their degradation products at different reaction times, and Figure 4 shows the major pathways that we propose on the basis of these results. Overall, our results demonstrate that the dechlorinations proceed in an irreversible stepwise pattern and that the degradation pathways are relatively simple.
2.1. Degradation of 2,3,4-trichlorobiphenyl (#21)

Congener #21, which has three adjacent chlorine substituents, suffers from steric congestion. After 10 min of
reaction, the concentration of #5, the para-dechlorination
product, was about ten times as high as the concentrations
of #7 and #12, the meta- and ortho-dechlorination products. The major product of didechlorination was #1,
which was produced mainly by meta dechlorination of #5.
The steric hindrance around the carbon atoms adjacent to
a chlorine substituent seemed to affect its reactivity.
2.2. Degradation of 2,2’,5,5’-tetrachlorobiphenyl (#52)

Congener #52, the major congener of commercial
PCBs, is a symmetrical biphenyl with chlorine substituents in the ortho and meta positions of biphenylring. After
5 min of reaction, the concentration of #18, the metadechlorination product, was about thirty times that of the
ortho-dechlorination product. For the most part, the
dechlorination reactions proceeded in such a way that
chlorines remained at the ortho positions. In the UV photolysis of #52, it has been reported that the major products
of dechlorination are #26 and #11 and that the chlorine
atom at the ortho position tends to be released more readi-

Congener #126, a non-ortho-chlorinated PCB, has
three consecutive chlorine substituents on one of the biphenylrings. After 10 min of reaction, the #77:#78:#81:#79
molar ratio was 5.4:4.2:1.6:1. The amount of #77, the
product of meta dechlorination of the more-substituted
phenyl ring, was similar to that of #78, the product of para
dechlorination of the less-substituted phenyl ring. The
major product of didechlorination, #38, has three chlorine
atoms on one phenyl ring and none on the other. The
dechlorination rate seemed to be independent of the number of chlorine atoms on each phenyl ring and independent
of whether the chlorine was at the meta or para position.
The photolysis pathway for #126 was a little different from
the Pd/C decomposition pathway: in the former, the major
products of monodechlorination were #79 and #77 [15].
2.5. Degradation of 2,2’,4,4’,5,5’-hexachlorobiphenyl (#153)

Congener #153 is a symmetrical biphenyl with chlorine substituents in the ortho, meta, and para positions of
both rings. After 10 min of reaction, the #101:#99:#118
ratio was 13:5:1. The reactivity of the chlorine substituents decreased in the order para > meta > ortho. Miyoshi
et al. [16] have reported that the #101: #118: #99 ratio is
5.5:2.1:1 in the dechlorination of #153 with a potassium–
sodium alloy and that the reactivity of the chlorine substituents decreases in the order para > ortho > meta. Miyoshi's
results for the reactivities of the meta and ortho chlorines
are the reverse of ours. In the Pd-catalyzed non-ortho
dechlorination, the pathway was #48→#18→#4 →#1,
whereas in the ortho dechlorination with potassium –
sodium alloy, the main pathway was #48→ #29. The
reason for the difference in the reactivities is not clear.
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FIGURE 3
The concentrations of #21, #52, #118, #126, #153, #209 and their products at different times.
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FIGURE 4
Major pathways of #21, #52, #118, #126, #153, #209.
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2.6. Degradation of decachlorobiphenyl (#209)

Dechlorination of congener #209 produced almost
equal amounts of #207 and #208, and #206 was not observed. The reactivities of the meta and para chlorines
were similar, whereas the reactivity of the ortho chlorine
was extremely low. Subsequent dechlorination generated
#200, by loss of either a para chlorine from #207 or a
meta chlorine from #208. After 15 min of reaction, the
#186:#176:#179 molar ratio was 1.6:1:1. For the most
part, the dechlorination reactions left the ortho chlorines
untouched and produced #54, which has four ortho chlorine atoms. The following reaction of #54 almost exclusively proceeded via stepwise ortho dechlorination to
produce #1 via #19 and #4

were not in the order according to the total number of
chlorine atoms. This could be shown that other factors,
such as the presence of ortho chlorine atoms, have a large
effect on the dechlorination rate. In contrast to the rate of
photolytic decomposition, the rate of decomposition by
hydrogenation did not seem to be greatly influenced by
the total number of chlorine atoms.
In the photochemical degradation of non-symmetrical
PCBs, the dechlorination reactions occur on the moresubstituted ring [14]. Meanwhile, in the Pd/C dechlorination, the dechlorination reactions occur on the lesssubstituted phenyl ring, and the number of chlorine atoms
in the dechlorinated products differed on the biphenylring,
e.g., #118 to #29 or #153 to #48.

3. Effect of substituents on the degradation rate

3.3. Nature of the atoms adjacent to the chlorine substituent

We calculated the kinetic constants and half-lives of
the nine congeners used in this study (Table 1). The effects on the degradation rate of the position of the chlorine substituent (ortho, meta, or para), the total number of
chlorine atoms, and the nature of the atoms next to the
chlorine substituent will be discussed in this section.

Chlorine atoms situated between two other chlorines
showed low catalytic reactivity, in agreement with a report in the literature [8]. For example, in congener #12,
the removal of the meta chlorine atom of 2,3,4trichlorobiphenyl (T3CB) to produce 2,4-dichlorobiphenyl
(D2CB) was slower than the removal of the para chlorine
atom of 2,3,4-T3CB to produce 2,3-D2CB. In the former,
the meta chlorine is situated between two chlorine atoms,
whereas in the latter, the chlorine is situated between a
chlorine and a hydrogen. Similar results were observed in
the dechlorination of congener #38 (3,4,5-T3CB) to produce 3,4-D2CB, the intermediate during the decomposition of #126, whereas 3,5-D2CB was not detected.
Murena [8] and Hagh [17] reported that the rate of catalytic hydrodechlorination over a Ni–Mo catalyst was
lower when carbon atoms adjacent to the chlorine atom
were both chlorine atoms and that this rate decrease was
caused by the inductive effect of the chlorine atoms. The
reactivity of atoms adjacent to chlorine was shown to
decrease in the order H–Cl–H > H–Cl–Cl > Cl–Cl–Cl.
Our results support the explanations of Murena and Hagh.

