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Résumé

Résumeé

Parfois considérée comme une ressource naturelle non renouvelable au méme titre que les énergies fossiles,
I’eau souterraine est essentielle aux nombreuses activités humaines. Le développement industriel et la
croissance de la population humaine ont progressivement mis en danger les réserves d’eau souterraine
mondiales dés le début du 20° siécle. A I’heure actuelle, les éthénes chlorés (CEs), dont le tetrachloroéthéne
(ou perchloroéthéne, PCE) et le trichloroéthéne (TCE) sont les représentants les plus communs,
appartiennent a la classe des polluants halogénés les plus fréquemment rencontrés dans les eaux souterraines.
De par leurs propriétés chimiques, ces deux composés sont récalcitrants a toute forme de dégradation en

conditions oxiques et constituent de fait une source de pollution a long terme de ces environnements.

La possibilité d’une dégradation biologique de ces composés a été démontrée en conditions anoxiques. Les
CEs peuvent ainsi étre utilisés comme accepteurs finaux d’une chaine de transporteurs d’électrons dans un
processus respiratoire anaérobie (en anglais OrganoHalide Respiration, ou OHR). Le PCE est alors réduit de
maniere séquentielle en TCE, puis principalement en cis-dichloroéthene (cDCE), en chlorure de vinyle (VC),
pour produire finalement de 1’éthéne (Eth) non toxique par I’abandon successif des atomes de chlore. Des
stratégies de remédiation basées sur ce processus, telle que 1’ Atténuation Naturelle Contrdlée, ont vu le jour
afin d’éliminer les CEs des aquiféres contaminés de maniére biologique. Cependant, un blocage de la
séquence de déchloration des CEs a fréquemment été observé lors de la mise en ceuvre de ces stratégies. La
réduction incompléte produit dans ce cas une accumulation in situ de molécules-filles fortement toxiques
(cDCE et VC). Dans I’écosystéme que constitue un aquifére, les bactéries responsables de I’OHR
interagissent de maniere complexe avec les membres des autres guildes bactériennes afin de se pourvoir en
sources d’¢électrons et de carbone. En méme temps, elles entrent en compétition avec d’autres bactéries dont
le métabolisme est centré sur ’utilisation d’accepteurs finaux d’électrons (TEAPs) différents. La complexité
de ces interactions trophiques rend difficile la compréhension des mécanismes liés a I’accumulation de
cDCE et de VC, ainsi que les tentatives de prédiction du résultat de la OHR et la conception de stratégies de
remédiation. Cette thése a pour objectif d’expliquer les raisons du blocage de la réduction des CEs et de
I’accumulation de composés peu chlorés in situ. Une approche écologique a été développée afin
d’appréhender 1’écosysteéme de 1’aquifere dans toute sa complexité. Cette approche a été appliquée a deux

cas spécifiques d’aquifeéres contaminés présentant une accumulation de CEs peu chlorés.

La méthodologie proposée ici repose initialement sur une description précise de I’habitat et des
communautés microbiennes de 1’aquifére. Un questionnement initial s’est porté sur 1’éventuel impact des
parametres de pompage de 1’eau souterraine sur la structure des communautés bactériennes présentes dans
I’échantillon. Les résultats des recherches ont montré que les parametres liés aux caractéristiques du tuyau
n’ont pas d’impact sur les communautés bactériennes apparentes. A 1’inverse, 1’étude a révélé un impact
significatif du débit de pompage sur les communautés bactériennes extraites de 1’aquifére. L’analyse de
profiling des communautés (T-RFLP) combinée a une stratégie optimisée de 1’échantillonnage de 1’cau

souterraine a permis d’obtenir une image détaillée de la structure des communautés bactériennes présentes
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dans ces habitats. Cependant, cette stratégie ne livre pas I’identité des membres des communautés. Un outil
bioinformatique appelé PyroTRF-ID a été développé pour combler cette lacune. Le software permet
d’affilier avec succes des fragments de restriction terminaux (T-RFs) a des phylotypes précis en couplant les
données de T-RFLP et de pyroséguencage. Une fonction additionnelle permet de tester in silico un choix

d’enzymes de restriction afin de définir une procédure de T-RFLP appropriée.

Les outils techniques et les procédures analytiques développés précédemment ont permis d’étudier avec
succes les raisons de I’accumulation de VC, et dans une moindre mesure de cDCE, dans un premier aquifére
a porosité d’interstice présentant une faible conductivité hydraulique. Les résultats ont montré que la
réduction du VC ¢était supplantée par la réduction du Fe(Ill) dans certaines parties de ’aquifere. La
combinaison des données fournies par PyroTRF-ID et par séquengage a mis en évidence des séquences
d’organismes proches de “Dehalococcoides” sp., le seul genre actuellement connu pour sa capacité a réduire
le cDCE et le VC, ainsi que des bactéries non cultivées du groupe “Lahn Cluster”, appartenant a la classe des
Dehalococcoidetes et décrites auparavant comme des microorganismes déchlorant le PCE jusqu’au cDCE.
Une autre séquence majeure, négativement corrélée aux précédentes, a montré une forte similitude avec des
organismes du genre Rhodoferax, contenant des bactéries ferri-réductrices. De plus, des indications d’une
interaction mutualiste entre bactéries ferri-réductrices et sulfato-réductrices ont été réunies. Cette interaction

est supposée jouer un rdle important dans 1’aquifére étudi¢ en abaissant localement le contenu en Fe(III).

L’importance de la structure et du fonctionnement hydrogéologiques de 1’aquifére sur 1’élimination des CES
a ét¢ démontrée lors de I’étude du second aquifére. Un processus OHR complet a été montré pres la zone de
source initiale de PCE avec production d’Eth. En aval de la zone, la dégradation était incompléte, comme 1’a
montré 1’accumulation de cDCE, alors méme que les conditions redox étaient similaires. De manicre
concomitante, les résultats ont révélé des communautés bactériennes radicalement différentes dans ces deux
zones. La zone proche de la source contenait des populations bactériennes typiques de milieux fortement
réduits, parmi lesquelles des bactéries connues pour leurs activités de dégradation des CEs, telles que
Dehalococcoides sp. Au contraire, la zone aval était peuplée de populations bactériennes typiques
d’environnements plus oxydés, telles que des bactéries aérobies, des nitrifiantes, et des dénitrifiantes. Les
conditions dans cette zone étaient probablement faiblement oxydées de maniére périodique par I’influence
combinée de la recharge de I’aquifére, d’une configuration lithologique spécifique, ainsi que par une teneur

en matiere organique plus faible.

Enfin, sur la base de ces résultats, une méthodologie pour 1’étude des raisons de 1’accumulation des CEs
faiblement chlorés dans les aquiféres contaminés est proposée et discutée. Elle se base sur une description
écologique multidisciplinaire de I’écosystéme et permet de formuler des scénarii expliquant les raisons de

I’accumulation des CEs basés sur un modeéle conceptuel du fonctionnement de 1’aquifére.

Mots-clés: déhalorespiration, TEAP, éthénes chlorés, contamination des eaux souterraines, éthénes chlorés,

chlorure de vinyle, bioremédiation, Atténuation Naturelle Contrdlée, statistiques multivariées, PyroTRF-ID.
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Summary

Groundwater is essential for human activities and is sometimes referred to as a non-renewable resource in
the same way as oil and gas. During the past century, precious groundwater reserves worldwide have been
threatened by anthropogenic release of chemical compounds. Among these, chlorinated ethenes (CEs) such
as tetrachloroethene (PCE) and trichloroethene (TCE) belong to the most common class of groundwater
contaminants. In oxic conditions, PCE and TCE are recalcitrant to any form of degradation and constitute a

long-term source of groundwater contamination.

It has been reported that CEs can be degraded biologically in anoxic conditions, serving as electron acceptors
of an anaerobic respiratory process called organohalide respiration (OHR). In this process, PCE is
sequentially reduced to TCE, cis-dichloroethene (cDCE), vinyl chloride (VC), and finally to harmless ethene
(Eth). Engineering strategies based on reductive dechlorination, such as monitored natural attenuation
(MNA), have been designed for the bioremediation of aquifers contaminated with CEs. However, stalling of
the sequence of dechlorination has often been observed, resulting from incomplete or impeded
biodegradation of the highly toxic daughter molecules (cDCE and VC) and leading to their accumulation in
situ. It was shown in laboratory experiments that OHR of CEs is more efficient in mixed cultures and that
organohalide-respiring bacteria (OHRB) live in association with other microorganisms in microbial
consortia. In the aquifer ecosystem, OHRB rely on complex interactions between members of bacterial
communities for their electron donors and carbon supplies. On the other hand, they are in competition for
these resources with other terminal electron-accepting processes (TEAPsS). These complex interactions
together with the intrinsic structural heterogeneity of aquifers make it difficult to understand the reasons for
lower CEs accumulation, to predict the fate of OHR, and to design bioremediation strategies. This thesis
aimed at elucidating the reasons for lower CEs accumulation in situ. An ecological approach considering the
aquifer ecosystem in its whole complexity was developed and applied to the specific cases of two

contaminated sites showing accumulation of lower CEs.

The proposed methodology relies on the precise depiction of both aquifer habitat and microbial communities
interacting therein. However, the potential impact of the first technical step, namely the impact of the
pumping parameters on groundwater samples used for the description of the bacterial communities, was not
known at the start of this thesis work. Results of investigations addressing this topic showed that parameters
related to the tubing characteristics did not impact the apparent bacterial community structures (BCS) in a
laboratory experiment. However, the study revealed a significant impact of the pumping flow rate on

apparent BCS extracted from the aquifer.

Terminal-restriction fragment length polymorphism (T-RFLP), coupled with an appropriate groundwater
sampling strategy, enabled an accurate profiling of the BCS. However no indication was provided
concerning the identities of the community members. A bioinformatics tool called PyroTRF-ID was

developed to overcome this obstacle. The software enabled affiliating terminal-restriction fragments (T-RFs)
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to precise phylotypes by coupling T-RFLP and pyrosequencing data. An additional function enables in silico
assessment of restriction enzymes for designing appropriate T-RFLP procedures. The developed
methodology was applied all along the thesis work.

Optimized tools and procedures were used to investigate the reasons for the accumulation of VC, and to a
lesser extent cDCE, in the first aquifer showing relatively homogeneous lithological composition and slow
groundwater fluxes. Statistical findings indicated that \VC reduction was outcompeted by Fe(lll) reduction in
some sections of the aquifer. T-RFs showing significant correlations with VC reduction variables were
identified by sequencing and with PyroTRF-ID. Results showed sequences closely affiliated to uncultured
bacteria of the “Lahn Cluster” (LC) within the class Dehalococcoidetes, previously reported as PCE-to-
c¢DCE dechlorinating microorganisms, and to the genus “Dehalococcoides”. According to present
knowledge, only members of this genus are able to reduce cDCE and VC. A major T-RF negatively
correlated with the LC T-RF affiliated to the genus Rhodoferax, containing iron-reducing bacteria (IRB).
Furthermore, indications were obtained of a mutualistic interaction between IRB and sulfate-reducing

bacteria, potentially playing an important role by reducing the Fe(lll) contents locally.

The importance of the aquifer hydrogeological structure and functioning was exemplified in the study of the
second aquifer ecosystem, where discrepancies in the fate of OHR were observed. In the immediate vicinity
of the source zone, complete OHR was occurring, with production of Eth, whereas cDCE was accumulating
further downstream, in apparent similar redox conditions. The profiling and metagenomic technigques
revealed drastically different bacterial communities in the zones displaying different OHR fate. The source
zone displayed bacterial populations typically found in highly reduced environments and involved in OHR,
such as Dehalococcoides sp. In contrast, the downstream zone showing an accumulation of cDCE displayed
bacterial populations typically found in more oxidized environments, such as aerobic bacteria, nitrifiers, and
denitrifiers. In this zone, the conditions were probably slightly oxidized periodically by the combination of

aquifer recharge, a specific lithological configuration, and lower organic matter content.

Finally, and based on these considerations, a methodology for the investigation of the reasons for lower CEs
accumulation in contaminated aquifers is proposed and discussed. This methodology follows on a
multidisciplinary ecological approach for the description of the functioning of the aquifer ecosystem, and

enables formulating scenarii of the reasons for lower CEs accumulation.

Keywords: organohalide respiration, TEAP, contaminated groundwater, chlorinated ethene, vinyl chloride,

bioremediation strategy, monitored natural attenuation, multivariate statistics, PyroTRF-ID.
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General introduction

1 General introduction

1.1 General aspects of groundwater pollution with chlorinated

ethenes

1.1.1 General considerations

Groundwater represents about 97% of the existing freshwater resources, excluding the water accumulated in
the form of ice (1). Used for many purposes by human societies, water is also an essential component of all
life forms and activities. In Switzerland, it has been estimated that more than 80% of drinking and process
water is obtained from groundwater sources (2). Invisible above ground, but seemingly constantly
replenished, groundwater has long been considered as an inexhaustible resource (1). Since groundwater
renewal in many groundwater systems is very slow (from a few years up to more than 100’000 years),
groundwater is sometimes referred to as a non-renewable resource (1). An increasing demand related to the
growth of the world population, to agricultural, and to industrial practices leads nowadays to the depletion of
groundwater reserves (3). Based on these considerations, groundwater reservoirs are extremely precious.
Besides the quantitative aspects of the pressure on this water resource, additional qualitative pressure is
exerted. Indeed, numerous substances produced by human activities accumulate in groundwater as a result of
agricultural practices, industrial activities, and waste disposal, including careless handling and storage, spills
and leakages (3). In Europe, around 250’000 contaminated sites were reported as threatening human and
ecosystem health in 2006, with potentially 3 million sites on which polluting activities have occurred (4). A

similar situation exists in the USA where there are approximately 294’000 contaminated sites (5).

1.1.2 Naturally occurring organohalides

Organohalides, or halogenated hydrocarbons, are a large class of organic molecules with one or more
covalently bound halogen atoms. Several natural sources of organohalides have been described. Some of
them are abiotic, as a result of the activities of volcanoes and geophysical processes (6-9), whereas many
others are of biological origin, in which case the compounds are being produced by physiological activities
of Plants, Bacteria , Fungi, Insects, Corals, Sponges, and many others (for a comprehensive review on this
topic, see (10)). Organohalides are thus present in a wide variety of environments. In 2003, Gribble et al.
estimated the number of naturally-occurring organohalides to be larger than 3800 (10). Among all
compounds, brominated and chlorinated organohalides are the most abundantly naturally produced (11).

Chlorinated ethenes (CEs) compose a relatively small subset of the large diversity of organohalide

molecules. CEs include tetrachloroethene (or perchloroethene, PCE), trichloroethene (TCE), cis-1,2-
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dichloroethene (cis-DCE), trans-1,2-dichloroethene (trans-DCE), 1,1-dichloroethene (DCE), and vinyl
chloride (VC). Natural occurrence of PCE and TCE has been described as originating from volcanic activity
(7, 9) and in oceans (7, 12) where marine algae have been shown to be potential PCE and TCE producers
(13). VC, which has been believed to be a true xenobiotic, has been shown to be naturally produced in
significant amounts in terrestrial environments as well (14). All CEs have demonstrated toxic and suspected
carcinogenic effects on humans and animals (15), and all, with the exception of VC, are liquids that have
significantly greater density than water. They have low water solubility with tDCE being the most and PCE

the less soluble ones, respectively. General physico-chemical properties of CEs are summarized in Table 1.

1.1.3 Industrial use and abuse of chlorinated ethenes

Throughout the last century, anthropogenic production of chlorinated compounds has increased dramatically
(16). Numerous industries and facilities have been using CEs for dry cleaning, metal degreasing, and for
chemical synthesis processes (17). In the United States, PCE has become the most common dry cleaning
solvent since its introduction in 1934, as a consequence of its higher cleaning ability, of the petroleum
shortages during World War 1l and of its non-flammability properties (18). CEs were found equally in
private household applications, as solvents and degreasers. CEs have been massively released into the
environment during their 40 first years of use, when the consequences both for human health and the
environment were not a topical issue and before the advent of major environmental laws and regulations. The
widespread release of these compounds has resulted in extensive contamination of groundwater (17, 19, 20)
and CEs are nowadays considered as the most frequently encountered organic contaminants in groundwater
(21). However, there is no accurate information available on the amounts of CEs which were released into
the environment (16) and the degree of contamination is estimated by the number of contaminated sites only.
For instance, there are approximately 36,000 active dry cleaning facilities in the United States, and soil and
groundwater are contaminated by dry cleaning solvents at about 75% of these facilities (18). In Switzerland,
it has been estimated that today’s generation will be in charge of cleaning-up 3’000 to 4’000 sites

contaminated with chlorinated solvents in the next 25 years in order preserve water, soil and air quality (22).
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1.1.4 Dense non-aqueous phase liquids (DNAPLs) and plume of dissolved

contaminants in aquifers

Owing to their high density relative to water, as well as to their low solubility, PCE and TCE are immiscible
in groundwater and form dense non-aqueous phase liquids (DNAPLs) (23). When released in the
environment, DNAPLS sink in the subsurface respectively through the unsaturated and saturated zones, until
they are trapped by layers of low permeability. Furthermore, portions of DNAPLS are retained during their
migration through the subsurface due to hysteretic capillary forces (24) resulting in microscopic residues
along the migration path (25). CEs entrapped as DNAPLs in low permeability aquifer matrix will act as a
long-term source of dissolved phase contamination (26). In addition, the non-uniform and complex
distribution of the DNAPLs (19) poses inherent large difficulties to locate both source and residues. Most
often, DNAPLSs in the subsurface are not found in large amounts, but rather in the form of dispersed residuals
trapped in formation pore spaces (27). The presence of CEs is consequently typically inferred from dissolved
concentrations of DNAPL constituents. In contrast with CEs in the form of DNAPLs, dissolved CEs are
transported with groundwater, forming a plume and disseminating along the aquifer. The transport of the
contaminants and the extension rate of the plume is influenced by groundwater advection, mechanical

dispersion, molecular diffusion, and chemical partitioning between groundwater and porous media (28, 29).

1.2 Organohalide respiration of chloroethenes

1.2.1 CEs can be degraded biologically

The fact that PCE and TCE are strongly oxidized molecules that are recalcitrant to oxidation, together with
their high density and low solubility in water, make these molecules persistent in the subsurface for long
periods of time, causing plumes of dissolved CEs to remain at concentrations that are many orders of
magnitude above the level of concern (30). Because of their toxicity, persistence, ubiquitous distribution and
abundance, contaminating CEs cause a global threat on groundwater reserves worldwide and subsequent
actions must be undertaken to preserve this essential resource (3, 31).

CEs were initially considered as totally recalcitrant to microbial biodegradation due to their persistence in
aerobic environments on the one hand, and because their presence in the biosphere was considered as
entirely anthropogenic on the other hand (30). Natural biodegradation of CEs was thus commonly viewed as
a minor aspect when CE contaminations became a public concern in the 1980’s (see (30) for a detailed
review on this topic). In the mid 1980’s however, observations that anoxic groundwater contaminated with
PCE and TCE also contained compounds such as DCE and VC that probably were degradation products put
forward the idea of microbial reductive dechlorination of CEs (32-34). In their extensive review on this
topic, Bradley and Chapelle (2010) retrace the chronology of the discovery of the microorganisms which

were shown to be involved in the reductive dechlorination process (30). Methanogens of the genus
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Methanosarcina were first shown to be capable of reductive dechlorination in pure cultures without gaining
energy from the reaction (35). Involvement of sulfate-reducers and homoacetogens was also reported (35,
36). Initial work on reductive dechlorination of CEs reported a slow transformation of these compounds
which was thus assumed to be a cometabolic process carried out non-specifically by enzymatic systems
dedicated to other metabolic processes (34, 37). Although it is generally considered as an inefficient
mechanism of chlorinated ethene biodegradation in anoxic environments (34), some reports indicated that
the global role of cometabolism in the reductive dechlorination of CEs in contaminated sites should not be
underestimated (37).

1.2.2 Organohalide respiration (OHR) and organohalide-respiring bacteria
(OHRB)

A major break-through was brought a decade after the finding that reductive dechlorination of CEs could be
carried out by microorganisms. Indeed, in the early 1990’s, bacteria conserving energy during reductive
dechlorination have been discovered. These bacteria were able to utilize organohalides as terminal electron
acceptors in a respiration process (referred to as organohalide respiration (OHR) hereafter). The first
described organohalide-respiring bacterium (OHRB) was Desulfomonile tiedjei str. DCB-1 (38), which grew
on 3-chlorobenzoate. Subsequently, CEs were also shown to be used as terminal electron acceptors by
OHRB (39-41). Much higher rates of reductive dechlorination were reached by OHRB, as compared with
the previously reported cometabolic processes (39, 42). The process of anaerobic organohalide respiration
was elucidated quickly, showing that PCE is reductively dechlorinated in a sequential reaction to TCE,
cDCE, VC, and finally to the harmless ethene (Figure 1) (43). In each step, chlorine is replaced with a
hydrogen atom. The formation of the tDCE isomers is rarely observed (44).

The variety of described OHRB and organohalides used as terminal electron acceptors has increased since
the initial findings. OHRB guild members have been discovered in a large variety of phyla, such as the
Firmicutes, Chloroflexi, s-Proteobacteria and J-Proteobacteria. Interestingly, there is nowadays no evidence
of a link between the phylogenetic affiliation of OHRB and their organohalide terminal electron acceptor
(45), indicating that this respiration process is possibly a common feature among Prokaryotes.

OHRB which are known to use other electron acceptors than organohalides are referred to as facultative
OHRB. The genera Anaeromyxobacter, Desulfitobacterium, and Desulfomonile include species which are all
able to reduce organohalide compounds. All these species are equally able to use other electron acceptors
(46). Anaeomyxobacter sp. is able to reduce bromo- and chlorophenols (47). Desulfitobacterium sp. can
grow on reductive dechlorination of a wide range of organohalides, including chloro-, bromo-, and
fluorophenols, as well as chloroethanes and -ethenes. Selected strains can reduce PCE to TCE or cDCE (for a
complete review of the genus Desulfitobacterium, please refer to (48)). In addition to its ability of
reductively dechlorinating 3-dichlorobenzoate (38), .Desulfomonile tiedjei is capable of respiratory reductive
dechlorination of PCE and TCE (49). Other known facultative OHRB guild members are included in genera

which in addition contain species that are unable to carry out the reductive dechlorination of organohalide
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compounds. For instance, the species Desulfovibrio dechloracetivorans is able to reduce chlorophenols (50)
and has been detected in high abundance in PCE-dechlorinating cultures from tidal flat sediments (51). Two
Desulfuromonas species, namely D. chloroethenica and D. michiganensis, can reductively dechlorinate PCE
and TCE (52, 53). Sulfurospirillum multivorans and S. halorespirans can reduce PCE to cDCE as well (54,
55). In addition, S. multivorans has been shown to grow in PCB-dechlorinating cultures (56). Geobacter
lovleyi str. SZ is capable of reductively dechlorinating PCE and TCE (57), and Geobacter thiogenes is able
to reductively dechlorinate trichloroacetic acid (58).

The second category of OHRB, and possibly the most intriguing, is composed of species which strictly
require an organohalide molecule as terminal electron acceptor to support their growth. Among them,
Dehalobacter sp. has first been shown to reductively dechlorinate PCE and TCE to cDCE (59). Other studies
reported that members of this genus were able to grow on chloroethanes and polybrominated diphenyl ethers
(60). The highest number of obligate OHRB is present in the Chloroflexi phylum. Among this phylum,
“Dehalococcoides” sp. is undoubtedly the most widely studied. Suspected or demonstrated organohalides
used as final electron acceptors by Dehalococcoides sp. include polychlorinated biphenyls (PCBs), dioxins,
chlorophenols, chlorobenzenes, chloroethanes, and CEs (for a review, please refer to (61) and (62)).
According to current knowledge, only Dehalococcoides strains were shown to mediate the last
dechlorination steps of the CEs, from DCE to ethene, including strains BAV1, VS, GT, as well as D.
ethenogenes str. 195 (41, 63, 64). The latter is the only bacterium known to date that can completely
dechlorinate PCE to ethene, although the reduction of VC to ethene is cometabolic. More recently, a close
relative of Dehalococcoides sp., Dehalogenimonas lykanthroporepellens, has been shown to reductively
dechlorinate chloropropanes and chloroethanes (65). Other close relatives of Dehalococcoides sp. are
represented by bacterium 0-17 and “Dehalobium chlorocoercia” DF-1 and have been reported to reductively
dechlorinate PCBs and chlorobenzenes (66, 67). In addition, reductive dechlorination of CEs has been
reported for uncultured Chloroflexi grouped in 2 distinct clusters in the class Dehalococcoidetes. Bacteria
belonging to the Lahn Cluster (LC) have been reported to dechlorinate PCE to cDCE (68) in river sediments
microcosms, whereas bacteria belonging to the Tidal Flat Cluster (TfC) have been reported to dechlorinate
PCE to tDCE (69).

Electron donor requirements, fuelling the respiratory chain of the OHRB guild members, are very diverse
(70, 71). Complete reviews of this topic can be found elsewhere (30, 62). Some OHRB are restricted to a
single electron donor, such as Dehalobacter restrictus (59) and Dehalococcoides sp. (41), which both utilize
exclusively H,. In contrast, other OHRB such as Sulfurospirillum sp. and Desulfitobacterium sp. can use a
broader spectrum of electron donors (48, 54, 55). Desulfuromonas sp. (52, 53) and Geobacter lovleyi (57) are
the only strains that can utilize acetate as electron donor for PCE dechlorination. Furthermore, H, generally
plays a central role in syntrophic interactions between bacteria oxidizing fermentation products and OHRB
under field conditions (72), but acetate can act as an intermediate between the syntrophic and OHR guilds in

a similar way (45). Growth and activity of obligate OHRB therefore depend on the activities of other non-
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dechlorinating bacterial guilds, such as fermenters and syntrophs that hydrolyze and ferment organic

compounds (73).
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Figure 1. Known pathways of degradation of chlorinated ethenes (reproduced with the kind permission of
Gwenaél Imfeld (74)). RDH: reductive dehalogenation; AnaOx: anaerobic oxidation; AOx: aerobic
oxidation. The efficiency of reductive dechlorination decreases with decreasing chlorination degree.
Conversely, the tendency for aerobic oxidation of chlorinated ethenes increases with decreasing humber of
chlorine atoms of the molecule. Both metabolic and cometabolic oxidation of lower chlorinated ethenes have
been reported. However, mineralization of DCE and VC tends to increase with higher reduction potential
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1.2.3 Insitu interactions of the OHR guild with other microbial guilds

Most knowledge regarding the mechanism of CE dechlorination and the physiology of the involved
microorganisms has been obtained from laboratory growth systems (37, 75, 76), whereas only limited
information is available for dechlorinating guilds present in contaminated aquifers (77-79). There is good
evidence that mixed dechlorinating cultures perform better than pure cultures and that OHRB live in close
association with other microorganisms in microbial consortia (80). Reduction of CEs in aquifers takes place
in a highly complex context. Microbial communities in bioremediation scenarii do not only rely on
appropriate biocatalytic activities but on complex interactions between members of such communities. It was
recently shown that an important bacterial richness was present in CE-contaminated microbial habitats, with
members of the acetogens (Acetobacterium sp., Spirochaetes sp., and Sporomusa sp.) as well as members of
known fermenters (Bacteroidetes sp., Syntrophus sp., and Syntrophobacter sp.) (81, 82. Miller et al. (2007)
showed a detailed analysis of the bacterial community structures (BCS) present in a contaminated aquifer
and could identify seven phylogenetic groups, including Alpha-, Beta-, Gamma- and Deltaproteobacteria,
Nitrospira, Firmicutes and Cytophaga-Flexibacter-Bacteroidetes using sequencing of the 16S rRNA gene
pools (83). Members of Spirochaetes, Bacteroidetes (84), Clostridiales and Syntrophobacterales (73) and
diverse methanogenic bacteria (85) were found together with dechlorinating members of the Chloroflexi.
Furthermore, several lines of evidence support the hypothesis that sulfate reducers could be involved in the
growth of the PCB-dechlorinating bacterial guild (86). Slowly growing filamentous bacteria belonging to the
Chloroflexi-Subphylum I (including members of the genera Levilinea, Belilinea, Leptolinea, Longilinea and
Anaerolinea) are known already to participate in the production of H, as the end product of the fermentation
of saccharides and peptides (87). H, is a major electron donor for the OHR process. Therefore, the presence
of these bacteria and their relative distribution within the same habitat were thought to be related directly to
the OHR process and have an influence on the OHR guild activity. However, the presence of high
concentrations of H, may influence positively the development of other bacterial guilds such as
methanogens, homoacetogens, sulfate reducers, nitrate reducers, and metal reducers and may eventually
result in the marginalization of OHRB via competition events. Laboratory experiments suggested that under
low H, concentration the dechlorinating guild has the potential to outcompete other terminal electron-
accepting processes (TEAPS). Furthermore, it was predicted from thermodynamic and kinetic considerations
that hydrogenotrophic OHRB should outcompete hydrogenotrophic sulfate reducers, acetogens,
methanogens, and even Fe(l1l) reducers in environments where hydrogen is the main source of electrons,
which was confirmed by laboratory experiments and field observation (88-91). OHRB can thus function as a
TEAP in tight syntrophic interactions with hydrogen-producing populations (45, 92). Interactions between

bacterial guilds are depicted in Figure 2.
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1.2.4 Oxidation of chlorinated ethenes

Cometabolic aerobic oxidation has been described for all CEs, though rarely for PCE (44). This process
results from the fortuitous degradation of CEs by enzymes produced for the degradation of auxiliary growth
substrates (93).

Metabolic oxidation of CEs has been described under aerobic and anaerobic conditions and generally
proceeds at higher rates than cometabolic oxidation (94). In both aerobic and anaerobic oxidations, CEs are
used as electron donors and are oxidized to CO, (93). Unlike reductive dechlorination, the ability of CEs to
undergo oxidation increases with decreasing number of chlorine substituents (93). Aerobic metabolic
oxidation has been shown efficient for both ¢cDCE and VC (95, 96). Furthermore, it has been recently
reported that aerobic metabolic oxidation could occur at very low O, concentrations, underlining the
potential relevance of this process in contaminated sites (96, 97).

Anaerobic oxidation of CEs has first been reported by Vogel and McCarty (32). Subsequently, several
studies have mentioned that anaerobic oxidation of cDCE and VC can take place under various oxidation-
reduction conditions. The mechanism of anaerobic oxidation is still unclear, and the process is still a matter
of debate (30, 98). It has recently been suggested that mineralization of CEs in anoxic conditions is an
artifact and rather results from an aerobic oxidation in suboxic conditions (96, 97). A recent microcosm
experiment however suggested that VC was oxidized under highly reducing conditions enabling its

concomitant reductive dechlorination to ethene (98). These considerations are summarized in Table 2.

~17 ~



General introduction

Table 2. Summary of the processes involved in the biodegradation of chlorinated ethenes (modified
from Christ et al., (19))

Metabolism Cometabolism
Oxidation Reduction Oxidation Reduction
Anaerobic Aerobic Anaerobic Aerobic Anaerobic
Chlorinated cDCE/VC/ PCE/TCE /cDCE PCE/TCE / cDCE
ethenes ¢cDCE/VC (TCE) /VC CDCE/VC /VC
Relative
degradation Unknown ++ ++++ + ++
rates
Fe(lll .
e(i1n) Mycobacterium
reducers . . .
Metabolic Mn(IV) sp. Organisms with Sulfidogens
Nocardioides sp. OHRB broad range Methanogens
group reducers
L Pseudomonas sp. 0Xxygenases Acetogens
Humic acid
Polaromonas sp.
reducers
Fre_quency of VC oxidizers Frequgnt in o _ o _
active . . contaminated High in oxic High in anoxic
. . Unknown versatile in oxic . . .
organisms in . anoxic environments environments
environments .
nature environments
Fe(lll A i .
. e( . ) naerc_)blc, i o Anaerobic, not e”
Favorable site reducing . appropriate e Aerobic, primary _
.. Aerobic donor or e
conditions Mn(1V) donor present, no substrate present accentor limited
reducing interfering TEAPs*® P

& Terminal electron-accepting processes.

1.3 Existing remediation technologies and related problems

1.3.1 General aspects of groundwater remediation

Facing the immense challenge of cleaning up the large number of contaminated sites (5), several
technologies have been developed for the remediation of contaminated groundwater. Classically, plumes of
contaminated groundwater are managed by pump-and-treat programs. Other options consist in removing the
contaminant by physico-chemical treatment, such as excavation, air sparging, chemical oxidation, and
thermal treatment (for a review of physico-chemical approaches, please refer to (19)). However, these
techniques often require long-term system operation (100). In addition, they are technically challenging,
costly, and energy demanding. Furthermore, their efficiency is often questioned and rarely meets stringent
groundwater cleanup objectives (5, 19). For instance, aggressive contaminant mass removal of the source
zone can mobilize and re-distribute the DNAPL. Other technologies, such as conventional air sparging, lack

the ability to address sorbed-phase contaminants, often resulting in a rebound effect of contaminant
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concentrations upon system shutdown (19). Skepticism and concern remain that application of such
technologies may not substantially reduce risk and could potentially worsen site conditions.

Combining the above-mentioned techniques for the removal of the contaminating source zone with a
biological treatment of the contaminant plume has been discussed elsewhere (19) and offers very interesting
prospective in terms of both costs and efficiency. As defined by Bradley and Chapelle (2010)
“Biodegradation is the chemical breakdown of contaminant compounds by organisms, often
microorganisms, and their associated metabolic processes”. This definition was extended for practical
reasons by these authors and includes currently all forms of “biologically-driven” degradation categories. By
extension, and always according to these authors: “Any geochemical reaction that can occur abiotically, but
is opportunistically catalyzed by microorganisms in order to meet metabolic and/or energetic requirements,
would fall under this definition of biodegradation if a net transformation or breakdown of a contaminant
compound results” (30).

The word bioremediation is fairly new and appeared first in a peer-reviewed scientific publication in 1987
(101). Biostimulation and bioaugmentation are both derived from this term and are currently being used to
define the engineered setting-up of conditions promoting the contaminant biodegradation. In the specific
case of CE-contaminated aquifers, biostimulation consists in the injection of an electron source, usually an
organic substrate, into the contaminated aquifer in order to modify redox conditions and stimulate the
degradation process. The activity of the aquifer microbial communities can be efficiently enhanced, driving
the aquifer into metal-reducing, sulfate-reducing and methanogenic conditions. In parallel, very high rates of
OHR can be reached through the injection of these electron donors, which can provide equally broad-
spectrum cometabolic activities. The process of bioaugmentation allows compensating for the lack of
appropriate contaminant-degrading organisms which are necessary to conduct the degradation process to its
end. Specific contaminant-degrading microorganisms, grown in laboratory conditions are thus injected

directly into the groundwater system (102, 103).

