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INTRODUCTION 

 

Halogenated compounds, including chlorinated compounds, are widely used as pesticides 

(e.g., hexachlorocyclohexane), solvent/degreaser (e.g., trichloroethylene and 

tetrachloroethylene), plastic polymers (e.g., vinyl chloride), and paint and glue additives (e.g., 

methylene chloride). These compounds are, for the vast majority, toxic and carcinogenic 

based on toxicological, metabolic, animal, and human studies. Occupational exposure to 

chlorinated solvents has been associated with a number of adverse health effects including 

central nervous system, reproductive, liver, and kidney toxicity, as well as carcinogenicity 

(Ruder, 2006). Indeed, the short-term narcotic effects of chlorinated solvents have been 

known since the mid-19th century as several chlorinated compounds, especially chloroform 

and TCE, were used as anesthetics (Ostlere, 1953). Exposure to chlorinated solvents has 

been associated with kidney and liver damage in case reports for 80 years (Lash & Parker, 

2001) and reproductive effects, including spontaneous abortions or delays in becoming 

pregnant among solvent-exposed women are relatively consistent for PCE but not for TCE 

(Doyle et al., 1997). Vinyl chloride has been classified as type 1 human liver carcinogen, and 

occupational exposure has been limited by regulatory agencies in many countries (Ruder, 

2006). The toxicity of chlorinated compounds is not limited to solvents as gamma-

hexachlorocyclohexane (or “lindane”), a pesticide, is toxic via ingestion or skin contact and 

causes damage to the central nervous system (Ruder, 2006). Thus, these compounds 

constitute a health risk for the exposed industrial worker.  

 

The intensive use of these solvents and the historical lack of understanding of the risks 

involved has lead to the release of tons of halogenated compounds into the environment. For 

example, 297,602 pounds of PCE were released in the groundwater in the U.S.A between 

1987 and 1993 (data from the U.S. Environmental Protection Agency, as part of the National 

Primary Drinking Water Regulations), and the French register of pollutant emission (IREP) 

estimates that 442.6 tons of organohalogenated solvents injected directly in the groundwater 

in the French territory during the year 2006. This environmental release of solvents 

transported by groundwater can cause the exposition of a large number of people (Figure 1) 

(Maxwell & Kastenberg, 1999) and contribute to the risks and impacts of these compounds 

on the public health. 
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Figure 1:  Impact  of  contaminant  release  on  the  local  population.   

A:  Contaminant  sources  transported  by  groundwater   depending  on  the  pollutant 

 solubility  (approx. 160mg/L for PCE).    

B:  Contaminated groundwater pumping  well  for  domestic  uses    

C:  Contaminated water distribution  

D:  Possible  polluted  water  expositions  to  the  local  population.  

Taken  from  Maxwell  et  al.,  1999. 

 

Therefore, the passive or active biodegradation of chlorinated compounds could alter the 

importance of this environmental and public health issue. Several degradation pathways for 

chlorinated compounds have been already characterized. Individual compounds can be 

degraded under both aerobic and/or anaerobic conditions by prokaryotic and eukaryotic 

microorganisms. For example, lindane can be degraded under aerobic conditions while 

serving as both a carbon source and electron donor for the bacterium Sphingobium sp. and 

the fungi Phanerochaete chrysosporium and Trametes hirsutus (Phillips et al., 2005). 

Sphingobium sp. developed an enzymatic system specific to this compound (Nagata et al.,) 

(figure 2), while the degradation mechanism of organochlorine pesticides by the fungi is 

!"#$%&'()'*+,-./'01'.02/-+"2-2/'%&3&-4&'02'/5&'30.-3',0,$3-6027'
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similar to that of lignin degradation by lignin peroxidases, i.e., multiple non-specific oxidative 

reactions (Bumpus et al., 1985). Lindane can be reductively dechlorinated by the sulfate-

reducing bacteria Desulfococcus multivorans DSM 2059 and Desulfovibrio gigas DSM 1382 

(Badea et al., 2009), thus serving as an electron acceptor in this case (Figure 3). The same 

observation can be made for TCE degradation. It can be reductively dechlorinated, or 

undergo a co-metabolic process under aerobic conditions. For example, Jahng et al., (1996) 

isolated mmoX, the methane monooxygenase gene responsible for aerobic TCE, cis-DCE 

and VC degradation in Methylosinus trichosporium strain IMV 3011. The gene todC was also 

isolated from Pseudomonas putida strain F1, where it is responsible for the aerobic 

degradation of the same three chlorinated ethenes (Wackett, et al., 1988). Kunst et al., 

(2003) studied aerobic degradation of VC to ethene in Rhodococcus rhodochrous when 

induced in the presence of isopropanol and acetone and compound degradation (e.g., 

reductive dechlorination might require a specific microbial community along with a low 

potential redox level). These observations concerning chlorinated compounds degradation 

raise several issues. First, the presence of chlorinated compounds might induce genetic 

adaptation leading to the creation of specific genes to act on the chlorinated compound. 

Second, environmental physical-chemical and biological conditions for degradation might be 

relatively specific and critical for successful microbial adaptation. 

 

While the degradation mechanisms for many chlorinated solvents have been elucidated, little 

is known regarding the origins of the genes responsible for the degradation pathway. This 

issue will be discussed in the following bibliography. The study of new chlorinated compound 

degradation pathways will not be discussed in this thesis. The first part of the bibliography 

will focus on the adaptation mechanisms developed by bacteria to respond to environmental 

stresses. Horizontal and vertical evolutionary mechanisms will be described as diversity 

generating processes. This first part of the bibliography will be illustrated with a few 

examples of chlorinated compound degradation pathway construction through the shuffling of 

different existing genes. However, the origin of the genes responsible for the degradation 

pathway still remains unknown. The second part of the bibliography will focus on possible 

origins of the genes responsible for the first steps of chlorinated compound degradation, 

those encoding for the dehalogenases, which perform the dechlorination or chlorine removal 

step. There are two hypotheses regarding the origin of these genes. According to Janssen et 

al. (2005), these genes could come from an ancestor gene precursor, functional or cryptic, 

whose mutation has resulted in the catabolic gene. This functional gene could then be 

dispersed by horizontal transfer in the bacterial community with the subsequent selection 

exerted by the presence of the pollutant. Another hypothesis suggests the de novo 

generation of a gene by mixing several molecular fragments of DNA of distinct origins, or 
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gene shuffling (Boubakri et al., 2006). This new functional gene, constructed by successive 

horizontal transfers (Matic et al., 2004) may be dispersed within the community and fixed in 

the most suitable bacteria (Boubakri et al., 2006). 

 

Figure 2: Proposed aerobic degradation pathway of !-hexachlorocyclohexane by 

Sphingomonas japonicum UT26 (formerly Sphingomonas paucimobilis UT26). 

Taken from Nagata et al., (1999).  

HCH: hexachlorocyclohexane, PCCH: pentachlorocyclohexene, 1,4-TCDN: 1,3,4,6-

tetrachloro-1,4-cyclohexadiene, 1,2,4-TCB: 1,2,4-trichlorobenzene, 2,4,5-DNOL: 2,4,5-

trichloro-2,5-cyclohexadiene-1-ol, 2,5-DCP: 2,5-dichlorophenol, 2,5-DDOL: 2,5-dichloro-2,5-

cyclohexadiene-1,4-diol, 2,5-DCHQ: 2,5-dichlorohydroquinone, CHQ: chlorohydroquinone, 

HQ: hydroquinone, HMSA: hydroxymuconic semialdehyde, GSH: reduced glutathione, LinA: 

c-HCH dehydrochlorinase, LinB: 1,4-TCDN halidohydrolase, LinC: 2,5-DDOL 

dehydrogenase, LinD: 2,5-DCHQ reductive dehalogenase, LinE: CHQ dioxygenase.  
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Figure 3: Proposed anaerobic degradation pathway of !-hexachlorocyclohexane 

(HCH), and conversion of ", #, and !-isomers to chlorobenzene. 

Taken from Phillips et al., 2005. 

Formation of tetrachlorocyclohexene from ! and !-isomers was reported for Clostridium sp. 

Conversion of !-hexachlorocyclohexane to chlorobenzene was reported for cell extracts of 

Clostridium rectum and conversion of !-hexachlorocyclohexane to tetrachlorocyclohexene 

and benzene, in anaerobic sewage sludge. 

HCH: hexachlorocyclohexane, TCCH: tetrachlorocyclohexene, 1,3- DCDN: 5,6-dichloro-1,3-

cyclohexadiene, MCB: monochlorobenzene. 

 

The second chapter of the thesis consists of an experimental exploration of the gene 

shuffling hypothesis presented in the bibliography.  In order to identify the origins of 

dehalogenase genes and speculate about their evolutionary pathway, a bioinformatics study 

was conducted on all characterized dehalogenases by comparing not only the protein and 

nucleic acid sequences of these enzymes with those of the NCBI database, but also by 

comparing the sequences of the dehalogenases with each other. This bioinformatics study 

provided results that could support possible origins of the dehalogenases. This concept was 

explored using an experimental approach based on in vitro and in vivo shuffling techniques 

to simulate the evolutionary process.  

The next step was to examine bacterial community structure in relation to the compound 

degradation using the reductive dechlorination of tetrachloroethylene. The third chapter 

shows the use of molecular biology tools, specifically phylochip microarrays, to examine 

bacterial community structure from the moment of pollutant introduction to the environment 

and during bioremediation. The first part of the study uses phylogenic microarrays to 

evaluate the impact of trichloroethene (TCE) on the bacterial community structure. The 
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second part of this chapter looks at the community structure during the bioremediation of 

PCE (which passes through TCE). In order to elucidate the metabolic functions, which 

correlate to the PCE degradation, phylogenetic results were compared with functional genes 

in the microcosms studied. This study evaluated the impact of the bacteria which could either 

help or hinder the PCE degrader via production of or competition for the source of electrons.  

 

The last step of this global study on chlorinated compound degradation genes was to link the 

microbial community structure kinetics with the chemical degradation kinetics. In order to 

evaluate the molecular biological parameters of the microbial community, all the genes 

known to be involved in the entire pathway of PCE reductive dechlorination were quantified. 

Due to the difficulty in cultivating the bacteria responsible for the reductive dechlorination of 

PCE, a technique for the construction of molecular biology standards for quantitative PCR 

was developed. The quantitative PCR (qPCR) of the dehalogenases acting on PCE was 

performed. The aim of this study was to correlate the microbial kinetics measured by qPCR 

with the chemicals monitored in situ, thus improving the PCE degradation site description. 

Finally, the last part of this chapter shows the correlation between the community structure 

and the functional gene quantification during PCE degradation using microcosms amended 

with different organic substrates. This global study, incorporating chemical monitoring, 

dehalogenase quantification and microbial community structure, produced correlations 

between the environmental conditions necessary for dechlorination and the microbial 

community associated with dehalogenase expression.  

 

In summary, this thesis concerns the bacterial adaptation to the chlorinated compounds at 

both the gene level and the microbial community level. Both the mechanisms implemented 

by the bacteria to degrade this compound pollutant and the bacterial community structure 

during the pollutant degradation were addressed. Improving the understanding of these two 

steps in bacterial adaption can contribute to the understanding of bacterial and 

environmental cleanup capabilities. This thesis is organized in the form of scientific articles 

and some of them have already been submitted. Thus, several repetitions might exist in 

particular between the different introductions. The bibliographic reference of each article is 

found at the end of the article and all of the bibliographic references used in the thesis are 

listed at the end of the document.  
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 Bacterial Adaptation to Chlorinated 
Compounds: a review of 

dehalogenases, their genetic 
environment and possible origins 

 

Maude M. David and Timothy M. Vogel 

 

Abstract: 

Bacteria have been evolving on our planet for over 3.8 billion years and have, thus, 

acquired an impressive physiological diversity. This diversity results from their genetic 

diversity and their diverse ecosystems. The first part of the bibliography will focus on the 

adaptation mechanisms developed by bacteria to respond to environmental stresses. Two 

types of mechanisms might have been responsible for this genetic diversity. The first 

represents all the intercellular transfer and incorporation of exogenous DNA, and its 

subsequent integration (except for nonintegrative plasmids) and expression. The second 

type of mechanisms is intracellular and results from DNA duplications, mutations and 

genomic rearrangements and is also dependent, in some cases, on recombination. The 

relatively recent addition of xenobiotic compounds, such as highly chlorinated compounds, 

into the environment has provided novel environmental pressure for bacterial adaptation, and 

thus, is an excellent model for the study of bacterial adaptation and evolution. While the 

degradation mechanisms for many chlorinated solvents have been elucidated, little is known 

regarding the origins of the genes responsible for their degradation pathway. The second 

part of the bibliography will focus on possible origins of the genes responsible for the first 

steps of chlorinated compound degradation, those encoding for the dehalogenases, which 

perform the dechlorination or chlorine removal step. There are at least two hypotheses 

regarding the origin of these genes. According to Janssen et al. (2005), these genes could 

come from an ancestor gene precursor, functional or cryptic, whose mutation has resulted in 

the catabolic gene. This functional gene could then be dispersed by horizontal transfer in the 

bacterial community with the subsequent selection exerted by the presence of the pollutant. 

Another hypothesis suggests the de novo generation of a gene by mixing several molecular 

fragments of DNA of distinct origins, or gene shuffling (Boubakri et al., 2006). This new 

functional gene, constructed by successive horizontal transfers (Matic et al., 2004) may be 

dispersed within the community and subsequently fixed in the most suitable bacteria 

(Boubakri et al., 2006). 
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1. Introduction 
 

Prokaryotes first appeared about 3.8 billons years ago, and acquired an impressive 

physiology diversity that allowed them to colonize a diversity of ecosystems. This physiologic 

diversity is mainly due to genetic diversity, resulting from the genomic plasticity of these 

organisms. Different mechanisms are responsible for DNA sequences evolving to a 

functional gene retained by the microorganism in response to new selective pressure. 

Several recent genomic studies have shown that this exceptional bacterial adaptative 

potential is directly link to genome characteristics that evolve due to two mechanisms: 

vertical and horizontal (Arber, 2000). First, during the vertical process, local sequence 

changes occur in the DNA molecule. These intracellular events can a lead to genomic 

rearrangements by DNA recombination inside the cell: homologous, site specific, or 

mediated by transposons (Arber, 2000). Second, the horizontal transfer of genetic 

information, which is the intercellular exchange of DNA, by transduction, conjugation, or 

active or passive transformation. These processes, if they are following by a incorporation of 

the DNA in the cell, are responsible for the integration of foreign DNA into the cell (Frost et 

al., 2005). All of these processes, because they enhance the genetic diversity, provide a 

means for bacteria to respond to environmental perturbations or to adapt to new ecosystems. 

 

Genomic evolution has been extensively studied, both at the experimental level and by the 

bioinformatics analysis of entire genomes. Nakamura et al.,(2004) described, for example, a 

bioinformatics method for the detection of gene exchange on numerous genomes and even 

for the definition of the gene’s original taxon source. But such studies include several limits; 

they can nether precisely date these events, nor determine the environmental conditions that 

prevailed at the time when the genes were acquired and fixed in the population. These 

limitations emphasize the need to use models to study the evolution on a known (even real 

time) time scale. 

 

A group of compounds that provide insights into bacterial adaptation under more recent time 

scales are those which are highly chlorinated due to their chemical synthesis over the last 

hundred years. For example, lindane, or gamma-hexachlorocyclohexane, was synthesized 

because of its pesticide properties and introduced into the environment in the beginning of 

the 1940's (Dogra et al., 2004). Such compounds constitute a selective advantage for the 

microorganisms able to utilize them for energy (either as electron donors or acceptors), or as 

a carbon source. The study of bacterial adaptation to these compounds constitutes an 

interesting recent adaptation model because of the relatively short adaptation time scale 

(Poelarends et al., 2000). Indeed, they have already helped to clarify several mechanisms 
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responsible for the mobilization of functional genes during the construction of new 

degradation pathways. However, if most of the processes for the implementation of catabolic 

pathways are clarified (Janssen et al., 2005), we do not have much information on the origin 

of genes that encode for these enzymes and the degree of divergence of the sequences 

obtained during their evolution. 

 

Our work focused on the dehalogenases, enzymes that carry out the first stages of 

degradation of chlorinated molecules, for which two hypotheses have been advanced 

regarding the origin of their gene. According to Janssen et al, 2005, these genes could come 

from an ancestor gene precursor, functional or cryptic, from which a short evolution has 

yielded the catabolic gene. For example, a phase shift of the reading level of a sequence that 

provides internal repetitions could lead to the development of a functional catabolic gene. 

The functional gene could then be spread by horizontal transfer in bacterial community, the 

selection exerted by the presence of the pollutant helping to fix it within one or several 

populations. The second hypothesis suggests the transfer of genetic information between 

bacteria for the de novo generation of a gene by mixing fragments of DNA of different origins 

(Boubakri et al., 2006). This new functional gene, constructed by several successive 

horizontal transfers (Matic et al., 2004) can retain the capability to be dispersed within the 

community and be fixed in the best-adapted bacteria (Boubakri et al., 2006).  

 

This review focuses on the potential mechanisms involved dehalogenase evolution. First, the 

different adaptation mechanisms involved in bacterial response to environmental 

perturbations will be described. Then, the mobile genetic elements found near 

dehalogenases based on our review of all of the sequences of the non putative 

dehalogenases from the NCBI database will be explored as well as their role in the 

implementation of several chlorinated compounds degradation pathways. After which, the 

relative position of the dehalogenases in phylogenic trees will be exploited in order to cluster 

them in relationship with their catalytic mechanisms and the rrs gene of each known bacteria 

containing a dehalogenase. Finally, the possible mosaic structure of these genes will be 

explored by searching common motifs inside the retrieved dehalogenase sequences and 

comparing the relevant motifs in a phylogenic study to highlight the possible origin of 

dehalogenases. 
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2. Adaptation mechanism and dehalogenases 

2.1. Overview :  

The evolutionary process of intercellular (or horizontal) DNA transfer involves the exchange 

of DNA (i.e. the transfer of DNA between two organisms). DNA transfer is generally thought 

to be accomplished by one of three mechanisms: conjugation, transformation and 

transduction (Frost et al., 2005). These mechanisms define the genetic resource to be 

mobilized, and the mechanism for its introduction into a cell receptor. Except in the case of 

self-replication of certain plasmids, the DNA must be incorporated into the chromosome after 

entering the cell to influence the genomic evolution of bacteria. 

  

Conjugation is a mechanism used by genetic elements that also transfer themselves. These 

can be extrachromosomal conjugative elements, such as plasmids, or inserted in the 

chromosome, such as integrative conjugation elements (ICE) (Burrus et al., 2002). 

Conjugation has several characteristics that may affect the nature of the transferred DNA. 

