Chasing Organohalide Respirers:

Ecogenomics Approaches to Assess the

Bioremediation Capacity of Soils

Farai Maphosa



Thesis Committee

Thesis supervisor
Prof. Dr. W. M. de Vos
Professor of Microbiology
Wageningen University

Thesis Co-supervisor

Dr. H. Smidt

Associate professor, Laboratory of Microbiology
Wageningen University

Other Members
Prof. Dr. Ir. Huub H.M. Rijnaarts
Wageningen University

Prof. Dr. Dirk Springael
Catholic University of Leuven, Belgium

Prof. Dr. Lorenz Adrian
Helmholtz Centre for Environmental Research - UFZ, Leipzig, Germany

Dr. Inez Dinkla
Bioclear B.V., Groningen, The Netherlands

This research was conducted under the auspices of the Graduate School
SENSE (Socio-Economic and Natural Sciences of the Environment)



Chasing Organohalide Respirers:

Ecogenomics Approaches to Assess the
Bioremediation Capacity of Soils

Farai Maphosa

Thesis
submitted in fulfillment of the requirements for the degree of doctor
at Wageningen University
by the authority of the Rector Magnificus
Prof. dr. M.J. Kropff,
in the presence of the
Thesis Committee appointed by the Academic Board
to be defended in public
on Monday 31 May 2010
at 1:30 p.m. in the Aula



Farai Maphosa
Chasing Organohalide Respirers: Ecogenomics Approaches to Assess the
Bioremediation Capacity of Soils

PHD Thesis Wageningen University, Wageningen, The Netherlands 2010
170 pp.
With references and summaries in English and Dutch

ISBN : 978-90-8585-656-6



...dedicated to my lovely wife Busi and our sons, Anotida and Hillel






Abstract

Organohalide respiring bacteria (OHRB) are efficient degraders of chlorinated ethenes,
chlorophenols, and other halogenated aliphatic and aromatic hydrocarbons. Nevertheless,
these organohalides appear to persist at various locations, and this lack of degradation can
be attributed to the absence of OHRB in sufficient numbers or improper physico-chemical
conditions for their growth and activity. Hence, there is an urgent need for fast, robust and
sensitive methods that allow for predicting and monitoring the bioremediation potential
and activity of OHRB. The ecogenomic toolbox that capitalizes on genomics and other
high throughput approaches offers completely new avenues to study OHRB in natural
environments. To this end, we studied the genomic repertoire, as well as functional gene
expression patterns, in two representative Gram-positive OHRB. Firstly, we elucidated
the genome of Dehalobacter sp. strain E1, which dehalogenates hexachlorocyclohexene
in co-culture with a Sedimentibacter sp., and identified 10 putative reductive dehalogenase
(Rdh)-encoding gene clusters, including the pceABCT operon previously described
in D. restrictus. This suggests that strain E1 has a greater organohalide respiration
potential than previously observed and we confirmed this experimentally by showing
dechlorination of trichloroethene by the co-culture. Secondly, Desulfitobacterium
hafniense DCB-2, capable of dehalogenating different chloroaromatic compounds, has
in its genome seven chlorophenol Rdh (cprA) -like genes, five of which (cprd I-cprAS)
are predicted to encode functional proteins. Different specificities and transcriptional
patterns in response to meta- and ortho- chlorophenols were observed for these five
genes using as substrates 2,3-dichlorophenol (2,3-DCP) for the meta-dechlorination
and 2,4-DCP for the ortho-dechlorination positions suggesting distinct control at the
transcriptional level. Using molecular monitoring and model simulations we determined
in—situ degradation performance of an on-site dechlorinating bioreactor and its influence
on a chloroethene contamination plume. Dehalococcoides was the dominant OHRB as
revealed by quantitative PCR (qPCR) targeting 16S rRNA- and chloroethene Rdh genes
(tceA, verAd, bveA). Saturation analysis showed that while performance of the bioreactor
improved due to especially the addition of molasses, OHRB were fast-growing. Lastly
we developed an assay that combines multiplex capabilities and specificity of ligation
based circularization probes with high-throughput qPCR in the Biotrove OpenArray™,
resulting in a flexible, quantitative multiplex detection system for OHRB in contaminated
soils. Moreover, an outlook is provided on how the ecogenomics approaches described
here and new tools such as proteomics and metabolomics currently being developed can
be applied to advance both the understanding and the exploitation of soil bioremediation
by OHRB.

Key Words: Bioremediation, organohalide respiration, Dehalobacter,
Desulfitobacterium, Dehalococcoides, Sedimentibacter, reductive dehalogenase,
quantitative PCR, chloroethenes, chlorophenols, ligation probes
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Aim and Outline

The living components of soil, including complex microbial communities, play an
essential role in so-called life-support functions that sustain the biological activity of
ecosystems. These functions allow the soils to maintain their ecological integrity such
as by the recycling of nutrients and inactivation of pollutants. Although the importance
of this latter self-attenuating capacity has been recognised, the underlying biological and
biochemical processes are still neither fully understood nor exploited to the full extent.
The aim of the research described in this thesis was to unveil and explore the genetic
potential related to the self-attenuating capabilities of soils with organohalide contamination
using an integrated ecogenomics approach. Organohalide degradation was used as a model
system to study the attenuation capabilities because ecophysiological and molecular ecological
studies of the past two decades have indicated that a variety of anaerobic bacteria are able
to efficiently degrade organohalides, including organohalide-respiring bacteria (OHRB).
Nevertheless, organohalides such as chlorinated ethenes, chlorophenols, and other halogenated
aliphatic and aromatic hydrocarbons appear to persist in deeper soil subsurfaces at various
locations. The reason for this obvious lack of degradation can be the absence of the specific
ORHB in sufficient numbers, or improper physico-chemical conditions for their growth and
activity. To advance the application of OHRB, there is an urgent need for fast, robust and
sensitive methods for predicting and monitoring bioremediation capacity and activity in-situ.
The genomic potential, taxonomic diversity, organohalide degradation
activity and gene expression were explored in OHRB growing in laboratory pure and
enrichment cultures, contaminated soils and groundwater. Furthermore, we describe the
development of a high throughput monitoring tool, using multiplex Biotrove OpenArray™
technology, to assess the bioremediation capacities for organohalide respiration,
enabling the comprehensive and simultanecous measurement of multiple variables.
Chapter 1 introduces the present ecogenomics approaches, and defines how the
ability to probe the environment at the molecular level with a range of ‘omics’ methods has
created an important new paradigm in bioremediation design and management. The potential
of ecogenomics approaches in developing high-throughput-techniques for detecting and
monitoring OHRB, and providing improvements to selection, specificity and sensitivity of
target biomarkers, is discussed, including the application of such approaches to evaluate
bioremediation strategies.
Genomic studies have expanded our knowledge of genetic diversity among cultured
isolates from different species. Moreover, they have been instrumental in our understanding
of the metabolic diversity of OHRB, providing clues about the adaptation of these bacteria
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to organohalide respiration. Presently, the complete genome sequences of eight OHRB have
been determined. However, no genomic information is yet available for Dehalobacter spp.,
a widely spread member of Gram-positive OHRB. To this end, Chapter 2 describes the
first insights into the genome sequence of the b-HCH dechlorinating Dehalobacter sp. strain
E1 that grows in strict coculture with Sedimentibacter sp. strain B4. Metagenome sequence
analysis of the consortium followed by advanced bioinformatic analysis indicated that strain
E1 (2.6Mbp) has the capacity to utilize a broader range of organohalides than previously
observed. Its strict dependence on strain B4 (4.2 Mbp) can be attributed to its own limited
metabolism, making it dependent on the wide metabolic capability of Sedimentibacter sp.
that includes the catabolism of a large spectrum of carbohydrates and the biosynthesis of
amino acids and vitamins.

Chapter 3 describes the transcriptional analysis for 5 reductive dehalogenase
genes (termed cprAl to cprA5) in Desulfitobacterium hafniense DCB-2 cells cultured in the
presence of 2,3-dichlorophenol and 2,4-dichlorophenol as model substrates for the meta— and
ortho- dechlorination positions. Specific expression of these cprd genes was observed during
growth on different halogenated substrates, indicating their control by distinct regulatory
systems.

Beyond the laboratory study of OHRB, their in-situ monitoring and quantification is
essential for optimization of in-situ bioremediation of anoxic subsurface sites contaminated
with organohalogens. To this end molecular monitoring and mass balance model simulations
were applied to determine the chloroethene-degradation performance of an in-situ
dechlorinating bioreactor and its influence on a contamination plume (Chapter 4). The
combination of molecular diagnostics with mass-balancing and kinetic modeling allowed
for detailed insight into the complex interplay of OHRB and metabolite dynamics in the
bioreactor, giving crucial information for optimizing bioremediation.

Chapter 5 describes the development of a ligation-based, quantitative detection
assay for the high-throughput characterization of the dehalogenating capacity of soils
in contaminated environments. This probe ligation-based assay uses a real-time PCR
methodology combined with OpenArray™ technology, enabling accurate target quantification
in a highly multiplex format. Its extensive validation and dynamic range is described as well
as its application to monitor the bioremediation of contaminated soils.

Finally Chapter 6 provides a summary and general discussion of the results presented
in this thesis. It also provides a perspective on the impact of ecogenomics approaches to
improve and expand our knowledge of biomarkers that can be effectively used for monitoring

and optimizing bioremediation strategies at sites with single and multiple contaminations.
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CHAPTER

General Introduction

Exploiting the Ecogenomics Toolbox for
Environmental Diagnostics of Organohalide
Respiring Bacteria

Farai Maphosa, Willem M. de Vos, and Hauke Smidt

A modified version of this chapter, with parts of chapter 6, is in press in Trends in
Biotechnology
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ABSTRACT

The ability to probe the environment at the molecular level with a range of
‘omics’ methods has created an important new paradigm in bioremediation design
and management. Ecogenomics, the application of genomics to ecological and
environmental sciences, defines phylogenetic and functional biodiversity at the
DNA, RNA and protein levels, to elucidate functions and interactions of organisms
in relation to ecological and evolutionary processes. Effective bioremediation of
wide-spread halo-organic pollutants in anaerobic environments requires knowledge
of catabolic potential and in-situ dynamics of organohalide-respiring and co-
metabolizing microorganisms. Here, we discuss the potential of ecogenomics
approaches in developing high-throughput-techniques for detection and monitoring
organohalide-respirers, and for providing improvements to selection, specificity and
sensitivity of target biomarkers, including their application to evaluate bioremediation
strategies.
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Introduction

Bioremediation technologies are increasingly being applied in the clean-up of
organohalide contaminants, such as solvents, polychlorinated biphenyls (PCBs)
and polybrominated diphenyl ethers (PBDEs) (Fig. 1) [1-5]. Most contaminated
sites, including aquatic sediments, submerged soils and groundwater aquifers, are
oxygen-depleted, thus anaerobic bacteria capable of organohalide respiration are
promising candidates for bioremediation in these environments. The incorporation
of genomic tools now allows to further open the ‘black box’ of processes underlying
bioremediation, such as organohalide respiration, and to better understand
mechanisms of microbial adaptations to toxic organohalide compounds and other

relevant environmental factors [6].
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Fig. 1. Structures and examples of typical organohalide substrates.

Ecogenomics, the application of genomics to answer environmental
questions, is a relatively new field. Ecogenomics defines phylogenetic and functional
biodiversity at the level of DNA, RNA, and proteins [7-10], using this knowledge to
quantify microorganisms, and to elucidate their functions and interactions within an
ecosystem in relation to ecological and evolutionary processes [11,12]. Ecogenomics
seeks to understand how genes determining community activity and function
respond to environmental stimuli, such as organohalide pollutants. Ecogenomics
has capitalized on recent advances in high-throughput and -output technologies

to address complex problems at a system level. These genomics technologies are
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considerably more unbiased, sensitive and responsive compared to traditional

methods such as culturing, enabling to look beyond traditional biological endpoints
of microbial growth. The available ecogenomics toolbox has emerged as an important
means in the detection and monitoring of organohalide-respiring bacteria (OHRB)
- dedicated degraders of halogenated aliphatic and aromatic pollutants in anoxic
ecosystems. This toolbox comprises microbial techniques that yield information
on: (i) DNA sequence diversity; (ii) expression of genes; and (iii) linking genes
to organohalide respiration activity (Fig. 2). A detailed description of all existing
utensils of the ecogenomics toolbox is beyond the scope of this review, and excellent
overviews can be found elsewhere [8,9,13]. Here, we discuss the development of the
ecogenomics toolbox and its application for improving the exploitation of OHRB for

in situ bioremediation.

Challenges in the search for organohalide respiring bacteria

Ever since the first discovery of a bacterial species capable of coupling the reductive
dehalogenation of 3-chlorobenzoate to energy conservation and microbial growth [14],
the search for OHRB as potential bioremediation candidates has resulted in isolates,
which belong to different genera, including Desulfitobacterium, Sulfurospirillum,
Anaeromyxobacter, Desulfomonile, Desulfovibrio, Desulfuromonas, Geobacter,
Dehalogenimonas, Dehalococcoides, and Dehalobacter [15-18]. In contrast to other
microorganisms, in which dehalogenation is fortuitously catalyzed in an unspecific
fashion at metal-ion-containing cofactors and corresponding enzymes, reductive
dehalogenation by OHRB is catalyzed by dedicated enzyme systems linked to an
anaerobic respiratory chain [15]. It should be noted that there is no direct correlation
of phylogeny and substrate specificity of isolates. Chloroethene- and haloaryl-
degrading strains could be isolated from all phylogenetic branches mentioned
above. In contrast, dehalogenation capacities of the isolates appear to be strain
dependent. Isolates belonging to the genera Anaeromyxobacter, Desulfitobacterium,
Sulfurospirillum, Desulfomonile, Desulfuromonas, Desulfovibrio, and Geobacter
are metabolically versatile with respect to their spectrum of electron donors and
acceptors and are able to dehalogenate a wide range of halogenated aromatic and

aliphatic compounds. Dehalococcoides and Dehalobacter spp. isolates appear
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as highly specialized bacteria that strictly depend on organohalide respiration for

growth, in most cases coupled to hydrogen as the sole electron donor.

The fact that many OHRB are notoriously difficult to culture and do not
grow to high density poses a great challenge for their detailed physiological and
genetic characterization. For example, Dehalococcoides spp. are difficult to maintain
in pure culture, but are more easily grown in a microbial community on which they
depend for H, supply [16,19]. Similarly, several Dehalobacter spp. have now been
reported to grow only in strict co-culture or consortia [20-22], raising intriguing
questions about the possible role of syntrophic interactions that could act as drivers
for dehalogenation. The whole spectrum of Ecogenomics techniques will be useful
in shedding light to the lifestyles of OHRB.

Genomic basis of organohalide respiration

Genomic studies have further expanded our knowledge of genetic diversity among
cultured isolates from different species, building on the wealth of findings obtained
through cultivation and physiological characterization [3,7,23,24] (Fig. 3). The
genomes of eight OHRB have now been fully sequenced (Table 1), and this number is
expected to at least double in the next year (GOLD Genomes Online Database; http://
www.genomesonline.org). Consequently, there is now an unprecedented number of
gene homologues that have been retrieved from these sequenced genomes in addition
to those obtained from environmental samples, which are available for future studies
aimed at identifying and extrapolating gene functions in dehalogenation processes
occurring at bioremediation sites [10,23,25]. Physiological studies to unravel the
functions of these multiple gene homologues can now be developed and conducted

in systems biology approaches involving proteomics and metabolomics.

Versatile vs. restricted metabolism of different OHRB

Genomics has been instrumental to understanding the differences in the metabolism
of OHRBs, giving us clues on the adaptation and dedication of these bacteria to
organohalide respiration. The larger genomes of Anaeromyxobacter dehalogenans
[23] and of two strains of Desulfitobacterium hafniense [24] confirm the versatile

metabolism of these bacteria as compared to “Dehalococcoides” spp., which have
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smaller genomes and are restricted to organohalide respiration (Fig. 3). The A.
dehalogenans 2CP-C genome has up to 68 putative c-type cytochrome genes [23],
most likely enabling this organism to occupy environments with variable redox

conditions.
: e .
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Fig. 3. Phylogenetic tree of OHRB based on bacterial 16S rRNA sequences. Alignment and
phylogenetic analysis were performed with the ARB software and tree was constructed using
the neighbor-joining (NJ) method [26]. The reference bar at the bottom center indicates the
branch length that represents 10% sequence divergence. Electron donors and acceptors are
listed in the flanking text boxes. Halogenated electron acceptors listed here are restricted
to chlorinated compounds, however, there are many other organohalide compounds
that these OHRBs can respire. Color key: Chloroflexi (red), Deltaproteobacteria (blue),
Epsilonproteobacteria (purple), Firmicutes (green). Abbreviations: DCA, dichloroethane;
DCE, dichloroethene; DMSO, Dimethyl sulfoxide; HCH, hexachlorocyclohexane;
PCB, polychlorinated biphenyls; PCE, tetrachloroethene; TCE, trichloroethene; TCA,
trichloroethane; VC, vinyl chloride; CF, chloroform.
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General introduction

In contrast, Dehalococcoides spp., which are lacking c-type cytochromes, are
restricted to anaerobic zones where reductive dechlorination is a feasible terminal
electron accepting process [27].

Hydrogenases, which are involved in the transfer of electrons from
electron donors such as H, in many OHRB [15,18], have also been identified in
the A. dehalogenans strain 2CP-C genome. The two different predicted Ni-Fe-type
hydrogenases might confer respiratory versatility under distinct environmental
conditions such as high versus low H, partial pressures. One of the two Ni-Fe
hydrogenases encoded in the 4. dehalogenans genome is most similar to the putative
F420-reducing cytoplasmic hydrogenase VhuA [28] encoded in Dehalococcoides
genomes [23]. Dehalococcoides also carry a large number of genes (over 40 in
strain 195) potentially devoted to H, interconversions with protons and electrons,
including those encoding five different multi-subunit hydrogenases (four [Ni-Fe]-
hydrogenases and one [Fe]-hydrogenase) [7,10]. These are typically involved in
energy transduction, highlighting the importance of this reaction to their lifestyle.

Unlike in Dehalococcoides and A. dehalogenans, the use of hydrogen as
an electron donor has not been proven to support growth in D. hafniense strains
DCB-2 and Y51, even though their genomes encode Hup-type Ni-Fe periplasmic
hydrogenases and Ni-Fe cytoplasmic hydrogenases (Table 1). Furthermore,
hydrogenotrophic growth has been shown for the closely related D. hafniense strains
TCE-1, TCPA, DP7 and G2, as well as D. dehalogenans, D. chlororespirans and
D. dichloroeliminans [25]. Knowledge of the encoded diversity of hydrogenases in
different OHRB can, in future studies, facilitate the elucidation of kinetic aspects
of hydrogen metabolism. Such information needs to be more closely considered in
order to optimize the growth of OHRB and regulate the rates of dehalogenation in
contaminated environments where different hydrogen concentrations may stimulate
or inhibit growth of OHRB.

Reductive dehalogenases
The key enzymes in organohalide respiration, reductive dehalogenases (Rdh),
consist of a catalytic subunit RdhA and a small putative membrane anchor, RdhB

[15,18]. Several Rdhs have been purified and characterized. With few exceptions the
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catalytic subunit contains a corrinoid and two iron-sulphur centres [18,29,30] and

has been localized at the outer side of the cytoplasmic membrane [18,25]. From the 8
sequenced OHRB genomes, 111 rdhA-like genes have been annotated (Table 1), and
a large number of additional gene sequences have been retrieved from other isolates
and mixed cultures, as well as from pristine and polluted environmental samples.

Phylogenetic analysis shows various clusters of Rdhs with similar functions
(Fig. 4), like chlorophenol reductases (CprA), trichloroethene reductases (TceA)
and vinyl chloride reductases (VcrA, BvcA). However, RdhAs with an identical
function, e.g. tetrachloroethene reductases (PceA) are also present in different
phylogenetic branches, suggesting a convergent evolution in different phylogenetic
lineages of OHRBs. Generally, Dehalococcoides RdhAs form a separate clade
compared to those from other OHRBs with a few exceptions like CbrA of strain
CBDBI [3]. Observed clades and clusters may be used in further characterization of
representative homologues, and to design comprehensive sets of primers and probes
for monitoring OHRBs using for example functional gene arrays or multiplex qPCR
detection platforms.

Furthermore, full genome sequences coupled with biokinetic assays have
allowed characterization of several rdh genes, for example Dehalococcoides
ethenogenes 195 DETO0318 as a pced gene, and cbdbA84 from Dehalococcoides
sp. strain CBDB1 was recently identified as a chlorobenzene Rdh-encoding gene
(cbrd) [31]. A key finding was the identification of VC reductase genes from
Dehalococcoides spp. strains BAV1 (bvcA) [32] and VS (verA) [33], enabling their use
as strain- and function-specific biomarkers in monitoring bioremediation. Similarly
in Desulfitobacterium hafniense several chlorophenol Rdh-encoding (cprd) genes
have been identified and characterized, like crd4 and cprA5 in D. hafniense strain
PCP-1 [25,34] and cprA1-cprAS in D. hafniense strain DCB-2 [35,36]. Overall this
suggests OHRB have the ability to degrade a wider than previously anticipated range
of halogenated compounds. Therefore, exploring the functional diversity of the rdh
gene-family can not only serve the identification of useful biomarkers in monitoring
of different organohalide transformation potential in contaminated environments,

but also provide novel leads towards yet-unknown degradation activities.
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Transcriptional regulation of organohalide respiration

Rdh gene clusters in OHRB are often associated with genes encoding putative
regulatory proteins, suggesting that expression of rdhAB genes is in many cases
tightly regulated [7]. In Dehalococcoides spp. nearly all rdhAB gene pairs have
adjacent genes encoding two-component regulatory systems (RdhCD) or MarR-
type regulators (RdhR). For example in the presence of trichlorinated benzenes
cbrA expression is strongly induced by such a 2-component regulatory system
[38]. Similarly, in Desulfitobacterium spp., expression of organohalide respiration-
related genes is transcriptionally regulated, but this is mediated by FNR/CRP-type
regulators (CprK) rather than 2-component regulatory systems. CprK regulatory
proteins recognize specific promoter sequences (dehalo-boxes) in the presence of
the corresponding halogenated substrate, initiating transcription of specific rdhA
genes [39-41]. It has also been shown that a single chlorinated compound can
induce transcription of multiple rdhA genes, albeit at different levels [38,42-44].
Genomics in combination with enzyme assays will help to elucidate the apparent
complexity of the regulatory networks affecting transcription of rdh genes and their
responses towards a wide spectrum of organohalides and other environmental stimuli
such as concentration gradients of oxygen or other alternative electron acceptors
and availability of different electron donors. Such information will help design
bioremediation plans conducive for the quick biostimulation of the required OHRB

at passive sites and/or speedy adaptation of bioaugmenting cultures.

From genomes to metagenomes

Processes underlying bioremediation most often rely on intricate multispecies
interactive networks. OHRB have been found to thrive in consortia rather than in
pure culture, reinforcing the need to sequence the communities in which OHRBs
exist. To this end the metagenomes of defined mixed cultures and entire microbial
communities are currently being unraveled, allowing determination of metabolic and
sensory interactions within consortia. Ongoing sequencing projects include (i) KB-1
culture, containing populations of Dehalococcoides, Geobacter, Methanosarcina,
Spirochaeta, and Sporomusa; (ii) PCE-dechlorinating mixed community containing,

Dehalococcoides ethenogenes, Methanosaeta, Methanospirillum, Bacteroidetes,
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Fig. 4: Phylogenetic tree based on the deduced amino acid sequences of rdhA gene products.
Specifically, these include for Clade 1 - Dehalococcoides RdhA, including PceA, TceA,
BvcA and VcrA; Clade 2 - RdhA from Dehalococcoides and uncultured marine bacteria
(no characterised representative); Clade 3 - RdhAs from other OHRBs as well as CbrA
from Dehalococcoides; Clade 4 - RhdAs from uncultured marine bacteria (no characterized
representative). The tree was constructed by a neighbor-joining (NJ) method based on a
ClustalW alignment of almost-complete amino acid sequences deduced from the respective
gene sequence. The resulting tree was displayed using Interactive Tree Of Life (iTOL) [37].
Names are only displayed for characterized reductive dehalogenases. The scale bar represents
0.01 substitutions per amino acid position. Definitions: CbrA, chlorobenzene reductive
dehalogenase; CdrA, 2.4,6-trichlorophenol reductive dehalogenase, CprA, chlorophenol
reductive dehalogenase; DcaA, 1,2-dichloroethane reductive dehalogenase; PceA,
tetrachloroethene reductive dehalogenase; TceA, trichloroethene reductive dehalogenase;

VcrA and BvcA, vinyl chloride reductive dehalogenases.
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and Clostridiales [45]; (iii) a highly stable and efficient dechlorinating bioreactor
community with Dehalococcoides (http://www.jgi.doe.gov/sequencing/
allinoneseqplans.php), and (iv) a defined Dehalobacter-Sedimentibacter coculture
[22]. Several commercial dehalogenating bioreactor communities are in common
use, and having their metagenomes will allow for modeling and optimization of the
growth conditions at specific sites by supply of limiting nutrients and/or adjustment
of operating parameters. It can be anticipated that with decreasing sequencing costs it
will soon be feasible to routinely sequence directly the environmental metagenomes
and transcriptomes to gain holistic impressions of the genetic and functional potential

at a given site, allowing design of tailor-made interventions.