1.3.2 Monitored natural attenuation

In many polluted sites active remediation measures are not required or not possible. For instance, the
contaminant may not induce any short- or mid-term hazard to drinking water reservoirs, or the configuration
of the site may render active measures too complicated or too costly. Also, even though the source zone has
been previously efficiently treated, the contaminant plume usually remains and may be too extended to be
remediated actively at reasonable cost (18, 19). In such cases monitored natural attenuation (MNA) offers an
alternative, or can be efficiently combined with active remediation strategies, for instance as a post-treatment
of source zone remediation. Another advantage of MNA is that it brings no or only little perturbation to the
site (105). MNA is based on the natural biological activity of indigenous specialized microorganisms that
degrade the contaminant to a sufficient degree when the geochemical conditions are favorable (18). MNA
therefore includes a variety of physical, chemical, or biological processes that act without human

intervention to reduce the mass, toxicity, mobility, volume, or concentration of contaminants in groundwater
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(30). Although often referred to as a passive method, MNA requires a comprehensive description of the site
characteristics, which in turn will be needed for making predictions about the fate of the contaminant, and a
survey of the biodegradation process to ensure efficient contaminant removal. According to Bombach et al.
(5), the major barrier to the acceptance of MNA as an effective remedial strategy is the difficulty in
demonstrating that decrease in the pollutant concentration is indeed caused by biodegradation rather than due

to dispersion, sorption, or volatilization.

1.3.3 The aquifer, a complex ecosystem

Aquifers are dynamic ecosystems, usually showing oligotrophic conditions, with complex interactions
between physical, chemical and biotic components (78). The bacterial community subsists using a complex
metabolic network, with input from trace organics within the environment or fixation of atmospheric gases
(105). Aquifers are extremely heterogeneous, even at very small scale, showing entangled geochemical and
grain size conditions (106). These complex habitats provide a large panel of living conditions and niches,
which in turn allow for the balanced development of interrelated bacterial communities and their inherent
activities (107). In turn, biological interactions have been shown to impose a spatial zonation in sometimes
apparently homogenous geological structures (108). Hypothetically, the heterogeneous structure of the
habitat offered by the aquifer is likely to provide optimal functioning conditions to the OHR guild members.
Several observations suggested that OHR of CEs in groundwater systems could be the result of cooperation
between microbial guild members rather than to the activity of individual species (see (30) for a review).
Spatial and temporal variations in microbial community structures in CE-contaminated aquifers are governed
by factors that extend beyond chemical contaminants and TEAPSs, possibly indicating that hydrogeological
factors, such as aquifer recharge and heterogeneity in the groundwater fluxes, are also involved (78, 109,
110). However, hydrological features, such as the aquifer recharge and the inherent impact on the
oligotrophic conditions is not fully understood. Because of the oligotrophic nature of many CE-contaminated
aquifers, recharge events that deliver electron acceptors as well as soluble organic matter as a source of
carbon and electron donors are likely to play an important role in the biological degradation processes (110,
111).

1.3.4 Stalling OHR at ¢cDCE or VC

To date, efforts in evaluating dechlorination processes in aquifers and in monitoring their in-situ
bioremediation potential provided contrasting results. Indeed, even under very similar environmental
conditions, microbial communities from different aquifers showed large discrepancies in their remediation
activities (34, 112, 113). The main drawback of MNA relies in the frequent undesired accumulation of the
toxic intermediates cDCE and/or VC which are even more toxic than the parent compound (30, 41, 114).
This accumulation was observed in many aquifer systems where MNA was conducted or even where
dechlorinating activities have been enhanced by the addition of an electron donor (115).

Although accumulation of cDCE and VC has often been observed under field conditions, the bacterial

communities have to our knowledge never been investigated in full details in relation with stalling of OHR in
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situ. Reasons for lower CEs (DCE and VC) accumulation have been investigated in microcosm experiments
or enrichment cultures. For example, Hoelen & Reinhard (90) showed that SR affected the rate of lower CEs
dechlorination in microcosm experiments. Addition of toluene stimulated H, production probably via
fermentation, and increased the rate of dechlorination. Similar conclusions were obtained by Heimann et al.
(116) in mixed anaerobic cultures. Wei et al. (117) reported that iron reduction was not inhibiting OHR in
sediment batch experiments and enrichment cultures.

The undesired accumulation of these toxic intermediates is believed nowadays to result either from an
incomplete sequence of dechlorination, or from a decreased efficiency of lower CEs dechlorination (30).
Interestingly, the accumulation of cDCE and VC was shown to be fluctuating both in time and space, and
was often the result of apparent heterogeneous local degradation conditions. The dependence of the reductive
dechlorination of lower CEs on the OHR activity of Dehalococcoides sp. has been observed by Hendrickson
et al. (118).These authors have shown that Dehalococcoides sp. was present in 21 contaminated sites where
complete dechlorination to ethene was observed and that it was not found at the three sites were
dechlorination was not proceeding beyond cDCE, suggesting that its absence at a site may prevent complete
OHR. Contrariwise, Flynn et al. (119) showed that Dehalococcoides sp. was absent from enrichment cultures
that dechlorinated PCE to ethene, indicating that simple molecular characterization based on this genus only
may underestimate the indigenous OHR potential. Furthermore, studies have revealed the global distribution
of OHRB guild members and their occurrence in polluted as well as pristine environments (120, 121). These
observations suggest that OHR has evolved as a response to the wide range of organohalides naturally
produced on earth, and that the activity of the large variety of OHR enzymatic systems prevents these
compounds to accumulate in nature (45). Consequently, anthropogenic release of organohalides in the
environment would only cause local enrichment of already present OHRB. Furthermore, the apparent
absence of OHRB at some sites could be more appropriately attributed to sub-optimal or inappropriate
detection techniques.

Incomplete reduction of lower CEs has previously been explained by the lower efficiency of reductive
dechlorination with decreasing chlorination degree (122). However, the energy available from CE reduction
decreases only slightly with decreasing chlorination degree and remains favorable as compared with other
TEAPs frequently encountered in groundwater, such as sulfate reduction (72, 123).

According to present state of knowledge, incomplete or impeded reductive dechlorination can be explained
by (i) the absence of bacterial species able to dechlorinate down to ethene (118, 124, 125), (ii) the depletion
of the organic substrates used as electron donors by fermenting guilds (18, 125) and (iii) the competition for
the electron donors with other TEAPs (72, 127, 128).
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1.4 Objectives and approach of the thesis

To date, the possible reasons for lower CEs accumulation have been assessed separately in laboratory
experiments or field observations, and interpreted subsequently. The overall goal of this thesis was to
elucidate the reasons for lower CEs accumulation. Specific objectives were (i) to develop an ecological and
more holistic approach in considering the aquifer ecosystem in its full complexity, (ii) to assess the reasons
for lower CEs accumulation with respects to the interactions of the OHRB guild with other TEAPs directly
in the complex aquifer environment, and (iii) to assess the causes of discrepancies observed at a
contaminated site in terms of OHR and extent of CE dechlorination.

Hydro-geo-chemical properties of the aquifer delineate the habitat of the bacterial community and provide
crucial information on bacterial processes interacting in this environment. Both habitat and bacteriocenosis
are indeed intimately interconnected. Bacterial communities are the main drivers of contaminant degradation
and are reflecting the general state of the aquifer. Consequently, geological, hydrological, and chemical
variables were analyzed and BCS were characterized using terminal-restriction fragment length
polymorphism (T-RFLP). Both dynamic habitat and bacterial communities were combined using
multivariate statistical tools to provide a comprehensive picture of the contaminated sites and infer the
processes taking place, as well as their interactions. Finally, based on the results, tentative conceptual or
predictive models were proposed.

Groundwater sampling does not enable getting a comprehensive picture of microbial communities of an
aquifer. However, this is the most convenient and realistic way to get numerous samples to follow-up the
evolution of BCS in space and time. In CHAPTER 2, the impact of groundwater pumping parameters on the
characterization of BCS was investigated under laboratory and field conditions. Pumping flow rate did not
impact BCS of homogeneous water pumped from a container, in contrast with BCS of groundwater pumped
out of an aquifer. In CHAPTER 3, a bioinformatics tool, PyroTRF-ID, was developed to enable deeper
characterization of bacterial communities with reduced costs and time by combining pyrosequencing and T-
RFLP datasets originating from single samples. The tool was tested with different bacterial communities and
allowed successfully identifying particular terminal-restriction fragments (T-RFs). In CHAPTER 4, the
reasons for VC accumulation were investigated in a contaminated site displaying relatively homogeneous
grain size distribution and slow groundwater fluxes. Correlations between BCS and environmental variables
revealed the main TEAPs occurring at the site and pointed out a potential competition between VC- and
Fe(ll) reductions. In CHAPTER 5, the causes of spatial discrepancies in the fate of CEs were investigated in
an aquifer displaying a complex geological structure and pointed out the usefulness of the developed
approach for understanding the reasons for incomplete degradation. In CHAPTER 6, main aspects of the
ecological approach are discussed and proposed for diagnosing contaminated sites and designing adapted

bioremediation strategies.
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CHAPTER 2

2 Impact assessment of pumping parameters on

groundwater bacterial communities

Abstract

Groundwater microbial community samples are traditionally collected using pumping techniques optimized for
groundwater chemistry assessment although the impact of groundwater pumping parameters on apparent
bacterial community structures (BCS) is not really known. We therefore studied the impact of pumping lift, flow
regime and tubing material on BCS, which were analyzed by terminal-restriction fragment length polymorphism
(T-RFLP). Ruzicka dissimilarity coefficients were calculated between T-RFLP profiles to assess disparities
between BCS. Variations in pumping lift, flow regime and tubing material did not affect the apparent BCS in
experiments using a homogenous water body under laboratory conditions showing that the conditions within the
tube had no detectable effect on BCS. However, pumping groundwater from aquifer monitoring wells at
different flow rates in the field revealed a significant impact on the apparent BCS. Water samples collected from

fine sediment were the most affected by the pumping flow rate.
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Impact assessment of pumping parameters on groundwater bacterial communities

2.1 Introduction

Due to their mixed solid-liquid structure, aquifers are inherently very heterogeneous and complex ecosystems,
often limited by carbon, energy and nutrient resources. Knowledge of biocenoses and more specifically of
bacterial community structures (BCS) in aquifers is still relatively limited and little is known about the identity
and abundances of key bacterial species (1). Presently, molecular biology provides highly sensitive and
reproducible tools for the in-depth characterization of BCS (2-4). However, the power of these techniques
contrasts with the scarce knowledge of the biases and variability introduced by sampling technigues.

Core samples (i.e. the solid matrix together with interstitial water) provide the most comprehensive depiction of
BCS in aquifers (5,6). However, obtaining core samples is not only costly but also labor-intensive. Moreover, a
specific location can only be sampled once due to the destructive nature of the technique. In addition, the method
of obtaining core samples is known to alter local conditions by generating heat, causing disturbance in the
sediment layering and producing ultrafine particles with subsequent increase of solute concentrations (7-9).

An alternative technique to acquire samples for microbial analysis consists of leaving a sterile substratum packed
in a dedicated container to be colonized by the aquifer microorganisms within already constructed wells (10).
However, it is quite uncertain that the conditions within the well are representative of the surrounding aquifer
and no systematic studies have been conducted to assess this issue (6).

Microbiologists are often involved with ongoing hydrogeological studies or only have access to existing field
test sites (6). Because of this and constraints of obtaining core samples, most research dealing with aquifer
microbiology is based on the analysis of BCS of groundwater samples rather than core samples. Procedures to
extract groundwater samples with representative chemical composition have been proposed and evaluated since
the 1980s (11-14), and a comprehensive review of groundwater sampling and related biases has been reported
(15). It has been shown that tubing materials alter the chemical composition of groundwater by sorption and
volatilization of organic compounds (16,17) and that the pumping flow rate influences the amount of colloid-
associated contaminants (18,14). Slow pumping flow rate (<500 mL/min) has been shown to be most effective at
obtaining representative groundwater in terms of colloid and contaminant concentrations. Furthermore,
peristaltic pumps have been shown to create pressure variations within the tubing, resulting in the volatilization
of dissolved compounds which can be amplified by the sampling depth (lift) (19).

The above mentioned pumping procedures for chemical analysis of groundwater samples were implemented in
the field of environmental microbiology with specific precautions such as disinfection of sampling devices and
containers (7). However, these sampling techniques have not been verified for the investigation of in-situ
groundwater microbial communities. In hydrogeological studies, a groundwater monitoring well is usually
purged until groundwater physical-chemical parameters reach stable values before sampling is initiated

(11,13,15). However, it has been shown previously that BCS only stabilized after pumping 36 well volumes,
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whereas physical-chemical parameters stabilized after pumping five well volumes from a porous aquifer with a
flow rate of 6 L/min (20).

Hypothetically, different pumping devices and mechanisms, pumping flow rate and tubing material could impact
BCS in two ways. First, BCS may be altered during the transport through the pumping tube due to cell
adsorption onto the tubing wall. This process depends on the surface properties of the tubing materials, such as
hydrophobicity, lipophobicity, and net surface charge (21,22). Furthermore, cell lysis can be induced by rapid
pressure changes. These effects would be more prone to occur when inappropriate tubing material is being used,
when pumping depth increases, or when pumping is carried out using improper devices. Second, BCS may be
modified by detachment of free or particle-associated cells from the sediment when groundwater is extracted
from the aquifer using different pumping rates.

In this study we first assessed whether the conditions within the tubing were impacting BCS by varying
parameters such as lift, flow regime, and tubing material. Second, we evaluated whether the groundwater
pumping flow rate had a direct impact on the extraction of BCS from an aquifer. We assumed that if any
influence was observed, it would depend on the grain size distribution. This assessment was performed in an
aquifer equipped with wells installed at variable depths with different grain size distributions. For both
laboratory and field sections of the study, BCS of groundwater samples were assessed using an optimized
terminal-restriction fragment length polymorphism (T-RFLP) analysis (23) and compared using multivariate

statistics.

2.2 Materials & Methods

2.2.1 Laboratory experiment

Batch experimental setup

The batch experimental setup for the assessment of the influence of lift, flow regime, and tubing material on
BCS during water pumping through the tubing is depicted in Figure 1. It consisted of a 40-L polypropylene tank
of opaque color to avoid the development of phototrophic organisms and covered with a lid. A manual sampler
was inserted at the bottom of the tank to collect reference samples (R). Samples (S) were collected via a 10-m
long tube inserted through a hole in the lid. The inlet of this tube was located at the bottom of the tank, close to
the location where reference samples were collected. An overhead stirrer was installed to ensure a homogeneous
well-mixed system. The tank was carefully disinfected with sodium hypochlorite and rinsed with deionized
water prior to use. It was filled with industrial water from the tap used at Ecole Polytechnique Fédérale de
Lausanne (EPFL) for different purposes where drinking water is not needed. This water originates from Lake of
Geneva 600 m offshore below the thermocline at a depth of about 60 m. Water samples from the tank were

collected through the tubes using a peristaltic pump (Type P2.52, Eijkelkamp, Giesbeek, The Netherlands).
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S (8 m)

——H————50m

=3— R

Figure 1. Experimental setup used for testing the influence of lift,
flow regime, and tubing material on BCS during pumping.Water
was stored in a 40-L tank and homogenized with an overhead
stirrer. Samples (S) were collected at 0 and 8 meters high
(indicated in brackets) using a peristaltic pump and references (R)
were collected manually at the bottom of the tank.

Test conditions

The influence of lift was tested by simulating two depths. For this purpose, height was changed by placing the
pump at 0 or 8 m high. Laminar and turbulent regimes were tested with flow rates of 100 mL/min and 1000
mL/min, respectively. This guaranteed to have Reynolds numbers Re <2000 for laminar and Re >4000 for
turbulent flow, respectively (Re = 4Q/ndv; Q: flow rate, d: inner diameter of tubing (4 mm), v: kinematic
viscosity) (24,25). Assuming a water temperature of 10°C, the kinematic viscosity was considered to be 1.307 x
10" m%s. Two tubing materials, polytetrafluoroethylene and low density polyethylene (respectively PTFE and
LDPE, Semadeni AG, Switzerland), were chosen because they are frequently used for groundwater sampling
and still display different hydrophobicity and lipophobicity properties. All combinations of the three parameters
were tested in a total of eight experimental setups (Table 1).

In order to maintain comparable experimental conditions, new 10-m tubes were cut from the same PTFE and
LDPE tubing stocks for each test. Tubes were rinsed with 500 mL deionized water (four times their volume)
then flushed with one tubing volume with test water. For each experimental condition, samples (500 mL) were
collected in triplicate and one reference sample (500 mL) was collected directly from the tank without passing
through the tube. The time between two successive experiments was less than 10 min. All samples were stored in
1-L polypropylene Nalgene® bottles (Thermo Fisher Scientific, USA) in the dark at 4°C until DNA extraction,

which was done within one day after sampling.
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Table 1. Experimental setup to test the impact of lift, flow regime, and tubing material on BCS during pumping.

Experiment n° | 1 i v \Y VI VII VIl
Lift [m] 0 8 0 8 0 8 0 8
Flow regime* La La Tu Tu La La Tu Tu
Tubing material? PTFE PTFE PTFE PTFE LDPE LDPE LDPE LDPE

1 Flow regime was either laminar (La) or turbulent (Tu).
2 The tubing was composed of either polytetrafluoroethylene (PTFE) or low density polyethylene (LDPE).

2.2.2 Field experiment

Test site

The impact of the pumping flow rate on apparent groundwater bacterial communities when sampling monitoring
wells was evaluated in an aquifer located in Lyss (Switzerland). The aquifer is composed of two superimposed
geological layers of Quaternary depositional origin. The lower layer is composed of coarse gravel with a high
hydraulic conductivity (1.10° ms™). The upper geological layer is composed of finer material such as fine sand
and silt with a low hydraulic conductivity (5.10° ms™). The boundary between the two layers is gradual and
gives rise to a vertical gradient of grain size distribution. The aquifer is constantly recharged with water
originating from the nearby Lyssbach River located ca. 20 m upstream of the test site.

Sampling wells

Four sampling wells (SW1 to SW4) consisting of pre-packed screened piezometers with 1.91 cm internal
diameter (3/4" PrePack Well, AMS, USA) were used. They were screened to access different depths of the
aquifer that have different hydrogeological properties (Table 2).

Table 2. Hydrogeological characteristics of the Lyss aquifer
(Switzerland) at different sampling depths.

Sampling Sampling depth Lithology at
well (mbs)* sampling depth
Swi 35-44 Silt

SW2 44-53 Silty sand

SW3 54-6.3 Sandy gravel
SW4 6.6-7.4 Coarse gravel

1 mbs = meters below surface
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Sampling procedure

Groundwater samples (1 L) were collected using a peristaltic pump (Type P2.52, Eijkelkamp, Giesbeek, The
Netherlands) and PTFE tubes (inner diameter 4 mm, Semadeni SA, Switzerland). Each well was purged first at a
flow rate of 100 mL/min for at least one well volume until physical-chemical parameters measured on-site
(temperature, pH, electrical conductivity, oxidation-reduction potential) reached stable readings. The influence
of pumping flow rate on BCS extracted from the aquifer was then tested as follows. The first groundwater
sample was collected from each well at a flow rate of 100 mL/min. One day later, a second groundwater sample
was collected from the same wells at a flow rate of 1000 mL/min following an identical purging procedure as
described above.

To exclude potential temporal bias, variability of BCS was assessed in additional groundwater samples collected
from the same wells after a nine-day interval with the same sampling procedure. All groundwater samples were
stored in 1-L polypropylene Nalgene® bottles (Thermo Fisher Scientific, USA) in the dark and at 4°C until DNA
extraction, which was done within one day after sampling.

2.2.3 Molecular analyses of microbial communities

All groundwater samples were filtered through 0.2-pm autoclaved polycarbonate membranes (Isopore™
Membrane Filters, Millipore, USA) on a filtration system (Filter Funnel Manifolds, Pall Corporation, USA)
under a laminar flow hood. DNA from laboratory experiments was extracted as follows. Following filtration,
each membrane was washed in a 15-mL Falcon-like tube containing 10 mL of sterile 0.9 g/L NaCl aqueous
solution. The tube was shaken on a Vortex Genie Il (Scientific Industries Inc., USA) fitted with an adapted
holder at maximal speed for 10 min. The membrane was then removed and the tube was centrifuged at 4500 x g
for 10 min. The supernatant was discarded and the cell pellet was re-suspended in 1 mL of DNA extraction
buffer (5 M Guanidine thiocyanate, 100 mM EDTA, 1% Na-lauroylsarcosine, 1% PVP K30, 150 mM sodium
phosphate buffer pH = 8.0). The entire tube volume was transferred into a 2-mL sterile screw cap tube already
filled with extracting zirconia-silica beads (MP Biomedicals, USA). Twenty-five pL of freshly prepared 50 mM
dithiothreitol (DTT, AppliChem, Germany) was added and the tube was processed in a bead-beater (Biol01,
USA) at 6 m/s for 30 s. The tube was centrifuged at 13’000 x g for 2 min and the supernatant was processed for
DNA extraction in a Maxwell® 16 Genomic DNA Purification robot (Promega, Madison, USA) fitted with
Maxwell® LEV Blood DNA Kit (Promega, Madison, USA) according to the manufacturer’s protocol, except that
the initial solution of the third cartridge well was replaced by 250 uL of a lysing solution consisting of 60%
DNA 1Q Casework Pro kit lysis Buffer (Promega, Madison, USA, ref # A8261) and 40% pure ethanol.

DNA from field experiment was extracted using the PowerSoil™ DNA Extraction Kit (MoBio Laboratories,
USA) according to the manufacturer’s instructions, except that the samples were processed in a bead-beater at

4.5 m/s for 30 s after the addition of solution C1. Extracted DNA was quantified and its quality assessed with a
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Nanodrop spectrophotometer (Nanodrop®, ND-1000, Thermo Fisher Scientific, USA). BCS were analyzed using
terminal-restriction fragment length polymorphism (T-RFLP). The analytical procedure as well as the numerical
treatment of the data was carried out according to (23) with the following modifications: (i) 30 ul PCR reactions
were composed of 3 uL 10X Y buffer (PeqLab Biotechnologie GmbH, Germany), 2.4 pL 10 mM dNTPs
(PeqLab Biotechnologie GmbH, Germany), 1.5 uL of 10 uM FAM-Eub27f forward primer (FAM-5’-
GAGTTTGATCMTGGCTCAG-3’) (26) and  unlabeled  Univ518r  reverse  primer  (5’-
ATTACCGCGGCTGCTGG-3) (27), 6 uL 5X enhancer P (PeqLab Biotechnologie GmbH, Germany), 1.5 U
PeqGold Taq polymerase (PegLab Biotechnologie GmbH, Germany) and 0.2 ng/ul template DNA (final
concentration), completed with autoclaved and UV-treated Milli-Q water (Millipore, USA); (ii) PCR products
were purified using the MSB® Spin PCRapace (Stratec Molecular GmbH, Germany) according to the
manufacturer’s instructions and digested with the restriction enzyme Haelll. For each sample, T-RFLP profiles
were obtained in triplicate.

2.2.4 Multivariate statistical analyses

Multivariate statistical analyses were carried out with the R software (28) and the package Vegan (29). Ruzicka
dissimilarity (RD) was calculated between triplicate T-RFLP profiles. RD is an asymmetrical index indicating a
statistical distance between two species profiles (T-RFLP profiles in the present study) based on the abundance
of each species (T-RF) (30). Profiles displaying a RD higher than 15% with their replicates were considered as
outliers and were removed from the analysis. Eventually, the profile displaying the lowest dissimilarity with its
replicates was selected for further analysis. Kruskal-Wallis one-way ANOVA on ranks was used to test for
significant differences between all sets of dissimilarities at the p = 0.05 level. For the field experiment, one-way
ANOVA with Tukey’s test was carried out in order to assess for significant differences between sets of

dissimilarities at the p = 0.05 level.

2.3  Results

2.3.1 Controlled laboratory experiment with stable BCS of a homogenous water
body

The first set of experiments tested the impact of tubing material, flow regime, and lift on BCS. Ruzicka

dissimilarities (RDs) were calculated (i) between samples of each experimental condition (Table 1), as well as

between samples and the corresponding reference sample in order to assess the variability induced by the tested

sampling parameters, (ii) between the triplicate water samples collected successively for each sampling
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condition in order to assess the variability induced by the analytical procedure (from DNA extraction to T-RFLP
electrophoresis), (iii) between successive reference samples in order to assess the temporal stability of BCS
during the experiments, and finally (iv) between all reference samples from the eight successive runs in order to
assess the variability induced by the fluctuations of the bacterial communities within the tank in the course of the
eight successive experiments. The variability observed between the eight experimental sampling conditions
(average RD = 0.16 + 0.04) was not significantly different from the variability observed between each sample
and the corresponding reference sample (0.13 + 0.03), between sample triplicates (0.17 + 0.07), between the
successive reference samples that were collected at less than ten minutes interval (0.14 £+ 0.04), and between all
reference samples (0.14 + 0.03) (Figure 2). This clearly indicated that the BCS were not significantly different

before and after the passage of the water through the sampling tubing.
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Figure 2. Ruzicka dissimilarities (RDs) calculated between BCS of
water samples collected under eight experimental conditions. (A) RDs
calculated between sample triplicates; (B) RDs calculated between
successive reference samples; (C) RDs calculated between the
experimental sampling conditions; (D) RDs calculated between
samples and their corresponding reference; (E) RDs calculated
between all reference samples.

2.3.2 Field experiment

Groundwater samples were collected from four wells equipped with identical pre-packed piezometers, screened
at increasing depths, giving access to specific lithological conditions (Table 2). Natural temporal variations of
BCS were assessed first. The temporal variability of BCS was found to increase with depth (Figure 3A). RDs
ranged from 0.33 = 0.04 for well SW1 to 0.75 = 0.03 for well SW4, with intermediate values for wells SW2 and
SW3, with RDs = 0.50 £+ 0.04 and 0.64 £ 0.04, respectively. The RDs followed the geological layering of the
aquifer, with the lowest RD value in the well SW1, screened at a depth of 3.5 to 4.4 m, giving access to a low

permeability zone. The highest RDs were calculated for well SW4, screened at a depth of 6.6 to 7.4 m, which
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gives access to a highly permeable geological medium. The differences found between the calculated RDs for
each well were highly significant (Tukey P < 0.001).

The impact of pumping flow rate on the apparent BCS was assessed by computing RDs between groundwater
samples collected with two different pumping flow rates (100 and 1000 mL/min). All RDs computed for field
samples were by far higher than those obtained in the laboratory experiments. Values were 0.76 + 0.01, 0.69 +
0.01, 0.39 + 0.03, and 0.75 £ 0.03 for samples collected at wells SW1, SW2, SW3 and SW4, respectively
(Figure 3B). These results indicated that pumping rate had a significant impact when sampling geological layers
with fine sediment material. This effect was less pronounced in layers composed of coarse material, although the
temporal variability of BCS at nine days interval was respectively larger (SW3) and at the same level (SW4) as

the variability induced by the change of pumping rate.
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Figure 3. Ruzicka dissimilarities (RDs) calculated for groundwater samples
collected from sampling wells SW1, SW2, SW3 and SW4. (A) RDs
calculated for samples collected using an identical flow rate at a nine-day
interval. (B) RDs calculated for samples collected using two flow rates at a
one-day interval (100 and 1000 mL min™); mbs: depth range of the
piezometer screen, in “meters below surface”.
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2.4  Discussion

Results of this study showed that variations of lift, flow regime, and tubing material were not resulting in any
statistically significant difference in the calculated RDs when a stable BCS was pumped from a well-mixed
water tank set under laboratory conditions. The dissimilarities induced by the PCR amplification step, source of
the highest measured variability of the analytical T-RFLP method used here (0.120 + 0.143, (23)), were in the
same range as the dissimilarities between samples of the laboratory experiment. In other words, if any variation
of BCS occurred between reference samples and water coming out of the pumping tubes as a consequence of the
impact of lift, flow regime, or tubing material, it can be considered to be below the detection limit of the
employed molecular fingerprinting technique. It has to be noted that the latter is enabling both a highly sensitive
and a robust molecular diversity characterization of bacterial communities (31,2,3) and it was hence assumed to
detect small variations in BCS. Modern molecular techniques for the characterization of microbial communities
rely on DNA extraction and PCR amplification steps, which are sources of biases and inaccuracy (32,33).
Variations induced by the DNA extraction step were minimized using an automated procedure, but PCR still
represents a bottleneck of the overall accuracy of these techniques.

The impact of different pumping rates on BCS under field conditions has only rarely been investigated. A single
study showed that BCS were impacted to some extent when using a high flow rate (up to 12 L/min) (20) which
is by far higher than the rate imposed classically to porous media and superior to the tests which were carried out
in the present study. In wells SW1 and SW2, pumping flow rates of 100 and 1000 mL/min resulted in very
different BCS (Figure 3B). Both piezometers provided access to the upper zone of the aquifer, composed of fine
sediments with low hydraulic conductivity. Discrepancies in the BCS obtained this way can be explained by at
least three joint mechanisms. Firstly, the higher flow rate imposed in a zone of low conductivity has been shown
to increase the amount of very fine suspended particulate matter in the water sample (18,14,15). Visual
inspection of the 0.2 um polycarbonate filters indeed revealed the presence of various amounts of particulate
matter retrieved from the pumped piezometers. Secondly, a higher abundance of bacterial cells is located in fine
eutrophic sediments (5), and more cells are therefore susceptible to be displaced from the sediment surface at
higher pumping rate (20). Finally, increasing the flow rate can increase the amount of water originating from
geological zones that were not reached using a low flow rate. Porous aquifer ecosystems are extremely
heterogeneous in terms of lithological composition and grain size distribution, even at a very small scale.
Preferential groundwater fluxes within the aquifer are known already to take place as a consequence of
differences in the hydraulic conductivity (5,34,1,20). Wells SW3 and SW4 gave access to a section of the aquifer
composed of coarser sediment and a much higher hydraulic conductivity than the section targeted by wells SW1
and SW2. Based on the results obtained with groundwater from wells SW1 to SW3, the impact of pumping flow
rate on BCS was decreasing while the sediment went coarser. In well SW4, the variations induced by the

pumping flow rate could not be distinguished from the natural temporal variations of BCS. Reducing the time
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interval between two successive samplings with identical pumping flow rate could allow overcoming this lack of

resolution.

2.5 Conclusion

The present study showed that selected pumping parameters (lift, flow regime and tubing material) had no
detectable impact on BCS when sampling a homogenous water body under laboratory conditions. However, the
pumping flow rate had a strong impact on the apparent groundwater BCS when sampling porous aquifer
groundwater from in situ wells, especially when the targeted sampling zones were composed of fine sediments
showing low permeability. This impact was masked partially by rapid natural temporal fluctuations of the

autochthonous BCS in coarser sediment.
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3  PyroTRF-ID: a novel bioinformatics approach for
the identification of terminal-restriction fragments

using microbiome pyrosequencing data

(The work presented in this chapter was written in collaboration with David Weissbrodt, Laboratory
for Environmental Biotechnology (LBE), EPFL, Lausanne, Switzerland)

Abstract

In molecular microbial ecology, pyrosequencing is gradually supplanting classical fingerprinting techniques such
as terminal-restriction fragment length polymorphism (T-RFLP) combined with cloning-sequencing for
enhanced characterization of microbiomes. Here, the PyroTRF-ID software was developed as a high-throughput
approach to combine pyrosequencing and T-RFLP for the description of microbial communities with optimized
lab and computational efforts. In contrast to existing bioinformatics methods for phylogenetic affiliation of T-
RFs, the proposed strategy aims at conserving the entire microbial information contained in the samples taken
from the investigated environments.

PyroTRF-ID was encoded on the Vital-IT high performance computing cluster of the Swiss Institute for
Bioinformatics for mapping and massive digital T-RFLP profiling of full pyrosequencing datasets, for
comparing digital and experimental fingerprints obtained from the same DNA extracts, and for identifying
contributions of phylotypes to T-RFs. The method was used to characterize bacterial communities in
groundwater samples from aquifers contaminated by chloroethenes and in aerobic granular sludge biofilm from
wastewater treatment systems. Each DNA extract was subjected to amplification of 500 bp fragments of 16S
rRNA gene pools, T-RFLP with the Haelll endonuclease, 454 tag encoded FLX amplicon pyrosequencing and
PyroTRF-1D analysis. Greengenes was selected as mapping database.

PyroTRF-ID was efficient for high-throughput mapping and digital T-RFLP profiling of pyrosequencing
datasets. After denoising, 20 min were required to reprocess at least 15 datasets of 6’000 to 35’000 reads of 500
bp. Digital and experimental profiles were aligned with maximum cross-correlation coefficients of 0.71 and 0.92
for high-complexity groundwater and low-complexity synthetic wastewater environments, respectively. On
average, 63+£23% respectively 61+12% of all experimental T-RFs (73+16 and 47+14 peaks per sample) were
affiliated to phylotypes. Bacterial dynamics were then optimally elucidated by T-RFLP.

PyroTRF-1D enables high-throughput matching of pyrosequencing and T-RFLP datasets, and affiliation of T-
RFs to precise phylotypes. This methodology is efficient for optimizing laboratory and computational efforts for
high-resolved description of microbial community dynamics in various systems such as the ones investigated in

environmental and medical sciences.

~ 46 ~



CHAPTER 3

3.1 Introduction

Molecular microbial ecology has become an important discipline in natural and medical sciences. Research on
the structure, dynamics, and evolution of microbial communities in environmental, human, and engineered
systems such as soils, groundwater, human or animal bodies, and wastewater treatment plants, can provide
substantial scientific knowledge for understanding the underlying microbial processes, for predicting their
behavior, and for controlling, favoring or suppressing target populations with dedicated actions (1, 2).