3.1. Position of the chlorine substituents

In the degradation of the M1CBs, elimination of the
ortho chlorine was slower than that of the meta or para
chlorine. In the other six congeners, ortho chlorines were
lost at a slower rate than were meta and para chlorines,
and the dechlorination reactions mainly produced orthochlorinated congeners. The reactivity of the para chlorine
was similar to or slightly higher than that of the meta
chlorine. The low degradation rate exhibited by the orthochloro-substituted compounds is probably due to steric
hindrance between the biphenyl rings.
3.2. Total number of chlorine atoms

Congener #209 exhibited the smallest kinetic constant, and the kinetic constants of the other congeners

TABLE 1
Kinetic constants and half-lives.

Table 1. Kinetic constants and half-lives
Total number of
chlorine on two
phenyls
#126 (3,3’,4,4’,5)
#3 (4)
#118 (2,3’,4,4’,5)
#2 (3)
#153 (2,2’,4,4’,5,5’)
#52 (2,2’,5,5’)
#1 (2)
#21 (2,3,4)
#209 (2,2’,3,3',4,4’,5,5’,6,6')

5
1
5
1
6
4
1
3
10

Total number of
Kinetic constants
chlorine on the phenyl
(min-1)
without ortho chlorine
5
1
2
1
0
0
0
0
0
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0.586
0.445
0.442
0.421
0.273
0.259
0.253
0.227
0.125

Half-lives
(min)

1.2
1.6
1.6
1.6
2.5
2.7
2.7
3
5.5
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CONCLUSIONS
Nine PCB congeners were decomposed by Pd/C
dechlorination. Analysis of the results indicated that the
process proceeded in an irreversible stepwise fashion. Of
the M1CBs, 2-chlorobiphenyl degraded significantly more
slowly than did 3-chlorobiphenyl and 4-chlorobiphenyl.
In the other six congeners, dechlorination reactions proceeded mainly to leave chlorine atoms at the ortho positions. The total number of chlorine atoms had little influence on the decomposition rate. In the non-symmetrical
PCBs, dechlorination did not usually occur on the moresubstituted ring, and the number of chlorine atoms in the
dechlorinated products differed on the biphenylring.
Chlorine atoms situated between two other chlorines
showed low catalytic reactivity because of inductive effects. We believe that the rate and pathway of the Pd/C
dechlorination are mainly related to steric hindrance between the two phenyl rings and that electronic and steric
effects affected the reactions of other chlorine atoms,
except for ortho chlorines.
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SUMMARY
The purpose of this investigation was to engineer genetically modified plants bearing the bacterial gene bphC
coding for 2,3-dihydroxybiphenyl-1,2-dioxygenase. Gene
bphC from Comamonas testosteroni B-356 was cloned
into plasmid pBI 121 containing CaMV 35S promotor and
kanamycine resistance and introduced into Agrobacterium
tumefaciens LBA 4404. Plasmid pBI 121(B-356-bphC)
was then transfered into Nicotiana tabacum L var. Wisconsin 38. Successful gene cloning in the plant was confirmed after transferring of the regenerants to selective
medium by the root formation on rooting-supporting
medium in the presence of kanamycine and by amplification of bphC from plant DNA using primers that are specific to the cloned gene.

KEYWORDS: Transgenic plants, polychlorinated biphenyls,
phytoremediation, degradation, gene bphC.

INTRODUCTION
Bioremediation is a recently emerging technology,
which uses different types of organisms (microorganisms,
plants) for immobilisation or enhanced biodegradation of
organic and inorganic pollutants in contaminated soil and
water [1 – 3]. Optimally, the approach might lead to mineralisation of the organic compounds with the goal of preventing migration of pollutants to a site of actual danger to
human health. It is needed to know, which enzymes are
involved and which products are formed, and to understand
their toxicity towards plants, animals or man [3]. Establishment of vegetation has additional advantages on a contaminated site, it reduces soil erosion by wind and water,

which helps to prevent the spread of contaminants and
reduces exposure of humans and animals [2, 3]. In addition to the ability to absorb, accumulate and metabolise
chemicals from the soil, plants have an extensive root
system which explores large volumes of soil, and supports
larger microbial populations in the rhizosphere than are
present in bulk soil [4].
During bioremediation as well as simple alterations
of hazardous sites, the formation and accumulation of
metabolites, especially oxygen containing metabolites,
e.g. polychlorinated biphenyls and polyaromatic hydrocarbons, need to be taken into account. These oxygenated
compounds are more polar than the parent aromatics,
resulting in their higher mobility and toxicity. Besides,
some metabolites in different bioassays have shown that
metabolites can be less, equally, or even more toxic [5]
than their parent compounds. This is an aspect which has
been sometimes omitted in practical applications due to
the struggle for fast and inexpensive applications of remediation processes.
It was shown that plants have limited abilities to mineralise PCBs [6, 7]. Unlike bacteria, they generally transform PCBs to hydroxychlorobiphenyls without cleavage
of the biphenyl ring. This limitation can be overcome by
preparation of transgenic plants with known bacterial
genes cleaving and destroying biphenyl structure.
The purpose of this investigation was to engineer genetically modified plants bearing the bacterial gene bphC
coding for 2,3-dihydroxybiphenyl-1,2-dioxygenase. In the
bacterial biphenyl pathway this enzyme is responsible
for opening of biphenyl ring and degradation of the
molecular structure. It catalyses the conversion of 2,3dihydroxybiphenyl into 2-hydroxy-6-oxo-6-phenyl-hexa2,4-dienoic acid.
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MATERIALS AND METHODS
Bacterial and plant strains