Quantifying organohalide respirers

Although not intrinsically dependent on genomic information, quantitative PCR
(qPCR) is an important element in the ecogenomics toolbox and is currently the
most routinely used molecular tool in quantifying OHRB and their rdh genes.
Although the use of qPCR in microbial ecology in general, and more specifically
its application for quantifying Dehalococcoides populations, have been reviewed
extensively detailing its prospects and limitations [46,47], it is important to note
that this tool continues to provide valuable information for contaminated site
management. The primer sets currently used for the detection of Dehalobacter,
Desulfitobacterium [48] and Dehalococcoides [46] have become standard in field
studies [49-53]. With the increasing genomic information these primer sets need to
be further developed to target the increasing number of orthologs and also extended
to additional gene functions in order to give a more comprehensive picture of the
reductive dechlorination potential within a site. Such additional functions could e.g.
include critical determinants of stress response to adverse environmental conditions,
indicators of specific limitations, and pivotal factors in the syntrophic interactions
with other members of degrading consortia. Also assays to routinely target new
genera like Dehalogenimonas [54] and “Lahn” and “Tidal flat” Chlorofexi clusters
[55] may be needed to broaden our understanding of their environmental distribution.
Based on the gene copy numbers obtained for targeted dechlorinating bacteria and

rdh's, strategies for on-site remediation have sought to optimize growth and activity
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of these OHRB. In cases, for which no, or low very numbers of, OHRB could be

detected by qPCR, biostimulation via addition of nutrients or electron donors and
bioaugmentation with dechlorinating consortia have been implemented [50,52,56].

Detection of new isolates

Beyond routine environmental diagnostic applications, qPCR has been
instrumental in characterization of new isolates or strains from enrichments and
environmental samples. Analysis of copy numbers of Dehalococcoides 16S rRNA-
and chloroethene rdh genes (i.e., verd, tced, and bvcA) revealed that an enrichment
culture from a contaminated aquifer consisted of multiple, distinct Dehalococcoides
populations. Subsequent transfers, along with qPCR monitoring, yielded isolate
Dehalococcoides GT that contained only verA [57]. Furthermore, using specific
qPCR primers targeting Dehalobacter it was shown that cells of a new Dehalobacter
isolate did not grow in the absence of a chlorinated acceptor, but only in the presence
of 1,2-DCA[21]. Moreover, qPCR was used to show that two novel isolates within the
Chloroflexi were able to couple reductive dechlorination of 1,2,3-trichloropropane
to growth [58].

In view of the extreme diversity of rdh genes within and across genomes
and metagenomes, it has become clear that specific qPCR assays are a particularly
powerful tool in combination with other, more generic molecular profiling
techniques. Combining Terminal-Restriction-Fragment-Length-Polymorphism and
qPCR showed expression of 29 of 32 rdhA genes in Dehalococcoides sp. CBDB1
growing with 1,2,3- or 1,2.4-trichlorobenzene [38]. Recently qPCR in combination
with functional gene microarrays has been used to track functional guilds involved

in hexachlorobenzene degradation in European rivers [53].

Advances in gPCR

Due to the ease and relatively low cost of qPCR compared to microarrays,
it remains the most favorable technique for fast analysis of microbial numbers and
indicators of bioremediation potential from in-situ samples. Emerging technological
developments will further increase the throughput capacity of qPCR. Recent

examples include microfluidic cards that contain 384 miniaturized qPCR assays
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(http://www.appliedbiosystems.com), microfluidic-dynamic-array systems allowing
2,304 qPCR gene expression measurements in a single chip [59], Openarray™
accommodating 3072 33nL qPCR reactions [60], and the SmartChip™ Real-time
PCR system equipped with high-density chips containing 5,000-30,000 nano-wells
[61]. However, it has to be realized that qPCR as a highly sensitive technique is
prone to errors and validity of resulting data sets should be considered with regard to
specificity of primers, efficiency in DNA extraction methods and errors arising from

PCR methodology and instrumentation [46].

Comparative genome hybridization and transcriptomics

The availability of annotated genome sequences has enabled genome-wide analysis
of strain-to-strain variation, as well as gene expression (transcriptomics), largely
through the application of microarrays [9]. Two major classes of microarrays have
been applied: (i) whole-genome arrays (WGAs), targeting all genes within the
genome of a given isolate, and (ii) functional-gene arrays (FGAs), typically target
genes that are key to microbially mediated biogeochemical processes, such as C, N
and S cycling, phosphorus utilization, organic contaminant degradation and metal

resistance, and redox cycling [62].

Characterization of new strains

Application of microarrays to analyze genomes of pure cultures has provided in-
depth understanding of putative gene functions, not only of targeted organisms, for
which the array was designed, but also of non-sequenced strains. Dehalococcoides
comparative genome hybridizations (CGH) and transcriptome studies have been
performed using a WGA with probes designed to cover >99% of the predicted
protein-coding sequences of the Dehalococcoides strain 195 genome showing that
the analysis of expression trends are as important as genetic characterizations [63-65].
Transcript profiling provided a systematic description of central metabolic pathways
and also may assist in the assignment of specific functions to rdhA clusters [63,65].
Application of this array in CGH studies provided insight into the newly isolated
Dehalococcoides sp. strain MB’s complex nutrient requirements and its commitment

to organohalide respiration [17]. Interestingly, the inability of Dehalococcoides
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strain MB to dechlorinate dichloroethenes (DCEs) might be due to the absence of
three genes: DET0079 (zced gene), DET0876, and DET1559, which are thought to
define the ability of strain 195 to dechlorinate TCE past DCE intermediates [17].
The potential of WGASs to speed up the characterization of novel OHRB isolates also

needs to be exploited in the study of e.g. Anaeromyxobacter, Desulfitobacterium and

Geobacter for which genome sequences are available.

Distinguishing between subgroups

WGA can be used to distinguish between Dehalococcoides subgroups in the
environment, which can be key to determine the strains responsible for in
situ dechlorinating activity. For example two strains of the Pinellas subgroup,
Dehalococcoides sp. BAV1 and CBDBI, could be distinguished from strain 195
based on the hybridization of rdh genes on the D. ethenogenes microarray [17].
Similarly WGA-analysis of an Dehalococcoides-containing TCE enrichment from
Alameda Naval Air Station (ANAS) revealed a difference in the rdh repertoire as 13
of the 19 rdh-like genes of strain 195 were not detected in ANAS [63]. In monitoring
sites or bioreactors used in bioaugmentation, WGA can give a detailed overview
of dehalogenation potential compared to available strains. Additionally WGA has
shown that 88% of genes in predicted integrated genetic elements of strain 195
are not detected in ANAS, consistent with these elements being genetically mobile
[64,65]. There is evidence for horizontal gene transfer of rdh s in Dehalococcoides
and Desulfitobacterium genomes [3,24]. As such WGA provides important leads for
studies towards elucidating the extent and effects of these evolutionary events for

spread and stability of reductive dehalogenation potential at polluted sites.

Functional gene arrays

FGAs are highly useful tools for comprehensive high throughput analysis of genomic
potential and activities of microbial communities. For example, the GeoChip
[62] can detect more than 10,000 catabolic genes involved in a broad variety of
biogeochemical processes including pollutant degradation, and has recently been
applied in the search for OHRB [53]. Probes targeting 153 rdh genes were added to

the GeoChip and sediment samples taken from several locations within the Ebro river
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basin with divergent histories of organohalogen pollution were analyzed, showing
that diversity and abundance of rdh—like genes was aftected by the sampling location
[53]. In samples from a location with high hexachlorobenzene pollution, »dh genes of
Dehalococcoides spp. strains CBDB1 and 195 dominated, whereas in samples from
a location with a broader range of contaminants, a wide spectrum of rdh genes from
Dehalococcoides and other OHRB were detected, indicating a higher diversity of
potential degraders, albeit at lower relative abundance as revealed by genus-specific
gPCR [53]. Thus bioremediation strategies for sites with multiple contaminants
need to take into account optimizing for more organohalide respirers and not just
Dehalococcoides in order to harness the full potential at these sites. Regardless of
the challenges involved in microarray technology, such as suitable probe design,
specificity, sensitivity, hybridization behavior, and quantification of target populations
[9], it is anticipated that FGAs in combination with other techniques, like high
throughput non-gel based proteomics [66] and metatranscriptome sequencing, will
considerably enhance our understanding of microbial pollutant degradation.

Concluding Remarks

Finally, the ecogenomic toolbox offers completely new ways to design and
manipulate experiments geared at studying OHRB. For more in-depth understanding
of organohalide respiration, the microorganisms and their respective communities
collaboration between microbiologists, molecular ecologists and bioinformaticians,
complemented with input from geneticists and evolutionary biologists is needed.
Improvements in knowledge introduced by ecogenomics techniques has assisted
in target selection for assessing and monitoring potential, specificity in detecting
biomarkers, understanding spatial and temporal variability of key targets. Sensitivity,
normalization and standardization of assays has also been improved and established.
The mounting omics data on many environmental microbes, in particular OHRB, and
the modeling of their individual and joint biological activities will guide interventions

for stimulating the performance of desired biodegradation processes [11].
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ABSTRACT

The importance of organohalide-respiring Dehalobacter species in the bioremediation
of chlorinated organics has been well recognized as is their limited range of
metabolic modes. However, little is known about the full genomic repertoires of
these dedicated degraders. Here we report detailed insight into the genome sequence
of Dehalobacter sp. E1 that grows in strict coculture with Sedimentibacter sp. B4.
The coculture metagenome and the genome of strain B4 were sequenced using
454 GS-FLX technology. Using the genome of strain B4 as a reference, all contigs
belonging to the genome of strain E1 were filtered, binned separately and annotated.
The resulting draft genome of strain E1 is approximately 2.6 Mbp in size and harbors
10 putative reductive dehalogenase (Rdh)-encoding gene clusters. Seven of these
are most closely related to chlorophenol Rdh genes and 3 to tetrachloroethene
Rdh genes, including the pceABCT operon in D. restrictus. This predicts that the
dehalogenating potential of strain E1 is greater than previously anticipated. This was
confirmed in degradation assays showing effective dechlorination of trichloroethene
by the coculture, which was coupled to growth. Nearly all Rdh genes are located
adjacent to genes encoding transcription regulators of the Crp/Fnr family or the
MarR-type. Transcriptional analysis by RT-qPCR showed specific induction of
several Rdh genes during growth on f-hexachlorocyclohexane. Advanced genome
annotation indicated that Dehalobacter sp. is highly evolved to utilize chlorinated
compounds. The strict dependence of strain E1 on Sedimentibacter sp. B4 is likely
due to the fact that the larger Sedimentibacter genome of approximately 4.2 Mbp
encodes a wide range of metabolic capabilities, including the catabolism of a large
spectrum of carbohydrates, the biosynthesis of amino acids, and the production of

several vitamins.
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Introduction

Subsurface microbiota comprises a large number of functional guilds, many of
which play a central role in the bioremediation of polluted ecosystems. Organohalide
respiring bacteria (OHRB) constitute one of those functional guilds, and are pivotal
for detoxification of halogenated organics. OHRB thrive via anaerobic respiration
with chlorinated pollutants as terminal electron-acceptors, a form of reductive
dehalogenation that involves dedicated enzyme systems (reductive dehalogenases)
to conserve energy [15,67]. OHRB have been isolated from a variety of contaminated
environments around the world and include a phylogenetically wide range of 11
genera belonging to the Chloroflexi, Firmicutes, Delta Proteobacteria and Epsilon-
Proteobacteria [68]. Following the genomic characterization of Dehalococcoides
strain 195 [10], various other genomes have been fully characterized and presently
the genomes are available of 8 strains belonging to the genera Dehalococcoides,
Desulfitobacterium, Geobacter and Anaeromyxobacter [3,7,19,23,24]. The genomes
of the four sequenced Dehalococcoides isolates are relatively small (1.34 -1.47
Mbp) and have a contextually conserved core that is interrupted by high plasticity
regions near the origin of replication, which contain genomic islands and strain-
specific genes [3,7]. Multiple copies of reductive dehalogenase (Rdh) genes are
located within these genomic islands, suggesting they have initially been acquired by
horizontal transfer [3,7]. In contrast, the genomes of the studied Desulfitobacterium,
Anaeromyxobacter and Geobacter spp. are relatively large (3.87 — 5.73 Mbp),
reflecting the versatile metabolic lifestyle of these OHRB that are able to utilize a
wide range of electron donors and acceptors [19,23,25]. Remarkably, no genomic
information is yet available for Dehalobacter spp, a widely spread group of Gram-
positive OHRB. Three strains belonging to the genus Dehalobacter have been
isolated and physiologically characterized, including D. restrictus strains PER-K23
[69] and TEA [70], which use tetrachloroethene and trichloroethene as terminal
electron acceptors, and Dehalobacter sp. strain TCA1 [71], which grows by the
dechlorination of 1,1,2-trichloroethane and 1,1-dichloroethane. All Dehalobacter
spp. isolates are restricted in their metabolism to respiratory reductive dehalogenation.
This feature is shared with Dehalocccoides spp. that, however, are phylogenetically
unrelated and belong to the Gram-negative Chloroflexi (Chapter 1)[68]. Moreover,

35




the isolated Dehalobacter strains have a relatively low growth rate in pure culture,

indicative of synthrophic interactions and it is not surprising that several other
Dehalobacter strains have been obtained in defined co- and enrichment cultures
with fermenting microorganisms, including a B-hexachlorocyclohexane (B-HCH)
degrading culture of Dehalobacter sp. strain E1 and Sedimentibacter sp. strain B4
[22], 4,5,6,7—tetrachlorophthalide-dehalogenating consortia of Dehalobacter sp.
FTHI1 and FTH2 with Clostridium sp. and Sedimentibacter sp. [20], and a coculture
of Dehalobacter sp. WL and Acetobacterium dechlorinating dichloroethanes [21,72].
Dehalocobacter spp. have also been detected in a 2,3,4,5-tetrachlorobiphenyl
(2,3,4,5-TeCB)-dechlorinating sediment culture dominated by populations related
to Dehalococcoides spp. [73]. The importance of Dehalobacter spp. in the
bioremediation of chlorinated environments and their limited repertoire of other
metabolic modes have been recognized at sites contaminated with chlorinated ethanes
and chloroform [21,72,74]. Dehalobacter spp. are restricted in their catabolism to
energy conversation via organohalide respiration using hydrogen as an electron donor
in syntrophic interactions with for example Sedimentibacter spp. [20-22]. However,
as genome sequences are lacking, we only have limited knowledge of their genes
needed for the breakdown of chlorinated compounds, let alone their full metabolic
capabilities. Therefore, we determined the draft genome sequence of Dehalobacter
sp. strain E1, and its coculture companion Sedimentibacter sp. strain B4, by means
of 454 FLX pyrosequencing. This coculture was the first known culture capable of
metabolic dechlorination of f-HCH under anaerobic conditions [22]. Moreover, this
coculture grows and dechlorinates more efficiently than the available pure cultures
of Dehalobacter. 1t is very well possible that the presently isolated pure cultures
of Dehalobacter spp. have been adapted to axenic growth and lost their efficient
dechlorination capacity that is present in their natural habitats. Hence, the coculture
is a better model for gaining insight into the in situ situation than the pure culture
isolates. Based on the annotation of the draft genome that included 10 reductive
dehalogenase (Rdh) genes, we predicted an extended dechlorination capacity of the
coculture that was experimentally verified. Moreover, we showed the induction of a
specific set of the Rdh genes, demonstrating the functionality of these genes coding

for the key enzymes in the dechlorination of B-HCH.
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Materials and Methods

Chemicals

The HCH isomers (>99% purity) were obtained from C.N. Schmidt B.V. (Amsterdam,
The Netherlands). Peptone was purchased at Oxoid (Basingstoke, UK). Gas mixtures
(N,/CO,, H,/CO,) were obtained at Hoekloos (Schiedam, The Netherlands). All
other chemicals used were of the highest available purity and purchased from Sigma
(Zwijndrecht, The Netherlands) and Merck (Amsterdam, The Netherlands).

Cultivation of the Co- and Pure Cultures

The Dehalobacter —Sedimentibacter coculture and pure Sedimentibacter cultures
were grown in 1 L serum bottles containing 500 mL of methanogenic mineral medium
under H,/CO, (80:20 (v/v); 140 kPa) headspace with a final concentration HCH of
approximately 170 uM in the media as previously described [22]. Triplicate tests
were performed for the chlorinated compound degradation experiments in 120mL
serum bottles containing 20 mL of methanogenic mineral medium. Estimation of
chlorinated compounds utilization was done by measuring the release of chloride
on a DX-600 IC system (Dionex Corporation, Salt Lake City, USA). Final
concentration of tested chlorinated compounds in media were 10 mM of 3-chloro-
4-hydroxyphenylacetic acid (CHPA) and 500uM each for trichloroethene (TCE),
cis-dichloroethene (cis-DCE), 2,3-dichlorophenol (2,3-DCP), 2,4-dichlorophenol
92,4-DCP) and 2,4,6-trichlorophenol (2,4,6-TCP).

Genome Sequence Determination

Coculture and Sedimentibacter sp. cells were harvested by centrifugation
and used for high molecular weight DNA isolation using the standard Bacterial
genomic DNA isolation using Cetyl trimethylammonium bromide (CTAB) method
recommended by JGI (Joint Genome Institute, Walnut Creek, CA) with minor
modifications. In short, cells were resuspended in 14.8 ml modified TE (10mM
Tris; 20 mM EDTA, pH 8.0). Subsequently, cells were lyzed using lysozyme and
proteinase K, and DNA was extracted and purified using CTAB and phenol:chlor

oform:isoamylalcohol extractions. After precipitation in isopropanol and washing
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in 70% ethanol, DNA was resuspended in 400 ul TE containing 40 ug RNase A.
Quality and quantity of the DNA were checked using agarose gel electrophoresis and

spectrophotometric measurement using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE), respectively, before the DNA was
shipped for sequencing.

DNA was prepared for sequencing using the GS FLX General Library
Preparation Kit (Roche, Germany) and sequenced at GATC Biotech (Konstanz,
Germany) on the GS FLX using the manufacturer’s protocols. The sequencing data
were assembled using the GS De Novo Assembler (Roche).

Filtering of the Dehalobacter genome sequence data from the metagenomic
sequence of the coculture was done based on BLAST hits and G+C content. The
Sedimentibacter genome sequence was used to query the metagenomic coculture
sequence. Contigs of more than 150 bp in length, with at least 2 reads, and having
no hit with the Sedimentibacter contigs of more than 90% identity for at least 100
bp were binned as Dehalobacter. BLAST and data parsing were done using in-house
Perl scripts. Secondly contigs were sorted based on G+C percentage. Dinucleotide
frequencies were used to check assignment of sequence data as either Sedimentibacter
or Dehalobacter. The Compare Genomic Islands application [75,76] allowed for the

compositional comparison between contigs.

Sequence Analysis, Annotation and Comparative Genomics

Genome annotation was done using the Rapid Annotation using Subsystem
Technology (RAST) [77] and the metagenome pipeline MG-RAST [77]. Metabolic
pathways were examined by using the SEED [78] and KEGG databases [79]. The
tRNA genes were further confirmed by tRNAscan-SE [80]. Artemis v11 was used
to organize data and further facilitate annotation [81]. Orthologs were defined using
ORTHOMCL [82]. The phylogeny was reconstructed using orthologous gene sets
identified from other bacterial genomes using ORTHOMCL [82], which were aligned
with MUSCLE [83] for maximum likelihood trees. Furthermore, putative functions
for reductive dehalogenase genes and associated genes related to organohalide
respiration processes were inferred using BLAST against the National Center

for Biotechnology Information databases [84]. Phylogenetic tree reconstruction
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was performed with reductive dehalogenase catalytic subunit (RdhA) sequences.
Deduced amino acid sequences were aligned with ClustalW [85]. Phylogenetic
trees were calculated using the neighbour joining and maximum likelihood methods
in Bioedit [86]. Stability of the tree topology was further refined by bootstrapping
(1,000 replications). Only RdhAs >400 amino acids were included and trees were
displayed using ITOL [37].

Identification of Repeated Elements and IS Elements

Repeated elements greater than or equal to 18 bp in length were identified using the
repeat-match algorithm in MUMmer3 [87]. IS elements and [S-transposases were
detected by BLAST and BLASTP searches and by manual inspection of the genomic
context surrounding significant search hits to IS elements and transposases in the
ISFinder database [88].

RNA Isolation

The coculture and Sedimentibacter cultures were grown in 500 ml of media in
the presence of 170 uM B-HCH. After 10 days of growth, when the culture media
appeared colourless showing depletion of B-HCH, another pulse of B-HCH (170
uM final concentration) was added to induce the cells. Batches were sacrificed to
obtain samples one day after induction and after 30 days (20 days after induction).
Microbial cells were harvested from 500 ml cultures and RNA was extracted by
bead-beating with Macaloid clay [89], sodiumdodecylsulfate (SDS) and acidic
phenol. Nucleic acids in the supernatant were purified by consecutive extraction with
phenol/chloroform/isoamylalcohol (25 : 24 : 1) and choloroform/isoamylalcohol
(24 : 1). Contaminating genomic DNA was removed with the RNeasy Mini Kit
(Qiagen, Venlo, The Netherlands). In order to eliminate traces of genomic DNA that
co-purified with the RNA samples, two consecutive DNase I (Roche, Almere, The
Netherlands) treatments were done according to supplier protocols. After elution,
RNA integrity was checked by standard agarose gel electrophoresis and quantified
with a NanoDrop spectrophotometer (NanoDrop Technologies). Synthesis of
cDNA was performed on 500 ng total RNA (double DNasel-treated), using random
hexamers and the SuperScript™ III First-Strand Synthesis System (Invitrogen Life
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Technologies, Breda, The Netherlands), according to the manufacturer’s instructions.

Removal of contaminating genomic DNA was confirmed by PCR on non-reverse
transcribed RNA samples with primers Dre441F and Dre645R [48] targeting the
Dehalobacter 16S rRNA gene.

Quantitative PCR assays

Gene expression was measured for 9 target genes using the iQ5 iCycler (BioRad).
Quantitative PCR (qPCR) was performed on 25 ng of cDNA sample using the iQ
SYBR Green Supermix kit (BioRad) in triplicate 25 pl reactions. Primers Dre441F
and Dre645R [48] were selected for qPCR of the 16S rRNA gene of Dehalobacter.
Primers for qPCR targeting the reductive dehalogenase genes (Table 1) were
designed using Primer3 software [90], (http://frodo.wi.mit.edu/primer3/input.htm).
Quantitative PCR amplification parameters were: 10 min at 95.0°C, followed by 40
amplification cycles of 15 sec at 95.0°C, 30 sec at 60.0°C, 30 sec at 72.0°C. The

transcript levels were normalized to 16S rRNA transcripts.
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Table 1: Primers used in this study

Forward primer

Reverse primer

Dhb_965F aagatagcaaatgcggctgt ccattccagccaccacttat  Dhb_965R
Dhb_968F gggagtgattggagcgataa cttgtacatctccggecact  Dhb_968R
Dhb_985F acattgtggctcccgtaaag ttcagcttgccatttgagtg Dhb_985R
Dhb_950F ccttctcatgaagacgcaca ttctgtecctccgaagetaa  Dhb_950R
Dhb_968F aaccaagccgcaatatcaag tatgaagctctggecattcc  Dhb_968R
Dhb_490F tccatacaaggtggatgcaa gctacatcgtggttccaggt  Dhb_490R
Dhb_1133F gcactggcagtagggattgt ccattccagccaccatttat ~ Dhb_1133R
Dhb_1222F tggcagattctttaaaaagtaaaaa caaacttgtttacggegatg ~ Dhb_1222R
Dhb 1238F tacgatgatgggatgggaat ccaccaaggcacgtctttat  Dhb_1238R
Dhb_1153F tgggaggaagaaaatgaaaaa  ttctettgettcgtaagettet  Dhb_1153R
Primers for quantitative PCR
Dhb_965_QF  gatttctgccgggtttgtaa cactgttccagcgcagataa Dhb_965_QR
Dhb_968_QF  atgaagtcggtatcggcaag accatcacgacgatgacgta Dhb_968_QR
Dhb_985 QF tttctgcacgatgacgttte ccagtttacgccatccaact  Dhb_985_QR
Dhb_950 QF  cgctacggtagagcatgaca atccttcaggeggaggtact Dhb_950_QR
Dhb_84 QF acggttattacggcacgaag cgcattgactggcettacaga  Dhb_84 QR
Dhb_490_QF  gaagctctacgcacctcacc cggccataggaacactcatt Dhb_490_QR
Dhb_1133_QF ccttcgcaggatgatttgtt atcgtttccaaatgcetggtc Dhb 1133 QR
Dhb_1222 QF atgggatttgcgttagttge tttgctcgggatcaggtatc  Dhb_1222_ QR
Dhb_1238_QF taagccaaaaaggcgaagaa gttgcaatcceccacatatc Dhb_1238 QR
Dhb_1153_QF atcagaggcgaacaaaagga gtcaatcgatgccacaaatg Dhb_1153_QR
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Results and Discussion

Reconstructing the Dehalobacter Genome Based on the Coculture
Metagenome and the Sedimentibacter Genome

To reconstruct the Dehalobacter sp. strain E1 genome we compared and contrasted
the coculture metagenome and the genome of Sedimentibacter sp. strain B4 grown
in pure culture. Analysis of the sequencing data output (Table 2) for the coculture
metagenome resulted in 3711 contigs greater than 100 bp, whereas that of the
Sedimentibacter sp. strain B4 preassembled into 2400 contigs greater than 100 bp.
Firstly, based on G+C composition analysis, two distinct clusters were obtained
from the coculture sequence data comprising of Sedimentibacter sp. strain B4
sequences with a relatively low G+C percentage and a second cluster with higher
G+C composition from the Dehalobacter sp. strain E1 sequence (Fig. 1). A third
cluster of short sequences, less than 1000 bp, with a very high G+C composition
(60-80 %) was also obtained, with the majority of these sequences belonging to the

Sedimentibacter genome.