Different bioanalytical methods have been successively developed for the assessment of microbial community
structures via profiling or metagenomic approaches (3). Terminal-restriction fragment length polymorphism (T-
RFLP) has been widely used over the last decade for culture-independent assessment of complex microbial
community structures (4, 5). Standardized robust and highly reproducible high-throughput T-RFLP has become
efficient for high-quality and high-resolution community fingerprinting since its implementation in automated
multicapillary gel electrophoresis devices (6, 7). Cloning and sequencing methods have been developed for
empirical taxonomic affiliation of the most important terminal-restriction fragments (T-RF) and have been
progressively optimized for cost-efficient isolation and sequencing of large numbers of clones of 16S rRNA
encoding genes (8, 9). Cloning and sequencing however remains a time-consuming approach and only leads to
insufficient characterization of the genetic diversity (10).

After initial development in the early 2000, high-throughput DNA pyrosequencing technologies have recently
been intensively applied for deeper and ultrafast analyses of microbiomes with reduced sequencing costs (11—
15). Metagenomics projects have however resulted in novel significant requirements in resource and expertise
for generation, storage, processing and interpretation of massive datasets as well as for cloud computing (16-20).
Overall, ‘omics’ technologies have opened the bioinformatics challenge of designing tailored computing
solutions for enhanced production of scientific knowledge from massive raw datasets. According to Field et al.
(21), the advent of free and open source software, of the BioLinux strategy and of the e-Science vision facilitated
the access for microbial ecologists to high performance computing solutions for deciphering signals of the
surrounding microbial world. Different open-source software have for instance been proposed for processing
pyrosequencing data such as MG-RAST (22), PyroNoise (23), Mothur (24), VAMPS (25) and QIIME (26). To
date, no uniform procedure has however been defined by microbial ecologists as standard approach for the
processing of massive microbiome datasets.

While pyrosequencing has progressively replaced the traditional combination of T-RFLP and cloning-
sequencing approaches, recent studies have demonstrated that the concomitant use of both strategies can be
useful and relevant (27). For instance, in an investigation of the effect of antibiotic treatment on human
indigenous microbiota, Jakobsson et al. (28) have used T-RFLP for obtaining a rapid overview of shifts in
predominant operational taxonomic units (OTU) and pyrosequencing for in-depth information about changes in

relative abundances of thousands of underlying microbial populations. Camarinha-Silva et al. (29) have used T-
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RFLP and pyrosequencing in an elegant combination for high-throughput profiling of nasal microbial
communities. The authors have first assessed best suited combinations of endonucleases for optimal segregation
of T-RFs by in silico restriction of reference sequences of a set of representative species of the nasal
environment with the REPK software (30). They have processed samples using concomitantly T-RFLP with the
optimal combination of restriction enzymes and pyrosequencing, and have assigned phylotypes to predominant
T-RFs by comparing the relative abundances obtained using both techniques. T-RFLP has then been applied for
screening for discrepancies in abundant species-related OTUs over 100 volunteers.

Overall, the combination of routine T-RFLP and massive pyrosequencing strategies could represent an efficient
compromise between the laboratory efforts required for the analysis of bacterial communities and the financial
and infrastructural costs related to datasets processing. Multiple web-based computational procedures have
previously been proposed for in silico digestion of either artificial communities synthesized from sequences
retrieved from public databases or of clone libraries, for prediction of T-RFLP fingerprints and for anticipating
phylogenetic affiliation of T-RFs (31, 32). However, inferring the phylogenetic affiliation of T-RFs of an
experimental system based on existing databases is conceptually questionable, since it presupposes that the
members of the bacterial communities to be analyzed have already been sequenced. In the current study, we
propose a novel high-throughput bioinformatics approach to assign phylogenetic affiliations to experimental T-
RFs by preserving the original microbial complexity of the samples taken from the investigated environments.
For this purpose, the PyroTRF-1D software was developed to compare experimental T-RFLP profiles (eT-RFLP)
with digital T-RFLP profiles (dT-RFLP) reconstructed from full pyrosequencing datasets obtained from the
same DNA extracts. Main functionalities were encoded for denoising of pyrosequencing datasets, for sequence
mapping against reference public databases, for massive dT-RFLP profiling based on the pyrosequencing data,
for identifying microbial contributions to dT-RFs, for aligning the eT-RFLP and dT-RFLP profiles and for
affiliating eT-RFs to phylotypes present in the samples. An additional functionality was programmed for the
screening of restriction enzymes for optimizing the resolution and representativeness of T-RFLP profiles. The
PyroTRF-1D procedure was validated using bacterial communities from three different natural and engineered
systems, namely groundwater from aquifers contaminated by chloroethenes as well as flocculent activated
sludge and aerobic granular sludge biofilms from wastewater treatment systems operated for full biological
nutrient removal. The effect of different algorithms for the processing of pyrosequencing datasets and the

comparison between eT-RFLP and pyrosequencing-based dT-RFLP profiling is discussed.
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3.2 Materials & Methods

3.2.1 Samples

Samples from three different environments were analyzed. The first set of samples consisted of groundwater
from two different chloroethene-contaminated aquifers (GRWO01 to GRW10) that have been previously
described by Aeppli et al. (33) and Ducommun et al. (in prep.). The second one consisted of aerobic granular
sludge biofilms (AGS01 to AGS07) from anaerobic-aerobic sequencing batch reactors operated for full
biological nutrient removal from an acetate-based synthetic wastewater similar to the ones described in Ebrahimi
et al. (34). The third one was composed of one flocculent activated sludge sample (FLSO1) taken from a
wastewater treatment plant removing all nutrients biologically. This flocculent sludge served as inoculum for the

aerobic granular sludge sequencing-batch reactors.

3.2.2 DNA extraction

Groundwater samples were filtered through 0.2-um autoclaved polycarbonate membranes (Isopore™ Membrane
Filters, Millipore) with a mobile filtration system (Filter Funnel Manifolds, Pall Corporation). DNA was
extracted using the PowerSoil™ DNA Extraction Kit (Mo-Bio Laboratories, Inc.) following the manufacturer
instructions, except that the samples were processed in a bead-beater (Fastprep FP120, Bio101) at 4.5 m s™ for
30 s after the addition of solution C1.

DNA from flocculent and granular sludge samples was extracted with the automated Maxwell 16 Tissue DNA
Purification System (Promega, Duebendorf, Switzerland). An aliquot of 100 mg of grinded granular sludge was
preliminarily digested during 1 h at 37°C in 500 pL of a solution composed of 5 mg mL™ lysozyme in a Tris-
HCI:EDTA buffer at pH 7.5 (T10Eq1 n/n). The DNA extracts were resuspended in 300 pL of T1oE,q; buffer.
Extracted DNA was quantified with a ND-1000 Nanodrop® spectrophotometer (Thermo Fisher Scientific, USA)

and stored at -20°C until analysis.

3.2.3 Experimental T-RFLP

eT-RFLP analysis of the groundwater bacterial communities as well as their numerical treatment were modified
from the protocol described by Rossi et al. (35). PCR products were generated in triplicate with a combination of
universal labeled FAM-Eub27f forward primer (FAM-5-GAGTTTGATCMTGGCTCAG-3’) (36) and
unlabeled Univ518r reverse primer (5’-ATTACCGCGGCTGCTGG-3") (37) according to the following
conditions: 30 pL PCR reactions were composed of 3 uL 10X Y buffer, 2.4 uL 10 mM dNTPs, 1.5 pL of each
primer at 10 uM, 6 puL 5X enhancer P, 1.5 U PeqGold Taq polymerase and 0.2 ng/ul template DNA (final
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concentration), completed with autoclaved and UV-treated Milli-Q water (Millipore, USA). PCR amplifications
were conducted in a T3000 Thermocycler (Biometra GmbH, Germany) as follows: initial denaturing step at
94°C (4.5 min), followed by 25 cycles of 0.5 min denaturation at 94°C, 1 min annealing at 56°C, 1 min
elongation at 72°C and a final elongation step of 10 min at 72°C. PCR products were examined in a 1.5%
agarose gel to confirm the specificity of the amplification reaction. The PCR products were purified with the
purification kit Montage® PCR Centrifugal Filter Devices (Millipore, USA) according to the manufacturer’s
instructions.

Bacterial communities from granular sludge reactors were analyzed with adaptation of the T-RFLP procedure
described by Ebrahimi et al. (34). PCR amplification of 500-bp gene fragments was performed in 50 pL reaction
mixes: 10 uL Go Taq Buffer 5x (Promega, Switzerland), 4 uL dNTPs 2.5 mM, 2 pL of each 10 uM FAM-8f and
518r primer, 0.25 pL Go Taq polymerase (Promega, Switzerland) and 0.1 ng/uL template DNA (final
concentration) completed with 30.75 pL ultrapure DNAse- and RNAse-free water (Qiagen, Switzerland). The
PCR program was the same as described above, except that 10-min initial denaturation, 1-min within-cycle
denaturation and 30 cycles were required for optimal amplification.

For all types of biomass samples, 200 ng of purified amplicons were digested with 0.5 units of the Haelll
endonuclease (5°-GG"CC-3’ enzyme’s recognition site; Promega, Switzerland) at 37°C for 3 h.

The T-RFLP analytes were prepared by mixing 1 pL of digestion product with 8.5 puL of HiDi formamid and 0.5
ML of GeneScan 600-LIZ internal size standard (Applied Biosysems, USA), and were denaturated for 2 min at
95°C. The T-RFs were separated by capillary gel electrophoresis and detected by laser fluorescence in an ABI
3130xI DNA capillary sequencer (Applied Biosystems, USA) equipped with 50 cm long capillaries (80 pum inner
diameter) filled with a fluid POP-7 gel matrix (dye set G5). The resulting eT-RFLP profiles were generated
between 50 and 500 bp according to Rossi et al. (35), which have reported lack of precision in sizing for eT-RFs
below 50 bp. The eT-RFLP profiles were aligned using Treeflap

(http://www.sci.monash.edu.au/wsc/staff/walsh/treeflap.xIs) and expressed as relative contributions of OTUs.

For each groundwater sample, which exhibited numerous low abundant populations, the final bacterial
community datasets were constructed as follows: Ruzicka dissimilarities were calculated between replicates of
eT-RFLP profiles with R (38) and the additional package Vegan (39); the profile at the centroid (i.e. displaying
the lowest dissimilarity with its replicates) was selected for each sample to build the final community profiles.
For granular sludge biofilm samples which were characterized by less complex communities, triplicates were

periodically measured and resulted in a mean relative standard coefficient of 6% over the analytical method.
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3.2.4 Cloning and sequencing

Identification of eT-RFs was carried out using a cloning and sequencing method. To construct the clone libraries,
total 16S rRNA gene pool of sample DNA extracts was amplified using the same PCR procedures as described
above, except that the 8f primer was not labeled. The PCR products were purified with the purification kit
Montage® PCR Centrifugal Filter Devices (Millipore, USA), ligated into pGEM®-T Easy Vector (Promega,
USA) and transformed into E.coli XL1-Blue competent cells (Agilent Technologies, USA). The T-RFLP
procedure was then applied on each clone separately in order to screen for T-RFs. In parallel, the 16S rRNA
gene was extracted from the plasmid using a PCR amplification with primers T7 and SP6 (Promega, USA) and
purified as described above. A sequencing reaction was carried out on each purified PCR product in a T3000
Thermocycler (Biometra GmbH, Germany) as follows: 10 pL reaction mixtures contained 2 pL of Terminator
mix V3.1 (Applied Biosystems Inc., USA), 2 uL of 5X BigDye V3.1 Sequencing buffer (Applied Biosystems
Inc., USA), 1.6 pL of primer T7 at 1 uM, 200 ng DNA template and completed with autoclaved and UV-treated
Milli-Q water (Millipore, USA). The sequencing reaction was carried out with the following program: 30 cycles
of 10 s denaturation at 94°C, 5 s of primer annealing at 50°C, and 4 min of elongation at 60°C. The products
were sequenced in an ABI 3130xI DNA capillary sequencer (Applied Biosystems, USA) equipped with 50 cm
long capillaries (80 um inner diameter) and POP 7 electrophoresis matrix (dye set G5, Applied Biosystems Inc.,
USA). Sequences were aligned in BioEdit (40), primers were removed, and sequences were tested for chimeras

using Bellerophon (41).

3.2.5 Pyrosequencing

DNA from selected samples was sent for bacterial tag encoded FLX amplicon pyrosequencing (bTEFAP)
analysis. For all samples, partial amplification of the VV3 region of the 16S rRNA gene was performed with the
same unlabeled 8f and 518r primers as the ones used for T-RFLP analysis. Amplicons were analyzed in two 454
GS-FLX Titanium Genome Sequencing System devices (Roche, Switzerland). A first set of amplicons from
groundwater and granular sludge samples was sent to Research and Testing Laboratory LLC (Lubbock, TX,
USA) for bTEFAP 16S diversity analysis on at least 3’000 pyrosequencing reads following the procedure
published by Sun et al. (15). This method was called in the present chapter the low reads amount method
(LowRA). A second set of amplicons from groundwater samples was analyzed by GATC Biotech AG
(Konstanz, Germany) following an analog procedure but targeting at least 10’000 pyrosequencing reads. This

method was called the high reads amount method (HighRA).

~51 ~



PyroTRF-ID : novel bioinformatics approach for the identification of terminal-restriction fragments

3.2.6 Description of PyroTRF-ID

The PyroTRF-ID software for identification of T-RFs from pyrosequencing datasets was written in python
language and was running on the Vital-IT high performance computing cluster (HPCC) of the Swiss Institute of
Bioinformatics (Switzerland). The flowchart description of PyroTRF-ID is depicted in Figure 1, and software

functionalities are described hereafter. The central procedure of the program is available in Additional file 1.

Input files

Input 454 tag-encoded pyrosequencing datasets are introduced in the program either in raw standard flowgram
(.sff) or as pre-denoised fast-all format (.fasta). Input datasets of eT-RFLP profiles are provided in coma-

separated-values format (.csv).

Denoising

The raw sff files containing the whole pyrosequencing information are first decomposed in sff.txt, fasta and
quality (.qual) files using the Mothur software (24). QIIME scripts for denoising sequences (26) integrated into
the software enable treating the files generated by Mothur. Briefly, the script split_libraries.py is used first to
remove tags and primers. Sequences are then filtered based on two criteria: (i) a sequence length ranging from
the minimum (default value of 300 bp) and maximum 500-bp amplicon length set by the user, and (ii) a Phil’s-
Read-Editor (PHRED) sequencing quality score above 20 according to Ewing and Green (42). Denoising for the
removal of classical 454 pyrosequencing flowgram errors such as homopolymers (23) is carried out with the
script denoise_wrapper.py. Denoised sequences are then processed using the script inflate_denoiser_output.py in
order to generate clusters of similar sequences and to define one representative sequence for each cluster
(centroid) as well as non-clustering sequences (singletons). A new file is created containing singletons and
cluster centroids inflated according to the original cluster size at the species level 97% similarity conventionally
used in the microbial ecology community (43). The denoising process can optionally be disabled by the user if

the dT-RFLP analysis has to be run on raw data.
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Figure 1. Data workflow in the PyroTRF-1D software. Experimental pyrosequencing and
T-RFLP input datasets (black parallelograms), reference input databases (white
parallelograms), data processing (white rectangles), output files (grey sheets).
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Mapping

Mapping of sequences is performed using the Burrows-Wheeler Aligner’s Smith-Waterman Alignment (BWA-
SW) algorithm for long reads above 200 bp (44) against the Greengenes database (45). When required,
additional public reference sequence databases can be installed and selected prior to launching the PyroTRF-ID
software. The Smith-Waterman (SW) score is used as mapping quality criterion. In the determination of the SW
score, nucleotides and gaps are taken into account. The highest SW mapping score that can be obtained for a
read is the length of the read itself. Sequences with Smith-Waterman (SW) mapping scores below 150 (default
value) are removed from the pipeline. The threshold can optionally be modified by the user. Normalized SW
scores to sequence lengths are computed as estimates of percentages of identity in order to allow comparison of
the sequence mapping quality. For datasets of sequences between 300 and 450 bp, the SW threshold at 150
corresponds to a normalized cutoff at 50% and 33% identity. Two files are generated consecutive to mapping.
The first one provides general mapping statistics related to the Sequence Alignment Map converted in Binary
format (SAM/BAM files) for each sample. The second one provides the list of unmapped sequences, which are
removed from the PyroTRF-ID pipeline.

Generation of dT-RFLP profiles

Remaining sequences are digested in silico using selected endonucleases available in the Bio.Restriction
biopython database. In the present study, dT-RFLP profiles were produced by in silico digestion by default with
the Haelll restriction endonuclease to allow comparison with corresponding eT-RFLP profiles generated with
the same restriction endonuclease. dT-RFLP profiles are generated for each sample considering both the size of
the dT-RFs and their relative abundance in the sample. Sequences containing no restriction site for Haelll are
discarded. A raw dT-RFLP profile plot is generated as output file. A second dT-RFLP profile is generated after
removal of T-RFs below 50 bp, in order to allow comparison with eT-RFLP profiles.

Comparison of eT-RFLP and dT-RFLP profiles

The generated dT-RFLP profiles are compared by PyroTRF-ID with the eT-RFLP profiles provided by the user.
eT-RFs can be subject to experimental shifts compared with theoretical values due to intrinsic sequence
characteristics, such as length, composition, G+C nucleotide content and secondary structure (46), as well as
because of the different electrophoretic mobility of the fluorophores used for labeling the internal standard and
the experimental DNA (47). To overcome this discrepancy, the software evaluates the most probable shift
between the dT-RFLP and the eT-RFLP profiles by computing estimates of cross-correlation between both
profiles. A plot showing the results of the cross-correlation is generated in order to help the user assessing the
optimal shift to apply for aligning the dT-RFLP profile to the eT-RFLP profile. By default, PyroTRF-ID shifts

the dT-RFLP profile based on the lag related to the best cross-correlation. However, the user can optionally
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define a specific lag to apply. After shifting the dT-RFLP data, a mirror plot is generated allowing visual
comparison of the dT-RFLP and eT-RFLP profiles.

Assignment of affiliation to dT-RFs

Peak annotation files are generated in Excel format (.xlIs), listing all dT-RFs composing each dT-RFLP profile,
together with their shifted and non-shifted lengths. Closest phylogenetic affiliations are provided together with
the number of reads and their relative contribution to the dT-RF, as well as with the absolute and normalized SW
mapping scores, and the reference code of each sequence. If the user does not provide any eT-RFLP data, the
peak annotation file is directly obtained after dT-RFLP processing without indication of T-RF shift and without
removing dT-RFs below 50 bp.

Screening of restriction enzymes

PyroTRF-ID can be used to test restriction endonucleases on pyrosequencing data for designing eT-RFLP
procedures intended for the description of bacterial communities from a specific environment using a defined set
of primers. To do so, an option allows the user to select single or combinations of enzymes available in the
Bio.Restriction biopython database. Only pyrosequencing data should be fed as input file to PyroTRF-ID, as
only a dT-RFLP profile is generated.

Overall, richness and Shannon’s H’ diversity indices were calculated in a way to quantify the impact of the
pyrosequencing data processing parameters on the resulting dT-RFLP profiles. The aim was to optimize the
cross-correlation between dT-RFLP and the reference eT-RFLP profiles. Overestimated dT-RFLP structures

were characterized by richness and diversity values far from the ones of eT-RFLP profiles.

Testing and applications of PyroTRF-ID

After initial tests with eighteen pyrosequencing datasets originating from groundwater, flocculent activated
sludge and aerobic granular sludge biofilm samples, the impacts of the data processing steps were assessed along
the PyroTRF-ID pipeline with the groundwater sample GRWO01, the flocculent sludge sample FLSO1 and the
aerobic granular sludge sample AGSO0l. Three different combinations of algorithms were tested for the
processing of sequences (Table 1), and their respective impact on the final dT-RFLP profiles was compared. The
optimal standard PyroTRF-1D procedure was validated based on this assessment.

The optimal procedure was then applied for the comparison of PyroTRF-ID results obtained from groundwater
and wastewater environments. Finally, restriction endonucleases commonly used in T-RFLP analyses of
bacterial communities from similar environments as the ones studied here were selected for comparison of
profiling resolutions. dT-RFLP profiles were generated with the endonucleases Alul (5’-AG"CT-3"), Hhal (5°-
GCG"C-3%), Mspl (5’-CrCGG-3’), Rsal (5°-GTMAC-3%), Taqgl (5’-TACGA-3"), and Haelll. Visual observation,
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richness and diversity indices as well as density plots were used to analyze the distributions of T-RFs obtained

with the different restriction enzymes.

Table 1. — Combinations of algorithms for the processing of pyrosequencing data for construction of dT-RFLP
profiles tested in PyroTRF-ID

Pyrosequencing Processing algorithms

data processing PHRED-filtering  Denoising Filtering by Restriction of Restriction of

procedure of sequences SW mapping sequences® reference
score sequences”

1) standard dT-RFLP® Yes (20) Yes Yes (150)° Yes No

2) filtered dT-RFLP? Yes (20) No Yes (150) Yes No

3) raw dT-RFLP® Yes (20) No No (0)" Yes No

 The processed sequences are digested in silico with the restriction enzyme.

® The sequences from the reference database mapping with the sequences are digested in silico with the restriction enzyme.

¢ The first combination with denoising was defined as the standard PyroTRF-1D procedure.

¢ In the second combination, only a filtering method at the mapping stage was considered.

¢ In the third combination, raw datasets of sequences obtained after PHRED-filtering of the pyrosequencer outputs were digested
without post-processing.

f PHRED score = -10 10g Perror With Pegor = 10°7REP0 a5 the probability that a base was called incorrectly. For all trials, the raw
pyrosequencing datasets directly obtained from the pyrosequencer were systematically filtered after the pyrosequencing PHRED
quality score. Only sequences with a related PHRED score higher than 20 were conserved. This corresponds to a Pey,, 0f 1/100.

9 A SW mapping score of 150 was set as cutoff. In the case when sequences were preliminarily denoised, it was nevertheless observed
that no denoised sequence was rejected at the mapping stage.

" Processing without filtering by the SW mapping score was done by setting a cutoff of 0.

3.3 Results

3.3.1 PyroTRF-ID software and performance

The PyroTRF-ID software was successfully encoded on the Vital-IT HPCC of the Swiss Institute for
Bioinformatics. PyroTRF-1D was efficient for high-throughput denoising, mapping and digital T-RFLP profiling
of pyrosequencing datasets. After the denoising step which can last between 1 and 15 h depending on the size of
the dataset, 20 min were required by PyroTRF-ID to process at least 20 pyrosequencing datasets of 6’000 to
35’000 reads of 500 bp in parallel.
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3.3.2 Pyrosequencing quality assurance and read length limitation

The principal quality outputs given by PyroTRF-ID are presented in Figure 2 for the two low reads amount
(LowRA) and high reads amount (HighRA) pyrosequencing methods used in this study. 6’380 and 32’480 reads
were obtained on average per method, respectively. The sequences were related to PHRED score above the
quality criterion of 20 for lengths up to at least 400 bp (Figure 2a). For sequence length above 450 bp, the quality
score decreased drastically below 20, and the related sequences were discarded. For the LowRA and HighRA
methods, the median number of reads (800 and 2°750) was related to a PHRED score of 30 and 35, respectively
(Figure 2b). With both methods, more than 99% of reads were related to a PHRED score above 20. Figure 2c
was useful to set a sequence length cutoff for the following processing steps. Only sequences longer than 300 bp
were conserved for further analysis in order to produce dT-RFLP profiles that were based on similar DNA
fragments as the eT-RFLP profiles. For instance, the massive pyrosequencing datasets obtained with the HighRA
method were predominantly composed of short reads below 300 bp (69% of a total of 24’810 reads in this
example), and therefore these reads were discarded. After discarding this fraction, a large amount of high quality
sequences was still available for PyroTRF-ID analysis (7°641 reads, 31%), and was even larger than the number
of high quality sequences remaining with the LowRA method (2°804 reads, 46%).

3.3.3 Denoising

Denoising was performed in order to correct for classical 454 analytical errors and chimeras with the following
cutoff values: a 20 minimum PHRED quality score, a 300-bp minimum sequence length, and a 500-bp maximum
sequence length corresponding to theoretical amplicons of ca. 500 bp (E. coli standard) produced by PCR. The
denoising process generated a subset of representative sequences with at least 3% dissimilarity amounting to
17+1% and 43+9% of the number of reads present in the raw datasets obtained with the HighRA and LowRA
methods, respectively. The figures presented in Additional file 2 were generated in order to determine if the
minimum sequence length cutoff set of could have impacted on bacterial community profiles. Discarding
sequences shorter than 300 bp did not lead to a reduced amount of detected species. Bacterial community
profiles generated without and with minimum sequence length cutoff were exhibiting determination coefficients
R? between 0.80 and 0.99 depending on the sample type and on the reference mapping database used. A reduced
amount of bacterial relatives were significantly affected by the sequence length cutoff. For instance, the highest
difference in relative abundances (18%) exhibited by the genus Geobacter was related to a high proportion of
short reads below 200 bp in the dataset GRWO01.
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Figure 2. Quality plots generated for samples pyrosequenced with the LowRA (>3°000 expected reads) and
HighRA methods (>10°000 expected reads). Sequence quality PHRED scores over all bases (A): PHRED scores
are defined as the logarithm of the base-calling error probability Py = 107772 and PHRED = -10 10g Peror.
Box plots represent the distribution of reads quality at each sequence length. The black curve represents the
mean sequence quality in function of the sequence length. Distribution of the mean sequence quality PHRED
score over the pyrosequencing reads (B). Distribution of sequence lengths over all pyrosequencing reads (C).
Only sequences between 300 and 500 bp were kept for digital T-RFLP analysis.
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3.3.4 Mapping

The mapping process was the time-limiting step in the PyroTRF-ID pipeline. Twenty minutes were required for
mapping the largest datasets against the Greengenes database. After PHRED-filtering, the remaining raw
sequences had maximum lengths around 400-450 bp. Maximal SW mapping scores therefore amounted to
around 400-450. Normalized SW-scores to the read lengths were comprised between 0.63 and 1.00 for

predominant affiliations (Tables 2 and 3).

3.3.5 Digital T-RFLP

dT-RFLP profiles were successfully generated by PyroTRF-ID from extensive pyrosequencing datasets. Figure 3
presents full standard dT-RFLP fingerprints over 500 bp obtained with PyroTRF-ID from denoised bacterial
pyrosequencing datasets representing the bacterial community structures present in contaminated groundwater
(GRWO01), in flocculent activated sludge (FLS01) and in aerobic granular sludge (AGS01). Results are shown
for in silico enzymatic restriction with Haelll and Mspl endonucleases. Considering the number of peaks present
in the fingerprints, the dT-RFLP profile of the acetate-fed granular sludge community exhibited lower
complexity than the ones obtained with groundwater and flocculent activated sludge. With Haelll, 70£19 and
59111 T-RFs were present in the dT-RFLP profiles of groundwater samples GRW01-GRWO06 (HighRA method)
and GRWO07-GRW10 (LowRA method), 78 in the dT-RFLP profile of flocculent activated sludge (FLS01), and
4246 in the dT-RFLP profile of granular sludge (AGS01-AGSQ7), respectively. For all samples, only a reduced
amount of dT-RFs above 400 bp was obtained because of the low pyrosequencing quality at sequence lengths

between 400-500 bp. In silico restriction with the Mspl endonuclease resulted in more dispersed profiles.
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Table 2. Phylogenetic annotation of identified T-RFs

eTRF* dTRF* dTRF Counts® Relative Phylogenetic Reference  Reference SW Normalized
shifted® contribution  affiliation® OTUf accession mapping SW
to T-RF¢ number scored mapping
score”
(bp)  (bp)  (bp) (@) (%) () (@)
Aerobic granular sludge biofilms from wastewater treatment reactors
na. 39 34 550 70.6 F: Xanthomonadaceae 4015 GQ396926 386 0.960
(276) (35.0) (G: Thermomonas) (4045) (EU834762) (452) (0.983)
(128) (16.0) (G: Pseudoxanthomonas)  (4035) (EU834761) (385) (0.955)
112 14.3 O: Flavobacteriales 1151 AY468464 434 1.000
46 5.9 F: Rhodobacteraceae 2718 AY212706 448 1.000
37 4.8 S: Rhodocyclus tenuis 3160 AB200295 363 0.917
18 2.3 O: Sphingobacteriales 1229 GU454872 394 0.990
5 0.6 C: Gammaproteobacteria 3370 AY098896 403 0.906
4 0.5 O: Rhizobiales 2549 EU429497 360 0.981
4 0.5 O: Myxococcales 3246 DQ228369 302 0.765
1 0.1 O: Bacteroidales 991 EU104248 180 0.636
194 198 193 10 90.9 G: Acidovorax 3011 AJ864847 384 1.000
1 9.1 F: Xanthomonadaceae 4035 EF027004 303 0.819
214 219 214 769 99.6 S: Rhodocyclus tenuis 3160 AB200295 371 0.949
1 0.1 G: Methyloversatilis 3158 DQO066958 368 0.958
1 0.1 G: Dechloromonas 3156 DQ413103 321 0.988
1 0.1 G: Nitrosomonas 3136 EU937892 278 0.753
220 225 220 50 92.6 O: Rhizobiales 2580 NR025302 448 1.000
(31) (57.0) (G: Aminobacter)
2 3.7 S: Rhodocyclus tenuis 3160 AB200295 206 0.703
1 1.9 F: Hyphomonadaceae 2656 AF236001 229 0.636
1 1.9 P: Firmicutes 2235 DQ413080 284 1.000
216 221 216 10 345 S: Rhodocyclus tenuis 3160 AF502230 296 0.773
8 27.6 G: Nitrosomonas 3136 GU183579 364 0.948
6 20.7 C: Anaerolineae 1317 EU104216 202 0.598
3 10.3 G: Methyloversatilis 3158 CU922545 360 0.909
1 34 G: Aminobacter 2580 L20802 281 0.829
1 3.4 G: Dechloromonas 3156 DQ413103 273 0.898
223 228 223 44 72.1 F: Intrasporangiaceae 418 AF255629 373 0.961
(G: Tetrasphaera)
15 24.6 F: Hyphomonadaceae 2656 AF236001 298 0.674
1 1.6 F: Microbacteriaceae 441 GQ009478 228 0.544
1 1.6 O: Acidimicrobiales 268 GQO009478 153 0.447
239 243 238 275 98.9 C: Gammaproteobacteria 3370 EU529737 446 0.982
2 0.7 G: Leptospira 4092 AB476706 350 0.926
1 0.4 P: Armatimonadetes 975 EU332819 275 0.846
249 253 249 9 100.0 S: Rhodocyclus tenuis 3160 AB200295 228 0.752
255 258 253 7 100.0 O: Sphingobacteriales 1171 FJ793188 355 0.989
260 263 258 16 94.1 G: Nitrospira 2360 GQ487996 389 0.982
1 5.9 O: Sphingobacteriales 1171 FJ536916 251 0.640
260 264 259 38 97.4 O: Sphingobacteriales 1170 EU104185 267 0.706
1 2.6 G: Nitrospira 2360 GQ487996 319 0.788
297 302 297 26 100.0 G: Herpetosiphon 1359 NCO009972 339 0.867
307 311 306 38 97.4 P: Armatimonadetes 975 CuU921283 218 0.472
1 2.6 O: Sphingobacteriales 1171 EU104210 196 0.525
321 323 318 17 100.0 G: Cytophaga 1208 EU104191 367 0.968
393 397 392 33 100.0 G: Bdellovibrio 3173 CuU466777 262 0.663
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Table 2 — Continued

eTRF* dTRF® dTRF Counts® Relative Phylogeny® Reference Reference  SW Normalized
shifted® contribution OTUf accession  mapping SW
to T-RF number score? mapping
score”
(bp)  (bp)  (bp) (@) (%) (@) ()
Groundwater samples from chloroethene-contaminated aquifers
63 69 64 93 85.3 F: Methylococcaceae 3686 AB354618 432 0.915
14 12.8 F: Crenotrichaceae 3681 GU454947 290 0.816
1 0.9 F: Ectothiorhodospiraceae 3510 AM902494 168 0.542
1 0.9 P: OP3 2388 GQ356152 187 0.488
165 168 163 143 100.0 G: Dehalococcoides 1368 EF059529 448 0.953
190 193 191 12 54.6 F: Desulfobulbaceae 3177 AJ389624 379 0.945
4 13.6 F: Sphingomonadaceae 2880 AY785128 263 0.555
2 9.1 F: Erythrobacteraceae 2872 DQ811848 343 0.771
2 9.1 C: Alphaproteobacteria 2451 AY921822 337 0.926
1 4.6 F: Rhodospirillaceae 2793 AY625147 294 0.679
1 4.6 F: Rhodobiaceae 2641 AB374390 328 0.877
198 201 196 140 98.6 G: Desulfovibrio 3215 FJ810587 473 1.000
2 14 F: Comamonadaceae 3039 FN428768 311 0.814
210 214 209 233 98.3 F: Dehalococcoidaceae 1367 EU679418 262 0.665
2 0.8 O: Burkhorderiales 3009 AM777991 367 0.927
1 0.4 F: Spirochaetaceae 4130 EU073764 295 0.848
1 0.4 P: TM7 4379 DQ404736 277 0.723
216 221 216 1010 90.9 F: Gallionellaceae 3080 EU802012 353 0.869
94 8.5 G: Rhodoferax 3050 DQ628925 369 0.920
3 0.3 G: Methylotenera 3093 AY212692 291 0.744
1 0.1 G: Methyloversatilis 3158 GQ340363 296 0.765
1 0.1 F: Clostridiaceae 2005 AJ863357 338 0.833
1 0.1 C: Anaerolineae 1315 AB179693 229 0.511
1 0.1 C: Actinobacteria 949 EU644115 372 0.907
243 247 243 389 99.7 F: Dehalococcoidaceae 1367 EU679418 255 0.631
1 0.3 F: Anaerolinaceae 1321 AB447642 253 0.806

& Experimental (eT-RF) and digital T-RFs (dT-RF).
® Digital T-RF obtained after having shifted the digital dataset with the most probable average cross-correlation lag.
¢ Number of reads of the target phylotype that contribute to the T-RF.
Y Diverse bacterial affiliates can contribute to the same T-RF.

¢ Phylogenetic affiliation of the T-RF (K: kingdom, P: phylum, C: class, O: order, F: family, G: genus, S: species). Only the last identified

phylogenetic branch is presented here.

T Reference operational taxonomic unit (OTU) from the Greengenes public database related with the best SW mapping score. In the

Greengenes taxonomy, OTU refer to terminal levels at which sequences are classified.

9 Best SW mapping score obtained. SW scores consider nucleotide positions and gaps. The highest SW mapping score that can be
obtained for a read is the length of the read itself.