The bacterial strains used in this study were Comamonas
testosteroni B-356, Escherichia coli M15 harboring pREP4
plus hybrid plasmid pQE31 (carrying B356 bphC) [8],
E. coli DH5 and Agrobacterium tumefaciens LBA 4404
used for transferring of bacterial gene to plants.

tabacum L var. Wisconsin 38 by infection of leaf discs.
Transformed plants were selected by growing of regenerants on selective medium with kanamycine. Transgenes
were recognized by root formation within a few days after
transferring of the regenerants to rooting supporting medium containing kanamycine.

α

Aseptic cultures of Nicotiana tabacum L var. Wisconsin 38 were used for transformation of bacterial DNA
as plant acceptor.
Cloning of bphC gene to plants

Gene bphC (882 bp) was originally isolated from the
biphenyl degradation pathway of C. testosteroni B-356 as
described by Hein et al. [8]. The gene was PCR-amplified
from pQE31(B-356-bphC) using the primers BPHC1F
and BPHC3B (see Results). The 882 bp DNA fragment
was ligated to the Xba I and Sac I. of the vector
pBluescript SK (2961bp). The gene was then transferred
as a Xba I/Sac I fragment into agrobacterial plasmid pBI
121(13kb) containing CaMV 35S promoter and kanamycine resistance and the hybrid plasmid was introduced
into Agrobacterium tumefaciens LBA 4404 by electroporation. Plasmid pBI 121/bphC was then transferred
from A. tumefaciens LBA 4404 into model plant Nicotiana

Cl

Cl

Confirmation of bacterial bphC gene presence in plants

Presence of bphC in plants was confirmed after isolation of plant DNA and PCR amplification of the gene
using specific primers BPHC1F and BPHC3B. Size of
the gene isolated from plant DNA was compared with
that isolated from C. testosteroni B-356 by electrophoresis in agarose gel (1%) followed by visualization with
ethidium bromide.

RESULTS AND DISCUSSION
PCB - degrading bacteria are able to degrade polychlorinated biphenyls to less toxic chlorobenzoic acids
[1]. Chlorobenzoic acids are formed by metabolic pathway containing four steps from which two are crucial.
The first step (genes bph AEFG) is important from the
point of view of substrate specifity and the third (gene
bph C) is responsible for the cleavage of the biphenyl ring
(see Figure 1).
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Plant transformation of PCB and several major products are very similar to those observed in mammalian
cells. Wilken et al. [7] studied the metabolism of 10 different congeners of PCBs in cell cultures of 12 plant species. They found that metabolism of defined PCB congeners was dependent on the plant species and the authors
detected various monohydroxylated and dihydroxylated
chloroderivatives as major products after acid hydrolysis
of polar metabolites. Similar results were obtained by
Kucerova et al. [6]. Both studies documented the inability
of plants to efficiently destroy biphenyl structure. Hydroxychlorobiphenyls are more soluble in water than
PCBs, but unfortunately they are also more toxic for
mammals and/or man. Opening of the biphenyl ring is a
crucial step missing for the efficient PCB degradation by
plant cells. Thus, it would be appropriate to engineer
plants expressing enzymes degrading the hydroxychlorobiphenyls generated by plants.

by repeated passages on LS medium containing carbenicilline (500mg/l), until no outgrowth of bacterial cells
could be found on agar media without antibiotic during
more than five consecutive passages.

In our work we have chosen bacterial gene bphC coding 2,3-dihydroxybiphenyl-1,2-dioxygenase. This enzyme
catalyses the meta-1,2 cleavage of biphenyl ring of hydroxylated PCB derivatives (see Figure 1). Gene bphC
(882 bp) isolated from C. testosteroni B356 and originally
cloned to pQE31 in KpnI and SacI sites [8] was amplified
by PCR. Restriction sites XbaI and SacI necessary for
further cloning were introduced using the primers
BPHC1F and BPHC3B (see below).

882 bp

1kb 4 6 7 1kb marker

Primer with XbaI site:

BPHC1F 5‘ - tct cta gag atg agc atc aag agc – 3‘

24 bp
FIGURE 2 - The result of cleaved insert from
the construct pBI 121(B-356-bphC) (E. coli)
obtained by restriction enzymes Xba I and Sac I.

Primer with SacI site:

BPHC3B 5‘ - ata gag ctc gtc acg aat tcc ttc g – 3‘

25 bp

The 882 bp PCR product with new restriction sites
was cloned to vector pBluescript II SK (2961bp). Sequencing of the introduced insert proved the primary
structure to be identical with the original bacterial bphC.
In further step gene bphC was cloned as an
XbaI/SacI fragment into agrobacterial plasmid pBI121
(Clontech) (13kb) containing constitutive promotor from
cauliflower mosaic virus CaMV35S and then introduced
to E. coli DH5 . The correct size of insert was confirmed
by agarose gel electrophoresis (see Figure 2) and comparison with the size of positive control – bacterial gene
bphC. Construct pBI121(B-356-bphC) was then transformed to competent bacterial cells of A. tumefaciens
LBA 4404 by electroporation. Agrobacterium was then
applied for the transformation of tobacco leaf discs of N.
tabacum L var. Wisconsin 38. Following transformation,
Agrobacterium was removed from regenerated plantlets

The presence of transgenes was confirmed after transferring the regenerants to selective medium. The best
yield of regenerated transformed plantlets was obtained
on medium according to Linsmeier and Skoog containing
kanamycine and supplemented by naphtaleneacetic acid
and kinetin [9]. Successful transformation was confirmed:
a)

by plasmid located kanamycine resistance of
transformed plants with growth of regenerants on
LS medium with kanamycine, and in particular,
by root formation with selected regenerants on
rooting-supporting LS medium in presence of
kanamycine (see Figure 3)

b)

isolation of plant DNA, identification of bphC
fragment after PCR amplification and electrophoresis in agarose gel (see Figure 4) and comparison of its size with bacterial gene.