Table 2: 454 GS-Flx —sequencing output

Coculture Sedimentibacter sp. B4
metagenome genome
Total Number Of Reads 245560 251870
Total Number of Bases 58487358 58278990
Number of Contigs >100bp 3711 2400
Total bases in contigs >100bp 5606204 4258799
Largest contig size (bp) 233646 306841

Secondly, using composition similarity analyses of the contigs enabled us
to confirm and bin the Dehalobacter sp. strain E1 sequence data. Each genome has
typical dinucleotide frequencies and therefore related species or individual sequences
within a genome have a similar genome signature, whereas unrelated species have
dissimilar genome signatures [91,92]. Analysis of large contigs (> 1000 bp)binned to

the Dehalobacter genome sequence showed a different genome signature than those
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of Sedimentibacter (Fig. 2).
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Fig. 1: Separation of contigs based on G+C percentage. (A) Sedimentibacter sp. strain B4

contigs and (B) — a combined assembly of: Solid-line rectangle — Dehalobacter, dashed-line

rectangle — Sedimentibacter and short contigs with very high G+C content mostly from the

Sedimentibacter genome.
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Fig. 2: Hierarchical clustering of the normalized genome dissimilarity scores for the contigs
of each of Dehalobacter sp. strain E1 and Sedimentibacter sp. strain B4 in comparison with
the complete genome of Dehalococcoides ethenogenes 195 [10]. Depicted in solid and dashed

circles are the Dehalobacter and Sedimentibacter contigs respectively, indicating they have
similar genome signatures.

General Description of Dehalobacter sp. strain E1 and Sedimentibacter sp.
strain B4 genomes

The Dehalobacter sp. strain E1 genome sequence reads were assembled into 111
contigs greater than 150 bp with at least two reads, resulting in a draft genome size
0f' 2,607,109 bp. The Sedimentibacter sp. strain B4 sequence assembly yielded 1711
contigs greater than 150 bp, giving rise to a draft genome of 4,202,354 bp. The total
estimate from all the Sedimentibacter sequences from contigs with at least two reads
i 4,255,211 bp. Due to the large number of small contigs with very high (75%) G+C

content (Fig. 1), further annotation of the Sedimentibacter sequence was done for 91
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contigs with at least 1000 bp (total sequence 3,800,057 bp) on the RAST Server. All
other contigs (<1000 bp) were analyzed on MG-RAST as metagenomic dataset. The

G+C content of the Dehalobacter sp. strain E1 genome is estimated to be 45.1 %
while that of the Sedimentibacter sp. strain B4 is 38%.

The deduced genome sequence of Dehalobacter strain E1 was compared to
the genomes of other OHRB (Table 3). Desulfitobacterium hafniense strains Y51 and
DCB?2 are members of the Firmicutes and closely related to Dehalobacter, whereas
Dehalococcoides species are phylogenetically distantly related but share the restricted
lifestyle and dedication to reductive dechlorination with Dehalobacter spp.. While
the predicted genome of Dehalobacter sp. E1 has a similar, although somewhat
larger, size than the four Dehalococcoides spp. genomes, it is significantly and more
than 2 Mbp smaller than currently known Desulfitobacterium genomes (Table 3).
It is also smaller than the genomes of Geobacter lovelyi and Anaeromyxobacter
dehalogenans, which belong to the 6-Proteobacteria. The relatively small genome
size of strain E1 is in line with the restricted metabolism observed for Dehalobacter
spp. strains. In contrast, Desulfitobacterium, Anaeromyxobacter and Geobacter
spp. are more versatile in their metabolism [23,25] and are found in more diverse
environments compared to Dehalobacter and Dehalococcoides. The small genome
size of strain E1 could be a result of gene loss over time as its growth depends on
syntrophic relationships with fermentative microorganisms like Sedimentibacter and
Clostridia that contain large genomes and may encode functions that compensate for
the restricted metabolism of Dehalobacter spp.

There are 55 tRNA genes distributed throughout the Dehalobacter genome
and there are 3 predicted rRNA operons. In agreement with the presence of multiple
rRNA copies, three non-identical 16S rRNA gene sequences have previously been
identified via sequencing and DGGE analysis of the coculture [22]. Similarly, it was
also observed by qPCR in Dehalobacter WL cultures that there were approximately
four rRNA operons in the Dehalobacter strains [21]. Desulfitobacterium hafniense
Y51 and DCB2, which are phylogenetically related to the genus Dehalobacter have
six and five rRNA operons, respectively [19,24].

Of the 2587 predicted CDS 65% have an assigned function while 33% are
annotated as hypothetical proteins (Fig. 3). To get an indication of the metabolic
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profile of Dehalobacter sp. E1, we examined the metabolic pathways represented
in the KEGG database in comparison to those of other OHRB (Fig. 4). This type of
analysis shows an overall view of the metabolic capacity based on the percentage of
genes within a genome that give hits with representative genes from 10 main KEGG
categories. Overall, and in line with its slightly larger genome size, strain E1 has
a higher proportion of gene representatives in each KEGG category compared to
Dehalococcoides, and lower gene proportions compared to the larger genomes of
Desulfitobacterium and Anaeromyxobacter. All genomes harbor a high proportion
of genes for pathways involved in nucleotide, energy, amino acid, and cofactor and
vitamin metabolism. The four complete Dehalococcoides genomes have similar
proportions of genes represented in KEGG categories in line with the observation that
there is a conserved core genome accounting for 68-77% genes of each individual
genome [3]. The proportion of genes for biodegradation of xenobiotics is similar for
Dehalococcoides and Dehalobacter. No particular KEGG category was found to be

overly represented in Dehalobacter when compared to other OHRB.

1%

B Assigned functions

Conserved unknown

® hypothetical

W similarto proteins of
unknown function

Fig. 3: General protein coding features of the Dehalobacter genome. Hypothetical —
no significant similarity to any other sequenced gene, conserved unknown — conserved
hypothetical protein with sequence similarity to a translation of an ORF in another organism,
however, there is no experimental evidence for its protein expression. Unknown function —
significant sequence similarity to a named protein for which no specific function is currently

assigned.
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Fig. 4: Comparative analysis of genes by functional KEGG categories, from the genomes
of Dehalobacter sp. strain E1 (Dhb.El), Anaeromyxobacter dehalogenans 2CP-C (Ana),
Desulfitobacterium hafniense strains Y51 (DsbY51) and DCB2 (DsbDCB?2), Dehalococcoides
ethenogenes 195 (Del95), Dehalococcoides sp. strain CBDB1 (D.CBDB1), BAVI (D.BAV1)
and Sedimentibacter sp. strain B4 (Sed). Proportion of total genes in each KEGG category

is shown for each genome as a fraction of the total possible number of gene currently in that

KEGG category.
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Reductive dehalogenases in Dehalobacter sp. strain E1

Studies in Dehalobacter restrictus have yielded important information on the
biochemical properties of the PceA reductive dehalogenase [93-95]. Recently it
was furthermore shown that a 1,2-DCA dechlorinating Dehalobacter has multiple
Rdh enzymes [21]. Because of its dedication to organohalide respiration, we
particularly examined the genome of strain E1 for the presence of Rdh-encoding
genes. Based on the RAST analysis, there are 10 open reading frames annotated as
Rdh in the Dehalobacter genome (Fig. 5). No Rdh-encoding genes were found in
the Sedimentibacter genome, further confirming that strain E1 is responsible for all
B-HCH dechlorination activity observed in the coculture [22]. Phylogenetic analysis
showed that seven of the putative Rdh’s clustered with characterized chlorophenol
Rdh’s (CprA) while three formed a cluster with known tetrachloroethene Rdh’s
(PceA) (Fig. 5). The genes encoding Rdh catalytic subunits (RdhA) are all organized
in gene clusters with predicted membrane-docking protein genes cprB or pceB,
except for one of the cprA-like genes (DhbA1153), which is annotated as an ortho-
chlorophenol Rdh gene (Table 4). This gene is 1074 bp in size and does not have
an associated cprB gene. All annotated rdhA genes have characteristic nucleotide
sequence lengths between 1245-1845 bp and their predicted Rdh proteins all
contained the consensus sequence CXXCXXCXXXCP and GXXCXXCXXXCS,
which is characteristic for Fe,-S, centers [18].

With respect to the individual predicted Rdh gene clusters, contig00022
(107206 bp) harbors the composite equivalent to the Dehalobacter restrictus strain
PER-K23 pceABCT operon [95], and the transposon Tn-Dhal and pce operon of
Desulifitobacterium hafniense strain TCE1 [96] (Fig. 6). The predicted Dehalobacter
pced gene product shows 90% identity to that of Dehalobacter restrictus and
Desulfitobacterium hafniense PCE-S and TCE1. The gene cluster found in contig00022
and the pceABCT genes of strain PER-K23 share 97% identity over a region of
8625 bp, including a transposase (IS3/IS911 family protein), an uncharacterized
Archaeon Conserved Region (COG2078) gene involved in tRNA modification in
Archaea and a gene for a putative pyruvate-formate lyase-activating enzyme (Fig.

7). The conservation of the complete pceABCT cluster as well as the transposase-
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encoding gene suggests that this has been inherited from a common ancestor of these

two strains. In contrast, the Desulfitobacterium hafniense TCE1 operon is almost
identical (97%) over a stretch of 4593bp that includes the Dehalobacter pceABC

genes only but not the transposase-encoding gene. Previously it was reported that the

structure of the Tn-Dhal transposon associated with Desulfitobacterium hafniense
TCE1 pceABCT was not conserved in Dehalobacter restrictus [96].

Table 4 : Characteristics of the Rdh genes identified in the Dehalobacter genome.

Feature
1D

Contig
Number

Strand Size

(nt)

Protein sequence/s with highest
identity

%
identity

Dhbg4

Dhb490

Dhb985

Dhb968

Dhb965

Dhb1133

Dhb1222

Dhb1238

Contig 00002

Contig 00022

Contig 00040

Contig 00040

Contig 00040

Contig 00045

Contig 00050

Contig 00050

- 1383

+ 1686

+ 1647

+ 1389

+ 1395

- 1341

+ 1245

+ 1584

AALg7772 CprA4
Desulfitobacterium DCB2

AAO060101 PceA
Desulfitobacterium PCE-S
CAD28790 PceA Dehalobacter
restrictus

CAD28792 PceA
Desulfitobacterium TCE1

Dhaf0711 CprAS
Desulfitobacterium DCB2

AAL84925 CprAl
Desulfitobacterium
chlororespirans

AAL87772 CprA4
Desulfitobacterium DCB2

AAG43483 CprA2
Desulfitobacterium
chlororespirans

AAL87790 CprA3
Desulfitobacterium DCB2

AAL87772 CprA4
Desulfitobacterium DCB2

Dhaf3520 ZP01373225
Desulfitobacterium DCB2

64.8

90

66.7

66.7

69

68.9

37.8

254
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AAGAE18T CprA Dosulfiobazichum PCEA
BAE45337 cprA Desulfifobacterium KECT
ANG46192 CprA Desulfitobactenam DCBZ
AAD44542 CprA Desulfitobactenum dohslogenans
AAG48544 cpra Desulfitobecteriom Viel-1

AALZ/ 763 Cprat Desufftobactanum DCB2
DhbgGe RchA Dehalobacter E1

AALEA925 Cprdl Dasulfitobactedum clilmrespirans

1000

Chlorophenol
reductive
dchalogenases

AALBI790 cprhd Desutfitobacteriim DCBY

s AMNGA3483 CprA2 Desulfitobacterivm chiororospirans

Dhly1133 Rdhd Dehalobacter E1

FRéEs RdhA Dehalohacter B4

Dhhb34 Rdh/ Dehalobacter E1

AALETTST cprA? D swlfilubacterium DCR2
AALBYTTZ cprAd Desulfitobscterium DCB2

2hb1222 RdhA Dehalobacter E1
Dhi1153 Dehatobactor E1

ZP 023227568 Arsennnysulscia

AAN39080 Teod Deoc.cifhionogoncs 194
Dhb1238 Dehalobactor E1
Dha™3520 Deselfitobactenum DCBZ

ggg | CAER Peeh Desuifitobacterium 1CH1
ASWEDI23 PCEA Desuffitobactorium Y51
CADZE7I0 PoA Debalobaclor resiiclus
AAJEI0T Peeh DesulfitonacteriumPCE-S
ChbA20 peed Dehalobacter E1
SAFLTOAG.1 PCEA Dasulifziacterivin G

CAJITEA30.1 deal Dasuififchactenum dichioroeliminans

‘oon 1a0n| AALREABE cprAb Deswltobacterium PO Tetrac h' croethene
DhafC711 cprAs Desulftabactcrium DCE2 reductive
DbOBS Rdhé Dekafobacter E1 dehalogenases

Es ACDH8E31 .1 Gaohacler loviey 57

Dhb®50 RdhA Defalobacter E1
BAFAL3EE “ued Desufilobacliium KRG

1000 — AACHIRE Poed S muttiworans

{ ary L AAGAE104 Poch 5. halorespirans
Mhafl7 13 Dasulitahautaniun: NCR2
0
Fig. 5: Phylogenetic analysis of the predicted Rdh enzymes. Deduced amino acid sequences
were aligned with ClustalW [85]. Phylogenetic trees were calculated using the neighbour
joining and maximum likelihood methods in Bioedit [86]. Stability of the tree topology was
further refined by bootstrapping (1,000 replications). Tree was displayed using ITOL [37].

Dehalobacter RdhA are highlighted in bold face.
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+1 EI)—{ ACR>{PFLA>-{ ORF>—

| 800 | 2400 | 4000 | 5600 | 7200 | 8800 | 10400 | 12000
| | | | | | | | | | | | | | | |

Fig. 7: The pceABCT operon on Contig00022 of the Dehalobacter sp. strain EI genome
sequence. Genes are shown in their reading frame (indicated on the left) bottom axis represents
bp position on contig00022 (size of the contig 107026 bp), thick black line show alignment
of pceABCT operon from Dehalobacter restrictus and dotted line Desulfitobacterium
hafniense TCEL. IS represents an insertion sequence element of the IS3/IS911 family, ACR
an uncharacterized Archeon Conserved Region (COG2078) and PFLA a putative pyruvate-

formate lyase-activating enzyme-encoding gene.

Furthermore, contig00040 harbors three Rdh genes. The first cluster of these
genes is most similar to the cprBA2 - cprBA3 region of Desulfitobacterium hafniense
DCB2, while the second cluster is located 19 kb downstream and resembles the
cprBAS5 operon. Dhb985 on contig00040 was annotated by the RAST pipeline as
pced, however, the amino acid sequence shares 66 % identity with CprAS of D.
hafniense strains PCP-1 and DCB-2. CprAS of strain PCP-1 has been characterized
as a 3.,5-dichlorophenol reductase, and expression of the corresponding gene
in D. hafniense DCB-2 was found to be induced by ortho- and meta-substituted
chlorophenols (Chapter 3 of this thesis). Hence, it would be interesting to determine
whether Dhb985 has similar function (see below).

Finally, four of the annotated Rdh genes most likely code for yet
uncharacterized Rdh’s having less than 40% identity to any of the known proteins.
Similarly, a novel Rdh has recently been identified in Dehalobacter WL mixed
cultures [21].
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The sequences upstream of the Rdh genes were examined for promoter

binding sites that contain a specific DNA sequence termed the dehalobox (TTAAT-
N4-ATTAA). Dehalobox consensus sequence motifs have been identified in
Desulfitobacterium hafniense DCB2 [36,40] as the DNA binding sites for the
transcriptional regulators (CprK). Sequence motif search did not give any significant
results. No dehaloboxes similar to those in Desulfitobacterium could be identified
suggesting there should be different binding sites for these transcriptional regulators

in the genome of Dehalobacter sp. strain E1.

Rdh- associated genes

The Rdh enzymes all are predicted to have a characteristic putative
membrane-anchor protein encoded by the rdhB gene, which forms a bicistronic
operon with the catalytic subunit-encoding gene (rdhA) [15,18]. Secondly the
operons are all associated with transcriptional regulator-encoding genes. Five of the
Dehalobacter cprA genes are located in close proximity to genes predicted that code
for CRP/FNR superfamily (cprK) transcriptional regulators similar to those found
in Desulfitobacterium spp. (Fig. 6) [97]. The pceABCT cluster contains pceC, which
is thought to encode a membrane bound regulatory protein [98]. Interestingly there
is also a ¢prK gene located 1kb upstream from this operon, and its gene product
might also exert a regulatory effect on the pceABCT operon. One operon located on
contig00038 contains a MarR-type regulator (rdhR) encoding gene. These regulators
have been described to be present in Dehalococcoides spp. genomes associated
with Rdh genes. The Dehalococcoides sp. CBDB1 genome contains 16 rdhR
genes, whereas seven were reported for Dehalococcoides ethenogenes 195 [7,10].
The Dehalobacter MarR-type regulator is associated with one of the unique Rdh’s
(Dhb950), which has highest identity at only 18.9% to Geobacter lovelyi PceA. The
MarR-type regulator gene is positioned 463 bp upstream to Dhb950 rdhA. Similarly
this novel cluster of rdhR’s in Dehalococcoides genomes have been observed to be

mostly located 200-320 bp upstream of the corresponding rdhA [7].

Dehalogenation of Chlorinated Compounds

A degradation experiment was conducted following observations that
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there were 10 putative Rdh’s encoded in the Dehalobacter genome, giving rise to
the possibility of a wider dechlorination potential than previously observed. The
coculture has previously been shown to actively dechlorinate 3-HCH, but not PCE
or 1, 2-DCA [22]. We further tested for degradation of CHPA, TCE, cis-DCE, 2,3-
DCP, 2,4-DCP and 2,4,6-TCP. Remarkably, release of free chloride was observed
for TCE but not for the other compounds (Fig. 8), suggesting that the coculture
is able to dechlorinate TCE. This is the first indication of this potential and more
comprehensive experiments will be needed in the future to determine degradation
rates. The observed TCE-dechlorination activity is in agreement with the presence
of a complete pceABCT operon and 2 other genes annotated as tetrachloroethene
reductive dehalogenases in strain E1. No degradation was observed for cis-DCE
after 118 days, in line with the fact that the PCE reductive dehalogenase (PceA) of
Dehalobacter restrictus is only able to degrade PCE to cis-DCE as the end product
[95]. None of the chlorophenols tested were degraded by the coculture, suggesting
that this Dehalobacter sp. strain is not capable of utilizing these compounds in
spite of the presence of genes most closely related to chlorophenol Rdh genes of
Desulfitobacterium hafniense DCB2 [25,36], which has been shown to dechlorinate

all compounds tested here.

400 -

Chloride concentration (uM)

(A '_ 0
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Fig. 8: Chloride formation as an indication of chlorinated compound reduction by the

coculture.
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Expression of reductive dehalogenase genes in p-HCH grown cultures

The expression of the different predicted rdhA genes in B-HCH grown
cocultures was analyzed by RT-qPCR to determine which of the genes could encode
the protein responsible for degradation of B-HCH. The expression levels of individual
genes were normalized to 16S rRNA transcript copy numbers / mL culture (Fig. 9).
Eight of the 10 rdhA-like genes were found to be transcribed in the cultures after 11
days of growth. Of these the pced-like genes Dhb490 and Dhb985, and the cprA-like
Dhb965 and Dhb968 had high expression levels in these cultures. Dhb490 is identical
to the pced of Dehalobacter restrictus, the product of which has been shown to have
a wide dechlorination spectrum in enzyme assays [95]. The expression pattern of
rdhA-like genes observed after 30 days of incubation was markedly different.

More specifically, there were no transcripts detected for 3 of the genes,
which had the highest expression level in 11 day cultures, including Dhb490. It is
tempting to speculate that the protein encoded by Dhb490 is involved in the initial
dechlorination of the B-HCH and not the breakdown products tetrachlorocyclohexene
and dichlorocyclohexadiene. Degradation of B-HCH is known to proceed via two steps
of dichloroelimination followed by either a third dichloroelimination to benzene, or
a dehydrodehalogenation to monochlorobenzene [22]. Dhb950 and Dhb985 (pced-
like), Dhb1133 (cprA-like) and Dhb1222 (r#dhA) have higher transcript levels at 30
days, suggesting that these genes may be involved in dechlorinating the breakdown
products tetrachlorocyclohexene and dichlorocyclohexadiene in the degradation
pathway. Dhb985 had the highest expression after 30 days suggesting it could be a
key gene in the degradation of these breakdown products. The two cpr4-like genes
Dhb965 and Dhb968 were detected at both time points, albeit with lower expression
levels at 30 days, suggesting that these genes could be constitutively expressed.

The expression of multiple Rdh enzymes has previously been observed in
Dehalobacter cocultures [21] and Dehalococcoides spp. [38,42,44]. Of specific
interest in the coculture studied here is the combination of expressed genes (both
cprd- and pceA-like). Further postgenomic studies will be needed to determine
the substrate spectrum of the proteins encoded by these genes, and which of
these genes are responsible for the different steps of dichloroelimination and/
or dehydrodehalogenation during the sequential dehalogenation of B —HCH [22].
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PceA’s have been observed as being bifunctional, able to degrade chlorinated ethenes
and chlorophenols [42], whereas this has so far not been described for chlorophenol
reductive dehalogenases. Although it could not be determined exactly which gene
products are responsible for B-HCH degradation, the present results are an essential

basis for further genetic analysis of the degradation pathway. Moreover, the draft

Dehalobacter genome will be of great importance for further transcriptomic and

proteomic studies aimed to understand the B-HCH degradation pathway.
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Fig. 9: Transcriptional analysis of Dehalobacter sp. strain E4 reductive dehalogenase genes
in cocultures grown in the presence of f-HCH after 11 (dotted bars) and 30 days (filled bars).
Coculture batches (500 mL) were used to extract total RNA and. Expressions level were

normalized to 16S rRNA transcripts and error bars represent triplicate cultures.
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Role of Sedimentibacter sp. strain B4

Dehalobacter sp. strain E1 is only able to grow and reductively dechlorinate
B-HCH in the presence of Sedimentibacter suggesting that there might be essential
growth factors supplied by the Sedimentibacter. So far its exact role in the coculture
has not been unraveled in spite of the fact that Sedimentibacter spp. continue to be
found in consortia with dechlorinating strains [20,21,99,100]. The draft genome of
Sedimentibacter sp. strain B4 isolated from the coculture described here is much
larger (4.2Mbp) than that of Dehalobacter sp. strain El, and has 3591 predicted
protein-encoding genes and 40 tRNA genes. It is possible that Sedimentibacter
stimulates the transformation of B-HCH via the excretion of growth factors like
vitamins, amino acids or other compounds [22]. The Sedimentibacter has a higher
KEGG proportion of nucleotide metabolism genes compared to OHRB (Fig. 8). It is
therefore tempting to speculate that the Dehalobacter benefits from the nucleotide
biosynthesis by Sedimentibacter and its capacity to produce amino acids. Two other
categories that have a remarkable gene representation include the biodegradation
of xenobiotics and the carbohydrate metabolism. The Sedimentibacter may be
involved in detoxification of xenobiotics that may hinder growth and activity of the
Dehalobacter sp. Lastly the carbohydrate metabolism spectrum for Sedimentibacter
is much wider than that of Dehalobacter. In addition, Sedimentibacter is able to
grow fermentatively on peptone as a substrate [22]. Within its genome there are
genes encoding for proteins involved in monosaccharide metabolism and for the
fermentative conversion of acetyl-CoA to butyrate and lactate. The products of these
reactions may be of benefit to the Dehalobacter sp. which does not have the ability
of monosaccharide fermentation.

The Sedimentibacter genome also revealed a high number of contigs with
high G+C content. Their annotation using the metagenome analysis pipeline MG-
RAST revealed that 27 % of these contigs harbor genes involved in the metabolism
of various carbohydrates, including mono, di- and oligosaccharides. Examples of the
di- and oligosaccharides that are predicted to be used include fructooligosaccharides,
maltose and maltodextrins and trehalose. Predicted monosaccharides genes include
those for arabinose, mannitol, xylose, D-ribose and rhamnose utilization. Lactate

and mixed acid fermentation genes were also identified. These short contigs make
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over 40 kb of the expected Sedimentibacter genome. The high G+C content of these
contigs may be indicative of recent horizontal gene transfer but is not a prerequisite
for the degradation of the identified carbohydrates.