" SW mapping score normalized by the read length, as an estimation of the percentage of identity.

" After having observed the presence of the dT-RF 34 bp, we returned to the raw eT-RFLP data and found an important eT-RF at 32 bp.
However, Rossi et al. (35) considered that T-RFs below 50 bp are inconsistent and lacks of precision in sizing. This peak was therefore
primarily not taken into account in the original eT-RFLP profiles.
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Table 3. T-RF diversity for single phylogenetic descriptions

Phylogenetic? dTRF dTRF Counts® Relative Reference Reference  SW Normalized
affiliation shifted® contribution  OTU® accession mapping SW
to T-RF¢ number score’ mapping
score?

(bp)  (bp) () (%) (@) (@)

Flocculent and aerobic granular sludge samples from wastewater treatment systems

G: Rhodocyclus tenuis 39 34 37 4.8 3160 AB200295 363 0.917
199 194 1 25.0 3160 AB200295 248 0.648
205 200 3 100.0 3160 AF204247 314 0.858
210 205 1 100.0 3160 AF204247 211 0.699
218 213 11 91.7 3160 AB200295 356 0.942
219 214 769 99.6 3160 AB200295 371 0.949
220 215 6 375 3160 AF502230 318 0.817
221 216 1 7.7 3160 AF502230 276 0.865
225 220 2 3.7 3160 AB200295 206 0.703
252 247 3 100.0 3160 AB200295 305 0.762
253 248 9 100.0 3160 AB200295 228 0.752
257 252 1 20.0 3160 AF502230 241 0.660

Groundwater samples from aquifers contaminated with chloroethenes

G: Dehalococcoides 166 161 1 100.0 1368 EF059529 290 0.775
168 163 143 100.0 1368 EF059529 241 0.717
169 164 2 100.0 1368 EF059529 331 0.768
170 165 2 100.0 1368 EF059529 241 0.693
171 166 1 50.0 1368 EF059529 303 0.783
173 168 1 100.0 1368 EF059529 241 0.717
176 171 1 100.0 1369 DQ833317 211 0.687
179 174 1 100.0 1369 DQ833317 193 0.629
188 183 4 66.7 1369 DQ833340 464 0.947

& Phylogenetic affiliation of the T-RF (K: kingdom, P: phylum, C: class, O: order, F: family, G: genus, S: species). Only the last
identified phylogenetic branch is presented here.

b Digital T-RF obtained after having shifted the digital dataset with the most probable average cross-correlation lag.

¢ Number of reads of the target phylotype that contribute to the T-RF.

Y Diverse bacterial affiliates can contribute to the same T-RF.

¢ Reference OTU from the Greengenes public database obtained after mapping.

fBest SW mapping score obtained.

9 SW mapping score normalized by the read length.
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Figure 3. Examples of full digital T-RFLP profiles obtained with the restriction enzymes
Haelll and Mspl for contaminated groundwater (GRWO1), flocculent activated sludge
(FLSO01) and aerobic granular sludge (AGSO01) samples.
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3.3.6  Mirror plots and cross-correlations between digital and experimental T-
RFLP profiles

Figure 4 presents one example of a mirror plot generated by PyroTRF-ID computed with raw and denoised
pyrosequencing datasets obtained for a complex groundwater bacterial community (GRWO1). Further examples
of mirror plots are available in Additional file 3 for the different sample types. dT-RFLP profiles generated from
raw pyrosequencing datasets were highly affected by the background noise generated by the 454 pyrosequencing
analysis (Figure 4a). The digital profiles were affected by Gaussian dispersions of neighbor peaks around the
most dominant T-RFs, and exhibiting identical bacterial affiliations (data not shown). Denoised dT-RFLP
profiles displayed enhanced relative abundances of dominant peaks and had a higher cross-correlation with eT-
RFLP profiles (Figure 4b). From selection of representative sequences for clusters of at least 97% similar reads,
all neighbor peaks were thus integrated in the dominant centroid T-RFs. For sample GRWO0L1, the cross-
correlation between dT-RFLP and eT-RFLP profiles increased from 0.43 to 0.62 considering raw or denoised
pyrosequencing data, respectively.

The dT-RFLP profiles exhibited an average shift of 4 to 6 bp compared to eT-RFLP profiles. From in silico
restriction of a set of 150 clones from an internal cloning-sequencing databank using the TRiFLe software (48),
we confirmed that in silico T-RFs were on average 4+1 bp (min 3 bp — max 6 bp) longer than the experimental
ones (data not shown). After matching at optimal lag (Additional file 4) maximum cross-correlation coefficients
between denoised dT-RFLP and eT-RFLP profiles ranged from 0.55+0.14 and 0.67+0.05 for the groundwater
samples (HighRA and LowRA method, respectively) to 0.82+0.10 for the flocculent and granular sludge
samples (LowRA method).

3.3.7 Impact of sequence processing steps, pyrosequencing methods, and sample

types

Richness and diversity indices were used to express the impacts of data processing steps, pyrosequencing
methods and sample types on the final dT-RFLP profiles (Figure 5). Improved matching with reference eT-
RFLP profiles occurred when the richness and diversity equivalents of dT-RFLP profiles approached the

characteristics of eT-RFLP profiles.
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Figure 4. Mirror plot displaying the cross-correlation between digital and experimental T-RFLP profiles.
This mirror plot was generated for a complex bacterial community of a groundwater environment
contaminated with chloroethenes (GRWO01). Comparison of mirror plots constructed with raw (A) and
denoised sequences (B). Relative abundances are displayed up to 5% absolute values. For those T-RFs
exceeding these limits, the actual relative abundance is displayed beside the peak.
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The noisy raw dT-RFLP profiles were composed of 2.4 to 7.4 times more T-RFs than the eT-RFLP profiles, and
exhibited on average 1.3 times higher diversity equivalents, depending on the pyrosequencing method and on the
sample type. Filtering the reads with a SW mapping score cutoff of 150 did not significantly help reducing the
noise in the dT-RFLP profiles. The richness and diversity equivalents were only reduced by a factor of 1.1.
Denoising was successful for suppressing the background noise, and for optimizing the cross-correlation
between dT-RFLP and eT-RFLP profiles. In comparison to raw profiles, denoising resulted in an improvement
of richness and diversity equivalents by factors of 1.3 to 2.6 and 1.5, respectively.

The dT-RFLP profiles of the groundwater samples GRWO01-GRWO06 which were sequenced with the HighRA
method were composed of 4 to 7.4 times more T-RFs than their eT-RFLP correspondents. For the second set of
groundwater samples GRW07-GRW10 sequenced with the LowRA method, the ratios of dT-RFs to eT-RFs
were between 2.4 and 5.2. After denoising, both sets of groundwater-related dT-RFLP profiles exhibited similar
richness, and similar richness ratios with eT-RFLP data.

In addition, eT-RFLP profiles of the complex groundwater and flocculent activated sludge bacterial communities
displayed 1.6 and 1.3 times higher richness and diversity than the acetate-fed granular sludge communities. The
denoised dT-RFLP profiles were around two times richer and more diverse for the high-complexity samples
(factors of 1.9 and 1.8, respectively). After denoising, the ratios of richness and of diversity between dT-RFLP
and eT-RFLP profiles were close for all types of high-complexity (2.5+0.6 and 1.0+0.3, respectively) and low-
complexity samples (2.1+0.5 and 0.8+0.2, respectively).
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Figure 5. Comparison of the richness in number of T-RFs (A) and of the Shannon’s H’ diversity
index (B) obtained for fingerprints related to groundwater samples pyrosequenced with the
HighRA (GRWO01-GRWO06) and LowRA methods (GRW07-GRW10), to flocculent activated
sludge (FLSO01) and to aerobic granular sludge samples (AGS01-AGS07) pyrosequenced with the
LowRA method.

3.3.8 Peak annotation and phylogenetic affiliation of T-RFs

Peak annotation provided comprehensive information for each T-RF, as exemplified by Table 2. Depending on
the sample type, between 45 and 60% of all dT-RFs contained in dT-RFLP profiles were affiliated each with a
single bacterial population (Figure 6). The other dT-RFs were composed of several contributing phylotypes.
However in such cases one phylotype was displaying clear predominance between 50 and 99% of all phylotypes
contributing to the T-RF. For some T-RFs no clear dominant phylotype emerged (e.g. eT-RF 216 in granular
sludge samples, Table 2) and different reference sequences sometimes affiliated to several T-RFs (Table 3). For
instance, in samples of aerobic granular sludge performing dephosphatation such as AGS01, six different dT-
RFs (34, 194, 213, 214, 220, 247 bp) were affiliated to the same reference sequence of Rhodocyclus tenuis
(accession number AB200295), with T-RF 214 being predominant with 769 affiliated pyrosequencing reads. The

Dehalococcoides sp. affiliation in the chloroethene-contaminated groundwater sample GRWO05 was related to
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eight different T-RFs, with T-RF 163 being clearly dominant (143 affiliated reads). To elucidate the reasons of
this phenomenon, the reads mapping with the same reference and resulting in different T-RF sizes were retrieved
from the pyrosequencing database and aligned in ClustalX (Additional file 5). The analysis showed that the
discrepancies observed in the T-RF sizes were due to insertions or deletions of nucleotides before the restriction

site.
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Figure 6. Amount of bacterial affiliations contributing to T-RFs. Number of T-RFs (A) and
percentage of all T-RFs (B) composed of one to several bacterial contributions. Groundwater
sample GRWOL1 (black bars), flocculent activated sludge sample FLS01 (gray bars) and aerobic
granular sludge sample AGS01 (white bars).
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3.3.9 Screening of restriction enzymes

Over the six endonucleases tested, the average richness of the groundwater dT-RFLP profiles (129 dT-RFs) was
on average 1.2- and 2.1-times higher than the richness of flocculent (104 dT-RFs) and granular (61 dT-RFs)
sludge dT-RFLP profiles, respectively (Figure 7). The decrease in richness from groundwater to flocculent and
granular sludge samples was independent of the endonuclease (Figures 7 and 8).

Haelll provided dT-RFLP profiles with the highest richness from the tested groundwater sample. dT-RFLP
profiles exhibiting highest diversities were obtained with Mspl. The results of the dT-RFLP profiles constructed
with the different enzymes diverged between the flocculent and granular sludges. For the flocculent sludge, the
highest richness was obtained with Alul and the highest diversity with Haelll. In contrast, the highest richness in
granular sludge was obtained with Haelll and the highest diversity with Rsal. For all sample types, Tagl
provided both the lowest richness and diversity.

According to the density plots presented in Figure 8, each restriction enzyme generated characteristic dT-RFLP
features independent of the sample type. With Haelll, dT-RFs were stacked between 200 and 300 bp. Digestion
with Mspl resulted in more homogeneous distributions of dT-RFs than Haelll up to ca. 300 bp as reflected by
the linear tendency of the curve of cumulated numbers of dT-RFs (Figures 3 and 8). The second half of the
profile did not contain numerous dT-RFs, and the cumulative curve thus became flat. This was also the case for
the other restriction nucleases, except Hhal. The curve of the cumulative numbers of dT-RFs obtained with this
endonuclease increased step-wise. Rsal provided a homogeneous distribution of dT-RFs for the groundwater
sample (Figure 8a). The cumulated curve was almost linear, indicating that the dT-RFs appeared at regular
intervals. However, the profile obtained with this enzyme displayed a lower diversity than Haelll, Alul, Mspl,
and Hhal.
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Figure 7. Richness and diversity indices of dT-RFLP

A, profiles generated with different restriction enzymes.
el Graphs showing the richness in number of T-RFs (A) and
— Shannon’s H’ diversity index (B) calculated on digital T-
:22.‘ RFLP profiles obtained with the standard PyroTRF-ID
Tagql

procedure involving denoising, for groundwater (GRW01),
flocculent activated sludge (FLSO1) and aerobic granular
sludge (AGS01) with different restriction endonucleases
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Figure 8. Density plots displaying the repartition of T-RFs along the 0-500 bp domain obtained with
different endonucleases. The effect of the different restriction endonucleases Haelll, Alul, Mspl, Hhal,
Rsal and Taql was tested on pyrosequencing datasets from groundwater sample GRWO1 (A), flocculent
activated sludge sample FLSO1 (B) and aerobic granular sludge sample AGS01 (C). Histograms
represent the number of T-RFs produced per class of 50 bp (to read on the left y-axes). Thick black lines
represent the cumulated number of T-RFs over the 500-bp fingerprints (to read on the right y-axes).
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3.4 Discussion

The PyroTRF-1D software was developed as a high-througput bioinformatics procedure for the anticipation of T-
RFLP profiles from microbiome pyrosequencing datasets and for the identification of eT-RFs. It combines the
high resolution power of pyrosequencing and the convenience of T-RFLP for routine analysis. This chapter
aimed at describing the development, optimization, performance and applicability of PyroTRF-ID for the

analysis of microbial communities from various low- to high-complexity environments.

3.4.1 Setup of the standard PyroTRF-ID procedure

454 pyrosequencing errors, such as inaccurate resolving of homopolymers and single base insertions (49) can
lead to overestimates of the diversity (50, 51). These errors were expected to impact the quality of the dT-RFLP
profiles generated from the pyrosequencing datasets, leading to erroneous interpretation. Quality filters were
therefore included into the PyroTRF-ID software. The PHRED quality score threshold of 20 was used for
preliminary removal of low quality sequences, but had only limited impact on the noise present in the datasets by
removing only less than 1% of the reads. Two additional procedures were implemented to remove the remaining
noise. First, a SW-cutoff arbitrarily set at 150 was introduced to remove sequences with a low SW mapping
score. This filtering only slightly reduced both richness and diversity of the dT-RFLP profiles. Furthermore,
filtering the reads using the mapping score implies that the researcher assumes that sequences with a low
mapping score are likely to be of poor quality (49, 52). This approach does not specifically remove reads based
on their intrinsic quality, but rather on similarities with existing sequences from the database, hence reducing the
complexity of the studied bacterial community to what is already known. As exemplified by Additional file 2,
the reference mapping database can in addition have an impact on the final identification of T-RFs. Between 35
and 45% of the reads were unassigned during mapping in MG-RAST with the Greengenes database, while only
3-5% were unassigned with RDP with identical mapping criteria. This aspect stresses the need of standardized
databases and microbiome dataset processing approaches within the microbial ecology discipline.

Since the proposed method intended to preserve the complexity of the bacterial community, we opted for a
denoising approach based on the analysis of rank-abundance distributions (43), and implemented QIIME
denoising libraries into PyroTRF-ID. As expected, denoising helped to strongly reduce the overestimated
number of pyrosequencing reads, to filter virtual T-RFs out of the dT-RFLP profiles, and to generate dT-RFLP
profiles approaching the structure of eT-RFLP profiles. The observation that for some samples the denoised dT-
RFLP profiles exhibited higher richness equivalents but lower diversity than the eT-RFLP profiles is explained
by the integration of both richness and evenness — i.e. distribution of abundances among T-RFs (53) — indicators
in the Shannon’s H’ diversity index. The observed feature indicated that these dT-RFLP profiles contained more
T-RFs (high richness equivalents) but with only few highly abundant ones and the others in very low proportion

(low evenness). Even though the denoising process modified the original pyrosequencing dataset, in that only
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centroids of each cluster of sequences were selected and reproduced artificially, this resulted in improved cross-
correlations between denoised dT-RFLP and eT-RFLP profiles, reaching correlation coefficients of up to 0.91
for granular sludge samples.

The impacts of the data processing steps were different for the samples sequenced with the HighRA (>10°000
reads) or LowRA (>3°000 reads) methods. A total of 55+7% of the dT-RFs were removed on average with the
standard procedure applied on the larger pyrosequencing datasets, whereas 37+7% were removed from the
smaller ones. This difference was related to the size of the initial pyrosequencing datasets, and to the proportion
of small-size reads, which were more abundant in HighRA datasets. However, the pyrosequencing method and
the initial amount of reads did favorably not impact the final standard PyroTRF-ID output. Similar ratios
between dT-RFLP and eT-RFLP profile characteristics were obtained with the HighRA and LowRA methods.
Only the level of complexity of the studied ecosystems, the natural variations in the bacterial communities in the
sampled environments and the common intrinsic variations in pyrosequencing methods could have explained the
differences in richness among samples.

From the six endonucleases tested, Haelll, Alul and Mspl were good candidates for the generation of rich and
diverse dT-RFLP profiles for all types of low- and high-complexity environments. In comparison to previous
studies involving in silico restriction of artificial microbial communities synthesized with selected reference
sequences from public or cloning-sequencing databases (31, 30, 32), PyroTRF-ID has the advantage to work on
full pyrosequencing datasets. The optimization of the T-RFLP fingerprints can therefore be performed by
integrating the whole microbial complexity of the studied environments. An additional module analog to REPK
(30) is planned to be implemented in a further version of PyroTRF-ID for fast determination of optimal

restriction enzymes and combinations.

3.4.2 Aspects of the PyroTRF-ID standard procedure

Over all samples, it was possible to affiliate 63+18% of all eT-RFs with corresponding dT-RFs. The
phylogenetic affiliation of T-RFs with PyroTRF-ID was based on the correspondence of eT-RFLP and dT-RFLP
profiles which was achieved by calculating cross-correlation coefficients for different shifts and by choosing the
shift with highest coefficient. For the samples investigated, the cross-correlation between these profiles
amounted on average between 0.60+0.13 for complex groundwater bacterial communities and 0.82+0.10 for
low-complexity granular sludge communities. Maximum cross-correlation of 0.91 was obtained for some
flocculent and granular sludge samples. These values attest the high level of correspondence between T-RFLP
profiles aligned with PyroTRF-ID. Discrepancies between the size of dT-RFs and eT-RFs have previously been
described by different authors. In a review, Kitts (54) has reported that the predicted T-RFs using sequence
databases were regularly 0-7 bp longer than eT-RFs. Junier et al. (48) have obtained predicted T-RFs 1-6%

longer than the measured T-RFs. In the present study, similar shifts were observed between in silico and
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experimental digestion of a set of 150 clones from a clone library. Average lags of 4-6 bp between the dT-RFLP
and the eT-RFLP profiles were determined for all samples.

To overcome the bias induced by the shift, we introduced the calculation of a cross-correlation between dT-
RFLP and eT-RFLP profiles. The entire dT-RFLP profiles were shifted by the number of base pairs enabling
optimal alignment of both profiles. Nevertheless, such discrepancy is not constant across the dT-RFs since it
positively correlates with the true T-RF length, negatively correlates with the purine content of T-RFs, and
depends on the secondary structure of each T-RF as well as on the dye label (54, 46, 47). Thus, mirror plots
sometimes displayed major T-RFs that were not perfectly aligned. Often, a 1-bp difference was observed
between the eT-RFs and dT-RFs. It was therefore crucial for the user to analyze the mirror plots prior to
assigning phylotypes to eT-RFs. The approach adopted here consisted in selecting T-RFs to identify prior to
checking their alignment with dT-RFs. User interpretation can introduce a subjective step in the phylogenetic
assignment process, especially when analyzing a large number of peaks and samples (54). The most precise way
to overcome manual inspection could consist in computing a lag for each single dT-RF in function of its
sequence composition and theoretical secondary structure following the regression function described by
Bukovska et al. (46). However, the standard deviation associated with this method is still higher than 1 bp, which
was the most often encountered discrepancy in the mirror plots, and shifting each single dT-RF based on this
function was therefore not expected to improve the alignment accuracy. According to Kitts (54), final manual
processing of T-RFLP profiles can remain the only way to resolve T-RF alignment problems.

Correspondence between dT-RFs and eT-RFs was relatively obvious for T-RFs which were abundant in both
profiles but less obvious for low abundance T-RFs. dT-RFLP profiles contained humerous low abundance peaks
which were absent in eT-RFLP profiles. Conversely, eT-RFs were sometimes lacking a corresponding dT-RF.
This mainly occurred in profiles generated using pyrosequencing datasets with an initially low amount of reads
exceeding 400 bp, and arose from the decreasing probability of finding a restriction site in the final portion of the
sequences while the number of long reads decreased. For eT-RFs near 500 bp, incomplete enzymatic restriction
could explain that undigested amplicons were detected in the electrophoresis run (55, 56). These features
however do not explain all missing dT-RFs, which sometimes occurred in the initial portion of the T-RFLP
profile. Egert and Friedrich (57) have attributed the presence of ‘pseudo T-RFs’ to undigested single stranded
DNA amplicons. They have demonstrated that cleaving amplicons with single-strand-specific mung bean
nuclease was enabling getting rid of all pseudo T-RFs.

The majority of dT-RFs were affiliated to several phylotypes, revealing the phylogenetic complexity underlying
each T-RF, which was in agreement with Kitts (54). PyroTRF-ID enabled assessing the relative contributions of
each phylotype, and determining the most abundant ones. In most cases, one phylotype displayed clearly the
highest number of reads for one dT-RF. However, for some dT-RFs several phylotypes contributed almost
equally to the total number of reads. Although problematic while aiming at identifying T-RFs, this information is

of primary importance if PyroTRF-ID is intended to be used for designing the most adapted T-RFLP procedure
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for the study of a particular bacterial community. The resolution between T-RF identities could potentially be
improved with other restriction endonucleases, or optimally with a multiple enzyme restriction (54, 58). This
would lead to improved identification of T-RFs and routine eT-RFLP analysis of spatial and temporal shifts of

target microbial populations.

3.5 Conclusion

This study resulted in the successful development of the PyroTRF-1D software for high-throughput generation of
digital T-RFLP profiles from pyrosequencing datasets and for identification of microbial contributions to eT-
RFs. To the best of our knowledge, it is the first time that eT-RFs were massively affiliated to sequences
obtained from the same samples. In addition, the following can be concluded:

e The combination of pyrosequencing and eT-RFLP data directly obtained from the same samples was a
powerful characteristic of PyroTRF-ID, enabling generation of dT-RFLP profiles that integrate the whole
complexity of microbiomes of interest.

e The type of 454 pyrosequencing method and the amount of expected sequences did not impact on the final
results of the PyroTRF-ID procedure.

o Denoising was a crucial step in the 454 pyrosequencing dataset processing pipeline in order to generate
representative digital fingerprints.

e PyroTRF-ID could be applied to the screening of restriction enzymes for the optimization of favorably
distributed eT-RFLP profiles by considering the whole underlying microbial communities. Haelll, Mspl and
Alul were good candidates for T-RFLP profiling with high richness and diversity indices.

e PyroTRF-ID was validated with different samples from low- and high-complexity environments, and could
therefore be implemented in a broad spectrum of environmental to medical applications with optimized

laboratory and computational costs.
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Additional files

Additional file 1. Central procedure of the PyroTRF-ID software encoded in python (This procedure was
encoded inside the module:  init .py).

def digest(self, enzyme, primer length, sw threshold):
"""Virtually digest all the reads in the bam file.
The documentation for the " "AlignedRead’ " object is here:
http://www.cgat.org/~andreas/documentation/pysam/api.html

:param enzyme: The enzyme name.

:type enzyme: str

:param primer length: The amount of base pairs to cut off from every read.

:type primer length: int

:param sw_threshold: Ignore reads that mapped with a Smith-Waterman score below
this.

:type sw_threshold: int

wnn

# Get the enzyme from the biopython library #
try: self.enzyme = getattr(Bio.Restriction, enzyme)
except AttributeError: raise Exception("Enzyme defined as '$s' is not present in the

)

biopython library." % enzyme)

# Prepare the peak objects #
self.peaks = dict([(l,Peak(l)) for 1 in range(self.max frag size+l)])

# Open the bam file with the pysam tool #
short reads = pysam.Samfile(self.bam path, "rb")

# Do something for every read #
for read in short reads:
# Skip the ones that didn't map #
unmapped = True if read.flag != 0 and read.flag != 16 else False
if unmapped: continue
# Skip the ones that have a SW score too low #
sw_score = read.tags[0][1]
if sw score < sw threshold: continue
# Cut the short read sequence in pieces #
fragments = self.enzyme.search(Bio.Seq.Seqg(read.seq))
# Skip the ones that don't have a restriction site #
if not fragments: continue
# Only the first restriction site is considered #
fragment cut location = fragments[0]
# Cutting at position 6 will give a fragement of size 5 #
fragment length = fragment cut location - 1
# Adjust the size to include the primer that was removed earlier #
fragment length += primer length
# Ignore those that are too long #
if fragment length > self.max frag size: continue
# Retrieve the taxonomy #
bacteria = Bacteria(short reads.getrname (read.tid))
# Create the fragment object #
fragment = Fragment (fragment length, bacteria, read.gname, read.rlen, sw_score)
# Add the fragment to the right peak #
self.peaks[fragment length].add fragment (fragment)
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Additional file 2. Assessment of mapping performances with pyrosequencing datasets denoised without (0-500
bp) and with (300-500 bp) minimal read length cutoff. Examples are given for the groundwater sample GRWO01,
the flocculent activated sludge sample FLSO1 and the aerobic granular sludge sample AGS01. After denoising
with the one or the other method, each dataset was mapped against a reference database with MG-RAST (Meyer
et al. 2008). No cutoff was set for e-value, minimum identity and minimum alignment length. After having
observed that between 35-45% of the sequences were unassigned with Greengenes, RDP — the Ribosomal
Database Project (59) (Cole et al. 2009) was used as reference database for this assessment (only 4% unassigned
sequences). Correlations between bacterial community profiles obtained with both denoising methods and both
reference databases were analyzed with STAMP (60) (Parks and Beiko 2010).
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Figure AF2.1. Comparison of bacterial community profiles obtained with the two

denoising processes, after mapping with RDP. The first 30 populations are shown.
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Additional file 3. Comparison of mirror plots obtained on raw and on denoised pyrosequencing datasets.
Groundwater sample (GRWO01) from a first sampling site pyrosequenced with the HighRA method (A).
Groundwater sample (GRWO07) from a second sampling site (B), flocculent activated sludge (C) and aerobic
granular sludge (D) samples pyrosequenced with the LowRA method.
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Additional file 4. Assessment of cross-correlation and optimal lag between denoised dT-RFLP and eT-RFLP
profiles. The denoised digital T-RFLP profiles of the aerobic granular sludge sample AGS07 (A) and of the
groundwater sample GRWO04 (B) were both shifted with optimal lags of -5 bp to match with the related
experimental fingerprints. At these optimal lags, the maximum cross-correlation coefficients amounted to 0.91
(AGS07) and to 0.71 (GRWO04).
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Additional file 5. Alignment of sequences mapping with the same Greengenes reference sequence with identical
accession number and resulting in different digital T-RFs. Examples are given for the Rhodocyclus tenuis
affiliates (accession number AB200295) of sample AGS01 and for Dehalococcoides relatives (accession number
EF059529) of sample GRWO05.

kA k hhkhkhkhkhhkhk AhAhhhAhhhAhA bbb hdd A A A A A A A A A A A A A A A Ak Ak hk

T-RF_214 T TT. TG! GTCGAACGG! CGGGGG- CCCTGGTGGCGAGTGGCGGACGG 80
T-RF_220 I'T, TG! GTC CGG! CGGGGGG CCCTGGTGGCGAGTGGCGGACGG 80
T-RF_213 T'T, TG GTC CGG! CGGGGG- CCCTGGTGGCGAGTGGCGGACGG 80
T-RF_34 TG GTCGAACGG! CGGGGG- CCCTGGTGGCGAGTGGCGGACGG 80
T-RF 247 TG GTCGAACGG! CCCTGGTGGCGAGTGGCG! 80

T—RF:194 TG CCCTGGTGGCGAGTGGCG! 80

AR KR AR AR ARKRKRKRKRKRKRAAKARARARR AR R AN AAAKARARARARAAAAR AAAAA AR AR AR A Ak * Kk *
T-RF 214 TCCTGGAGTGGGGGA - TTCTGTGAG 160
T-RF_220 TCCTGGAGTGGGGGAG! TTCTGTGAG 160
T-RF_213 TCCTGGAGTGGGGGA - TTCTGTGAG 160
T-RF 34 TCCTGGAGTGGGGGA - TTCTGTGAG 160
T-RF 247 TCCTGGAGTGGGGGA - TTCTGTGAG 160
T-RF:194 TCCTGGAGTGGGGGA - TGCGCCCTTCG 160
110
*kkk T * * kkk kkk * * Kokk Kk kkk KAKKKKKAKARAAK hhh hhk
T-RF_214 G GGGGATCG! GACCTTGCGCTCT - -GGGAGC TGTCGGATTAGCTAGTTGGTGGG- 240
T-RF_220 G GGGAGTCG! GACCTTGCGTTCTTGGGAGGC TGTCGGAT GTTGGTGGGG 240
T-RF 213 G GGGGATCG GACCTTGCGCTCT - -GGGAGC TGTCGGATTAGCTAGTTGGTGGG- 240
T-RF 34 G GGGGATCG GACCTTGCGCTCT - -GGGAGC TGTCGGATTAGCTAGTTGGTGGG- 240
T- RF:z 47 G; G CGTCCGATTAGCTAGTTGGTGGG- 240
T-RF_194 G TGTCGGATTAGCTAGTTGGCGGG- 240
0 22 23

T-RF_214 GCC GCGGGTCTG GGATGATCCGCH CTGGGACTGAGACAJGGCUCAGACTCCTA 320
T-RF 220 GCC GCGGGTCTGAGAGGACGATCAGC! CT------mmmm ==+ EEEE Etettt 320
T-RF 213 GCC GCGGGTCTG GGACGATCAGCH CTGGGACTGAG GGC CTCC 320
T-RF_34 GCC GCGGGTCTG; GGATGATCCGC CTGGGACTGAG, GGC CTCC 320
T-RF_247 GCC GCTGGTCTG GGACGACCAGC CTGGGACTG, GGCC CTCC 320
T-RF_194 GCC:! GCGGGTCTGAGAGGATGATCCGC! CTGGGACT GGCC CTCC 320
eeehec.250.......260....... 270ccccees 280....... 290....... 300.....4 31l0....... 320

T-RF 214 CGGGAGGCAGCAGTGGGG-BATTTTGGACAATGG - CGCANGCCTGATCCAGCCATGCCGCGTGAGTGAA! GCCOIGTC 400
b - o --- 400
T-RF 213 CGGGAGGCAGCAGTGGGG- TGGGCCCAAGCCTGATCCAGCCATGCCGCGTGAGT ---- 400
T-RF 34 CGGGAGGCAGCAGTGGGG - TGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGT TTCG 400
T-RF_247 CGGGAGGCAGCAGTGGGE TGGGCGCAAGCCTGATCCAGCAATGCCGCGTGGGT TGCG 400
T-RF_194  CGGGAGGCAGCAGTGGGA- - TGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGT! T--- 400
....... 330.......3 ciesese 175700 srers S Ulnsare fnrigre 3 B lezuzalar monis .400
T-RF_214  GTA------- 410
T-RF 220 coccccce-- 410
T-RF 213  -------non- 410
T-RF_34 GTTG - 410
T-RF 247 GGTTG G 410
T-RF 194  -cccceme-- 410
T sesoavense 410

Figure AF5.1. Sequences affiliating with Rhodocyclus tenuis (accession number AB200295). The ‘GGCC’
restriction sites for the diverse T-RF lengths are delimited by the red rectangles.
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hhk Kk hhkhkhkhkhk Rhhkhkhk Ahkhhkhk & K hhkhkhkhk Ahkhkhkdk dAhhkhhkh * * * ok *k ok okk
T-RF_161 CGCTAGCGE -CGTGCCTTATG -CATGE - BAGTC - GAACGGTCTTARG - - - - CAATT - - - -THGTGGCGH 80
T-RF_163 CGCTAGCGG -CGTGCCTTATG - CATGC - AAGTC - GAACGGTCTTAAG - - - - CAATT - - - -TAGTGGCGG 20
T-RF_164 CGCTAGCGG - CGTGCCTTATG - CATGC - AAGTC - GAACGGTCTTAAG - - - - CAATT - - - -TAGTGGC 20
T-RF_165 CGCTAGCGG - CGTGCCTTATG - CATGC - AAGTC - GAACGGTCTTAAG - - - - CAATT - - - -THGTGGC 80
T-RF_166 CGCTAGCGG - CGTGCTTTATG - CATGC - AAGTC - GAACGGTCTTAAG - - - - CAATT - - - -TAGTGGC 80
T-RF_168 CGCTAGCGG -CGTGCCTTATG - CATGC - AAGTC - GAACGGTCTTAAG - - - - CAATT - - - -TAGTGGC 20
T-RF_171 CGCTGGCGG -CGTGCCTAACH - CATGC - AAGTC - GAACGGAGATACGATTTCGCTT - - GTATCTTAGTGGCGE 20
T-RF_174 CGCTAGCGETCGTGCCTTATGGCATGCTAAGTCCGAACGGTCT G---(‘T'r'r-q'xlcc'r'rcccq 20

13 s onis 1055 avees 205 5 30t s 40575y e B0 esrs s #6004 s o705 8mmare s £ 5

Khkhkhk KAKXAARAAAAKRA A AN A A AR AR A A AR A A AN ANk d & khkhkhkhkhkk hhkk K khkhkhkhhhk hhkhkhk hhkk
T-RF_161 cGe-T CGCGTARGTAACCTACCTCTAAGTGGGG- (elele) 160
T-RF_163 CGGET CGCCTAAGTAACCTACCTCTARGTGGGE (ele] 160
T-RF_164 CGGGT CGCGTAAGTAACCTACCTCTAAGTGGGG GG 160
T-RF_165 CGGGT CGCGTAAGTAACCTACCTCTAAGTGGGG 160
T-RF_166 CGGGT CGCGTAAGTAACCTACCTCTAAGTCGGE 160
T-RF_168 CGGET CGCCTAAGTAACCTACCTCTARGTGGGE 160
T-RF_171 CGGGT CGCGTAAGTAACCTACCTCTAAGTGGGG 160
T-RF_174 CCTACCTCTAAGTGGGE 160

hhkhkhhkhhhhd hhhkhhhhhbhhhhrhhh * ok Kk hkhhkkhkhhhkhhbh Rhkhkhhdkhhd Fhhkhhkhhhhhhhhdr hhdhk & *

T-RF_161 TGGTJGGCE TGTTGGTTCACCT GCCG! GGCGCTT-GGTGAGGGGLC-TTGCGTCC GCTAG-TTG 240
T-RF 163 TGGTGGGCOG - TGTTGGTTCAC-T GCCG GGCGCTT-GGTGAGGGGC-TTGCGTCCGATTAGCTAG-TTG 240
T-RF 164 TGGTJGGCAG - TGTTGGTTCACT, G-CCG GGCGCTT-GGTGAGGGGLC-TTGCGTCC GCTAG-TTG 240
T-RF 165 TGGTJGGCC TGTTGGTTCACT EIEEG GGCGCTT-GGTGAGGGGCGTTGCGTCC GGTAGGTTG 240

