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Preface

This thesis summarizes the results of the above-mentioned PhD project,
carried out at the Department of Environmental Engineering of the Technical

University of Denmark from January 2011 to January 2014. Professors Barth
F. Smets and Hans-Jorgen Albrechtsen supervised the project and the Danish
Strategic Research Council supported it financially via the project DW-
Biofilter.
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Summary

Groundwaters are common sources for drinking water production in many
countries. High-quality groundwaters require a simple treatment to produce
drinking water for end-users. Often, rapid sand filters (RSF), proceeded by a
proper aeration step, provide sufficient treatment without a need of
chlorination. A rapid sand filter consists of a bed of filter material through
which the raw water flows vertically by gravitational force and contaminant
removal is determined by physical, chemical and biological mechanisms.
Biological processes are performed by microorganisms colonizing the filter
materials. Although microbes are the main drivers for contaminant removal in
rapid sand filters, the microbial communities in charge of these mechanisms
as well as their ecology are not fully understood. This thesis therefore focuses
on the investigation of microbial communities and their interactions in rapid
sand filters. Specifically, we investigated microbial diversity, functional
diversity of ammonia, nitrite and iron oxidation, spatial heterogeneity and
mineral-microbe relations in rapid sand filters. For all sections, a sequential
experimental pipeline was developed and successfully applied in order to test
central hypotheses.

Rapid sand filtration is a long-practiced technology, yet the microbial
diversity in these ecosystems has been poorly characterized and the
ecological patterns governing microbial community structure remain obscure.
In addition to this, previous investigations were confined by the
methodological and sampling based challenges. We investigated the
microbial diversity, characteristics and ecological patterns in rapid sand
filters by applying 16S rDNA gene based 454 pyrosequencing to 96 samples
from pre- and after filters at five different waterworks and their source
groundwaters (Paper I). Our results suggested that rapid sand filters are
taxonomically rich systems similar to the activated sludge systems or
anaerobic digesters. We found that Nitrospirae, Proteobacteria and
Acidobacteria were the dominant phyla in all pre and after filters. We also
detected a high abundance of core taxa in investigated waterworks,
suggesting that the filter-specific taxa represent a low proportion of the meta-
community at each waterworks. Additionally, core taxa were highly abundant
in functional groups responsible for ammonia, nitrite, iron, and methane
oxidation, indicating the functional importance of the core taxa in rapid sand
filters.
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Since the purpose of the filters is to remove contaminants, function of the
microbial communities is of importance. Our pyrosequencing results revealed
unexpected abundances and ratios of functional groups inferred from
previous phylogeny-physiology data, which led us to investigate the microbes
involved in ammonia, nitrite and iron oxidation. We applied different
combinations of cultivation and molecular techniques, including lab-scale
column experiments, stable isotope probing, opposing Fe(II)/O, gradient
enrichments, 454 pyrosequencing, DGGE and cloning (Paper II and III).
RNA based stable isotope probing (SIP) showed that active ammonia
oxidizing bacteria are not limited to the Nitrosomonas lineage. We suggest
that mixotrophic or heterotrophic lineages can be involved in ammonia
oxidation. Furthermore, SIP experiments also indicated that nitrite oxidation
also can be driven by mixotrophic or heterotrophic lineages together with
Nitrospira. Interestingly, further analysis on SIP results suggested that
archaeal ammonia oxidizers cannot compete with bacterial ammonia
oxidizers in full scale conditions, and that the Nitrospira lineage might be
involved in ammonia oxidation. Due to the methodological challenges
associated with molecular based detection of iron oxidizers, we applied
opposing Fe(I1)/O, gradient enrichments together with molecular analyses.
Our results revealed a new niche for iron oxidizing bacteria different than
oxic/anoxic interfaces. Novel iron oxidizers were identified and niche
segregation was detected between iron oxidizing guilds isolated from rapid
sand filters.

