
Abstract The pollution of soil and water with xenobiot-
ics is widespread in the environment and is creating ma-
jor health problems. The utilization of microorganisms to
clean up xenobiotics from a polluted environment repre-
sents a potential solution to such environmental prob-
lems. Recent developments in molecular-biology-based
techniques have led to rapid and accurate strategies for
monitoring, discovery and identification of novel bacte-
ria and their catabolic genes involved in the degradation
of xenobiotics. Application of these techniques to biore-
mediation has also improved our understanding of the
composition, phylogeny, and physiology of metabolical-
ly active members of the microbial community in the en-
vironment. This review provides an overview of recent
developments in molecular-biology-based techniques
and their application in bioremediation of xenobiotics.

Introduction

The pollution of soil and water with xenobiotics is a
problem of increasing magnitude (Moriarty 1988). In
situ clean-up may include bioremediation (Madsen 1991,
Madsen et al. 1991), which can be defined as: (1) a
method of monitoring the natural progress of degrada-
tion to ensure that the contaminant decreases with sam-
pling time (bioattenuation), (2) the intentional stimula-
tion of resident xenobiotic-degrading bacteria by elec-
tron acceptors, water, nutrient addition, or electron do-
nors (biostimulation), or (3) the addition of laboratory-

grown bacteria that have appropriate degradative abili-
ties (bioaugmentation).

Since bacteria are usually the agents in most bioreme-
diation processes, the evaluation of a polluted site before
bioremediation often involves detection and enumeration
of the quantity and activity of xenobiotic-degrading bac-
teria. Such studies require enumeration techniques that
produce accurate results rapidly and safely (Bogardt and
Hemmingsen 1992).

Enumeration and monitoring of xenobiotic-degrading
bacterial populations in contaminated environments us-
ing traditional microbiological methods can take an inor-
dinate length of time, and often underestimates numbers
as a result of our inability to cultivate the majority of soil
organisms (Lloyd-Jones et al. 1999). Molecular ap-
proaches are now being used to characterize the nucleic
acids of microorganisms contained in the microbial com-
munity from environmental samples (Fig. 1). The major
benefit of these molecular analyses is the ability to study
microbial communities without culturing of bacteria and
fungi, whereas analyses using incubation in the laborato-
ry (classic microbiology) are indirect and produce artifi-
cial changes in the microbial community structure and
metabolic activity. In addition, direct molecular methods
preserve the in situ metabolic status and microbial com-
munity composition, because samples are frozen imme-
diately after acquisition. Also, direct extraction of nucle-
ic acids from environmental samples accounts for the
very large proportion of microorganisms (90–99.9%)
that are not readily cultured in the laboratory, but that
may be responsible for the majority of the biodegrada-
tive activity of interest (Brockman 1995). When com-
bined with classic microbiological methods, these mo-
lecular biological methods will provide us with a more
comprehensive interpretation of the in situ microbial
community and its response to both engineered bioreme-
diation and natural attenuation processes (Brockman
1995).

Bioaugmentation is useful when effective pollutant-
degrading populations are not present at a polluted site
(Watanabe et al. 1998). Successful bioaugmentation re-
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quires that strains suitable for each polluted site be se-
lected. For example, at a polluted site, the strain intro-
duced must be able to survive and retain high enough
catabolic activity to degrade the pollutant. In this re-
spect, it is desirable to establish evaluation methods for
monitoring and containment of the bioaugmented bacte-
ria.

In this review we summarize recent developments in
molecular-biology-based techniques for enumeration of
environmental bacteria and bioaugmented bacteria in bi-
oremediation of xenobiotic contamination.

In situ analysis of microbial community 
and activity in bioremediation

DNA-based methods

A probe DNA may detect genes or gene sequences in to-
tal DNA isolated and purified from environmental sam-
ples by a variety of methods. DNA hybridization tech-

niques, using labeled DNA as a specific probe have been
used in the past for identification of specific microorgan-
isms in environmental samples (Atlas 1992; Sayler and
Layton 1990). Although these techniques are still useful
for monitoring a specific genome in nature, they have
some limitations. Colony hybridization can only be used
for detection of culturable cells, and slot blot and South-
ern blot hybridization methods are not adequately sensi-
tive for the detection of low cell numbers. On the other
hand, greater sensitivity of detection, without reliance on
cultivation, can be obtained using PCR (Jansson 1995).

One of the earliest studies to use direct hybridization
techniques for monitoring xenobiotic degraders, moni-
tored the TOL (for toluene degradation) and NAH (for
naphthalene degradation) plasmids in soil microcosms
(Sayler et al. 1985). Colonies were hybridized with entire
plasmids as probes to quantify the cells containing these
catabolic plasmids. A positive correlation was observed
between plasmid concentrations and the rates of mineral-
ization. Exposure to aromatic substrates caused an in-
crease in plasmid levels (Sayler et al. 1985). Similar tech-
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Fig. 1 Molecular approaches
for detection and identifica-
tion of xenobiotic-degrading
bacteria and their catabolic
genes from environmental
samples (adapted from
Muyzer and Smalla 1998)



niques were used recently to monitor the xylE and ndoB
genes involved in creosote degradation in soil micro-
cosms (Hosein at al. 1997). Standard Southern blot hy-
bridization has been used to monitor bacterial populations
of naphthalene-degraders in seeded microcosms induced
with salicylate (Ogunseitan et al. 1991). In this study,
probes specific for the nah operon were used to deter-
mine the naphthalene-degradation potential of the micro-
bial population. Dot-blot hybridizations with isolated
polychlorinated biphenyl (PCB) catabolic genes have
been used to measure the level of PCB-degrading organ-
isms in soil microbial communities (Walia et al. 1990).

Molecular probing has been used in conjunction with
traditional most-probable-number (MPN) techniques in
several studies. A combination of MPN and colony hy-
bridization was used to monitor the microbial communi-
ty of a flow-through lake microcosm seeded with a chlo-
robenzoate-degrading Alcaligenes strain (Fulthorpe and
Wyndham 1989). This study revealed a correlation be-
tween the size and activity of a specific catabolic popula-
tion during exposure to various concentrations of 3-chlo-
robenzoate. In another study, Southern hybridization
with tfdA and tfdB gene probes was used to measure the
2,4-dichlorophenoxyacetic acid (2,4-D)-degrading popu-
lations in field soils (Holben et al. 1992). It was shown
that amendment of the soil with 2,4-D increased the level
of hybridization and that these changes agreed with
MPN analyses.