T-RF:lGS TGGTGGGCC TGTTGGTTCACT G GGCGCTT-GGTGAGGGGCGTTGCGTCC GCTAG-TTG 240
T-RF 168 TGGTJGGCC TGTTGGTTCACT G GGCGCTT-GGTGAGGGGCGTTGCGTCC GCTAG-TTG 240

T-RF 171 TGGTJGGCOG - TGTTGGTTCACT, G-CCG GGCGCTT-GGTGAGGGGL-TTGCGTCC GCTAG-TTG 240
T-RF_174 TGGTJGGCC TGTTGGTTCACT GGCGCTTCGGTGAGGGGGCTTGCGTCC 240

R [ i | TR 180 .us:c2ndWWassmus s BWB s & voin 2300w 220 cccoe+230c0cecns 240

KAk KAkKKK * KhkkhKK K Khhkhkhk Akhk KAk KAAKAK K kk Kk KKKk Ak * * *  *
T-RF_161 GTGGGG -TGGCCTAC: GGCTT-CGATCGGTAGCTGGTCT! GGAT 320
T-RF_163 GTGGGG -TGGCCTAC! GGCTT-CGATCTGTAGCTGGTCT C 320
T-RF_164 GTGGGG -CGGCCCAC: GGCGA-CGATCGGTAGGGGGTGTGAGAGCAT 320
T-RF_165 GTGAGG -CGGCTCAC GCCTCGCGATCGGTAGCTGGTCT GGAT 320
T-RF_166 GTGGGG -GTGACTAC GGCTT-CGATCGGTAGCTGGTCT GGAT 320
T-RF_168 GTGGGG GTGGCCTAC:! GGCTT-CGATCGGTAGCTGGTCT GGAC 320
T-RF 171 GTGGGG GTGGCCTAC! GGCTT-CGATCGGTAGCTGGTCT GGAT 320
T-RF_174 GTGGGG -TGGCCTAC GGCTC-CGATCGGTAGCTGGTCT GGAT 320

....... 250 0000002600 ceseeedTVoneoeesdB0ccceseed90icceees

T-RF 161 CGGTCCAGACTCCTACGE GG GTAAGGHE - TATTGCTCAATGGECCCRACTCTG, TGCCGCGTGE 400
T-RF_163  CGGTCCAGACTCCTACGG GTGGGGAA- TCTTGGHCAATGGGCGCAAGCCT TC TGCCGCGTGA 400
T-RF_164  CGACCGGAACCCG cccc’r.cc'rT|cccccT-ccccc|ccG CGACGACGTAAAGGG TTTAGGTTAC 400
T-RF_165 CGGCCCAGACTCCTACGG GTGGCCCTHTTGCHEETGGGE- - - - - - - - - - - == oo m e e eeee o 400
T-RF_166 CGGCCCAGACTCCTACGG GCEAGG 'rcr'rccc TGGGCCARAGCCTGACCCAGCAACGCCGCGTGE 400

T-RF_168  CGGTC CTCCTACGG GTGGGGEMG---------==--mmcmmeemeecce—c——————————————— 400

T-RF 171 e e e 400

T-RF 174 (o 400
T Nl e 330/ v erwioves <Y [ [ 350!y suererein o 3600160 5 51006 370, somron s 380:c:0.6 s sieve < X1 TR 400

T-RF 161 |[BGGHE------------cmmcmccccceccccccccccceccccccccccccccccecececee——ee—=m——=——=== 480
T-RF_163 c'ri wcccn]cccﬂc GCTCTTTCGCACGCGACGATCGATCGACGCTAGCCTCGAGAAGANGCCCCGGCTARCT 480

T-RF_164 GGTHGGGGACGGRACCTACC - - - = == == === = === == == == e m e e 480
T-RF 165 ccccccccccccccccccccccccccs;cccecccscccesesseeesees;seeses-—s-e—memm == 480
T-RF_166 GGGHTGHEGG------ === oo e e ee e emeeememmmmemmmme—m——eee 480
T RF 168 = - m oo m o s e o e e e e 480
S i b B et T 480
L 3 b et 480
....... 410..000¢.420000000.430.00000+440.00000:450.000¢..46000cc0:..470..0....480
T-RF_161  -------mmmmmmemmmme 500
T-RF_163 TCGTGCCAGCAGCCGCGGTE 500
T-RF_164  ------mmmmmmmememm 500
T-RF_165  —--coommmmoooooo 500
T-RF_166  =-----cm-mmmmomeoon 500
T-RF 168 ~coccccoccccoccenan 500
T-RF_171  =--mmmmmmmmmmmememe 500
T-RF_174  =-----mmmmmmmommm o 500
....... 490.......500

Figure AF5.2. Sequences affiliating with Dehalococcoides sp. (accession number EF059529). The common
‘GGCC’ restriction site of all presented T-RFs is delimited by the red rectangle.
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4  Accumulation of lower chlorinated ethenes in a
contaminated aquifer due to competition between

Iron- and organohalide-respiring bacterial guilds

Abstract

Natural attenuation of tetrachloroethene (PCE)-contaminated aquifers often results in the accumulation of the
toxic intermediates cis-dichloroethene and vinyl chloride (VC) which are even more toxic than the parent
compound. Reasons for this accumulation were investigated in a PCE-contaminated aquifer using
multivariate statistics applied to bacterial community structures determined by terminal-restriction fragment
length polymorphism (T-RFLP) and environmental variables. Multifactorial analysis showed that both VC
and iron reductions (IR) were key terminal electron accepting processes, suggesting a competition between
iron- and VC-reducing bacteria. T-RFs showing significant correlations with VVC reduction were identified
using the PyroTRF-ID bioinformatics tool and found to be closely affiliated to the genus “Dehalococcoides”
and to uncultured bacteria of the “Lahn Cluster” (LC) within the class Dehalococcoidetes. A major T-RF
negatively correlated with the LC T-RF was affiliated to the genus Rhodoferax that contains members
identified as iron-reducing bacteria (IRB). Finally, the level of activity of sulfate-reducing bacteria probably
played an important role in the present environment by decreasing Fe(lll) contents through a mutualistic
interaction with IRB.
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CHAPTER 4

4.1 Introduction

Monitored natural attenuation (MNA) is a cost-effective strategy for bioremediation of sites contaminated
with chlorinated ethenes (CEs) such as tetrachloroethene (PCE) or trichloroethene (TCE). The main
drawback of this technique is the frequent undesired accumulation of the toxic intermediates cis-
dichloroethene (cDCE) and vinyl chloride (VC) (1-4). This can be the result either of an incomplete
sequence of dechlorination or of a decreased efficiency of lower CEs dechlorination (5). Incomplete or
impeded reductive dechlorination has been formerly explained by (i) the absence of bacterial species able to
dechlorinate down to ethene (6-8), (ii) the depletion of the organic substrates used as electron donors by
fermenting guilds (9, 10), and (iii) the competition for the electron donors with other TEAPs (11-13). The
reasons for lower CEs accumulation have been investigated in microcosm studies or enrichment cultures
(14-16). For example, Hoelen & Reinhard (2004) showed that sulfate reduction (SR) affected the rate of
lower CEs dechlorination in microcosm experiments (15). Addition of toluene stimulated H, production
probably via fermentation, and increased the rate of dechlorination. Similar conclusions were obtained by
Heimann et al. (2005) in mixed anaerobic cultures (14). Wei et al. (2011) showed that iron reduction (IR)
was not inhibiting organohalide respiration (OHR) (16).

Reductive dechlorination has been previously investigated in the Zuchwil aquifer. Aeppli et al. (2010) have
used carbon stable isotope analysis to analyze the extent and the rates of dechlorination in situ (17). In this
study, qualitative evidence of PCE reductive dechlorination was provided by the detection of significant
concentrations of daughter compounds such as TCE, cDCE, and VC, as well as by the observation of a
gradual dechlorination pattern along a transect from the source zone to the fringe of the contaminant plume.
Along this transect, proportions of cDCE and VC were increasing with increasing distance to the source.
Similar conclusion was obtained from the carbon isotopic signature. The authors have shown that PCE was
efficiently transformed at most sampling points, with degrees of dechlorination of more than 60%. Isotopic
mass balance based on the concentration-weighted *3C isotopic signatures of CEs has enabled assessing the
potential of VC accumulation on the site. The authors have concluded that VC was overall accumulating on
the site, although complete OHR to ethene was probably occurring locally. The reasons for this accumulation
have not been investigated at this stage, although the hypothesis was formulated that sulfate-reducing

bacteria (SRB) were outcompeting VC-reducing bacteria.

Based on the findings that VC was accumulating, the objective of this study was to identify the mechanisms
leading to lower CEs accumulation in situ in the CE-contaminated Zuchwil aquifer. We adopted an
integrative approach to first assess the aquifer ecosystem as a whole. The investigation of the microbial
processes running in the Zuchwil aquifer was carried out using: (i) PCR detection of both reductive
dehalogenase functional genes and OHR bacterial guild members, (ii) bacterial community structures (BCS)
analysis using terminal-restriction fragment length polymorphism (T-RFLP), (iii) exploration of the

relationships between BCS and measured environmental variables using multivariate statistics in order to
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identify the mechanisms leading to the observed incomplete degradation of CEs, and (iv) finally,
identification of T-RFs significantly correlated with TEAP variables both by Sanger sequencing of cloned
16S rRNA genes and by pyrosequencing of the 16S rRNA gene pool analyzed using the PyroTRF-ID

software (see CHAPTER 3).

4.2 Materials and Methods

421 Testsite

The test site and the natural attenuation process have been previously described in details (17). Briefly, the
aquifer is composed of 4-12 m of silty sand and gravel of glacio-fluvial deposition, covered by a 2-5 m thick
confining layer of silty clay. It is characterized by very low Darcy groundwater velocities of 1-8 m/yr
(hydraulic conductivities: 1-8 x 10° m/s; average hydraulic gradient: 0.3%). According to a historical
investigation, the contamination with PCE most probably occurred in 1969. Today, the area is covered with
buildings, parking areas and roads, and is equipped with monitoring wells to follow-up the natural
attenuation process. A total of 17 monitoring wells were chosen for the present study, covering several
contamination states, from the highly contaminated source zone (RB1/99) to the plume fringe (KB6, P20)
(Figure 1).

4.2.2 Groundwater sampling

Thirty-one groundwater samples were collected during two sampling campaigns in April and October 2008.
Sampling wells were purged using a 12 V submersible pump (Whale submersible 921, Whale Water
Systems, Bangor, Northern Ireland) until temperature, electric conductivity (EC), dissolved oxygen (DO),
pH, and redox potential values (Eh) reached stable readings, which corresponded to at least three well
volumes. Samples for both chemical and microbiological analyses were collected at a flow rate of about 100
mL/min using a peristaltic pump (Type P2.52, Eijkelkamp, Giesbeek, The Netherlands) through PTFE
tubing. Water samples for the analyses of CE concentrations were stored in 120 mL glass bottles
(Infochroma AG, Switzerland), completely filled, sealed using PTFE-lined screw caps, and stored in the dark
at 4°C until analysis that was performed within four weeks from time of sampling. Samples for the analysis
of major anions and total organic carbon (TOC) were stored in 125 mL Nalgene® polypropylene bottles
(Thermo Fisher Scientific, USA) at 4°C. Aliquots for analysis of cations, dissolved Fe?*, Mn?* and Sr** were
filtered on-site through 0.45 pm nitrocellulose membranes (Millipore, USA), acidified to pH < 2 with
ultrapure nitric acid (Sigma-Aldrich, USA) and stored at 4°C. TOC was analyzed within one day, whereas
anions, cations and dissolved metals were analyzed within one week. Groundwater samples for the microbial
analyzes were stored in sterile 1-L polypropylene Nalgene® bottles (Thermo Fisher Scientific, USA) in the

dark and at 4°C and were processed within 2 days.
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Figure 1. Map of the contaminated test site indicating the monitoring wells with colored circles, buildings
present during the sampling campaign of April 2008 (brownish square shapes), main groundwater flow
direction (blue arrow) and source of PCE contamination (orange star). The colors of the circles indicate the
oxidation-reduction state of the aquifer at the monitoring location (green: oxic / nitrate-reducing; orange:
nitrate- to Fe(l11)-reducing; red: Fe(lll)-reducing; brown: methanogenic). Names of the monitoring wells are
indicated in yellow squares together with the chlorinated ethenes (CEs) concentrations measured in April
2008 and the percentage of each CE (the grey scale is given on the bottom left of the figure).
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4.2.3 Chemical analyzes

Dissolved oxygen (DO), NOs, S0.%, Fe** and Mn?* concentrations were assessed as indicators of the
electron-accepting processes occurring in the aquifer. Methane and ethene, quantified only in the second
sampling event, also provided information about the redox conditions of the aquifer. Major anions (CI', NOs/,
S0,%) and cations (Na*, K*, Ca?*, Mg®*, NH,") were analyzed by ion chromatography respectively in a DX-
500 with an AS12A column and an ICS-3000A with an lonPacCS16 column (Dionex Corp., USA). Fe** and
Mn?" were quantified with an inductively coupled plasma optical emission spectrometer (ICP-OES, Perkin-
Elmer Optima 3300, Perkin-Elmer, USA) and TOC was analyzed in a Shimadzu ASI-5000 TOC-analyzer
(Shimadzu Corp., Japan). CE concentrations were quantified using direct aqueous injection-GC/MS (18)
with typical accuracy of 92-108%. Ethene and methane were measured by GC-FID in samples collected in
November 2008, providing qualitative information only. The aquifer oxidation-reduction status was defined
using an Excel spreadsheet program designed to assist in the assignment of redox conditions based on water
chemistry data (19, 20).

To explore the relationships between the environmental variables, pairwise Pearson product-moment
correlation coefficients were calculated with R (21) as well as their p-values using a permutation test with

1000 permutations.

4.2.4 DNA extraction

Water samples were filtered through 0.2 um autoclaved polycarbonate membranes (Isopore™ Membrane
Filters, Millipore) with a mobile filtration system (Filter Funnel Manifolds, Pall Corporation). DNA was
extracted using the PowerSoil™ DNA Extraction Kit (Mo Bio Laboratories, Inc.) following the
manufacturer instructions, except that the samples were processed in a bead-beater (Fastprep FP120, Bio101)
at 4.5 m/s for 30 s after the addition of solution C1. Extracted DNA was quantified with a ND-1000

Nanodrop® spectrophotometer (Thermo Fisher Scientific, USA).

4.2.5 Specific detections of OHRB and reductive dehalogenase genes

Presence of OHR-related genes (16S rRNA and reductive dehalogenase (rdhA) genes) was assessed by PCR
amplification, and the primers are listed in Table 1. Unless stated otherwise, all PCR reagents were provided
by PegLab Biotechnologie GmbH (Germany). Amplification reactions were carried out in a Thermal Cycler
T3 Biometra (Biolabo Scientific Instruments, Switzerland). The VC reductase genes vcrA and bvcA
(GenBank YP003330719 and AY563562) were amplified in 10 pl reaction mixtures containing 1 pl 10x
buffer S, 0.3 pl of 10 mM dNTPs, 1 pl of each primer at 10 pM, 0.3 pl DMSO (Sigma-Aldrich, USA), 0.5 U
of PeqGOLD Taqg polymerase. 247 and 139 base pairs DNA fragments were amplified as follows: 4 min 30 s
preheating at 94°C, 40 cycles of 30 s denaturation at 94°C, 45 s of primer annealing at 55°C, 30 s of
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elongation at 72°C, with a 10 min final elongation step at 72°C. The 16S rRNA genes of OHRB were
amplified in a nested PCR procedure. In the first step, 16S rRNA gene pools were amplified using
Eubacterial primers Eub-27f / Univ-518r as follows: 10 pl reaction mixtures contained 1 pl 10x buffer Y, 0.8
pl of 10 mM dNTPs, 0.5 pl of each primer at 10 uM, 0.3 ul DMSO (Sigma-Aldrich, USA), 0.5 U of
PeqGOLD Tag polymerase. Amplification was carried out with the following program: 4 min 30 s
preheating at 94°C, 30 cycles of 30 s denaturation at 94°C, 45 s of primer annealing at 56°C, 1 min of
elongation at 72°C. A final elongation step of 10 min at 72°C was included. The PCR products were visually
inspected on 1.5% agarose gels stained with GelRed (Stratec Molecular, Germany) and diluted prior to the
second amplification step. In the second amplification step, taxon-specific primers were used to amplify the
16S rRNA gene of known OHRB as follows: 10 pl reaction mixtures contained 1 pl 10x buffer Y, 0.8 pl of
10 mM dNTPs, 0.5 pl of each primer at 10 uM, 0.3 pul DMSO (Sigma-Aldrich, USA), 0.5 U of PeqGOLD
Taq polymerase. Amplifications were carried out with the following program: 4 min 30 s preheating at 94°C,
30 cycles of 30 s denaturation at 94°C, 45 s of primer annealing at 55°C, 45 s of elongation at 72°C. A final
elongation step of 10 min at 72°C was included.

Table 1. List of primers used to amplify specific organohalide-respiring bacterial genera (16S
rRNA gene) or reductive dehalogenase-encoding genes.

Name of

Target organism/ gene primers Sequence (5°-3°) Reference
Eubacteria 165 rRNA gene  EUb27f AGAGTTTGATCMTGGCTCAG (22)
Univ518r ATTACCGCGGCTGCTGG (23)
Dehalococcoides sp. DHC587f GGACTAGAGTACAGCAGGAGAAAAC  (8)
DHC1212r GGATTAGCTCCAGTTCACACTG (8)
Dehalobacter sp. Dre441f GTTAGGGAAGAACGGCATCTGT (24)
Dre645r CCTCTCCTGTCCTCAAGCCATA (24)
Sulfurospirillum sp. DHSPM576f ~ GCTCTCGAAACTGGTTACCTA (25)
DHSPM1210r GTATCGCGTCTCTTTGTCCTA (25)
Desulfuromonas sp. Desulfo494f AGGAAGCACCGGCTAACTCC (26)
Desulfo1050r CGATCCAGCCGAACTGACC (26)
Desulfitobacterium sp. Dsb406f GTACGACGAAGGCCTTCGGGT (24)
De2 CCTAGGTTTTCACACCAGACTT (27)
VCrA vcrA880f CCCTCCAGATGCTCCCTTTA (28)
vcrA1018r ATCCCCTCTCCCGTGTAACC (28)
bVCA bvcA227f TGGGGACCTGTACCTGAAAA (28)
bvcA523r CAAGACGCATTGTGGACATC (28)
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4.2.6 Terminal-restriction fragment length polymorphism (T-RFLP)

The analysis of the bacterial communities using terminal-restriction fragment length polymorphism (T-
RFLP) as well as their numerical treatment were based on the protocol described in (29) with the following
modifications: (i) 30 pl PCR reactions were composed of 3 uL 10X Y buffer, 2.4 pL. 10 mM dNTPs, 1.5 uL
of each 10 uM primer, 6 pL 5X enhancer P, 1.5 U PeqGold Taq polymerase and 0.2 ng/pl template DNA
(final concentration), completed with autoclaved and UV-treated Milli-Q water (Millipore, USA); (ii) for
each DNA extract, PCR amplification was carried out in triplicates; (iii) the PCR products were purified with
the purification kit MSB® Spin PCRapace (Stratec Molecular GmbH, Germany) according to the

manufacturer’s instructions.

4.2.7 Multivariate statistical analyses based on the T-RFLP profiles

All multivariate statistical analyses in this section were carried out with R (21) and the additional package
Vegan (30). In a preliminary step, the bacterial community dataset was constructed as follows: Ruzicka
dissimilarities were calculated between replicate T-RFLP profiles; the profile at the centroid (i.e. displaying
the lowest dissimilarity with its replicates) was selected for each sample. The bacterial community dataset
was transformed using a Hellinger transformation (31), whereas the environmental dataset was standardized
(32).

Multifactorial analysis (MFA) (33, 34) was chosen to analyze the data. This symmetrical canonical
ordination technique based on principal component analysis (PCA) allowed the simultaneous assessment of 4
datasets: (i) the bacterial community dataset, (ii) the proportion of each CE among the total amount of all
CEs (“%CEs”), indicating the reduction state of the contaminant plume and a potential accumulation of CEs,
(ii1) environmental variables related to TEAPs (“TEA”), and (iv) all remaining variables (“OTHERS”) (see
Tables S1 to S4 for details). RV multivariate correlation coefficients and p-values (35) were calculated in
order to get numerical correlations between the environmental dataset and the bacterial communities. They
were computed between the bacterial community dataset and (i) the whole environmental dataset, (ii) each
defined group of environmental variables (%CEs, TEA and OTHERS), and (iii) single environmental
variables. Spearman pairwise correlations were computed between single T-RFs and environmental variables

S0 as to reveal significantly positive or negative correlations with ongoing biogeochemical processes.

Finally, T-RFs co-occurrence was assessed according to their relative abundance among samples with an
agglomerative hierarchical clustering using the Ward’s minimum variance algorithm. The Mantel-optimal
number of clusters was chosen to create the clusters (36). T-RFs belonging to the same cluster were

considered as co-occurring.
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4.2.8 ldentification of T-RFs

Cloning and sequencing

DNA extracts of samples containing T-RFs showing significant correlations with selected environmental
variables were used to construct clone libraries. For this purpose, the total 16S rRNA gene pool was
amplified by PCR as described above, except that the 8f primer was not labeled. The PCR products were
purified as described above, ligated into pGEM®-T Easy Vector (Promega, USA) and transformed into E.coli
XL1-Blue competent cells (Agilent Technologies, USA). The clone libraries were first screened by applying
the T-RFLP procedure on each clone separately. Clones containing T-RFs with interesting correlations with
the environmental variables were isolated. The 16S rRNA gene was extracted from the plasmid using a PCR
amplification with primers T7 and SP6 (Promega, USA) and purified as described above. A sequencing
reaction was carried out on each purified PCR product as follows: 10 pl reaction mixtures contained 2 pl of
Terminator mix V3.1 (Applied Biosystems Inc., USA), 2 pl of 5X BigDye V3.1 Sequencing buffer (Applied
Biosystems Inc., USA), 1.6 pl of primer T7 at 1 uM, 200 ng DNA template and completed with autoclaved
and UV-treated Milli-Q water (Millipore, USA). The sequencing reaction was carried out with the following
program: 30 cycles of 10 s denaturation at 94°C, 5 s of primer annealing at 50°C, and 4 min of elongation at
60°C. The products were sequenced in an ABI 3130xI DNA capillary sequencer (Applied Biosystems Inc.,
USA) equipped with 50 cm long capillaries (80 pum inner diameter) and POP 7 electrophoresis matrix (dye
set G5, Applied Biosystems Inc., USA). Sequences were tested for chimeras using Bellerophon (37) and
aligned with ClustalX 2.1 (38). They were digested in silico with Haelll, and compared to the experimental
length measured by T-RFLP. Sequences showing a discrepancy higher than 5bp between the in silico and the
experimental T-RF were discarded, as well as short sequences. The remaining sequences were compared
with those available in GenBank® (39) by BLAST searches (40) to find the nearest relatives and percentage

of gene sequence identity. Phylogenetic trees were built with Mega5 (41).

Pyrosequencing of selected aquifer samples and Pyrosequencing T-RFs Identification software
(PyroTRF-ID)

The selection of six aquifer samples was carried out according to the results obtained by the clustering of all
T-RFLP profiles (n = 30) using the Hellinger distance and the Ward algorithm. One sample per cluster was
selected for further pyrosequencing analysis (GATC, Germany) using a 454/Roche GS-FLX Titanium
Instrument (Roche, NJ, USA). Amplicons of the V3 region of the 16S rRNA genes were produced and
purified in the exact same way as shown above. PyroTRF-ID software (see CHAPTER 3) running on the
Vital-IT plateform (Vital-IT, Swiss Institute of Bioinformatics, Switzerland) was used to handle
pyrosequencing data and identify T-RFs. Briefly, quality assessment, de-multiplexing (with forward primer
removal) and de-noising of the sequences was carried out with QIIME libraries (42) implemented in the
PyroTRF-1D software. Mapping of the sequences was performed using BWA (43) and the Greengenes
database (44). Digital T-RFLP profiles were produced on the basis of 5234 reads per sample on average,
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with an average length of 402 bp. Reads were digested in silico with the Haelll endonuclease (5’-GG~CC-3’
enzyme’s recognition site). Most probable drift between experimental and digital T-RFLP profiles (eT-RFLP
and dT-RFLP, respectively) (45, 46) was assessed by computing cross-correlations, and the dT-RFLP profile
was shifted accordingly. A consistent match was then obtained between eT-RFs obtained experimentally and
dT-RFs obtained in silico. The putative corresponding sequence affiliation of eT-RFs previously linked with

significant statistical correlations with environmental variables was thus obtained.

4.3 Results

Groundwater samples from two sampling campaigns in 2008 have been analyzed to investigate the possible
reasons for VC accumulation observed in the Zuchwil aquifer. Environmental variables and bacterial

communities have been assessed and jointly analyzed using multivariate statistical tools.

4.3.1 Environmental variables

Groundwater level was 0.1 to 0.3 m higher in October than in April, indicating that the aquifer was recharged
by heavy rain events preceding shortly the second sampling campaign. Accordingly, the mean groundwater
temperature was 1.8 °C higher in October than in April. The pH values ranged from 6.2 to 7.0, with a mean
pH 6.9 measured for both sampling events. TOC concentrations measured in all groundwater samples
averaged 3.2 mg/L. The reference well RB3/93 displayed the lowest concentrations (1.2 and 1.4 mg/L in
April and October, respectively). Maximal TOC concentrations were measured in well RB1/99, with 6.2 and
4.9 mg/L in April and October, respectively. Organic carbon content in the sediments was estimated from
geochemical analyzes performed previously on core samples obtained during the installation of monitoring
wells (data not shown). It was comprised between 6 and 9% (w/w), based on the approximation that
approximately 50% of the mass of combustible organic matter is composed of organic carbon (47). Very low
values of dissolved oxygen concentrations (DO) were measured during the first sampling event (0.1 to 0.3
mg/L), with the exception of well KB3b (1.0 mg/L). Nitrate concentrations were low as well (0.12 to 0.74
mg/L), except in well KB7b in October (1.29 mg/L). The highest values were found in well RB3/93 (5.51
and 1.77 mg/L in April and October, respectively) located upstream of the contaminated zone. Sulfate
concentrations varied considerably, with lowest concentrations found in wells RB1/99, P20, KB4b, and
KB6a (0.2 to 1.9 mg/L). Higher sulfate concentrations were measured in wells B2, KB2, KB3a, KB4a,
KB5a, and KB7a, ranging from 2.2 to 4.6 mg/L, and in wells RB1/93, KB1, KB3b, KB5b, and KB7b,
ranging from 9.2 to 15.8 mg/L. The highest sulfate concentrations were measured in well RB3/93, with a
mean value of 24.9 mg/L. Sulfide was not measured in this study, since previous investigation (17) indicated
that it was always at or below the detection limit of 0.6 mg/L. Fe** was below detection limit in well RB3/93
(< 0.1 mg/L). Higher Fe** concentrations (1.3 to 4.4 mg/L) were measured in wells RB1/93, RB1/99, KB3a,
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KB5a, KB5b, KB6a and KB7b, indicating that IR was taking place (48, 49). Particularly high Fe?
concentrations were detected in wells B2, P20, KB1, KB2, KB3b, KB4a, KB4b, KB6b, and KB7a, ranging
from 7.5 to 18.7 mg/L. Mn®* concentrations were comprised between 0.13 and 1.90 mg/L, except in well
RB3/93 in which it was barely detected (0.05 mg/L in April and below detection limit in October). The redox
states calculated based on ion concentrations showed that most wells were in Fe(lll)-reducing conditions.
Only P20 and KB6a, located at the plume fringe, were in a methanogenic redox state, whereas wells KB5 (a
and b), KB7b and RB3/93 were in nitrate-reducing state. Well KB3b was slightly oxic.

The following section describing CE concentrations is based on measurements carried out in April 2008.
Though the concentrations in October were slightly different from those measured in April, the overall
pattern of concentrations along the site was similar. Total CE concentrations varied throughout the site,
reaching about 50 mg/L in monitoring well RB1/99 (Figure 1). PCE and TCE concentrations were highest in
the vicinity of the source zone with cumulated concentrations of 95.1 and 80.3% in monitoring wells RB1/99
and RB1/93, respectively. Both concentrations and proportions decreased together with increasing distance
to the source zone. cDCE concentrations and proportions already increased along the short distance
separating monitoring wells RB1/99 and RB1/93, passing from 1122 to 5050 ug/L. Highest concentrations of
this compound were measured in well KB5b (7532 pg/L), and its highest proportion was observed in well
KB1 (94%). VC concentrations were highest in RB1/99 in the vicinity of the source zone, but the proportion
of VC among all CEs was low in this well (1.6%) and increased together with the distance to the source
zone. The highest proportion of VC was reached in well KB3a. Total CE concentrations in this well
amounted 54.6 pg/L only, and only cDCE and VC could be quantified therein. At the plume fringe,
concentration of VC was high in well KB6b, amounting 57% of all CEs. CEs (110 pg/L cumulated
concentrations) were detected in well RB3/93 during the first sampling campaign only. All details about

environmental variables are given in Tables S1 to S4.

4.3.2 Pairwise correlations between environmental variables

Pairwise correlations were calculated to explore the relationships between environmental variables (Figure
2). “NO3”, indicating the energetically most favorable TEAP after aerobic respiration, as well as “SO,*”,
was anti-correlated with all TEA variables. Both NO; and SO,* are parent compounds that were present in
relatively high concentration in oxic water and drastically lower concentrations in most monitoring wells of
the Zuchwil aquifer. “SO,”” was strongly anti-correlated with “TOC”, showing that SR was more active in
fractions of the aquifer with high organic carbon content. “Fe®*”, the product of Fe(lll) reduction, was

2+95

positively correlated with bivalent cations such as “Sr*™, “Ca*™, and “Mg*"™. It was positively correlated

with “%VC” as well, suggesting that VC accumulation was higher where Fe(l11) reduction occurred. Overall,
“Fe”™ and “%VC” were following an almost similar pattern of correlations. The correlation between “Fe*™
and “%cDCE” was not significant. The latter was strongly negatively correlated with “%TCE”, indicating

that the processes underlying the relative accumulation of these compounds were dependent of each other.
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Conversely, “%VC” was not correlated with “cDCE”, indicating that these processes were independent of
each other. “PCE” was positively correlated with “Eh”, reflecting the fact that the highest PCE
concentrations were found in less reducing sections of the aquifer. All CEs were correlated with each other,

the strongest correlations being displayed by adjacent compounds in the sequence of dechlorination.
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Figure 2. Heatmap of pairwise correlations between environmental variables. The color key of the
correlations is shown on the left. Statistically significant correlations are indicated with a color surrounding
the squares. Dark green: p < 0.001; light green: p < 0.01; orange: p < 0.05.

4.3.3 Bacterial communities

DNA extracted from October sample KB7b could not be amplified and was consequently removed from
further analyses. In total, 30 samples provided bacterial community profiles (17 in April and 14 in October).
The total number of T-RFs per sample was on average greater in October (80 T-RFs) than in April (62 T-
RFs). Mean Shannon’s H’ diversity index (50) calculated based on the T-RFLP profiles was a little higher in
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October (H=3.68) than in April (H=3.27) as well. Endpoint PCR detection of known OHRB led to positive
results in most of the investigated wells (Table 2). Desulfitobacterium sp. was detected in all monitoring
wells whereas Dehalococcoides sp. was detected in all but two wells (RB1/93 and KB7b). Dehalobacter was
not detected in 6 monitoring wells (RB3/93, B2, KB4a, KB5b, KB6a, and KB6b), Desulfuromonas sp. in 5
(RB3/93, KB1, KB4b, KB6a, and KB7a), and Sulfurospirillum sp. was undetected in 3 (RB3/93, KB5a, and
KB5b). Finally, the two genes vcrA and bvcA encoding VC reductive dehalogenases also provided positive

results in most of the wells.

Furthermore, only the OHRB Dehalococcoides sp. and Desulfitobacterium sp. were detected in
pyrosequencing datasets of 6 samples. The former was present in all but one sample (AB2) and the latter in
two samples (BRB1/99 and BKB5b).

Table 2. PCR detections of known OHRB and genes
encoding the two VC reductive dehalogenases known

to date.
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RB1/93 + + + + + + +
RB1/99 + + + + + + +
RB3/93 +
B2 + - + +/ + + +
P20 + + + + + + +
KB1 + + + - + + +
KB2 + + + + + + +
KB3a + + + + + +
KB3b + + + + + + +
KB4a + - + + + + +
KB4b + + + - + + +
KB5a + + + + + +
KB5b + + + + +
KB6a + + + + +
KB6b + - + + + + +
KB7a + + + - +
KB7b - + + + + - +
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4.3.4 Relationships between environmental variables and bacterial community

structures

RV correlation coefficients and p-values calculated between the bacterial community dataset and
environmental variables datasets are summarized in Table 3. An MFA ordination plot with environmental
variables displayed in three groups, namely “%CEs”, “TEA” and “OTHERS”, is depicted in Figure 3. All
three groups of variables were significantly correlated with BCS, with “TEA” showing the highest
correlation.

Table 3. RV correlation coefficients calculated between the
bacterial community dataset and (i) the whole environmental
dataset (ENV), (ii) each defined group of environmental variables
(%CEs, TEA, OTHERS), and (iii) each environmental variable.
The p-values were calculated using a permutation test with 1000
permutations.

Variable or group RV coefficient p-value  Significance®
of variables

ENV 0.62 <0.001 ok
%CEs 0.34 0.002 *x
TEA 0.54 <0.001 ok
OTHERS 0.49 <0.001 ok
PCE [nM] 0.24 0.004 *x
PCE [%] 0.19 0.087 ns
TCE [nM] 0.29 <0.001 ok
TCE [%] 0.18 0.108 ns
cDCE [nM] 0.22 0.017 *
cDCE [%] 0.19 0.063 ns
VC [nM] 0.34 <0.001 ok
VC [%] 0.25 0.003 *x
NOs 0.20 0.026 *
Fe?' 0.32 <0.001 ok
Mn?* 0.18 0.105 ns
SO 0.26 0.002 i
TOC 0.24 0.005 *ox
Mg* 0.25 0.004 *k
ca** 0.28 <0.001 rxk
Sr2* 0.28 <0.001 ok
Na* 0.17 0.147 ns
NH,* 0.18 0.098 ns
K* 0.18 0.098 ns
cr 0.23 0.010 *
Eh® 0.23 0.006 *ox
Temperature 0.26 0.002 il
EC® 0.21 0.025 *
pH 0.16 0.239 ns

* Degree of significance based on the calculated p-value: ***: highly
significant; **: significant; *: moderately significant; ns: non-significant.