Process heterogeneity within a rapid sand filter has previously been
documented and linked to the physical heterogeneity by using a modelling
approach. We investigated the spatial heterogeneity of microbial communities
within a filter to find out if the process heterogeneity can also be linked to
heterogeneity of microbial composition in rapid sand filters (Paper IV). To
answer this question, we developed a novel beta diversity significance testing
method, which was successfully applied to 16S rRNA pyrosequencing data.
We found that rapid sand filters are not spatially homogeneous systems in
terms of microbial community composition; therefore we reason that a
careful sampling campaign should be applied if one wants to investigate
microbial communities or to design any meta-analysis concerning rapid sand
filters. Biological heterogeneity was also investigated at the level of iron
oxidizing guild using DGGE profiles and PCA plots (Paper V) and confirmed
the pyrosequencing based results.
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Finally, we investigated the microbial ecology in a rapid sand filter focusing
specifically on the relation between mineral and microbial phases (Paper VI).
Minerals and microbes interact with each other reciprocally: the mineral
proliferation affects microbial proliferation and vice versa. We examined the
effect of mineral coating abundance on activity, diversity, abundance,
colonization of microbial communities in rapid sand filters using
pyrosequencing, E-SEM, SEM, CSLM, BET, and lab-scale column
experiments. The spatial distribution and abundance patterns of the microbes
showed that the internal porosity positively affected microbial activity by
supporting the total and functional microbial densities. The presence of rich
EPS and embedded microbes in the internal structure of the mineral coatings
suggests a protective role of mineral coatings against hydrodynamic shear
forces. Overall, these results suggest a protective and supportive role of
mineral coatings for microbes in rapid sand filters.

Taken together, our wide range of investigations indicate that a complex
microbial community reside in rapid sand filters with a strong interaction
between biotic and abiotic processes. The observations made and factors
identified in this thesis, provide a stepping stone to help us construct theories
or rules to understand and, ultimately manage, microbial communities in
rapid sand filters in order to achieve a more stable, efficient, and reliable
contaminant removal.
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Dansk sammenfatning

Grundvand er 1 mange lande en vasentlig kilde til drikkevand. Grundvand af
hgj kvalitet kraever kun en simple behandling for at producere drikkevand til
forbrugerne. Ofte er hurtig sandfiltrering, efter en forudgdende beluftning, en
tilstrekkelig behandling, uden behov for kloring. Et hurtig sandfilter bestar af
et lag af filtermateriale, som vandet lgber igennem drevet af tyngdekraften og
hvor uenskede stoffer fjernes ved fysiske, kemiske eller biologiske mekanis-
mer. De biologiske processer udferes af mikroorganismer som koloniserer
filtermaterialet. Selvom mikroorganismer er en af de vigtigste drivkraefter i
fjernelsen af forureningsstoffer i1 sandfiltre, er de mikrobielle samfund og de-
res okologi er endnu ikke helt forstdet. Derfor fokuserer denne PhD-
afhandling pa at undersege af de mikrobielle samfund og deres interaktion i
sandfiltre. Specifikt undersogte vi mikrobiel diversitet, funktionel diversitet
af ammonium-, nitrit- og jern-oxiderende mikroorganismer, rumlige hetero-
genitet og mineral-mikroorganisme interaktion i sandfiltre. For alle emnerne
er der udviklet en sekventiel eksperimentel pipe-line som succesfuldt er an-
vendt til at teste centrale hypoteser.

Sandfiltrering er en teknologi, der har varet anvendt lenge, men alligevel er
den mikrobielle diversitet 1 disse gkosystemer darligt beskrevet, og de gkolo-
giske menstre som styrer de mikrobielle samfunds struktur er uafklarede.
Ydermere har tidligere underseggelser veret begrenset af metodiske og prove-
tagningsmaessige udfordringer. Vi undersegte mikrobiel diversitet, karakter
og okologiske menstre 1 sandfiltre ved hjelp af 16S rDNA-genbaseret 454
pyro-sekventering af 96 prover udtaget fra for- og efterfiltre pa fem forskelli-
ge vandvarker, samt deres ubehandlede grundvand (Publikation I). Vores
resultater indikerede at sandfiltre er artsrige systemer, svarende til aktiv slam-
systemer eller biogasreaktorer. Vi fandt at Nitrospirae, Proteobacteria og
Acidobacteria var dominerende phyla i alle for- og efterfiltre. Vi paviste ogsa
en hogj forekomst af kerne-taxa blandt de undersogte vandvarker, hvilket ty-
der pé, at de filter-specifikke taxa udger en mindre andel af hvert vandvarks
meta-samfund. Desuden udgjorde kerne-taxa en stor andel af de funktionelle
grupper, der er ansvarlige for ammonium, nitrit, jern og metan oxidation,
hvilket antyder den funktionelle betydning af kerne-taxa i sandfiltre.