First, it requires physical contact between the two organisms: the transferred DNA can only 

come from organisms that live in the same ecological niche. In addition, the size of the DNA 

transferred varies from a few hundred nucleotides to over 250 kb (e.g., plasmid of 

Rhizobium). Such fragments will allow the recipient bacteria to acquire several genes in a 

single step sufficient in some cases for the acquisition of an entire degradation pathway, thus 

immediately conferring a selective advantage if the target substrate is present in the 

environment (Battista et al., 2004). Finally, conjugation can lead to horizontal transfer of DNA 

fragments that are not “conjugable” (Davison, 1999) by the mobilization of sequences that do 

not contain the genetic material indispensable for the conjugation, and thus, this leads to the 

extension of intercellular exchange to a larger part of the genome. But there are limits to this 

type of transfer. Indeed, plasmids are host-spectrum-regulated: some can be receive by 

many microorganisms, while others are confined to a single species. This host specificity 

limits the spread of plasmids by conjugation, and therefore, limits the spread of the functional 

genes (and their functions) they carry. In addition, some plasmids are not compatible in the 

same cell, which further reduces the number of potential host, and therefore, the number of 

cells potentially receiving exogenous DNA. 

 

Transduction is a DNA transfer mediated by bacteriophages. The biosphere contains over 

1031 phage particles, or ten times more than bacteria, and the prophage DNA represents 

10% of the genomic DNA in bacteria (Brussow & Hendrix, 2002). Therefore, although the 

frequency of transduction is relatively low (between 10-5 and 10-8) (Weinbauer & 

Rassoulzadegan, 2004), the impact of transduction on the dynamics of bacterial genomes 



17 

 

should not be ignorant. In addition, bacteriophages can package DNA fragments of 50 to 

100kb of their host genome in their capsid and inject it into a new host (Davison, 1999). This 

process allows the new host bacterium to acquire a fragment of DNA large enough to contain 

several genes. Finally, bacteriophages are relatively stable due to the generally environment-

resistance of their capsid structures and can spread into the environment (Davison, 1999). 

This process leads to the transfer of DNA between two cells (bacteriophage hosts) that have 

never been in contact. 

 

The natural transformation is the active incorporation of free extracellular DNA (De Vries et 

al., 2001) by competent bacteria. The state of competence is either constitutive or induced 

during exponential growth, or in some cases, during the stationary phase (Davison, 1999). 

This competence is generally associated with genes (e.g;, com genes) that code for the 

membrane proteins instrumental in the uptake of a single strand of DNA. In addition, some 

transformation can be induced under specific natural chemical or physical conditions for 

bacteria that do not contain competence genes. Baur et al. (1996) made induced 

transformation in E.coli cells by adding calcium concentrations comparable to those of river 

waters. Cérémonie et al. (2004) have also induced transformation in indigenous 

Pseudomonas sp. in soil by using an electric current generated by laboratory-scale lightning. 

Thus, both natural transformation with competence coded genes and chemical or physically 

induced transformation can lead to the acquisition of exogenous DNA. This exogenous 

(“free”) DNA can be released into the environment from lysed bacteria. Several studies 

suggest that free DNA can be stored in the soil. For example, Davison (1999) proposed that 

the resistance of DNA to DNases increases by a factor of 1000 when adsorbed to particles of 

sand or clay. This mechanism would lead to the exchange of DNA between cells that have 

never been in contact and possible never have co-existed at the same time in the 

ecosystem. 

 

The intracellular mechanisms (or vertical) can introduce changes in the DNA sequence, 

causing local DNA sequence variations, by deletion, insertion or substitution, or 

rearrangement of a DNA segment as part of genomic recombination (Arber, 2000). The 

punctual mutations are an inevitable consequence of imperfections in the process of 

replication and DNA repair (Radman et al., 2000). DNA polymerase, although it has a 

proofreading activity, can introduce errors in the DNA sequence. For example, the 

polymerase III of Escherichia coli has an error rate of 10-7 (Kunkel & Bebenek, 2000). There 

are endogenous sources of DNA alteration, such as the decomposition of DNA; and there 

are exogenous sources, such as temperature effects, which can disrupt replication (Battista 

et al., 2004).  
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Recombination can induce the rearrangement of tmhe DNA strand by homologous 

recombination or by non-homologous exchange of DNA fragments. Homologous 

recombination occurs between two DNA sequences with similar sequences. It is a 

mechanism that the cell uses under natural conditions when other systems of DNA repair are 

no longer sufficient to restore replication. Homologous recombination requires the Rec A 

protein and the protein Rec BCD (Michel et al., 2004). The existence of sequences (chi) from 

5 to 11 bp, from where the strand exchange and recombination begins has been 

demonstrated (Tracy et al., 1997). These chi sequences are hot spots of recombination and 

thus enhance homologous recombination events. This process leads to the inclusion of 

thousands of nucleotides on average and is often accompanied by the deletion of the 

corresponding quantity of DNA in the cell receptor genome (De Vries et al., 2001). These 

recombinations result in genomic rearrangements that provoke deletions and/or insertions in 

endogenous sequences. In addition, fragments of exogenous DNA can also be the substrate 

of these recombinations if they have an adequate level of homology. Homeologous 

recombination refers to the integration of DNA that does not have long segments of 

homologous sequences, but undergo similar recombination as the homologous 

recombination. The analysis of these fragments revealed that the integrated foreign 

sequence must have at least one end of short sequences of 3 to 8 bp identical to the 

endogenous DNA that would serve to "anchor" to facilitate this “illegitimate” recombination, 

and the other side of the same sequence at least 183 bp homology is required (De Vries et 

al., 2001). Thus, a mechanism involved in maintaining genomic integrity of the cell can play a 

fundamental role in creating genetic diversity (Battista et al., 2004). This remodeling can 

combine different functional areas that can serve as a substrate for future evolution (Arber, 

2000).  

 

Non-homologous recombination is a generic term that combines genetic rearrangements 

with the common feature of not requiring homologous zones in the receiving genome. This 

mechanism allows the integration of fragments that carry the enzymes responsible for their 

own recombination. It can be divided into two classes: the site-specific recombination and 

transposition induced recombination. Site-specific recombination is performed by the 

recombinases. DNA integrated in this way requires only a short similar DNA sequence (e.g., 

18pb for the clc element (Van der Meer & Sentchilo, 2003), leading to the incorporation of 

DNA from different taxons from the recipient bacterium via the recombinase: the integrase 

intB13. The transposition is carried out by transposases. These enzymes can in most cases 

integration of random fragments of DNA into the genome in the absence of sequence 

similarity with the cell receptor (Battista et al., 2004). 
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These two mechanisms allow internal remodeling of the genome. Recombination is the final 

stage of integration of horizontally-acquired DNA fragments. These mechanisms of non-

homologous recombination can lead to the incorporation of divergent sequences compared 

to the genome of the recipient bacterium. Through these mechanisms, genetic elements can 

slip past specific barriers that attempt to preclude their integration. These genetic elements 

can be grouped under the name of mobile genetic elements (MGEs). These mechanisms of 

non-homologous recombination contribute to the dispersal of genes within the bacterial 

community. Among the MGEs, insertion sequences (IS) often play an important role. They 

are composed of two inverted repeat terminal sequences that frame a fragment of DNA 

encoding a transposase (Battista et al., 2004). The IS can influence the evolution of the 

genome because they can integrate randomly, but also because they provide several sites of 

sequence homologies in the DNA molecule (Arber, 2000): therefore they promote 

recombination both directly and indirectly. In addition, the IS seems to play a role in the 

recruitment of genes during the various exchanges between replicons (Top and Springael, 

2003) as shown by the study of the clc element (Van der Meer & Sentchilo, 2003). The 

potential importance of these mechanisms will be discussed later in the context of bacterial 

adaptation to chlorinated compounds. 

2.2. Chlorinated compound degradation pathway evolution 

The implication of the different mechanisms developed previously in the evolution of the 

chlorinated compounds degradation pathway, and the dehalogenases themselves has 

already been studied in several cases.  

  

In an example of potential importance of punctual mutations, Pries et al., (1994) found that 

the change of one nucleotide at the active site changed the substrate specificity of an 

haloalkane dehydrogenase which catalyzed the first step of the degradation of 1,2-

dichloroethane and after the mutation degraded 1-chlorohexane. The number of examples of 

this type are, however, somewhat limited. The majority of examples of adaptation to 

chlorinated compounds involve larger changes in gene sequences or gene transfer. 

 

Examples of the importance of homologous and heterologous recombination, which can 

lead to genomic rearrangement and gene duplication (Arber, 2000) have been proposed for 

bacteria able to use chlorinated compounds as carbon and energy sources, or electron 

acceptors. One such example, Dehalococcoides ethenogenes 195 and Dehalococcoides sp. 

CBDB1 share a high degree of genomic similarity in housekeeping genes. The complete 

1,469,720 bp genome of strain 195 revealed 17 potential genes that appeared homologous 
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to genes encoding biochemically purified reductive dehalogenases (Kube et al., 2005). On 

the other hand, 32 putative reductive dehalogenase genes were identified in the complete 

1,395,502 bp genome of strain CBDB1. This strain CBDB1 shows three regions contain large 

putative integrated elements that are characterized by exceptional di- and trinucleotide 

composition deviation from the average GC content found across the entire genome and/or 

the occurrence of genes often associated with mobile elements (Kube et al., 2005). The 

presence of eight rdhAB (dehalogenase gene) pairs in presumed mobile elements 

corroborates hypotheses developed from data on other organisms that suggest mobile 

elements played an important role in the evolution of rdh gene. However, other rdh genes in 

the genome of strain CBDB1 that are absent from the genome of strain 195 are located in 

regions without clear indications of mobile elements. Several rdh genes in this region seem 

to originate from recent duplication events as they show noticeable high sequence similarity 

to each other (Kube et al., 2005) showing the potential role of this recombination phenomena 

in development of the dehalogenating capability. 

 

The non-homologous recombination, as described in the strain CBDB1, seems to be often 

associated with the dehalogenases. Indeed, several integrative elements have been 

described and characterized. First, by examining the annotated genome of the bacterium 

able to degrade the chlorinated compound, several putative integrative elements were 

observed. We already describe the three regions containing large putative integrated 

elements and such elements were found in all of the genomes in bacteria able to degrade 

chlorinated ethenes. Sehsadri et al., (2005) describe that in the species Dehalococcoides 

ethenogenes strain 195, all intact reductive dehalogenase (RD) genes are found in close 

proximity to genes for transcription regulators, particularly two-component signal transduction 

systems (TCSs), which suggests stringent regulation of RD activity. The RD genes with no 

proximal TCS are located within putative integrated regions. A 22-kb integrated element (IE), 

which contains phage-like genes and is flanked by putative attachment (att) sites, occurs in 

at least three copies as a tandem duplication and in a distal copy. For example, four of the 

putative IEs, which have atypical trinucleotide composition and encode site- specific 

recombinases, contain RD genes. This suggests their recent acquisition (or perhaps 

consignment for dissemination). The gene that encodes TceA-RD, which essentially defines  

this organism ability to dechlorinate chloroethenes past DCE (Sehsadri et al., 2005), is 

located in an IE. 

 

Another example of the importance of mobile elements is the clc element. The clc element is 

an example of integrative conjugative element (ICE) (105 kb), which encodes for genes for 
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the degradation of 3-chlorocatechol, 3-chlorobenzoate, 4-chlorocathéchol and aminophenol 

(van der Meer & Sentchilo, 2003). 
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This element highlights the role of the genetic mobile element in the evolution of the 

degradation pathway of chlorobenzene. Müller et al. (2003) isolated two strains of Ralstonia, 

strain JS745, which degrades toluene, and strain JS705, which catabolizes chlorobenzene, 

from the same soil contaminated with chlorobenzene. The genome of strain JS705 shows a 

mosaic structure: it is an ICE very similar to the clc element described above in which a 

fragment of 5kb and a duplication of clcA and clcR genes were inserted (Figure 1a and 1b). 

Yet, this 5kb fragment has a 100% similarity with the genome of strain JS745, is flanked by a 

one complete and one incomplete IS. In addition, this strain does not contain the clc element. 

The 5kb fragment contains the mcb genes responsible for the initial attack on the aromatic 

ring of chlorobenzene. These sequence analysis highlight the role of IS in the mobilization of 

genes between the strain JS745 and strain JS705. This suggests that a series of events, 

probably an insertion (of two IS flanking the mcb gene region), duplication (of the region 

clcR-A), and a deletion (of a share of the IS) lead to the formation of a metabolic pathway 

through the activity of IS and ICE in strain JS705. This example shows how the evolution of a 

metabolic pathway can be obtained under natural conditions in just a few steps. 

2.3. Mobile genetic elements associated with the dehalogenase 

In order to give an overview of the mobile genetic elements associated with the 

dehalogenase, we retrieved all the non putative dehalogenase sequences from the database 

with their nearby mobile genetic elements when possible. Table 1 shows the name of the 

gene of each dehalogenase, the name of the enzyme, the name of the bacterial taxon which 

carries this gene, the mobile genetic element associated and the catalytic class of the 

dehalogenase according to the description of Janssen et al., (1994). Some insertion 

sequences have already been well characterized and are briefly described below. 
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 IS1354_IS1355_IS1357 associated with dcm genes  

The gene dcm is flanked by a composite mobile genetic element: IS1354, IS1355, and by a 

truncated element IS1357 (Figure 2). IS1354 is extended over 1431 bp and carried 48 bp 

imperfect terminal inverted repeats, which were flanked by 8 bp direct repeats. IS1355 was 

975 bp in length and had 9 and 10 bp terminal inverted repeats. IS 1357 appeared to be an 

incomplete insertion sequence; it may have been truncated by the insertion of IS1355 into 

IS1357. The inability to identify the ends of IS1357 would be consistent with such an 

insertion event. (Schmid-Appert et al., 1997). In order to test the presence of this mobile 

genetic element among the facultative methylotrophic bacteria able to utilize the 

dichloromethane as an energy and carbon source, their distribution was tested by 

hybridization analysis (Schmid-Appert et al., 1997). Among the bacteria tested, the 

accumulation of insertion sequences was observed in the gene region involved in DCM 

degradation and in some different configurations than that described previously. Figure 3 

shows the genetic organization in the different strains. In strains DM2 and DM13 extra 

copies of these elements were present and the weak additional hybridization signals 

observed with the IS2355-specific probe of the total DNA of strains DM2, DM4, DM13 and 

the GJ21 sequence highlight that the strains DM1, DM3, DM6, DM9 and DM10 contain two 

copies of the dcm region. However, they could not obtain any transconjugants using a 

suicide vector, which indicates the inability of the dcm region to transpose under the 

experimental conditions. (Schmid-Appert et al., 1997). 

 
 
Figure 2: Organization of the dcmA gene flanked by insertion sequence IS 1354, 

IS1355 and IS1357 in Methylobacterium extorquens strain DM4. 

Taken from Schmidt- Appert et al., 1997 

 

Figure 2 : Organization of the dcmA gene flanked by insertion sequences IS 1354, 

IS1355 and IS1357 in Methylobacterium extorquens strain DM4. 

Taken from Schmid-Appert et al., 1997. 
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Figure3: Organization of the insertion sequences near the dcmA genes in different 

methylotrophs able to utilize dichloromethane as a energy and carbon source. 

The name of the strains correspond respectively to:  

Methylobacterium sp. DM4  

Hyphomicrobium sp. G 521  

Hyphomicrobium sp. DM2  

Methylophilus sp. DMll  

Pseudomonas sp. DM1  

Methylorhabdus muftivorans DM13  

Unidentified methylotrophs strains DM3, DM5-10. 

 

 

 

 

Figure 3 :Organization of the insertion sequences at the proximity of the dcmA genes 

from different methylotrophs able to utilize dichloromethane as energy and carbone 

source. 

Taken from Schmid-Appert et al., 1997 

The names of the strains correspond respectively to :  

Methylobacterium sp. DM4  

Hyphomicrobium sp. G 521  

Hyphomicrobium sp. DM2  

Methylophilus sp. DMll  

Pseudomonas sp. DM1  

Methylorhabdus muftivorans DM13  

Unidentified methylotrophs strains DM3, DM5-10. 
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IS6100 association with lin genes 

IS6100 is a part of the composite transposon Tn610, which is an insertion sequence 

classified in the IS6 family and initially found in Mycobacterium fortuitum (Martin et al., 1990). 

The lin genes responsible for the degradation of hexachlorocycloheaxne isomers (Figure 4) 

are present in the 3 bacteria Sphingobium strains: S. japonicum strain UT26, S. indicum 

strain B90, and S. francense strain Sp+, and in Rhodanobacter lindaniclasticus, and 

Xanthomonas sp. strain  MM, also. Dogra et al. (2004) described the organization of lin 

genes and the IS6100. They found by hybridization at least 11 copies of the IS6100 in copies 

of the IS6100 in S. indicum strain B90, and 5 copies in S. japonicum strain UT26. In addition 

there at least 9 copies of the IS6100 in S. francense strain Sp+ (Berger al., in preparation). 

The sequencing of each IS6100 in S. indicum strain B90 (Dogra et al., 2004) and in S. 

francense strain Sp+ (Berger et al., in preparation) shows a complete sequence identity to 

IS6100 of Mycobacterium fortuitum. IS6100 was found at the proximity of linA, linB, linC and 

linD genes. The presence of IS6100 in distantly related bacterial species, ranging from M. 

fortuitum to S. paucimobilis, further suggests that IS6100 elements have a broad host range.  

The authors highlight the genetic structures of the lin genes in the different S. paucimobilis 

strains (currently named 3 Sphingobium strains: S. japonicum strain UT26, S. indicum strain 

B90, and S. francense strain Sp+) are a remarkable example of rearrangements and 

pathway evolution, although the implications of the rearrangements in the different strains 

are not fully understood. They interesting explain that data obtained in their work 

demonstrated that strains B90 contains two copies of the linA gene, whereas both Sp+ and 

UT26 carry only one copy. Although the exact specificity differences between linA1 and linA2 

have not been unequivocally determined, the fact remains that strains B90 can (partially) 

degrade beta-HCH, whereas Sp+ and UT26 cannot. In addition, there were striking 

differences in the organization of the linA gene as a result of the replacement of portions of 

the DNA sequences by IS6100, thus giving the linA gene mosaic configuration.  
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Figure 4: Hexachlorocyclohexane isomers degradation pathway in Sphingobium 

japonicum (formely named Sphingomonas paucimobilis UT26). 

Taken from Dogra et al., 2004. 

HCH: hexachlorocyclohexane, PCCH: pentachlorocyclohexene, 1,4-TCDN: 1,3,4,6-

tetrachloro-1,4-cyclohexadiene, 1,2,4-TCB: 1,2,4-trichlorobenzene, 2,4,5-DNOL: 2,4,5-

trichloro-2,5-cyclohexadiene-1-ol, 2,5-DCP: 2,5-dichlorophenol, 2,5-DDOL: 2,5-dichloro- 2,5-

cyclohexadiene-1,4-diol, 2,5-DCHQ: 2,5-dichlorohydroquinone, CHQ: chlorohydroquinone, 

HQ: hydroquinone, HMSA: hydroxymuconic semialdehyde, GSH: reduced glutathione, LinA: 

c-HCH dehydrochlorinase, LinB: 1,4-TCDN halidohydrolase, LinC: 2,5-DDOL 

dehydrogenase, LinD: 2,5-DCHQ reductive dehalogenase, LinE: CHQ dioxygenase 

 

!