® Oxidation-reduction potential.

¢ Electrical conductivity
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The two TEA variables with highest RV coefficients of 0.34 and 0.32, respectively, were “VC” and “Fe**”.
However, no significant correlation was obtained between these two variables (Spearman’s rank correlation
p = 0.19, p = 0.31; Figure 2). “TCE” was the third most correlated TEA variable (RV = 0.29, p < 0.001)
followed by “SO,*” and “PCE”, displaying weaker correlations (RV=0.26 and 0.24, respectively) and higher
p-values (p = 0.004 and 0.002, respectively). The correlations displayed by “NOs;™ and “cDCE” with BCS
were poorly significant, with p-values of 0.026 and 0.017, respectively. “Mn®” was not significantly
correlated with BCS (p = 0.11).

Relative accumulation of individual CEs in a sample is reflected by their proportion among the cumulated
concentrations of all CEs in this sample. Among the proportions of the different CEs, only “%VC” was
significantly correlated with BCS (RV = 0.25, p = 0.003). Furthermore and in contrast to “VC”, “%VC” was
significantly correlated with “Fe®*” (Spearman’s rank correlation p = 0.45, p = 0.012, Figure 2). This result,
together with the strong RV correlation coefficient displayed by “VC” and “Fe*"” pointed out a possible

competition between IR and VC reduction.

Among other ions, bivalent cations (“Mg?™, “Ca®"”, and “Sr**”) and “C1™ were significantly correlated with
BCS. “Ca®” and “Sr*" even displayed a highly significant correlation (RV = 0.28, p < 0.001 for both
variables). Temperature, redox potential and TOC were also significantly correlated, whereas pH displayed

no significant correlation with BCS.

4.35 Correlations between T-RFs and environmental variables

T-RFs displaying significant correlations with axes MFAL and MFA2 (Figure 3) were selected for further
statistical treatment. Figure 4 shows the correlations calculated between each selected T-RF and selected
environmental variables. These correlations were used for deducing potential implications of the T-RFs in
the microbiological processes going on in the aquifer. Four T-RFs showed strong significant positive
correlations with higher CEs (T-RFs 55, 192, 323, and 462). Six T-RFs displayed significant correlations
with VC (T-RFs 165, 198, 210, 218, 264, and 270). A single T-RF (T-RF 243) displayed strong significant
correlations with all CEs. Note that all the T-RFs present in these three categories showed no significant
correlations with “Fe*”. Two T-RFs showed a particularly strong negative correlation with “VC”, namely T-
RFs 214 and 223. A single T-RF (T-RF 219) was strongly positively correlated with “Fe*"”. Seven T-RFs
(T-RFs 56, 182, 221, 256, 266, 289, and 292) displayed particularly strong significant negative correlations

with “Fe®™.
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Figure 4. Heatmap of the correlations between selected environmental variables and T-RFs selected based
on their correlations to the MFA first two principal components. The color key of the correlations is shown
on the top left. T-RFs identified with PyroTRF-1D are displayed with bold characters.
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4.3.6 Ildentification of T-RFs

Selection of T-RFs

Among the set of T-RFs selected above, a subset of 24 T-RFs were correlated at the p = 0.01 level with
either “VC”, “%VC”, or “Fe*"”. These T-RFs were selected for identification (Table 4), as the correlations
with these variables indicated that they were possibly involved in the competition between IR- and VC

reductions.

Pyrosequencing T-RFs Identification (PyroTRF-ID)

Six samples (AB2, AKB2, AKB6b, BKB1, BKB5b, and RB1/99) were selected for in-depth analysis of the
16S rRNA gene pools by pyrosequencing. The selection among all samples was carried out based on the
clustering of their respective experimental T-RFLP (eT-RFLP) data sets, and one representative sample per
cluster was selected (data not shown). As expected, the results showed that digital T-RFs (dT-RFs) were
built predominantly with the contributions of several 16S rRNA gene sequences, showing different
taxonomic levels (Table 4). Use of the PyroTRF-ID software enabled identifying the phylotypes contributing
to some of the T-RFs that were significantly correlated with selected environmental variables. Seven T-RFs
with low relative abundance in the selected samples could not be identified, since they found no

corresponding dT-RFs.

Among the T-RFs identified with PyroTRF-ID that were positively correlated with VC, 3 were
unambiguously affiliated to the Dehalococcoidaceae. The T-RF 165 was clearly affiliated to
Dehalococcoides sp., with 100% of all contributing reads. The affiliation of T-RFs 210 and 243 stopped at
the family level. Their contributing reads were processed in BLAST against the NCBI database to gain
additional information. The results indicated that T-RFs 210 and 243 were affiliated to sequences of the
“Lahn Cluster” (LC). The LC is in fact composed of two subclusters, namely LC1 and LC2 (51). The T-RFs
243 and 210 displayed 97 and 99% sequence identity with LC1 and LC2, respectively. The T-RF 198 was
unambiguously affiliated to Desulfovibrio sp., a SRB. Among the T-RFs that were negatively correlated with
VC, T-RF 63 was affiliated to the Methylococcaceae, T-RF 214 to the Comamonadaceae, and T-RF 216 to
the Gallionellaceae, composed of IRB. T-RFs 218 and 237, both displaying a positive correlation with %VC,
and T-RF 219, displaying a positive correlation with Fe*", were all affiliated to the Gallionellaceae as well.
Among the T-RFs that were negatively correlated with %VC, unambiguous identification was obtained for
T-RF 289, affiliated to the family Sphingomonadaceae, T-RF 292, affiliated to the Rhodospirillaceae, and T-
RF 326, affiliated to Nitrospira sp. The T-RF 190, negatively correlated with Fe?*, was affiliated to the

Desulfobulbaceae. For more details, please refer to Table 4.
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Cloning and sequencing

In total, 105 clones were sequenced. Among the retrieved sequences, 67 displayed the required features for
further analyzes, i.e. the forward primer could be detected, they were not identified as chimeras, the first
restriction site of the enzyme Haelll was present, and the resulting dT-RF corresponded to the eT-RF within
a maximal 10-bp drift. Among these, 16 belonged to the list of selected T-RFs. All identified T-RFs were
positioned in phylogenetic trees of bacterial 16S rRNA sequences (Figures S1 to S4). More than one
phylogenetic affiliation was found for 13 T-RFs (T-RFs 63, 183, 193, 194, 197, 198, 210, 213, 214, 216,
218, 221, and 255).

Chloroflexi

Sixteen sequences, related to 9 different T-RFs were affiliated to the Chloroflexi phylum (Figure S1). Two
sequences were obtained for T-RF 165, which displayed the strongest correlation with VVC, and no significant
correlation with higher CEs (Figure 4). These sequences were both affiliated to Dehalococcoides sp. (with
100% sequence identity), confirming the identity obtained with PyroTRF-ID. Two T-RFs were affiliated to a
deep-branching cluster within the Dehalococcoidetes class. They shared respectively 100% (T-RF 210, clone
z31), 99% (T-RF 243, clones z60 to z62), and 97% (T-RF 210, clone z32) sequence identity with sequences
from the LC. Confirming the results of PyroTRF-ID, T-RF 210 was affiliated to LC2, and T-RF 243 to LC1.

Two other T-RFs (T-RFs 213 and 255a) were affiliated to the Dehalococcoidetes class, and three to the
Anaerolineae class (T-RFs 221, 255, 256). T-RF 220 shared 91% sequence identity with an unidentified

Chloroflexi clone from a CE-contaminated aquifer (GenBank accession number DQ223083).
S-Proteobacteria

Twenty-six sequences were affiliated to the S-Proteobacteria (Figure S2) and were related to 11 different T-
RFs. Sixteen sequences were affiliated to the Comamonadaceae and were related to a total of 9 different T-
RFs. Among the latter, T-RF 214 and T-RF 194 were affiliated to Rhodoferax sp. T-RFs 218 (3 different
sequences) and 219 were affiliated to members of the Gallionellaceae, 2 T-RFs (T-RFs 197 and 216) were
affiliated to the Methylophilaceae, and 2 (T-RFs 193 and 194) to the Rhodocyclaceae. Finally, one sequence

related to T-RF 213 was affiliated to a group of unclassified S-Proteobacteria.
o6-Proteobacteria

Two almost identical sequences were related to T-RF 198 and were affiliated to the Desulfovibrio genus
(Figure S3). T-RF 198 shared 100% sequence identity with clone DCE36 (GenBank accession number
AJ249261), isolated from a CE-dechlorinating enrichment culture, and 99% identity with a clone isolated

from an anaerobic methane-producing enrichment culture (52).
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a-, 0-, and y-Proteobacteria, and Firmicutes

T-RF 63 and 64 were classified in the methanotrophic Methylococcaceae within the y-Proteobacteria (Figure
S3). T-RF 495 shared 98% sequence identity with a clone obtained from an arsenite-oxidizing biofilm
(GenBank accession number AY168736) and 93% sequence identity with Bdellovibrio bacteriovorus str.
H100 (GenBank accession number BX842648). The phylum Firmicutes and the class of the a-

Proteobacteria were each represented by a single clone.

Others / unclassified
The phylum Nitrospirae and the candidate divisions OP11, TM7, and NC10 were each represented by a
single sequence (Figure S4). Thirteen sequences related to 11 different T-RFs could not be classified in any

known bacterial taxon.

4.4  Discussion

4.4.1 Incomplete CE dechlorination cannot be explained by the lack of electron

donors and the absence of biochemical potential

As mentioned above, a major drawback of MNA of CE-contaminated aquifers is the frequent accumulation
of undesired intermediates as a result of an incomplete dechlorination, or of a decreased efficiency of lower
CEs dechlorination (5). The explicit and unambiguous explanation of the reasons for which this natural
mechanism is not continuing until the release of the final products (i.e. ethene or ethane) is therefore
mandatory. Incomplete or impeded reductive dechlorination is often the result of a depletion of organic
substrates metabolized by the fermenting guild, which in turn provides OHRB with suitable electron donors
(53, 54). Based on geochemical analysis of core samples collected in a previous campaign (data not shown),
the Zuchwil aquifer was shown to be rich in organic carbon (estimated between 6 - 9% (w/w)). Therefore,
lack of carbon and electron sources fuelling the OHR bacterial guild was therefore excluded as a possible
explanation for incomplete CE dechlorination. The presence of OHRB such as Sulfurospirillum sp.,
Desulfitobacterium sp., Dehalobacter sp., Desulfuromonas sp., and Dehalococcoides sp. was confirmed in
most wells of the Zuchwil aquifer. End-point PCR carried out using specific primers also revealed the
presence of vcrA and bvcA, two genes encoding VC reductases (55). Based on pyrosequencing results, only
2 OHRB were detected in the Zuchwil aquifer: Dehalococcoides sp. was present in all analyzed samples but
AB2, whereas Desulfitobacterium sp. was only present in BRB1-99 and BKB5b. The discrepancy between
end-point PCR and pyrosequencing probably arose from the greater sensitivity of the nested PCR approach.
Nevertheless, these observations, together with the presence of small amounts of ethene, clearly indicated
that the biochemical potential for CEs dechlorination was present in the Zuchwil aquifer and that bacteria
responsible for lower CEs reduction were present and active locally, but were unable to fully exploit their

catabolic potential throughout the whole aquifer.
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4.4.2 TEAPs shape the whole bacterial community present

The multivariate statistical analysis of the BCS data and the environmental variables showed that the group
composed of terminal electron acceptor variables (“TEA”) displayed the highest correlations with the BCS.
In general, the energetically most favorable electron-accepting process predominates in the habitat as long as
the concentration of the required TEA is sufficient. When the TEA is depleted or its concentration too low,
the next most favorable TEAP takes place. This phenomenon gives rise to the ecological succession of
TEAPs (56). Microbial populations involved in anaerobic TEAPs make often use of electron sources
provided by upstream processes such as fermentation and syntrophy (11). These populations can be referred
to as keystone populations (57). Their abundance may be limited, but their respiratory function influences the
structure and the functioning of the microbial community as a whole, through the transmission of the
electron fluxes across the successive bacterial guilds. This influence of TEAPs over the entire bacterial
community is reflected here by the strong correlation between TEAs and the BCS.

“%CE”, an indicator of the reduction state of the contaminants, was the second most correlated set of
variables. T-RFLP profiles thus showed an important adequacy with the different stages of reduction of CEs.
This significant correlation demonstrated that BCS were not only conditioned by the presence of chlorinated
compounds, but also that they presented an adaptive response to their relative proportions, and more
particularly the proportion of VC which was the most strongly correlated with BCS. The discrepancies
observed in the T-RFLP profiles were not induced necessarily by major changes in the OHR guild itself, as
the diversity thereof was quite limited to a few populations only, as shown by metagenomic analysis.
Classically, OHR of ¢cDCE and VC occurs under more reducing conditions than required for OHR of PCE
and TCE (58). In anoxic environments, OHR of ¢cDCE and VC is therefore more susceptible of being
hampered. The degradation of both higher and lower CEs is known to involve the activity of different
bacterial populations. Maillard et al. (2011) showed that Sulfurospirillum sp. was involved in the reduction
of PCE and TCE to cDCE, whereas Dehalococcoides sp. was responsible for the dechlorination of cDCE and
VC to Eth (59). In contrast, Flynn et al. (2000) showed that T-RFs appearing or disappearing after the switch
from higher to lower CE dechlorination were not belonging to known dehalogenating bacteria, but to a
nitrogen-fixing S-Proteobacterium and to members of the Clostridiaceae, respectively, which were present
in the consortia as accompanying populations (60). When the flux of electrons switches from higher CEs
(PCE and TCE) to the lower ones (cDCE and VC), the thermodynamics and kinetics of the overall reaction,
i.e. from the organic substrate fermentation to the reduction of the TEA, is modified (61). This change

undoubtedly selects for the guilds that are best adapted to the new conditions.

CEs displayed contrasting RV correlation coefficients. “PCE” and “TCE” were significantly correlated with
BCS. The reduction process of these two compounds was expected to be favored under the IR conditions
prevailing in the Zuchwil aquifer, allowing for the development of a dedicated OHRB population. These
TEAPs are indeed thermodynamically more favorable than IR, and their H, threshold concentrations

requirements are in the same range (62, 63). “cDCE” was slightly correlated with BCS, whereas “VC”
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displayed the highest significant correlation with BCS among all measured environmental variables. “VC”
can be an indicator either of cDCE or VC reduction. Whatever the case, the variations in VC concentrations
were directly related to the reduction of lower CEs and to bacterial communities associated with one or the

other processes it may indicate.

4.4.3 CEs were dechlorinated by several Chloroflexi

Interestingly, and at present knowledge, cDCE and VC can be reduced by some strains of Dehalococcoides
only, involving deeper redox conditions. Five T-RFs (165, 198, 210, 264 and 270) displayed a strong
correlation with lower CEs as well as no significant correlation with higher ones. PyroTRF-ID and the
sequences of two clones confirmed that T-RF 165 was closely affiliated to Dehalococcoides sp. This
confirmed the implication of this obligate OHRB in the reduction of lower CEs, which was further
demonstrated by the strong positive correlation shown between T-RF 165 and “VC”. T-RF 210 was affiliated
to the sequences belonging to the LC (51) based on the results of PyroTRF-ID and confirmed by two clone
sequences. Uncultured bacteria belonging to the LC are members of the Chloroflexi but they are only
distantly related to Dehalococcoides sp., with only 92 to 94% sequence identity. They were detected in
pristine river sediment microcosms incubated at 15°C with PCE as sole electron acceptor and **C-labeled
acetate as electron donor. Based on stable isotope probing (SIP) analysis, they were shown to reductively
dechlorinate PCE to cDCE. In the present study, they were detected for the first time in groundwater DNA
extracts. According to T-RFLP profiles, this population was dominant in some sampling wells (T-RF 243
represented more than 10% of the bacterial community in well RB1/99), suggesting that bacteria of the LC
are putative major protagonists in particular PCE-contaminated groundwater systems. The significant
correlation between T-RF 210 and lower CEs and the absence of correlation with higher CEs indicated that it
was directly involved in the reduction of lower CEs. Should this finding be confirmed, it would be the first
observation of a member of the LC able to dechlorinate lower CEs. T-RF 243 was unambiguously related to
the LC as well, as confirmed by both PyroTRF-ID and cloning-sequencing approaches. In contrast with T-
RF 210, it was significantly strongly correlated with all CEs, indicating that it was involved in the reductive
dechlorination of both higher and lower CEs. The large proportion represented by this T-RF in the bacterial
communities of several samples (up to 14.8%) indicated that it was a major protagonist in the reduction of
CEs in the Zuchwil aquifer. Two sequences among the four obtained for T-RF 198 were related to a SRB
Desulfovibrio sp. clone detected in drinking water. Desulfovibrio sp. has been reported as a facultative SRB
and former studies have also demonstrated the syntrophic role of members of this genus (64-66). Men et al.
(2011) showed that the dechlorination rate was enhanced in a co-culture containing Dehalococcoides
ethenogenes str. 195 and a strain of Desulfovibrio, as compared to the culture of the OHRB alone (65). In the
Zuchwil aquifer, Desulfovibrio sp. was not correlated with “S0O,>”, indicating that it played a non-significant
role in the reduction of sulfate. However, this T-RF was present in all samples and was co-occurring (data
not shown) with T-RF 165 (Dehalococcoides sp.), supporting the hypothesis of a syntrophic activity. Three

clone sequences corresponding to the T-RF 218 were closely affiliated to members of the Gallionellaceae.
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PyroTRF-1D analysis showed equally that 97.3% of the pyrosequencing sequences obtained from sample
AB2 and showing a T-RF of this size were associated to this T-RF. However, the reasons for which members
of this family were significantly correlated with “%VC” could not be explained at this stage. Finally, no
phylogenetic affiliation could be attributed to T-RF 270, as pyrosequencing provided no dT-RF related to

this size.

4.4.4 lron reduction is another main TEAP in the Zuchwil aquifer

2 and BCS was almost identical as the

The value of the RV correlation coefficient computed between “Fe
one computed between “VC” and BCS. Relatively important concentrations of Fe** in the Zuchwil aquifer
unambiguously indicated that IR was a major TEAP in the Zuchwil aquifer (56). This was supported by the

2+95

significant positive correlations computed between “Fe®*” and bivalent cations such as Mg and Sr**, as it
has been shown previously that metals and bivalent ions that have been co-precipitated with Fe(lll) are being
solubilized together with Fe** during IR (67, 68). IR was also consistent with results of geochemical analyzes
carried out on core samples collected in a previous campaign that revealed overall high Fe(lll) contents
(between 1.6 and 4.4 % wi/w) in the aquifer matrix (data not shown). Among all T-RFs, T-RF 214 showed a
distinctive pattern of correlations, displaying significant negative correlations with all CEs as well as with
“S04*” (Figure 4). Furthermore, T-RF 214 showed a positive correlation with “%VC”. At the same time,
this T-RF was strongly negatively correlated with T-RF 243, affiliated to the LC. The results of these
correlations indicated that the sequences composing this T-RF (or at least a fraction of it) were related to a
bacterial taxon implicated in an activity which was incompatible with the reduction of lower CEs. PyroTRF-
ID showed that this T-RF was predominantly composed of sequences affiliated to the Comamonadaceae
(81.5% relative contribution to the dT-RF) at the family level. However, nothing could be concluded at the
genus level with this technique, as too many different phylotypes contributed to the dT-RF. However, the
cloning-sequencing approach provided 4 clones among five which were closely affiliated to Rhodoferax sp.,
a genus containing known IRB (69, 70). T-RF 219 was the most strongly correlated T-RF with “Fe*"”,
indicating a link with the iron metabolism. Its identification both by cloning-sequencing and by PyroTRF-ID
unambiguously revealed an affiliation to members of the iron-oxidizing Gallionellaceae. Aerobic iron
oxidation was not a major metabolism in the Zuchwil aquifer as this metabolism is known to occur in
microaerophilic conditions only (71), and since the Zuchwil aquifer was mainly under IR conditions.
Nevertheless, several locations of the aquifer were undeniably under microaerophilic conditions. This was
the case for the upstream zone of the plume, where oxic water was penetrating the area. Also, water present
in wells was in contact with atmospheric oxygen. A reddish-brownish organic precipitate was observed in
some wells, characteristic of iron precipitates formed by iron-oxidizing bacteria. Thus, iron-oxidizing
bacteria observed in our samples may originate either from a limited microaerophilic zone around the well
formed by O, diffusion from the well, or directly from water present in the well. In both cases, they would
represent a sampling artifact in the sense that the microaerophilic conditions result from the presence of the

monitoring well.
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It has to be mentioned at this stage that although several T-RFs could be successfully identified based on
cloning-sequencing and PyroTRF-ID in this study, some uncertainties still prevailed for some of them.
Indeed, several phylotypes may contribute to a single T-RF (45, 72, 73). Conversely, several T-RFs may
refer to a single phylotype. For instance, the genus Desulfitobacterium contains several different 16S rRNA
genes (74), with restriction sites located at different locations and resulting in different T-RFs. In our case, 7
T-RFs could not be resolved at all because they found no corresponding dT-RF, mainly due to the low
relative abundance of these fragments in the investigated T-RFLP profile. Furthermore, as explained above,
some dT-RFs could not be elucidated at the genus level, since they were composed of too many phylotypes

with no clear dominance.

4.45 Competition between VC reduction and iron reduction in the Zuchwil

aquifer

Despite the statistical evidence that IR and the reduction of lower CEs were both prominent TEAPS, no
correlation was observed between “Fe?*” and “VC”. A significant positive correlation was however detected
between “Fe?*” and “%VC”, an indicator of the extent of CE reduction and of the relative accumulation of
VC. The positive correlation emphasized the competitive nature of the interaction between the two TEAPS
for electron donors. The competition between IRB- and VC-reducing bacteria is therefore the most likely
hypothesis explaining the accumulation of VC in the Zuchwil aquifer. In anoxic groundwater, most TEAPs
mainly rely on H, as electron donor for their respiratory metabolism. H, is produced by a series of processes
involving fermenting bacteria and syntrophs. It is preferentially consumed by the thermodynamically more
potent TEAPs. The bacteria mediating these processes lower H, concentration towards a physiologically-
based H, concentration threshold, making it unavailable to less potent TEAPs (11). As a consequence, H,
threshold concentration requirements of bacteria mediating TEAPs in groundwater, together with kinetic
aspects, determine their competitiveness. To the best of our knowledge, few studies specifically investigated
the competition of these two TEAPSs or even the potential inhibition of the reduction of lower CEs by IRB.
Wei et al. showed that IR was not necessarily inhibiting the complete reduction of CEs to ethene (16).
Conversely, several studies showed that OHR requires H, threshold concentrations similar to, or higher than
other TEAPs, including IR (reviewed in (11)). In particular, one study measured H, steady-state
concentrations during cDCE and VC reduction in batch cultures and found that they were higher than for IR
(63). The hypothesis that VVC-reducing bacteria were outcompeted by IRB in the Zuchwil aquifer was

therefore consistent with literature data and fitted with the interpretation of statistical results.

~113 ~



Accumulation of lower chlorinated ethenes due to competition between iron- and organohalide-respiring bacteria

4.4.6 Sulfate reduction potentially helps VC to be dechlorinated

“S0,%™ displayed a significant correlation with BCS. Concentrations of sulfate were highest in well RB3/93,
which was under nitrate-reducing conditions, as indicated by the nitrate concentrations and the calculated
redox state. In the other locations of the aquifer, sulfate concentrations were lower, indicating that SR was an
active process, although globally not influencing the BCS. Bethke et al. (2011) showed that IR and SR were
not necessarily excluding each other, but that a mutualistic relationship could exist (75). SR and IR are
inhibited by the accumulation of their respective reduction products, namely S* and Fe**. The precipitation
of these products into FeS(s) was proposed as the mechanism leading to the observed mutualism (61, 76).
The relationship between SRB and OHRB in groundwater is still controversial. Several studies carried out on
dechlorinating consortia reported the inhibition of OHRB by SRB (14, 77, 78). Contrarily, other studies
provided some evidence that the reduction of lower CEs can compete with SRB (15, 79, 80). Measured
threshold and steady-state H, concentrations (11) suggested that OHRB should be able to compete with SRB.
In the Zuchwil aquifer, sulfate concentrations were the lowest in the zones where complete dechlorination
was highest (17), as shown by the significant negative correlation between “SO,*” and “VC”. In other
words, VC reduction occurred preferentially in micro-habitats where SR was enhanced, leading to a
noticeable decrease of sulfate concentration. At the same time, “SO,*” and “TOC” were strongly
significantly anti-correlated, indicating that SR was enhanced in zones with high organic matter content.
“S0,2” and “Fe*” were equally negatively correlated. This correlation could be interpreted as the
consequence of the precipitation of Fe® in the form of FeS, which in turn explains why Fe*" was not
accumulating in excess in these zones as compared with other sections of the aquifer. This hypothesis was
supported by the undetected or very low concentrations of sulfide measured in the investigated wells (17), as
S* produced by SR has probably systematically reacted with Fe*" in solution (75). Assuming that the
reduction of lower CEs was predominantly taking place in zones of low SO,* concentrations, RV correlation
coefficients, combined with the identification of T-RFs, provided indications on the bacterial taxa involved
in this process. T-RF 243, affiliated to the LC, was the only T-RF identified as an OHRB which displayed a
significant negative correlation with “SO,*”, indicating that it was particularly abundant in zones with low
S0, concentrations, where VC was reduced to ethene. It was therefore considered as the main driver of the
reduction of lower CEs in the Zuchwil aquifer. Surprisingly, T-RF 165 displayed no correlation with “SO,*,
indicating that Dehalococcoides sp., although undoubtedly implicated in the reduction of CEs throughout the

Zuchwil aquifer, was not restricted to the zones with low SO,* concentrations.
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45 Conclusion

The integrative approach used in this study allowed the global assessment of the ecological mechanisms
leading to the accumulation of the intermediate toxic compound VC. Statistical analyzes showed that IR and
VC reduction were the main TEAPs involved in the Zuchwil aquifer and suggested that IRB and VC-
reducing bacteria were competing for electron donors. The identification of T-RFs provided further details
on the bacteria involved in this competition, indicating that the most significant IRB were composed of
Rhodoferax-like bacteria or other species belonging to the Comamonadaceae. VC-reducing bacteria were
unsurprisingly composed of Dehalococcoides sp. More surprising was the high abundance and strong
correlation with VC of sequences related to the LC. To the best of our knowledge, this is the first report
indicating that members of this cluster could be involved in the reduction of lower CEs, a result that will
have to be confirmed using enrichment cultures. Finally, our results suggest that SRB could play a role in the
attenuation of the contaminated site, by stimulating the depletion of Fe(l11) through mutualism with IRB.
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Figure S1. Phylogenetic placement of T-RFs identified by cloning-sequencing within the Chloroflexi.
Clones are indicated with a “z” followed by a number and the T-RFs are shown in brackets. Bootstraps
below 500 are not shown.
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Figure S2. Phylogenetic placement of T-RFs identified by cloning-sequencing within the s-Proteobacteria.
Clones are indicated with a “z” followed by a number and the T-RFs are shown in brackets. Bootstraps

below 500 are not shown.
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Figure S3 Phylogenetic placement of T-RFs identified by cloning-sequencing within the Firmicutes, a-
Proteobacteria, o-Proteobacteria, and y-Proteobacteria,. Clones are indicated with a “z” followed by a
number and the T-RFs are shown in brackets. Bootstraps below 500 are not shown.
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Figure S4. Phylogenetic placement of T-RFs identified by cloning-sequencing within the various phyla.
Clones are indicated with a “z” followed by a number, and the T-RFs are shown in brackets. Bootstraps
below 500 are not shown.
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5 Incomplete reductive dechlorination of
tetrachloroethene as a result of hydrogeological

characteristics of the Lyss aquifer

Abstract

Accumulation of toxic daughter molecules formed during incomplete organohalide respiration (OHR) of
chloroethenes (CEs) represents a major obstacle for the remediation of contaminated sites using monitored
natural attenuation. In this study, reasons for spatial discrepancies in the fate of OHR were investigated in a
tetrachloroethene (PCE)-contaminated aquifer in which ¢cDCE was accumulating locally. Two zones with a
priori similar geological conditions were delimited on this site. The first one displayed complete OHR, whereas
the second one displayed an accumulation of ¢cDCE. Terminal-restriction fragment length polymorphism was
used in combination with pyrosequencing to describe the bacterial communities in both zones. The results of
these analyses were combined with hydrogeochemical data using multivariate statistical tools such as
multifactorial analysis, enabling building-up a conceptual model of the aquifer functioning and hypothesizing the
reasons for the accumulation of cDCE. Bacterial fingerprinting provided evidence of the presence of radically
different bacterial communities in the two zones. Pyrosequencing datasets revealed that the bacterial populations
in the zone of complete OHR were typical of highly reducing environments and were dominated by
Dehalococcoides sp. Conversely, the zone where incomplete OHR was leading to the accumulation of cDCE
was inhabited by bacterial populations typical of more oxidized environments, such as nitrate-reducing and
aerobic bacteria. Finally, based on hydrogeological expertise, the observed OHR discrepancy could be attributed
to the occasional upward recharge of the anoxic lithological layer with oxidized groundwater, coupled with local
discrepancies in the aquifer conformation and organic carbon content. These processes were probably hindering

the development of an efficient OHR process in Zone I, leading to the observed accumulation.
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5.1 Introduction

Accumulation of cis-dichloroethene (cDCE) and vinyl chloride (VC) is frequently observed in groundwater
contaminated with tetrachloroethene (PCE) or trichloroethene (TCE) as a result of the incomplete organohalide
respiration (OHR) of chlorinated ethenes (CEs) (1, 2). Differences in the extent of OHR was also shown to occur
in limited sections of contaminated sites (3, 4). Reasons for the uneven degradation of the contaminant has
previously been attributed to the irregular distribution of organic substrates feeding the fermenting and
syntrophic guilds, resulting in locally insufficient amounts of electron donors fuelling the OHR guild (2, 5).
Oxidation-reduction (redox) state has been shown to vary highly across contaminated sites, reflecting the activity
of various terminal electron-accepting processes (TEAPsS), which are sometimes thermodynamically more
efficient than OHR (6, 7). Furthermore, high amounts of selected electron acceptors coupled with low electron
donor requirements may provide a competitive advantage to some TEAPs over OHR. In contrast with PCE and
TCE, cDCE and VC are only efficiently dechlorinated between sulfate-reducing and methanogenic conditions
(3, 8). In addition, Abe et al. (2009) reported that the occurrence of the dedicated OHRB, “Dehalococcoides” sp.,
was positively correlated with the amount of soil organic content in streambed sediments (3). As a recall, only
Dehalococcoides sp. has been shown to catalyze the reductive dechlorination of ¢cDCE and VC to the final
harmless product ethene (9). Although some strains have been shown to successfully dechlorinate PCE and TCE,
the ecological niche of Dehalococcoides sp. has been shown to be mainly limited to the reductive dechlorination
of ¢cDCE and VC in consortia and in field conditions (3, 10, 11). According to the present state of knowledge,
Dehalococcoides sp. is a highly specialized obligate OHRB (12), showing a metabolic versatility reduced to the
use of halogenated compounds as electron acceptors, and H, as the sole electron donor (13-15). However, all
Dehalococcoides sp. strains do not bear vcrA and bvcA, the genes known to encode the enzymes catalyzing the
reductive dechlorination of cDCE and VC (12). Thus, the detection of specific strains of Dehalococcoides sp.
using molecular tools such as quantitative PCR does not per se enable anticipating the complete degradation of
CEs. Strains of Dehalococcoides sp. isolated to date show a high degree of homology (12) and no clear link can
be drawn between their phylogeny and their catabolic capabilities. Moreover, the presence of a large catabolic
potential is not a guarantee of the success of reductive dehalogenation if the required environmental conditions
are not met. Investigation of the reasons for partial degradation of CEs can therefore not be reduced to simply
testing the presence of Dehalococcoides sp. Such reductionist approaches can prove counter-productive in the
study of complex microbial systems (12, 16). Several other biological and hydrogeological characteristics must
be investigated prior to the application of monitored natural attenuation (MNA) in a contaminated site (5, 17).
The features include the diversity of the OHR bacterial guild, the availability of electron donors, as well as the
distribution of local redox conditions. The geological structure and groundwater fluxes should be characterized
as well (5, 17). Often neglected, the temporal behavior of the aquifer may be of primary importance in the

success of natural attenuation. For instance, the aquifer recharge may considerably influence the redox
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conditions, by bringing water showing a typical surface water signature to the groundwater system and
accordingly causing a shift in the dominant TEAPs (18). Physical extent of the impacting of the aquifer recharge
on OHR and its possible implication in the local accumulation of lower CEs is not well known. McGuire et al.
(19) reported that shifts in TEAPs due to aquifer recharge were restricted to small-scale interfaces between
already present groundwater and “fresh” groundwater. Yet, temporal fluctuations induced by hydrostatic
pressures are likely to negatively impact the formation of a habitat having a redox state favorable to the complete
reduction of CEs.

The objective of this study was to find out the causes of short-distance discrepancies in the fate of CEs in a
contaminated site which displayed a priori favorable environmental conditions for OHR. A synergistic approach
was used to evaluate the impact of factors that were likely to explain the causes of the heterogeneity of the OHR
process. We therefore analyzed different components of the ecosystem to acquire a comprehensive
understanding of the aquifer functioning prior to answering more specific questions. Hydrological, geological,
chemical, and microbiological aspects were assessed and further combined using multivariate statistical

techniques to get a comprehensive picture of mechanisms governing the aquifer functioning.