Da formalet med filtrene er at fjerne uenskede stoffer, er de mikrobiologiske
samfunds funktionalitet vigtig. Vores resultater fra pyrosekventeringen viste
nogle uventede forekomster og andel af funktionelle grupper baseret pa tidli-
gere fylogeni -fysiologi data, hvilket forte os til at undersege de mikroorga-



nismer, der er involveret 1 oxidation af ammonium, nitrit og jern. Vi anvendte
forskellige kombinationer af dyrkning og molekylare teknikker, inklusiv la-
boratorieskala kolonneforseg, stabile isotop-teknikker, Fe(I)/O,-gradient be-
rigelser, 454 pyrosekventering, DGGE og kloning (publikation II og III).
RNA -aseret stabil isotop-teknik (SIP) viste, at de aktive ammonium-
oxiderende bakterier ikke er begranset til gruppen af Nitrosomonas. Vi fore-
slar, at mixotrofe eller heterotrofe grupper kan vare involveret i ammonium-
oxidation. Ydermere indikerede SIP-resultaterne ogsa, at nitrit-oxidering ogsa
kan vaere drevet af mixotrofe eller heterotrofe grupper sammen med Nitrospi-
ra. Interessant nok indikerede yderligere SIP-resultater, at ammonium-
oxiderende archaea ikke kan konkurrere med ammonium-oxiderende bakteri-
er under fuldskala-forhold, og at Nitrospira-gruppen kan vere involveret i
ammonium-oxidation. P4 grund af de metodiske udfordringer forbundet med
molekyler-baseret pavisning af jern-oxiderende mikroorganismer, anvendte
vi Fe(Il)/O,-gradient-teknik sammen med molekylere analyser. Vores resul-
tater afslorede en ny niche for jern-oxiderende bakterier, som er forskellig fra
aerob/anoxisk-graenseflader. Nye jern-oxiderende bakterier blev identificeret
og niche-adskillelse blev pavist mellem forskellige jern-oxiderende guilds
isoleret fra sandfiltre.

Proces-heterogenitet i et sandfilter er tidligere blevet dokumenteret og knyttet
til den fysiske heterogenitet ved hjelp af modellering. Vi undersggte den
rumlige heterogenitet af de mikrobielle samfund 1 et sandfilter for at afklare,
om proces-heterogenitet ogsa kan knyttes til heterogenitet i den mikrobielle
sammens&tning i sandfiltre (Publikation IV). For at besvare dette spergsmal,
udviklede vi en ny metode til at undersege for beta-diversitets signifikans,
hvilket succesfuldt blev anvendt pa 16S rRNA pyrosekventeringsdata. Vi
fandt, at sandfiltre ikke er rumligt homogene med hensyn til sammens&tning
af mikrobielle samfund, og derfor skal prevetagningskampagner vere meget
omhyggelige, hvis man ensker at undersoge mikrobielle samfund eller at de-
signe meta-analyser af sandfiltre. Biologisk heterogenitet blev ogsa undersogt
pé jern-oxiderende guild-niveau ved hjalp af DGGE profilering og PCA plots
(Publikation V), hvilket bekraeftede de pyrosekventeringsbaserede resultater.

Afslutningsvis undersogte vi den mikrobielle gkologi 1 sandfiltre med speci-
fikt fokus pa interaktion mellem mineraler og mikroorganismer (Publikation
VI). Mineraler og mikroorganismer pavirker hinanden reciprokt: udfaeldnin-
ger pavirker den mikrobielle vaekst og vice versa. Vi undersogte effekten af
omfanget af uorganiske udfeldninger og aktivitet, diversitet, forekomst og
kolonisering af mikrobielle samfund i sandfiltre ved hj&lp af pyrosequencing,
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E-SEM, SEM CSLM, BET og laboratorie-skala kolonneforseg. Den rumlige
fordeling og menstret for mikroorganismernes forekomst viste, at intern po-
rositet pavirkede den mikrobielle aktivitet positivt ved at understotte densite-
ten af bade de funktionelle grupper og det totale antal mikroorganismer. Fo-
rekomst of rig EPS og indlejrede mikroorganismer i den interne struktur af
mineraludfaldninger indikerer, at mineraludfeldningerne har en beskyttende
og understottende rolle for mikroorganismer 1 sandfiltre.