α

312

© by PSP Volume 12 – No 3. 2003

Fresenius Environmental Bulletin

FIGURE 3
Regenerated plant transformants growing on medium containing kanamycine.

FIGURE 4
DNA of bphC gene isolated from plant DNA.
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CONCLUSIONS
Recently the concept of phytoremediation using
plants to remove or inactivate pollutants from soils has
received increasing attention [2 - 4, 10]. Field trials suggested that the rate of contaminant removal using conventional plants is insufficient. Thus introduction of novel
traits into high biomass plants in a transgenic approach is
a promising strategy for development of effective phytoremediation technologies. A large number of novel
genes involved in degradation of organic and inorganic
pollutants have been identified and characterised from a
variety of organisms. In our present work we cloned bacterial gene for 2,3-dihydroxybiphenyl-1, 2-dioxygenase to
model plants of Nicotiana tabacum. Our approach was
preparation of transgenic plants with higher abilities to
degrade PCBs and reduce their concentrations in polluted
sites. We proved successful introduction of bacterial gene
to plant cells and showed preparation of transgenic plants
containing this gene. It is often difficult to predict the
effects of expression of transgene at the level of the whole
plant [11], thus in further studies we will test the expression of the enzyme in plant cells, the tolerance of transgenic plants to high PCB concentrations and their real
degradation abilities compared to nontrangenic plants.
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INDIGENOUS MIXED SOIL BACTERIA
IN PRESENCE OF COMPATIBLE PLANTS
ARE MORE EFFICIENT IN PCB DEGRADATION
Sisir K. Dutta, Aisha Adam, Ousmane Toure, Arthur L. Williams, and Yong Qing Chen
Molecular Genetics Laboratory, Department of Biology, Howard University, Washington D.C. 20059

SUMMARY

INTRODUCTION

This paper presents data on comparative studies of
unknown mixed cultures of indigenous microorganisms
versus single cultures isolated from PCB-contaminated
soil samples containing varying concentrations of PCBs
(polychlorinated biphenyls). Remediation of PCBs was
studied using isolated indigenous mixed cultures, by indigenous single colony cultures, in presence or absence of
the leguminous alfalfa (Medicago sativa) plant. The congener 2΄, 3, 4-PCB was used as known standard to spike
the mixture of clean soil and vermiculite. Analytical
methods such as HPLC (high performance liquid chromatography) and GC (gas chromatography) were used for
PCB degradation quantification. The plant experiments
were carried out in a controlled growth chamber environment with a 16-hr fluorescent and incandescent light
period which mimicked day light. Results obtained suggest that higher the PCB concentration in soil, the more
efficient the indigenous soil bacteria particularly in presence of plants. Mixed indigenous cultures were 2 –3 times
more efficient than single cultures. When compared to
known PCB co-metabolizing bacteria such as Comamonas testosteroni and Rhodococcus sp., indigenous bacteria
showed not only higher amount of PCB degradation, but
also significantly better growth as evidenced by the CFU
(colony forming units) counts. When the alfalfa plant was
present, the indigenous mixed cultures were even more
effective than known and unknown single cultures. These
findings suggest that a combination of endemic microorganisms utilized with alfalfa plant is a promising approach for bioremediation of PCB-contaminated soils.

KEYWORDS:
PCB, degradation, indigenous mixed culture, alfalfa plants.