5.2 Materials and Methods
5.2.1 Testsite

The contaminated site is located in Lyss (BE, Switzerland), and is part of the Seeland aquifer. The aquitard is
composed of the ground-moraine of glacio-riparian depositional origin and is located around 8 m below surface
and deeper. It is overlaid by two superimposed lithological layers of Quaternary depositional origin. The lower
one is composed of coarse gravels of alluvial origin, showing a high hydraulic conductivity (1.10° ms™). This
layer displays high dissolved oxygen concentrations (DO) and low organic matter content, as reflected by low
dissolved organic carbon concentration (DOC). The upper layer is composed of finer material coming from
flooding events, such as fine sand and silt, mixed with low amounts of residual peat material and forming a
heterogeneous geological body. It is anoxic, showing high organic carbon content in the sediment (0.4 to 2%
total organic carbon) and a low hydraulic conductivity (5.10° ms™). The boundary between the two layers is
gradual and gives rise to a vertical gradient of grain size distribution, DO, and DOC. The aquifer is partly
recharged with water originating from the nearby Lyssbach River, located South East ca. 20 m upstream of the
test site. However the main recharge is carried out with water from the global Seeland aquifer. The upper layer
reaches a depth of approximately 4 to 5 m below surface upstream and gets thinner downstream. The most
probable source zone of PCE contamination is located on the location of a former dry cleaning facility with PCE
which has been in use between 1956 and 1999. The plume of contamination extends towards the North-West
(Figure 1 and Figure 2).

The site was assessed using monitoring wells situated in two zones, | and Il. Zone | was located close to the

source zone, in the upstream part of the contamination plume. The aquifer in this area was impermeable to
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surface infiltration. Zone I, located further downstream of the contamination plume was covered by lawn.
Fourteen pre-packed screened piezometers (P) with 0.75 inches (1.91 cm) internal diameter (3/4" PrePack Well,
AMS, USA), as well as 4 multilevel piezometers (ML; Ducommun et al., in prep) were used in Zone | and II.
Furthermore, four reference piezometers (R1 to R4) located on the other bank of to the Lyssbach River were

monitored (Figure 1 and Figure 2).

5.2.2 Groundwater sampling

Fifty-five groundwater samples were collected during four sampling campaigns carried out between March 2009
and August 2010. Groundwater samples were labeled with the name of the monitoring well they were collected
in, followed by the labels A to D in brackets, according to their sampling date. Prior to the collection of
groundwater samples, each well was purged (at least one well volume) using a peristaltic pump (Type P2.52,
Eijkelkamp, Giesbeek, Netherlands) through a PTFE tube (inner diameter 4 mm, Semadeni SA, Switzerland) at a
flow rate of 100 mL/min until physical-chemical parameters measured on-site (temperature, pH, electrical
conductivity, oxidation-reduction potential) reached stable readings. Groundwater aliquots for the analysis of
DOC, Fe?*, Mn*", major anions (CI', F, Br, NO3, NO,, SO,*, and PO,*) and cations (Li*, Na*, K*, NH,", Ca*,
Mg®*, and Sr**), and sulfide were filtered on-site with 0.45 pm nitrocellulose membranes (Millipore, USA).
Filtered groundwater samples for the analysis of DOC were collected in Falcon-like tubes (Sarstedt AG&Co,
Germany) and stored at 4°C in the dark until analysis, which was carried out within one day after sampling. For
the analysis of Fe*" and Mn*", 20 mL filtered groundwater was acidified to pH < 2 with 10% (v/v) HNOj;
(Sigma-Aldrich, USA) in 20-mL VOC vials (BGB Analytik AG, Switzerland) and analysed within one week
after sampling. For the analysis of major anions and cations, 60 mL filtered groundwater was collected
separately into two 30-mL polypropylene bottles (Sarstedt AG&Co, Germany). Groundwater aliquots for cations
were acidified to pH < 2 with 10% (v/v) HNOs (Sigma-Aldrich, USA). Groundwater samples for the analysis of
anions and cations were stored at 4 °C and analysed within one week after sampling. Approximately 50 mL of
groundwater were collected in 50-mL Falcon-like tubes for the quantification of S* (Sarstedt AG&Co,
Germany), complemented with 2 drops of 2N zinc acetate (Sigma-Aldrich, USA), basified to pH > 9 with 1M
NaOH (Sigma-Aldrich, USA), and analyzed within one week after sampling. Groundwater samples for the
guantification of VOC concentrations were collected into 40-mL glass vials sealed without headspace using
PTFE-lined screw caps (BGB Analytik AG, Switzerland) using a foot-valve pump (Waterra Pumps Ltd.,
Canada) to prevent degasing of the chlorinated compounds.

Groundwater samples for microbiological analyses were collected using the peristaltic pump at a flow rate of
100 mL/min from multilevel piezometers and at 1000 mL/min from prepacked piezometers. Samples were
stored in sterile 1-L propylene Nalgene bottles (Thermo Fisher Scientific, USA) at 4°C in the dark, and were

processed within 2 days after sampling.
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Figure 1 modified from Ducommun et al., in prep. Map of the chloroethene-contaminated site of the Lyss
aquifer indicating the most probable location of the contamination source (red star) and the locations of the
monitoring wells (P: prepacked piezometers; ML: multilevel piezometers; R: reference wells) in the investigated
Zones | and Il. The blue arrow indicates the main groundwater flow direction, and the contamination plume is
indicated with yellow color. Zones | and Il are enlarged on the right side of the figure. For more details, such as
sampling depths and contaminant concentrations, please see Figure 2 and Tables S1 and S2.
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5.2.3 Analytical procedures

DOC concentrations were analyzed in a Shimadzu ASI-5000 TOC-analyzer (Shimadzu Corp., Japan).
Concentrations of Fe** were measured colorimetrically following the phenantroline method (20) with a detection
limit of 0.05 mg/L and an uncertainty of + 5%. Mn** concentrations were measured colorimetrically using a
spectrophotometer Lambda 10 (Perkin Elmer, Massachusetts, USA) following the FAD method (21) with a
detection limit of 0.05 mg/L and an uncertainty of + 3.5%. Major anions and cations were analysed by ion
chromatography (Dionex DX-120) with a detection limit of 0.1 mg/L and an uncertainty of + 5%. Sulfide
concentrations were determined colorimetrically (22) with a detection limit of 0.01 mg/L and an uncertainty of +
10%. All colorimetric analyses were carried out with a spectrophotometer Lambda 10 (Perkin Elmer, USA).
Concentrations of chlorinated compounds in groundwater were determined using an in-vial purge-and-trap
(P&T) extraction (VSP 4000, IMT Innovative Messtechnik GmbH, Germany) followed by gas chromatography
analysis using a flame ionization detector (GC-FID, CP-3800 Varian Inc., USA) equipped with a 30 m x 0.32
mm Rt™-QSPLOT plot fused silica capillary column (RESTEK, USA). The detector temperature was at 250°C.
Oven was first heated at 100°C for 4 min. Temperature was then increased at 10°C/min and kept stable at 240°C
for 5 min. The carrier gas was He (purity 99.99%). The P&T procedure consisted in a 20 min purge of 20 mL
(N,)/min, followed by a trap at -35°C with a Tenax® TA adsorbent resin (Scientific Instrument Services, Inc.,
USA), 7 min desorption at 240°C, and 140 min transfer time at 1000 mbar pressure. Detection and quantification
limits for the chlorinated compounds were 0.2 pg/L and 0.6 pg/L, respectively. Concentrations of ethene, ethane
and methane were determined by headspace gas chromatography analysis using a flame ionization detector (GC-
FID, CP-3800 Varian Inc., USA) equipped with a 15 m x 0.32 mm, 1.5 um carboPLOT column (Agilent
Technologies, USA). The detector temperature was at 250°C. Oven was heated at 40°C for 10 min and carrier
gas was He (purity 99.99%). The loop volume was 100 uL. Five milliliters of gas (argon, nitrogen, or helium)
was added to the sample by taking out the equal quantity of water using syringes of 10 mL, by volume
compensation. Vials were shaken upside-down overnight at room temperature and stored in 4°C until the
analysis. The analyses of VOCs were performed using the external standard method. Resulting calibration curves
were linear (r* > 0.999) and F-test showed 99% confidence. Detection and quantification limits for the
chlorinated compounds were 0.2 ug/L and 0.6 pg/L, respectively. For ethene, ethane and methane the detection
limit was 2.5 pg/L. The uncertainty of the analytical method was * 9, 11, 10 and 8% for PCE, TCE, cDCE and

VC, respectively and + 12% for ethene, ethane and methane.

5.2.4 DNA extraction

Water samples were filtered through 0.2-um autoclaved polycarbonate membranes (Isopore™ Membrane Filters,
Millipore) with a mobile filtration system (Filter Funnel Manifolds, Pall Corporation). DNA was extracted using

the PowerSoil™ DNA Extraction Kit (Mo Bio Laboratories, Inc.) following the manufacturer instructions,

~ 136 ~



CHAPTER 5

except that the samples were processed in a bead-beater (Fastprep FP120, Bio101) at 4.5 m/s for 30 s after the
addition of solution C1. Extracted DNA was quantified with a ND-1000 Nanodrop® spectrophotometer (Thermo
Fisher Scientific, USA).

5.25 Terminal-restriction fragment length polymorphism (T-RFLP)

The analysis of the bacterial communities using terminal-restriction fragment length polymorphism (T-RFLP) as
well as their numerical treatment were based on the protocol described in (23) with the following modifications:
(i) 30 pl PCR reactions were composed of 3 pL. 10X Y buffer, 2.4 pL 10 mM dNTPs, 1.5 pL of each 10 uM
primer, 6 pL 5X enhancer P, 1.5 U PeqGold Taq polymerase and 0.2 ng/ul template DNA (final concentration),
completed with autoclaved and UV-treated Milli-Q water (Millipore, USA); (ii) for each DNA extract, PCR
amplification was carried out in triplicates; (iii) the PCR products were purified with the purification kit

Montage® PCR Centrifugal Filter Devices (Millipore, USA) according to the manufacturer’s instructions.

5.2.6 Multivariate statistical analyses based on the T-RFLP profiles

All multivariate statistical analyses were carried out with R (24) and the additional package Vegan (25). In a
preliminary step, the bacterial community dataset was constructed as follows: Ruzicka dissimilarities were
calculated between replicate T-RFLP profiles; the replicate at the centroid (i.e. displaying the lowest
dissimilarity with the other two) was selected as the most representative of each sample. The bacterial
community dataset was transformed using a Hellinger transformation (26), whereas the environmental dataset
was standardized (27). Multifactorial analysis (MFA) (28, 29) was used to investigate the relationships between
environmental data and T-RFLP profiles in order to point out major ongoing processes. RV multivariate
correlation coefficients and p-values (30) were computed between the bacterial community dataset and single
environmental variables in order to get numerical correlations between the environmental dataset and the
bacterial communities. Partial redundancy analysis (pRDA) (27) was carried out on the Hellinger transformed
binary T-RFLP profiles to remove any impact of the different pumping rates used during groundwater sampling.
Resulting site scores were computed using Ward’s minimum variance clustering to investigate the BCS in the
upper geological layer where OHR was susceptible to take place. Most representative T-RFs of each group were

defined using their species indicator values (IndVal) (31).
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5.2.7 Quantitative PCR (qPCR)

One sample from the upper layer in Zone | and one from the same layer in Zone Il were selected for comparison
of the populations of Dehalococcoides sp. between Zones | and 11, as well as the VC reductive dehalogenase
genes vcrA and bvcA (GenBank accession numbers YP003330719 and AY563562, respectively). The total
numbers of 16S rRNA genes of Dehalococcoides sp. and vcrA and bvcA genes were quantified in a RotorGene
RG3000 real-time PCR machine (Corbett Research, Australia) and normalized to total bacterial 16S rRNA
genes. Primer sets used to amplify the different genes are listed in Table 1. Plasmids for standard curves of
Dehalococcoides 16S rRNA gene, vcrA, and bvcA were prepared using DNA amplicons from the PCE-to-ethene
dechlorinating MAROC11b consortium. Plasmids pDhc (16S rRNA gene of Dehalococcoides sp.), pvcrA (vcrA
gene) and pbvcA (bvcA gene) were isolated from 50 mL LB culture using the Qiagen Plasmid Midiprep kit and
linearized with Ncol (Promega). The digest was purified using the MSB® Spin PCRapace (Stratec Molecular
GmbH, Germany) according to the manufacturer’s instructions. The DNA was quantified in a Nanodrop
spectrophotometer (Nanodrop®, ND-1000, Thermo Fisher Scientific, USA) and copy numbers per microliter
were calculated from the number of base pairs of the plasmid, the average molecular weight of a base pair in
double-stranded DNA (660 Da) and the concentration in pg/uL obtained from the quantification. pDhc first
standard sample contained 3.44-10° copies/pL, and ten-fold dilutions were prepared down to 3.44-10% copies/pL.
pvcrA first standard sample contained 4-10° copies/uL, and ten-fold dilutions were prepared down to 4-10°
copies/pL. pbvcA first standard sample contained 8-10° copies/uL, and ten-fold dilutions were prepared down to
8-10° copies/uL. Reactions for qPCR were prepared as follows: 5.0 uL KAPA® SYBR FAST 2X qPCR Master
Mix (Kapa Biosystems, Inc., USA), 0.2 uL of each primer, 2.1 uL sterile Milli-Q water (Millipore, USA), and
2.5 uL template DNA solution were used per 10 ulL reaction volume. Samples were analyzed in triplicate,

whereas standard curves were measured in duplicate.

Table 1. List of primers used for the PCR amplifications of bacterial 16S rRNA gene pool, 16S rRNA gene of
Dehalococcoides sp., and vinyl chloride reductive dehalogenase genes vcrA and bvcA.

Target gene Ngme of Sequence (5°-3”) Reference
primer

Eubacteria 165 Eub-27f AGAGTTTGATCMTGGCTCAG (32)

rRNA gene Univ-518r  ATTACCGCGGCTGCTGG (33)

Dehalococcoides sp.  DHC443f  GGTAATACGTAGGGAAGCAAGCG This study

16S rRNA gene DHC61lr  GTTTTCTCCTGCTGTACTCTAGTCC modified from (1)
VCrA880f CCCTCCAGATGCTCCCTTTA (34)

verA vcrAl018r  ATCCCCTCTCCCGTGTAACC (34)

VA bvcA227f  TGGGGACCTGTACCTGAAAA (34)
bvcA523r  CAAGACGCATTGTGGACATC (34)
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5.2.8 Pyrosequencing

DNA samples selected above were sent for pyrosequencing (Research and Testing Laboratory LLC, USA; using
a 454/Roche GS-FLX Titanium Instrument (Roche, NJ, USA)) for comparison of the BCS present in the
upstream and downstream sections (Zones | and 11, respectively) of the aquifer. Amplification was carried out
with the same primer set as used for T-RFLP analysis, Eub-27f (32) and Univ-518r (33). Pyrosequencing data
were pre-processed in QIIME (35) on the Vital-IT platform (Vital-IT, Swiss Institute of Bioinformatics,
Switzerland). Briefly, the script split_library.py was used to keep only sequences above 300 bp with a PHRED
sequencing quality score above 20, and to remove the tags and primers. Denoising for the removal of classical
454 pyrosequencing flowgram errors such as homopolymers (36, 37) was carried out with the script
denoise_wrapper.py. Denoised pyrosequences were then processed using the script inflate_denoiser_output.py in
order to generate clusters of similar pyrosequences and to define one representative pyrosequence for each
cluster (centroid) as well as non-clustering sequences (singletons). A new file was created containing singletons

and cluster centroids inflated according to the original cluster size at the species level 97% similarity.

5.2.9 Identification of T-RFs

Only reads ranging between 300 and 500 bp selected with QIIME were used in the homemade software for
pyrosequencing terminal-restriction fragments identification (PyroTRF-ID; see CHAPTER 3). Briefly, mapping of
the sequences was performed using Burrows-Wheeler Aligner’s Smith-Waterman Alignment (BWA-SW) (38)
against the Greengenes database (39). Digital T-RFLP profiles were produced in silico using the aligned
sequences and the palindromic GGCC sequence specific for the enzyme Haelll. Both experimental and digital
T-RFLP profiles (eT-RFLP and dT-RFLP, respectively) were synchronized using autocorrelation algorithms
based on dominant terminal-restriction fragments (T-RFs) so as to correct possible experimental fragment length
drift (40, 41). A consistent match was then obtained between experimental T-RFs (eT-RFs) and digital T-RFs
(dT-RFs), and the putative corresponding sequence affiliation of eT-RFs representative of the clusters defined

above was thus obtained.

5.2.10 Comparison of bacterial communities from Zones | and 11

To assess differences among the BCS, results of the pyrosequencing analysis were annotated against the
Greengenes database (39) on the MG-RAST online server (http://metagenomics.nmpdr.org/) (42). Hits with an
e-value < 10°° and with an alignment length > 100 bp were used for the annotation with 97% minimum identity

cutoff. Statistical comparison of BCS from Zones | and 1l was carried out using the STAMP software (43).
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5.3 Results

5.3.1 Hydrochemical conditions in the Lyss aquifer

The investigated fraction of the Lyss aquifer was composed of two superimposed lithological layers. The lower
one displayed a high hydraulic conductivity (1.10° ms™) and oxic conditions. The upper one displayed very low
(5.10° ms™) hydraulic conductivity and was mainly anoxic. The source zone of PCE contamination was located
in the upper layer. Samples were collected during four sampling campaigns and were labeled accordingly (A to
D).

Hydrochemical conditions notably diverged between the two lithological layers, as observed in groundwater
samples collected during the last sampling campaign. Groundwater samples originating from the lower layer
were highly comparable in terms of chemical composition. They were clearly under oxic conditions (DO above
2mg/L), with NO; concentrations above 15 mg/L, SO,* concentrations above 18 mg/L, and Fe** and Mn**
below detection limit (Table S1). In Zone I, a vertical gradient of redox conditions was present in the aquifer,
going from clearly oxic in the deeper and coarser section to strongly reducing near the surface. Fe*" and Mn**
were detected in the most reduced fraction of the layer (respectively 6.2 and 0.83 mg/L in well P4), as well as
high CH, concentrations (11.5 mg/L in well P4), whereas NO; and SO,* were below detection limit and at 3.1
mg/L, respectively. The same gradient of redox conditions was observed further downstream in Zone Il, but
reached less reducing conditions than in Zone | at comparable depths. Indeed, CH,4 was not detected in well P16,
NO, was below detection limit, whereas SO,* concentration was still above 18 mg/L. Fe** and Mn*" were
present at low concentrations (0.1 mg/L for both). CH,; and ethane were detected in monitoring well ML9,
located in the upstream part of Zone Il close to the tarred surface area. However, the concentrations of these two
compounds were respectively 300 and two times lower in well ML9 compared with well P4 reaching a similar
depth (3.6 and 4 m depth, respectively) in Zone I. CE concentrations were distributed along the same vertical
gradient as described above for redox species. Total CE concentrations were lowest in the lower lithological
layer and reached high values close to the surface. In Zone I, all CEs were detected, whereas no VVC was detected
in Zone Il (Figure 3). The proportion of cDCE among total CE concentrations (%cDCE) was increasing together
with the distance to the source zone, reaching 88% in well P16 (Figure 3, Table S2). In well P17, concentrations
of cDCE were higher than in P4 where total CE concentrations reached their maximal value (Table S2).

Furthermore, ethene was detected in Zone | exclusively. In Zone 11, only ethane was detected in well ML9.
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Figure 3. Evolution of the proportions of chlorinated ethenes (CEs) along a longitudinal
transect through the contaminated aquifer. Investigated monitoring wells all target the
same depth with similar geological properties. CE proportions (left y axis) were
calculated among the cumulated concentrations (nM; right y axis) of CEs, ethene, and
ethane. Eth and %Eth refer to both ethene and ethane cumulative concentrations and
proportions, respectively.

5.3.2 Correlations between bacterial community structures and environmental

variables

Reliable CE quantification results were obtained for the last sampling campaign only, due to a technical failure
in the quantification process for samples of the other campaigns. Accordingly, and since CEs were presumed to
be putative important environmental variables in the Lyss test site, analysis of the relationships between BCS
and environmental variables was carried out using data from the last sampling campaign only. The MFA plot
showed that environmental variables were oriented in the direction of two axes that can be interpreted as two
main ecological gradients present in this section of the aquifer (Figure 4A). CEs and DO were aligned on one
axis whereas variables related to oxidation-reduction state (“NO3z™, “SO,>”, “Fe**”, “Mn?*"”, “CH,”, “Eh”) were
aligned on another one. With the exception of “%PCE” which was positively correlated with “DO”, all other
CEs were anti-correlated with this variable. “DO” and “%cDCE” displayed the two highest RV correlation
coefficients with BCS (RV = 0.29, p < 0.001, and RV = 0.28, p < 0.001, respectively; Table 2). More generally,
variables indicative of CE concentrations (“PCE”, “TCE”, and “cDCE”) displayed slightly significant RV
correlation coefficients with BCS, except “VC” which was not significant. Variables indicative of CE
proportions were globally more significantly correlated with BCS, except “%VC”, which displayed only a
slightly significant RV correlation coefficient (RV = 0.20, p = 0.044; Table 2). The variable “Eh” representing
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the oxidation-reduction potential measured on-site, was the third most strongly correlated with BCS (RV = 0.27,
p < 0.001). It was positively correlated with oxidized electron acceptors such as “NOz” and SO,*”, and
negatively correlated with reduction products such as “Fe**”, “Mn*", “Sulfide”, and “CH,”. All these variables
were in turn moderately to highly significantly correlated with BCS, except “Sulfide” which was only slightly
significant. The reduction products variables grouped together with the variables “Ethene”, “Ethane”, “%Eth”,
“CH,”, and “DOC”.

The MFA plot shows a set of samples forming a dense cluster (Figure 4B, C1) originating from the lower
lithological layer, and characterized by high DO concentrations and high proportion of PCE, as shown in Figure
4A. Samples R3 and R4 were exceptions, as they originated from the upper lithological layer, but in the
uncontaminated area. A looser cluster was composed of a second set of samples (Figure 4B, C2) originating
from (i) all depths of the upper lithological layer of Zone I, and (ii) the deepest fraction of upper layer of Zone I.
Finally, a loose cluster was composed of 5 samples (Figure 4B, C3) originating from the upper lithological layer
of Zone | at around 4 m depth and from the same layer in Zone I, but very close to the surface, between 2 and 4
m depth. This cluster was characterized by the most reducing conditions, with highest concentrations of CHy,,
ethane, Fe®*, Mn?" and, for samples from monitoring wells ML15-4 and P4, with the highest concentrations of
ethene. Samples from this cluster were also characterized by the highest DOC concentrations.
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Table 2. RV correlation coefficients calculated between the bacterial
community dataset and each environmental variable.

Variable RV p-value®  Significance
T 0.20 0.054 ns
pH 0.17 0.259 ns
EC® 0.16 0.558 ns
Eh¢ 0.27 <0.001 ok
DO® 0.29 <0.001 ok
poc' 0.22 0.008 b
Fe?* 0.25 <0.001 ok
Mn?* 0.22 0.007 *x
cr 0.16 0.523 ns
Sulfide 0.21 0.029 *
NH,* 0.24 0.002 o
NOy 0.21 0.015

S0,% 0.22 0.010

PCE 0.21 0.033

%PCE 0.26 <0.001 ok
TCE 0.21 0.022 *
%TCE 0.23 0.004 o
cDCE 0.20 0.043 *
%cDCE 0.28 <0.001 ok
VC 0.19 0.136 ns
%VC 0.20 0.044 *
tCEs 0.20 0.043

Ethene 0.17 0.318 ns
Ethane 0.19 0.076 ns
%Ethd 0.17 0.302 ns
CH, 0.18 0.189 ns

% The p-values were calculated using a permutation test with 1000 permutations. ***:
highly significant; **: significant; *: moderately significant and ns: non-significant.

® Temperature.

¢ Electrical conductivity.

¢ Oxidation-reduction potential.

¢ Dissolved oxygen.

f Dissolved organic carbon.

9 Cumulated proportion of both ethene and ethane concentrations among total

concentration of chlorinated and non-chlorinated ethenes and ethanes in the samples.

5.3.3 Analysis of the bacterial communities of the upper lithological layer

Clustering of the bacterial communities from the upper anoxic lithological layer resulted in 4 clusters (Figure 5).
Representative T-RFs of each cluster were designated using the IndVal analysis (Figure 5, Table 3), and some of
the representative T-RFs were successfully identified using the PyroTRF-ID software (Table 4). Cluster cl1 was
composed of samples originating exclusively from the top fraction of the upper lithological layer of Zone I (3.5

to 4 m below surface).
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Bacterial communities from all groundwater samples collected in well P4 (sampling campaigns A to D) were
found in this group. The IndVal analysis designated 18 representative T-RFs for this cluster, 10 of which were
successfully identified. Among them, only T-RF 165 was affiliated to an OHRB, namely Dehalococcoides sp.
This T-RF was present in monitoring wells in the upper lithological layer of Zone | and was never detected in
Zone Il. Other T-RFs were identified as belonging to the families Rhodocyclaceae, Desulfobulbaceae,
Comamonadaceae, Syntrophaceae, Catabacteriaceae, as well as to the genus Geobacter and to the
Sphingobacteriales order. Cluster cl2 was composed of samples taken also from Zone |, but from a deeper
fraction of the overlaying surface geological deposit, in which less reducing conditions prevailed. All
groundwater samples collected in well P3 were grouped in this cluster, together with some groundwater samples
from downstream wells (P9(A), P9(B), and ML9-4(D)). Sixteen representative T-RFs were designated for this
cluster, of which only T-RF 194 was successfully affiliated to the family Comamonadaceae. Cluster cl3 was
mainly composed of samples originating from Zone 1l taken from the upper lithological layer (ML9-4(C), ML9-
5(C), ML9-6(C), P17(C)), but also contained one sample originating from the upper lithological layer of Zone |
(ML15-4(C)). A single T-RF, out of 8 representative T-RFs of this cluster, was identified as a member of the
order Bacteroidales (T-RF 252). Cluster cl4 was composed of samples originating from Zone Il, except two
samples from Zone | (ML13-3(C), ML13-4(C)). The two samples from well P16 were found in this cluster,
together with samples from wells P8, P9 and P17. Eight representative T-RFs were designated for this cluster, 3
of which were affiliated to the family Desulfobulbaceae (T-RF 187), the genus Acidovorax (T-RF 191), and to
Geobacter uraniireducens (T-RF 199).
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Table 3. IndVal indicative T-RFs of each cluster defined based on
the T-RFLP profiles of samples collected in the upper anoxic
geological layer of the Lyss aquifer, showing T-RFs that are both
more frequent and more abundant in one cluster as compared with

others.
T-RF  Cluster IndVal p-value®

71 1 0.001
257 0.90 0.001
495 0.70 0.001
165 0.70 0.001
198 0.67 0.004
211 0.66 0.002
265 0.64 0.001
254 % 0.57 0.001
217 P 0.56 0.006
226 ] 0.55 0.007
260 (@) 0.54 0.003
59 0.53 0.006
249 0.53 0.005
200 0.45 0.033
177 0.38 0.018
402 0.37 0.029
268 0.36 0.030
146 0.36 0.024
289 0.81 0.001
185 0.73 0.001
63 0.66 0.001
69 0.65 0.001
223 0.65 0.002
259 0.56 0.006
64 S 0.55 0.005
127 o 055 0001
19 B 051 0011
255 o 0.51 0.007
194 0.47 0.008
325 0.46 0.004
266 0.45 0.038
220 0.44 0.020
288 0.42 0.026
272 0.34 0.049
316 0.62 0.001
252 0.52 0.020
299 2 0.48 0.011
192 5 0.48 0.002
315 B 042 0010
108 O 0.35 0.027
95 0.33 0.030
287 0.30 0.021
187 0.52 0.027
191 0.47 0.018
199 % 041 0.042
263 5 0.36 0.020
B B 036 0022
243 [S) 0.32 0.025
65 0.32 0.042
172 0.30 0.048

a Significance of the IndVal value indicated by the p-value calculated

a posteriori with 999 permutations.
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5.3.4 Comparison of bacterial communities from Zones | and 11

The information obtained from pyrosequencing with 4380 reads per sample in average that had a mean length of
372 bp was used to reconstruct the composition of the bacterial communities at the time of sampling. Significant
differences were found between the relative abundances at the genus level between Zone | (monitoring well P4)
and Zone Il (monitoring well P16) at similar depth (Figure 6 & Figure S1, Table 5). The genera significantly
more abundant in P4 were composed of strict and facultative anaerobes that were not detected or only accounted
for a very low proportion of sequences in P16. Among them, the most abundant genera were, in decreasing
order, the obligate anaerobic OHRB Dehalococcoides sp. (29.9% relative abundance), the facultative anaerobe
Dechloromonas sp. (21.9%), sequences affiliated to the strict anaerobic Geothermobacter sp. (9.2%),
Spirochaeta sp. (5.0%) which was exclusively composed of the strict anaerobic species S. stenostrepta (data not
shown), the strict anaerobic facultative OHRB Desulfuromonas sp. (4.7%) composed of D. michiganensis
(4.7%), the microaerophilic genus Leptothrix sp. (3.1%), the strict anaerobic sulfate reducer Desulfobacter sp.
(2.4%), the strict anaerobic Sulfurimonas sp. (2.3%) which was exclusively composed of the nitrate reducer S.
denitrificans, the facultative fermenter Zoogloea sp. (2.1%), and the cellular parasite Coxiella sp. (1.7%). Strict
and facultative aerobes were found in significantly higher abundance in P16. The most abundant genera in P16
were, in decreasing order, the strict anaerobe Geobacter sp. (23.1%), the strict aerobe Janthinobacterium sp.
(22.4%), the facultative aerobe Rhodoferax sp. (12.4%), the strict aerobe Flavobacterium sp. (9.5%), the
facultative aerobe Pseudomonas sp. (7.2%), the strict anaerobic sulfate reducer Desulfosporosinus sp. (5.0%),
the aerobic Acidovorax sp. (3.3%), the strict aerobe Collimonas sp. (1.6%), the strict anaerobic facultative
OHRB Desulfitobacterium sp. (1.0%), the strict aerobic ammonium oxidizer Nitrosomomas sp. (0.7%), and the
phototrophic cyanobacterium Arthrospira sp. (0.7%). Apart from the OHRB mentioned above, a noticeable
difference was also detected in the abundance, although low, of Dehalobacter sp., which was detected in P4
(0.4%) and absent in P16 (Table 5).

Quantitative PCR (gPCR) provided additional information on the differences between Zones | and Il (Table 5).
The copy number of the Dehalococcoides 16S rRNA gene was more than 200 times higher in Zone | than in
Zone Il (Table 5). The gene vcrA was abundant in Zone | and below detection limit in Zone Il whereas the gene

bvcA was about four times more abundant in Zone | than in Zone II.
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95% confidence intervals
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Figure 6. Significant differences at the p < 0.05 level between relative abundances of
bacterial genera detected with pyrosequencing of bacterial 16S rRNA gene pool from
Zones | (monitoring well P4, black bars and dots) and Il (P16, white bars and dots).

Table 5. Organohalide respiration potential in Zones | (well P4) and Il (well P16),
defined using (i) quantification of Dehalococcoides sp. 16S rRNA, vcrA, and bvcA
genes using quantitative PCR (qPCR) and expressed in gene copy numbers per liter
(cp/L), (ii) relative abundance of organohalide respiring bacteria (OHRB) detected
using the pyrosequencing approach and expressed in percentage of reads (%). The gene
copy numbers were normalized to the total 16S rRNA gene copy numbers quantified in
the samples using gPCR.

P4 P16
- Dehalococcoides sp.® 1.4E+08 6.1E+05
E‘, verA” 2.7TE+07 bal
g_ bvcA° 2.0E+06 5.6E+05
o Dehalococcoides sp. 29.9% 0.0%
% Desulfuromonas sp. 4.7% 0.2%
g Desulfitobacterium sp. 0.0% 1.0%
& Dehalobacter sp. 0.4% 0.0%

@ Amplification efficiency = 0.963; R? = 0.976; detection limit = 7.7E+04 copies/L
b Amplification efficiency = 0.856; R? = 0.996; detection limit= 4.1E+03 copies/L
¢ Amplification efficiency = 0.924; R? = 0.977; detection limit = 5.3E+05 copies/L
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5.4  Discussion

54.1 OHR was only detected in the vicinity of the source zone

CE contents

Detection of ¢cDCE and VC, together with large amounts of ethene and ethane (accounting together for more
than 50% of the molar concentration of cumulated chlorinated and non-chlorinated ethenes and ethanes)
indicated that complete organohalide respiration (OHR) of CEs was taking place in the upper layer of Zone I,
close to the contamination source of the aquifer. In the lower lithological layer, CE concentrations rapidly
decreased with depth and no ethene was detected any more. At the bottom of this layer, only PCE was found at
rather low concentrations. Dissolved oxygen concentration (DO) above 2 mg/L in this layer was inhibitory to
OHR (44), and therefore TCE and cDCE present in the lower layer were probably not produced there.
Concentrations of PCE detected upstream of the test site in the same layer were either close to detection limit or
below and no TCE and cDCE were detected. We therefore assumed that CEs detected in the lower layer of Zone
| originated from the upper layer, where OHR was active. The carbon isotopic signatures of CEs corroborated
this hypothesis (Pascale Ducommun, personal communication). The situation in the upper lithological layer in
Zone Il, around 15 m downstream in the contamination plume, contrasted with the situation in Zone | in that
neither VC nor ethene was detected. In addition, compound specific isotope analysis indicated that cDCE
detected in Zone Il originated from upstream, suggesting that no OHR was occurring in Zone Il and not much

between Zone | and Il either (P. Ducommun, personal communication).