Alt 1 alt indikerer vores storre undersegelser, at der er et komplekst mikrobi-
elt samfund 1 sandfiltre med en sterk interaktion mellem biologiske og abio-
tiske processer. Afhandlingens observationer og identificerede faktorer giver
et afset for at konstruere teorier eller regler for at forstd - og ultimativt styre
— mikrobielle samfund i sandfiltre for at f en mere stabil, effektiv og palide-
lig fjernelse af uonskede stoffer.
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Glossary

Biological Replicate: a sample where microbial communities in that sample
have a dispersal link with the microbial communities of another sample in
situ.

OTU (operational taxonomic unit): the clustering scheme used to categorize
individuals (in taxonomic units), in this thesis 97% sequence similarity is
used to define OTUs (hence, the clustering unit is also terms OTUg;
referring to the maximum dissimilarity within an OTU)).

De novo clustering: the inference of OTUs directly from experimental data
(sequences) without any prior information (reference data).

Taxonomic classification: classifying sequence data into known taxonomies.
Community: the sum of the individuals in a sample.

Community composition: the richness, relative abundance, and phylogenetic
structure of taxa in a community (Allison & Martiny 2008).

Phylogenetic diversity: a biodiversity measure based on evolutionary
relationships between species and represents one of the components of
biodiversity (Winter et al. 2013).

Functional diversity: the variety and number of species that fulfil different
functional roles in a community or ecosystem (Colwell 2012).

Taxonomic diversity: name and taxonomic classification of species in a
community.

Evenness: a measure of the homogeneity of abundances in a sample or a
community (Colwell 2012).

Meta community: set of interacting communities which are linked by the
dispersal of multiple, potentially interacting species (Battin et al. 2007).

Guild: metabolically related populations, e.g., ammonium oxidizing
microorganisms (AOP), iron oxidizing bacteria (IOB) (Friedrich 2011).

Clade: a hypothesis of evolutionary relatedness in which a group of
organisms share a single common ancestor (Valentine 2007).

Niche: the particular set of resources and environmental conditions that an
individual species exploits (Prosser et al. 2007).
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Niche differentiation: the process by which natural selection drives
competing species into different uses of resources resulting in different
niches (Battin et al. 2007).

Intra p diversity: amount of heterogeneity calculated by comparing
subsamples from the same sample — either by comparing samples of different
size (e.g. where heterogeneity can be the result of OTU loss) or by comparing
random samples of same sample size — this B diversity can affect the inter 3
diversity estimators, which requires correction.

Inter B diversity: an estimate of the compositional heterogeneity between
discrete samples A and B— especially the composition of the community
within those samples — which are approximated by the sequence library (or
after clustering), the OTU library.

Subsampling: a statistical technique to generate a random representative
subset drawn from a sample of a larger sample size.

Rarefaction: is a process to generate the expected number of species in a
small collection of n individuals (or n samples) drawn at random from the
large pool of N individuals (or N samples) (Gotelli & Colwell 2001).
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1. Introduction

Rapid sand filtration is a conventional biotechnological process which is used in
numerous full-scale applications in Europe to treat groundwaters. This technique
is a part of a treatment chain and it is currently the most widespread filtration
system used in drinking water treatment (Crittenden et al. 2012). A conventional
groundwater treatment plant often comprises three main process units: aeration,
first-stage filtration and second stage filtration. The purpose of the rapid sand
filter in water treatment is to remove a variety of contaminants and produce
drinking water that meets high quality standards for end-users. A rapid sand filter
consists of a bed of filter material through which the influent water flows verti-
cally by the gravitational force (Figure 1). Contaminant removal through filtra-
tion is determined by physical (transport, attachment and detachment;
Amirtharajah, 1988), chemical (oxidation) and biological mechanisms. Enzyme
catalyzed degradation of contaminants is performed by microorganisms that
colonize filter materials.

In rapid sand filters, several factors have been detected to affect biological proc-
esses, thereby effecting microbial communities. Filter material (Andersson et al.
2001), water temperature (Kihn et al. 2002), backwash regime (Laurent et al.
2008), backwash technique (Kasuga et al. 2007), intra-filter heterogeneity
(Lopato et al. 2011), nutrient deficiency (Li et al. 2010), and groundwater taxa
inventory (Pinto et al. 2012) were reported as significant factors , either directly
or indirectly, affecting microbial communities. These factors can be divided in
two categories; (i) filter specific parameters and (ii) environmental factors. While
filter specific parameters are mainly affiliated to the filter design such as back-
washing technique and frequency, filter material, filter hydraulics, water inlet
structure and filter height, environmental factors are affiliated to the physical and
chemical processes in a filter, groundwater chemical composition and groundwa-
ter microbiology. Most of these factors require a further investigation to experi-
mentally assess their effect on microbial communities in rapid sand filters.