RNA-based methods

One disadvantage of DNA-based methods is that they do
not distinguish between living and dead organisms,
which limits their use for monitoring purposes. The
mRNA level may provide a valuable estimate of gene
expression and/or cell viability under different environ-
mental conditions (Fleming et al. 1993). Retrieved
mRNA transcripts can be used to compare the expression
level of individual members of gene families in the envi-
ronment. Thus, when properly applied to field samples,
mRNA-based methods may be useful in determining the
relationships between the environmental conditions pre-
vailing in a microbial habitat and particular in situ activi-
ties of native microorganisms (Wilson et al. 1999). Ex-
traction of RNA instead of DNA, followed by reverse-
transcription-PCR (RT-PCR), gives a picture of the met-
abolically active microorganisms in the system (Nogales
et al. 1999; Weller and Ward 1989). RT-PCR adds an ad-
ditional twist to the PCR technique. Before PCR amplifi-
cation, the DNA in a sample is destroyed with DNase.
Reverse transcriptase and random primers (usually hexa-
mers) are added to the reaction mixture, and the RNA in
the sample – including both mRNA and rRNA – is tran-
scribed into DNA. PCR is then used to amplify the spe-
cific sequences of interest. RT-PCR gives us the ability
to detect and quantify the expression of individual struc-
tural genes. In a recent study, the fate of phenol-degrad-
ing Pseudomonas was monitored in bioaugmented se-

quencing batch reactors fed with synthetic petrochemical
wastewater by using PCR amplification of the dmpN
gene (Selvaratnam et al. 1995, 1997). In addition, RT-
PCR was used to measure the level of transcription of
the dmpN gene. Thus, not only was the presence of or-
ganisms capable of phenol degradation detected, but the
specific catabolic activity of interest was also measured.
A positive correlation was observed between the level of
transcription, phenol degradation, and periods of aera-
tion. In a similar study, transcription of the tfdB genes
was measured by RT-PCR in activated-sludge bioreac-
tors augmented with a 3-chlorobenzoate-degrading Pseu-
domonas (Selvaratnam et al. 1997), and the expression
of a chlorocatechol 1,2-dioxygenase gene (tcbC) in river
sediment was measured by RT-PCR (Meckenstock et al.
1998). Similarly, with this approach Wilson et al. (1999)
isolated and characterized in situ transcribed mRNA
from groundwater microorganisms catabolizing naphtha-
lene at a coal-tar-waste-contaminated site using degener-
ate primer sets. They found two major groups related to
the dioxygenase genes ndoB and dntAc, previously
cloned from Pseudomonas putida NCIB 9816-4 and
Burkholderia sp. strain DNT, respectively. Furthermore,
the sequencing of the cloned RT-PCR amplification
product of 16S rRNA generated from total RNA extracts
has been used to identify presumptive metabolically ac-
tive members of a bacterial community in soil highly
polluted with PCB (Nogales et al. 1999).

Differential display (DD), an RNA-based technique
that is widely used almost exclusively for eukaryotic
gene expression, has been recently optimized to assess
bacterial rRNA diversity (Yakimov et al. 2001). Double-
stranded cDNAs of rRNAs were synthesized without a
forward primer, digested with endonuclease, and ligated
with a double-stranded adapter. The fragments obtained
were then amplified using an adapter-specific extended
primer and a 16S rDNA universal primer pair, and dis-
played by electrophoresis on a polyacrylamide gel
(Yakimov et al. 2001). In addition, the DD technique has
been optimized and used to directly clone actively ex-
pressed genes from soil-extracted RNA (Fleming et al.
1998). Using this approach, Fleming et al. (2001) suc-
cessfully cloned a novel salicylate-inducible naphthalene
dioxygenase from Burkholderia cepacia (Fleming et al.
1998), and identified the bacterial members of a 2,4,5-
trinitrophenoxyacetic acid-degrading consortium.

Nucleic acid extraction and purification methods 
for environmental samples

Nucleic acid isolation from an environmental sample is
the most important step in examining the microbial com-
munity and catabolic gene diversity. Procedures for DNA
isolation from soil and sediment were first developed in
the 1980s, and can be divided into two general categories:
(1) direct cell lysis followed by DNA purification steps,
and (2) bacterial isolation followed by cell lysis and DNA
purification. Since that time, these methods have been
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continually modified and improved. The methods for
fractionation of bacteria as a preliminary step (Bakken
and Lindahl 1995; Torsvik et al. 1995) and for direct ex-
traction (Saano et al. 1995; Trevors and van Elsas 1995)
have recently been compiled. In general, DNA isolation
methods are moving from the use of large samples and la-
borious purification procedures towards the processing of
small samples in microcentrifuge tubes (Dijkmans et al.
1993; More et al. 1994). In addition, methods for efficient
bacterial cell lysis have been evaluated and improved.
Bead-mill homogenization has been shown to lyse a high-
er percentage of cells (without excessive DNA fragmen-
tation) than freeze-thaw lysis although ‘soft lysis’ by
freezing and thawing is useful for obtaining high molecu-
lar weight DNA (Erb and Wagner-Dobler 1993; Miller et
al. 1999). The efficiency of cell lysis and DNA extraction
varies with sample type and DNA extraction procedure
(Erb and Wagner-Dobler 1993; Frostegard et al. 1999;
Miller et al. 1999). Therefore, in order to obtain accurate
and reproducible results, the variation in the efficiency of
cell lysis and DNA extraction must be taken into account.
Co-extraction with standard DNA has been used to over-
come the bias in extraction of DNA from Baltic Sea sedi-
ment samples (Moller and Jansson 1997). However, the
methods reported do not overcome the variability in the
efficiency of cell lysis. In contrast to extraction of DNA,
extraction of mRNA from environmental samples is quite
difficult and is further hampered by the half-lives of pro-
karyotic mRNA being very short.