Lastly, Sedimentibacter shows genes of several vitamin biosynthesis
pathways including those for folate, lipoic acid riboflavin coenzyme A and
cobalamin synthesis. The identified genes for cobalamin (vitamin B12) biosynthesis
include those encoding the enzymes CobADUTCS but not those coding for the
cobalt transport and insertion, CobG and CobF. Interestingly, CobG and CobF are
the variable parts of cobalamin synthesis in prokaryotes and thus are often missing
[101]. Moreover, some of the short contigs that have not yet been assembled were
found to contain additional genes involved in cobalamin biosynthesis (data not
shown). Cobalamin is important for growth of Dehalobacter sp. as it is the cofactor
of the Rdh’s and the growth media are amended with excess amount of this vitamin
to achieve appreciable levels of growth in cultures [22]. It is conceivable that it
is the capacity of Sedimentibacter to continuously produce cobalamin in moderate
concentrations that stimulates growth and dechlorination of the Dehalobacter in the
coculture. Dehalococcoides spp. have also been found to have higher growth rates
and dechlorination activity when grown in media with excess vitamin B12 or in
consortia with cobalamin-producing strains [102]. The above metabolic features are
the first indications that point to a role of Sedimentibacter as syntrophic partner in
the coculture. Additional efforts towards refined annotation and pathway analysis
will be required to provide a more complete picture of the genomes and its functional

implications for bioremediation

Conclusion

The draft genome assembly of Dehalobacter sp. strain E1 comprises 2.6 Mbp
of sequence while that of Sedimentibacter sp. strain B4 is 4.2 Mbp. Within the
Dehalobacter genome are 10 putative Rdh-encoding gene clusters, the products
of which show homology to known chlorophenol reductases and tetrachloroethene
reductive dehalogenases. Among these Rdh operons is the pceABCT operon described
in Dehalobacter restrictus PER-K23 and Desulfitobacterium hafniense strains TCEI
and PCE-S. Based on RT-qPCR the pced gene (Dhb490) of this operon, Dhb985
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(pceA-like gene), as well as Dhb965 and Dhb968 cprA-like genes are suggested to be

involved in the initial stages of the dechlorination of B-HCH. We also observed that
the coculture was capable of dechlorinating TCE but did not dechlorinate cis-DCE
or any of the chlorophenols used in growth experiments. The availability of the first
draft genome sequences of strains of Dehalobacter and Sedimentibacter provides an
opportunity to investigate complementary gene expression in order to understand
the mechanistic basis of the syntrophy of these two bacteria that form, a partnership
dedicated to organohalide respiration. Future proteomics studies may be done in
combination with transcriptomics to examine the molecular interactions involved
in this obligate relationship. The genomic characterization presented here provides
the basis for applying the ecogenomics toolbox [68] to elucidate the physiology of
the B-HCH degrading coculture and to provide necessary (kinetic) data towards a

metagenome-scale metabolic model of this syntrophic partnership.
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ABSTRACT

Although Desulfitobacterium hafniense DCB-2 is able to dehalogenate a diverse
range of chloroaromatic compounds, little is known about the expression of the
several chlorophenol reductive dehalogenase genes (cprd) its genome harbors and
their specific responses to the presence of either ortho- or meta-chlorophenols. The
D. hafniense DCB-2 genome sequence contains seven cprA-like genes, five of which
(cprdl-cprAS5) are predicted to encode putative proteins that share 18-91% amino
acid sequence identity with the ortho-chlorophenol reductive dehalogenase (CprA)
from Desulfitobacterium dehalogenans. We investigated the transcriptional patterns
for cprAl to cprA5 using as substrates 2,3-DCP for the meta-dechlorination and
2,4-DCP for the ortho-dechlorination positions. Clear differences in the induction
patterns were observed. In the presence of 2,4-DCP, cprA1 and cprA5 were strongly
induced, while 2,3-DCP induced cpr43 and cprd5. Our results suggest that the gene
product of cprA45 has a broad range substrate specificity while those for cpr4/ and
cprA3 have specific activity towards ortho- and meta-chlorophenols, respectively.
The genes cprA2 and cprA4 for which transcription had been reported to be induced
by both ortho- and meta-chlorophenols were not induced by these substrates. The
results indicate that several different regulatory proteins might be involved in
the transcriptional regulation and expression of the five cprds, resulting in their

complementary specificities and responses to meta- and ortho- chlorophenols.
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Introduction
Organohalide respiration is a process catalyzed by a broad diversity of anaerobic
bacteria, and the low-G+C Gram-positive genus Desulfitobacterium comprises a
major group of isolates capable of reductive dechlorination of various chlorinated
hydrocarbons, including chlorinated phenols and/or alkenes [103]. Reductive
dehalogenation associated with organohalide respiration is catalyzed by reductive
dehalogenases (Rdh) and the organohalide respiratory system has been well
characterized in Desulfitobacterium dehalogenans [98].

The D. dehalogenans genome contains a 11.5-kb chlorophenol reduction
(cpr) gene cluster, harboring eight genes designated cprTKZEBACD, that are
involved in expression and regulation of organohalide respiration [39,98]. The
cluster includes genes encoding the reductive dehalogenase (cprd), its membrane
anchor (cprB), several proposed chaperonins (cprT,-E, and -D), a putative
membrane-bound regulatory protein (¢prC) and transcriptional activator (cprK) that
are organized into four transcriptional units: cprT, cprBA, cprZE, and cprBACD [98)].
The cprTKZEBACD gene cluster was also observed in Desulfitobacterium hafniense
DCB-2, suggesting a similar gene regulation [35]. Five predicted Rdh’s, designated
CprAl to CprAS, are encoded in the genome of D. hafniense DCB-2. Nevertheless,
only the cprAl gene of the above-mentioned cprTKZEBACD gene cluster has been
characterized and confirmed to encode a functional Rdh, with ortho-dechlorination
activity towards 3-chloro-4-hydroxyphenylacetic acid (CHPA) [35,104]. The
genes cprA2-cprA5 are not yet functionally characterized but they contain all the
conserved regions characteristic of Rdh’s: a twin arginine signal motif and two iron-
sulfur cluster centres [15,98]. The cprd2-cprA5 genes have also been identified in
D. hafniense strains PCP-1 and TCP-A, and shown to be expressed in the presence
of chlorophenols [105]. Transcription of cprd5 was only detected when strains
PCP-1, TCP-A and DCB-2 were cultured in the presence of 2,4,6-trichlorophenol or
3.,5-dichlorophenol (3,5-DCP), but not in the absence of chlorophenol, showing that
cprA5 is inducible [105].

Transcriptional induction by a specific organohalide was also observed for the
cprTKZEBACD locus of D. dehalogenans; where bicistronic transcription of cprBA
was induced 15-fold upon addition of the ortho-chlorophenolic substrate CHPA [98].
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Chlorophenylacetate, which lacks the o-hydroxy group, and hydroxyphenylacetate

(lacking the chlorine group) did not activate transcription of cprd [39]. D.
hafniense DCB2 shows the highest diversity of proteins belonging to the CRP-FNR
(cAMP-binding protein / fumerate nitrate reduction regulatory protein) family of
transcriptional regulators encoded in a single organism [39,98,106]. The CRP-FNR-
type regulator CprK1 is responsible for activating transcription of cprA4/ in strain
DCB-2 [40]. Binding of CHPA to CprK1 was shown to result in an active DNA-
binding conformation, which enables the regulator to activate transcription from
promoters that contain a specific DNA sequence termed the dehalobox (TTAAT-
N4-ATTAA). Four other CprK-encoding genes (cprK2-cprK5) were also identified
in D hafniense DCB-2 that cluster with genes encoding potential organohalide
respiration proteins [35,39]. CprK1 and CprK2 have a partially overlapping effector
specificity, with preference for ortho-chlorophenols (CHPA or 2,4-DCP), while
meta-chlorophenols (like 2,3-DCP) proved to be effectors for CprK4 [36]. These
regulators interacted in vivo and in vitro with cprA promoters and also with a promoter
of macA, a putative methyl-accepting chemotaxis protein-encoding gene. The ability
of D. hafniense DCB-2 to respire with a wide diversity of halogenated compounds as
terminal electron acceptors could be due to this unusually high occurrence of CprK
like regulators, where each regulator corresponds to a specific group of halogenated
compounds [36,107]. To further expand our understanding of differential cpr4 gene
expression and their specific responses in the presence of different chlorophenols,
we investigated the induction of the full set of cprd paralogues of D. hafniense
DCB-2 in the presence of two different effector compounds; an ortho- and meta-

chlorophenol.
Methods

Bacterial strains and growth conditions

D. hafniense strain DCB2 was cultured in a phosphate-bicarbonate buffered medium
with a low chloride concentration [108] under N./CO, (80:20) headspace at 37 °C.
Anaerobic stock solutions (5SmM) of 2,3-DCP and 2,4-DCP and 10 mM of CHPA
were prepared in water, pH was adjusted to 7.0 by the addition of 1N NaOH, and
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filter sterilized. CHPA was obtained from Sigma-Aldrich (The Netherlands) and

dichlorophenols from Janssen Chimica (Germany).

DNA isolation

Chromosomal DNA of D. hafniense DCB-2 was isolated by first mechanically
disrupting the cells by bead-beating followed by purification using the BiolOl
FASTDNA isolation kit according to manufacturers’ protocols (MP Biomedicals,
Solon, OH, USA).

RNA isolation
For gene expression analysis D. hafniense DCB-2 cells were grown fermentatively
in medium containing 40 mM pyruvate as carbon source. When cells reached mid-
exponential growth phase (OD,, ~ 0.1, in 3 days), 2,3-DCP or 2,4-DCP was added
to the cultures to a final concentration of 40 uM. Experiments were performed in
duplicate. RNA was extracted from 80 to 100 ml culture at the time of the induction,
and after 4 and 44 hours, using the Macaloid method [89]. In short: cells were collected
by centrifugation (13,000 x g, 4 °C) and subsequently resuspended in 0.5 ml TE (pH
7). The cell suspension was transferred to a bead-beating tube containing 0.6 g glass
beads, 0.17 ml 4% macaloid [89], 0.5 ml acid phenol (pH ~3.5) and 0.05 ml 10%
SDS. All aqueous solutions used for RNA isolation and downstream analyses were
prepared with diethylpyrocarbonate (DEPC) treated water. Cells were disrupted by
3 x 1 min of bead-beating, with 1 min cooling intervals on ice. Cell debris were
separated from the RNA fraction by centrifugation (13,000 x g, 4 °C, 15 min). The
supernatant was extracted with an equal volume of phenol:chloroform:isoamylalco
hol (25:24:1) using an Eppendorf Phase-Lock Heavy gel (Eppendorf AG, Hamburg,
Germany), followed by extraction with an equal volume of chloroform:isoamyl
alcohol (24:1). RNA was precipitated by the addition of 1/10 volume 3 M Na-acetate
(pH 5.2) and 1 volume of isopropanol and incubation at -80°C for 2 hours. RNA was
washed with 70% ethanol and resuspended in 50 pl water.

Co-purified traces of genomic DNA were removed by two consecutive DNase
I treatments. First, RNA samples were applied to an RNeasy column (Qiagen, Venlo,

The Netherlands), and an on-column DNase I treatment was performed according
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to supplier protocols. Secondly, the eluted RNA samples were treated with DNase 1.

using Promega RQ1 DNase mix (Promega, Leiden, The Netherlands). Total nucleic
acid concentrations and purity were estimated using absorbance readings (260
nm/280 nm) on a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE).

Synthesis of cDNA was performed on 500 ng total RNA (double DNasel-
treated), using random hexamers and the SuperScript™ III First-Strand Synthesis
System (Invitrogen Life Technologies, Breda, The Netherlands), according to
the manufacturer’s instructions. Removal of contaminating genomic DNA was
confirmed by PCR on non-reverse transcribed RNA samples with primers Dsb406F
and Dsb619R [48] targeting the Desulfitobacterium 16S rRNA gene.

Quantitative PCR assays

Gene expression was measured for 6 target genes (cprAd 1-cprA5 and macA) using the
iQ5 iCycler (BioRad). Quantitative PCR (qPCR) was performed on 25 ng of cDNA
sample using the iQ SYBR Green Supermix kit (BioRad) in triplicate 25 ul reactions
including No-Template Controls. Primers Dsb406F and Dsb619R [48] were selected
for qPCR of the 16S rRNA gene of Desulfitobacterium. Primers for qPCR of Rdh
genes cprAl to cprA5 and macA (Table 1) were designed using Primer3 software
[90] (http://frodo.wi.mit.edu/primer3/input.htm). Primers were tested in silico using
OligoAnalyzer 3.1 (http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/).
Primer specificity and performance were tested by temperature-gradient PCRs on the
iQ5 iCycler, using plasmid DNA containing target gene inserts as PCR-standards.
Primers were used at a final concentration of 200 nM for SYBR Green assays.
Quantitative PCR amplification parameters for the 16S rRNA-targeted assay were:
10 min at 95 °C, followed by 40 amplification cycles of 15 s at 95 °C, 30 s at 60 °C,
30 s at 72 °C. Parameters for amplification of other target genes were the same as
described above, expect for the annealing temperatures: cprd 1, cprA3 and cprd4 at
66 °C; cprA2 at 63 °C; cprA5 and macA at 65 °C. Melt curve analysis was performed
from T to 95 °C in steps of 0.5 °C and 10 s at each step. The transcript levels

annealing

were normalized to the 16S rRNA transcripts.
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Bioinformatic analysis

The genome sequence of D. hafniense DCB-2 was screened for organohalide

respiration genes using the Integrated Microbial Genome tool (Joint Genome
Institute) [109] and basic local alignment search tool (BLAST) [110]. Accession

numbers of proteins predicted to be encoded by cprd genes (based on D. hafniense

genome sequence NC _011830) are shown in Table 2. Multiple sequence alignment
was produced by ClustalW [85].

Statistical analysis

The significance of the observed induction levels was verified using the Student’s

t-test.

Table 1: D. hafniense DCB-2 gene-targeted real-time PCR primers used in

this study
Gene Forward Primer (5°-3°) Reverse Primer (5°-3°)
cprdl  CAC GTA CCG GAGACAGTGC AAG GAAATC GCTTCG TTG G
cprd2  TCG GGAACATTGAAAAGACC  TGATTT CCT GAG TGG GAA GC
cprd3  GAAACT GCC CATACCTGACC  CGC CTT GTG GGA ATA GTA GG
cprd4  GCAACG ATG AAG GAGTCAGC ACAATC TCC GTG CCATAA CC
cprd5 AGG TGGAAGTTTACG GAT CG  ATC CAT CTC GAA GGT CAT GG
macA CAATCATCGTCTTCCACAGC AACCTGACCGTTTCAACACC
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Results
Genome analysis
Analysis of the complete genome sequence of D. hafniense DCB-2 (NC_011830)

revealed seven chlorophenol reductive dehalogenase genes, five of which are

predicted to be potentially functional. These five cprd genes (cprd1-cprA5) have an
average G+C content of 52.4%, and average length of the encoded proteins is 481
amino acids with 18-91% amino acid sequence identity with the ortho-chlorophenol
reductive dehalogenase CprA from D. dehalogenans (Table 2). CprAl to cprA5 are
located within a 48 kb chromosomal region of the D. hafniense DCB-2 genome,
together with several clustering genes similar to those present in the cprTKZEBACD
cluster of D. dehalogenans. The cprBA gene arrangement is the same for all the
clusters except for cprA5, which has the hydrophobic membrane anchor-encoding
gene cprB positioned downstream. Unlike cprd of D. dehalogenans and DCB-2
cprA1-A4, the cprA5 sequence is on average 250 bp longer and encodes a protein
that is 60 amino acids (or more) larger. CprAS is only 18.3% identical to the CprA of
D. dehalogenans while CprAl1-A4 are over 50% similar to D. dehalogenans CprA.
Phylogenetic analysis shows that CprAS clusters with the CprAS of strain PCP-1 and
resembles tetrachloroethene reductive dehalogenases rather than the characterized

chlorophenol reductive dehalogenases (Fig. 1).

Induction of cprA transcription by chlorophenols

In order to test for specific gene induction by different substrates, we tested the
chlorophenols 2,3-DCP (meta) and 2,4-DCP (ortho) for their cprA-inducing potential.
Transcript levels of cprdl — cprd5 and the macA gene were examined during the
exponential growth phase of D. hafniense DCB-2 cultures in the presence of either
putative inducer, and normalized to 16S rRNA gene expression levels. Gene-specific
primer sets were designed to quantify transcript levels for each of these genes and
gPCR was performed on ¢cDNA produced by reverse transcription of total RNA
isolated from cells at 3 time points; 0 , 4 and 44 h after addition of 2,3-DCP or 2,4-
DCP. Clear differences in the expression patterns were observed for the 6 genes in
the presence of each chlorophenol (Fig. 2). Normalized transcript levels of c¢prdl
did not increase significantly (P>0.05) in the presence of 2,3-DCP even after 44 h. As
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expected this gene was significantly induced by the ortho-chlorophenol 2,4-DCP and
the normalized transcription levels increased from 2.1 + 0.2 at the time of induction to
18 + 11.8 and 349 + 132.9 transcript copies /ml at 4 and 44 h respectively. The cprd2
gene did not show any significant increase in transcription in the presence of either
2,3-DCP or 2,4-DCP after 4 or 44 h. Induction of transcription of cpr43 by 2,3-DCP
was significant (P<0.001), increasing from 2.7 copies to 33.9+ 6.4 and 330.0+ 181.0
transcript copies / ml at 4 and 44 h respectively. No significant induction, however,
was observed in the presence of the ortho-chlorophenol. CprA4 was not induced by
either compound and had a constant average expression level of 9.6 + 1.2. Highest
expression was observed for cpr45 especially after 44 h in the presence of either 2,3-
DCP or 2,4-DCP. For cells grown on 2,3-DCP the normalized expression levels were
56.4 + 32.5 and 1975.0 = 1053.6 after 4 and 44 h, respectively, and the increases
compared to time of induction were significant at P<(0.001. The expression level was
higher than for cpr43, which was also induced by 2,3-DCP. In the presence of 2,4-
DCP ¢cprd5 was induced after 4 and 44 h to a normalized expression level of 119.2 +
42.1 and 4050.0 £ 650.5, respectively. Expression of cprA5 was 7 and 12 fold higher
than that of cprA1 at 4 and 44 h, respectively.

The CprK regulators have been previously shown to interact in vivo and
in vitro with cprA promoters and also with a promoter of macA, a putative methyl-
accepting chemotaxis protein encoding gene, and therefore the induction of this gene
was also examined in the presence of chlorophenols. The macA gene expression
level was several fold higher than those observed for any of the cprA transcripts at
the initial time point (Fig. 2), being 23 — 38 fold higher than cpr41- cprA3 and 6-9
fold higher than cprd4 —cprA5. There was a significant increase after 44 h in the
presence of either compound, to an expression level of 1223.5 + 461.7 for 2,3-DCP
and to 615.0 + 158.4 in the presence of 2,4-DCP.

Quantification of the overall gene expression, as a sum of the individual
gene expression levels after 4 and 44 h in the presence of either compound were
determined. Higher expression levels were observed in the presence of 2,4-DCP
being 1.5 and 2 fold higher after 4 and 44 h respectively than in the presence of 2,3-
DCP.
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Discussion

D. hafniense DCB2 can dechlorinate several chlorophenols at the ortho- and
meta-positions [107,111]. In our study, we observed higher cumulative reductive
dehalogenase transcript levels in the presence of the ortho-chlorophenol 2,4-DCP
compared to the meta-chlorophenol 2,3-DCP. This could explain the observed
preference for ortho-chlorophenols in D. hafniense DCB-2 cell extract activity tests
[105].

Transcription of cprA is regulated by the CRP-FNR-type regulator CprK in
D. dehalogenans, and it has been shown that the corresponding gene in D. hafniense
DCB2, cprA1l, is activated by CprK1 in the presence of ortho-chlorinated compounds
[40,98]. In vitro DNA-binding experiments have also demonstrated that CprK1 forms
an active DNA-binding complex only with ortho-substituted compounds (2,4-DCP,
CHPA) and not with meta-substituted compounds (2,3-DCP or 3,5-DCP) [36,112].
Our gene expression data support these observations: ¢pr4! transcription was only
induced by the ortho-chlorophenol (2,4-DCP) and not by the meta-chlorophenol (2,3-
DCP). Other studies showed that cprA/ is also induced by the ortho-chlorophenol
CHPA [30,104], confirming that it encodes indeed an ortho-chlorophenol reductive
dehalogenase. In comparison, cprd of D. dehalogenans, the gene most similar to the
DCB2 cprdl gene, is also highly specific to ortho-chlorinated aromatic substrates
[39,112,113].

Two genes, cprd2 and cprA4, did not respond significantly to either 2,3-DCP
or 2,4-DCP suggesting that they are induced by other (halogenated) effectors. The
cprd2 and cprA4 genes are also phylogenetically strongly related (95% nucleotide
sequence identity) and might have similar specificities for chlorophenols that were
not tested here. These effectors remain to be elucidated in future experiments.
Previously, RT-PCR experiments in strains PCP-1, TCP-A and DCB-2 had shown
that cprd2, cprdA3 and cprA4 were transcribed both in the absence and presence
of 2,4,6-TCP (ortho-dechlorination position) and 3,5-DCP (meta-dechlorination
position) [105]. In this experiment we did not find any significant induction of cprd42
and cprdA4, however, our results suggest that cprd4 is constitutively expressed.
Two genes, cprdA4 and cprAS5, had 4- 7 times higher transcript levels at the point

of induction compared to the other cprAd paralogues in the presence of either 2,3-
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DCP or 2,4-DCP suggesting transcripts are more abundant in the cell than transcripts

of cprdl- cprA3 even in the absence of the effectors. This is in agreement with
observations made by in-vivo promoter probe assays which showed that a strong
inducible promoter upstream of the macA-cprKBA4 gene cluster appeared to be
constitutively active [36]. The macA gene is located upstream of the cprKBA4 gene
cluster and had previously been shown to be up-regulated in the presence of different
ortho- and meta-substituted chlorophenols. It was hypothesized that transcription of
cprK4 and cprBA4 could be initiated from macA by readthrough [36]. Since cprd5B
is located approximately 10kb downstream of the macA promoter, constitutive
readthrough transcription of the cprA45 cluster from this promoter can at this point
not be excluded. We measured expression of macA, and unlike the cprds it was
highly expressed even at the initial time point, and transcripts increased further with
time confirming its induction under organohalide respiring conditions. Transcript
levels of macA were furthermore two fold higher in the presence of 2,3-DCP than

with 2,4-DCP, suggesting a stronger response to the meta-substituted chlorophenol.

Only cprA3 was significantly induced in the presence of the meta-
chlorophenol 2,3-DCP but not by the ortho-chlorophenol 2,4-DCP. The cprd3
gene clusters together with two putative regulator genes: cprK2 and cprK3. CprK2
was found to be activated by an ortho-chlorophenol (CHPA), but did not activate
transcription from the cpr43 promoter [36]. The unsuccessful attempt to express
cprK3 heterologously prevented further transcriptional studies but it is possible
that this regulator senses 2,3-DCP and induces expression of the cpr43 gene in the
presence of this compound.

Interestingly cprA45 expression was induced both in the presence of the
ortho- and the meta-chlorophenol suggesting that the encoded CprAS enzyme has the
ability to dechlorinate at both meta- and ortho- substituent positions as was observed
for the closely related CprAS5 of strain PCP-1 [105]. Transcript levels of ¢cprd5 were
higher in the presence of ortho-chlorophenol 2,4-DCP than the meta-chlorophenol
2,3-DCP. The induction by both compounds may be due to the different gene
arrangement observed for cpr45 compared to the other cprAs. Firstly all known cpr4

encoding genes are linked to a gene encoding for a small hydrophobic protein (cprB)
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of around 100 amino acids which has three membrane-spanning helices [35,114].
The predicted hydrophobic membrane anchor encoding gene cprBJ is positioned
downstream of cprA5 similar to that of the 3,5-DCP reductive dehalogenase gene
cluster of strain PCP-1, as also observed for some tetrachloroethene reductive
dehalogenases [34]. Since the strong organohalide respiration-inducible promoter
is located directly upstream of the reductive dehalogenase gene, the transcription
of c¢prA5 might be more efficient, than when transcription starts upstream of cprB
and proceeds further to the cprA gene via read-through. Secondly it is likely that the
CprK-type regulator that switches on expression of cprA45 has a broad effector range
and is activated both by meta- and ortho-chlorinated compounds. A candidate for this
role is CprK4, a regulator that forms specific protein-DNA complexes in the presence
of both 2,3-DCP and 2,4-DCP [36]. Thirdly we hypothesize that the promoter region
of cprA5 probably contains a less stringent CprK-binding site (dehalobox) allowing
binding of either a 2,3-DCP activated CprK-homologue or a 2,4-DCP activated
CprK-homologue. This is supported by data by Gabor et al. [36], who reported
that the promoter of ¢prd5 contains a putative dehalobox (ATACG-N4- AATAA),
which is only distantly related to the dehalobox consensus (TTAGT-N4-ACTAA).
Unfortunately, efforts to determine, which of the regulators activates transcription of
cprAS5 were unsuccessful as all attempts to obtain stable expression constructs with
the dehalobox of the cprA5 promoter region failed.

The cprd5 gene sequence is on average 250 bp (60 amino acids) longer than
that of the other cprds of D. hafniense DCB2 or D. dehalogenans. Possibly these
additional amino acids confer structural properties that give the ability to dechlorinate
at both meta- and ortho- positions. There is currently no protein structure available
for any of the reductive dehalogenases from organohalide respiring bacteria,
including CprAS, however, it would be interesting to see in the future whether its
larger size plus the base difference located at nucleotide 818 (C for T), resulting in an
amino acid substitution at position 273 (proline in strain DCB-2 for a lysine in strain
PCP-1) [34] has any influence on the ability to dechlorinate chlorophenols with both

ortho- and meta- substituents.
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In conclusion, we investigated by quantitative reverse transcriptase

PCR, which chlorinated phenols could induce the five cprd paralogues of
Desulfitobacterium hafniense strain DCB-2, using as representative substrates 2,3-
DCP for the meta-dechlorination position and 2,4-DCP for the ortho-dechlorination
position. We observed clear differences in the induction patterns, with 2,4-DCP
strongly inducing cpr4l and cprd5, while 2,3-DCP strongly induces cpr43 and
cprA5. From previous studies we suggested that the regulators that are responsible
for the transcriptional activation are CprK1 (for the ortho-chlorinated compounds)
and CprK4 (for the meta-chlorinated compound). While the role of CprK1 in the
transcriptional activation of cpr4l has been already confirmed, [36] further studies
need to be conducted to confirm the role of these two regulators on the activation
of ¢prA3 and cprA5. Most likely, additional regulatory proteins, including the yet
uncharacterized CprK3, are involved in the transcriptional regulation and induction
of the transcription of cprds resulting in differential specificities and responses to
meta- and ortho- chlorophenols.
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ABSTRACT

Monitoring and quantification of organohalide respiring bacteria is essential for
optimization of in-situ bioremediation of anoxic subsurface sites contaminated with
chloroethenes. Molecular monitoring and model simulations were applied to determine
degradation performance of an in-situ dechlorinating bioreactor and its influence
on the contamination plume. Dehalococcoides was the dominant dechlorinating
microorganism as revealed by qPCR targeting 16S rRNA- and chloroethene reductive
dehalogenase—encoding genes (tced, verA, bveA). The presence of all three reductive
dehalogenases genes indicated co-existence of several distinct Dehalococcoides
populations in the bioreactor and groundwater. Mass balancing revealed that main
dechlorinating activities were reduction of cis-dichloroethene and vinyl chloride.
Saturation analysis showed that while performance of the bioreactor improved due
to especially the addition of molasses, dechlorinating microorganisms were fast-
growing. Once near-complete dehalogenation was achieved, Dehalococcoides
only grew slowly and did not further increase in population density. The bioreactor
influenced dechlorinating populations in the plume with subsequent decrease in
chlorinated compound concentrations over time. In the present study, a combination
of molecular diagnostics with mass-balancing and kinetic modeling allowed
for detailed insight into the complex interplay of organohalide respiring bacteria
and metabolite dynamics in the in-situ dechlorinating bioreactor, giving crucial

information for optimizing bioremediation.
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Introduction

Bioremediation of sites contaminated with chlorinated ethenes, such as commonly
used industrial solvents tetrachloroethene (PCE) and trichloroethene (TCE) [115,116],
makes use of organohalide respiring bacteria (OHRB) that can anaerobically
reduce these toxic compounds to harmless end-products like ethene. Key OHRB
belong to the genus “Dehalococcoides” [117-121], which reductively dechlorinate
PCE, TCE, cis-dichloroethene (cDCE), and vinyl chloride (VC) to ethene. Also
important are microorganisms from other genera including Desulfitobacterium,
Dehalobacter, Geobacter and Sulfurospirillum, which are able to dechlorinate PCE
to cDCE. Reductive dechlorination of PCE past cDCE, however, has so far been
linked exclusively to Dehalococcoides spp. [15,27,33,57,122]. In general, reduction
of chloroethenes by OHRB is mediated by reductive dehalogenase (Rdh) enzymes.
Rdh-encoding genes have emerged as appropriate diagnostic targets in studying and
monitoring bioremediation of contaminated sites [16,46,49,57,122-124].