Although implementation of rapid sand filters goes back to 19th century, the de-
sign of these filters has always been empirical because very little microbiological
information concerning rapid sand filters have as yet been experimentally ob-
tained from which one may predict the development, immigration and dynamics
of microbial communities. The lack of knowledge concerning microbial ecology
of rapid sand filters has hampered the operation and design of these systems
causing process instability and malfunctioning rapid sand filters. Exploration of



structural and functional diversity as well as interactions between microbes and
filter environment is therefore crucial and hence is the central focus of this thesis.

In this section, I shortly introduce ecology of groundwaters, because groundwater
1s the energy source and seed bank for microbial communities in rapid sand fil-
ters. Then I provide a review about the ecology of major element cycles occur-
ring in rapid sand filters, followed by methods that I use to assess microbial di-
versity, and functional diversity. To finalize the introduction, I summarize the
hypotheses and aims of the thesis. In the discussion part, I first emphasize the
key findings concerning microbial diversity and the core taxa. In the following
section, I highlight the functional diversity of ammonium, nitrite and iron oxidiz-
ing microorganisms in the rapid sand filters. Third, I present the spatial heteroge-
neity in rapid sand filters together with a new method to assess it. Finally, I dis-
cuss the role of mineral coatings in rapid sand filters.
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Figure 1 A representative process scheme of a drinking water treatment plant in Islevbro
treating groundwater. Images are taken from actual waterworks that were investigated in
this study.



1.1 Groundwater ecology

Groundwater is the source water for drinking water production in many coun-
tries, especially in Denmark. To understand microbial ecology in rapid sand
filters, an understanding of the groundwater chemistry and microbiology is
essential.

Groundwater is ultimately the result of rain infiltration into the subsurface.
Hydrochemistry of groundwaters therefore depends on the specific geological
formations as well as the residence period of the water inside the aquifer
(Segaard & Madsen 2013). In Denmark, limestone aquifers are of crucial im-
portance for the water supply (Figure 2), because they are available all over
in Denmark and high quality of water from these aquifers requires only a
simple treatment (rapid sand filter) to produce drinking water (Klaus 2003).

1 I
. Water extraction in m? ’M J I P
&

Figure 2 (a) Groundwater quality for drinking water production in Denmark. Particularly
valuable (blue), valuable (light blue), less valuable (orange). (b) Groundwater extraction
for drinking water production in Denmark (Klaus 2003)

1.1.1 Groundwater chemistry

Groundwater chemical composition and their natural evolution in limestone
aquifers are mainly controlled by rainfall chemistry, carbonate dissolution,
redox processes (mainly sulphide and organic carbon oxidation), ion ex-
change (e.g. between Ca and Na) and mixing with saline waters (Klaus 2003).
In deep limestone aquifers, oxygen and nitrate are reduced by sulphides and
organic carbon in up-gradient parts of the aquifer and ultimately form an-



aerobic conditions together with increased concentrations of sulphate and bi-
carbonate (Klaus 2003). And at the depths between 30m and 60m below the
surface where feed waters of rapid sand filters are abstracted, are in the up-
gradient parts of the aquifer, therefore feed waters of rapid sand filters are
typically anaerobic. Mineral dissolution and redox reactions (e.g. sulfate re-
duction, denitrification, methane formation, iron and manganese reduction) in
aquifers determine the electron donors (contaminants) for the microbial
communities in rapid sand filters (Segaard & Madsen 2013). The constituents
of anaerobic groundwater chemical composition in limestone aquifers are
summarized in Table 1.

Table 1. Typical constituents present in Danish groundwater (Segaard & Madsen 2013).

Group Constituents

Main components Cations  Ca®', Na', NH,", K*, Mg**, Fe*, Mn?*
Anions  HCOj, NOg, SO.*, PO,*

Uncharged species H;SiO,

Trace components AP*, Ni**, Zn**, F", H;AsO; and others

Gases CO,, H,S, CH,4,0,

Organic compounds Humus

Anthropogenic compounds Pesticides, chlorinated solvents, and others

Although sulphate reduction and methanogenesis, using organic matter as an
electron donor, is a common way for production of hydrogen sulphide and
methane in groundwaters (Price et al. 1993), these processes are very rare in
Danish limestone aquifers due to the very low amounts of organic matter.
Previous reports suggested that hydrogen sulphide and methane in the lime-
stone aquifers in Denmark mainly originate from the confining Pleistocene
sediments (GEUS 2003; Klaus 2003).