An ideal procedure for recovering nucleic acids from
environmental samples has recently been summarized by
Hurt et al. (2001). They state that an ideal procedure
should meet several criteria: (1) the nucleic acid recovery
efficiency should be high and not biased so that the final
nucleic acids are representative of the total nucleic acids
within the naturally occurring microbial community; (2)
the RNA and DNA fragments should be as large as possi-
ble so that molecular studies, such as community gene li-
brary construction and gene cloning, can be carried out;
(3) the RNA and DNA should be of sufficient purity for
reliable enzyme digestion, hybridization, reverse tran-
scription, and PCR amplification; (4) the RNA and DNA
should be extracted simultaneously from the same sample
so that direct comparative studies can be performed (this
will also be particularly important for analyzing samples
of small size); (5) the extraction and purification protocol
should be kept simple as much as possible so that the
whole recovery process is rapid and inexpensive; and (6)
the extraction and purification protocol should be robust
and reliable, as demonstrated with many diverse environ-
mental samples. However, none of the previously men-
tioned nucleic acid extraction methods have been evaluat-
ed and optimized based on all the above important criteria.

Genetic fingerprinting techniques

Genetic fingerprinting techniques provide a pattern or
profile of the genetic diversity in a microbial community.

Recently, several fingerprinting techniques have been
developed and used in microbial ecology studies such as
bioremediation.

The separation of, or detection of small differences in,
specific DNA sequences can give important information
about the community structure and the diversity of mi-
crobes containing a critical gene. Generally, these tech-
niques are coupled to a PCR reaction to amplify se-
quences that are not abundant. PCR-amplified products
can be examined by using techniques that detect single
substitutions in the nucleotide sequence (Scheegurt-
Mark and Kulpa-Chaler 1998). These techniques are im-
portant in separating and identifying PCR-amplified
products that might have the same size but slightly dif-
ferent nucleotide sequences. For example, the amplified
portions of nahAc genes from a mixed microbial popula-
tion might be of similar size when amplified with a par-
ticular set of nahAc-specific degenerate primers, but
have small differences within the PCR-amplified prod-
ucts at the nucleotide level. One way of detecting these
differences is to digest the PCR-amplified product with
restriction endonucleases and examine the pattern of re-
striction fragments. The PCR-amplified product can be
end-labeled or uniformly labeled for this technique.

In one study, natural sediments were tested for the
presence of nahAc gene sequences by using PCR
(Herrick et al. 1993). Polymorphisms in this gene se-
quence were detected by restricting the PCR-amplified
products. In another study, PCR amplification of bphC
genes by using total DNA extracted from natural soils as
template allowed further investigation of the PCB degra-
dation pathway (Erb and Wagner-Dobler 1993). No re-
striction polymorphisms were observed in the PCR-am-
plified products, suggesting limited biodiversity in this
PCB-degrading population. Contaminated soils gave
positive results, whereas pristine lake sediments did not
contain appreciable amounts of the bphC gene.

Matrix-assisted laser desorption/ionization time-of-
flight mass spectrophotometry (MALDI-TOF-MS) has
been developed as a rapid and sensitive method for ana-
lyzing the restriction fragments of PCR-amplified prod-
ucts (Taranenko et al. 2002). A mass spectrum can be
obtained in less than 1 min.

Another advanced method, terminal restriction frag-
ment length polymorphism (T-RFLP) analysis, measures
the size polymorphism of terminal restriction fragments
from a PCR-amplified marker. It combines at least three
technologies, including comparative genomics/RFLP,
PCR, and electrophoresis. Comparative genomics pro-
vides the necessary insight to allow design of primers for
amplification of the target product, and PCR amplifies
the signal from a high background of unrelated markers.
Subsequent digestion with selected restriction endonu-
cleases produces terminal fragments appropriate for siz-
ing on high resolution (±1-base) sequencing gels. The
latter step is conveniently performed on automated sys-
tems such as polyacrylamide gel or capillary electropho-
resis systems that provide digital output. The use of a
fluorescently tagged primer limits the analysis to only

48



the terminal fragments of the digestion. Because size
markers bearing a different fluorophore from the samples
can be included in every lane, the sizing is extremely ac-
curate (Marsh 1999).

Denaturing gradient gel electrophoresis (DGGE) and
its cousin TGGE (thermal-GGE) is a method by which
fragments of DNA of the same length but different se-
quence can be resolved electrophoretically (Muyzer
1999). Separation is based on the decreased electropho-
retic mobility of a partially melted double-stranded DNA
molecule in polyacrylamide gels containing a linear gra-
dient of a denaturing reagent (a mixture of formamide
and urea) or a linear temperature gradient (Muyzer et al.
1993). As the duplex DNA fragments are subjected to
electrophoresis, partial melting occurs at denaturant con-
centrations specific for various nucleotide sequences. An
excellent study by Watanabe and coworkers (Watanabe
et al. 1998) used a combination of molecular-biological
and microbiological methods to detect and characterize
the dominant phenol-degrading bacteria in activated
sludge. TGGE analysis of PCR products of 16S rDNA
and of the gene encoding phenol hydroxylase (LmPH)
showed a few dominant bacterial populations after a 20-
day incubation with phenol as a carbon source. Compari-
son of sequences of different bacterial isolates and ex-
cised TGGE bands revealed two dominant bacterial
strains responsible for the phenol degradation (Watanabe
et al. 1998).

Watts et al. (2001) recently reported a comparative
analysis of PCB-dechlorinating communities in enrich-
ment cultures using three different molecular screening
techniques, namely, amplified ribosomal DNA restric-
tion analysis (ARDRA), DGGE, and T-RFLP. They
found that the methods have different biases, which were
apparent from discrepancies in the relative clone fre-
quencies (ARDRA), band intensities (DGGE) or peak
heights (T-RFLP) from the same enrichment culture.
However, all of these methods were useful for qualitative
analysis and could identify the same organism (Watts et
al. 2001). Overall, in community fingerprinting and pre-
liminary identification, DGGE proved to be the most
rapid and effective tool for monitoring microorganisms
within a highly enriched culture. T-RLFP results corrob-
orated DGGE fingerprint analysis, but the identification
of the bacteria detected required the additional step of
creating a gene library. ARDRA provided an in-depth
analysis of the community and this technique detected
slight intra-species sequence variation in 16S rDNA
(Watts et al. 2001).

Another such approach takes advantage of sequence-
dependent conformational differences between re-an-
nealed single-stranded products (SSCP), which also re-
sult in changes in electrophoretic mobility; DNA frag-
ments are separated on a sequencing gel under non-dena-
turing conditions based on their secondary structures
(Schiwieger and Tebbe 1998).