Quantitative PCR protocols have been developed for detection and monitoring
of Dehalococcoides populations and their Rdh-encoding genes [124]. Specific
targets are fced, encoding the Rdh catalyzing stepwise reductive dehalogenation of
TCE to VC in strains 195 [125] and FL2 [119,126], vcrA, coding for the DCE- and
VC- to ethene reducing dehalogenase of strains VS [33] and GT [127], and bvcA that
encodes the VC Rdh of strain BAV1 [32].

Continuing efforts are made in evaluating dechlorination potential of sites and
monitoring their in-situ bioremediation based on the presence of Dehalococcoides
populations, and the abundance and expression of genes that encode Rdh’s associated
with the dechlorination of cDCE to VC and ethene [46,49,50]. Information on growth
kinetics and dynamics of Dehalococcoides spp., however, has so far only come from
laboratory studies [128,129]. Therefore, the purpose of this study was to (i) describe
and quantify key dechlorinating populations using genes that code for 16S rRNA and
complementary Rdh’s (tced, bvcA and vcrA) for an on-site dechlorinating anaerobic
bioreactor installed for the in-situ bioremediation of a chloroethene-contaminated site,
(i1) use mass-balancing and kinetic modeling to quantify the dechlorinating activities
of the bioreactor, and (iii) integrate molecular data with mathematical analysis to

determine bioreactor performance and degradation dynamics of Dehaloccocoides
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populations.

Methods

Site description

The study site, located in Ede, The Netherlands, is undergoing in-situ bioremediation
of'a contaminated plume of chlorinated ethenes using an anaerobic bioreactor (Fig.1-
2). The site is largely covered by an asphalt layer for a car parking lot. The underlying
soil consists of alternate 2 m layers of moderate to extremely course sand and peat
up to 9 m depth and then fine sandy and clay soil to approximately 35 m below
ground level. The contamination plume has south westerly direction along with the
regional groundwater flow, was about 300 m long and 75 m wide and was estimated
to migrate at about 2m/year. Distribution of the chlorinated solvents (PCE and TCE)
at this site has been studied since 1996 and the source of pollution was attributed
to dry cleaning and automobile operations that once took place at the site. PCE,
TCE, ¢cDCE and VC were present in ground water at concentrations of 400, 8800,
27000 and 150 pg/L respectively. Mineral oils were also observed in the plume at
concentrations above 5000 pg/L.

An anaerobic dechlorinating bioreactor has been installed on site for in-situ
bioremediation in December 2005. Groundwater is pumped into the bioreactor, and
effluent containing a dechlorinating community is discharged back into the plume
(Fig. 1). Inflow rate to the 7 m* bioreactor is 400 I/h and residence time is about 17.5
hours. Molasses (138 g/L) was dosed into the influent stream to the bioreactor in
1:1500 dilution. To enhance bioremediation in the plume 15 m® of molasses were
added as carbon and energy source at 150 infiltration wells, covering 3600 m? of the
pollution plume, in July 2006 and March 2007. Furthermore, to improve degradation
of chlorinated compounds beyond cDCE, the bioreactor was bioaugmented in August
2007 by addition of 1.8 m?® 1JIst groundwater, which was rich in VC-degrading
Dehalococcoides [130] (Fig. 2).
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Fig 1: Overview of the chloroethene polluted research location in Ede, The Netherlands,
Ground plan of the study site and concentration of chloroethenes in the plume and the
position of the infiltration wells used to add electron donor and effluent discharge to the

plume. Intervention levels for PCE: 40 ng/l , TCE: 500 pg/l, DCE: 20pg/1 and VC: Sug/l.
Arrow shows the direction of groundwater flow.
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Fig. 2: Bioreactor drawing indicating the sampling points for influent, effluent and the reactor
vessel
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Sample collection

Samples for physico-chemical analysis were obtained monthly from the influent,
effluent and reactor content (Fig. 1 and 2) and occasionally from plume monitoring
wells. On-site analysis was done to determine the influent and effluent temperature,
pH, oxygen, and redox potential (mV), and chemical analyses were performed in a
certified laboratory (Analytico Milieu B.V., Barneveld, Netherlands) using ISO and
EPA protocols (www.analytico.com). These analyses included chlorine hydrocarbons
(PCE, TCE, cis- and trans- isomers of DCE, and VC, di-, tri- and tetrachloromethane,
di- and tri-chloroethane), inorganic chemicals (nitrate and nitrite, sulfate, sulfite
and sulfide, iron and manganese), and volatile fatty acids (acetate, propionate and
butyrate).

Samples for biomolecular analyses were obtained during a period of
12 months in December 2006 and in May, October and December 2007 (Fig. 3).
Groundwater samples were taken from monitoring wells (MWI and MW2; Fig. 1)
in December 2006 and December 2007 to assess microbial communities present in
the plume. Samples were obtained from monitoring wells at different depths (2-3m,
5-6m, 8-9m, and 11-12m), after three volumes of the sampled well were pumped out
and discarded. The bioreactor was sampled from the influent, reactor content and
effluent (Fig. 3). The reactor samples had a high content of particulate sludge matter
resembling as close as possible the inside of the bioreactor without disturbing the

operating conditions. All samples were transported anaerobically to the laboratory

at +4°C.
2006 2006 2007
July Dec  Jun Feb Mar  Apr May Jun Jul Aug Sep Oct Nov Dee
Days: | 05120 209 335 396

b T ' A

Addition of Molasses Addition of Molasses Bmlaugml:nlallun with
Ijlst groundwater

Fig. 3: Sampling and monitoring scheme for the Ede site study. Samples for physicochemical
analysis were collected monthly. Samples for molecular analysis obtained from bioreactor
(solid triangles) and groundwater samples (open triangles). Points of intervention with

addition of molasses to the plume and 1J1st groundwater to bioreactor are shown by arrows.
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Chemical Analysis of Samples

The water temperature, redox potential and concentrations of chlorinated compounds
were measured on a monthly basis. Water temperature ranged between 10 °C in
winter and 20 °C in summer while pH was between 6.3 and 6.5. DOC (dissolved
organic carbon) was on average 19.7 £ 2.5 mg/L and 25.0 + 4.6 mg/L for the influent
and effluent, respectively. Molasses was continuously dosed into the bioreactor and

could have contributed to the higher DOC measurements observed for the effluent.

DNA extraction

Samples (100-150 ml) were filtered through 0.2 pum polycarbonate filters (Millipore
BV, Amsterdam, Netherlands) using a Millipore filtering system to collect microbial
biomass. Filters were either stored at -20 °C or immediately processed for DNA
extraction, whereby filters were cut into small strips and placed in bead beating tubes
supplied with the FastDNA Spin Kit for Soil (MP Biomedicals, Solon, OH, USA).

Genomic DNA extraction was done according to the manufacturer’s instructions.

DGGE analysis of PCR-amplified 16S rRNA gene fragments

PCRs were performed using the GoTaq DNA Polymerase Kit (Promega, Leiden,
The Netherlands). PCR for V6-V8 regions of the bacterial 16S rRNA gene was
performed using primers 968-GC-F and 1401-R [131]. Dehalococcoides-specific
PCR was performed with a nested PCR approach, using primers DeF and DeR
[132] for the first PCR, followed by a nested PCR using primers 968-GC-F [131]
and DHC1350R [133]. DGGE analysis was done as described previously [53]. The
similarity between DGGE profiles was determined by calculating pairwise similarity
indices of densitometric curves of the profiles using Pearson’s correlation. UPGMA

dendrograms were constructed from this data.

Dehalococcoides 16S rRNA gene clone library construction and sequencing

Dehalococcoides-specific PCR was performed on the May 2007 samples for cloning
and sequencing using primers DeF and DeR [132] as described for Dehalococcoides-
specific DGGE. PCR products were purified using the Zymo DNA Clean &
Concentrator Kit (Zymo Research, San Francisco, CA, USA), ligated into cloning
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vector pGEMT-Easy (Promega) and cloned into E. coli XL.1-Blue cells (Stratagene,

La Jolla, CA, USA), according to the manufacturer’s instructions. White colonies
were screened for correct-sized inserts by colony PCR on lysed cells with primers
T7 and SP6, and checked by agarose gel electrophoresis. An extra check for
Dehalococcoides-specific 16S rRNA gene amplicons was done on the correct-sized
inserts using primers DHC730F and DHC1350R [133]. PCR parameters were: 2 min
at 95°C, 35 cycles of 30 sec at 95°C, 40 sec at 55°C, 90 sec at 72°C, followed by 5 min
at 72°C. Sequence diversity of cloned inserts was assessed by restriction fragment
length polymorphism (RFLP) of amplicons using a mix of restriction enzymes
(Mspl, Cfol and Alul). Restriction fragments were then separated on 12% Poly(NAT)
Wide-Mini S-4x25 PreCast Gels and electrophoresis performed with a SEA 2000
Apparatus (Elchrom Scientific, Cham, Switzerland). Ethidium bromide-stained gels
were photographed using a UV illuminator. RFLP patterns were clustered to identify
clones representing the same ribotype and inserts of selected clones for each RFLP-
pattern were re-amplified by T7-SP6 PCR. T7-SP6 PCR products were purified and
sequenced (Baseclear, Leiden, The Netherlands), and DNA sequences were manually
checked for chimeric structures using Bellerophon [134]. Phylogenetic analyses
were performed using the ARB software package [4], and a maximum likelihood

tree was constructed using algorithms as implemented in ARB.

Quantitative PCR

Quantitative PCR (qPCR) was performed using the iQ SYBR Green Supermix kit and
the 1Q5 iCycler (BioRad) for 16S rRNA genes of total and dehalogenating bacteria
(Dehalococcoides, Desulfitobacterium, Dehalobacter) and Dehalococcoides Rdh
genes (fced, bvcA, verd) [4,48,135]. PCR protocols were followed as previously
described [53], and respective gene copy numbers were calculated as copies/ml of
water sample.

Modeling Approach

Percentage of chlorinated compound consumed and consumption rates of PCE,
TCE, cDCE and VC were calculated by mass-balancing based on the concentration
of PCE, TCE, ¢cDCE and VC measured in the influent and effluent of the reactor. To
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fully dechlorinate PCE, TCE, ¢cDCE and VC, respectively 8, 6, 4 and 2 electrons
are required. Electron-accepting capacity (EAC) of influent and effluent can thus be
calculated as:

EAC = 8*[PCE] + 6*[TCE] + 4*[cDCE]_ +2*[VC], [1]

In which [-] is either the concentration in the influent or effluent (uM).

Percentage consumption of EAC in the influent was calculated as:

EA Cinf luent EA Ceﬁluent
EA Cmf luent

As TCE, cDCE and VC are intermediates in organohalide respiration and are being

% EAC consumption = 100x*

(2]

produced in the reactor from their parent molecules, the measured concentrations :
of these compounds do not directly inform about their consumption (in pM) in the g
reactor. The consumption was obtained as follows: _g
APCE = [PCE]_—[PCE]_ [3] o
ATCE = APCE + [TCE],_, . —[TCE] ;... [4]

AcDCE = ATCE + [c¢DCE],_, ... — [cDCE] [5]

AVC = AcDCE +[VC] . —[VC] ;... [6]

Rates of consumption were obtained by multiplication of the consumption with the
influent inflow rate f (in L/h). The dilution rate D (h™') of the reactor was calculated
as:

D=1V [7]
where V is volume of the reactor in liters.

An estimate of Dehalococcoides numbers expected per ml groundwater was obtained
via:

X =AEAC * (Y/B) [8]

In which Y is yield (in g biomass/mole electrons), B is weight (g biomass) per
bacterium and AEAC (= EAC. EAC

influent

) expressed in pM.

effluent
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Growth rate of Dehalococcoides in the reactor was modeled according to the equation
given by Becker [128] :

PCE TCE cDCE N Ve

+ + [9]
KS,PCE KS,TCE Ks,cDCE Ks,VC

H=H. . PCE TCE ¢DCE _IC
1+ + + +

KS,PCE Ks,TCE KS,CDCE KS,VC

In which p . is the maximal growth rate and K peep Kpreep K enc; and K va

are the affinity constants for PCE, TCE, ¢cDCE and VC, respectively. Equation was

parameterized with published affinity constants and concentrations measured in

the effluent (Table 1). Saturation (the degree to which maximum growth rate was
obtained) was calculated by dividing equation 9 by p__ ..
Statistical Analysis

Significance of the observed differences in gene copies number over time for

influent, reactor and effluent was analyzed using Student’s Unpaired z-test.

Table 1: Constant values used to calculate saturation of dehalogenating capacity.

Microorganism Culture Substrate Ks (uM) Reference
PCE 0.54
TCE 0.54
Dehalococcoides ethenogenes [128]
cDCE 0.54
vC 290
PCE 0.54
Dehalobacter restrictus [128]
TCE 0.54
PCE 0.54
Desulfuromonas michiganensis [128]
TCE 0.54
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Table 1: Constant values used to calculate saturation of dehalogenating capacity continued

Microorganism / Culture Substrate Ks (uM) Reference
Desulfitobacterium sp. PCE1 PCE 0.54 [128]
¢DCE 8.9
Dehalococcoides BAV-1 [27]
containing consortium tDCE 8.5
VC 5.8
TCE 9
Dehalococcoides consortia (VS) cDCE 33 [136]
VC 2.6
Dehalococcoides consortia (KB-1/VC) TCE 10 [136]
Dehalococcoides consortia (Pinellas) TCE 10.5 [136]
PCE 3.9
. . TCE 2.8
Point Magu enrichment culture [137]
¢DCE 1.9
VC 602
PCE 1.6
TCE 1.8
Evanite enrichment culture [137]
c¢DCE 1.8
vC 62.6
Enrichment Culture (toluene) PCE --> ethene 0.86 +0.71 [138]
Enrichment Culture ( lactate) PCE --> ethene 0.23 +1.45 [138]
Methanogenic dechlorinating consortium  PCE 0.1 +/-0.05 [139]
PCE 2.8
. L . TCE 1.5
Methanogenic dechlorinating consortium [140]
cDCE 3
VC 360
PCE 0.11
TCE 1.4
Dechlorinating Consortium [136,141]
c¢DCE 33
vC 2.6
PCE 70.7
L . TCE 17.4
Dechlorinating Consortium [142]
¢DCE 11.9
VC 383
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Results

Bioreactor performance

Dechlorination performance of the reactor improved over time (Fig. 4).
Calculation of the electron accepting capacity (EAC) of the chlorinated compounds
in the influent and effluent of the bioreactor, followed by subsequent determination
of the percentage consumption of EAC in the reactor revealed that during the first
5 months only 20% of the EAC present in the influent was consumed (Fig. 4A).
However, a steady increase of electron acceptor consumption was then observed
till after 10 months almost 100% of the inflowing chlorinated compounds were
consumed. This high EAC was maintained for 4 months, after which it dropped
to 50%. Secondly, consumption rates of the different chlorinated compounds
revealed, by correcting for the internal production of chlorinated intermediates, that
consumption rates of VC were very high (> 0.15 umol/L/h) in the period April 2007
— November 2007 (Fig. 4A), despite the fact that often a net increase of VC in the
reactor was observed (Fig. 4B). The EAC for VC consumption was comparable to
that of cDCE and much higher than those of PCE and TCE. This relates to the fact
that in the influent cDCE in general was present at the highest concentration. Rate
of VC consumption increased from May 2007 and reached a peak in September
2007, one month after the bioreactor was bioaugmented with 1Jlst groundwater that
contained actively VC-reducing populations (Fig. 4A). The plume chloroethene
concentrations decreased over time as shown by decrease in influent chloroethene

concentrations (Fig 5).
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Fig. 4. A) Rate of consumption and % consumption of electron accepting capacity of
individual chloroethenes and B) Fluctuations in the concentrations of chloroethenes measured
in the influent and effluent. Negative values represent net production of a given chloroethene
in the bioreactor. Points of molasses and 1JIst groundwater addition are shown by the dotted
and dashed lines, respectively.
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Chlorinated Compounds in Influent
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Fig. 5: Concentration of chlorinated compounds in the influent stream to the bioreactor.

Abundance and spatial distribution of 16S rRNA- and dehalogenase-encoding
genes in bioreactor and groundwater samples

The presence of Dehalobacter and Dehalococcoides species 16S rRNA genes and
Dehalococcoides Rdh genes tceA, verA and bveA was confirmed in all samples (Fig.
6A). Total bacterial 16S rRNA gene copies were generally higher in the effluent (2.0
x 108+ 4.8 x 107 copies/ml) than in the influent and reactor, which averaged 6.6 x 10°
+ 1.4 x 10° copies/ml and 3.7 x 107 £ 1.0 x 107 copies/ml, respectively. Dehalobacter
species were detected at very low abundance throughout the system at all time points
and ranged from 10 to 100 16S rRNA gene copies/ml in the reactor and effluent.
Numbers observed in the influent were negligible. Desulfitobacterium species were

not detected in any of the reactor samples, including the field samples.
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Fig. 6: Quantitative PCR analysis of bioreactor samples. The graph shows the results for 16S

rRNA genes of total bacteria, Dehalococcoides and Dehalobacter, and Rdh genes verA, bveA
and fceA. Each bar represents the average of the results of triplicate qPCRs for A) Bioreactor
samples —influent, reactor and effluent and B) groundwater samples from monitoring MW1
-3m and 5 m depths and MW2- 3m, 5m and 11m depths for December 2006 and 2007.
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Dehalococcoides spp. 16S TRNA gene copies in the reactor were around 10°

copies/ml, which was lower than expected since the bioreactor operating conditions
were designed so as to optimize for their growth and proliferation. In agreement
with the improvement in reactor performance over time (Fig. 5) numbers of
Dehalococcoides increased from 0.09 x 10°+ 0.03 x 10° in December 2006 to 5.76 x
10°+ 1.72 x 10° copies/ml in December 2007. Dehalococcoides 16S rRNA gene copy
numbers and growth varied significantly over time in the reactor compared to the
influent and effluent (P= 0.0066) and were higher in the effluent. Bioaugmentation
with LJlst groundwater in August 2007 did not influence significantly the numbers
of Dehalococcoides. However, an improvement was observed for the consumption
of chlorinated compounds (Fig. 4B). Since Dehalococcoides was the dominant
dechlorinating bacteria observed, saturation of its dehalogenation capacity was
calculated based on reported affinity constants [128,132,143] and concentrations of
chlorinated compounds in the reactor. This analysis revealed that in the period that
consumption of chlorinated compounds was only 20% and started to increase to
nearly 100% (December 2006 — August 2007), the saturation was nearly complete
(i.e. near 1) (Fig. 7). However, when near 100% consumption of chloroethenes was
achieved, the saturation dropped strongly, to about 10% (September 2007- December
2007).
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Fig. 7: Saturation of Dehalococcoides dehalogenating capacity. Calculated from published

affinity constants and measured concentrations of chlorinated compounds in the bioreactor.
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If Dehalococcoides would grow at its maximum growth rate, then at least
one of the chlorinated compounds PCE, TCE, cDCE and VC needs to be present at
a concentration exceeding its affinity constant, so that the dehalogenation capacity
of the dechlorinating microorganisms is close to full saturation. Thus while the
performance of the reactor improved, dechlorinating microorganisms appear to be
fast growing and, once near complete dehalogenation was achieved, Dehalococcoides
only grew slowly and did not increase in number due to electron-acceptor limitation.

The verA gene was numerically dominant (1.0 x 10* copies/ml), compared
to bvcA and tced (Fig. 6A). Total numbers of VC Rdh-encoding genes, i.e. the sum
of verd and bveA, were higher than those observed for Dehalococcoides 16S TRNA
genes. There was a significant and gradual increase in vcrA in the bioreactor over
time suggesting proliferation of populations that harbor this gene, again in line the
increase in ¢cDCE and VC consumption. Total bacterial and Rdh gene numbers
transferred to the plume in the effluent were either equal or higher than those in the
suspended content of the reactor.

In field samples, Dehalococcoides and its catabolic genes were most
dominant, while Dehalobacter was insignificant (<78 16S rRNA gene copies/ml)
and Desulfitobacterium was not detected (Fig. 6B). Dehalococcoides 16S TRNA and
Rdh gene copy numbers were lower in December 2006 compared to those observed
in the reactor and its effluent. However, they increased significantly over the year at
both monitoring wells showing influence of the bioreactor effluent that was being
pumped back into the plume around MW1 and MW2. For example in MW1, 2-3
m depth, Dehalococcoides was 1.1 x 105 £ 7.7 x 10* copies/ml groundwater in
December 2007, which was higher than observed in the bioreactor. In line with
observations made for the bioreactor, vcrd copy concentrations were 1-2 orders of
magnitude higher than Dehalococcoides spp. 16S tRNA gene copies. The bvcd
gene was present in December 2007 field samples, but not in December 2006, except
for one sample from MW1 at 5-6 m depth. The bvcA gene was observed at all time
points in the bioreactor, suggesting that there was transfer to and stimulation of
dechlorinating populations harboring bvcAB genes in the reactor, whereas they could

have been outcompeted in situ.
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Chapter 4

Community Profiling of Bioreactor samples

DGGE profiles of bacterial communities in different sections of the bioreactor
(influent, reactor and effluent) and field samples (MW1 and MW2) were complex;
the number of bands ranged from 10 to 36. Cluster analysis showed that 2006
samples of effluent and reactor were more similar to the corresponding influent
sample (Fig. 8) in line with the low bioreactor performance at that time. Reactor
and effluent 2007 samples clustered together sharing over 80% similarity. Influent
communities showed more changes over time (31.6 % average similarity) possibly
due to fluctuations in the field situation, and were only 20-40% similar to the reactor
and effluent communities. Reactor and effluent communities were on average over
85% similar to each other over the monitoring period. Nevertheless, microbial
communities of the reactor in December 2006 shared only 46 % similarity with the
highly similar profiles of May, October and December 2007 samples suggesting that
a stable community developed and was maintained throughout the rest of the year,
despite changes in bioreactor operation, addition of substrate and bioaugmentation
with 1Jlst groundwater. This stable community of the reactor did not seem to be
affected by changes in influent communities. Only one dominant band could be
observed for the influent, reactor and effluent Dehalococcoides-specitic DGGE

profiles, regardless of the sampling point and time (Fig. 9).

Cloning and Sequencing of Dehalococcoides

Dehalococcoides 16S TRNA gene clone libraries were constructed from the bioreactor
samples and monitoring well MW 1 obtained in May 2007 before bioaugmentation
with 1JIst groundwater (Fig. 10). Consistent with the qPCR data, which showed
presence of Rdh’s from Dehalococcoides sp. BAV1 from all sampling points of
the bioreactor, sequences retrieved from both the bioreactor and field samples were
most closely related to Dehalococcoides BAV1. However, no 16S rRNA sequences
relating to Dehalococcoides sp. VS were retrieved in spite of dominant presence of

verAB detected by qPCR in all samples.
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Fig. 10: Phylogenetic tree of representative Dehalococcoides sequences obtained from the
influent, reactor, effluent in May 2007 and monitoring well MW 1 (source) in December 2006
and 2007. Maximum likelihood algorithm as implemented in ARB was used to generate
a phylogenetic tree from an ARB alignment. Reference sequences are given with their
respective GenBank accession numbers. The reference bar indicates sequence dissimilarity
of 10%. MW1 was selected because it was also located at the source point of the plume. The
sequences retrieved from both the bioreactor and field samples were most closely related to
Dehalococcoides BAV 1.
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Discussion

The Ede site has been undergoing bioremediation since 2006; an indigenous
dechlorinating population had been present in the groundwater but dechlorinated
PCE to mostly ¢cDCE. Therefore a dechlorinating bioreactor had been installed
aiming at complete in-situ bioremediation. Improved performance of the bioreactor
as well as molasses addition to the field influenced conditions towards complete
dechlorination, as indicated by congruent changes in concentrations of chlorinated
compounds and microbial community structure in the reactor and contaminant plume.
Concentrations of chlorinated compounds in the influent stream to the bioreactor
decreased over time resulting in PCE and TCE concentrations below the intervention
levels, 40 pg/L and 500 pg/L respectively, by 2007 with continuing decrease of
DCE and VC concentrations. There was an increase in Dehalococcoides and its Rdh
genes in the plume between 2006 and 2007 in line with increased performance of
the bioreactor which showed increasing numbers of dechlorinating microorganisms
in time and especially an increase in vcr4 and bved encoding enzymes responsible
for complete dechlorination. This causal relationship between dechlorinating
activity and removal of the target contaminants from the aquifer further strengthens
the use of such bioremediation techniques as biocurtains for preventing spread of
pollution plumes [144]. Mixed Dehalococcoides communities existed in both the
field and the bioreactor. Appearance of Dehalococcoides communities with bvcA
and increase of those with vcrd show the direct influence of the bioreactor since
these communities were enriched in the reactor and transferred to the plume via the
effluent stream. Sequence analysis of Dehalococcoides 16S TRNA gene amplicons
showed that similar populations were present in the bioreactor system and in the
field. Competition models [128] have shown that when other organohalide respiring
populations are present, they may be able to out-compete Dehalococcoides
populations for limiting amounts of electron donor at sites where daughter products
accumulate. Our data showed that the indigenous dechlorinating populations were
not able to completely dechlorinate PCE to ethene, however, once electron donor
was added, dechlorination past DCE could be observed with concomitant increase in

cell numbers of Dehalococcoides spp. harboring verA and bvcA.
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High c¢cDCE and VC consumption rates are in line with dominant presence

of verA. The qPCR results indicate that the high consumption rate between April
and November 2007 was likely due to the increase in Dehalococcoides populations
in the bioreactor and concomitant increase of verd, bved and tceA. Rates of VC
consumption were comparable to those of cDCE and much higher than those of PCE
and TCE, indicating that main activities of the dechlorinating microbial communities
were ¢cDCE and VC reduction. Dehalococcoides spp. that harbor the verd and
bvcA genes have been shown to dominate in DCE and VC enriched environments
[46,124], and the presence and expression of verd and bveA was found consistent
with degradation of chlorinated compounds to ethene [49,145,146].