PCBs can be degraded by naturally occurring unknown microbes in the soil anaerobically as well as by
known cultures aerobically [1]. Bioremediation treatment
of such contaminants has been done by a technology that
converts them to carbon dioxide, water, and inorganic
ions. The technique is a more natural method relative to
the conventional clean-up measures, because it depends
on the degradation of contaminants by the microorganisms in the soil. The principle is based on using the contaminant as a carbon source for selection of a microbial
population degrading the toxic materials. The growth of
these microorganisms was affected by nutrients, oxygen
supply and moisture content, which can be controlled [2].
When compared to other methods of remediation of contaminated sites, bioremediation has been proposed as a
relatively low-cost mitigation strategy.
There is also a risk of the microorganisms competing
with each other for nutrients. If this occurs, one species
(and an important part of the overall process) may be lost.
It has been suggested that to overcome this problem, an
effective inoculum should contain a low density of a specific PCB metabolizer and a higher density of chlorobenzoate degraders [3]. Although the role of sediment in the
enhancement of PCB dehalogenation is not known, it
appears to be necessary for significant degradation. It may
also be necessary to provide carbon or another growth
factor that is needed by the microbial community or it
may provide support for immobilized cells [4].
In the past, a number of strategies to isolate PCB degraders with enhanced ability to degrade more chlorinated
congeners have been evaluated [5]. In 1991, Pseudomonas putida P111 was isolated and displayed the greatest
range of chlorobenzoate utilization [5]. Chlorobenzoate
degraders were shown to be frequently absent in soils
while PCB-co-metabolizing strains were routinely isolated from contaminated soils by biphenyls [6]. Later, studies revealed that the presence of genes of orthochlorobenzoate 1, 2 dioxygenase (OCBD) on transmissible plasmids pPB11 was responsible for Pseudomonas
putida’s broad degradation activities [7]. The same type of
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dioxygenase was found and cloned from plasmid pBAH1
in the strain Pseudomonas cepacia 2CBS [8]. The frequency and diversity of chlorobenzoate degraders on PCBcontaminated sites and their impact on PCB degradation
have not yet been fully investigated, although molecular
evidence in such soils has been performed for classical
biphenyl degraders carrying genes for the bph gene operon
[6]. They have shown that soils which were not exposed to
chloro-organics did not harbor chloroaromatic degraders.
Studies with plants have indicated that stimulation of
microbial activity in the rhizosphere of plants can also
stimulate biodegradation of various toxic organic compounds [9, 10]. This general “rhizosphere effect” is wellknown in terrestrial systems. The rhizosphere soil has
been described as the zone of soil under the direct influence of plant roots and usually extends a few millimeters
from the root surface and is a dynamic environment for
microorganisms [11]. The rhizosphere microbial community is comprised of microorganisms with different types
of metabolism and adaptive responses to various environmental conditions. The production of mucilaginous
material and the exudation of a variety of soluble organic
compounds by the plant root play an important part in
root colonization and maintenance of microbial growth in
rhizosphere. Thus, microbial activity is generally higher
in the rhizosphere due to readily biodegradable substrates
exuded from the plant [9].
In this study two major questions were addressed:
a) Is the pool of genes from several microbial genomes
in the soil more effective when compared to single
genome ?, and
b) can the plant alone be effective in degrading PCBs or
are plant–microbe interactions required for degradation to occur ?
In case of PCBs, plant compounds have been shown
to induce the co-metabolic degradation of PCBs [10, 12,
13]. Dutta and Toure [14] have shown accelerated PCB
degradation using the alfalfa plant and microbe combinations. The purpose of this study was to isolate PCBdegrading microbes from contaminated soils and measure
their PCB degrading effectiveness in the presence or
absence of plants.

Isolation of PCB-degrading unidentified microbes
from soil and cultures

Enrichment cultures were prepared with approximately 1 g of the soil suspended in 100 ml of a phosphatebuffered mineral (PAS) medium (15) containing 200 mg
of biphenyl (Aldrich) per L as sole organic carbon source.
Experimental samples and controls were incubated on a
shaker (200 rpm) in the dark at 30 ºC up to 14 days. Then,
0.1% of the culture was transferred to a homologous medium. Enriched cultures were diluted in PAS medium.
Then, PAS with 1.5 % purified agar and 200 mg of biphenyl per liter was spread onto the agar surface. Isolated
bacterial colonies were picked and analyzed as described
by Master and Mohn (16).
Chlorine release studies

Isolates were grown on PAS with 1.5% purified agar
plates, containing different concentrations (10, 20, 30, 50
and 100 ppm) of 2΄, 3, 4-PCB. Dechlorinations in both
media were determined colorimetrically by a method used
by Bergman and Sanik (17) with sodium chloride (NaCl)
as a standard. Cell densities were quantified by measuring
the optical density at 600 nm.
Preparation of cultures and extraction of PCB
using HPLC analysis

Microbial single vs. mixed cultures were grown for
one day in LB broth, 500 µl from the growth medium was
added to 25 ml Luria-Bertani (LB) broth medium with a
concentration of 50 ppm of 2′, 3, 4-PCB. PCB was extracted with an equal volume of hexane in Teflon-lined
screw-capped shaking vials (24 h), and stored overnight at
8 °C. Then, as much as possible of the hexane-phase was
separated from the culture. To the hexane phase 2 g of
Na2SO4 were added in order to bind the remaining water.
The hexane phase was stored at – 20 °C. The extract was
evaporated down to approximately 1 mL, then 5 mL of
hexane was added and the sample was again evaporated
overnight under the chemical fume. The next day 500 µl
of methanol and 1 µl of HCH (hexachlorocyclohexane)
were added. The extract was passed through a 0.2 µ filter
to ensure purity. A constant mobile-phase composition of
90:10 (v/v) acetonitrile:water was used. The mobile phase
flow rate for both elution systems was 1.0 ml min-1 and
detection was by UV absorbance at 214 nm.
Preparation of soil for the plant experiments

MATERIALS AND METHODS
Soil samples and cultures

PCB-contaminated and non-contaminated soil samples
were obtained from Army Waterways Experimental Station,
Vicksburg, MS in an attempt to isolate PCB-degrading
microbes from the soil. Table 1 summarizes a list of soil
samples used in this study. Wild type cultures of Comamonas testosteroni and Rhodococcus sp. and genetically altered
C. testosteroni (VP44) were donated by Professor James
Tiedje of Michigan State Univ., East Lansing, MI.

Equal amounts of vermiculite and clean-sieved soil
were autoclaved at 121 °C for 90 min. Then, the soil was
allowed to cool overnight and stored at –20 °C for one
week. These steps were performed four times in order to
restore the soil back to the normal chemical composition
which had been changed due to the high temperature
during autoclaving process.
Plant Experiments

Plant studies were done in Leonard jars filled with
300 ml of autoclaved and sieved clean soil before adding

316

© by PSP Volume 12 – No 3. 2003

Fresenius Environmental Bulletin

about the same amount of vermiculite. The alfalfa seeds
were surface-sterilized with hydrogen peroxide and rinsed
in sterile water. Seeds of alfalfa were inoculated with 10
ml of one day old-cultures isolated from 100 ppm PCBcontaminated soil containing unknown microbes. When
the first shoots of the plant appeared, 100 ppm of pure 2′,
3, 4-PCB dissolved in methanol were added around the
root. Soil samples (1g) were picked from each treatment
up to four weeks and extracts were estimated using HPLC
analysis. Experiments were carried out in a controlled
growth chamber set at 7:00AM temperature 18°C with ½
light; at 10:00AM temperature 22 °C with all of the light
on; at 3:00PM temperature 18 °C and ½ light; at 7:00PM
temperature 15 °C with no light, and humidity equal zero).