Recently, a method using denaturing high perfor-
mance liquid chromatography (DHPLC) was developed
that can detect single base-pair mutations within a spe-

cific sequence (Taliani et al. 2001). This is a rapid, sensi-
tive and accurate method of detecting sequence varia-
tion. However, this method has not yet been used for an-
alyzing the diversity of specific sequences from environ-
mental samples. DHPLC could be a useful, rapid and
sensitive method for ecological study in bioremediation.

Discovery of novel catabolic genes involved 
in xenobiotic degradation

There are two different approaches to investigate the di-
versity of catabolic genes in environmental samples: cul-
ture-dependent and culture-independent methods. In cul-
ture-dependent methods, bacteria are isolated from envi-
ronmental samples with culture medium. Nucleic acid is
then extracted from the bacterial culture. In contrast, cul-
ture-independent methods employ direct extraction of
nucleic acids from environmental samples (Lloyd-Jones
et al. 1999; Okuta et al. 1998; Watanabe et al. 1998). The
description of catabolic gene diversity by culture-inde-
pendent molecular biological methods often involves the
amplification of DNA or cDNA from RNA extracted
from environmental samples by PCR, and the subsequent
analysis of the diversity of amplified molecules (commu-
nity fingerprinting). Alternatively, the amplified products
may be cloned and sequenced to identify and enumerate
bacterial species present in the sample.

To date, more than 300 catabolic genes involved in ca-
tabolism of aromatic compounds have been cloned and
identified from culturable bacteria. Several approaches,
such as shotgun cloning by using indigo formation
(Ensley et al. 1983; Goyal and Zylstra 1996), clearing
zone formation (de Souza et al. 1995), or meta-cleavage
activity (Sato et al. 1997) as screening methods for clon-
ing; applying proteomics (two dimensional gel electropho-
resis analysis) of xenobiotic-inducible proteins to obtain
genetic information (Khan et al. 2001), transposon muta-
genesis to obtain a defective mutant (Foght and Westlake
1996), transposon mutagenesis using a transposon-fused
reporter gene (Bastiaens et al. 2001), applying a degener-
ate primer to generate a probe (Saito et al. 2000), and ap-
plying a short probe from a homologous gene (Moser and
Stahl 2001), have been used to discover catabolic genes
for aromatic compounds from various bacteria.

The emergence of methods using PCR to amplify cat-
abolic sequences directly from environmental DNA sam-
ples now appears to offer an alternative technique to dis-
cover novel catabolic genes in nature. Most research fo-
cusing on analysis of the diversity of the catabolic genes
in environmental samples has employed PCR amplifica-
tion using a degenerate primer set (a primer set prepared
from consensus or unique DNA sequence), and the sepa-
ration of the resultant PCR products either by cloning or
by gel electrophoresis (Allison et al. 1998; Hedlund et al.
1999; Lloyd-Jones et al. 1999; Watanabe et al. 1998;
Wilson et al. 1999). To confirm that the proper gene has
been PCR-amplified, it is necessary to sequence the
product, after which the resultant information can be
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used to reveal the diversity of the corresponding gene(s).
Over the last few years, these molecular techniques have
been systematically applied to the study of the diversity
of aromatic-compound-degrading genes in environmen-
tal samples (Table 1).

Application of a degenerate primer set to isolate func-
tional catabolic genes directly from environmental sam-
ples has been reported (Okuta et al. 1998). Fragments of
catechol 2,3-dioxygenase (C23O) genes were isolated
from environmental samples by PCR with degenerate
primers, and the gene fragments were inserted into the
corresponding region of the nahH gene, the structural
gene for C23O encoded by the catabolic plasmid NAH7,
to reconstruct functional hybrid genes reflecting the di-
versity in the natural gene pool. In this approach, the on-
ly information necessary is knowledge of the conserved
amino acid sequences in the protein family from which
the degenerate primers should be designed. This method
is generally applicable, and may be useful in establishing
a divergent hybrid gene library for any gene family
(Okuta et al. 1998).

When degenerate primers cannot be used for amplifi-
cation of DNA or RNA targets, PCR has limited applica-
tion for investigating novel catabolic genes from culture
collections or from environmental samples. Dennis and
Zylstra (1998) have developed a new strategy for rapid
analysis of genes for Gram-negative bacteria. For this
purpose, they constructed a minitransposon containing

an origin of replication in an Escherichia coli cell. These
artificially derived transposons are called plasposons
(Dennis and Zylstra 1998). Once a desired mutant has
been constructed by transposition, the region around the
insertion point can be rapidly cloned and sequenced.
Mutagenesis with these plasposons can be used as an al-
ternative tool to investigate novel catabolic genes from
culture collections, although such approaches cannot be
taken for environmental samples. The in vitro transposon
mutagenesis by plasposon containing a reporter gene
without a promoter will provide an alternative technique
to search for desired xenobiotic-inducible promoters
from environmental DNA samples.

Monitoring of bioaugmented microorganisms 
in bioremediation

Because different methods for enumeration of microor-
ganisms in environmental samples sometimes provide
different results, the method used must be chosen in ac-
cordance with the purpose of the study. Not all detection
methods provide quantitative data; some only indicate
the presence of an organism and others only detect cells
in a particular physiological state (Jansson and Prosser
1997). Several molecular approaches have been devel-
oped to detect and quantify specific microorganisms (Ta-
ble 2).
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Table 1 Molecular approaches
for investigating the diversity
and identification of catabolic
genes involved in degradation
of xenobiotics. RT Reverse
transcription, PCR polymerase
chain reaction, DGGE denatur-
ing gradient gel electrophore-
sis, RHD ring hydroxylating
dioxygenase, PAH polycyclic
aromatic hydrocarbon

Target gene Molecular approach Source Reference

nahAc RT-PCR with degenerate Groundwater Wilson et al. 1999
primers (culture-independent)

phnAc, nahAc, PCR with several primers Soil samples Lloyd-Jones et al. 1999
and glutathione- (culture-independent)
S-transferase
Phenol hydroxylase PCR-DGGE with Activated sludge Watanabe et al. 1998
(LmPH) degenerate primers (culture-independent)
RHD PCR with degenerate Prestine- and aromatic Yeates et al. 2000

primers hydrocarbon-contaminated 
soils (culture-independent)