Figure 4 : Hexachlorocyclohexane isomers degradation pathway by by Sphingomonas 

paucimobilis UT26 

Taken from Dogra et al., 1999  

HCH: hexachlorocyclohexane, PCCH: pentachlorocyclohexene, 1,4-TCDN: 1,3,4,6-

tetrachloro-1,4-cyclohexadiene, 1,2,4-TCB: 1,2,4-trichlorobenzene, 2,4,5-DNOL: 2,4,5-

trichloro-2,5-cyclohexadiene-1-ol, 2,5-DCP: 2,5-dichlorophenol, 2,5-DDOL: 2,5-dichloro- 2,5-

cyclohexadiene-1,4-diol, 2,5-DCHQ: 2,5-dichlorohydroquinone, CHQ: chlorohydroquinone, 

HQ: hydroquinone, HMSA: hydroxymuconic semialdehyde, GSH: reduced glutathione, LinA: 

c-HCH dehydrochlorinase, LinB: 1,4-TCDN halidohydrolase, LinC: 2,5-DDOL 

dehydrogenase, LinD: 2,5-DCHQ reductive dehalogenase, LinE: CHQ dioxygenase.  

. 
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 IS1071 

The Delftia acidovorans strain B shows a very complicated structure of transposon : TnHad2, 

carrying TnHad1, a truncated version of IS1071, and three IRs (Figure 5). The dehH2 gene 

was carried on an 8.9-kb class I composite transposon (TnHad1) that was flanked by two 

directly repeated copies of IS1071, IS1071L and IS1071R. The dehH1 gene was also flanked 

by IS1071L and a truncated version of IS1071 (IS1071N). TnHad1, dehH1, and IS1071N 

were located on a 15.6-kb class II transposon (TnHad2). TnHad2 was defective in 

transposition because of its lacking the transposase and resolvase genes. Despite lacking 

the tnpA and tnpR genes, TnHad2 had the common features of the Tn21-related 

transposons. Such structure suggests that there might have been several steps of unknown 

recombination events to give rise to the present structure of TnHad2 

The gene dhaA from Pseudomonas pavonaceae strain 170 involved in the degradation of 1,3 

dichloropropene presents the insertion sequence ( IS) IS1071 (Poelarends et al., 2000). 

Poelarends et al., (2000) emphasized that the gene dhaA shows high similarity between 

Rhodococcus erythropolis strain NCIMB 13064 (formerly Rhodococcus rhodochrous 

NCIMB13064) (degradation of 1,2-dibromoethane), and Pseudomonas pavonaceae 170, and 

Mycobacterium sp. strain GP1 (degradation of 1-chlorobutane) which are flanked by other 

ISs and integrases (Figure 6). As show in the figure 6, the dhaA gene is preceded by the 

integrase intM in the Mycobacterium sp. strain GP1, and by the IS2112 in the Rhodococcus 

erythropolis strain NCIMB 13064. Rhodococcus erythropolis strain NCIMB 13064 contains a 

second copy of the IS2112, which is an iso-IS2112 sequence containing 23 nucleotide 

substitutions. The authors insist on the probable role of this genetic mobile element in the 

actual configuration of the dhaA gene region. They analyzed the DNA regions flanking the 

dhaA gene in these three haloalkane-utilizing strains. The results suggest that the haloalkane 

dehalogenase gene regions of strains 170 and GP1 originate from a 1-chlorobutane 

catabolic gene cluster similar to the one that is present on plasmid pRTL1 in strain 

NCIMB13064. Horizontal gene transfer and integrase-dependent acquisition of existing DNA 

fragments harboring the dhaA gene were probably the key steps during the evolution of 1,3-

dichloropropene and 1,2-dibromoethane-degradative pathways. 
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Figure 5  Organization of the IS1071 carrying the dehalogenases DehH2 and DehH1.  

Taken from Sota et al., 2002 

Symbols:  - open triangle, 37- or 38-bp IR 

- black triangle, 110-bp IR of IS1071 

- circle, res-like sequence. 

 
 

IS2112_IS1247 
The Is 2112 element was found in the Rhodococcus erythropolis strain NCIMB 13064 as 

described before and in different strains of Rodococci, also. Poelarends et al. (2000) found 

by using southern hybridization the catabolic gene clusters in Rhodococcus erythropolis 

strain TB2, Rhodococcus erythropolis strain m15-3, Rhodococcus erythropolis strain HA1, 

Rhodococcus erythropolis strain Y2, and Rhodococcus erythropolis strain GJ70. They 

showed that the haloalkane dehalogenase gene regions are composed of a single catabolic 

gene cluster distributed worldwide. The high degree of sequence similarity, the conservation 

of gene order, and the absence of inserted or deleted ORFs within this gene cluster in all 

strains suggest that the distribution process occurred recently, possibly as the result of the 

widespread use of synthetic haloalkanes in industry and agriculture. The data also suggest 

that transfer of the haloalkane catabolic gene cluster has occurred over large geographical 

distances, which is difficult to interpret without invoking long-distance distribution 

mechanisms for microorganisms 

 

The IS1247 is associated with the dhlA genes of two bacteria: Xanthobacter autotrophicus 

GJ10 (Van der Ploeg et al., 1995) and Xanthobacter flavus strain UE15 (Song et al., 2004), 

and is identical to IS2112. Song et al., (2004) compared the sequence and the localization of 

the transposase of this strain in the two strains, and observed that the transposase is close 

to the dhlA in Xanthobacter flavus strain UE15, and dhlB in the strain Xanthobacter 

autotrophicus GJ10. Interestingly, Van der Ploeg et al., (1995) observed the role of the 

IS1247 in the adaptation mechanism to bromo-substituted compounds. Indeed, Xanthobacter 

autotrophicus GJ10 was isolated on 1,2-dichloroethane as the sole carbon and energy 

source and is able to grow on a variety of short-chain halogenated aliphatic compounds. Not 

all of the compounds that are converted by the two dehalogenases of X. autotrophicus GJ10 
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(DhlA and DhlB) are growth substrates (Keuning et al., 1985). The brominated compounds, 

1,2-dibromoethane, 2-bromoethanol, and bromoacetic acid (monobromoacetate (MBA)) do 

not support growth, although the enzymes necessary for their conversion to glycolate seem 

to be present. There may be different reasons for this: a lack of uptake of the substrates into 

the cell; or substrates and/or intermediates produced during degradation may be toxic. There 

is no indication for the requirement of an active uptake system for 1,2-dibromoethane or 2-

bromoethanol.  

 

Figure 6: Organization of the haloalkane gene regions of Rhodococcus rhodochrous 

NCIMB13064, Pseudomonas pavonaceae 170, and Mycobacterium sp. strain. GP1, in 

comparison with the degradation pathway of each strain. 

Taken from Poelarends et al., 2000 

 
Figure 6 : Organization of the haloalkane gene regions of Rhodococcus rhodochrous 

NCIMB13064, Pseudomonas pavonaceae 170, and Mycobacterium sp. strain. GP1, in 

comparison with the degradation pathway of each strain. 

Taken from Poelarends et al., 2000 
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A monobromoacetate (MBA) resistant mutant of GJ10, GJ10M50, in which haloacid 

dehalogenase was overexpressed has been described (Van der Ploeg et al., 1995). They 

report that the resistance of X autotrophicus GJ10 to MBA is accompanied by the insertion 

sequence IS1247 upstream of the dhlB gene and that, in GJ10M50, this IS increased the 

expression of haloacid dehalogenase, which may be the result of transcription initiation from 

a different promoter. 

 

TnDha1 

Desulfitobacterium hafniense strain TCE1 contains TnDha1 (Maillard et al., 2005), which 

constitute a catabolic transposon, Tn -Dha1, harboring the gene responsible for 

tetrachloroethene (PCE) reductive dechlorination activity. This transposon contains two 

identical copies of the insertion sequence IS Dha1, a new member of the IS 256 family, 

surround the gene cluster pceABCT , and a truncated gene for another transposase. A 

sequence comparison with pce  gene clus- ters from Desulfitobacterium  sp. strains PCE-S 

and Y51 and from Dehalobacter restrictus , all of which show 100% identity for the pceAB  

genes, indicated that both Desulfitobacterium  strains seem to possess  the same transposon 

structure, whereas only the pce-ABCT  gene cluster is conserved in D. restrictus 

 

TnDEHISpul2 

The DEH was first describe by Thomas et al., (Thomas et al., 1992), and fully sequenced by 

Weightman et al., (2002). They describe the halocarboxylic acid dehalogenase DehI , close 

to a regulatory protein, flanked by two ISpul2 at each side (Figure 7). Thomas et al., (1992), 

compare the recombination event frequency of this MGE, and they highlight that this 

element, present on the chromosome of P. putida PP3 was observed to recombine with a 

number of target plasmids at very high frequencies.  

 

Figure 7: Genetic environment of the deh element in Pseudomonas putida strain PP3 

The halocarboxylic acid dehalogenase deh1 and its regulator dehR have a identical mobile 

element, ISPpu12 on both sides. This element contains four open reading frames (ORFs) 

and has the structure of a large insertion sequence in that one of the ORFs encoded a 

putative transposase and it was flanked by 24-bp imperfect inverted repeats. 

Taken from Thomas et al., 1992 

 

 

Figure 7: DEH element of Pseudomonas Putida strain PP3. 

Taken from Thomas et al., 1992 

The halocarboxylic acid dehalogenase  dehI and its regulator region dehRI have one copy of 

a element on either side, directly repeated. This element, designated ISPpu12, contained 

four open reading frames (ORFs) and had the structure of a large insertion sequence, in that 

one of the ORFs encoded a putative transposase and it was flanked by 24-bp imperfect 

inverted repeats.  
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IS1409 

This insertion element of 1,449 bp with 25-bp perfect terminal repeat was identified in the 

chromosome of 4-chlorobenzoate-degrading Arthrobacter sp. strain TM1 NCIMB 12013. 

Upon insertion, IS1409 causes a target duplication of 8 bp. IS1409 carries only a single open 

reading frame of 435 codons encoding the transposase TnpA (Gartemann et al., 2001). Both 

TnpA and the overall organization of IS1409 are highly similar to those of some related 

insertion elements of the ISL3 group. (Mahillon & Chandler, 1998). In Arthrobacter sp. strain 

TM1, at least eight copies of IS1409 were found, displaying different signal intensities. 

IS1409 was also found in other 4-chlorobenzoate-degrading Arthrobacter strains and 

Micrococcus luteus. In Arthrobacter sp. SU, fcb genes are encoded by plasmid pSU (Schmitz 

et al., 1992), which lacks the IS1409; however, two copies of the IS was detected on the SU 

chromosome (Gartemann & Eichenlaub, 2001). Cloning of fcb genes in E. coli already 

demonstrated that the Arthrobacter dehalogenase can be successfully expressed in Gram-

negative bacteria (Tsoi et al. 1991) 

 

Element clc 

As described in the first part of this review, the degradation pathway of chlorobenzene seems 

to be a shuffling of different parts found in Pseudomonas sp. B13, and Ralstonia sp. strains 

JS705 and JS745. 

 

Chlorinated ethenes degrading bacteria genomes  

Few genomes of bacteria able to degrade the chlorinated ethenes were sequenced, and they 

all present interesting feature which highlight their genomic plasticity.  

Dehalococcoides strain CBDB1 sequencing show 1,395,502 base pair genome and reveal 

the presence of 32 reductive-dehalogenase-homologous (rdh) genes. (Kube et al., 2005) In 

comparison Dehalococcoides strain 195 contain 17 reductive dehalogenases, while of the 

1,458 coding sequences in strain CBDB1 83.5% have orthologous genes in strain 195. The 

complete genome of the tetrachloroethene (PCE)-dechlorinating strain Desulfitobacterium 

hafniense Y51 is a 5,727,534-bp circular chromosome harboring 5,060 predicted protein 

coding sequences. This genome contains only two reductive dehalogenase genes, a much 

lower number than reported the two other genomes cited just before ( Nonaka et al., 2006). 

In Dehalococcoides strain CBDB1, three regions contain large putative integrated elements, 

which are characterized by exceptional di- and trinucleotide composition, deviation from the 

average GC content found across the entire genome and/or the occurrence of genes often 

associated with mobile elements. The presence of eight rdhAB pairs in presumed mobile 

elements corroborates hypotheses, developed from data on other organisms, that suggest 

mobile elements played an important role in the evolution of rdh genes. However, other rdh 
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genes in the genome of strain CBDB1 that are absent from the genome of strain 195 are 

located in regions without clear characteristics of mobile elements. (Kube et al., 2005). 

Nine regions predicted previously as integrated elements are present in strain 195 but not in 

strain CBDB1, three of them containing phage-like genes. Indeed, a 22-kb integrated 

element (IE), which contains phage-like genes and is flanked by putative attachment (att) 

sites, occurs in at least three copies as a tandem duplication and a distal third copy (element 

VI). These and other IE represent 13.6% of the genome of D. ethenogenes sp. strain 195 

(Seshadri et al., 2005). In addition, a 31-kb duplicated region in the genome of strain 195 is 

present in strain CBDB1 in a single copy (Kube et al., 2005). 

 

Tranposases alignment : 

A alignment was realized with the proteic sequences of the transposase (Table 1), in order to 

cluster the transposase which wasn’t belong to a characterize IS. It didn’t assign the 

transposase sequence to a IS, nor allow to make a phylogenic tree, but cluster four 

interesting sequences : the two tnpA sequences at the proximity of pceA gene from 

Desulfitobacterium Hafniense, the tnpA gene close to dhaA gene from Pseudomonas 

pavonaceae 170, and tnpA close to pceA from Desulfitobacterium hafniense Y51. 

 

Integrase alignment:  

By the same method, the integrase alignment allowed to cluster two integrase : the inv A 

gene of Mycobacterium GP1 and the invA gene of Rhodococcus erythropolis NIMB 13064. 

3. Hypothesis concerning the dehalogenases 
origin. 

3.1. Dehalogenases clustering 

Table 1 presents all of the non putative dehalogenases of the NCBI database. In order to 

study the dehalogenase phylogeny, an alignment with clustal X was performed (Altschul et 

al., 1997). This alignment shows 12 clusters, as indicated in table 1, highlighting possible 

phylogenic relationships between the sequences inside each cluster. Eight sequences didn’t 

show any similarity with other dehalogenase. These sequences were then organized into 3-D 

graphs based on their sequence similarity (Figure 8) using the method of Enright et al., 

(2001). Each ball represents one dehalogenase proteic sequence and they are grouped 

depending on their reciprocal similarity (Figure 8). The classes defined based on the proteic 

alignment are indicated on the figure 8. 

 

 A tree was constructed with the sequences belonging to the same cluster in order to 

indentify a sequence from which the other sequences might have been derived. The clusters 
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fluoroacetate dehalogenase Fac-dex of Burkholderia sp. strain FA1. A proteic BLAST 

(Altschul et al., 1997) was done with these enzyme sequences. The enzymes within this 

cluster are hydrolases. The first hit for DehH1 of Delftia acidovorans strain B is a soluble 

epoxide hydrolase of Corynebacterium sp. C12, involved in aromatic hydrocarbon catabolism 

(Misawa et al., 1998), although this protein only shows 28% similarity for 282 amino acids out 

of 294. Interestingly, for Fac-dex of Burkholderia sp. strain FA1, the best hits that are not 

dehalogenases are the same enzyme. 

 

 

Figure 9: Neighbor-joining tree based on the dehalogenase sequences of cluster 2. 

Bootstrap value are indicated for 100 repetitions. 
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Figure 9:  Neighbor-joining tree based on the dehalogenase sequences of the cluster 2 

Bootstrap value are indicated for 100 repetitions 
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Cluster 4  

This cluster is constituted exclusively by the dehydrochlorinases LinA. Figure 10 shows one 

of the proteic sequences which is branched closer to the ancestor than the other: the protein 

LinA1 from Sphingobium indicum B90. There were no hits in BLAST of this sequence with an 

E value lower than 1 with a non putative protein. 

 

Figure 10: Neighbor-joining tree based on the dehalogenase sequences of cluster 4. 

Bootstrap value are indicated for 100 repetitions. This cluster is composed of LinA 

sequences. 

 

Figure 10:  Neighbor-joining tree based on the proteic dehalogenase sequences of the 

cluster 4. 

Bootstrap value are indicated for 100 repetitions 

This cluster is constituated of LinA sequences..  
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Cluster 5  

In this cluster the enzymes mediate reductive dehalogenation reactions. The analysis of the 

cluster shows a sequence that anchors the cluster (Figure 11): the 3,5-dichlorophenol 

reductive dehalogenase cprA5 of Desulfitobacterium hafniense strain PCP-1. The best hit of 

a non putative protein in the BLAST of this sequence has 26% of similarity on 76 amino acids 

out of 548 amino acids with a benzoyl-CoA oxygenase component A from Azoarcus evansii, 

which catalyzes the aerobic reduction/oxygenation of the aromatic ring of benzoyl-CoA 

(Mohamed et al., 2001). 

 

 

Figure 11: Neighbor-joining tree based on the dehalogenase sequences of cluster 5. 

Bootstrap value are indicated for 100 repetitions.  
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Cluster 6 and Cluster 8  

The cluster 6 and 8 similarity tree does not identify any sequence more anchored than the 

others: the tree is split into two subclusters.  All of the enzymes are hydrolases. 

 

Cluster 9  

The tree of the cluster 9 shows that the haloacid dehalogenase ph0459 of Pyrococcus 

horikoshii strain OT3 shows a distinct sequence with a strong bootstrap value close to the 

root of the tree (Figure 12).  The best BLAST hit for that sequence is a pyrophosphatase 

ppaX of Bacillus subtilis (Mijakovic et al., 2002), which shows 28% of similarity on 136 amino 

acids out of 232. This protein hydrolyzes pyrophosphate and plays a role in controlling the 

intracellular pyrophosphate pool.  

 

The phylogenic tree approach highlights some sequences for a few clusters that might be 

closer to an ancestor sequence from an evolutionary point of view based on the tree topology 

and the branch length value. Unfortunately, the best hits for these sequences did not identify 

a sequence with a function other than that of a dehalogenase, because of their (i.e., the 

closest fitting non-dehalogenase) low similarity rate (maximum 29%), they cannot be 

qualified as homologue. Due to the extremely low similarity values between the 

dehalogenase and the closest neighboring gene having another function than a 

dehalogenase prompted us to restrict the following analysis to the dehalogenase group.  
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Figure 12: Neighbor-joining tree based on the dehalogenase sequences of cluster 9. 

Bootstrap value are indicated for 100 repetitions.  