In the presence of alfalfa plants, the CFU counts were
even higher. Lesser numbers of CFUs indicated depletion
of carbon sources with increasing growth of cultures after
two weeks.
TABLE 1
Results of CFUs at 10-6 serial dilution from isolated cultures
spiked with 100 ppm 2′, 3, 4-PCB in Luria-Bertani (LB) broth.

Rhizosphere enhancement studies

Plant root plays an important part in root colonization
and maintenance of microbial growth in the rhizosphere.
The microbes were isolated from plant roots containing
100 ppm of 2′, 3 4-PCB and incubated in LB broth containing 50 ppm and 100 ppm 2′, 3 4-PCB. Then colony
forming units (CFUs) were determined by plating serial
dilutions on LB agar plates. CFUs were determined in
four replicas.

Soil
Sample

PCB concentration (ppm)

C3
P3-1
P3-2
P3-3
Control

< 0.05
48
57
77
None

Number of colonies
(10-6 dilution),
no plants
15 x 106
20 x 106
46 x 106
38 x 106
None

Number of colonies
(10-6 dilution),
presence of plants
166 x 106
175 x 106
189 x 106
200 x 106
None

PCB concentrations (ppm) were estimated using the 2′, 3, 4 congener
as standard in GC/MS analysis (mean of 3 determinations, standard deviation < 4%).

TABLE 2 - CFU counts of indigenous cultures grown for
one day in LB broth containing 50 and 100ppm of PCB.
Growth in PCB
concentration

RESULTS
Estimation of PCB concentrations in different soil samples
used in this study

Table 1 summarizes concentrations of PCBs in different soil samples using GC/MS analysis. The control
soil (uncontaminated soil) sample showed traces of PCB,
Sample 1 P3-1 (number assigned by the U.S. Army Waterways Experimental station) possessed the least amount
of PCBs; P3-2 showed more; P3-3 had the highest concentrations and the clean vermiculite sample had no PCB.

50 ppm
100 ppm

without alfalfa plant
at 10-13 dilution
One day
9 x 1013
14 x 1013

50 ppm
100 ppm

One week
12 x 1013
18 x 1013

50 ppm
100 ppm
50 ppm
100 ppm

with alfalfa plants
at 10-13 dilution

Two weeks
3 x 1013
11 x 1013
Three weeks
1 x 1013
3 x 1013

28 x 1013
49 x 1013
38 x 1013
52 x 1013
19 x 1013
31 x 1013
5 x 1013
8 x 1013

Mean of 4 determinations; standard deviation < 4%.

Growth of cultures obtained from different soil samples

Isolated colonies from 100 ppm 2′, 3 4-PCB were
grown in LB broth for 24 hours and followed by plating
on Luria-Bertani (LB) agar plates. Table 1 summarizes
CFUs from these soil samples. Results indicate that the
addition of 100 ppm PCB caused an increase in CFUs. In
the presence of alfalfa plants, CFUs were higher with
higher initial PCB concentration (Table 1). The CFU
numbers in the presence of alfalfa plant were increased to
a large extent (Table 1) which was not observed in absence of plants. This result supports the fact that the root
exudates may serve as nutrient sources for the microorganisms.
Growth of unknown cultures from P3-2 plots at 50 ppm and
100 ppm PCB

Table 2 summarizes comparative studies where PCB
concentration varied in the liquid Luria broth medium.
Data show that CFU counts at 10-13 dilutions were consistently higher when PCB concentrations were increased.

-

Chlorine (Cl ) release assays using mixed cultures indigenous to soil samples

Figure 1 shows Cl- release by cultures isolated from
different soil samples in PAS medium at different weeks.
Results indicate that cultures isolated from 30 ppm-spiked
media were most efficient in dechlorination after 14 days.
There was no change in dechlorination of the control
treatments. These observations suggest that the higher the
PCB concentrations in indigenous cultures, the more they
can adapt to yield enhanced dechlorination.
PCB Dechlorination: single νs. mixed indigenous cultures

Figure 2 summarizes numerous experiments done to
perform comparative studies on dechlorination νs. growth of
indigenous microorganisms using both single and mixed
cultures in LB broth medium. Studies done with P3-3 contam-
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inated soil spiked with 50 ppm showed that the consistent increased Cl- release at 460 nm was associated with
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cell growth (600 nm), particularly with mixed cultures.
Several additional studies were done and all confirmed
that higher PCB-containing cultures were always associated with increased Cl- release. These studies using optical density for measurement, however, were not able to
distinguish differences in performances between single
νs. mixed cultures. Hence, more sensitive dechlorination
tests were performed using HPLC analysis (Fig 3). The
mixed cultures showed complete degradation at 50 ppm
2′, 3, 4-PCB after 14 days, while complete degradation by
single cultures occurred after 28 days, and no degradation
occurred in the autoclaved control.
FIGURE 3 - Degradation of PCBs. (Summary of several HPLC
analyses; the mixed cultures degraded PCB within 14 days and
single cultures within 28 days; mixed cultures were isolated
from soil sample P3-3 spiked with 100 ppm 2΄, 3, 4-PCB in the
presence of alfalfa plants.)

2´, 3, 4-PCB depletion by the wild types Comamonas testosteroni and Rhodococcus sp. and genetically altered C. testosteroni (VP44)

FIGURE 1 - Summary of several tests (%) at different ppm
levels (plot of P3-2 soil sample). The chlorine release was expressed in percentages, 100% being complete dechlorination
within 28 days. After 14 days the highest percentage of chlorine
release was observed by microbes isolated from the 30 ppmspiked soil sample.