Molecular results are in accordance with the distribution pattern of CEs

The difference in OHR between Zones | and Il was corroborated by molecular results. In Zone 1, high copy
numbers of Dehalococcoides sp. 16S rRNA and vinyl chloride reductive dehalogenase (vcrA) genes were
detected. To date, cDCE and VC have been shown to be reduced only by bacteria belonging to the genus
Dehalococcoides, and vcrA has been shown to be responsible for the reduction of both cDCE and VC (45).
Therefore the detection of large numbers of both Dehalococcoides sp. 16S rRNA and vcrA gene copies was a
clear indication that the potential for the reduction of lower CEs was present in Zone | and the presence of VC
and ethene an indication of the expression of these genes. In contrast, the Dehalococcoides sp. 16S rRNA gene
was approximately 200 times less abundant in Zone Il, and the vcrA gene was below detection limit. The bvcA
gene encoding a putative VC reductive dehalogenase responsible for the degradation of VC (46) was also

detected in higher proportion in Zone | as compared with Zone I, although the difference was less marked.
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The same trend was also observed in the proportion of Dehalococcoides sp. in the bacterial community obtained
with the pyrosequencing method and was consistent with the low abundance of this obligate OHRB in Zone II.
Pyrosequencing results revealed that the bacterial communities in Zones | and 1l were composed of different
facultative and obligate OHRB. The two most abundant OHRB, Dehalococcoides sp. and Desulfuromonas
michiganensis, were exclusively detected in Zone |. Desulfuromonas michiganensis has been previously
described as a PCE-to-cDCE dechlorinating bacterium able to use Fe(lll) and S° as alternative electron
acceptors. Isolates of this species were unable to use NO; or SO,* as electron acceptors (47). The presence of
this species in relatively high proportion (4.7%) in the zone of OHR together with Dehalococcoides sp. suggests
that it was responsible for at least part of the reductive dechlorination of higher CEs, whereas Dehalococcoides
sp. was responsible for the OHR of lower CEs mainly. Dehalobacter sp., although detected in Zone |,
represented only a small proportion of the community (0.4%) and was probably only marginally involved in the
reduction of PCE and TCE. In Zone Il, the low proportions of potential OHRB together with the absence of VC
and ethene indicated that OHR was not complete and not a major process. Microbiological results however
suggest that the reductive dechlorination of PCE and TCE was occurring, at least occasionally. Indeed, two
facultative OHRB genera, Desulfitobacterium sp. and Desulfuromonas chloroethenica, were detected in Zone 11
and were hypothesized to use CEs only when conditions became favorable for OHR, whereas other electron
acceptors could be used as well. Both genera have been shown to be able to dechlorinate up to cDCE. Their
ability to use other electron acceptors than organohalides may bring them a competitive advantage over obligate
OHRB, especially in constantly fluctuating environments. Desulfitobacterium sp. is well-known for its versatile
metabolism and its wide range of potential electron acceptors, including S°, Fe(lll), fumarate, and NO;3™ (48).
Desulfuromonas chloroethenica has been shown to use Fe(lll) and S° as alternative electron acceptors in
laboratory conditions (49). Molecular investigations thus did not indicate a complete repression of OHR in Zone
I, since facultative OHRB were present. However, the drastic differences observed in the Dehalococcoides sp.
16S rRNA, vcrA, and bvcA gene copy numbers, as well as in the relative abundance of Dehalococcoides sp. 16S
rRNA gene in pyrosequencing data were a strong indication that OHR of lower CEs in Zone Il was not active or
not conducted to such an extent that all CEs could be removed. Analyses based on RNA extracts could not be

carried out here, but they would provide further clues concerning the activities of OHRB and metabolic genes.

5.4.2 Causes of the absence of OHR in Zone 11

Investigation of the relationships between environmental variables and BCS

Multivariate statistical investigation of the relationships between environmental variables and BCS showed that
dissolved oxygen (DO) was the most strongly correlated environmental variable. The influence of oxygen over

BCS was explained by the pronounced oxygen zonation in the aquifer. The fact that oxygen is the first utilized
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electron acceptor in the ecological succession of TEAPs (6) explained the negative correlations found between
“DO” and the oxidation products of other TEAPS, such as Fe?*, Mn®*, and S%, and the positive correlation found
with electron acceptors such as NO; and SO,%. The environmental variable showing the second largest
correlation with BCS was the proportion of cDCE (“%cDCE”), which was reflecting a relative accumulation of
cDCE. This result indicated that fluctuations of BCS were intimately related to variations of “%cDCE”. In the
Lyss aquifer, “%cDCE” fluctuated as a function of (i) depth reflecting the amount of DO, and (ii) distance to the

source zone.

Oxidation-reduction conditions

Similarly, the pattern of redox species fluctuated as a function of depth, especially in the upper lithological layer,
where the vertical gradient of redox species was observed. In Zone |, ethene and CH, concentrations increased
progressively towards the top of the upper layer, following in this sense the gradient of redox species. The latter
changed together with the distance to the source, as the upper lithological layer in Zone Il was reaching a less
reduced state as compared with Zone |, which is probably a consequence of the thinning of this geological layer
from Zone | to Zone Il (Figure 6). Indeed, at comparable depths, SO,* was present in higher concentrations in
Zone 1l. In monitoring well P16, no NO; was detected during the last sampling campaign, however low
concentrations were detected during the previous campaigns (data not shown). In addition, concentrations of
NO; in the monitoring well just underneath were in the same range as concentrations found in the lower
lithological layer, whereas they were much lower at the same depth in Zone 1. SO,* concentrations in well P16
were also much higher as the ones observed at similar depth in Zone |, indicating that SR was less active.
Furthermore, no CH, was detected in monitoring well P16, showing that methanogenesis was not taking place in
this zone, whereas high concentrations were observed in Zone | at the same depth. SO,* concentrations were
even higher in well P17 located above P16, in a zone a priori as distant from the lower lithological layer as was
P4. Several hypotheses for the more oxidized state in P17 were formulated. First, as this well was the closest to
the lawn surface, it may have been influenced by surface infiltration. Second, preferential fluxes bringing
oxidized water from the lower lithological layer cannot be ruled out. Monitoring well ML9-5, located in Zone I,
represented an interesting intermediate between the highly reducing conditions of Zone I and the less reducing
conditions around the monitoring wells P16 and P17 in Zone Il. Indeed, neither VC, nor ethene was detected in
this well, but low amounts of CH, were observed, indicative of a reduced environment. The DOC concentrations
were lower than the ones detected in Zone I, but higher than the ones detected around P16 and P17. On the MFA
plot, samples from well ML9-5 and the overlying one (ML9-6) were positioned between samples of similar
depth from the rest of Zone Il and the most reduced samples of Zone I, in which OHR was taking place.

Two joint environmental mechanisms are proposed to explain the less reducing conditions encountered in the

upper lithological layer in Zone II: the lower availability of electron donors and the higher proneness to recharge
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with oxidized water from the lower geological layer. The amount of organic matter (DOC) was lower in Zone Il
compared with Zone I, and, on the MFA plot, “DOC” was characterizing the samples with the strongest reducing
conditions, together with redox-sensitive species. Substrates and electron donors for TEAPs originate from the
decomposition of organic matter by fermenting and syntrophic bacteria (7). Depletion of organic compounds
generally results in less available electron donors and increased competition between TEAPs. On the contrary,
high organic matter content enhances the reduction of electron acceptors, rapidly leading to highly reducing
conditions if the flow of oxidized electron acceptors is slow. During rainy events or snow break the hydraulic
pressure in the lower lithological layer increases, as shown by pressure probes (P. Ducommun, personal
communication), and pushes up the groundwater level, probably resulting in a recharge of the upper layer with
oxidized water containing O,, NO3, and SO,*. The conditions in the upper lithological layer in Zone | render
this zone less susceptible to re-oxidation by recharge from underneath. Since the upper layer is thicker in Zone |
and more electron donors are available for reduction of unfavorable electron acceptors present in the oxidized
water, it is less susceptible to re-oxidation by recharge from underneath than Zone Il. In the latter, contrastingly,
electron acceptors such as O,, NOs', and SO,* may have periodically reached the top fraction of the upper layer,
due to lower availability of electron donors and a lower thickness of the upper layer. Furthermore, infiltration
from the lawn surface cannot be fully ruled out as an explanation to the less reduced state of the upper layer in
Zone 1.

Clusters of BCS

The clustering of BCS showed that samples clustered according to their location in the aquifer, that is, either in
the upper or lower lithological layer, and either in Zone | or Il. In particular cluster cl1 contained only samples
from Zone | in the vicinity of the source, taken close to the surface. This location was among the most severely
contaminated of the investigated area, the most active in terms of OHR as indicated by the higher ethene
concentrations, and the most reduced, as shown by the higher concentrations of Fe**, Mn*", S%, and the lower
concentrations of NO5 and SO,”, as compared to other investigated zones of the aquifer. In addition, highest
DOC concentrations were observed in this location. These observations were confirmed from a microbiological
point of view by the fact that T-RF 165, which was statistically representative of this cluster, was unambiguously
identified as Dehalococcoides sp. Furthermore, as mentioned above, pyrosequencing revealed that the genus
Dehalococcoides was dominant in one sample (P4(D)) collected in this zone. In a former study (3), the
abundance of Dehalococcoides sp. was related to the amount of organic matter. Our results based on quantitative
PCR tend to the same conclusion, as the genus was found to be much more abundant in the zone with higher
DOC content. This result is based on two samples only, and is not sufficient to conclude on the correlation.
However, the fact T-RF 165, which was affiliated to Dehalococcoides sp., was clearly correlated with DOC
(Figure 4A) was an additional clue in this sense. Nevertheless, it is not yet clear whether the differences between

the two investigated zones in terms of Dehalococcoides sp. abundance arose from the difference in DOC content
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or from the difference in redox conditions, as reflected by the anti-correlation of vectors “Eh” and “DOC” in
Figure 4A. Probably both features were combined. Other representative T-RFs from Zone | were affiliated to
sulfate-reducing bacteria (SRB) of the Desulfobulbaceae family, and to metal-reducing bacteria of the genus
Geobacter. The fact that they were indicative of BCS from the most reduced investigated zone, together with the
highest measured concentrations of Fe?* and Mn?*, and the lowest SO,* concentrations, suggested that metal
reduction and SR were active concomitantly to OHR. Concomitant reductions of Fe(lll) and sulfate has been
suggested previously when electron donors are not limited (50), as seems to be the case in the upper layer top
fraction in Zone |.

PyroTRF-1D allowed identifying only part of T-RFs representative of cluster cI3 and cl4, which were mainly
composed of BCS originating from Zone Il in the upper lithological layer. Additional pyrosequencing data from
samples of these clusters would be needed.

5.4.3 Bacterial processes in Zones | and Il based on bacterial community structure
data

Results of pyrosequencing provided further insight into the differences between the upper layers in Zones | and
Il in terms of bacterial community composition. The two zones were indeed characterized by distinct bacterial
communities. The dominant population in the bacterial community of Zone | was unambiguously related to
OHR, as Dehalococcoides sp. was the most abundant genus and as the bacterial potential for complete OHR of
CEs was covered in the upper layer, with Desulfuromonas sp. being another genus involved in OHR of PCE and
TCE. The high organic matter content, together with its partial isolation from oxidized groundwater, made this
zone a well-adapted habitat for the complete reduction of CEs. The abundance of Dehalococcoides sp. reflected
the strongly reducing and strict anoxic conditions of its habitat. This was sustained by the fact that no strict
aerobic bacterium, except the microaerophilic Lepthothrix sp., displayed a significant abundance in Zone I.
Dechloromonas sp. was the second most abundant genus in this zone, and was mainly represented by the species
D. aromatica. This species displays a versatile metabolism, with the ability to degrade aromatic compounds
aerobically and anaerobically combined with the reduction of perchlorate among others (51). The presence of
this contaminant was not assessed in the present study.

The upper lithological layer in Zone Il was characterized by bacterial guilds typical of more oxidized
environments, and no strict anaerobic genus was found significantly more abundant than in Zone 1. On the
contrary, strict aerobes were detected, such as Janthinobacterium sp. (52), Flavobacterium johnsoniae (53),
Collimonas sp. (54), and Nitrosospira sp., described as a nitrifyer (55, 56). Facultative anaerobes were found as
well, most of them characteristic of nitrate-reducing conditions, such as Pseudomonas fluorescens, a facultative
anaerobic nitrate reducer (57) and P. putida, a species able to perform aerobic nitrate reduction as well as

nitrification (58, 59). The only detected species of the genus Acidovorax, A. avenae, has also been described as a
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nitrate reducer (60), with the ability to use chlorobenzenes as a carbon source in a polluted aquifer (61). Diverse
metabolisms have been described for the genus Rhodoferax, which was abundant in sample P16. Rhodoferax
species can be iron reducers (62, 63), whereas others can grow heterotrophically as fermenting bacteria or with
oxygen or nitrate as electron acceptors, and even as anoxygenic phototrophs (62, 64). Since low concentrations
of Fe?* were detected in well P16 in the last sampling campaign, and low concentrations of NO; in a previous
one, both metabolisms were plausible for this genus. Finally, Geobacter sp. was the most abundant genus in the
upper layer of Zone Il. This genus also shows a versatile metabolism and is not restricted to fully anoxic
environments, as indicated by its ability to grow with O, as final electron acceptor (65).

In addition to the competition with nitrate-reducing bacteria, the fact that cDCE was present in large
concentrations in Zone Il and that VC and ethene were not detected, suggested that these compounds were
degraded along the path between Zones | and Il. DO concentrations below the detection limit of the device used
here can also exert an adverse effect on OHR (44, 66), either by means of a toxic effect on OHRB and their
enzymes (67, 68) or via competition for the electron donors in favor of aerobic bacteria (7). According to
Bradley et al. (44), the field standard detection limit of 0.1 to 0.5 mg/L may hinder concluding on the absence of
aerobic oxidation DCE and VC. These authors have estimated that only highly reducing conditions such as SO,*
-reducing ones and methanogenesis can really be associated with the absence of aerobic metabolism. As
explained above, if these conditions were reached in Zone Il, they were punctuated by sporadic events of re-
oxidation. During the re-oxidation of the zone, aerobic oxidation of lower CEs could be expected to occur,
leading to the complete removal of VC. The conditions between the two Zones were not analyzed in this study,
but if strict anoxic conditions were found, anaerobic oxidation may also represent a plausible reason for the
absence of VC (69, 70).

5.4.4 Conclusion: is MNA a solution for this site?

The conditions in the upper lithological layer between Zones | and Il are not known, since no monitoring well
targeting discrete depths was installed in this zone. Analysis of CEs and ethene indicated however that cDCE
produced in Zone | or a little further reached Zone 11, whereas VC and ethene did not. The conditions in the
upper lithological layer may progressively have become slightly more oxidized as set out above. This could have
led to inhibition of OHR and further production of VC and ethene. As mentioned above, the already produced
VC and ethene could in addition have been degraded by anaerobic and perhaps even aerobic oxidation processes
while migrating through the upper lithological layer from Zone | to Zone Il (44, 70). Hence, the structure and
functioning of the Lyss aquifer turned out to be interesting from a bioremediation point of view, in that the
conditions were met for a naturally-occurring sequential anaerobic/aerobic biodegradation of CEs (71).
Complete natural sequential anaerobic/aerobic biodegradation of CEs has been previously reported for a site in
Germany (72). In the Lyss aquifer, PCE and TCE were first reduced in the anoxic Zone I. The dechlorination

products cDCE, VC, and ethene were possibly oxidized in the upper lithological layer that gets progressively
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thinner and more oxidized, and that is finally replaced by the oxic Aareschotter layer where aerobic oxidation of
the remaining cDCE could occur (73).

However, the fact that higher CEs also reached the lower lithological layer in Zone I, and were detected all along
the contamination plume, although at low concentrations, counter-balanced the positive aspects of the aquifer
lithological structure. PCE and TCE are strong oxidants and only the latter can be degraded in a co-metabolic
way under oxic conditions, which requires auxiliary substrates that are lacking in the lower lithological layer.
Therefore, PCE and TCE will probably persist in the lower lithological layer of the Lyss aquifer, and only
dispersion and dilution phenomena will lead to a decrease of concentrations. It can also not be completely ruled
out that part of PCE DNAPL was drained from the upper layer and migrated from the primary contamination
plume downwards to accumulate on the aquitard, which would constitute a problematic long-term contamination
source.

In this work, global insight of the aquifer structure and behavior led to appreciating the reasons for local
variations in the fate of OHR. However, the major achievement was probably not the understanding of cDCE
accumulation per se, but rather a change of paradigm in designing a remediation strategy. Indeed, accumulation
of cDCE was first considered as the main disadvantage in the use of MNA at the present site. However, the
hydrogeological functioning of the aquifer led to understanding that the major problem from a bioremediation
perspective was the persistence of PCE and TCE, mainly in the lower lithological layer, which was completely
oxic. Therefore, remediation strategies for this site should focus on the complete elimination of PCE and TCE,
by enhancing OHR in Zone | through the injection of organic matter, before these compounds reach the lower
lithological layer rather than on the accumulation of cDCE. The latter is indeed expected to be oxidized quickly

after it reaches the oxic zone of the aquifer.
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Figure S1. Relative abundances of all genera detected in Zones | (well P4) and Il (well P16) using the pyrosequencing approach and

expressed as a proportion to all reads (%). The genera were classified in decreasing order of their relative abundance in well P4.
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6 Concluding remarks and outlook

6.1 Summary and conclusions

The main objective of this thesis was to elucidate the reasons for the accumulation of intermediate products
induced by the incomplete biodegradation of chlorinated ethenes (CESs) in contaminated aquifers, such as
dichloroethene (DCE) and vinyl chloride (VC). The investigations carried out in this thesis focused on
natural processes taking place in situ using an ecological approach so as to address the complexity of the
processes and their interactions, prior to deducing the possible reasons for the accumulation of lower CEs.
Two contaminated sites undergoing monitored natural attenuation (MNA) were investigated for this purpose.
Both were showing incomplete reductive biodegradation of CEs.

6.1.1 Sampling approach

Although groundwater sampling does not enable drawing a comprehensive picture of aquifer bacterial
communities, it is convenient for low-cost and easy monitoring of the evolution of the contaminant
biodegradation as well as for describing overall aquifer physico-chemical factors and microbial communities.
Since this work was based on groundwater samples, it was important to gain knowledge on the impact of
pumping parameters on apparent bacterial community structures (BCS). This study showed that selected
parameters related to the tubing, such as lift, flow regime within the tubing, and tubing material, had no
detectable impact on BCS, as was expected from previous experiments carried out with chemical
compounds. Significant impact of pumping flow rate on BCS was detected when groundwater was extracted
from low permeability zones. Differential impact was related to the lithological composition of the aquifer

matrix, underlining the importance of low-flow and standardized sampling.

6.1.2 Pyrosequencing-based terminal-restriction fragments identification
(PyroTRF-ID)

The core analysis of groundwater BCS has been obtained with terminal-restriction fragment length
polymorphism (T-RFLP). This technique enabled obtaining rapid fingerprints of a relatively high number of
samples, which were conveniently exploited in further statistical investigations. However, identities of the
bacteria significantly expressed in the T-RFLP profiles were not known and it would have required huge
efforts and time to unambiguously identify terminal-restriction fragments (T-RFs) of interest with classical
cloning and sequencing approach. The bioinformatics approach described in CHAPTER 3 enabled assigning a
phylogenetic affiliation to several T-RFs of interest via a combination of pyrosequencing and T-RFLP data,
and was a convenient tool throughout this work. More generally, this tool represented a good compromise

between laboratory efforts required for the description of bacterial communities (in time and space) and the
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financial and infrastructural costs related to multiple datasets reprocessing and may reveal essential for future

investigations of environmental microbial biocenoses.

6.1.3 Zuchwil aquifer: community ecology

VC, and to a lesser extent cDCE, was known from previous work (1) to accumulate in the aquifer
investigated in CHAPTER 4. Thorough investigation of BCS and physico-chemical environmental variables,
as well as their correlations, indicated that the two main terminal electron-accepting processes (TEAPS)
shaping BCS were Fe(l11)- and VC reductions. Statistical findings suggested that these two TEAPS were in
competition for electron donor(s), indicating the presence of a strong heterogeneous zonation of the process.
Furthermore, sulfate reduction might have favored VC reduction by enhancing Fe(lll) reduction locally.
Identification of a T-RF strongly correlated with VVC revealed that a bacterium closely related to a previously
reported PCE-degrading OHR guild member (2) may be involved in the reduction of lower CEs. In general,
this study showed the need for a clear understanding of the respiratory mechanisms present within the
aquifer, which includes also determining the possible occurrence of competitive processes. In this sense, the
reductive dechlorination of lower CEs was itself considered as a TEAP, which acted as a supplementary

source of electron acceptors.

6.1.4 Lyss aquifer: characterization of the habitat

Discrepancies were observed in organohalide respiration (OHR) on the second contaminated site in zones
displaying a priori similar hydrogeological conditions. Profiling of the BCS provided evidence of the
presence of radically different bacterial communities in these zones, which were strongly influenced by the
hydrological functioning of the aquifer. A selection of microbiological, chemical, hydrogeological, and
statistical indications attributed the reason for local ¢cDCE accumulation to the occasional decrease of
reducing conditions. The observed OHR discrepancy, and the subsequent incomplete degradation of the CEs,
was related more precisely to the occasional upward recharge of the anoxic lithological layer with oxidized
groundwater. As a consequence, local discrepancies in the porosity of the aquifer, coupled with differences
in local organic carbon content, impacted differentially the OHR process. These conclusions pointed out the

need of in-depth description and understanding of the hydrogeological features of contaminated sites.

6.2 The contaminated aquifer ecosystem — ecological considerations

6.2.1 The aquifer, a dynamic habitat hosting OHRB

In aquifers, as it is the case for all ecosystems, microorganisms live and interact according to strict ecological
rules. These rules are induced implicitly by underlying energetic mechanisms. In this sense, the chemical
values measured from the surface, such as pH, redox potential, and electron donors and acceptors, form a

context conducive to the development of a balanced biocenose. These values in turn are strongly dependent
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on the geological and hydrodynamic context of these habitats, such as the connectivity with the surface and
the recharge of the aquifer. All the above mentioned environmental variables determine the framework of the
development and the activities of the biocenose. However, and because of their metabolic activities,
microorganisms are likely to impact and modify permanently environmental variables in these environments.
The groundwater habitat and the related biocenose must be considered as a complex dynamic assemblage of
physical and chemical variables influencing and in turn impacted by biological activity. Furthermore, and
due to their nature, these habitats can be considered as geographic islands which are isolated spatially,

showing relatively slow and globally unidirectional water fluxes, with no or reduced interconnectivity.

From another point of view, it is remarkable that a contaminant such as PCE or TCE is systematically
degraded when environmental conditions are favorable. It is all the more singular that this degradation
occurs in often pristine habitats that have previously never been exposed to this type of contaminant. This
remark is naturally valid also for any other type of contaminants and denotes the profound lack of knowledge

that characterize the catabolic potential present in these habitats.

6.2.2 Chlorinated ethenes are an integral part of the habitat

Degradation pathway of CEs is related to their degree of chlorination (3, 4), i.e. oxidation becomes more
favorable as the number of chlorine substituents decreases. Thus, PCE and TCE are more easily reduced than
DCE and VC. In groundwater, as it is the case in all ecosystems, thermodynamically more favorable and
kinetically more efficient TEAPs preferentially occur. The spatial and temporal structuring of microbial
processes therefore takes place according to the so-called thermodynamic ladder (5). Showing no exception
to the rule, OHR of CEs strictly follows this ladder. Apart from the source zone, where dissolved CEs reach
toxic concentrations (6-9), CEs can be used as terminal electron acceptors and their reduction thus
constitutes a TEAP per se. CEs are often considered from an anthropocentric point of view as an external
disturbance to the aquifer system. However, from an ecological point of view, they merely represent an
additional terminal electron acceptor that will or will not be used by the indigenous microorganisms
depending on the energy they could retrieve and on the competitive advantage that these compounds would

provide over other TEAPSs.

The differential degradation capabilities of higher and lower CEs gives rise to their characteristic behavior in
aquifers. Indeed, the two CEs most often released in the environment, PCE and TCE, are highly oxidized
molecules recalcitrant to oxidation. On the contrary, they are prone to be reduced in anoxic environments.
Their degradation products are consequently released in anoxic, reduced environments where oxidation is
not an obvious task. On the other hand, reductive dechlorination of DCE and VC requires highly reducing
conditions which are hardly reached as long as relatively oxidized terminal electron acceptors are present and
feed competing TEAPs. Consequently, sequential reductive dechlorination often stalls after TCE reduction,
generating lower CEs accumulation. Despite this simple explanation of stalling reasons, the phenomenon is

difficult to predict under the complex conditions usually prevailing in aquifers.
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6.2.3 Towards an ecological engineering of contaminated sites

The concept underlying the approach adopted in this thesis was that aquifer environments host microbial
systems that are “intelligent” in the sense that they can (i) feel the temporal and local variations of the
habitat, (ii) react to these variations, and (iii) optimize their functioning in adopting the most efficient
energetic behavior. In this sense, assessing incomplete OHR of CEs in the light of the presence/absence of
Dehalococcoides sp. is a reductionist view that may lead to erroneous conclusions. In this thesis, the
presence of Dehalococcoides sp. was not considered as a prerequisite for complete OHR of CEs, since this
hypothesis would have meant keeping aside microorganisms showing a potentially, yet unknown, ability to
reductively dechlorinate lower CEs. For instance, CHAPTER 4 provided statistical evidence that bacteria
phylogenetically different from Dehalococcoides sp. are able to degrade higher and lower CEs. Furthermore,
it was hypothesized that only favorable environmental conditions lead lower CE-reducing microorganisms
such as Dehalococcoides sp. to proliferate and express their full OHR potential. However, since the aquifer
ecosystem is highly complex, deducing whether the conditions are favorable or not by considering only
redox conditions is relatively uncertain. In the two aquifers reported in this thesis (CHAPTER 4 and CHAPTER
5), overall redox conditions were apparently favorable to the complete reductive dechlorination a priori,
though stalling of OHR was observed. In CHAPTER 5, the geological structure of the aquifer itself was
suspected to be responsible for seasonal changes of the redox conditions in the lithological layer where OHR
was stalling at DCE. Based on these considerations, insufficient ecological background may preclude
engineered remediation approaches such as bioaugmentation, due to inaccurate predictions of the behavior of
the microorganisms injected into the aquifer ecosystem (10). It has been stated elsewhere that to understand
and predict microbial ecosystem functioning, reductionist approaches should be avoided (11). The ecological
approach used in this thesis allowed pointing out potential reasons for lower CEs accumulation that would
perhaps have been missed or hardly detected otherwise. Multivariate statistics were a powerful tool to build
an integrated picture of the bacterial community and its relationships with environmental variables. Based on
this global picture, hypotheses were formulated to explain the accumulation of lower CEs. The hypotheses

were confronted to data obtained from the field for verification.

The proposed methodology converged with the integrative approach followed by Imfeld (2009) to evidence
and follow-up in situ biodegradation processes in wetland systems (12). Apart from the fact that we focused
on the specific issue of lower CEs accumulation, the methodology proposed here was similar in terms of
integration of techniques for an in-depth description of the system. However, in his integrative approach,
Imfeld focused on the biodegradation issue only in a process-oriented way. Here, it was rather proposed to
first conceptualize the global ecosystem functioning, considering OHR as a TEAP among others. In other
words, we proposed to assess biodegradation aspects starting from an ecological way of thinking the aquifer.
This implies that hydrogeological aspects of the aquifer (groundwater fluxes, geological structure, lithology)

are described as well.
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Dynamic aspects of the aquifer ecosystem have been only briefly approached in this thesis. They may
however represent a major feature in the fate of OHR, as suggested in CHAPTER 5. From a practical point of
view, diagnosis of OHR potential on a contaminated site should take this aspect into account. Indeed, general
conditions may be favorable to OHR at a certain time point of the investigation, but since the aquifer is a
dynamic habitat, conditions may rapidly change and become unfavorable. To date, microorganisms known to
reductively dechlorinate lower CEs, i.e. Dehalococcoides sp., were shown to be very sensitive to variations
of the surrounding environmental conditions. For instance, it has been demonstrated in laboratory
experiments that a slight increase of O, concentrations repressed the reductive dehalogenases. These
enzymes did not recover their activity when the conditions became favorable again (13). Such changes of the
redox conditions occur for example as a result of aquifer recharge (14, 15). Thus, temporal follow-up is
crucial to determine whether MNA would be an adapted engineering strategy on a particular contaminated

site.

6.3 Outlook: an ecological approach of contaminated sites

accumulating lower chlorinated ethenes

6.3.1 General recommendations to investigate contaminated sites with an

ecological approach

Due to the inherent complexity of aquifer ecosystems, each contaminated site displays specific
characteristics and will respond in a specific way to the introduction of the contaminant. Specific geological
structure, the connectivity with the surface, and the grain size distribution will impact groundwater flows
within the aquifer. Groundwater flows in turn will impact the fluxes of matter, such as terminal electron
acceptors, carbon sources and electron donors. Geochemical and mineralogical compositions can prelude
potential TEAPs. For instance, Fe(lll) reduction (CHAPTER 4) requires iron in the solid phase of the
sediment. Microorganisms coping with OHR in different aquifers will have to find their niche in the complex
framework that will take place in these complex ecosystems. Based on these considerations, each
contaminated site should be handled as a specific case, since conclusions obtained for one site may be

irrelevant for another.

To understand the particularities of each contaminated site, multidisciplinary approaches are indispensable
for describing the different components of the aquifer. Hydrogeological expertise is needed to characterize
the structure of the aquifer and its hydrological functioning, as well as characterizing the contaminant
distribution and the evolution of the plume. Hydrochemistry provides essential knowledge on the chemical
composition of groundwater, and thus on the ongoing processes. Microbiology provides knowledge on the
bacterial communities involved in the different hydrogeochemical processes. The synthesis of the collected
datasets must be reordered and analyzed in an integrative way, forming a comprehensive picture of the

aquifer ecosystem. Multivariate statistical tools provide numerous techniques for this purpose. They must
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however be handled with care, and the choice of the techniques to be used for specific questions is crucial.
For instance, it was decided along the present work to assess the relationships between BCS and the
environmental variables using multifactorial analysis (MFA), because the hypotheses underlining this
technique were fitting our biological understanding of the aquifer ecosystem. It was preferred to another
powerful technique, namely redundancy analysis, because the latter presupposes that the environmental
variables unilaterally influence the bacterial communities, which was not totally true in the aquifer

ecosystem, where environmental variables are themselves greatly impacted by the bacterial communities.

An untouched aspect of this work that still need to be exploited is about the putative role displayed by other
organisms in the elimination of the CEs contaminants. In this thesis, only the bacterial part of the aquifer
biocenosis was considered. To provide a more comprehensive picture, Archaea could be included in the
investigation as it has been shown already that these organisms may be involved in different aspects of the
elimination of the CEs (16, 17). The importance of other organisms such as Protozoans must also be
investigated further, whereas the role of Invertebrates can be considered as negligible in anaerobic

contaminated aquifers (18).

Functional aspects of the bacterial community provide precious information, such as the activity of
enzymatic systems. Quantitative PCR targeting specific catabolic genes or bacterial protagonists is an
adapted tool for these more specific aspects. The study of RNA provides further information on the activity
of targeted catabolic genes, such as reductive dehalogenases. Widening up our view to yet unknown
reductive dehalogenase genes, by using degenerate primers, could bring additional knowledge on the
catabolic potential of contaminated aquifers. For instance a whole section of analysis carried out on reductive
dehalogenases (rdhA) and on the design of degenerate primers targeting up to 90% of all sequences found in
references databases (more than 350 in January 2012) is not presented in the current thesis and still need to

be exploited.

6.3.2 Detailed description of the proposed methodology

As mentioned above, the goal of this study was to assess the reasons for lower CEs accumulation based on
the understanding of the aquifer ecosystem. By definition, an ecosystem is composed of both abiotic (the
habitat) and biotic (the organisms, and more specifically the microorganisms) components. The first step of
the proposed methodology (Figure 1) is therefore to describe the geological and mineralogical components
of the habitat (1). As mentioned above, hydrochemical features have to be characterized as well as detailed
mapping of the contaminant distribution. For assessing the temporal evolution of the site, this

characterization has to be carried out at regular intervals.

The second step of the methodology is the description of the microbial biocenosis that lives in and interacts
with the habitat (I1). Fingerprinting provides useful multiple pictures of the bacterial communities in the
different sampling locations and metagenomics provides the phylogenetic diversity. Raw data arising from

the descriptions of the habitat and the microbial biocenosis should be analyzed in an integrative way (lI).
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Knowledge from scientific fields, as well as dedicated analytical tools, is required at this stage. Multivariate
statistics derived from numerical ecology tools play a central role, enabling linking the different datasets.
Interrelationships between bacterial communities and environmental variables can be evaluated using
unambiguous statistical techniques. In this thesis, MFA was adopted for the reasons described above.
Another interesting feature of MFA is the possible calculation of correlation coefficients between single
environmental variables and the entire bacterial community. This indication is of great use in the
interpretation of the relationships between environmental variables and BCS. Expertise in hydrogeology,
hydro-and geochemistry is required for interpreting data related to the habitat. Other tools such as sequences
databases for the analysis of metagenomic data, as well as bioinformatics techniques and competence are
needed as well. The software developed in CHAPTER 3 represents an advantageous tool at this stage. Indeed,
it combines T-RFLP profiling, which is particularly well adapted for the follow-up in space and time of BCS
at relatively low costs, with pyrosequencing, which provides more depth into the data, by bringing

phylogenetic information from which functional aspects can be hypothesized.

Interpretation of the output of this integrative data analysis in light of microbiological and hydrogeochemical
competences leads to the building-up of a conceptual model of the dynamic aquifer ecosystem (1V). In this
model, OHR is placed in the framework of interactions between TEAPs. Deciphering whether MNA is a
realistic remediation strategy (V) relies on the observation that OHR leads to the formation of ethene, and
that no accumulation of intermediates occurs. If OHR results in lower CEs accumulation, hypotheses are
formulated to explain the reasons of these phenomena (VI) based on up-to-date scientific knowledge of
energetic mechanisms, such as the ecological succession of TEAPs, thermodynamic and kinetic aspects, as
well as minimum hydrogen threshold requirements. Experience and intuition of the investigator may be
helpful at this stage. Hypotheses for the reasons for lower CEs accumulation are then tested (VII) by
confronting them to available data and statistical findings. At this stage, the most relevant variables pointed
out by RV correlation coefficients with the bacterial community designate the major TEAPs within the
contaminated site. This, together with the hydrodynamic functioning and genetic data, such as the amount of
functional genes and the identity of selected T-RFs correlated with the TEAP-indicative environmental
variables, allow checking the validity of the hypothesis. If necessary, additional information can be gathered
from further field measurements for alleviating possible doubts about the behavior of incongruent variables.
If the hypotheses fit available data and congruent statistical indications, a scenario explaining the

accumulation is drawn (VIII).

At this final stage, dedicated strategies for the bioremediation of the contaminated site can be proposed and
tested in situ (1X). Alternatively, small laboratory (ex situ) experiments could be set up, reducing the efforts
and allowing for the testing of multiple remediation strategies simultaneously. This strategy is however
reductionist and on-site experiments are preferred. Validation of the scenarios and designing of remediation
strategies was left aside in this study for reasons of time and scope, and could be an interesting topic for

further research.
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