Co-existence of several populations of Dehalococcoides in the bioreactor
and field samples as evidenced by presence of several Rdh genes, known to be
present in different Dehalococcoides strains. An important observation from this
study is that although Dehalococcoides are reported to have one 16S rRNA gene per
genome and one fced, verA or bvcA gene/genome [3,124,147], the sum of functional
gene copies observed was greater than 16S rRNA gene copies. Copy numbers
of tce4 were in most cases equal to Dehalococcoides 16S rRNA gene copies. A
similar trend was observed for bvcA, which was present in numbers either equal
or lower than that of 16S rRNA gene copies. Most interestingly, copy numbers of
verA were in all cases 1-2 orders of magnitude higher than the 16s rRNA gene. One
possible explanation for this observation would be a massive expansion of ver4
copy numbers to 10-100 copies per genome. Given the fact that currently available
genomes of Dehalococcoides spp. isolates harbor up to 36 non-identical single-copy
Rdh genes [3,19,109], a more likely explanation would be the presence of cDCE/
VC dechlorinating bacteria that are not picked up by the current Dehalococcoides
gPCR primer set used in these analyses. Novel groups of OHRB, in consortia with
Dehalococcoides populations that reductively dechlorinate PCE to cDCE have
recently been identified in river- and marine sediments by stable isotope probing
[55,148]. Hence, it is not unlikely that yet undiscovered groups harbor ¢cDCE and
VC dechlorinating ability. Secondly, the higher numbers of vcrA could be a result of
horizontal gene transfer events. Studies of Dehalococcoides genomes have shown

Rdh genes to be associated with mobile genetic elements [149], and secondly a
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different evolutionary history of ver4 genes [150]. Our results indicate the need for
further analysis to determine extent of mobility of VC Rdh-encoding genes from
environmental samples.

Since Dehalococcoides was the main OHRB observed in the bioreactor
and field samples the expected number of cells/ml was estimated to be 3.7 x 10°.
The estimated number of cells was in agreement with observed vcr4 copy numbers,
which were two orders of magnitude higher than for hvcA4 and fceAd and two orders
of magnitude higher than Dehalococcoides 16S rRNA gene numbers. Although
conversions from 16S rRNA gene copies to biomass, gene copy numbers per cell and
cell volume are required and errors in these estimates can lead to significant differences
in biomass yields [129], our results indicate biomass yield calculations are in line
with pollutant consumption. Saturation analysis showed that while the performance
of the bioreactor improved, dechlorinating microorganisms were fast growing,
whereas, once near complete dehalogenation was achieved, Dehalococcoides only
grew slowly and did not increase in number.

Additionally to the above-discussed possible failure to detect vcr4-
harboring populations by Dehalococcoides-specific 16S rRNA gene-targeted assays,
the observation that measured cell numbers (based on 16S rRNA gene copies) in
the suspended biomass were smaller than estimated could be an indication that a
considerable part of biomass is growing in biofilms in the reactor. The reactor can be
likened to a chemostat, a continuous culturing system from which suspended biomass
is continuously removed with the effluent. Steady state growth rates in a chemostat
equal the dilution rate, which is inflow rate (400 L/h) divided by volume (7 m?). This
results in a dilution rate of 0.06 h!, a rate much higher than published maximum
growth rates of Dehalococcoides (0.02 h'; [151]). Thus, if Dehalococcoides would
solely grow in suspension it would not be able to maintain itself in the reactor,
even if growing at maximum rates (which requires full saturation of dechlorination
capacity (Fig. 3)). Though limited information is available for dechlorinating
biofilms, these are known to be present in most natural and engineered systems,
such as contaminated soils and aquifers or engineered permeable barriers [147,152].
Biofilms of dechlorinating bacteria have been observed to develop predominantly

inside pores of support materials, with no or little biofilm formation on external
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surfaces [153]. Considering the design and operation parameters of the bioreactor

in this study, it is likely that the microorganisms form these biofilms in the porous
granular material allowing them to form the stable microbial communities observed.
In a membrane-biofilm reactor study, the biofilm community was shown to adapt to
TCE and increased in numbers of Dehalococcoides spp. and tced and bvcA [147].
Overall, there is a complex interplay within dechlorinating microbial
communities, including the co-existence of several populations of Dehalococcoides
spp. strains. Modeling the microbial and metabolic dynamics of dechlorinating
populations as described in the present study is important for optimizing performance
of cleanup strategies for contaminated plumes beyond information provided by

molecular diagnostic endpoints.
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ABSTRACT

Bioremediation management strategies for sites contaminated with chlorinated
compounds require monitoring technologies that enable simultaneous detection and
quantification of a wide range of organohalide respiring bacteria. Many multiplex
and quantitative detection methods suffer from compromises between the level of
multiplexing, throughput and accuracy of quantification. In this paper we report the
developmentandapplication ofahigh-throughput, ligation-based circularizationassay
for simultaneous quantitative detection of multiple organohalide respiring bacteria
and their key reductive dehalogenases. The ligation probes are long oligonucleotides
with target complementary regions at their 5’ and 3’ ends. Upon perfect target
hybridization, the ligation probes are circularized via enzymatic ligation, subsequently
serving as template for individual and standardized amplification via unique probe-
specific primers. Adaptation to OpenArrays™, which can accommodate up to 3072,
33 nl PCR amplifications, allowed high-throughput real-time quantification. The
ligation probes were designed to target 10 reductive dehalogenases and 16S rRNA
genes from 9 phylogenetic groups, involved in reductive dechlorination. These
were used to demonstrate the application of the detection system and all probes
specifically detected their corresponding targets and provided discrimination against
non-target sequences with very similar ligation target sites. The multiplex assay was
used to profile four different field samples and it was possible to detect and quantify
organohalide respiring bacteria with comparable results but larger reproducibility,
sensitivity and dynamic range than conventional qPCR regimes. This system gives
new possibilities for the simultaneous and high-throughput analysis of samples and

potential biomarker targets.
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Introduction

High-throughput technologies are needed for monitoring the biodiversity and
functional capabilities of microorganisms involved in breakdown of halogenated
pollutants in the environment. Since the first microorganism, Dehalococcoides
ethenogenes strain 195, capable of reducing the common groundwater contaminants
tetrachloroethene (PCE) and trichloroethene (TCE) completely to ethene, was
isolated a decade ago [122], many more microorganisms have been isolated and
identified to play crucial roles in the organohalide respiration of a wide and diverse
range halogenated pollutants. Key organohalide respiring bacteria (OHRB) belong
to the bacterial genus Dehalococcoides [117,118,120], which can reductively
dechlorinate PCE, TCE, cis-dichloroethene (cDCE), and vinyl chloride (VC) to
ethene in addition to other recalcitrant chloroorganic pollutants. Also important are
bacteria belonging to the genera Desulfitobacterium, Dehalobacter, Sulfurospirillum,
Anaeromyxobacter, Desulfuromonas and Geobacter, which are able to degrade PCE
to cDCE, and also dehalogenate several other halo-organic pollutants [15,18,25]. In
addition, there are strong indications for the existence of additional, yet unexplored,
microbial taxa that have the capacity to dehalogenate, and now several of them have
been isolated or identified [54,55,148].

OHRB possess reductive dehalogenase (Rdh’s) enzymes which are
responsible for the breakdown of the halogenated compounds. These key enzymes
of the halorespiration have been biochemically and genetically characterized, and
found to constitute a novel class of vitamin B12-depending enzymes coupling the
oxidation of an electron donor to the reductive elimination of chlorides or other
halogen ions [30,154]. As various OHRB taxa include species that do not grow by
organohalide respiration and possibly do not contain these Rdh’s, it is necessary to
couple phylogenetic detection to functional information. For the latter, the well-
characterized Rdh’s have emerged as the most appropriate detection targets in
studying and monitoring bioremediation of contaminated sites [46,53]. For example
the similarity in 16S rRNA gene sequence between Dehalococcoides spp. does not
necessarily translate into dehalogenation ability - this was observed for the isolates
BAV1 and FL2, which share a highly similar (greater than 99.9% identity) 16S

rRNA gene sequence, but only strain BAV1 can use VC as an electron acceptor
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for growth [119,127]. Thus, it is important to include the Rdh genes as targets for

characterization of dehalogenating ability.

Quantitative PCR protocols have been developed [124] for 16S rRNA
targets and a variety of Rdh genes, including the TCE to VC Rdh gene (fced) of
Dehalococcoides strains 195 [125] and FL2 [119,126], the VC Rdh genes from
Dehalococcoides strains VS [33] and GT [57] (denoted vcrA), and that from
Dehalococcoides strain BAV1 (termed bvcA) [32]. Many of the routinely used assays
are focused on Dehalococcoides spp. and their genes, and are generally overlooking
other dehalogenating microorganisms. Yet, contaminated sites often contain a
mixture of pollutants and environmental conditions that support the growth of a
variety of OHRB.

To achieve the most reliable characterization of a soil’s dehalogenating
capacity, a wide range of OHRB should be monitored quantitatively. To date,
quantitative PCR (qPCR) provides the most reliable means of target quantification
[155-157]. Although several successful multiplex qPCR-based detection
methodologies for microorganisms have been realized, the attainable level of
multiplexing is relatively low, typically restricted to detection of only a few target
microorganisms per assay [156,158-161]. Moreover, the accuracy of quantification
in samples with highly unbalanced (disparate) target ratios is often limited [162-
164]. Reliable detection and accurate quantification of several microorganisms in
a single sample, therefore, requires separate reactions making large-scale screening
of samples more laborious, time consuming and expensive. To increase efficiency,
reliability and reduce expenses, it is desirable to develop simple multiplex assays that
can specifically detect and quantify a high number of microorganisms simultaneously.

Recently, a novel ligation-based probe assay was developed that bridged
the gap between the demands for highly specific target recognition and the high-
throughput, multiplex quantification of microorganisms [165]. The high specificity
was achieved via the use of ligation-based circularization probes which allow
discrimination of microorganisms based on a single point mutation in the targeted
DNA sequence [165-167] This point mutation specificity is of prime importance for
the reliable characterization of a soil’s dehalogenating capacity, since microorganisms

that are closely related to target OHRB and containing only one or a few mismatches
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in the probe target sites, may have highly disparate ecologies from the target
organism itself. The real-time PCR methodology combined with OpenArray™
technology additionally provided sensitive and highly accurate quantification in a
high-throughput fashion. The OpenArray has 48 sub-arrays, allowing parallel testing
of up to 48 samples, and each sub-array contains 64 microscopic holes of 33nl
volumes. These hydrophilic holes and hydrophobic array surface coatings ensure the
sample remains isolated through surface tension. The holes are automatically loaded
with master mix (Fig 1) [60,165].

In the implemented strategy mixtures of multiple circularization probes are
ligated on fragmented DNA samples [165]. Target recognition is achieved by specific
hybridization of the specific sequences flanking the target of these circularization
probes, and efficient ligation occurs only if the end nucleotides perfectly match the
DNA target. Next, the circularized probes are individually amplified by using PRI-
lock-unique primer pairs via universal real-time PCR in OpenArrays™, enabling
accurate target quantification in a highly multiplex format. (Fig 1)

In this paper we report the development of a ligation-based, quantitative
detection assay for the high-throughput detection of OHRB and the subsequent
characterization of the organohalide respiration capacity of soils in contaminated
environments. The specificity, sensitivity, and dynamic range of detection of the
developed assay were determined by using 19 target-specific circularization probes
that were specific to their target sequences over a linear quantification range of 5-6
orders of magnitude and could be used to multiplex detection on the OpenArray

system™.

Materials and Methods

Site Samples
Four samples with different composition of OHRB as characterized by routine
conventional qPCR were used in application of the PRI-lock probe system and for
testing the multiplex assay on the Biotrove OpenArray system™ .

Sample 1 was an enrichment sample made from river sediments

contaminated with PCE and hexachlorobenzene. Original site and enrichment were
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Fig. 1: Schematic overview of the proposed assay. (A) OpenArray TM architecture. The
OpenArray™ has 48 subarrays and each subarray contains 64 microscopic through-holes of
33 nl volume. The primers are pre-loaded into the holes. The sample combined with the reac-
tion mix is auto-loaded due to the surface tension, provided by the hydrophilic coating of the
holes and the hydrophobic surface of the array. (B) Ligation (PRI-lock) probe design. Tla
and T1b indicate target complementary regions. Unique primer sites ensure specific amplifi-
cation (forward: F1 and reverse: R1) and each Ligation Probe (PRI-lock) contains a universal
sequence (US) and a desthiobiotin moiety (dBio). (C) Multiple target specific Ligation probes
are ligated on fragmented DNA samples. T1a and T1b bind to adjacent sequences of the target
and in case of a perfect match, the probe is circularized by a ligase. Unreacted Ligation probes
are removed by exonuclease treatment. Circularized probes are loaded and independently
amplified on the Biotrove OpenArray™ platform using Ligation probe specific primers. The
amplification is monitored using SYBR-Green and the ligated probes are quantified based
on the threshold cycle number (CT). (Figure adapted from van Doorn et. al. 2007 [165]).
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previously described, and were found to contain populations of Dehalococcoides
and Sulfurospirillum spp. [168]. Secondly, a sample from an in-situ dechlorinating
bioreactor was also used. This bioreactor is being used to bioremediate a site
contaminated with chloroethenes and mineral oils (Chapter 4 of this thesis). Thirdly,
two groundwater samples were included that were obtained from a contaminated
site located in the province of Groningen, the Netherlands, that was contaminated by
spillage of the dry-cleaning solvents PCE and TCE. These two field samples were
taken at different time points during routine monitoring of bioremediation activities
that are currently taking place at the site (Bioclear b.v., Groningen, the Netherlands).
At this site a Dehalococcoides culture and carbon source had been injected into
the soil to bioaugment and biostimulate reductive dechlorination of the chlorinated
compounds. Sample “Field-1” was taken at the beginning of the monitoring round
when bioaugmentation had been completed and “Field-120” was taken 120 days
later. The two field samples were used to evaluate the applicability of the PRI-lock

system for the monitoring of environmental samples.

DNA extraction

Field samples (100-150 ml) were filtered through 0.2 pm polycarbonate filters
(Millipore BV, Amsterdam, Netherlands) using a Millipore filtering system to collect
microbial biomass. Filters were either stored at -20 “C or immediately processed
for DNA extraction, whereby filters were cut into small strips and placed in bead
beating tubes supplied with the FastDNA Spin Kit for Soil (MP Biomedicals, Solon,
OH, USA). Genomic DNA extraction was done according to the manufacturer’s

instructions.

Ligation circularization probe design

The PRI-lock probe target complementary regions were engineered
according to previously described design criteria [166] and were connected by a
60 bp compound linker sequence. The linker sequence contained a 20-bp generic
TagMan probe-binding sequence and two unique primer binding sites for specific
PCR amplification (Table 1). All primer pairs have equal melting temperatures to
allow universal TagMan and SYBR-Green based detection in real-time PCR. The

107




primer pairs were chosen from the GeneFlex™ TagArray set (Affymetrix, Santa

Clara, CA, USA) so as to minimize probe secondary structures and to optimize
primer 7, and primer specificity. Potential for secondary structures, primer 7, and
primer specificity were predicted using Visual OMP 6.0 software (DNA Software
Inc., Ann Arbor, MI, USA). The prediction parameters were set to match ligation
([monovalent] = 0.025 M; [Mg?"] = 0.01 M; T = 65°C, [probe] = 250 pM) and PCR
conditions ([monovalent] = 0.075 M; [Mg*] = 0.005 M, T = 60°C). When necessary,
PRI-lock probe arm sequences were adjusted to avoid strong secondary structures
that might interfere with efficient ligation as described previously [166].

To monitor the ligation efficiency and provide a reference for normalization,
an Internal Ligation Control (ILC) PRI-lock probe was constructed [165]. The target
complementary regions of the ILC PRI-lock detect an artificial DNA sequence, of
which a fixed amount was added to each ligation reaction, resulting in a standard ILC
CT value of 23 for the iQ5 Biorad and the Biotrove OpenArray™. Variation in the
ligation reaction was monitored by comparing the observed ILC CT values with the
fixed ILC CT value. The C_ values were standardized as described previously [165].

The PRI-lock probes listed in Table 1 and all the other oligonucleotides used
in this study, were synthesized by Eurogentec SA (Seraing, Belgium)

Ligation

PCR fragments and genomic DNAs were used as templates for ligation. Prior
to ligation, the DNA targets were fragmented by digestion using EcoRI, HindIII and
BamHI (New England Biolabs Inc., Ipswich, MA, USA) for 15 min at 37°C. Cycled
ligation was performed in 10 pl reaction mixture containing 20 mM Tris-HCI, pH
7.5, 20 mM KCl, 10 mM MgClL, 0.1% Igepal, 0.01 mM rATP, 1 mM DTT, 20 ng
sonicated salmon sperm DNA and 4 U Pfu DNA ligase (Stratagene, La Jolla, CA,
USA). For multiplex detection, the optimized concentrations of the individual probes
ranged from 100 pM to 10 nM. Reaction mixtures were prepared on ice and rapidly
transferred into a thermal cycler. Before ligation, samples were denatured at 95°C
for 5 min. The samples were subsequently subjected to 20 cycles of 30 s at 95°C and
5 min at 64°C. After the final cycle, the reaction was immediately cooled to 4°C.
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Exonuclease treatment

After the ligation reaction, 10 ul of exonuclease mixture [10 mM Tris-HCI, pH 9.0,
4.4 mM MgCl,, 0.1 mg/ml BSA, 0.5 U Exonuclease I (USB Europe GmbH, Staufen,
Germany) and 0.5 U Exonuclease III (USB Europe GmbH)] was added to each
reaction, and the samples were incubated at 37°C for 30 min, followed by enzyme
inactivation at 95°C for 2.5 h.

Real-time PCR

Amplification of ligated probes was monitored in real-time using the iQ5 iCycler
real-Time PCR system (Biorad, Veenendaal, The Netherlands). Reactions were
performed in 1x TagMan® universal PCR Master Mix (Applied Biosystems,
Carlsbad, CA, USA) containing, 0.12 pl UNG (Applied Biosystems), 1 pl ligation-
exonuclease product, 300 nM of the PRI-lock probe-specific forward and reverse
primers and 100 nM TagMan probe. The reaction mixture was initially incubated at
50°C for 2 min, followed by 10 min denaturation at 95°C, and 40 cycles of 15 s at

95°C and 1 min at 60°C. Fluorescence was recorded in the 60°C step of each cycle,

Biotrove OpenArray™ real-time PCR

Amplification of ligated circularization probes was followed in real-time using
an OpenArray™ NT Cycler (BioTrove Inc., Woburn, MA, USA). Samples were
loaded into OpenArray™ plates using the OpenArray™ NT Autoloader according
to the manufacturer’s protocols. Each subarray was loaded with 5.0 ul mastermix
containing 2.5 ul ligated PRI-lock mixture and reagents in a final concentration of 1%
LightCycler® FastStart DNA Master SYBR Green I mix (Roche Diagnostics GmbH,
Mannheim, Germany), 0.2% Pluronic F-68 (Gibco, Carlsbad, CA, USA), 1 mg/ml
BSA (Sigma-Aldrich, St Louis, USA), 1:4000 SYBR Green I (Sigma-Aldrich), 0.5%
(v/v) Glycerol (Sigma-Aldrich), 8% (v/v) deionzed formamide (Sigma-Aldrich).
The PCR OpenArray™ thermal cycling protocol consisted of 90°C for 10 min,
followed by cycles of 28 s at 95°C, 1 min at 60°C and 70 s at 72°C (imaging step).
Simulation of Biotrove PCR conditions in Visual OMP 5.0 software (DNA Software
Inc.) estimated that the 60°C as annealing temperature in the Biotrove OpenArray™.

The Biotrove OpenArray™ NT Cycler System Software uses a proprietary calling
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algorithm that estimates the quality of each individual CT value by calculating a

CT confidence value for the amplification reaction. PCR amplification with a CT
confidence lower than 100 were regarded as background signals. The remaining
positive amplification reactions were analyzed for amplicon specificity by studying
the individual melting curves. A Chi square analysis to determine number of
replicates that should be positive in an unknown sample measurement was used to
rule out any false positives when melting curve analysis of negative controls showed

amplifications.

Results

Probe design

The ligation-based circularization probes were designed for 10 phylogenetic groups
of OHRB and 10 Rdh’s that are important in characterization of microbial reductive
dehalogenation potential at contaminated sites. Using the 16S rRNA sequences for
taxonomic and the Rdh-encoding genes for functional information, target and non-
target sequences were selected and probes designed (Table 1). Target complementary
regions were selected based on alignments and phylogenetic trees with the target
and closest non-target bacteria 16S rRNA sequences or Rdh gene sequence (Table
2). Probes were also designed to distinguish between very closely related sequences
like those of Dehalococcoides ethenogenes 195 and Dehalococcoides sp strain VS
(Cornell subgroup) from Dehalococcoides strains CBDB1, FL2, BAV1 (Pinellas
subgroup) which share 99 % sequence identity. Mismatches between the target
sequence and the closest non-target sequence in the 3’ arm of each probe provided

for probe specificity (Table 2).

Evaluation of assay performance

An Internal Ligation Control (ILC) PRI-lock probe was used to correct for
the variability arising from the ligation reaction, since the target detection and
quantification are dependent on the ligation and real-time PCR amplification steps,
as described previously [165].
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Table 2: OHRBs 16S rRNA and reductive dehalogenase genes targeted by ligation probe and
their closest non-target organism or reductive dehalogenase gene. The 3’arm of the ligation

probe is shown with the main discriminating nucleotides underlined.

3" Ligation probe

sequence (5'-3') Closest Non-Target Organism

Target organism

Target rdh gene Kon-Target rdh gene

Table 3: Specificity of the PRI-lock probes for the target and non-target DNA. CT values
are shown, 100pM of probe was ligated to 1 pg of DNA.

PRI-lock Probe Target Nan-target No-template control

T cT T
Dehalobacter 193 ilo 314
Dehalococeoides 195 + rel 19.1 303 g
Defnlococcoides DCBDBI+ rel 223 326 354
Desulfitobacterium 234 315 314
Sulfurospirillum 16.9 323 330
Anaeromyxobacter 13.5 28.1 28.2
Desulfuromonas 218 30.1 311
Sedimentibacter 182 88 293
Geebacter lovelvi 14.3 29.5 27.1
Sud_peed 17.9 126 22
D peeA 16,7 e 2
Det poed 165 339 342
verd 219 26 EIRG
e Al 9.7 a4 76
teed 189 355 360
cprd i 151 28.2 283
cprAds 19.8 129 335
A 230 3R Ll
chd 212 EINA 29
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OHRB detection using ligation probe system on Openarrays

The specificity of each PRI-lock probe to their individual targets was evaluated
using two probe mixtures (one mixture of 10 phylogenetic probes and one mixture
of 10 functional probes) in separate ligation reactions followed by real-time PCR.
With the exception of the Lahn cluster probe, all the probes specifically detected
their corresponding targets (Table 3). To ensure specificity towards the targeted
microorganisms, all non-target organisms containing sequences similar to the target
ligation regions for the PRI-lock probe mixtures, were tested. In all cases, the detected
amplification signals were not significantly different from the non-target controls,
indicating that no a-specific ligation occurred on the non-target DNAs (Table 3).

In order to establish detection sensitivity and linear quantification range,
calibration curves were constructed based on CT values measured in a multiplex
setting on a 10-fold dilution series of all the target DNA sequences. This approach
was possible, as it had been shown previously that specific ligation of each probe
is independent of other probes [165]. Detection was observed with the developed
PRI-lock probes over a range from 10° to 10® copies / ligation mixture for both the
taxonomic and Rdh gene probes (Table 4). Additionally, the DNA targets could be
quantified in a linear fashion over 5 - 6 orders of magnitude (Fig. 2, Table 4). Linear
correlation of the observed CT values and the logarithmic target concentrations in
the ligation mixtures was higher than R? = 0.98 in all cases (Table 4), demonstrating
that the PRI-lock system can be used with confidence for reliable quantification over

a wide concentration range for both the taxonomic and functional targets.