Comamonas testosteroni depleted approximately 58%
of the PCB within the first week of cultivation whereas
only 50% was depleted by Rhodococcus sp. during the
same period (Table 3). Furthermore, Comamonas testosteroni completely depleted the pollutant within four
weeks compared to 80 % depletion for Rhodococcus sp.
The abiotic control showed less than 5% due to abiotic
factors, indicating a good correction factor.
TABLE 3
Composite data showing 2’, 3, 4 PCB depletion (ppm) by wildtype Comamonas testosteroni, Rhodococcus sp. and genetically
modified Comamonas testosteroni with/without alfalfa plants.
Culture
Wild type Comamonas testosteroni
Genetically altered
C. testosteroni VP44
Rhodococcus sp.
Indigenous mixed
culture from PCB
contaminated soil
alfalfa plants only
sterile soil)
Control
(autoclaved sterile
soil only)

PCB remaining (ppm)
presence
of plants Day 0 Day 7 Day 14 Day 28
plant

101

5

4

0

no plant

100

42

22

0

plant

99

5

0

0

no plant

99

7

5

0

plant

99

45

30

8

no plant

99

50

40

21

plant

100

2

0

0

no plant

50

23

10

0

plant

100

98

95

88

no plant

100

99

98

98

Mean of 3 HPLC determinations (ppm); standard deviation < 4%.
FIGURE 2 - Summary of chlorine release assays at 460 nm
isolated from P3-3 (50 ppm) plot as single vs. mixed indigenous
culture with unknown microbes. The absorbance at 600 nm was
to monitor culture growth.

Genetically altered Comamonas testosteroni achieved
95 % depletion two weeks earlier than the wild type (Table 3). The CFU count was also significantly higher than
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that of the wild type (data not shown), confirming that
these genes not only allow a faster and higher PCB degradation but also bypass toxic steps that adversely affect the
life of the bacteria. Comparative studies of 2´, 3, 4-PCB
depletion in presence or absence of the wild type and
genetically altered Comamonas testosteroni with/without
addition of plants are summarized in Table 3 indicating
significant differences between wild type and genetically
modified Comamonas testosteroni tested.

DISCUSSION AND CONCLUSION
This paper presents data on indigenous bacterial cultures
in contaminated soils. What is their primary source of carbon
for bacterial growth? What are the interaction(s) of indigenous microbes with the habitats of specific soil? These basic
fundamental questions were addressed in this study.
It was clear that indigenous cultures used PCB as the
primary source of carbon for their growth. Three PCBcontaminated (P3-1, P3-2, P3-3) and one non-contaminated (C3)
soil sample along with the autoclaved soil were tested for
bacterial growth by means of CFUs. Data summarized in
Tables 1 and 2 show that CFUs per gram of soil increased
with increasing PCB concentrations in the soil samples. In
the presence of alfalfa plants, CFUs increased 3- to 10-fold.
CFU counts of indigenous cultures isolated from 100 ppmspiked soil samples were significantly higher than those
from 50 ppm. The presence of alfalfa plants also increased CFU values several-fold when cultures were
grown in liquid medium, Luria Broth. The inability to
grow is an indication of the high toxicity of 50 ppm and
100 ppm 2′, 3, 4-PCB in liquid medium (Table 2). It was
inferred that indigenous cultures possess genes which are
able to degrade PCBs and could help utilize the carbon
from PCBs more intensive when cells were in direct contact with liquid growth culture. Decreasing CFUs after two
weeks of growth (Table 2) confirmed these observations.
Numerous experiments conducted during this study
show that dechlorination was always associated with increased cell growth. The isolates from mixed and single
cultures were exposed to various concentrations of 2′, 3, 4PCB (10, 20, 30, 50 and 100 ppm; data not shown). Chlorine concentration in the medium was determined colorometrically by a method of Bergman and Sanik [17] using
sodium chloride (NaCl) as standard; cell densities were
quantified by measuring the optical density at 600 nm.
When these techniques were applied, growth and chlorine
release were measured from 2 to 144 hours (Fig. 2). During
this period, a high rate of growth and stochiometric amount
of chlorine released was observed in all cultures incubated,
single versus mixed cultures, except for sterilized (killed
cells) or non-inoculum control cultures.

PCB. As expected, these studies confirm that mixed cultures with their pool of PCB-degrading genes initiating
multi-genic degradation pathways were impressively
more effective than single culture genomes. When the
data of the probable pathways are known and all pool
genes responsible for PCB degradation are identified, the
significance of these studies may be proved by reconstruction of PCB-degrading genes using Domain swapping and gene shuffling [18].
The alfalfa plant experiments indicated that the
stimulation of microbial activity in the rhizosphere of the
plants could also stimulate biodegradation of 2΄, 3, 4PCB. The unidentified mixed microbes isolated from
rhizosphere were significantly faster (14 days) degrading
to those containing a single colony (28 days). In the first
two weeks single colony cultures seem to be slowly
dechlorinated; however, all of the isolates (single versus
mixed) in the presence of the alfalfa plant were able to
degrade 2’, 3, 4-PCB completely in half of the time (i.e.
14 days instead of 28 days; Fig. 3 and Table 3).
In conclusion, we have presented data showing that:
(a) microbial cultures isolated from soils with higher PCB
concentrations were more effective in its degradation; (b)
mixed cultures were more efficient PCB degraders than
single cultures based on both colorimetric and HPLC
analyses; (c) mixed cultures in the presence of the alfalfa
plant showed more colony forming units (CFUs) indicating more growth and degradation; (d) indigenous mixed
cultures isolated from PCB-contaminated soil use PCBs
as a sole carbon source for growth; (f) the well-known
PCB degraders C. testosteroni and Rhodococcus sp. used
in this study, also showed significantly enhanced remediation in the presence of alfalfa plant, but were less effective when compared to mixed indigenous cultures.
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Sinorhizobium meliloti ELECTROTRANSPORANT
CONTAINING ORTHO-DECHLORINATION GENE
SHOWS ENHANCED PCB DECHLORINATION
Ousmane Toure, Yong Qing Chen, and Sisir K. Dutta
Molecular Genetics Laboratory, Department of Biology, Howard University, Washington, DC 20059, USA