3.2. Dehalogenases and 16S comparison 

A phylogenic tree was constructed using the rrs DNA sequences (which code of the small 

ribosomal unit: 16S rRNA) available for each strain carrying dehalogenases. The tree shows 

how dehalogneases belonging to the same cluster can be present in bacterial species 

phylogenetically distant (Figure 13). Indeed, the gene dhaA is present in both genus 

Rhodococcus, an actinobacteria, and Pseudomonas, a gamma-proteobacteria. The 

Figure 12:  Neighbor-joining tree based on the proteic dehalogenase sequences of the 

cluster 9. 

Bootstrap value are indicated for 100 repetitions. 
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presence of similar sequences in two genus supports the importance of the horizontal 

transfer for the dispersion of dehalogenases.  

 

Figure 12: Neighbor-joining tree based on the rrs DNA sequences of the bacteria 

harboring dehalogenases. 

The dehalogenase dhaA-containing bacteria are shown by the green arrow. 

Dehalogenases belonging to the same cluster appear to be in bacteria phylogenetically 

far, indicating possible horizontal transfert. Bootstrap value are indicated for 1000 

repetitions 
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3.3. Dehalogenases comparison and the research of possible motif origins in the NCBI 

database. 

As developed above (see paragraph 3.1), the next part of the study consisted of limiting our 

study to the dehalogenases. We analyzed the proteic sequences of the dehalogenases with 

the MEME program, which identified the nucleic and proteic motifs inside a set of sequences. 

This program differs from the classical technique of alignment that attempts to align the 

sequence throughout their length and cannot detect independent blocks that might show 

biologic coherence. This analysis was applied to all of the dehalogenases in table 1 without 

any constraint. The results indicate the detection of several motifs with significant similarity 

level for 86 sequences out of the 92 initially studied (Supplementary Figure 1). Few 

sequences were discarded from the MEME analysis: these sequences correspond to the 

sequences that could not be included in a cluster during the first phylogenic analysis.  

Several motifs grouped the sequences together depending of their cluster membership. For 

example, the cluster 2 sequences show the motif 5 and 14 (except for the sequence DehH1 

of Delftia acidivorans in which the motif 14 is missing). Since the putative origin of the entire 

gene was not found, this part of the study focused on the origin of the motifs constituting the 

dehalogenase. Indeed, the presence of common motifs between the dehalogenase 

sequences inside a cluster can help define a DNA sequence from which other DNA 

fragments (or motifs) were added in order to complete the dehalogenase and form a 

functional gene.  

 

Cluster 2  

The Figure 14 shows the motifs found by using the MEME program. All of these 

dehalogenases take off the halogen molecule by a hydrolytic reaction.  

Interestingly, excluding the gene dehH1 of Delftia acidovorans, the MEME result cutting the 

sequence seems to be slip in two parts there a conserved back constituted by the blue motif 

n° 18, the dark red motifs n°14 and the yellow n°5 motif, and variable motifs.  

The motif constituting the backbone: n18, 14 and 5 were BLASTed separately and together, 

and no significant similarity between were found with a characterize enzyme. 

 

However, the mosaic structure of this group of dehalogenase is striking: between the 

conserved motifs, there is variable block. For example between the motif 18 and motif 14, the 

motif 3 or the motif 27 can be observed. The pBLAST of motif n°27 has no significant 

similarity with any sequence, while the motif n°3 had 70% identity throughout the length of 
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the motif for Renilla-luciferin 2-monooxygenase sequence of Renilla reniformis. Unfortunately 

the 3D structure of this enzyme has not yet been characterized (Lorenz et al., 1991). 

The right side of the enzyme (Figure 14): shows 3 groups of motifs:  

- the dhaA gene : motif 20, 8, 16, 17 and 12 

- motif 38 

- motifs 29, 25 and 40 

The BLAST of these motifs, can give us an idea of the origin of these variable sections of the 

enzyme. The pBLAST of the motifs 20, 8, 16, 17 and 12 did not produce any sequence with 

a similarity superior than 40%, however, the best non putative hit is the previously discussed 

Renilla luciferine 2-monooxygenase (described by Lorenz et al. 1991) at 33% throughout the 

length of the motifs  with a low E value of 8-12 .  

The best non putative hit of the motif 38 is a plipastatin synthetase subunit D of Bacillus 

subtilis involved in antibiotic biosynthesis, which shows 34% of similarity over 69 amino acids 

out of 107, but with a high E value of 1.7. (Tognoni et al., 1995). Finally, the motifs 29, 25 

and 40 did not have any non putative hits other than the dehalogenase studied.  

Figure 14:  Similar motifs found by using the MEME program on sequences from cluster 2. 

All of the sequences in this cluster show the same motif: 15.  This motif contains the catalytic 

domain that is characteristic of hydrolase with a catalytic triad that is responsible for the 

nucleophilic substitution during dehalogenation.  All of these enzymes mediate hydrolysis 

of the chlorine that is removed as indicated in table 1. 

Figure 14 : Similar motifs found by using the MEME program in the cluster 2  

All of the sequences if this cluster shows the same motif: the motif 5 in yellow. This motif contains the catalytic domain, characteristic for a 

hydrolyze, with a catalytic triad which realize the nucleophilic substitution during the dehalogenation. All of this enzyme realize a hydrolyze 

of the chlorine removed, as indicated in the Table 1.  
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Cluster 9 

Cluster 9 is characterized by the motif 10, as show in grey in Figure 15. Interestingly, an 

enzyme that cannot be incorporated in any cluster based on the alignment over the total 

length contains this motif (10), also. This is the Chd1 sequence of Burkholderia cepacia 

(Figure 15). In figure 15, the dehalogenases belonging to this cluster seem to be split into 

two groups, those having:   

- a common fragment : the motif 10 

- two motifs (9 and 37) in addition to the motif 10:  

 

The pBLAST of the motif 10 produces a non-putative et non-dehalogenase hit for the 

phosphoglycolate phosphatase from Escherichia coli K-12 (Lyngstadaas et al., 1995), with 

30% similarity over 80 amino acids out of 107 with an E value of 7.10
-4

. The 3D structure of 

this enzyme has not been characterized yet. The other motifs present in this cluster, 42 and 

14, are too small for a significant alignment having an acceptable E value. In addition, the 

risk of the analysis of such small motif is the confusion between the functional significance 

and a structural significance, and thus, prevents any phylogenic analysis.  

 

Figure 15: Similar motifs found by using the MEME program on sequences from 

cluster 9. 

The dehalogenases belonging to this group are divided into two subgroups: those with motifs 

9 and 37 and those without.  All members of the cluster contain the motif 10. 

 

Cluster 5 

The presence of motif 13 explains the grouping of the sequences in the cluster 5 (Figure 16). 

However, 2 sequences outside this cluster also have this motif: the CprA sequences from 

Desulfitobacterium dehalogenans and Desulfitobacetrium hafniense PCP-1. In cluster 5, the 

 

Figure 15 : Research of similar motif inside the cluster 9.  

The dehalogenases belonging to this group seems to split into two groups: a common part, 

the motif 10, and two motifs which are common in several sequences, the motifs 9 and 37. 
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mosaic structure of the dehalogenases is relatively clear. In the five sequences constituting 

the cluster 5, the motifs 11 and 13 are present. But the motif 1 disappears in the two CprA 

sequences. All of the sequences contain the motif 11 in the second half of the gene, except 

PceA of Sulflrospirillum multivorans, and CprA of Desulfitbacterium dehalogenans. The 

motifs 11, 13 and 4 did not have any sequences with a similarity less than a E value of 1.3, 

which is too high to evoke any phylogenic relationship between the current motifs and any 

sequences in the database. 

 

Figure 16 : Similar motifs found by using the MEME program on sequences from 

cluster 5. 

Cluster 5 is defined by the motif 13, although two other sequences (from Desulfitobacterium 

dehalogenans and Desulfitobacterium hafniense PCP-1) also contain motif 13 and are found 

in cluster 12. 

 

The pBlast of the motif 1 has 28% similarity over 117 amino acids out of 159 of the 

pyruvate-flavodoxin oxidoreductase, which is the domain responsible for the metal binding 

domain during nitrogen fixation. (Bauer et al.,1993)  

 

Cluster 8 

This cluster has two constant motifs: 6 and 30, and the first part of the sequences are 

constituted in part by the motif 19 or the motif 46 (Figure 17). The motif 6 is similar to an 

arnitinyl-CoA dehydratase of Escherichia coli K-12 (Eichler et al., 1994), involved in the 

carnitine amine and polyamine metabolism and belongs to the enoyl-CoA 

hydratase/isomerase family with 39% similarity and 58% similarity over 117 amino acids out 

of 160. The motif 30 did not have any significant similarities due to its short size. 

 

Figure 17: Similar motifs found by using the MEME program on sequences from 

cluster 8. 

Cluster 8 contains motifs 6 and 30 as well as either 46 or 19. 
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The motif 19 showed 43% similarity with several mitochondrial enoyl-CoA hydratases. This 

alignment had 57% of positive matches over 57 amino acids (Kanazawa 1993). This protein 

belongs to the enoyl-CoA hydratase/isomerase family and is involved in lipid metabolism. 

The fragment that is similar with the dehalogenase has several beta-strands and helical 

regions, and contained two of the 3 residues responsible for the substrate binding. The 

substrate of this enzyme is the (3S)-3-hydroxyacyl-CoA, which is transformed catalyzes the 

second step of the mitochondrial fatty acid beta-oxidation spiral. 

 

The motif 46 showed 44% similarity and 61 positive match over 54 amino acids out of 55 

with a soluble epoxide hydrolase of Corynebacterium sp. C12 (Misawa 1998). This enzyme 

belongs to the epoxide hydrolase family and is involved in catabolic degradation of epoxides. 

It has the highest activity towards C6 and C7 carbocyclic epoxides and is active towards 

linear 1,2-epoxyalkanes. By similarity analysis, it appears that the portion of the sequence 

which matches the dehalogenase does not contain the active site of the enzyme.  

3.4. Extended the BLAST research to several pyrosequencings.  

As developed before, several sequences show a certain similarity in the NCBI database with 

the motifs defined using the MEME program. Only known dehalogenases show a 100% 

similarity with the dehalogenases in the database. Other sequences might harbor the motifs 

at very high similarity. Maybe the original sequence is not a coding sequence. In order to 

answer this question, several proteic BLAST were done on data coming from massive 

pyrosequencing performed in the laboratory (see Material and Method section). The soils 

had 4 distinct origins: two soils came from France (crop soil from Côte Saint André and 

prairie soil from Montrond), and two soils from New Caledonia (natural soil and mining 

spoils). A local proteic BLAST between several motifs and the pyrosequencing data was 

performed. Only the BLAST showing an identity superior to 60% was kept as indicated in the 

table 2.  

Some of the pyrosequence reads have identities up to 100% with the motifs. The BLAST of 

these reads (i.e. the sequence retrieved from the pyrosequencing) identified potential 

sequence sources. Logically, several reads should match with dehalogenases. In this case, 

the second match, for which the BLAST result is not identified as a dehalogenase, is 

indicated in the right column. Thus, 3 kinds of genes were highlighted:  

- an artificial vector, or a non identify sequence from a Eukaryote with the higher E-

value observed in the table (between 0.022 and 0.006). 

- alpha-beta hydrolase for the motif 17, and for the motif 5 in one BLAST, with an E-

value between 8.10-7 and  3.10-12 

- a sequence identify of a luciferase for the motif 5 with an E-value of 4.10-5.  
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These results might support the possibility that these identified sequences could have played 

a role in the creation of dehalogenases.  Unfortunately, this approach only provides a hint of 

the possible source of dehalogenases as the motifs are not the genes themselves. On the 

other hand, the pyrosequence reads are relatively long (450 bp) so a high BLAST score 

could be a real indication of relatedness. 

 

Extended the motif research to the metagenome. 

The techniques used previously in this study detected potential genes/DNA fragments 

containing the motifs by the BLAST method. However, such approach did not provide access 

to the genetic environment of the motifs (i.e., to explore the sequence around the target 

motif). Access to the genetic environment may answer several questions related to the 

proximity of MGEs, the species harboring this fragment, and the function of this sequence. In 

order to try to access the genetic environment, the sequences of interest might be available 

in cloned DNA. Therefore, a cosmid clone library from metagenomic DNA was constructed 

(Demanèche et al., 2008). We used a 77,000 clone library created from the metagenomic 

bacterial DNA extracted from a prairie soil (Montrond, La Batie-Divisin, France) based on a 

previously published method (Bertrand et al., 2005).  In order to be able to detect the motifs, 

even with a small sequence derivation, a radioactive hybridization was performed, the probes 

used corresponded to several motifs defined using the MEME approach as described above. 

This study is described in the article of Demanèche et al., (2008) (see annex to this first part). 

Unfortunately, no positive signal was found for the dehalogenase motifs probably due the 

sequence variation of the DNA fragment from which the motif came from, resulting in a lack 

of hybridization under the stringent hybridization conditions used during this experiment. 

Indeed, the lowest identity rate was 75%, detected by this method during this experiment 

with probes targeting other genes (Demanèche et al., 2009). The second reason could be 

the short probe sequences; the motif sizes were around 125 bp, while the control probes 

were 400bp minimum.  

3.5. Dehalogenases, motifs and mobile genetic element 

Mobile genetic elements associated with the motif  

As shown above, several dehalogenases are known to be associated with mobile genetic 

element, like insertion sequence, integrase or isolated transposase. The BLAST of the ISs 

associated with the dehalogenase might also provide some indication about the motifs 

distribution. The IS 1247, identify as a transposase IS4 family protein in the automatic 

annotation, was originally found in Xanthobacter autotrophicus strain Py2, on the plasmid 

pXAUT01 close to a putative bilirubin oxidase. This nucleotide BLAST result is consistent 
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with the fact than IS 1247 seems to be associated with dehalogenases with the same motifs 

(Figure 14).  

 

The IS6100 was found in two species of Xanthomonas : Xanthomonas campestris pv. 

vesicatoria as a putative IS6100 and Xanthomonas campestris as a putative transposase 

(tnpA) gene, at the proximity of a putative streptomycin phosphotransferase (strA) gene . 

Such observation can be correleted with the presence of the linB gene in both 

Sphingomonas and Xanthomonas species, which are respectively an alpha-proteobacteria 

and a gamma-proteobacteria.  

 

A nucleotide BLAST of the IS associated with the genes of the cluster 2 shows that there are 

several sequences similar (Evalue 6.10-4) to the IS 1071 present in several species of 

Bukholderia ( accession number are indicate in parentheses): 

- Burkholderia xenovorans LB400 (CP000272) 

- Burkholderia cepacia plasmid pYS containing insertion sequences ISBce1R, ISBce2, 

ISBce1L, IS1071 (AB164393) 

- Burkholderia multivorans ATCC 17616 (AP009387) 

- Burkholderia multivorans ATCC 17616 (CP000870) 

- Burkholderia cepacia plasmid pIJB1 insertion sequence IS1471 putative transposase 

(tnp1471) gene (U67938) 

- Burkholderia cepacia strain 2a plasmid pIJB1 (DQ065837) 

- Burkholderia cepacia AMMD plasmid 1, complete sequence (CP000443) 

- Burkholderia sp. JS667 diphenylamine degradation gene cluster (FJ708486) 

- Burkholderia cepacia putative transcription factor, containing mdc cluster (malonate 

catabolism gene) and tfd genes (chlorocatechol degradative operon) and putative 

transposase genes similar to IS 1071 and IS1047 (AF029344.2) 

- Burkholderia vietnamiensis G4 plasmid pBVIE02 (CP000618.1) 

IS1071 is associated with the dehalogenases constituted by the motifs 47, 5 and 35, but with 

the gene dhaA of Pseudomonas pavonaceae also, which carry the motif 5 also (Figure 14). 

The presence of ISs presenting the same sequence in two different species and associated 

with two different dehalogenase genes carrying the same motif supports the hypothesis of a 

mosaic structure for this gene.  

 

Stress study on the bacterial community with introduction of chlorinated compounds.  

Another aspect, which can show the importance of the horizontal transfer, is the impact of 

the functional system implicated in the DNA sequence exchange. In order to quantify it, the 

data of three pyrosequencing of grassland soils were studied. One of these soils received an 
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artificial addition of PCE. For each pyrosequencing data, the number of read implicated in the 

subsystems grouping, the stress response, the virulence, the secondary metabolism, the 

mobility and chemotoxy, and the DNA repair were counted, are indicated in table 2. The 

virulence subsystem, accounts for a total of 488 reads in the soil that received PCE, 

compared to 440 and 331 for the non polluted soil. Among this subsystem, the prophage, 

which are DNA vectors as described previously, are recorded as 12 times more common in 

the polluted soil than in the non polluted soils. The same observation can be made for the 

secondary respond metabolism and the motility; there are more present in the polluted soil. 

On the other hand, inside the virulence subsystem, the resistance to antibiotic compounds 

seems be more present in the non polluted environment. But the secretion system, which 

again is implicated in the DNA transfer, is more present in the polluted soil. Finally, although 

the total reads corresponding to the stress response is the same in the polluted and non 

polluted soils, the subsystem fraction corresponding to the DNA repair, i.e. which can play a 

role in the integration of foreign DNA, is more present in the polluted soil. This quantification 

supports the idea of an increasing in the exchange and mutation process during the PCE 

introduction in an environment. 
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4. Discussion 
 

The dehalogenases are the responsible for the removing of halogens from chlorinated 

compounds. This type of enzyme has different enzymatic mechanisms (Janssen et al., 

1994). An alignment of the proteic sequences of these enzymes lead to the clustering of 

these sequences. The clustering of the sequences was coherent with the catalytic activity 

described in the table 1. The enzymes in the first cluster belong to the glutathione-S-

transferase, except the two Pcpc enzymes, which are reductive dehalogenases. The second 

cluster enzymes remove the halogen of the molecule by a hydrolase similar to the enzymes 

in clusters 6, 8 and 9. The enzymes in the clusters 3 and 5 are reductive dehalogenases and 

those in the fourth cluster are dehydrogenase. The identification of a potential ancestor 

sequence that is not a dehalogenase was not possible. However, the bioinformatic search for 

motifs inside the dehalogenases supported the idea of a mosaic structure for these proteins. 

This approach has already been used by Boubakri et al. (2006), who focused on the linA 

gene (Sphingobium francense strain Sp+) and thus highlighted the structure of these genes 

that seems to be composed of an assembly of DNA fragments derived from different hosts. 

The random generation of a functional gene required a relatively high frequency of horizontal 

transfer, which could be correlated to the numerous mobile genetic elements with these 

kinds of genes.  

 

Such mosaic structure was already described for the clc element (van der Meer, et al.,, 

2003), which shows how the genes of different degradation pathways can be mixed to create 

a new degradation pathway. The search of similar fragments inside the group of 

dehalogenases applies this hypothesis to a finer molecular scale – that of the individual 

gene. The BLAST of certain motifs showed some similarity: for example, the motif 3 

corresponded to a luciferin 2-monooxygenase from Renilla reniformis; with 70% identity 

throughout the length of the motif. Among the identified motifs, few have been characterized. 