PAH dioxygenase PCR with several primers PAH soil bacteria Lloyd-Jones et al. 1999
(culture-dependent)

nahAc PCR with degenerate Marine sediment bacteria Allison et al. 1998
primers (culture-dependent)

nahAc PCR with degenerate Marine sediment bacteria Hedlund et al. 1999
primers (culture-dependent)

nah PCR with degenerate Soil bacteria Hamann et al. 1999
primers (culture-dependent)

tfdC PCR with degenerate Soil bacteria Cavalca et al. 1999
primers (culture-dependent)

PAH dioxygenase PCR with degenerate Wastewater and Meyer et al. 1999
and catechol primers soil bacteria 
dioxygenase (culture-dependent)
phnAc, nahAc and PCR with several River water, sediment, Widada et al. 2002a
PAH dioxygenase degenerate primers and soil bacteria 

(culture-dependent)
RHD PCR-DGGE with Rhodococcus sp. Kitagawa et al. 2001

degenerate primers strain RHA1 
(culture-dependent)



Quantification by PCR/RT-PCR

PCR is now often used for sensitive detection of specific
DNA in environmental samples. Sensitivity can be en-
hanced by combining PCR with DNA probes, by run-
ning two rounds of amplification using nested primers
(Moller et al. 1994), or by using real-time detection sys-
tems (Widada et al. 2001). Detection limits vary for PCR
amplification, but usually between 102 and 103 cells/g
soil can routinely be detected by PCR amplification of
specific DNA segments (Fleming et al. 1994b; Moller et
al. 1994). Despite its sensitivity, until recently it has
been difficult to use PCR quantitatively to calculate the
number of organisms (gene copies) present in a sample.
Three techniques have now been developed for quantifi-
cation of DNA by PCR, namely: MPN-PCR, replicative
limiting dilution-PCR (RLD-PCR), and competitive PCR
(cPCR) (Chandler 1998).

MPN-PCR is carried out by running multiple PCR re-
actions of samples that have been serially diluted, and
amplifying each dilution in triplicate. The number of
positive reactions is compared to the published MPN ta-
bles for an estimation of the number of target DNA cop-
ies in the sample (Picard et al. 1996). In MPN-PCR,
DNA extracts are serially diluted before PCR amplifica-
tion and limits can be set on the number of genes in the
sample by reference to known control dilutions.

RLD-PCR, an alternate quantitative PCR for environ-
mental application, is based on RLD analysis and the
pragmatic tradeoffs between analytical sensitivity and
practical utility (Chandler 1998). This method has been
used to detect and quantify specific biodegradative genes
in aromatic-compound-contaminated soil. The catabolic
genes cdo, nahAc, and alkB were used as target genes
(Chandler 1998).

Quantitative cPCR is based on the incorporation of an
internal standard in each PCR reaction. The internal

standard (or competitor DNA) should be as similar to the
target DNA as possible and be amplified with the same
primer set, yet still be distinguishable from the target, for
example, by size (Diviacco et al. 1992). A standard
curve is constructed using a constant series of competitor
DNA added to a dilution series of target DNA. The ratio
of PCR-amplified DNA yield is then plotted versus ini-
tial target DNA concentration. This standard curve can
be used for calculation of unknown target DNA concen-
trations in environmental samples. The competitive stan-
dard is added to the sample tube at the same concentra-
tion as used for preparation of the standard curve
(Diviacco et al. 1992). Since both competitor and target
DNAs are subjected to the same conditions that might
inhibit the performance of DNA polymerase (such as
humic acid or salt contaminants), the resulting PCR
product ratio is still valid for interpolation of target copy
number for the standard curve. Recently, Alvarez et al.
(2000) have developed a simulation model for cPCR,
which takes into account the decay in efficiency as a lin-
ear function of product yield. Their simulation data sug-
gested that differences in amplification efficiency be-
tween target and standard templates induced biases in
quantitative cPCR. Quantitative cPCR can only be used
when both efficiencies are equal (Alvarez et al. 2000).

In bioremediation, quantitative PCR has been used to
monitor and to determine the concentration of some cata-
bolic genes from bioaugmented bacteria in environmental
samples (Table 3). Recently, quantitative competitive RT-
PCR has been used to quantify the mRNA of the tcbC of
Pseudomonas sp. strain P51 (Meckenstock et al. 1998).

Molecular marker gene systems

In many laboratory biodegradation studies, bacterial
cells that are metabolically capable of degrading/miner-
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Table 2 Molecular approaches
for detection and quantification
of specific microorganisms in
environmental samples (adapt-
ed from Jansson and Prosser
1997). cPCR Competitive PCR,
MPN-PCR most probable num-
ber PCR, RLD-PCR replicative
limiting dilution PCR

Identification method Detection and quantification method Cell type monitored

Fluorescent tags on Microscopy Primary active cells
rRNA probes Flow cytometry
lux or luc gene Luminometry/scintillation counting Active cells

Cell extract luminescence Total cells with translated 
luciferase protein

Luminescent colonies Culturable luminescent cells
gfp gene Fluorescent colonies

Microscopy Culturable fluorescent cells
Flow cytometry Total cells, including starved

Specific DNA sequence cPCR MPN-PCR, RLD-PCR Total DNA (living and dead cell
and free DNA)

Slot/dot blot hybridization Culturable cells
Colony hybridization

Specific mRNA transcript Competitive RT-PCR Catabolic activity of cells
Slot/dot blot hybridization

Other marker genes Plate counts colony hybridization Culturable marked cells and 
(e.g., lacZY, gusA, xylE, indigenous cells with marker
and antibiotic resistance phenotype
genes) Quantitative PCR Total DNA (living and dead

Slot/dot blot hybridization cells and free DNA)



alizing a pollutant are added to contaminated environ-
mental samples to determine the potential biodegradation
of target compound(s). Assessment of environmental im-
pact and risk associated with environmental release of
augmented bacteria requires knowledge of their survival,
persistence, activity, and dispersion within the environ-
ment. Detection methods that take advantage of unique
and identifiable molecular markers are useful for enu-
merating and assessing the fate of microorganisms in bi-
oremediation (Prosser 1994). The application of molecu-
lar techniques has provided much greater precision
through the introduction of specific marker genes. Some
of the requirements for marker systems include the abili-
ty to allow unambiguous identification of the marked
strain within a large indigenous microbial community, its
stable maintenance in the host cell, and adequate expres-
sion for detection (Lindow 1995).