SUMMARY
This paper reports that we have successfully electrotransformed competent S. meliloti strains using the plasmid
pPE43, carrying the oxygenolytic ortho-dechlorination (ohb)
gene. The resulting recombinant variant grew on up to
100 ppm of 2′, 3, 4-PCB without any adverse effect on its
growth and nodule formation ability with the alfalfa plant.
Quantification of PCBs was performed using colorimetric
methods for chlorine release and HPLC (High Performance Liquid Chromatography). The CFU (colony forming unit) counts allowed us to measure viable count of
microorganisms and estimate effect of PCB toxicity on
the growth of the S. meliloti electrotransformants. The
wild type S. meliloti depleted 15% PCB whereas its electransporant dechlorinated 100%. Nitrogen “fixing” by
genetically modified S. meliloti not only provides nitrogen
to the plants they nodulate, but also leaves behind excess
nitrogen in the soil, potentially reducing the need for
nitrogen fertilizers in the next growing season.

and ortho pathways because the simultaneous functioning
of these pathways usually creates suicide products [2] by
sequential aerobic-anaerobic degradation. A bacterium
that grows on PCBs by introducing dehalogenase genes
into PCB co-metabolizing bacteria has been developed by
Tsoi et al [3]. They have cloned oxygenolytic orthodechlorination (ohb) contained in plasmid pPE43 [3] and
hydrolytic dechlorination (fcb) genes into PCB cometabolizing Comamonas testosteroni VP44. The resulting recombinant variant grew on dechlorinated and completely mineralized ortho- and substituted monochlorobiphenyls. Previous studies done in our laboratory successfully transferred RP4::TOL plasmid containing hydrocarbon degrading genes into Sinorhizobium meliloti and the
resulting recombinant bacteria showed greater degradation capabilities [4]. This motivated us to transfer PCBdegrading bph gene into S. meliloti. In this short communication we present evidence of significant dechlorination
of PCB using nitrogen fixing soil bacteria S. meliloti
electrotransporant and plants.

KEYWORDS:
S. meliloti, electrotransporant, ohb gene.

MATERIALS AND METHODS

INTRODUCTION
It has long been known that both aerobic and anaerobic dechlorination process of PCBs rarely get rid of the
ortho-chlorine atoms, making it very difficult to achieve a
thorough and effective bioremediation process. Very few
microorganisms possess the ortho-dehalogenation capabilities. The genes for this pathway have been isolated
from a number of strains and used to construct recombinant pathways for degradation of different halogenated
aromatic xenobiotics [1]. Many researchers have tried to
circumvent the problem of the incompatibility of the meta

Pure culture of Sinorhizobium meliloti R1936 strain
was a gift from Dr. Peter van Berkum, U.S. Department
of Agriculture-ARC, Beltsville, Maryland. The plasmid
pPE43, containing PCB ortho-dechlorination (ohb) genes,
was obtained from Dr. James Tiedje, Michigan State
University, East Lansing, Michigan.
The procedures for PCB extraction and quantitation
using HPLC analysis have been previously described by
us [5]. The method of “chlorine release assay” used is
extensively described by Bergman and Sanik [6]. The details of electrotransformation are provided by Nickoloff [7]
in the “Methods in Molecular Biology.” The procedures
involved are: (a) growth of culture in Luria-Bertani (LB)
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S. meliloti
electrotransformants
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S. meliloti wild type
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4

5

Time (Weeks)
FIGURE 1
2′, 3, 4-PCB depletion by Sinorhizobium meliloti electrotransformants, estimated by chlorine release assay.
(It was noticeable that Sinorhizobium meliloti extensively dechlorinated the pollutant compared to its wild type, Escherichia
coli wild type and E. coli electrotransformants. Chlorine release was estimated using a calibration curve of sodium chloride)

medium overnight and collection of fresh cells as pellets
stored at –80 °C until used; (b) the set up of Biorad electroporator to kilovolt 1.8 for 0.1cm cuvette, the pulse controller resistance being set to 200 ohms; (c) the electrotransformation of cells was done by adding 50 µl cells and 1 µl
plasmid DNA on the cell droplet making sure cell-DNA
droplet to the bottom, placing cuvettes in ice quickly followed growing in 1 ml LB medium, and plating onto selective plates (tetracycline 10 µg/ml); (d) selection of electrotransformants on 100 ppm 2΄, 3, 4-PCB and 10 µg/ml of
tetracycline; (e) then isolation of plasmid DNA from single
colonies using Qiagen plasmid isolation kit.

bial strains. Recently DNA sequence of S. meliloti genome has been completed [9]. This will open the door to
further understanding of other genes involved in the depletion capabilities of S. meliloti. We have shown in this
study (Fig. 1) that S. meliloti strain R1936 dechlorinated
slightly (about 15%) when compared to E. coli electrotransporant. When S. meliloti was electrotransformed
almost 100% dechlorination was achieved. These findings
are very likely the reason why the use of pPE43, carrying
the ohb genes, was able to confer to S. meliloti the ability
to deplete the 2′, 3, 4-PCB.
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