The motif 19 showed a 43% similarity with several enoyl-CoA hydratase from mitochondria. 

This alignment showed 57% positive matches over 57 amino acids (Kanazawa 1993). This 

protein belongs to the enoyl-CoA hydratase/isomerase family and is involved in lipid 

metabolism.  

 

The motif 46 show 44% of similarity and 61 of positive match on 54 amino acids out of 55 

with a soluble epoxide hydrolase of Corynebacterium sp. C12 (Misawa 1998). This enzyme 

belongs to the epoxide hydrolase family, and it is involved in catabolic degradation of 

epoxides, and has an highest activity towards C6 and C7 carbocyclic epoxides is active 

towards linear 1,2-epoxyalkanes. 
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The motif 17, by using the pyrosequencing approach, seems to come from a hydrolase 

family. However, this result is not surprising, because of the classification of the enzyme with 

have this motif: they belong to the hydrolase family. However, with the same technique, the 

other interesting enzyme highlighted as a possible origin of the motif 5 is a luciferase. 

 

The motifs highlighted by the bioinformatic study, in comparison with the structure of the 

enzyme, seem to show a modular structure of this enzyme. A possible origin of the enzyme 

from the cluster 8 may be the enoyl CoA hydratase isomerase family, but the origin of the 

other motifs remain to be determined. The next step of this study would be to support the 

hypothesis by assembling of different fragment as a potential evolution model. Thus, 

coupling this bioinformatics approach with in vitro and in vivo experiments could help test this 

hypothesis.  

5. Material and method 
 

Alignment :  

The alignment was first performed by using the Clustal 2 program on the proteic sequences. 

Then the aligned sequences were submitted to Gblocks server 

(http://www.phylogeny.fr/version2_cgi/programs.cgi) in order to eliminate poorly aligned 

positions and divergent regions of a DNA or protein sequence alignment. These positions 

may not be homologous or may have been saturated by multiple substitutions and it is 

convenient to eliminate them prior to phylogenetic analysis (Castresana, 2000). 

Supprimes:Selection of conserved blocks from multiple alignments for their use in 

phylogenetic analysis. Molecular Biology and Evolution 17, 540-552.) 

 

Phylogenic tree construction  

To selection the best-fit models of protein evolution, the Prottest program was used (Abascal 

et al., 2005). The trees were constructed by Seaview program version 4.1 (Galtier et al., 

1996) using the alignment given by Gblocks and the evolution model given by Porttest. 

 

pBLAST 

The proteic BLASTs were performed on the NCBI platform (Altschul et al., 1997) and the 

Swissprot database in order to avoid putative sequences.  

 

Motif determination :  
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The MEME program (Multiple EM for Motif Elicitation, version 4.1.1) is a motif-based 

sequence analysis tools (http://meme.sdsc.edu/meme4_1_1/cgi-bin/meme.cgi) used in order 

to identify proteic or nucleic motifs from at least two sequences (Bailey et al., 1994). This 

program produces the motifs found by combination of identical domains found on the 

different proteins. For each analysis, no constraint about the number of motifs and the length 

of the motifs were applied. 

 

Cluster graphic representation 

The graphic representation of the cluster were done using the program : BioLayout Express 

3D Web Start Version (http://oriol.gti.ed.ac.uk/BioLayout/newsPage.shtml). 

 

Pyrosequencing 

DNA (2"g/50"L) extracted from four soil microcosms were pyrosequenced by GATC 

(Constanz, Germany) using a Roche 454 Titanium pyrosequencer. The microcosm soil came 

from California (Hopland) and was artificially polluted with perchloroethylene at 0.1mg/g of 

soil and incubated 20 days under different substrate conditions. Four Mbp of this polluted soil 

were pyrosequenced. The four other soils were pyrosequenced with the Roche 454 FLX 

pyrosequencer. These four soils were from two natural soils, Cote Saint André (France) and 

Montrond (La Batie-Divisin, France), and two non-equilibrium soil from New Caledonia: a 

natural soil, and a “soil” from mine spoils. Fifty Mbp were pyrosequenced for each soil. 

Searching for the fragments of interest was done using the Local BLAST station software 

(http://www.blaststation.com/). This pyrosequencing data were subsequently analyzed by the 

MG-RAST system (Meyer et al., 2008). The relative numbers of sequences classified in 

different subsystems are shown as percentage of the total. In order to compare different 

samples, the normalized numbers of fragments in each subsystem are compared. In 

addition, the relative abundance of fragments in each subsystem was determined by 

summing all fragments from all samples that are classified in a subsystem and dividing by 

the number of samples included in the comparison. 

6. Supplementary figure 
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Supplementary figure 1        p 1/2 
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Supplementary figure 1: Similar motifs found by using the MEME program on 

sequences from all dehalogenases in the NCBI database.   p 2/2 

 

 

Supplementary Figure 1: Research of similar proteic bloc inside the dehalogenases characterize in 

the NCBI database using MEME program. 
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We evaluated the use of mixed oligonucleotide probes hybridized to metagenomic clones spotted on high
density membranes. The pooled probes included oligonucleotides designed for genes associated with
denitri!cation, antibiotic resistance, and dehalogenation among others. Pyrosequence comparison between
the clones and the original DNA demonstrated the utility of clone screening with pooled probes.

© 2008 Elsevier B.V. All rights reserved.

Soil is often considered to be one of the main reservoirs of
microbial diversity on the planet. This diversity could provide a range
of information about the origins of microbial functional diversity as
well as novel valuable genetic resources. The metagenomic toolbox
provides methods for accessing, storing, and analyzing the DNA
extracted from the quasi-total microbial community and thus can
provide an otherwise hard-to-attain insight into the biology and
evolution of environmental micro-organisms. Whether the clone
library is extremely large and complete or small, the targeting of
interesting clones is a critical aspect of clone use. While phenotypic
selection of clones provides immediate results, the possibility of
missing genes due to inappropriate expression or dif!culty in
designing expression systems has led to the use of genetic screening
through oligonucleotide hybridization. In order to rapidly reduce the
pool of potentially interesting clones, hybridization probes could be
pooled before hybridizing on high densitymembranes (Ginolhac et al.,
2004). Even with moderate size clone libraries, there is a reasonable
expectation of !nding targeted genes. If one such gene occurs in every
100 bacterial genomes in the metagenome (with an average genome
size of 5 Mbp), it would take at least 57,500 40-kb inserts to !nd a
single such gene with a 99% probability (Leveau, 2007). On the other
hand, if multiple probes are used simultaneously then the likelihood
of !nding interesting clones might increase as a function of the sum of
their target gene representativity. In order to evaluate the utility of
such an approach, the original soil metagenome was compared to the
selected clones by high volume pyrosequencing. Three categories of
genes were screened during this evaluation: transgenic plant
sequences (aadA, accD, bar, rbcL, bla, cry, pepC), virulence-involved

sequences (aadA, bla, ermB, pif), and function-coding sequences
(dhaA, linB, nirK, nirS and nosZ).

In this study, we used a 77,000 clone library created from the
metagenomic bacterial DNA extracted from a prairie soil (Montrond, La
Batie-Divisin, France) according to our previously published method
(Bertrand et al., 2005). The library was constructed from enzymatically
fragmented prokaryotic DNA (35–40 kb) in the pCC1Fos vector
according to the manufacturers' instructions (Epicentre, Madison,
USA). Colonieswere spotted on nylonmembranes (Millipore,Molsheim,
France) and grown on LB medium supplemented with 12.5 µg/ml of
chloramphenicol. The membranes were then incubated 15 min on a
Whatman 3MM paper saturated with a denaturating solution (NaOH
0.5 M, NaCl 1.5 M), followed by the same incubation periods on a
Whatman paper saturated with a neutralization solution (NaCl 1.5 M,
Tris HCl 0.5 M pH 7.5), then saturated by SSC 2!. The membranes were
then let to dryon a cleanWhatmanpaper andDNAwas!xed bya 10min
UV exposition. The membranes were then deposited on a Whatman
paper saturated with SSC 2! and a drop of proteinase K (2 mg/ml in SSC
2!) was deposited on each colony and further incubated 1 h at 37 °C in a
humid atmosphere to avoid evaporation. The membranes were then
deposited on a clean Whatman paper, covered by another clean paper
subsequently wetted by distilled water and gently pressed, then
removed; this step was repeated until the Whatman papers were
clean. Membranes were then ready for the hybridization process.

Twomembranes held all of the clones. The metagenomic library was
then screened by colony hybridization of the membranes with pooled
probes targeting different genes of interest (Table 1). Probes were made
by amplifying target genes by PCR with speci!c primers (Table 1) from
plasmid pCIB4431 for bla, cry and pepC genes, plasmid pCIB3064 for the
bar gene, plasmid pTS135 for the pif gene, plasmid pCEA for accD, rbcL
and aadA genes, ampli!ed from Sphingobium francense for linB, Escheri-
chia coli BL21(DE3) fordhaA (Poelarends et al.,1998), environmental DNA
clone from a pig farm for the ermB gene and Montrond metagenomic
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DNA for nirK, nirS and nosZ genes. Radioactive labelling of DNA probes
was performed by random oligonucleotide-primed synthesis using
HexaLabel™ DNA Labelling Kit (Fermentas, Burlington, Canada) using
[!-33P]-dCTP and following manufacturer's instructions. Unincorpo-
rated labels were removed by chromatography on Sephadex® G-50
columns (Amersham Biosciences, Piscataway, New Jersey, USA). Radio-
active probes were pooled in equal quantity for future colony hybridiza-
tion. Membranes were hybridized overnight at 65 °C with the probe
pools. Positive andnegativehybridizationmembraneswere!rst tested to
validate pooled probe ef!ciency against perfect target sequences.
Membranes were exposed to X-Ray screen for 24 h and scanned with a
typhoon 9400 scanner (GE Healthcare Bio-Sciences, Piscataway New
Jersey, USA). Once clones of interest were identi!ed by the oligonucleo-

tide hybridization, fosmids were extracted according to the manufac-
turers' instructions (Macherey-Nagel, Hoerdt, France). These 134 fosmids
were thenpooled together (100 ng each) and sequencedwith the 454FLX
technology (GATC, Konstanz, Germany). Pyrosequencing sequenced
100 million bases in one 4-h run with an accuracy of 99.9%.

In parallel and in order to validate the clone selection screening, the
total bacterial DNA from the source used for the clone library was
extracted according to previously published method (Bertrand et al.,
2005) and pyrosequenced. Raw data from both approaches were
analyzed using the SEED online software (http://metagenomics.
nmpdr.org/). Comparisons were performed with Microsoft EXCEL
software. The probe sequences were also used in a local BLAST (Altschul
et al.,1990) in both sets of pyrosequences (clones and total soil DNA). The

Table 1
The primer sequences used for the probe production for the hybridization of high density membranes

Primer names Primer sequences (5!–3!) References Targeted genes Accession numbers

p415 ataacgccacggaat Ceccherini et al. (2003) aadA CU459141.1
p416 tgacgggctgatact Ceccherini et al. (2003)
accD-516F gcccattgatttatttagccc Monier et al. (2007) accD Z00044.2
accD-516R tattgtcccctttgttccgt Monier et al. (2007)
rbcL-1071F tccttatccttctttatttcctgct Monier et al. (2007) rbcL X04976.1
rbcL-455R gctttgttgatttactgcgtg Monier et al. (2007)
barUP ccgtaccgagccgcaggaac Ehlers et al. (1997) bar X17220.1
barLOW cagatctcggtgacgggcaggac Ehlers et al. (1997)
bla1 catttccgtgtcgcccttattcc Ehlers et al. (1997) bla AY425988
bla2 ggcacctatctcagcgatctgtct Ehlers et al. (1997)
BtkUP accaccgccatccccctgttcg This study cry Unpublished
BtkLOW gggcgtcggtgtagatggtgatgc This study
pepCup agtgcgcgggtgggttcaaatag This study pepC Unpublished
pepClow accctcgccacatccctccaga This study
52F aaaatcgaaatgtcagaaatcggt This study dhaA AF060871
52R tggacatcggaccatggcgtgaac This study
linBF cgatgagcctcggcgcaaagcca This study linB AY903216.1
linBR ttatgctgggcgcaatcgccggac This study
ermBr agtaacggtacttaaattgtttac This study ermB AM180135.1
ermBf gaaaaggtactcaaccaaata This study
nirK876F atyggcggycayggcga Henry et al. (2004) nirK AF040987.1
nirK1040R gcctcgatcagrttrtggtt Henry et al. (2004)
nirS4QF gtsaacgysaaggaracsgg Throbäck et al. (2004) nirS AF197466
nirS6QR gasttcggrtgsgtcttsaygaa Throbäck et al. (2004)
nosZ1840F cgcracggcaasaaggtsmssgt Henry et al. (2006) nosZ AF197468.1
nosZ2090R cakrtgcaksgcrtggcagaa Henry et al. (2006)
pifUP ccgtatccgttgctggagtg This study pif (ORF154) Z19590.1
pifDO cgcgggccttgatgaagtag This study

Fig. 1. Relative representation of functional gene families between the original soil DNA (in black) and the targeted clone library (in white) from the same soil (Montrond, France).
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number of sequences similar to probe sequences was quanti!ed for
enrichment comparisons. Both BLASTX and BLASTP were used.

Sequences from the 134 selected clones were compared to the SEED
database, a curated database of microbial genomes (Overbeek et al.,
2005). The SEED analysis was able to classify the majority of the
sequences into subsystems (56% for the clonedDNAand 51% for the total
soil DNA). While small differences were observed for the relative
distribution of sequences in most of the different subsystems (Fig. 1),
two speci!c subsystems (nitrogen metabolism and virulence) had
signi!cantly more sequences in the selected clones than in the total soil
DNA. Among the sequences responsible for this difference were
antibiotic resistance genes (particularly the beta-lactamases) and
denitrifying genes (nirK, nirS and nosZ).

The oligonucleotide sequence for each probe was BLASTed locally
against the pyrosequencing data and the relative abundance of these
sequences was compared. Oligonucleotidic sequences associated with
probes for genes bla, nirK, nirS and nosZ were found in the targeted
clone library pyrosequences. No other perfect matches were found for
the other probes. In addition, the use of BLASTP for the search of similar
peptidic sequences produced results for most of the probe sequences.
The relative frequencyof similar sequences in the twopyrosequence sets
was compared. Some probes were found at much higher frequencies in
one or the other of the pyrosequence sets or were found to exhibit no
bias between the two sets (Fig. 2). The probe sequences for the proteins
Bla, NirK, NirS, and NosZ were found relatively more frequently (more
than 88%) in the pyrosequences from the selected clones than the total
soil DNA. On the other hand, the probe sequences for the proteins DhaA
and LinB were not found at any signi!cant frequency in the selected
clones and thus were better represented in the total soil DNA. Although
some differences were observed for the proteic sequences (AccD, Bar,
ErmB, Pif, Rbcl), the differences between their frequencies in the two
sets of pyrosequence data were not as clear as for the aforementioned
proteins.

The hybridization conditions used were relatively stringent and less
stringent conditions could be used in the future depending on the
degree of similarity targeted. Under these conditions, 134 clones were
positively selected accounting for a reduction by about 500!. This is a

reduction of about 3 GB to 5MB,whichwhen sequenced by the 454 FLX
produced an average 20! coverage of the sequences. Partial assembly of
the contigs supported the possibility of reasonable coverage over all the
targeted clones (data not shown). Subsystems show that the pyrose-
quencing generates sequences that represent a large swathe of central
metabolism in each of the environments. The distribution of the
functional genes in theoriginal soilmetagenomewas comparable to that
from the clones except for the increased likelihood of !nding genes
associated with the hybridization probes for genes bla, nirK, nirS and
nosZ. The other targeted genes were not enhanced in the selected
clones. There are at least two possible explanations for the difference in
representativity of the probe targets in the sequenced data: 1) the
hybridization was too stringent for the sequences which had lower
similarity with environmental sequences; 2) the less-represented
sequences could indeed be rare in the original metagenomic DNA, and
thus, might be not equally represented among library clones. However,
pyrosequence comparisons between the clones and the original DNA
demonstrated the utility of clone screening with pooled probes.
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 8 

ABSTRACT 9 

The arrival of chemicals in a soil or groundwater ecosystem could upset the natural balance 10 

of the microbial community.  Since soil microorganisms are the first to be exposed to the 11 

chemicals released into the soil environment, we evaluated the use of a phylogenetic 12 

microarray as a bio-indicator of community perturbations due to the exposure to 13 

trichloroethylene (TCE). The phylogenetic microarray, which measures the presence of 14 

different members of the soil community, was used to evaluate unpolluted soils exposed to 15 

TCE as well as to samples from historically TCE polluted sites. We were able to determine 16 

an apparent threshold at which the microbial community structure was significantly affected 17 

(about 1 ppm).  In addition, the members of the microbial community most affected were 18 

identified.  This approach could be useful for assessing environmental impact of chemicals 19 

on the biosphere as well as important members of the microbial community involved in TCE 20 

degradation.  21 

 22 

INTRODUCTION 23 

 Widespread contamination of chlorinated solvents has led to increased understanding 24 

of the potential biological degradation of these compounds.  This knowledge is applied to 25 

remediate contaminated soil and groundwater in order to reduce potential health and 26 

environmental risks.  Trichloroethylene (TCE), which is the most commonly found chlorinated 27 

solvent, has been shown to provoke toxicity in rats (Stacey 1989) and yeast cells (Koch et al. 28 

1988), and exert a wide range of toxic effects that permanently retard some cellular functions 29 

(Chu et al. 1999, Zefferino et al. 2005).  TCE has also been shown to cause carcinogenic 30 

effects in humans and other organisms (Harth et al. 2005, Milman et al. 1988). In addition, 31 

TCE has been demonstrated to change microbial community structure in environmental 32 

samples (Humphries et al. 2005, Freeborn et al. 2005, Richardson et al. 2002), altering the 33 

functional communities present in the soil, as well as their expressed genes (Johnson et al. 34 

2005, Nakamura et al. 2000, Lemarchand et al. 2004).  Since TCE was shown to be 35 

degraded under both anaerobic (Vogel and McCarty, 1985) and aerobic (Nelson et al., 1986) 36 

environmental conditions, some of the microorganisms involved have been identified (e.g., 37 

Maymo-Gatel et al., 1997; Wild et al., 1996;  Sharma and McCarty 1996;  Little et al., 1988; 38 

Oldenhuis et al., 1989; Arciero et al., 1989). Their differences in tetrachloroethene (PCE) and 39 

TCE (and their metabolites) degradation capabilities have led in part to our understanding of 40 
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why complete degradation might not always occur in the field.  A field survey of contaminated 41 

sites found that members of the anaerobic Dehalococcoides genre were found at all sites (21 42 

out of 24) where complete degradation to ethene occurred (Hendrickson et al., 2002).  The 43 

reasons for the absence of measurable Dehalococcoides in three of the samples are not 44 

known. Although under field conditions, functional redundancies would be expected to occur 45 