Antibiotic resistance genes, such as the nptII gene en-
coding resistance to kanamycin, were the first genes to
be employed as markers. Although they are still in use,
these phenotypic marker genes are generally falling out
of favor because of the small risk of contributing to the
undesirable spread of antibiotic resistance in nature
(Lindow 1995).

Genes encoding metabolic enzymes have also been
used as non-selective markers. These include xylE (en-
coding catechol 2,3-oxygenase), lacZY (encoding β-ga-

lactosidase and lactose permease) and gusA (β-glucuron-
idase). The xylE gene product can be detected by the for-
mation of a yellow catabolite (2-hydroxymuconic semi-
aldehyde) from catechol. The enzymes encoded by lacZ
or gusA cleave the uncolored substrates 5-bromo-4-chlo-
ro-3-indolyl-β-D-galactopyranoside (X-gal) or 5-bromo-
4-chloro-3-indolyl-β-D-glucuronide cyclohexyl ammoni-
um salt (X-gluc), respectively, to produce products with
blue color. Some advantages and disadvantages of
these phenotypic markers have recently been discussed
(Jansson 1995). For example, one useful application of
xylE is the specific detection of intact or viable cells, be-
cause catechol 2,3-oxygenase is inactivated by oxygen
and rapidly destroyed outside the cell (Prosser 1994).

Two disadvantages of the above mentioned marker
genes are the potentially high background of marker en-
zyme activity in the indigenous microbial population and
the requirement for growth and cultivation in the detec-
tion methods. DNA hybridization is another method that
potentially could be used to detect these phenotypic
marker genes as long as background levels are sufficient-
ly low. Both lacZ and gusA have limited application in
soil, however, because of their presence in the indige-
nous microbiota.

The gfp gene, encoding the green fluorescent protein
(GFP) from the jellyfish Aequorea victoria is an attrac-
tive marker system with which to monitor bacterial cells
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Table 3 PCR detection and
quantification of introduced
bacteria in bioremediation of
xenobiotics

Bacteria Target gene Detection and Reference
quantification 
method

Desulfitobacterium frappieri strain 16 rRNA Nested PCR Levesque at al. 1997
PCP-1 (pentachlorophenol-degrader)
Mycobacterium chlorophenolicum strain 16 rRNA MPN-PCR van Elsas et al. 1997
PCP-1 (pentachlorophenol-degrader)
Sphingomonas chlorophenolica 16rRNA Competitive PCR van Elsas et al. 1998
(pentachlorophenol-degrader)
Pseudomonas sp. strain B13 16 rRNA Competitive PCR Leser et al. 1995
(chloroaromatic-degrader)
Pseudomonas putida strain mx xylE Competitive PCR Hallier-Soulier et al. 
(toluene-degrader) 1996
P. putida strain G7 nahAc PCR-Southern blot Herrick et al. 1993
(naphthalene-degrader)
P. putida strain mt2 xylM Multiplex Knaebel and Crawford 
(toluene-degrader) PCR-Southern blot 1995
Psuedomonas oleovorans strain OCT alkB
(octane-degrader)
Alcaligenes eutropus strain JMP134 tfdA
[2,4-dichlorophenoxyacetic acid 
(2,4-D)-degrader]
P. putida ATCC 11172 dmpN PCR and RT-PCR Selvaratnam et al. 1997
(phenol-degrader)
Pseudomonas sp. strain P51 tbcAa, tbcC PCR Tchelet et al. 1999
(trichlorobenzene-degrader)
Pseudomonas sp. strain P51 tbcC Competitive Meckenstock et al. 1998
(trichlorobenzene-degrader) RT-PCR
Psuedomonas resinovorans strain carAa Real-time Widada et al. 2001, 
CA10 (carbazole- and dibenzo-p-dioxin- competitive PCR 2002b
degrader)



in the environment. An advantage of the application of
the gfp gene over that of other marker genes is the fact
that the detection of fluorescence from GFP is indepen-
dent of substrate or energy reserves (Tombolini et al.
1997). Since the gfp gene is eukaryotic in origin, it was
first necessary to develop an optimized construct for ex-
pression of gfp in bacteria (Unge et al. 1999). Another
reason that gfp is becoming so popular is that single cells
tagged with gfp can easily be visualized by epifluores-
cence microscopy (Tombolini et al. 1997). In addition,
fluorescent cells may be rapidly enumerated by flow cy-
tometry (Ropp et al. 1995). The flow cytometer mea-
sures parameters related to size, shape and fluorescence
of individual cells (Tombolini et al. 1997).

Another promising marker for determination of cellu-
lar metabolic activity is bacterial or eukaryotic lucifer-
ase. Bacterial luciferase catalyzes the following reaction:
RCHO + FMNH2 + O2 → RCOOH + FMN + H2O +
light (490 nm), where R is a long chain aldehyde (e.g., n-
decanal). Due to the requirement for reducing equivalent
(FMNH2), the bioluminescence output is directly related
to the metabolic activity of the cells (Unge et al. 1999).
The marker systems mentioned above for monitoring of
augmented bacteria in bioremediation have been broadly
applied (Table 4).

Recent development of methods increasing 
specificity of detection

A new approach that permits culture-independent identi-
fication of microorganisms responding to specified stim-
uli has been developed (Borneman 1999). This approach
was illustrated by the examination of microorganisms
that respond to various nutrient supplements added to
environmental samples. A thymidine nucleotide analog,
bromodeoxyuridine (BrdU), and specified stimuli were
added to environmental samples and incubated for sever-
al days. DNA was then extracted from an environmental
sample, and the newly synthesized DNA was isolated by
immunocapture of the BrdU-labelled DNA. Comparison
of the microbial community structures obtained from to-
tal environmental sample DNA and the BrdU-labelled
fraction showed significantly different banding patterns
between the nutrient supplement treatments, although
traditional total DNA analysis revealed no notable differ-
ences (Borneman 1999). This approach provides a new
strategy to permit identification of DNA from a stimu-
lus- or substrate-responsive organism in environmental
samples. Application of such an approach in bioremedia-
tion by using the desired xenobiotic as a substrate or
stimulus added to an environmental sample may provide
a robust strategy to discover novel catabolic genes in-
volved in xenobiotic degradation.