35 4
: y=-0.83In(x) + 35.433

30 ?=0.9873 Fig. 2: Typical calibration curve

to assess the sensitivity and linear

% | range of quantification of the

CT Value

] Dehalococcoides Ligation probe in

conventional real-time PCR. CT
15 values were normalized using the
Internal Ligation Control PRI-lock

probe.

100E+02 1.00E+04 100406 1.00EH0E
Copy number ligation mixture
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Table 4: Summary of the parameters of the calibration formulas obtained with 10-fold
dilution series of the ligation mixture of each probe - the relevant information on r-squared,

sensitivity and linear detection range is presented.

PRI-lock probe Calibration curve formula R*Value Detection limit ~ Linear quantification
Debalobacter y= 0 400+ 308 09% Ui Tk
Dehalococ cuides ¥ =0.790nfx) + 298 0984 i -1
Delalocsceoides CBDBI y = 0.96Lnfx) + 353 0,99 1 10*10°
Desulftabacterim y=4.870nfx) + 298 0984 1} 10 =10
Sulfirospiniiun y=4.850n(x) + 286 0,594 I -0
Anaeromysobacter y=-L.0Lnjx) + 334 097 10 10 10°
Desulfuromonas y=4.750nfx) + 317 0,983 1} 1
Selimenibacter y=-1.06lnfx) + 323 0977 1 010
Genhacler y =473+ 317 0,970 I 010
Sul_pred y=-1111nfx) + 361 0.999 1 w1
Db peed y=-1.12Lnfx)+ 348 01,994 1) ' 1
Det peed y = -L16Lnfx) + 36.1 0.988 ' 10 10’
erd y=-1.03Lnfx) + 335 0975 1] 1
b v=-1.36Lnfx)+ 353 0942 1w w10
feed y=-L11Lofx)+ 346 0.996 1 01
eprdl y=-1.20nfx) 377 059 1 0o
eprds y=-L10Lnfx)+ 321 0,947 1 w1
dead y=-L09nfx)+ 343 .99 1) 01
ohrd y =-L03Ln{x) + 362 .99 i 010

Application to environmental samples

Using the developed probe sets, we tested the application of the assay on genomic
DNAs from four biological samples — a laboratory enrichment culture, an in-situ
bioreactor and two different time measurements of a contaminated site undergoing
bioremediation. These samples had been previously analyzed using regular
gPCR assays for Dehalococcoides spp. and their Rdh genes tced, bvcA and verA.
Additionally, the presence of Dehalobacter, Desulfitobacterium and Sulfurospirillum
had been detected in some of the samples using regular qPCR assays. The PRI-Lock
probes and primers detected their target sequences in the environmental samples as
had been expected based on the results from regular gPCR assays (Fig. 3) indicating
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that the detection system developed here is suitable for the reliable monitoring of

OHRB in environmental samples.

The results obtained with the multiplex ligation-based dectection system
were comparable to those obtained in regular qPCR analysis, with quantitative
differences in only a few cases (Fig. 3). As an example, we detected vcr4 and bved in
the bioreactor at concentrations of 107 and 10* gene copies/ml sample, respectively,
as had been found previously using the regular quantification assay (Chapter 4).
For some of the targets, copy numbers/ml were found to be generally higher for the
ligation-based detection system than obtained by regular qPCR assays. For example
the concentration of the fceA4 gene as observed using the ligation-based detection was
in general 2 orders of magnitude higher than with conventional qPCR estimations.
Dehalococcoides spp. 16S tRNA gene copy numbers, like the tced, were also
higher by more than 2 orders of magnitude with the ligation-based detection system

compared to those obtained by conventional PCR.

Presence of other OHRB

Using the ligation-based circularization probes developed in this study, we were
able to detect other phylogenetic groups of OHRB, including Sulfurospirillum
and Geobacter that had not previously been quantified in the environmental
samples. For example in the enrichment samples 10° 16S rRNA gene copies/ml
groundwater were detected for Sulfurospillum (Fig. 4). Moreover, Rdh genes like
pced from Sulfurospirillum or cbrA from Dehalococcoides could also be detected
in the biological samples. In the bioreactor sample, Dehalobacter was detected in
agreement with data from regular qPCR. Desulfitobacterium was also detected at
10°¢ gene copies/ml groundwater although it had not been detected by conventional
qPCR.
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Fig. 4A: Quantification of OHRB 16S rRNA and reductive dehalogenases genes using the

ligation-based system in the Enrichment and Bioreactor samples.
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ligation-based system on the field samples.
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Application of the ligation-based multiplex quantitative detection on the

Biotrove OpenArray™ platform

Analysis of a single sample for 19 targets on a conventional qPCR machine is
laborious, time consuming and expensive. Hence, it is desirable to have a multiplex
assay for the large scale screening of samples at sufficiently high spatiotemporal
resolution for robust monitoring of prospects and progress of bioremediation. We
applied the multiplex assay developed in this study on the Biotrove OpenArray™
quantitative PCR system, which provides the possibility for the parallel analysis of
up to 48 samples against all the 19 probes. Analysis on the Biotrove was done with
SYBR Green qPCR mix and did not include specific calibration curves — hence, only
relative comparisons are reported here (Table 5).

In general, we observed the same high specificity of probes also on the
Biotrove OpenArray™. There was very low background signal in comparison to
the amplification signal using conventional qPCR, and the detection of OHRB was
specific to targets previously observed, demonstrating that multiplex assays are
feasible on the OpenArray™ system.

The four field samples were also analyzed on the OpenArray™ to determine
the potential for multiplexing in a single assay. Amplification signals were obtained
for all the probes. Based on the melting curve analysis probes were specific to their
target. One probe, Dhb_pceA targeting the Dehalococcoides pceA gene, had some
unspecific amplification in 4 of the replications of the negative control. Using Chi
square analysis it could be determined, which of the measurements in unknown
samples can be considered positive.

To get an indication of the assay performance, the CT values obtained with
each probe on the OpenArray™ were compared to CT values obtained on the normal
gPCR machine (Table 5). There are differences between the CT values and in some
cases there is no correlation to what was expected. For example in the Enrichment
culture, we expected to detect Sulfurospillum and both Dehalococcoides Pinellas and
Cornel subgroups but there was no signal in any of the replicates for Sulfurospirillum
and Dehalococcoides Pinellas. Another difference is that the CT value on the

OpenArray™ is often much lower (corresponding to higher copy numbers) than
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observed on the normal qPCR machine. This can be seen for the DCBDB1 and Dhb
probes, which gave CT values of 21 and 20 on the OpenArray™, while they were 30

on the normal qPCR machine. Analysis of the Bioreactor and Field samples show
CT values that more in line with those from the normal qPCR machines.

To assess the potential of the assay for use in routine monitoring we compared
the CT values obtained for the two time points of the Field Samples to see if the
trends observed from qPCR on the normal machine were the similar. Basically most
of the probes showed a similar trend. Some exceptions are for example the probes
for Anaeromyxobacter (Ana) and Geobacter (Geo), which were not detected in the
Field at day 1 but have a low CT after 120 days. On the normal gPCR machine the
CT values for these probes had CT values of 18 and 20 respectively at day 1. Similar

variations were observed for the Rdh genes.

Discussion

The detection and quantification by real-time PCR of different populations
and functional genes in a microbial community is important for good characterization
of organohalide respiration potential. In this study we have developed a multiplex
assay targeting taxonomic groups of OHRB and Rdh’s, the key enzymes in reductive
dehalogenation. The ability for a highly multiplexed assay allows for rapid screening
of a large number of samples for multiple targets.

Using the ligation based detection system, high specificity could be achieved
for the desired targets, whereas significant amplification signals were observed
in the absence of target DNA. Specificity was furthermore demonstrated by the
ability to distinguish between closely related strains like those of Dehalococcoides.
It is important to distinguish between these strains because they exhibit different
reductive dehalogenating capacities [32,33,124]. Taxon-specific detection of
distinct groups of microorganisms in environmental samples is crucial whenever
a key process is linked to these taxa [169]. To further aid in distinguishing between
different Dehalococcoides spp. subgroups, it has previously been recognized that in
addition to 16S rRNA gene-targeted detection, analysis of Rdh genes is also important
[53,124]. In the test samples analyzed in the present proof-of-principle study, we
were able to confidently detect the presence of either bvcA, verd or cbrA target

120



OHRB detection using ligation probe system on Openarrays

sequences. A presence of these genes would confirm that at least Dehalococcoides
spp. strains BAV1, VS or CBDBI are present, as confirmed by a positive signal
from the respective taxonomic probe. The same can be done for Desulfitobacterium
spp. strains confirming the presence of those strains, which harbor e.g. the dca4
gene or cprdS5 gene. The presence of multiple targets in the same sample did not
influence the ligation efficiency or detection as previously demonstrated [165], and
independent detection of targets could be achieved.

The detection limits of 10-10° copies/ml groundwater obtained here are in
line with what is commonly reported for conventional gPCR. Some examples of
detection limits reported in qPCR detection of Dehalococcoides are 10* / g from
aquifer material [144], 10 copies / g soil [170], and 10?-10° copies/L of groundwater
[124,171]. In our assay, for example, the Dehaloccoides 195 + rel (Cornell subgroup)
probe sensitivity was 10* and its associated Rdh gene probes Det_pceA and tce4 had
a sensitivity of 10° DNA copies/ml groundwater. In contrast Sulfurospirillum probe
sensitivity was 10*> copies/ml groundwater while its associated Sul pced probe
detected 10* target DNA copies/ml groundwater.

Screening of environmental samples showed that the ligation detection
system can indeed be used to quantify OHRB with confidence. The results obtained
in the present study were relatively comparable to those observed previously by
conventional qPCR. However, often gene copy numbers were 2 orders of magnitude
higher for the ligation-based circularization system. This could be due to the higher
sensitivity of the ligation-based circularization system in detecting specific gene
targets, and also due to the Tagman qPCR as compared to the SYBR green qPCRs that
were used in the conventional quantification analysis [172,173]. The Tagman PCR
is specific to the circularized probe whereas the Sybr green assay depends on ability
of primers to access the target DNA directly. In the ligation-based circularization
assay there is an exonuclease step that is performed to remove any unligated DNA
fragments that may interfere in the qPCR. Another reason for these differences maybe
due to the DNA extraction, as a freshly obtained DNA extract from original sample
was used for the analysis on the OpenArray. Although a standard protocol was used
for all extractions, differences resulting from DNA extraction cannot be ruled out.

For example it has been demonstrated that differences in Dehalococcoides BAV1
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16S rRNA gene copy numbers were observed based on the DNA extraction method

used [27,57]. PCR inhibition maybe another cause for the observed differences, as
it has been reported especially in soil samples [48,174]. Furthermore, it should be
noted that in the set-up used in this study, the internal ligation control can correct for

potential inhibitions that can cause ligation variability [165].

Analysis of environmental samples

The enrichment samples contained Dehalococcoides, Desulfitobacterium and
Dehalobacter spp., and all these genera were detected as present within this sample
and in significant quantities. Interestingly Sulfurospirillum was also detected
by this system, in line with clone library results from the enrichments which had
Sulfurospirillum-like sequences [168]. The respective Rdh genes were also found to
be present. Of interest is the detection of the chlorobenzene reductive dehalogenase
cbrd gene from Dehalococcoides CBDBI, since this is the gene for the enzyme
involved in degrading chlorobenzenes [31,135]. The culture was enriched on
hexachlorobenzene and PCE.

The bioreactor profile showed higher numbers of Dehalococcoides of the
Cornell group (107 copies/ml) compared to the Pinellas Dehalococcoides (10 copies/
ml). The bioreactor had been bioaugmented with groundwater that had been reported
to contain Dehalococcoides sp. strain VS [130], which harbors the verAd gene in its
genome. Dehalococcoides VS is within the Cornell group. In agreement with results
from regular SYBR green qPCR 107 ver4 genes/ml groundwater were detected in the
present study. There were higher numbers of Dehalobacter and Desulfitobacterium
and the respective pced and cprd genes detected in comparison to regular qPCR,
suggesting that the assay was more sensitive in detecting these targets. Although the
bioreactor was being optimized for growth and degradation activity in presence of
Dehalococcoides, the presence of these genera is not surprising as they play a crucial
role in degrading PCE to ¢cDCE and are often found in dechlorinating consortia.

The potential for assessing temporal dynamics of OHRB could be
demonstrated in the field samples. The contaminated site had been bioaugmented
with a Dehalococcoides culture, and carbon source was added to further stimulate

their growth. Although Dehalococcoides populations did not increase significantly,
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we found a marked increase in the corresponding Rdh genes fced, verA and bveA.
This suggests a change in the Dehalococcoides community over a period 120
days, although it should be noted that in the present proof-of-principle study, only
a limited number of environmental samples has been analyzed. It is important to
see such changes in the desired OHRB, in this case Dehalococcoides, in evaluating
bioremediation strategies. Equipped with such information and kinetic modeling as
performed in Chapter 4, management strategies for further optimization can be made
at sites.

The multiplex assay enabled the detection of other OHRB’s like Geobacter,
Desulfuromonas and Anaeromyxobacter. These microorganisms have, in contrast to
members of the genera Dehalococcoides and Dehalobacter, a versatile metabolism
and are often found in diverse environments. Geobacter was detected in the Field
samples. Geobacter lovelyi has been isolated for its ability to reductively dechlorinate
PCE [127], which was the main contaminant at this site. Desulfuromonas spp. copy
numbers increased during the 120 days monitoring period. Though it cannot be
concluded that Desulfuromonas is actively dechlorinating at the site studied here,
our data indicate that they accumulated during the biostimulation for dechlorinating
species. This is important to know because competition for carbon source among
dechlorinating bacteria can influence progress at bioremediation sites [128].
Anaeromyxobacter was not detected in significant quantities at any of the sites
investigated here.

We could show that the ligation-based circularization system can be coupled
to the OpenArray, however, more optimization will be needed to allow for accurate
quantification of targets. The ligation-based circularization system has been coupled
to the OpenArray™ system for the detection of plant pathogens [165] and thus it
should be possible to fully adopt this assay for OHRBs. It is difficult to explain the
variation observed between the two qPCR systems. Many qPCR parameters such as
standard linear range, amplification efficiency and CT determination methods affect
accuracy levels of an assay [46,48]. The CT values were generated on different
qPCR machines and also different qPCR mastermix (SYBR green was used on
the Biotrove). It has not been possible to use Tagman qPCR on the Biotrove until

recently. Optimization of the Tagman assay will now be done and standard curves
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for quantification of targets will then be possible on the Biotrove. Nonetheless using

a relative quantification estimation we could establish expected trends for the Field
samples where we observed a change in CT values according to expectations from
data obtained on normal qPCR machines.

In conclusion, we have developed a multiplex assay that can be applied
on the Biotrove Openarray. Using PRI-lock probes, multiplex detection of target
OHRBs or Rdh-encoding genes can be done in a single reaction, and in combination
with specific primers for each probe, qPCR can be done on the OpenArray platform.
With further development and optimization of the Tagman qPCR protocol on the
OpenArray it will be possible to develop calibration curves that can be used for
absolute quantification in a highly multiplexed fashion. This will enable specific,
high throughput, quantitative detection of multiple OHRB’s over a wide range of

target concentrations.
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Chapter 6

The aim of the research described in this thesis was to unveil and explore the genetic

potential related to the self-attenuating capabilities of soils with organohalide
contamination using an integrated ecogenomics strategy. Ecogenomics involves
multidisciplinary approaches capitalizing on genomics and related high throughput
technologies applied to environmental systems (see Chapter 1). Below the obtained
results that included functional metagenomics, molecular diagnostics and modeling
studies applied to model and field systems, are summarized and placed in a general
context. Moreover, an outlook is provided on the developments in the area of
ecogenomics and how the present work has contributed to this and our understanding

of bioremediation processes of soils contaminated with organohalides.

Polyhalogenated organic pollutants

There is wide diversity of highly toxic and persistant chlorinated organics in the
environment that require implementation of remediation techniques to clean them up
(Table 1). Most of these contaminants accumulate in the anoxic subsurface of soil and
groundwater systems and are recalcitrant to acrobic degradation [175]. Halogenated
hydrocarbons with a high degree of substitution are generally more readily degraded
under anoxic conditions. This and the fact that most of the contaminated sites such
as aquatic sediments, submerged soils and ground water are oxygen depleted, makes
anaerobic bacteria that are capable of organohalide respiration, good candidates
for bioremediation [176]. Organohalide respiration (previously also termed (de)
halorespiration or respiratory reductive dehalogenation), the use of halogenated
compounds as terminal electron acceptors in anaerobic respiration, is a key process

for their degradation in the anoxic subsurface [15].

Options for the remediation of organohalide-polluted environments

Organohalides like tetrachloroethene (PCE) and trichloroethene (TCE) are Dense
Non Aqueous Phase Liquid (DNAPLs). Their low solubility and high density
makes them challenging to remediate, and a common method that has been used to
treat subsurface water contaminated with DNAPLs is pump and treat [177]. Pump
and treat remediation consists of pumping out the contaminated water from the

aquifer and treating it ex situ. A major drawback to this method is that the source
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Chapter 6

of contamination and the chlorinated ethenes adsorbed to the soil are not treated.

Although large masses of contaminants maybe removed, the bulk pure phase DNAPL
remains absorbed to the soil in sifu and serves as a continuous polluting source.
Additional physicochemical methods for remediation include surfactant flushing,
soil vapor extraction and reduction by metallic iron [178].

In contrast to these physicochemical approaches, bioremediation is the
use of living organisms as the catalysts for detoxification reactions that result in
pollutants clean up. Some of the different processes by which bioremediation can
be implemented are phytoremediation, natural attenuation, biostimulation, and
bioaugmentation.

Phytoremediation, the use of plants in bioremediation enables the
mitigation of an environmental problem without the need to excavate the
contaminant material and dispose of it elsewhere. Phytoremediation may be
applied wherever the soil or static water environment has become polluted or
is suffering ongoing chronic pollution and has been successfully employed
in the restoration of abandoned metal-mine workings, reducing the impact of
sites where polychlorinated biphenyls have been dumped during manufacture
and mitigation of on-going coal mine discharges. Contaminants such as
metals, pesticides, solvents, explosives, crude oil and its derivatives, have
been mitigated in phytoremediation projects worldwide [179,180]. Plants
such as mustard plants, alpine pennycress and pigweed have proven to be
successful at hyperaccumulating contaminants at toxic waste sites [179].
As such phytoremediation is considered a clean, cost-effective and non-
environmentally disruptive technology, as opposed to mechanical cleanup
such as soil excavation or pumping polluted groundwater. Over the past
20 years, this technology has become increasingly popular and has been
employed for soils contaminated with lead, uranium, and arsenic [181].
However, one major drawback of phytoremediation is a requirement for long-
term commitment as is is dependent on plant growth, tolerance to toxicity and

bioaccumulation capacity.
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A passive form of bioremediation is natural attenuation, which is basically
described by the Environmental Protection Agency EPA as “Naturally occurring
processes in soil and groundwater environments that act without human intervention
to reduce the mass, toxicity, mobility, volume, or concentration of contaminants in
those media. These in situ processes include biodegradation, dispersion, dilution,
adsorption, volatilization, and chemical or biological stabilization or destruction of
contaminants.” This requires the that relevant microbial reactions and microorganisms
are present as an important component in natural attenuation [ 182]. However natural
attenuation is a slow process and intervention is often required for enhanced and
effective cleanup of contaminated soils.

Often at contaminated sites the microorganisms of interest are present, in
very low numbers or may not be metabolically active due unfavourable aquifer’s
conditions, such as elevated redox potential or lack of nutrients. In such cases
biostimulation may be applied by the addition of nutrients, electron acceptors and
electron donors, to stimulate the growth of these organisms. Biostimulation has
been successfully applied in cleaning sites with organohalide contaminants [144].
Biostimulation can e.g. be used to create bioreactive barriers stopping the spread of
pollution plumes [144].

At times microorganisms of interest are not detected at a site that has been
considered for bioremediation. The most appropriate remediation strategy then
obviously involves the introduction into the site of microorganisms that are able to
perform the detoxification reactions of interest. Firstly microorganisms are grown
in reactors ex-situ, and once a required density and metabolic activity is reached
they are then introduced into the soil. For example several organohalide respiring
cultures are now being used for bioaugmentation purposes. These include Bioclear
Dehalococcoides Consortia (Bioclear BV, The Netherlands), KB-1 Culture [183,184],
and the Bachman Road Culture [133,144]. In general, the benefits of bioremediation
have awakened research focused on populations that are able to detoxify widespread
compounds, ranging from chlorinated ethenes to polyhalogenated compounds like
polychlorinated dibenzodioxins (PCDDs).
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Chapter 6

Bioremediation technologies in this study

This study was conducted at sites were biostimulation and bioaugmentation were
employed as bioremediation strategies. Biostimulation was achieved by injection
of carbon source such as molasses directly into the plume. In-situ dechlorinating
bioreactors were installed at the sites to bioaugment them with Dehalococcoides spp.
that are capable of degrading dichlorethene and vinyl chloride (VC) to ethene. It had
been observed that PCE was degraded with concomitant accumulation of the more
toxic VC, resulting in the need to intervene via biostimulation and bioaugmentation.
Effective design and realization of intervention strategies, however, require
knowledge of catabolic potential and in-sifu dynamics of organohalide-respiring and
co-metabolizing microorganisms to be stimulated, or added, to the polluted site.

A need for an ecogenomics toolbox towards more effective bioremediation

The inception, of ‘omic’-based techniques has revolutionized the field of microbial
ecology and is shifting the focus towards the functional characterization of complex
microbial ecosystems. To this end, Chapter 1 provided an overview of the current
state of the art as to how ecogenomics approaches have aided development of high-
throughput-techniques for detection and monitoring organohalide-respiring bacteria
(OHRB), and for providing improvements to selection, specificity and sensitivity of
target biomarkers, including their application to evaluate bioremediation strategies
(Fig. 1). The use of these molecular and biochemical approaches has provided a
more effective and direct assessment of the microbial communities involved in
bioremediation beyond classical microbiological techniques.

Bioremediation of sites requires an understanding of the microbial
community and its response to a given treatment, in addition to information obtained
from the assessment of geochemical parameters. Obtaining information can be a
costly exercise due to site-specific environmental conditions, operative mechanisms
and rates of bioremediation. The incorporation of ecogenomic tools now allows us
to open the “black box” between the environment and bioremediation processes, like
organohalide respiration, and enabling us to understand the mechanisms behind such
adaptations to toxic organohalide compounds [6]. Ecogenomics defines phylogenetic
and functional biodiversity at the DNA-, RNA- and protein levels [7-10], in order
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Chapter 6

to elucidate the functions and interactions of organisms at an ecosystem level in

relation to ecological and evolutionary processes [11,185]. It answers environmental
questions providing crucial data that can help manage and optimize remediation

strategies.

Functional genomics of microbial consortia — The way ahead

The use of next generation technology (NGT) sequencing is further revolutionarizing
biology. As sequence throughput has now reached the tera base (1000 Gbase) level in
single papers and is still expanding, the analysis of such complex systems as the soil
microbial ecosystem comes within reach. For example a microbial gene catalogue
for the human gut has recently been described through metagenome sequencing
[186]. The living soil is the most biodiverse environment on earth: it is estimated to
contain approximately 1,000 Gbp of microbial genome sequences per gram of soil
and thus metagenomic sequencing of soil remains rudimentary and constitutes a new
and ambitious challenge, now met by the recently established TerraGenome initiative
[187]. Pyrosequencing using the Roche 454 instrument, which has further improved
with the titanium technology, is currently considered one of the most robust and
reliable NGT sequencing approaches and hence, as is described in Chapter 2, we
decided to determine the genome of a representative of the genus Dehalobacter,
an important member of the OHRB that had not previously been characterized at
the genome level (Fig 2). This Dehalobacter sp. strain E1 grows in coculture with
Sedimentibacter sp. strain B4. This coculture was the first known culture capable of
metabolic dechlorination of B-HCH under anaerobic conditions [22]. The coculture
grows better than available pure cultures of Dehalobacter and can serve as a better
model for gaining insight into the in situ situation than isolates. This is important
in view of the applicability of the ecogenomics toolbox, including transcriptomics
and proteomics, to elucidate physiology and to provide the necessary (kinetic) data
for metagenome-scale metabolic modeling of this intriguing syntrophic partnership.
Such models can be expected to be instrumental in providing novel leads towards
optimized bioremediation strategies, e.g. by identification of more selective substrates
that can be added in situ.
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Restricted Metabolism Versatile Metabolism
Difficult to culture, slow growth rates
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-often maintained and
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Fig. 2: Phylogenetic tree of OHRB based on bacterial 16S rRNA sequences. Alignment and
phylogenetic analysis were performed with the ARB software and tree was constructed using
the neighbor-joining (NJ) method [26]. The reference bar at the bottom center indicates the
branch length that represents 10% sequence divergence. Bold face shows strains with full
genome sequence available including Dehalobacter sp. strain E1. Strain names shown only
for organisms of specific interest to this study. Rectangles show genera for which primers
and probes for ligation-probe based analysis have been developed for both 16S rRNA and
reductive dehalogenase genes. Dashed boxes —only ligation probes for 16S rRNA have been

developed. Underlined genera include the main study organisms in this research.

Building on the consortium genome elucidated in the framework of this
thesis, we expanded our knowledge on the reductive dehalogenation potential of
Dehalobacter sp. E1. Genome based prediction showed that strain E1 had genes
predicted to encode reductive dehalogenases (Rdh’s) most similar to characterized
PCE and chlorophenol dehalogenating enzymes. It had been shown previously that the
coculture could not degrade PCE and DCA [22]. We therefore assessed the potential
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Chapter 6

for degradation of TCE and DCE and several chlorophenols. The coculture was able

to degrade TCE but not any of the other compounds tested. Further biochemical and
degradation studies for this TCE degradation can now be conducted.