(Daprato et al, 2007), their relationship with the non chlorinated solvent degrading community 46 

is unknown. Our lack of knowledge about the microbial community participation in chlorinated 47 

solvent degradation emphasizes the need for comparing community analyses and functional 48 

activity in soils and aquifers.  In this study, we investigate the application of a 16S rRNA 49 

microarray for demonstrating the comparative dynamics of the microbial communities in soils 50 

affected by varying levels of TCE. Some of these soils were shown to be undergoing active 51 

anaerobic dechlorination of TCE to cDCE and VC.   52 

 Since the advent of PCR, many techniques have become available for estimating soil 53 

health and biodiversity in environmental samples.  Since it has been shown that as little as 54 

1% of bacteria are cultured using traditional methods (Amman et al. 1995, Pace 1997), 55 

molecular (PCR-based) approaches to characterizing bacterial communities can provide 56 

more complete information than culture-based methods (Kirk et al. 2004).  One method for 57 

community analysis whose usefulness in evaluating environmental samples is still largely 58 

unexplored is the oligonucleotide microarray.  This study is among the first to use microarray 59 

technology to compare microbial communities in soil samples affected by a toxin across time 60 

and concentration gradients and to investigate the possibility of understanding the role of the 61 

microbial community in bioremediation processes. 62 

 DNA microarrays have shown great potential for elucidating both functional genomics 63 

and community phylogenetics.  DNA microarrays have been used for gene expression 64 

analysis in single organisms (Shalon et al. 1996, Schena et al. 1996) and are now being 65 

developed for identification of a wide range of organisms at varying taxonomic levels 66 

(Sanguin et al. 2006a, Sanguin et al. 2006b, Bodrossy et al. 2003, Neufeld et al. 2006, Cho 67 

and Tiedje 2001, Tiquia et al. 2004).  They have been used for mapping functional gene 68 

diversity in the environment (Jenkins et al. 2003, Wu et al. 2001) as well as for comparing 69 

complex microbial communities using an array specifically designed for a particular habitat 70 

(Neufeld et al. 2006).  Microarrays have been used for such diverse purposes as 71 

environmental toxicology (Bartosiewicz et al. 2001), assessment of the community structure 72 

of methanotrophs in environmental samples (Bodrossy et al. 2003) and detection of gene 73 

expression patterns in various types of waste water (Dennis et al. 2002, Lemarchand et al. 74 

2004).  In this study, we explore the uses for non-habitat-specific phylogenetic microarrays 75 

for evaluating total community structure in soils contaminated by chlorinated ethenes and 76 

undergoing various stages of bioremediation. 77 
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 For the type of community composition analysis relevant to this study, the DNA (rrs) 78 

coding for 16S rRNA is an ideal genetic material, due to its ubiquity among across the entire 79 

range of prokaryotes, the sequence conservation patterns which allow related genomes to be 80 

distinguished, and the vast number of known 16S sequences available through the ARB 16S 81 

database (Ludwig et al. 2004, Kumar et al. 2005).  The 16S rDNA gene has also been used 82 

to identify the effects of TCE on community structure with such methods as terminal 83 

restriction fragment length polymorphism (T-RFLP), length heterogeneity polymerase chain 84 

reaction (LH-PCR), and denaturing gradient gel electrophoresis (DGGE), and cloning and 85 

sequencing (Connon et al. 2005, Freeborn et al. 2005, Gu et al 2004, Chiu et al. 2001, Baker 86 

et al. 2001).  However, unlike these molecular analysis techniques, microarrays do not only 87 

indicate general changes in microbial community structure but can also identify organisms 88 

present in a given sample (Sanguin et al 2006, Bodrossy et al. 2003).  Previous studies have 89 

demonstrated significant alteration of microbial community structure by contamination with 90 

metals and/or organic pollutants (Joynt et al., 2006, Cao et al., 2006).  Microarrays are, 91 

therefore, a relatively cheap and simple way to get a snapshot view of the organisms existing 92 

in a set of environmental sample with varying toxicities and/or exposure times.   93 

 In this study, we used microcosms and field samples to determine the application and 94 

sensitivity of a non-habitat-specific microarray in detecting the effects of environmental 95 

perturbation by chlorinated solvents.  By comparing the microbial communities of in vitro soil 96 

samples amended with varying levels of TCE for specific lengths of time, as well as in situ 97 

samples taken from historically contaminated sites, we examine the microarray technology 98 

as a potential approach for evaluating contaminated sites and determining bioremediation 99 

status. 100 

 101 

MATERIALS AND METHODS 102 

Sample collection 103 

 Soil for the preliminary microcosms was sampled in October, 2005 from the top 20 cm 104 

of a field planted with mature corn at La Cote Saint Andre, France.  Soils for the second set 105 

of microcosms were obtained from three French sites: Montrand and Chinon, and a May, 106 

2006 sampling from La Cote Saint Andre.  For historically contaminated soil, samples were 107 

taken from two sites near Rouen, France.  All soils were kept at 4°C until DNA was extracted.   108 

 For microcosm preparation, 8g of soil were placed into Falcon tubes (50 mL) and 109 

200!l of an aqueous TCE solution was immediately added. Tubes were sealed with Teflon 110 

stoppers TCE concentrations used in the preliminary microcosms were 0 ppm (sterilized DI 111 

water only), 1 ppb, 100 ppb, 10 ppm, and 25 ppm (all concentrations +10%).  TCE 112 

concentrations for the second set of microcosms were 0.1 ppm, 1 ppm, and 10 ppm (due to 113 

results from first set).  For the contaminated sites, DNA was extracted directly from 3g of soil 114 
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from the Rouen (France) 1 site and 8g of soil from the Rouen (France) 2 site. All microcosms 115 

were set up in triplicates. 116 

 117 

DNA extraction 118 

 The preliminary microcosms included sample sets extracted after 1 hour, 2 days, 14 119 

days, 35 days, and 151 days.  Until they were extracted, microcosms remained in the dark at 120 

ambient temperature (23°C+ 3°C).  The second set of microcosms was extracted after 35 121 

days.  DNA from all microcosms and site samples was extracted using Ultraclean Soil DNA 122 

Kit Mega Preps (MoBio, Carlsbad, CA) based on the protocol provided by the manufacturer.  123 

For the elution step, 1ml of elution buffer was used in a single spin.   124 

 125 

PCR amplification 126 

 Raw DNA was purified using the GFX PCR DNA and Gel Band Purification Kit 127 

according to the manufacturer’s instructions (Amersham, Little Chalfont, UK).  The 16S rDNA 128 

gene PCR was performed with the Taq Titanium kit (Clontech, Mountain View, CA).  Each 50 129 

!l reaction contained 2 !l purified DNA, 1x Titanium buffer, 200 !M dNTPs, 0.5 !M each of 130 

universal bacterial primers T7-pA and pH (Bruce et al., 1992), and 1.5-3 U Taq Titanium.  131 

Thermal cycling was carried out with a denaturing step of five minutes at 94°C, followed by 132 

35 cycles of denaturation (94°C for 45 s), annealing (61°C for 45 s), elongation (72°C for 90 133 

s), and a final elongation step of 7 minutes at 72°C.  Amplified DNA was purified with the 134 

GFX PCR DNA and Gel Band Purification Kit.  Purified DNA concentrations were measured 135 

at 260 nm with a UV/Vis spectrophotometer (Nanodrop Technologies, Wilmington, DE) and 136 

adjusted to 50 ng/l!l, then stored at -20°C. 137 

 138 

RNA transcription and fragmentation 139 

 RNA was transcribed and Cy-3 labeled using the T7 polymerase kit (Invitrogen, 140 

Carlsbad, CA).  Each 20 !l mix contained 400 ng purified 16S rDNA, 1x T7 polymerase 141 

buffer, 10 mM DTT, 0.5 mM each ATP, CTP, and GTP, 0.25 mM UTP, 0.5 mM UTP Cy-3 142 

(Amersham, Little Chalfont, Buckinghamshire, UK), 50 U T7 polymerase, and 20 U RNasin 143 

plus RNase inhibitor (Promega, Madison, WI).  The mix was incubated for 4 hours at 37°C 144 

then purified using the RNeasy Mini Kit (Qiagen, Courtaboeuf, France) with a 50 !l elution.  145 

To improve hybridization rates, RNA was fragmented at 60°C for 30 minutes with a mixture of 146 

1.43 !l Tris-Cl and 5.71 !l ZnSO4.  The reaction was stopped on ice and 1.43 !l EDTA was 147 

added, followed by 1 !l of RNasin plus RNase inhibitor.  RNA concentrations were measured 148 

at 260 nm with a UV/Vis spectrophotometer (Nanodrop Technologies, Wilmington, DE) and 149 

adjusted to 50 ng/!l, then stored at -20°C. 150 

 151 
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Oligonucleotide probe design 152 

 The microarray slides used in this experiment were developed as described by 153 

Sanguin et al. (2006a, 2006b) to include 742 probes coding for a wide array of bacteria.  154 

Previous use of oligonucleotides for RNA hybridization has shown that, in order to produce 155 

reliable results, the probes must display similar hybridization behavior—i.e., all probes must 156 

have similar lengths, melting temperatures, and limited strong hairpin structures (Bodrossy et 157 

al., 2003).  The majority of probes used in this study (93%) had a length of 20 bp; minimum 158 

and maximum lengths were 17 and 26 bp (mean 19.89, std. dev. 0.59).  The mean GC 159 

content was 54.61% (std. dev. 6.03), and the mean melting temperature was 65.50°C (std. 160 

dev. 4.72).  161 

 The microarray used includes two spots for each of the control probes EUB338 and 162 

EUB342, which readily hybridize with nonspecific bacterial 16S rRNA.  It also includes nine 163 

negative controls based on unrelated DNA sequences and non-binding areas.  In addition to 164 

generic bacterial probes, test probes targeted the alpha-proteobacteria (148 probes), beta-165 

proteobacteria (61 probes), gamma-proteobacteria (133 probes), delta-proteobacteria (19 166 

probes), epsilon-proteobacteria (57 probes), Bacilli (39 probes), Clostridia (25 probes), 167 

Mollicutes (31 probes), Bacteriodetes (9 probes), Flavobacteria (10 probes), Sphingobacteria 168 

(10 probes), and Methanobacteria (3 probes).  The each probe was deposited at three 169 

different places on each microarray.  170 

 Probes were custom synthesized (Eurogentec, Seraing, Belgium) with a 5’ C6-NH2 171 

group for covalent attachment to aldehyde slides (Schott Nexterion AG, Mainz, Germany). 172 

The slides were spotted using a Microgrid II spotter (BioRobotics, Cambridge, UK) as 173 

described by Sanguin et al. (2006a).   174 

 175 

Microarray hybridization 176 

 The slides were prepared for hybridization as described previously (Sanguin et al., 177 

2006a).  Hybridization was performed at 65°C for 17 hours with a 50 !l DEPC-treated 178 

aqueous mixture containing 0.3% sodium dodecyl sulfate (SDS), 3x Dennardt solution, 18x 179 

SSC (2.7 M sodium chloride plus 0.27 M sodium citrate), and 400 ng of Cy-3 labeled RNA.   180 

To promote even distribution of the RNA sample over the slide, the hybridization took place 181 

on a Belly Dancer agitation device (SPI Supplies, West Chester, PA) at maximum speed.  182 

Afterwards, the slides were washed and dried as described previously (Sanguin et al., 183 

2006a). 184 

 185 

Scanning, data normalization and analysis 186 

 The slides were scanned at 10 !m resolution with a GeneTac LS IV scanner 187 

(Genomic Solutions, Huntingdon, UK) at 532 nm for Cy3.  The images were analyzed with 188 
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GenePix 4.1 software (Axon, Union City, CA).  The gain was adjusted to the highest value 189 

beneath the saturation point, while spots marked by dust particles or other impairments were 190 

visually identified and removed from further analysis.   191 

 Comparison of microarray results from microcosm and environmental samples was 192 

carried out in the statistical computing program R by principal component analysis (PCA) of 193 

the normalized intensity signals using the ade4 package (Thioulouse et al., 1997: 194 

http://pbil.univ-lyon1.fr/ADE-4/).  Data was translated into hierarchical clusters using the 195 

same software.   196 

 Universal bacterial probes EUB338 and EUB342 were used as positive controls for 197 

scanning purposes but were not included in further analysis. A spot was considered positive 198 

if 80% of the pixels showed a higher intensity than the average local background pixel 199 

intensity plus two standard deviations.  The average intensity was taken for spots in which 200 

two or more repetitions qualified as positive.  The numerical values calculated for each probe 201 

correspond to the square root of number obtained when the median intensity of spot pixels is 202 

divided by the median background intensity value for the entire slide.   203 

  204 

RESULTS 205 

 The first set of data was collected from microcosms containing a single soil type 206 

(LCSA Fall).  Samples were exposed to TCE at concentrations of 0 ppb, 1 ppb, 100 ppb, 1 207 

ppm, and 25 ppm and during 2 hours, 2 days, 14 days, 35 days, and 151 days.  Subsequent 208 

microcosm samples contained soil from three different sites (Montrand, Chinon, and LCSA 209 

Spring) with were exposed to TCE concentrations of 0 ppb, 0.1 ppm, 1 ppm and 10 ppm 210 

during 35 days.  Site samples from Rouen 1 and Rouen 2 were analyzed using both the 211 

method described in this study and traditional chemical analysis for chlorinated organic 212 

compounds (Table 1). 213 

 214 

Table 1.  Chemical analyses of site samples. 215 

 216 

 Three samples from each group (site/time-concentration intersection) were applied to 217 

oligonucleotide arrays.  Under fluorescent scanning, illuminated spots indicated the presence 218 

of different bacterial species and/or groups and phyla in the soil sample.  There was 219 

considerable diversity in the microarray hybridization pattern between samples, although the 220 

different soil sample types grouped relatively well in a principal component analysis (PCA; 221 

Site 

 

Location PCE TCE CDCE VC 

North 110.92  43.53  11.84  1.72  Rouen 1 soil 
(mg/kg) West 559.79  429.81  84.39  4.89  

I1 <1  1.9  <10  <0.5  

I4 <1  2.8  <10  <0.5  

Rouen 2 

groundwater 

(!g/l) PZS <1  1.1  59  21  
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Figure 1).  There was some overlap between the two microcosm experiments (A and B in 222 

Figure 1), which is not surprising as both contained soil from La Côte St André, France and 223 

had similar exposures to TCE.  The relatively compact group B came from three soils but had 224 

the same TCE concentration and exposure time (which suggests that the original microbial 225 

community was less important than the TCE exposure.  The two different sets of 226 

contaminated field samples (C and E) grouped closer together than the non-contaminated 227 

samples (D) from the same site as the “C” samples (Rouen 1, France). The highly 228 

contaminated microcosms from group “A” are found close to the field sample group “E” 229 

(Rouen 2) while the less contaminated microcosms are found near the non-contaminated 230 

Rouen 1 samples (C).   231 

 232 

 233 

Figure 1.  Principal component analysis of all microarray data from initial soil microcosms (La 234 

Cote Saint Andre - Fall (A)), second microcosms (La Cote Saint Andre - Spring, Montrand, 235 

and Chinon (B)) and field samples (Rouen 1 subsurface (C), Rouen 1 surface soil, non-236 

contaminated (D), and Rouen 2 (E)). Each point is the average of three measurements. 237 

 238 

 When individual experiments or sites are analyzed, trends in community response are 239 

clearer. After only two hours of TCE in the microcosms, bacterial communities containing 1 240 

ppm and 10 ppm TCE begin to separate from less concentrated samples along the axes 241 

chosen for community disparity (Figure 2).  This suggests a very rapid transition within the 242 

soil to a microbial community capable of withstanding this type of contamination.  This trend 243 

D 

A 
B 

C 

E 



 

 

 

108 

continues over time, with visible separation between contaminated and control samples.  244 

After 151 days, however, the community structure regained homogeneity across 245 

concentrations.  In a comparison between control samples from t0 (2 hours) and control and 246 

contaminated samples from t3 (35 days) and t4 (151 days), we see a trend toward greater 247 

diversity between samples between time points t0 and  t3 followed by a return to homogeneity 248 

by t4 in which contaminated samples are not differentiable from controls (Figure 3).  By the 249 

time of the t4 extraction, the TCE added initially had evaporated from the microcosm 250 

(confirmed by GC analysis).   251 

 These results indicate a fast reaction in soils, a high sensitivity of the method when 252 

analyzing soils of the same origin with different levels of contamination, and the ability of the 253 

microbial community to recover once the contamination is removed.  There is no significant 254 

difference between wet and dry negative controls as tested at 2 hours and 151 days, 255 

suggesting that the effect of adding water to the samples is negligible when compared to the 256 

effect of adding TCE. 257 

 258 

 259 

Figure 2.  Principal component analyses of microbial community structures as measured by 260 

microarray after the addition of TCE to soil (LCSA) microcosms.  T0 samples were from DNA 261 

extracted after 2 hours and T1 from after 48 hours. C0 soil microcosms had non-262 

contaminated water added and C4 soil microcosms were contaminated at 25 ppm. Control 263 

dry samples were also tested at T0. 264 

 265 
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 266 

 267 

Figure 3. Principal component analyses of microbial community structures as measured by 268 

microarray after the addition of TCE to soil (LCSA) microcosms.  Samples were from DNA 269 

extracted after 2 hours (T0), 35 days (T3) and 151 days (T4). Concentrations of TCE varied 270 

from 0 (C0), 1 ppb (C1), 100 ppb (C2), 1 ppm (C3), and 25 ppm (C4). Control dry samples 271 

were also tested.  272 

 273 

 Chemical analysis of the site samples used in this study showed a wide range of 274 

chlorinated ethene contamination (Table 1).  The Rouen 2 site sampled had a history of 275 

contamination with TCE.  The sites I1 and I4 were located near the pollution source, while 276 

PZS was located approximately 150 m downstream, within the contamination plume.  277 

Beginning in 2002, the area including the PZS sampling site was amended with phosphates 278 

and sparged to encourage TCE bioremediation.  The products of this reaction, cDCE and 279 

VC, are shown to be present in far greater quantities at this site than the original pollutant 280 

TCE, indicating dechlorinating activity.  We chose PZS as our representative sample set in 281 

which a dechlorinating community is expected. 282 

 In the Rouen site, there was no clear evidence of bioremediation.  There, chemical 283 

analysis showed high levels of both PCE and TCE, with relatively low levels of the cDCE and 284 