It has been reported that bacteria belonging to the
newly recognized phylogenetic groups are widely dis-
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Table 4 The application of
marker genes and methods used
to detect introduced bacteria in
bioremediation of xenobiotics

Marker gene Microorganism Detection method References

lux or lac Pseudomonas cepacia Non-selective plating, Masson et al. 1993
(2,4-D-degrader) selective plating and 

autophotography
lux or lac Pseudomonas aeruginosa Non-selective plating, selective Fleming et al. 1994b

(biosurfactant-producer) plating, charge-coupled device 
(CCD)-enhanced detection, 
PCR and Southern blotting

lux P. aeruginosa Bioluminescent-MPN Fleming et al. 1994a
(biosurfactant-producer) (microplate assay), luminometry 

and CCD-enhanced detection
lux Alcaligenes eutrophus strain Selective plating and van Dyke et al. 1996

H850 (PCB-degrader) bioluminescence
lac Sphingomonas wittichii Non-selective plating and Megharaj et al. 1997

strain RW1 (dibenzo-p- selective plating
dioxin- and dibenzofuran-
degrader)

gfp or lux Pseudomonas sp. strain Non-selective plating, selective Errampalli et al. 1998
UG14Gr (phenanthrene- plating and CCD-enhanced 
degrader) detection

gfp Moraxella sp. Non-selective plating and Tresse et al. 1998
(p-nitrophenol-degrader) selective plating

xyl S. wittichii strain RW1 Selective plating Halden et al. 1999
(dibenzo-p-dioxin- and 
dibenzofuran-degrader)

gfp P. resinovorans CA10 Selective plating Widada et al. 2002b
(carbazole- and dibenzo-p-
dioxin-degrader)

gfp or luc Arthobacter chlorophenolicus Selective plating, luminometry, Elvang et al. 2001
A6 (4-chlorophenol-degrader) and flow cytometry



tributed in various environments (Dojka et al. 1998;
Hugenholtz et al. 1998). The 16S rDNA sequences of
these groups are very diverse and include mismatches to
the bacterial universal primer designed from conserved
regions in bacterial 16S rDNA sequences (Dojka et al.
1998; von Wintzingerode et al. 2000). Mismatches be-
tween PCR primer and a template greatly reduce the effi-
ciency of amplification (von Wintzingerode et al. 1997).
To overcome such problems, Watanabe et al. (2001) de-
signed new universal primers by introducing inosine res-
idues at positions where mismatches were frequently
found. Using the improved primers, they could detect the
phylotypes affiliated with Verrucomicrobia and candidate
division OP11, which had not been detected by PCR-
DGGE with conventional universal primers (Watanabe et
al. 2001).

The number of bands in a DGGE gel does not always
accurately reflect the number of corresponding species
within the microbial community; one organism may pro-
duce more than one DGGE band because of multiple,
heterogeneous rRNA operons (Cilia et al. 1996). Micro-
bial community pattern analysis using 16S rRNA gene-
based PCR-DGGE is significantly limited by this inher-
ent heterogeneity (Dahllöf et al. 2000). As an alternative
to 16S rRNA gene sequences in community analysis,
Dahllöf et al. (2000) employed the gene for the β subunit
of RNA polymerase (rpoB), which appears to exist in
only one copy in bacteria. This approach proved more
accurate compared with 16S rRNA gene-based PCR-
DGGE for a mixture of bacteria isolated from red algae.

Recently, DNA microarrays have been developed and
introduced for analyzing microbes and their activity in
environmental samples (Cho and Tiedje 2002; Small et
al. 2001; Wu et al. 2001). These are particularly power-
ful tools because of the large number of hybridizations
that can be performed simultaneously on glass slides:
over 100,000 spots per cm2 can be accommodated
(Kuipers et al. 1999). As with conventional dot blot hy-
bridization, sample nucleic acids can be spotted onto the
carrier material or reverse hybridization can be per-
formed using immobilized probes. If PCR is involved,
specific primers can be used to amplify partial or whole
rRNA genes of the microorganisms of interest. Small et
al. (2001) recently developed and validated a simple mi-
croarray method for the direct detection of intact 16S
rRNA from unpurified soil extracts. In addition, it has
been reported that DNA array technology is also a poten-
tial method for assessing the functional diversity and dis-
tribution of selected genes in the environment (Cho and
Tiedje 2002; Wu et al. 2001).

The vast majority of environmental microorganisms
have yet to be cultured. Consequently, a major propor-
tion of the genetic diversity within nature resides in the
uncultured organisms (Stokes et al. 2001). Isolation of
these genes is limited by lack of sequence information,
and PCR amplification techniques can be employed for
the amplification of only partial genes. Thus a strategy to
recover complete open reading frames from environmen-
tal DNA samples has been developed (Stokes et al.

2001). PCR assays targeted to the 59-base element fami-
ly of recombination sites that flank gene cassettes associ-
ated with integrons were designed. Using such assays,
diverse gene cassettes could be amplified from the vast
majority of the environmental DNA samples tested.
These gene cassettes contained a complete open reading
frame, the majority of which were associated with ribo-
some binding sites. Such a strategy applied together with
the BrdU strategy (Borneman 1999) should provide a ro-
bust method for discovering catabolic gene cassettes
from environmental samples.

It is becoming increasingly apparent that the best so-
lution for monitoring an introduced microorganism in
the environment is to use either several markers simulta-
neously or multiple detection methods. Sometimes single
markers or certain combinations of markers are not se-
lective enough, such as lacZY used either alone or to-
gether with antibiotic selection. Even so, the use of anti-
biotic selection, in combination with bioluminescence,
has been found to be very effective and useful for selec-
tion of low numbers of tagged cells (Jansson and Prosser
1997). A dual-marker system was developed for simulta-
neous quantification of bacteria and their activity by the
luxAB and gfp gene products, respectively. Generally,
the bioluminescence phenotype of the luxAB biomarker
is dependent on cellular energy status. Since cellular me-
tabolism requires energy, bioluminescence output is di-
rectly related to the metabolic activity of the cells. In
contrast, the fluorescence of GFP has no energy require-
ment. Therefore, by combining these two biomarkers, to-
tal cell number and metabolic activity of a specific
marked cell population could be monitored simulta-
neously (Unge et al. 1999).

In order to increase the specificity of detection, mark-
er DNA may be detected in total DNA isolated and puri-
fied from an environmental sample by a variety of mo-
lecular-biology-based methods, such as gene probing,
DNA hybridization, and quantitative PCR (Jansson
1995; Jansson and Prosser 1997).