This first genome insight into the Dehalobacter genus will now enable
for further comparisons with genomes from other sequenced OHRB. Currently
eight genomes have been sequenced for Anaeromyxobacter dehalogenans [23],
Desulfitobacterium hafniense strains Y51 and DCB-2 [24] and Dehalococcoides
ethenogenes strain 195 [10], Dehalococcoides sp. strain CBDB1 [7] and
Dehalococcoides sp. strains BAV1 and VS [3] (Fig. 2). Additional genomes of
other isolates are currently being elucidated (http://www.genomesonline.org).
Furthermore, several metagenomes of consortia with Dehalococcoides spp. as
dominant organohalide respirers are being sequenced (Fig. 1). Whereas much
progress has been made over the past years with respect to genome sequencing
of Dehalococcoides spp. (four complete genomes, two draft genomes) and
subsequent exploration by transcriptomics and proteomics [123,188], no efforts
have been undertaken previously towards a systematic exploration of genomes of
organohalide respirers belonging to the genus Dehalobacter, closely related to the
genus Desulfitobacterium within the Firmicutes. Whereas Desulfitobacterium spp.
are versatile in their spectrum of electron donors and acceptors, Dehalobacter spp.
are strongly restricted in their energy metabolism, being dependent on respiratory
reductive dehalogenation with hydrogen as electron donor in syntrophic interaction
with Sedimentibacter spp.

The availability of the Dehalobacter and Sedimentibacter metagenome as
reported in here can be expected to stimulate systematic studies to understand the
respiratory landscape of these organisms. Secondly the functionality of organohalide
respiring Firmicutes at increasing levels of complexity, ranging from the intricate
molecular interactions inside individual cells to the interaction networks of syntrophic
partners in their natural environment can now also be studied. Bioremediation
of environmental pollutants depends on these intricate multispecies metabolic
networks that are present in a polluted scenario. The inherent complexity of such
microbial systems, as well as their interaction with their biological and physical-

chemical environment is growingly amenable to the conceptual frame and the
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growing tool box of systems biology [11,185]. To this end, the availability of the
metagenome sequence of the defined Dehalobacter-Sedimentibacter partnership,
used as a model for syntrophic microbial consortia that are pivotal to the clean-up of
subsurface anaerobic environments polluted with halogenated organic compounds,
can guide interventions for stimulating the performance of desired biodegradation
processes. This can include identification of potential alternative substrates, leading
to improved strategies for efficient in situ stimulation and maintenance of these
dedicated degraders.

The repertoire of reductive dehalogenase genes in Dehalobacter is different
from those found in Dehalococcoides. The identified gene products, key enzymes
in organohalide respiration, cluster with those from various Desulfitobacterium
hafniense strains. It has been suggested that multiple events of homologous
recombination, as well as horizontal gene transfer have been, and still are, involved
in the generation of strain-specific sets of multiple reductive dehalogenase gene
loci in individual strains that have significant differences in their substrate spectra
for dehalogenation [3,7,10,24]. Comparative genomics between Dehalobacter and
Dehalococcoides genomes will help give insight into the evolutionary mechanisms
underlying this dedication to organohalide respiration by these two intriguing yet
phylogenetically distant bacteria. For example identification of either common or
lacking biosynthetic pathways between these two genera might give us clues to this
dedication. Genome dynamics can also be studied to find indications of evolutionary
mechanisms of adaptations towards organohalide respiration. For example
comparison of the four Dehalococcoides genomes showed that the rdhAB genes are
compartmentalized within specialized high plasticity regions close to the origin of
replication and may enhance opportunistic adaptations to respiratory niches in the
anoxic subsurface [3]. Similarly, in Desulfitobacterium hafniense DCB2 reductive
dehalogenases are also concentrated in the vicinity of each other. A similar situation
can probably be expected, as two of the large Dehalobacter contigs (contig 00040
and contig00050) both have two Rdh gene clusters within a 30 kb region (Fig. 3).
It will be interesting to confirm whether the complete genome of Dehalobacter
also has similar Rdh gene arrangements. To this end, generation of a complete

genome sequence of Dehalobacter sp. E1 seems feasible to achieve, even from a
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metagenome, as was demonstrated by the closure of genomes from the acid mine

drainage microbiome [189], also considering recent developments towards routine

4 3 1 24
0 2?0 4(|]0 6[?0 SOIO 1 ?00 1 2|00 14|00

Dehalococcoides CBDB1  (Kb)

7

0 754 1508 2262 3016 3|?_70 4:?24 5278
| | | 1 | |

Desulfitobacteriumhafniense strain DCB2 ( kb)

2 1 )11

0 30 60 90 120 1I50 1£|50 210
L | | | 1 |

Dehalobacter E1 contigs 40 and 50 (kb)
Fig. 3: Localisation of reductive dehalogenase genes in representative genomes of

OHRB. Cartoon maps of the Dehalococcoides CBDBI1 and Desulfitobacterium hafniense

DCB2 genomes showing the position of reductive dehalogenase clusters, and 2 contigs of

Dehalobacter. Numbers represent number reductive dehalogenases in close vicinity. (NB

Dehalobacter contigs are shown on a different scale for visualization)

single cell genomics [190].

Lastly the presence and role played by Sedimentibacter has to be further
elucidated. A systems biology approach to studying the coculture may open up this
“blackbox” showing which pathways or factors the Sedimentibacter produces, and
may have implications for optimising bioremediation. Dehalobacter sp. E1 grows
strictly in the presence of the Sedimentibacter sp., however, the mechanism of this
obligate syntrophy is still to be alluded. Comparative genomics and proteomic
analysis can help us answer these questions. The Sedimentibacter sp. strain B4
genome harbours genes for pathways involved in carbohydrate fermentations and
vitamin biosynthesis. Proteomic studies of the coculture can now be conducted in the
presence of different carbon sources. Furthermore, cocultures as the one studied in

this thesis are routinely maintained in the presence of a high concentration of Vitamin
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B12 in the media, as cobalamin is an essential cofactor for functional reductive
dehalogenases [22,102]. Further analysis of the pathways in these two organisms
can help show the reasons why this is so and give indications as to how this can be
overcome even at bioremediation sites. Strain-resolved comparative proteomics has
been shown for an acidophilic microbial community [191] and such experiments can
help in identification of proteins that are produced by each of these two syntrophic

partners during growth.

Functionality of reductive dehalogenases

OHRB dechlorinate several different chlorinated compounds, however, knowledge as
to which reductive dehalogenase is responsible for which specific conversion is still
limited. Chapter 3 describes the differences in induction and transcriptional patterns
for cprdl to cprA5 reductive dehalogenase genes in Desulfitobacterium hafniense
DCB-2 cells cultured in the presence of 2,3-dichlorophenol and 2,4-dichlorophenol as
model substrates for the meta— and ortho- dechlorination positions. Clear differences
in the induction patterns were observed. In the presence of 2,4-DCP, cprAl and
cprA5 were strongly induced, while 2,3-DCP induced cprA43 and cprd5. Our results
suggest that the gene product of cprA5 has a broad range substrate specificity whereas
those for cprA 1 and cpr43 have a more restricted activity towards ortho- and meta-
chlorophenols, respectively. The genes cprd2 and cprdA4 for which transcription
had been reported to be induced by both ortho- and meta-chlorophenols were not
induced by these substrates, however, cpr44 appears to be constitutively expressed.
Similarly in Dehalobacter (Chapter 2) we observed differential expression patterns
for the reductive dehalogenase genes during growth of the coculture on B-HCH.
This expression of multiple reductive dehalogenase-encoding genes has also been
reported in Dehalococcoides spp. [38,124,126]. Expression of multiple reductive
dehalogenases probably allows for the adaptation of these OHRB to the different
compounds and breakdown products that they dechlorinate. As more studies are
carried out with transcriptomics and proteomics at increasing sensitivity, it shall soon
become clear why there has been such an accumulation of genes in these bacteria.
Also the regulatory networks involved in transcription of these genes in the presence

of different chlorinated compounds as well as potential alternative electron acceptors
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will be important at least for optimizing biostimulation at bioremediation sites.

Environmental diagnostics of OHRB

In studying bioremediation potential in situ testing for OHRB and respiration is
important. A challenge is the very low abundance of organohalide respirers in the
environment. They are known to constitute less than 1% of the microorganisms
present in samples [53]. Organisms do not grow to high density even under
laboratory conditions, posing a detection challenge when monitoring them in
field samples from bioremediation sites. There is still a knowledge gap about the
diversity, distribution and functioning of Dehalococcoides and other groups of
OHRB in different environments despite their presence at several contaminated
locations. Highly sensitive and specific detection methods are therefore needed
to identify and monitor OHRBs. To this end we used quantitative PCR (qPCR)
methods to detect and quantify OHRB in environmental samples (Chapters 4 and
5). Molecular profiling of Dehalococcoides in a dechlorinating bioreactor was done
and coupled to kinetic model simulations (Chapter 4). Overall, a complex interplay
within dechlorinating microbial communities, including the co-existence of several
populations of Dehalococcoides spp. strains was observed [72,129,146]. A key
conclusion from this study is that modeling of the microbial and metabolic dynamics
of dechlorinating populations is important for optimizing performance of cleanup
strategies for contaminated plumes beyond information provided by molecular
diagnostic endpoints. The estimation of Dehalococcoides growth yields in the
bioreactor suggested the presence of biofilm formation, which need to be considered
in design and monitoring of bioremediation strategies. Biofilms of dechlorinating
bacteria have been observed to develop predominantly inside pores of support
materials, with no or little biofilm formation on external surfaces [153]. Considering
the design and operation parameters of the bioreactor in this study, it is likely that
the microorganisms form these biofilms in the porous granular material allowing
them to form the stable microbial communities observed. In a membrane-biofilm
reactor study, the biofilm community was shown to adapt to TCE and increased
in numbers of Dehalococcoides spp. and tced and bvcA [147]. Taking biofilm

formation into account is important because efficient delivery and distribution of
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organisms and optimum concentrations of electron donors to the subsurface remains
a big challenge, especially in heterogeneous settings [6]. Additionally, the complex
interactions of multiple contaminants on Dehalococcoides and other OHRB needs to
be further studied in greater detail to give confidence to implementation of strategies
at mixed waste sites.

Bioremediation management strategies require monitoring technologies that
enable simultaneous detection and quantification of a wider range of microorganisms
involved in reductive dechlorination. Many multiplex, quantitative detection methods
available suffer from compromises between the level of multiplexing, throughput
and accuracy of quantification. In Chapter 5 we demonstrate the development and
application of a high-throughput, ligation based assay for simultaneous quantitative
detection of multiple reductive dechlorinating populations and their key reductive
dehalogenases. The ligation probes (LCR) are long oligonucleotides with target
complementary regions at their 5’ and 3’ ends. Upon perfect target hybridization,
probes are circularized via enzymatic ligation, subsequently serving as template for
individual, standardized amplification via unique probe-specific primers. Specificity
is achieved in this ligation step at the 3’ arm of the probe is shorter and has the specific
match for the desired target sequence. The accurate identification and detection
of OHRB and their key genes is important for evaluating management studies or
querying field sites for reductive dehalogenation potential.

To increase efficiency of in sifu detection and screening of many samples
to achieve the required spatiotemporal resolution for robust field characterization,
it is desirable to have a high throughput multiplex assay. Microarrays may enable
highly parallel detection of diverse organisms. Presently microarrays are mainly
used in microbial ecology to infer the composition of microbial communities or of
defined guilds, and are limited by the expense in the technological aspects and setup
from becoming a routine tool to be used in high throughput monitoring. Examples
of microarrays used in soil studies include the Phylochip and GeoChip [62,192-
195]. As alternative new multiplex microfluidics platforms capitalizing on the ease
and relatively low cost of qPCR compared to microarrays are being developed
as a favorable technique for fast analysis of microbial numbers and indicators of

bioremediation potential from in-situ samples. To this end, we developed the Ligation
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probe based detection system for use on the Biotrove OpenArrays™, which can

accommodate up to 3072, 33 nl PCR amplifications, allowing high-throughput real-
time quantification. This assay combines the multiplex capabilities and specificity of
ligation reactions with high-throughput real-time PCR in the OpenArray™, resulting
in a flexible, quantitative multiplex detection system for routine environmental
monitoring. Ligation probes targeting 16S rRNA genes from nine phylogenetic
groups involved in reductive dechlorination and ten reductive dehalogenase genes
were used to demonstrate the application of the detection system. The probes
specifically detected their corresponding targets and provided discrimination against
non-target organisms with very similar ligation target sites. Comparable results
were achieved for detecting organohalide respirers from environmental samples.
Observed target gene copy numbers were, however, one to two folder higher with the
Ligation probes compared to conventional qPCR. This might be due to the fact that
the fundamental detection mechanisms and the associated limitations on quantitative
analysis differ between these two methods. The primer binding sites in conventional
gPCR were different from those of the Ligation probes. Secondly the conventional
qPCR’s were done using a SYBR Green protocol whereas the Ligation probe system
uses Tagman qPCR chemistry. It has to be realized that qPCR as a highly sensitive
technique is prone to errors and validity of resulting data sets has to be considered
with regard to specificity of primers, efficiency in DNA extraction methods and
errors arising from PCR methodology and instrumentation [46]. The Ligation probe
based system, which was shown to be highly reproducible, should be easily adaptable
for versatile detection and monitoring purposes based on other functional genes
involved in bioremediation and probe sets can be easily expanded giving greater
multiplexing possibilities. Cost efficiency is achieved by using nanoliter quantities
on the OpenArray™ compared to microliter volumes in convential PCR. Universal
primer pairs and arrays may also be used further reducing costs.

New tools for the ecogenomics toolbox — Future perspectives

In addition to genomics, transcriptomics and proteomics, several emerging

approaches, such as lipidomics, metabolomics, fluxomics, glycomics, are increasingly
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being applied in environmental studies (Fig. 1). These methods require advanced
equipment for mass spectrometry and high-resolution chromatography, and have
been developed for applications in related fields [185,196].

Proteomic approaches, though still in their infancy in studying OHRB, are
increasingly being applied with the aim to elucidate the metabolism of organisms
that cannot be grown in amounts that are sufficient to perform standard biochemical
analyses, such as enzyme purification and activity measurements [197]. Proteomics
has started to play a crucial role in identifying Rdhs that are produced during
dehalogenation of different substrates and enzymes involved in the utilization of
additional substrates by Dehalococcoides [42,197]. Non-gel based proteomics has
been used to demonstrate that peptides from functional enzymes, including Rdhs
and other putative respiratory enzymes, might be used as quantitative biomarkers
with high specificity and sensitivity to differentiate closely-related strains in cultures
and environmental samples [188,198]. Proteomics will further aid in functional
characterization of the large diversity of Rdhs encoded in OHRB genomes, and is
emerging as a powerful tool in bioremediation, allowing studies of protein—protein
interactions and cell surface proteomics in discovery of new biomarkers (genes and
proteins) as well as giving insight into metabolic pathways of dechlorination not
clearly understood [185,199].

Lipidomics holds promise for a systems-based study of a wide range of lipids
[196] that may eventually be used for routine profiling of dechlorinating microbial
communities at contaminated sites. Integrated studies combining proteomics and
metabolomics can be predicted to soon take a central position in the chase for OHRB
in the postgenomic systems biology era. Ability to decipher and predict important
processes and parameters will aid site remediation by answering the “when” and
“how” questions of OHRB activity. Continuing improvements in instrumentation
will likely result in increased integration of high throughput tools applied in studying
these intriguing microorganisms. Nevertheless, various sources of variance will
continue to influence the data, including methodological, factorial and error sources
[8]. Furthermore, the large data sets generated by the above-mentioned approaches
require advanced bioinformatics systems. A key challenge of bioinformatics will be

the generation of databases relevant to processes and microorganisms involved in
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organohalide respiration. With new genome and metagenome sequences being made

available at ever increasing speed [200], such databases are foreseeable sooner rather
than later, providing the necessary basis for ecosystems biology efforts towards
descriptive and predictive models of OHRB functioning in polluted environments
[11,12].

The chase for OHRB for use in bioremediation continues to advance.
Additional OHRB isolates are and will be identified and characterized based on the
insights on lifetsyles of OHRB gained from their genomes and metagenomes. As
our understanding of the biology of organohalide respiration increases, we are now
getting answers from ecogenomics approaches to improve and expand the biomarkers
we use in monitoring bioremediation strategies at sites with multiple contamination.
With developments in proteomics and metabolomics in combination with genomic
information correlations between in-situ detection and quantification of these
biomarkers to determine activity will become more robust and reliable. Increased
in-depth understanding and exploitation of organohalide respiration, of dedicated
degraders and of corresponding microbial consortia, requires collaborations between
microbial physiologists, molecular ecologists and bioinformaticians, modelers as

well as input from geneticists and evolutionary biologists.
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Organohalide respiring bacteria (OHRB) are efficient degraders of organohalides such
as chlorinated ethenes, chlorophenols, and other halogenated aliphatic and aromatic
hydrocarbons. Nevertheless, these organohalides appear to persist at various locations.
The reason for this lack of degradation can be attributed to the absence of OHRB
in sufficient numbers or improper physico-chemical conditions for their growth and
activity. Hence, there is an urgent need for fast, robust and sensitive methods that allow
for predicting and monitoring the bioremediation potential and activity of OHRB.
The ecogenomic toolbox that capitalizes on genomics and other high throughput
approaches offers completely new avenues to study OHRB in natural environments.
To this end, we studied the genomic repertoire, as well as functional gene expression
patterns, in two important Gram-positive OHRB. Moreover, we applied this and
other accumulating knowledge in dechlorinating bioreactors and developed advanced
detection systems for OHRB that were tested in various practical field applications.

Firstly, we provided advanced insights into the genome sequence of
b-hexachlorocyclohexene-dehalogenating Dehalobacter sp. E1 that grows in
strict coculture with Sedimentibacter sp. B4. The coculture metagenome and the
genome of strain B4 were sequenced using 454 GS-FLX technology. The genome
sequence of strain E1 (2.6 Mbp) contains 10 putative reductive dehalogenase
(Rdh)-encoding gene clusters, including the pceABCT operon previously
described in Dehalobacter restrictus. This suggested that strain E1 has a greater
organohalide respiration potential than previously observed and we confirmed this
experimentally by showing the dechlorination of trichloroethene by the coculture.

A second representative of OHRB that was studied in detail is
Desulfitobacterium hafniense DCB-2, that is able to dehalogenate a diverse
range of chloroaromatic compounds. Its genome sequence contains seven
chlorophenol Rdh (cprd) -like genes, five of which (cprdl-cprA5) are predicted
to encode functional proteins. We determined the transcriptional patterns for
these five cprdl-cprA5 genes using as substrates 2,3-dichlorophenol (2,3-
DCP) for the meta-dechlorination and 2,4-dichlorophenol (2,4-DCP) for the
ortho-dechlorination positions. In the presence of 2,4-DCP, cprdl and cprds
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were strongly induced, whereas 2,3-DCP induced cprA43 and cprAS5. This can be
explained by distinct control at the transcriptional level of the various cprd genes,
resulting in different specificities and responses to meta- and ortho- chlorophenols.

Molecular monitoring and model simulations were applied to determine in—
situ degradation performance of an on-site dechlorinating bioreactor and its influence
on a contamination plume. Dehalococcoides was the dominant dechlorinating
microorganism as revealed by quantitative PCR (qPCR) targeting 16S rRNA- and
chloroethene Rdh genes (tced, verA, bveA). The presence of all three Rdh genes
indicated co-existence of several distinct Dehalococcoides populations in the
bioreactor and groundwater, with reduction of cis-dichloroethene and vinyl chloride as
the main dechlorinating activities. Saturation analysis showed that while performance
of the bioreactor improved due to especially the addition of molasses, OHRB
were fast-growing. However, once near-complete dehalogenation was achieved,
Dehalococcoides only grew slowly and did not further increase in population density.

Finally, we report the development and application of a high-throughput,
ligation based assay for simultaneous quantitative detection of multiple OHRB
populations and their key Rdh genes. We designed nine taxonomic and ten functional
gene ligation-based circularization probes and primer sets for probe amplification
in Tagman gqPCR. This assay combines the multiplex capabilities and specificity of
ligation probes with high-throughput qPCR in the Biotrove OpenArray™, resulting
in a flexible, quantitative multiplex detection system for OHRB. The applicability
of this system was tested in various contaminated soils. Moreover, an outlook is
provided on how the ecogenomics approaches described here and new tools such as
proteomics and metabolomics currently being developed can be applied to advance
both the understanding and the exploitation of soil bioremediation by OHRB.
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Het opsporen van organohalogeen-reducerende bacterién:

Ecogenomics benaderingen om de bioremediatie-capaciteit van de
bodem te beoordelen.

Organohalogeen-reducerende bacterién (OHRB) zijn efficiénte afbrekers van
organische chloorverbindingen, zoals gechloreerde ethenen, chloorfenolen
en andere gehalogeneerde alifatische en aromatische koolwaterstoffen.
Desondanks, lijken deze organische chloorverbindingen te volharden op
verschillende locaties. De reden voor dit gebrek aan afbraak kan worden
toegeschreven aan het ontbreken van OHRB in voldoende aantallen of aan
verkeerde fysisch-chemische omstandigheden voor hun groei en activiteit.
Derhalve is er een dringende behoefte aan snelle, robuuste en gevoelige
methoden die het voorspellen van en het toezicht houden op het bioremediatie
potentieel en de activiteit van OHRB mogelijk maken. De ecogenomics
gereedschapskist die gebaseerd is op genomics en andere ‘high throughput’
benaderingen biedt geheel nieuwe wegen om OHRB te bestuderen in
natuurlijke omgevingen.

Daartoe bestudeerden we het genomische repertoire en de functionele
genexpressie patronen van twee belangrijke Gram-positieve OHRB. Tevens,
hebben we deze en andere vergaarde kennis toegepast in dechlorerende
bioreactoren en hebben we geavanceerde detectie systemen voor OHRB
ontwikkeld en getest in verschillende praktische toepassingen.

Ten eerste, hebben we geavanceerde inzichten in de genoomsequentie
van de -hexachlorocyclohexaan-reducerence Dehalobacter sp. E1 verschaft,
welke in strikte cocultuur met Sedimentibacter sp. B4 groeit. Het cocultuur
metagenoom en het genoom van de B4 stam zijn gesequenced met behulp
van 454 GS FLX-technologie. De genoomsequentie van stam E1 (2,6 Mbp)
bevat 10 vermeende reductieve dehalogenase (rdh)-coderende genenclusters,

met inbegrip van de eerder beschreven pceABCT operon van Dehalobacter
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restrictus. Dit suggereerde dat de E1 stam een groter organohalogeen reductie
potentieel heeft dan voorheen was waargenomen. We hebben dit experimenteel
bevestigd door de dechlorering van trichlooretheen door de cocultuur aan te
tonen.

Een tweede vertegenwoordiger van OHRB die in detail werd
bestudeerd is Desulfitobacterium hafniense DCB-2, welke in staat is om
een breed scala aan gechloreerde aromatische verbindingen te reduceren.
De genoomsequentie bevat zeven chloorfenol RDH (cprAd) -achtige genen,
waarvan er Vijf (cprAl-cprA5) zijn voorspeld te coderen voor functionele
eiwitten. We hebben de transcriptie patronen bepaald voor deze vijf genen
met als substraten 2,3-dichloorfenol (2,3-DCP) voor de meta-dechlorering
en 2,4-DCP) voor de ortho-dechlorering posities. In aanwezigheid van 2,4-
DCP waren cprAl en cprA5 sterk geinduceerd, terwijl 2,3-DCP cprd43 en
cprA5 induceerde. Dit kan verklaard worden door afzonderlijke contrdle op
het transcriptie-niveau van de verschillende cpr4 genen, wat resulteert in
verschillende specificiteiten en reacties op meta- en ortho-chloorfenolen.

Moleculaire monitoring en modelsimulaties werden toegepast om de
in-situ afbraak prestaties van een on-site dechlorerende bioreactor te bepalen
en zijn invloed op de vervuilingsspluim. Dehalococcoides was het dominante
dechlorerende micro-organisme zoals bleek uit kwantitatieve PCR (qPCR)
gericht op de 16S rRNA en chlooretheen Rdh-genen (tced, vcrA, bvcA). De
aanwezigheid van alle drie de rdh genen duidde op het naast elkaar bestaan
van verscheidene afzonderlijke Dehalococcoides populaties in de bioreactor
en het grondwater, met reductie van cis-dichlooretheen en vinylchloride
als de belangrijkste dechlorerende activiteiten. Verzadigingsanalyse toonde
aan dat dat de OHRB snel-groeiend waren ten tijden dat de prestaties van
de bioreactor verbeterden als gevolg van met name de toevoeging van
melasse. Echter, zodra bijna volledige dehalogenatie werd bereikt, groeide

Dehalococcoides alleen maar langzaam met als gevolg een niet verder
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toenemende populatiedichtheid.

Ten slotte, informeren we over de ontwikkeling en toepassing van
een ‘high-throughput’, ligatie gebaseerde test voor gelijktijdige kwantitatieve
detectie van meerdere OHRB populaties en hun belangrijkste 7dh genen. We
ontworpen negen taxonomische en tien functionele genligatie-gebaseerde
circularisatie probes en primer sets voor probe amplificatie in Tagman qPCR.
Deze test combineert de multiplex mogelijkheden en specificiteit van de
Ligation Probe met een ‘high-throughput’ qPCR in de Biotrove OpenArray™,
wat resulteert in een flexibele, kwantitatieve multiplex detectie systeem voor
OHRB. De toepasbaarheid van dit systeem werd getest in verschillende
verontreinigde bodems. Tevens, geven we onze visie op welke wijze de hier
beschreven ecogenomics benaderingen en nieuwe tools, zoals proteomics en
metabolomics die momenteel ontwikkeld worden, kunnen worden toegepast
om zowel het inzicht in en de exploitatie van de bodem bioremediatie door
OHRB te vergroten.
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