Although chemical constituents of groundwaters are very similar in Denmark,
the concentration of these species can vary in composition across distant aq-
uifers (Table 2). However, the variation in chemical composition between
Danish limestone aquifers is not big as observed between different type aqui-
fers around Europe.



Table 2 Statistics for major and minor constituents in limestone aquifers around Copenhagen
(Klaus 2003)

n Min. Max. Mean Median
T (°C) 13 8.9 10.3 9.7 9.8
pH 16 6.9 7.21 7.09 7.11
Eh 15 -110 -41 -75 =77
DO 16 0 0.53 0.05 0.01
SEC 16 543 878 677 633
Ca (mg/l) 35 55 283 128 114
Mg (mg/l) 35 10 43 19 19
Na (mg/l) 35 10 188 29 20
K (mg/l) 35 2 10 4 4
Cl (mg/l) 35 12 260 53 47
SO, (mg/l) 35 15 433 103 82
HCO; (mg/l) 28 133 409 334 336
TOC (mg/l) 28 0.7 4.6 1.9 21
Si (mg/l) 35 10 15 13 13
Fe (mg/l) 35 0.01 7.32 1.22 0.66
Mn (mg/l) 35 0 0.19 0.04 0.02
Sr (mg/l) 35 0.34 6.48 1.56 0.91
NH4-N  (mg/l) 16 0 0.29 0.13 0.1
NO,-N  (mg/l) 9 0.003 0.005 0.003 0.003
NO;-N (mg/l) 9 0.2 0.84 0.27 0.2
P (mg/l) 35 0.02 0.14 0.04 0.02
F (mg/l) 16  0.25 0.79 0.46 0.43
Br (mg/l) 15 0.03 0.35 0.1 0.06

1.1.2 Groundwater microbiology

The link between microbial communities in groundwater and rapid sand filter
has not yet been investigated. By using pyrosequencing, Pinto et al. (2012)
revealed the high level of phylogenetic relatedness between microbial com-
munities in a rapid sand filter and its source water, suggesting the importance
of microbial immigration from groundwaters. This observation was con-
firmed in this thesis with a higher taxonomic resolution of the filter meta-
community. In drinking water treatment, groundwater microbiota may play a
more important role than previously thought.

It has been reported that terrestrial underground ecosystems may constitute
up to 40% of prokaryotic biomass on earth (Griebler & Lueders 2009). Bacte-



ria, the largest portion of microbial biomass in groundwaters, numbers may
vary between 10% and 10° cells per cm® of groundwater (Madsen & Ghiorse
1993; Ghiorse 1988). Although aquifer ecosystem requires a high degree of
specialization of the microorganisms due to the lack of light, low organic
carbon content and nutrients and low temperatures (Danielopol et al. 2000),
previous studies reported a high level of microbial diversity within several
phyla, especially Proteobacteria, Nitrospirae, Actinobacteria and Bacterio-
detes (summarized in Figure 3) (Farnleitner et al. 2005; Griebler & Lueders
2009).

Differences in taxa or gene inventories of groundwaters may cause differ-
ences in function and composition of microbial communities in their down-
flow rapid sand filters, due to the occurrence of microbial immigration. Mi-
crobial evolution is likely follow different ways in different aquifers; because
most of deep aquifers are isolated ecosystems from the surface and environ-
mental factors for several thousands or millions of years (Fredrickson &
Onstott 2001). In addition, several horizontal gene transfer events have been
reported in deep aquifers (Griebler & Lueders 2009); the naphthalene dioxy-
genase (nahAc) gene, for example, was detected in the genome of species in
upstream sample of a shallow aquifer, while its origin was detected as a
plasmid- borne in downstream samples of the same aquifer (Herrick 1997).
Horizontal gene transfer events in deep aquifers may also contribute to the
variance of gene banks between different aquifers.