Recently, we developed a rapid, sensitive, and accu-
rate quantification method for the copy number of spe-
cific DNA in environmental samples by combining the
fluorogenic probe assay, cPCR and co-extraction with in-
ternal standard cells (Widada et al. 2001). The internal
standard DNA was modified by replacement of a 20-bp-
long region responsible for binding a specific probe in
fluorogenic PCR (TaqMan; Applied Biosystems, Foster
City, Calif.). The resultant DNA fragment was similar to
the corresponding region of the intact target gene in
terms of G+C content. When used as a competitor in the
PCR reaction, the internal standard DNA was distin-
guishable from the target gene by two specific fluoro-
genic probes with different fluorescence labels, and was
automatically detected in a single tube using the
ABI7700 sequence detection system (Applied Biosys-
tems). By using an internal standard designed for cPCR,
we found that the amplification efficiency of target and
standard templates was quite similar and independent of
the number of PCR cycles (Widada et al. 2001). The in-
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ternal standard cell was used to minimize the variations
in the efficiency of cell lysis and DNA extraction be-
tween the samples. A mini-transposon was used to intro-
duce competitor DNA into the genome of a non-target
bacterium in the same genus, and the resultant transfor-
mant was used as an internal standard cell. After adding
a known amount of the internal standard cells to soil
samples, we extracted the total DNA (co-extraction). Us-
ing this method, the copy number of the target gene in
environmental samples can be quantified rapidly and ac-
curately (Widada et al. 2001).

Biological containment strategies 
for bioaugmented microorganisms

Novel active biological containment (ABC) strategies
have been developed to prevent the potentially undesir-
able spread of released microorganisms, particularly ge-
netically engineered microorganisms (Molin et al. 1993;
Molina et al. 1998; Ronchel et al. 1995, 1998, 2000).
Several recent developments in molecular biology have
led to the construction of new mechanisms to contain
microorganisms once they have completed their intended
jobs. One category of containment is known as a suicide
system. For example, suicide systems have been devel-
oped for bacteria genetically modified to catabolize
xenobiotics. In the absence of the chemical, a ‘suicide
gene’ is induced and the introduced microorganism is

eliminated from the population, although 100% elimina-
tion is never achieved. One such system places expres-
sion of the gene encoding streptavidin under the control
of a cascade system that is ultimately controlled by the
presence or absence of the growth substrate. In the pres-
ence of the growth substrate, expression of the streptavi-
din gene is repressed. In the absence of the growth sub-
strate, streptavidin is produced, binds to D-biotin and
kills the host organism (Szafranski et al. 1997).

Another ABC strategy is to reduce the spread of
genes by the incorporation of a gene whose product kills
non-immune recipients upon gene transfer (Fig. 2A).
This system is based on the use of a killing gene, e.g., a
porin-induced protein such as the one encoded by the E.
coli gef gene, and a regulatory circuit that controls ex-
pression of the microorganisms that degrade a model
pollutant – designed on the basis of the P. putida TOL
plasmid meta-cleavage regulatory circuit. In this system,
the gef gene was placed under control of the lac promot-
er. The repressor of the lac promoter, LacI, was placed
under control of the meta-cleavage pathway promoter,
Pm. In the presence of m-methylbenzoate, a xylS effec-
tor, expression of the gef gene was repressed. When the
substrate disappeared, the gef gene was no longer re-
pressed and the host cell was killed (Molin et al. 1993;
Molina et al. 1998; Ronchel et al. 1995). However, this
system had two main drawbacks: (1) the slow death of
the bacterial cells in soil versus the fast killing rate in
liquid cultures in laboratory assays, and (2) the appear-
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Fig. 2 Scheme of an active
biological containment (ABC)
model system (A) and the dual
containment system (B) to
control survival of bacteria by
varying the availability of 
3-methylbenzoate (3MB). 
Pm Promoter for the meta 
pathway, lacI repressor for the
lac operon, xylS positive 
regulator of Pm, asd aspartate-
β-semialdehyde dehydrogenase
gene, PA1-O4/O3 modified 
promoter for the lac operon,
gef killing gene from 
Escherichia coli (Ronchel and
Ramos 2001)



ance of mutants, at a rate of about 10–8 per cell and gen-
eration, that did not die after the pollutant had been ex-
hausted (Ronchel and Ramos 2001). Therefore, Ronchel
and Ramos (2001) reinforced the ABC system described
above by including it in a ∆asd P. putida background
(Fig. 2B). The asd gene product is involved in the bio-
synthesis of aspartate-β-semialdehyde, a key intermedi-
ate in the biosynthesis of diaminopimelic acid and of
amino acids. A P. putida ∆asd mutant is viable only in
complex medium supplemented with diaminopimelic ac-
id, methionine, lysine, and threonine. They constructed a
P. putida ∆asd strain, called MCR7, with a Pm::asd fu-
sion in the host chromosome. This strain was viable in
the presence of 3-methylbenzoate (3MB) because syn-
thesis of the essential metabolites was achieved through
XylS-dependent induction. An ABC system (Pm::lacI,
xylS, Plac::gef) was incorporated into the host chromo-
some of the MCR7 strain to yield strain MCR8. The
number of MCR8 mutants that escaped killing was be-
low their detection limit (<10–9 mutants per generation).
The MCR8 strain survived and colonized rhizosphere
soil with 3MB at a level similar to that of the wild-type
strain. However, it disappeared in less than 20–25 days
in soils without the pollutant, whereas an asd+, biologi-
cally contained counterpart such as P. putida CMC4 was
still detectable in soils after 100 days (Ronchel and
Ramos 2001).

Conclusions

The application of molecular-biology-based techniques
in bioremediation is being increasingly used, and has
provided useful information for improving of bioremedi-
ation strategies and assessing the impact of bioremedia-
tion treatments on ecosystems. Several recent develop-
ments in molecular techniques also provide rapid, sensi-
tive, and accurate methods of analyzing bacteria and
their catabolic genes in the environment. In addition,
these molecular techniques have been used for designing
active biological containment systems to prevent the po-
tentially undesirable spread of released microorganisms,
mainly genetically engineered microorganisms. Howev-
er, a thorough understanding of the limitations of these
techniques is essential to prevent researchers being led
astray by their results.
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