VC, suggesting that either the site had not undergone significant natural attenuation or the 285 

dechlorination to ethene was unusually rapid.  We considered these samples to be examples 286 

of heavily contaminated soils in which dechlorinating communities were not expected.   287 
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 The PCA is based on two axes of relevance, calculated by the software to show the 288 

most important differences in bacterial content between the samples used.  The x and y axes 289 

adapt to different data sets but are consistent for a given sample set.  Therefore, the 290 

positions of the samples on a PCA graphical display correspond to the position of the 291 

oligonucleotides on a similar graphic.  By running the most polluted samples from a particular 292 

soil/time treatment against the negative control for that group, we were able to choose 293 

threshold x and y values at which the oligonucleotides on the PCA chart are linked to the 294 

contaminated samples but not the negative controls (Figure 4).  By performing this analysis 295 

on samples from each time point in the gradated microcosms (T0, T1, T3, T5) and the 296 

samples from two points in each of the contaminated sites (West and North for Rouen, 10m 297 

and 7m for Rouen 2), we were able to pinpoint oligonucleotides that appeared repeatedly in 298 

association with the most contaminated samples (Table 2).   299 

 301 

Figure 4. Example of method for identifying 303 

significant oligonucleotides.  304 

 The principal component analysis of the microarray analyses of Rouen 1 West soils, which 305 

were historically contaminated by TCE, and of the non-contaminated Rouen 1 control soil 306 

(RouenNeg). In this sample set we choose a set of dividing coordinates between 307 

contaminated samples (RouenWest) and controls (RouenNeg), then assign the coordinates 308 

to the oligonucleotide table to identify the organisms linked to chlorinated solvent 309 

contamination.  310 

311 
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 311 

Table 2.  The oligonucleotides and their putative targets significantly affected by the TCE as 312 

defined by the method demonstrated in figure 3.  313 

314 

      Microcosms C4/C0 
Rouen1 
Cont/noncont 

Rouen 2 
cont/non-
cont   

Oligo Sequence Identifier T0 T1 T2 T3 West North 10m 7m Total  

BONE23Am CGGAATTCCATCCCCCTCT Beta1 group of proteobacteria 1 1   1 1   1   5 

Nit1B GACCGTTTCGTTCCGGCTGA Most Nitrospira 1 1     1 1 1   5 

Nit1C AACCGTTTCGTTCCGGCTGA Some Nitrospira 1 1     1 1 1   5 

Alpha.683.IN16 CGAATTTCACCTCTACGCTG  Alphaproteobacteria unknown 1 1 1       1   4 

Alpha.683.IN22 CACATTTCACCTCTCCACTA  Alphaproteobacteria unknown 1 1 1       1   4 

Alpha683 CGAATTTCACCTCTACACTC Most Alphaproteobacteria 1 1   1     1   4 

Alpha.683.IN21 CGCATTTCACCGCTACACAG  Alphaproteobacteria unknown 1 1   1       1 4 

Nso190 CGATCCCCTGCTTTTCTCC 
Betaproteobacteria amino-oxidizing 
bacteria 1 1   1       1 4 

PseubC1.5 TGCCCTTCCTCCCGTAACTT 
Pseudomonas Cluster Biocontrol 1 
(strain SV3) 1 1       1   1 4 

PseubC1.6 CTGCCCTTCCTCCCGTAACT 
Pseudomonas Cluster Biocontrol 1 
(strain SV3) 1 1       1   1 4 

Alpha.683.IN1 CGAATTTCACCTCTACACTG  Alphaproteobacteria unknown 1 1         1   3 

Alpha.683.IN10 CGAACTTCACCTCTACACTC  Alphaproteobacteria unknown   1 1       1   3 

Alpha.683.IN11 CAAATTTCACCTCTACACTC  Alphaproteobacteria unknown 1 1         1   3 

Alpha.683.IN13 CGGATTTCACCTCTACACTA  Alphaproteobacteria unknown   1 1       1   3 

Alpha.683.IN14 AGAATTTCACCTCTACACTA  Alphaproteobacteria unknown 1   1       1   3 

Alpha.683.IN8 CGAATTTTACCTCTACACTC  Alphaproteobacteria unknown   1 1       1   3 

Alpha685 
TCTACGAATTTCACCTCTAC 

Most Alpha proteobacteria, 
Deltaproteobacteria and Fusobacteria  1 1         1   3 

BET940 
TTAATCCACATCATCCACCG 

Azospirillum (except A. irakense, 
amazonense and doebereinerae) 1       1   1   3 

Acido.a CCATTGCGAACAATTCCCCA Most Acidobacteria (acido-a) 1 1   1         3 

Acido.c CCCGTAGGAGTCTGACCCGT Most Acidobacteria (acido-b) 1 1   1         3 

Alpha.683.IN15 CGAATTTCACCTCTACACCG  Alphaproteobacteria unknown 1 1 1           3 

Alpha.683.IN20 CGCATTTCACTGCTACACTC   Alphaproteobacteria unknown     1 1       1 3 

CF319.m 
TGGTCCGTGTCTCAGTACCA 

Most Bacteroidetes (excepted 
Capnocytophaga, Blattabacterium, 1 1   1         3 

CFB562A 
TACGCACCCTTTAAACCCA 

Most Bacteroidales (excepted  
Bacteroides, Prevotella and related) 1 1   1         3 

CFX109 CACGTGTTCCTCAGCCGT Most Chloroflexi 1 1   1         3 

DELTA495a 
AGTTAGCCGGTGCTTCCT 

Most Delta proteobacteria(excepetd 
myxococcales) 1 1   1         3 

Epsi5 ATGGTATACTCACCCGTGCG 
uncultured_epsilon_proteobacteria 
(cluster2)   1   1       1 3 

Flavo2 GCTCCTTCTACCCCTCGACT Flavobacterium 1 1   1         3 

GAM.mrc2 CCTGCCGCCAGCGTTCAATC Gamma proteobacteria 1 1           1 3 

HGC664.IN14 CCAGGAATTCCAGTCTCCTC  Actinomycetes unknown 1 1 1           3 

PLA46 GACTTGCATGCCTAATCC Planctomycetes and OP3 division 1 1   1         3 

Plancto12 TTACTGCCCCTTACGCCGGT Gemmata sp. 1 1   1         3 

Plancto4.mA GCCTAATCCATGCCGCCAAC Most Planctomycetes 1 1   1         3 

Plancto4.mB GCCTAATCCACGCCGCCAAC Most Planctomycetes 1 1   1         3 

Plancto9 TACCCATGCCTTACTGCCCC Gemmata sp. And related 1 1   1         3 

Pola1 AAGGCCTTCTATCCTGCACG Polaromonas 1 1   1         3 

PseuNZ17.4 ACATCTCACCGACACGAGCT 
Pseudomonas Cluster Biocontrol 1 
(strain NZI7)              1 1           1 3 

PseuPseu2 ACACGCGGCATGGTGGATCA Pseudomonas pseudoalcaligenes      1   1       1 3 

TM7.1 CTACGCAACTCTTTACGCCC uncultured bacteria (TM7 division) 1 1   1         3 

TM7.2 CTCCTTCCTCCCCGTTACCG uncultured bacteria (TM7 division) 1 1           1 3 
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 314 

DISCUSSION 315 

 316 

 This study demonstrates some of the promise of microarray-based community 317 

analysis of chlorinated solvent contaminated sites.  Microarray-based community analysis 318 

was applied to both the effect of TCE on the microbial community in the absence of active 319 

TCE biodegradation and to the variations in microbial community structure of contaminated 320 

sites. In the first case, the evolution of the microcosm microbial communities as a function of 321 

TCE concentration and exposure time provides an indication of the sensibility of the microbial 322 

community to TCE and the microarray method to community changes.  The microarray 323 

approach is not on the other hand too sensitive as it was able to group the triplicate 324 

microcosms from the same soils together in most of the cases.  In other words, the variation 325 

of community response between triplicates was less than that between TCE concentration 326 

and exposure time. These microcosm experiments can be used to determine rough 327 

ecotoxicological endpoints if measures of microbial community structure perturbations are 328 

correlated to concentration and exposure time.  The soil microbial community is the first 329 

biological community to be exposed to soil and groundwater pollution events and therefore 330 

could provide the most sensitive response to the biological effects of these compounds.  The 331 

shifts in microbial community structure at the intermediate concentration of 1 ppm were 332 

significant although reversible when the TCE was gone (due either to biodegradation or 333 

volatilization).  334 

 335 

In the second series of applications, historically contaminated sites were explored with the 336 

microarray in order to determine if site related characteristics or TCE concentrations and 337 

exposure were more important for defining microbial communities.  In addition, the sensitivity 338 

of the analysis between sites and different TCE concentrations was evaluated.   339 

 340 

Naturally occurring organisms do not function in isolation, and dechlorinators have been 341 

shown to rely on the support of a network of other organisms.  Studies have shown that 342 

some specific classes of bacteria are likely to be found in conjunction with the dechlorinating 343 

strains in the genus Dehalococcoides, including high G+C Gram-positives (HGCs), members 344 

of the Cytophaga/Flavobacterium/Bacterioides (CFB) cluster, and organisms in the beta and 345 

gamma subclasses of the Proteobacteria (Richardson et al 2002).  These organisms are 346 

necessary to supplement the nutrients required by the dechlorinators, create the desirable 347 

redox conditions, and limit interactions with harmful microorganisms.   348 

 349 
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The successful application of the microarray approach occurred despite the typical problems 350 

and biases associated with DNA extraction, purification, and transcription.  DNA of organisms 351 

present in very small quantities in the soil may not be detected on the array as previous 352 

studies have shown this microarray has a sensitivity of 1 out of 10000.  Additionally, we have 353 

not taken into account the solvent effect TCE may have on DNA extraction; the chemical 354 

properties of this compound may affect the efficiency of DNA retrieval. 355 

 356 
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Abstract 

 Tetrachloroethene (PCE) and trichloroethene are large-scale global pollutants found 

throughout industrial areas around the world. Multiple mechanisms by which these pollutants 

are degraded have been elucidated, including oxidation and reductive dechlorination. In 

reductive dechlorination, PCE is converted stepwise to ethene, as a chlorine is replaced by 

an hydrogen atom at each step. During this process, the chlorinated ethene serves as the 

terminal electron acceptor. Many studies have been performed on the multiple genera of 

bacteria that mediate this dechlorination activity. These bacteria use PCE as the terminal 

electron acceptor, H2 as the electron donor and acetate as a carbon source. Bioremediation 

of these compounds is further complicated by the fact that the bacteria that dechlorinate 

require metabolic partners to provide them with the necessary acetate and hydrogen. This 

study examined the bacterial community structure in relation to PCE reductive dechlorination. 

The microbial community structure was examined with the use of phylochip microarrays from 

the moment the PCE was added to soil and during the bioremediation of PCE. In order to 

elucidate metabolic functions, which might correlate with the PCE degradation, phylogenetic 

results were compared with functional genes identified by using pyrosequencing of DNA 

extracted from the soil microcosms. This study evaluated the impact of the bacteria, which 

could either help or hinder the PCE degrader via the production of or the competition for the 

source of electrons 

1. Introduction  
 

Tetrachloroethene (PCE) and a trichloroethene (TCE) are large-scale global pollutants found 

in large quantities in industrial areas around the world. They have shown various forms of 

toxicity in scientific studies of humans and animals. Scientists have elucidated multiple 

mechanisms by which these pollutants are degraded including reductive dechlorination.  

During reductive dechlorination, PCE is converted stepwise to ethene, losing a chlorine atom 

at each step.  In this process, the chlorinated ethene can serve as the terminal electron 
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Chapter 4 

 

STUDY OF THE BACTERIAL COMMUNITY KINETICS 

IN RELATION TO THE CHEMICAL DEGRADTION 

KINETICS 

 

- A novel and rapid method for synthesizing positive controls and standards for 

quantitative PCR (published in Journal of Microbiological Methods). 

 

- Molecular biology-based measurements for understanding chlorinated solvent-

contaminated site bioremediation. 

 

- Relationship between the functional gene quantification and bacterial structure 

during anaerobic degradation of chlorinated solvents. 
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Abstract

We developed and tested a method to produce DNA standards and controls for quantitative PCR by designing and performing partial
hybridization of long oligonucleotides before double stranded DNA fragments were synthesized and subsequently amplified by conventional
PCR. This approach does not require any natural DNA template. Applications include the production of standards, which cannot be easily
produced from DNA extracted from bacteria or plants.
© 2008 Published by Elsevier B.V.

Keywords: Quantitative PCR; DNA shuffling; Real-time PCR; Positive controls; Standards; recA; Dehalococcoides

PCR and quantitative (real-time) PCR (qPCR) have become
increasingly useful methods in microbiology for detecting and
quantifying target nucleic acids in both environmental (Cupples,
in press) and clinical samples (Smith et al., 2006). However, any
PCR amplification requires the use of appropriate positive con-
trols to verify the efficiency of different parameters (temperature,
primer efficiency, specificity of the reaction), and for the gen-
eration of standard curves in qPCR. The incorporation of suitable
standards is compromised when organisms containing the target
gene are difficult to culture (because of slow growth or un-
known growth conditions). Producing positive controls is even
sometimes impossible when targeted sequences come frommeta-
genomic databases containing non cultivable and/or unknown
organisms. Other sequences, like transgenes associated with ge-
netically modified organisms, are known but not readily available
(Hernandez et al., 2003) for DNA extraction. In addition, the
detection and quantification of target genes from pathogenic
strains often requires a biosafety level two or biosafety level three
laboratory if only for the growth of the control culture.

Our objective was to develop a method in which these DNA
sequence standards could be produced artificially without nat-
ural DNA template. This was done by using the sequence of the
targeted gene to design three long (95 bp) oligonucleotide
primers that overlap one another at complementary regions that
are at least 25 bp in length and encompass the 200 bp qPCR
target region as shown in Fig. 1. In addition, these primers were
designed with the use of Primer Select (DNASTAR, Inc.,
Madison, WI) such that they should not form homo- and hetero-
dimers when the change in Gibbs free energy (!G) is less than-
10 kcal/mole (!G calculated for a salt concentration of 50 nM
at 25 °C). These values correspond to the default parameters in
the software. Each of the primer pairs (or sets) has similar
melting temperatures, and an additional assay indicated that
they would not form dimers at a difference of more than 10 °C.
No design constraints were applied for primer hairpins.

Construction of the synthetic positive controls included an
initial PCR-like cycle in the presence of each of the three long
oligonucleotide primers but without the addition of any other
DNA template (Fig. 1). Hybridization of the primer comple-
mentary regions led the polymerase to synthesize double strands
of DNA complementary to the whole targeted DNA region. In a

Available online at www.sciencedirect.com

Journal of Microbiological Methods 73 (2008) 73–77
www.elsevier.com/locate/jmicmeth
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second step, a classical conventional PCR reaction was per-
formed to amplify the synthetic sequence using the first reaction
products as DNA template (Fig. 1).

The initial PCR-like cycle was carried out in the presence of
50 ng of each of the three long oligonucleotide primers, 1X
Titanium Taq PCR Buffer, 0.2 mM deoxynucleoside tripho-
sphates, 1 !LTitanium Taq DNA polymerase (Clontech-Takara
Bio Europe, Saint-Germain-en-Laye, France) and 1 !L of T4
gene 32 protein (Roche Diagnostics S.A.S., Meylan, France).
The PCR amplification was performed as a single-tube reaction
in a Thermal Cycler (Biometra T1 Labgene scientific instru-
ment, Archamps, France) programmed as follows: 6 min at
96 °C, followed by 35 cycles of 95 °C for 1 min; 53 °C for 30 s;
and 68 °C for 40 s, with a final extension at 68 °C for 6 min. The
second reaction, a classical conventional PCR reaction, was per-
formed to amplify the synthetic sequence using 50 ng (quan-
tified with the Qubit system (Invitrogen, Cergy Pontoise,
France)) of the first reaction product as DNA template. This
second PCR reaction was carried out in the presence of 1X
Titanium Taq PCR Buffer, 0.2 mM deoxynucleoside tripho-
sphates, 1 !LTitanium Taq DNA polymerase (Clontech-Takara
Bio Europe, Saint-Germain-en-Laye, France), 1 !L of T4 gene
32 protein (per 50 !L reaction) (Roche Diagnostics S.A.S.,
Meylan, France), and 0.5 !M of forward and reverse primers.
These primers are described as “short” forward and reverse
primers in Table 1 and Fig. 1.

PCR products resulting from the second reaction were then
cloned for sequencing using a TOPOTA cloning kit with a TOPO
4 vector and TOP10 chemically competent cells (Invitrogen,

Cergy Pontoise, France) following the manufacturer's instruc-
tions. The resulting clones were sequenced by Cogenics (Meylan,
France) to validate the control construction. After sequence ver-
ification, the clones containing the positive controls were ex-
tracted using a Nucleospin Extract II kit (Macharey Nagel,
Hoerdt, France) following the manufacturer's instructions and the
resulting DNAwas tested as template in qPCR protocols.

To confirm our approach, two different PCR methods were
used to test for the presence and effectiveness of the positive
controls/standards that we synthesized for four different genetic
elements. First, we used reverse transcription quantitative PCR
(RT-qPCR) to test the positive controls/standards that we syn-
thesized for the bacterial recA gene of Dehalococcoides strain
195, the tceA gene of Dehalococcoides ethenogenes sp. and the
Pseudomonas putida toluene dioxygenase gene: todC. In ad-
dition, we used a classic qPCR assay to test the positive control/
standard that we synthesized for the junction between the
chloroplast transit peptide (CTP) and 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS), which confers herbicide re-
sistance in Roundup Ready (RR) corn (Monsanto, St. Louis,
MO).

For the recA, tceA and todC positive controls/standards, the
RT-qPCR reaction mixture yielded a final solution comprised of
1X Quantitech SYBR Green PCR mix (10 !L) (Quantitech
SYBR Green RT-PCR kit, Qiagen, Courtaboeuf, France),
0.5 !M of each primer, 0.2 !L of Quantitech Reverse Tran-
scriptase and 2.5 mMMgCl2 in a final volume of 20 !L. The RT-
qPCR conditions for each genewere as follows: 50 °C for 20min
for reverse transcription; 95 °C for 15 min for deactivation of

Fig. 1. Experimental steps in the synthesis of positive controls/standards. Step 1A: The three long oligonucleotides hybridize on each other's complementary sequence,
which was bioinformatically designed. Step 1B: After hybridization, the polymerization without supplementary primers begins. Step 2: The last step of the positive
control synthesis consists of classic PCR cycles with the supplementary short primers.

74 M.M. David et al. / Journal of Microbiological Methods 73 (2008) 73–77
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the reverse transcriptase and activation of PCR amplification;
and 40 cycles at 95 °C for 15 s; 56 °C, 63.5 °C and 60 °C,
respectively for each of the three genes, for 30 s; and 72 °C for

30 s. Results from the RT-qPCR, as well as the sequencing
reactions, indicated that the straightforward, bioinformatics-
based approach that we utilized was successful in synthesizing

Table 1
Target gene sequences and primer sequences used in this study

Description Sequence 5! to 3! Melting temperature a Source

Target gene sequence for
CTP/EPSPS junction

GGCTCTGAGCTTCGTCCTCTTAAGGTCATGTCTTCTGTTTC Lerat et al. (2005)
CACGGCGTGCATGCTTCACGGTGCAAGCAGCCGGCCCGC Lerat personal

communicationAACCGCCCGCAAATCCTCTGGCCTTTCCGGAACCGTCCGC
ATTC

Long primer 1: hycornA GGCTCTGAGCTTCGTCCTCTTAAGGTCATGTCTTCTGTTTC 53 °C This study
CACGGCGTGCATGCTT

Long primer 2: hycornBR CCGGAAAGGCCAGAGGATTTGCGGGCGGTTGCGGGCCGG 53 °C This study
CTGCTTGCACCGTGAAGCATGCACGCCGTGGAAACAGAA
GACATGACCTTAAGAGGA

Long primer 3: hycornC GCAGCCGGCCCGCAACCGCCCGCAAATCCTCTGGCCTTTC 53 °C This study
CGGAACCGTCCGCATTC

Short forward primer: CTP2-7 GGCTCTGAGCTTCGTCCTCTTAAG G 68 °C Lerat et al. (2005)
Short reverse primer: CP4-12 GAATGC GGA CGG TTC CGG AAA G 68 °C Lerat et al. (2005)
Target gene sequence

for the recA gene
AAGCGTTTTGGCAAGGGTTCAATAATGAAACTAAGTGACC Seshadri et al. (2005)
CTACCTTCAGGCAGACAGTTGAGTTCATTCCTACAAGTTC
ACTGGCACTTGATATTGCTTTGGGCGTTGGCGGGATTCCC
AGAGGCCGGATATCTGAAATATTCGGTCCGGAAGGCTCCG
GCAAGACGACTCTGGCCCAACATATTAT

Long primer 1: RecAD1.1 AAGCGTTTTGGCAAGGGTTCAATAATGAAACTAAGTGACC 53 °C This study
CTACCTTCAGGCAGACAGTTGAGTTCATTCCTACAAGTTC
ACTGGCACTT

Long primer 2: RecAD1.2R TTTCAGATATCCGGCCTCTGGGAATCCCGCCAACGCCCAA 53 °C This study
AGCAATATCAAGTGCCAGTGAACTTGTAGGAATGAACTCA
ACTGTCTGCC

Long primer 3: RecAD1.3 TTTGGGCGTTGGCGGGATTCCCAGAGGCCGGATATCTGAA 53 °C This study
ATATTCGGTCCGGAAGGCTCCGGCAAGACGACTCTGGCCC
AACATATTAT

Short forward primer: RecA1DF AAGCGTTTTGGCAAGGGTTCA 56 °C This study
Short reverse primer: RecA1DR ATAATATGTTGGGCCAGAGTCGTC 56 °C This study
Target gene sequence

for the tceA gene
CCTTGGCTATAACTCGATGGGTGGTGGAGTTGAAGCTTGG Magnuson et al.

(2000)GGTCCGGGCAGTGCCTTCGGCAACTTAAGTGGCCTTGGGG
AACAATCACGCGTATCAAGCATTATTGAGCCCCGCTACGG
TTCCAACACCAAGGGTTCCCTAAGGATGCTTACCGACCTG
CCTCTTGCCCCCAC

TceALgF1 CCTTGGCTATAACTCGATGGGTGGTGGAGTTGAAGCTTGG 53 °C This study
GGTCCGGGCAGTGCCTTCGGCAACTTAAGTGGCCTTGG

TceALgR TTGGAACCGTAGCGGGGCTCAATAATGCTTGATACGCGTG 53 °C This study
ATTGTTCCCCAAGGCCACTTAAGTTGCCGAAGGCACTG

TceALgF2 AGCATTATTGAGCCCCGCTACGGTTCCAACACCAAGGGTT 53 °C This study
CCCTAAGGATGCTTACCGACCTGCCTCTTGCCCCCAC

TceACtF CCTTGGCTATAACTCGATGGGTGGTG 63.5 °C This study
TceACtR GTGGGGGCAAGAGGCAGGTCGGTAAG 63.5 °C This study
Target gene sequence

for the todC gene
GTCTTCCCCACGTGTTCCTTCCTCCCAGGTATCAATACGGT Zylstra and Gibson

(1989)CCGGACATGGCATCCGCGCGGGCCGAACGAGGTCGAGGT
ATGGGCGTTTACGGTGGTCGATGCTGATGCTCCTGACGAT
ATCAAGGAAGAGTTCCGGCGCCAGACGCTGCGCACCTTCT
CTGCCGGTGGCGTGTTCGAGCAGGACGACGGGGAGAACT

PLgF1 GTCTTCCCCACGTGTTCCTTCCTCCCAGGTATCAATACGGT 53 °C This study
CCGGACATGGCATCCGCGCGGGCCGAACGAGGTCGAGGT
ATGGG

PLgR GGCGCCGGAACTCTTCCTTGATATCGTCAGGAGCATCAGC 53 °C This study
ATCGACCACCGTAAACGCCCATACCTCGACCTCGTTCGGC CCGCGCG

PLgF2 CTGACGATATCAAGGAAGAGTTCCGGCGCCAGACGCTGC 53 °C This study
GCACCTTCTCTGCCGGTGGCGTGTTCGAGCAGGACGACGG
GGAGAACT

PCtF GTCTTCCCCACGTGTTCCTT 60 °C This study
PCtR AGTTCTCCCCGTCGTCCTGCTC 60 °C This study
a Cited in the references or determined with the use of Primer Select (DNASTAR, Inc., Madison, WI) with the default parameters.
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positive controls/standards for the recA, tceA, and todC genes
(Fig. 2 panels A, B, C).

For the CTP/EPSPS genetic element, the qPCR mixture
yielded a final solution containing 1! Quantitech SYBR Green
PCRmix (10 !L), 0.5 !Mof each primer and 2.5 mMMgCl2 in a
final volume of 20 !L. The qPCR conditions were as follows:
initial denaturation at 95 °C for 15 min and 40 cycles of 94 °C for
15 s, 68 °C for 30 s, and 72 °C for 30 s. Results from the qPCRand
sequencing reactions confirm the success of the synthetic positive
control for the CTP/EPSPS junction (Fig. 2 panel D). However,
these results showed that Bioinformatics-in particular, the design
of long oligonucleotide sequences plays a critical role in the
success of this method. Potential long primer sequences used for
the construction of synthetic controls need to be examined
carefully in order to minimize undesired, non-specific synthe-
sized products; such as potential homo-dimer, hetero-dimer, and
palindromic sequences. We show two contrasting results relative
to this issue in Fig. 3.While panels A, B and C show a clear band,
panel D shows a gel smear after the first PCR reaction when the
synthetic CTP/EPSPS determinant was constructed due to the
presence of a small palindromic fragment in the target sequence
resulting in the amplification of concatenates in two of the three
long primers used in this reaction.

Nonetheless, we were still able to retrieve the true synthetic
positive control sequence for the CTP/EPSPS junction by cut-
ting out the band on the gel corresponding to the correct size and

using this DNA as the template for the second PCR reaction.
Thus, even in some cases when the presence of palindromic
sequences in designed primers is unavoidable, the method is
still robust.

This experimental approach serves as a simple, rapid and
inexpensive method for generating synthetic positive controls/
standards for qPCR that do not require any additional pu-
rification. All oligonucleotides used in our approach can be or-
dered from any primer supplier. The positive controls/standards
generated by this method are ideal for use in qPCR assays. In
the examples shown here, the resulting PCR product sizes
were 124 bp for the CTP/EPSPS junction, 191 pb for the recA
gene, 174 pb for the tceA gene and 199 pb for the todC gene, all
of which are ideal product lengths for qPCR. Longer positive
control/standard sequences can also be generated using this
method, but this makes the bioinformatics-based primer design
approach more challenging.

The synthesized positive controls/standards presented here al-
so can be easily quantified (ng of DNA or copy number) without
making additional calculations or assumptions as required, for ex-
ample, in the case of transgenes from transgenic plants (Hernandez
et al., 2003). Previous researchers have also developed a method
for preparing synthetic controls for PCR (Smith et al., 2006);
however, the main and different characteristic of our bioinfor-
matics-based method is that it does not require any initial DNA
template, plasmids or other starting material.

Fig. 2. Gels and qPCR standard curves generated during this study. Panel A, B, C, and D: gels of the last step of the sythetic generation of the recA gene, CTP/EPSPS
junction, tceA gene and todC gene, respectively.
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 MOLECULAR BIOLOGY-BASED 
MEASUREMENTS FOR 

UNDERSTANDING CHLORINATED 
SOLVENT-CONTAMINATED SITE 

BIOREMEDIATION 
 

Maude M. David, Margaux Mesle, Cédric Malandain, Dorothée Cohen,  

Timothy M. Vogel 

Abstract 

Microbial dynamics associated with the reductive dechlorination of chlorinated solvents in a 

groundwater aquifer were monitored by a combination of chemical and biological 

parameters.  Important insights into the reactivity of the Dehalococcoides dominated aquifer 

were provided by the quantification of both DNA and RNA for a range of genes implicated in 

the reductive dechlorination of tetrachloroethene.  RNA measurements provided insight into 

the relative activity of the dechlorinating bacteria and the DNA values provided quantitative 

measurement of the bacterial potential at any given time in the groundwater. Ratios of RNA 

to DNA provided information about the relative or normalized activity of the degradative 

community in situ and were consistent with the overall redox measured.  These ratios varied 

from zero to over 100 in the case of the gene vcrA, which codes for the enzyme capable of 

degrading cis-DCE to vinyl chloride and vinyl chloride to ethene. 

1. Introduction 
 

Chlorinated solvents, such as tetrachloroethene (PCE) and trichloroethene (TCE), have been 

extensively used for their solvent property as degreasers and in dry cleaning. In France as 

elsewhere, their use has led to their release into the soil and groundwater. The French 

register of pollutant emission (IREP) estimate that in 2006 443 tons of organo-halogenated 

solvent were released directly into the groundwater in France. In the USA, 297 602 pounds 

of PCE were released in the groundwater between 1987 and 1993 (data from the U.S. 

environmental agency, part of the National Primary Drinking Water Regulations). Although 

originally thought to be non-biodegradable, PCE can undergo reductive dechlorination under 

anaerobic conditions to chlorinated metabolites: TCE, 1,2-dichloroethene, and vinyl chloride 

(Vogel & McCarty, 1985). With the discovery of bacteria responsible for PCE anaerobic 

respiration (Freedman & Gossett 1989), which leads to the complete dechlorination of PCE 
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 Relationship between the functional 
gene quantification and bacterial 

structure during anaerobic 
degradation of chlorinated solvents. 

 

Maude M. David, Sebastien Cecillon, Laetitia Carron, Timothy m. Vogel. 

 

Abstract 

Perchloroethylene and trichloroethylene are large-scale global pollutants found in industrial 

areas around the world. These chlorinated compounds can be degraded by reductive 

dechlorination. During reductive dechlorination, PCE is converted stepwise to ethene, a 

chlorine atom being replaced by an hydrogen at each step. In this process, the chlorinated 

ethene serves as the terminal electron acceptor.  Many studies have been performed on the 

multiple genera of bacteria that realize this dechlorinative activity. These bacteria use PCE 

as the terminal electron acceptor, H2 as the electron donor; and acetate as a carbon source. 

Bioremediation of these compounds is further complicated by the fact that the bacteria that 

dechlorinate require metabolic partners to provide them with the necessary acetate and 

hydrogen. The aim of this study was to correlate the microbial kinetics measured by qPCR 

with the chemicals monitored in situ, thus improving the PCE degradation site description. 

Finally, the last part of this chapter shows the correlation between the community structure 

and the functional gene quantification during PCE degradation using microcosms amended 

with different organic substrates. This global study, incorporating chemical monitoring, 

dehalogenase quantification and microbial community structure, produced correlations 

between the environmental conditions necessary for dechlorination and the microbial 

community associated with dehalogenase expression. 

1. Introduction 
 

Tetrachloroethene (PCE) and trichloroethene (TCE) are polluting chemicals found 

abundantly at sites around the world. As industrial byproducts, they are found in soil and 

groundwater near factories and businesses, mostly in developed countries (U.S. 

Environmental Protection Agency, as part of the National Primary Drinking Water 

Regulations). Studies have shown these two chemicals to be toxic to humans and animals 
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 Discussion 
 

This thesis focused on bacterial adaptation to chlorinated compounds at both the level of the 

microorganism and the microbial community by tracing the different parameters that can 

influence chlorinated compound degradation. The first section reviewed dehalogenase 

similarity and evolution by summarizing the different adaptation mechanisms that lead to 

bacterial adaptation. As described in this section, the mobile genetic elements are frequently 

associated with dehalogenases and their role in the establishment of several different 

chlorinated compound degradation pathways underscores their importance, which would 

probably only be enhanced during microbial access of the soil’s genetic resources for the 

creation of new dehalogenases and new degradation pathways. The study of the mosaic 

structure of these genes by searching common motifs inside the retrieved non putative 

dehalogenase sequences supports the idea of motif’s horizontal transfer, although these 

motifs are smaller than entire degradative genes and require relatively high frequencies of 

DNA transfer in order to produce the functional combination. The BLAST of the different 

motifs on the NCBI database and subsequent pyrosequencing of metagenomic DNA 

supports several hypotheses concerning the origin of these motifs. This study was supported 

by the examination of the mobile genetic elements described in the literature and found in 

environmental DNA via pyrosequencing and the study of the impact of chlorinated solvents 

on the system generating genetic variation inside the bacteria. The possibility of DNA 

fragments creating de novo genes was mechanistically investigated by in vitro and in vivo 

DNA shuffling of the motifs defined during the bioinformatics study. Indeed, the production of 

a functional gene by the reconstitution of several motifs present in different dehalogenases 

supports at least partially the mosaic structure hypothesis of these genes. 

 

While first part of the thesis focused on the creation of dehalogenases, the environmental 

conditions required for its expression in the environment remain as critical aspects of 

microbial ecology and the bioremediation process. That is why the second part of the thesis 

focused on the microbial community structure and the environmental conditions necessary 

for the biodegradation of the chlorinated solvent: PCE. Although PCE degradation has been 

extensively studied since the early 1980’s (Vogel et al., 1985), a lack of data concerning the 

relationship between environmental physical, chemical and biological parameters provide 

motivation for the exploration of variations in microbial community structure and functional 

genes as a function of PCE degradation. The general picture painted by the relative 
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proportion of sequences in the pyrosequencing in different metabolic classes supports the 

notion of increased acetate and hydrogen availability, whatever the kind of amendment. 

However, the hydrogen concentration is not directly linked to the chlorinated ethene 

degradation in the microcosms studied. These results are consistent with the observations of 

Freebron et al. (2005) and Fennel et al. (1997) who observed that the H2 production does not 

necessarily correlate with enhanced Dehalococcoides presence or growth. Among the more 

active microbial population, both Bacteria and Archaea, are able to use the hydrogen as an 

electron donor are present and are correlated with the chlorinated solvent degradation. In 

addition, we showed that the gene involved in the degradation of cis-dichloroethene and vinyl 

chloride (vcrA) had its expression link to both versatile fermentation and autotrophic bacteria. 

The combination of these observations reflects that the vcrA expression and chlorinated 

ethene degradation are positively correlated with bacterial genera that can compete with 

Dehalococcoides for the hydrogen utilization and yet these PCE reductive dechlorination 

bacteria are good hydrogen competitors in this very reductive environment. This is critical as 

hydrogen can be considered as a limiting factor, because it is the only electron donor 

accepted by the PCE reducer Dehalococcoides (Cupples et al., 2003).  The possibility that 

the Dehalococcoides outcompetes other microorganisms for hydrogen under strongly 

reduced conditions is logical given the greater potential thermodynamic energy of the 

reduction of chlorinated ethenes than that for CO2 (methanogens) or SO4
2- (sulfate reducers). 

Such observations seems to show that PCE reducers do not suffer from the competition with 

methanogens or other hydrogen oxidizing bacteria, and therefore, the production of methane 

might constitute a good biomarker for high hydrogen environments, and thus, PCE reduction.  

 

From a global perspective the bacterial degradation of chlorinated compounds can be 

studied as a function of several different parameters. The first one is the microbial adaptation 

to the chlorinated compound introduced into the environment. This first perspective considers 

the environment as a genetic resource and the microorganisms as linked by their DNA 

exchange capacity. Thus, the adaptation potential of an organism can be linked to its own 

genetic resource and/or its own capacity to exchange DNA. In addition, the potential toxicity 

of the chlorinated compound could by itself generate genetic variability by the induction of the 

SOS system, and thus, contribute to its own degradation. However, not all environments 

might contain the genetic resource necessary for the generation of a new dehalogenases. 

The gene linA, for example, was found at distant geographical locations, from France to 

Japan and India, in the same genera, Sphingobium, but the gene is surrounded by different 

combinations of mobile genetic elements even if the IS6100 is often associated with it 

(Phillips et al., 2005). The gene might have been created in one location and dispersed 

worldwide, for example, by the pollutant itself, or this gene might have emerged from 
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different locations with the final common sequence, because of the adaptation pressure led 

to the same sequence. Resolution of the necessary genetic resource for compound 

degradation gene creation will in part describe the limits of microbial adaptation. Does a limit 

exist? Another useful perspective is related to the ultimate reason of adaptation: the energy 

contained in the molecule or detoxification. Adaptation to a compound that is not degraded 

by other bacteria can provide an ecological advantage. The Dehalococcoides genus, for 

example, seems to have succeeded in its adaptation as it is more competitive than several 

other bacteria using the same electron donor. So, if a molecule contains accessible energy, 

then nature will develop access to that energy.  
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ABSTRACT 

 

This thesis concerns the bacterial adaptation to the chlorinated compounds at both the gene 

level and the microbial community level. The bibliography will focus on the adaptation 

mechanisms developed by bacteria to respond to environmental stresses and on the 

possible origins of the genes responsible for the first steps of chlorinated compound 

degradation, those encoding for the dehalogenases, which perform the dechlorination or 

chlorine removal step. The second chapter of the thesis consists of an experimental 

exploration of the gene shuffling hypothesis presented in the bibliography, using linB and 

dhaA genes. The next chapter examines the bacterial community structure in relation to 

compound degradation using the reductive dechlorination of tetrachloroethylene. For this 

study, molecular biology tools, specifically phylochip microarrays were used to examine 

bacterial community structure from the moment of pollutant introduction to the environment 

and during bioremediation. In order to elucidate the metabolic functions, which correlate to 

the PCE degradation, phylogenetic results were compared with functional genes in the 

microcosms studied. The last chapter of this global study on chlorinated compound 

degradation genes was to link the microbial community structure kinetics with the chemical 

degradation kinetics. In order to evaluate the molecular biological parameters of the microbial 

community, all the genes known to be involved in the entire pathway of PCE reductive 

dechlorination were quantified. This global study, incorporating chemical monitoring, 

dehalogenase quantification and microbial community structure, produced correlations 

between the environmental conditions necessary for dechlorination and the microbial 

community associated with dehalogenase expression. In summary, both the mechanisms 

implemented by the bacteria to degrade this compound pollutant and the bacterial 

community structure during the pollutant degradation were addressed. Improving the 

understanding of these two steps in bacterial adaption can contribute to the understanding of 

bacterial and environmental cleanup capabilities.  

 