All in all, microbial communities in groundwaters are continuously carried
into rapid sand filters; the actual effects of this continuous inoculation on the
filter microbiota remains poorly examined.
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Figure 3 Phylogenetic tree of groundwater Proteobacteria (up) and groundwater Bacteria
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1.2 Major transformations in rapid sand filters

The quality of drinking water is ensured by the transformation of con-
stituents that have negative effects on human health or the environment,
into less negative forms. These transformations are performed by com-
bination of physical, chemical and biological mechanisms. In this sec-
tion, the major transformations occurring in rapid sand filters are intro-
duced.

1.2.1 Nitrogen transformation

Among nitrogenous compounds (NH4", NO;, NO, or dissolved organic
nitrogen (DON)) in reduced aquifer systems, NH," is the dominant species,
mainly formed by the anaerobic decomposition of organic material (Bohlke et
al. 2006) or anthropogenic activities. NH, flows into the rapid sand filters
enables two sequential microbial oxidation processes, during which valence
state of nitrogen changes from -3 (NH;) to +5 (NO;). These processes,
nitritation and nitratation constitute the main nitrogen transformations in
rapid sand filters and are exclusively performed by microorganisms.

Nitritation

Nitritation is the first step of the nitrification process. First, NH; is oxidized
into hydroxyl-amine (NH,OH) with the membrane associated enzyme
ammonia monooxygenase (AMO) (Hyman & Wood 1985), and then NH,OH
is oxidized to NO, with the cytoplasmic membrane associated enzyme
hydroxylamine oxireductase (HAO) (Bock & Wagner 2006a). The gene
encoding ammonia monooxygenase subunit A (amoAd) has been used
phylogenetic marker to detect ammonia oxidizers in many environments
(Prosser & Nicol 2012; Klotz & Stein 2008a).

Electron flow during catabolism of ammonia is illustrated in figure 4. The
stepwise oxidation of NH; to NO, is performed by ammonia oxidizing
bacteria (AOB) and archaea (AOA). Alternatively, NH; can be oxidized to
NO, by aerobic methanotrophs, as they contain particulate methane
monooxygenase (pMMO), which has a degree of function homology to
ammonia monooxygenase (Holmes et al. 1995; Klotz & Stein 2008b).



NH; +0,+2H*+2e” - NH,0H + H,0 (1)
catalysed by ammonia monooxygenase (AMO)

NH,0H + H,0 - HNO, + 4H, + 2 e~ (2)
catalysed by hydroxylamine oxireductase (HAO)

In rapid sand filters, nitritation has so far been assumed to be performed by
chemolithotrophic microorganisms (van der Wielen et al. 2009) that acquire en-
ergy from ammonia oxidation and assimilate carbon from CO, via the Calvin
cycle (Kowalchuk & Stephen 2001). Strains related to cultured bacterial species
Nitrosomonas europaea and Nitrosomonas oligotropha (White et al. 2012) and
cultured archaeal species Nitrosopumilus maritimus, Candidatus Nitrososphaera
gargensis, and Candidatus nitrosoarchaeum (van der Wielen et al. 2009; Bai et
al. 2013) have been reported as key lineages for ammonia oxidation in rapid sand
filters. In addition to autotrophic nitritation, many amoA gene containing organo-
trophic bacteria have been reported that can oxidize ammonia (Robertson et al.
1988; Daum et al. 1998; Kundu et al. 2014; Lin et al. 2010) as an apparent co-
metabolic process (Bock & Wagner 2006b). The contribution of such organotro-
phic ammonia oxidation to the nitritation process in rapid sand filters is un-

known.
e- transport 2e
p UQ <— cyt cy552 1—\7
processes ‘
cyt c554
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Figure 4 Electron flow during ammonia oxidation in AOB. Questions marks indicate steps
that are not experimentally verified (Arp et al. 2007).

Nitratation

In rapid sand filters, the produced NO,™ from nitritation is converted to NO;~
with the membrane-bound enzyme nitrite oxidoreductase (NXR). This process is
known as nitritation. Nitrite oxidizing bacteria (NOB) rely on the products of
AOB and AOA, and belong to a broad set of phylogenetic clades, including Ni-
trobacter, Nitrococcus, Nitrospina, Nitrotoga, and Nitrospira. Although the nxr
gene is a recently proposed solid phylogenetic marker for NOB, only 16S rRNA



based detection has so far been applied to NOB in rapid sand filters. These very
few 16S rRNA based investigations have revealed the presence of Nitrospira and
speculated that this phylum is solely responsible for nitrite oxidation (de Vet et
al. 2009; White et al. 2012).

NO,+H,0 +2e~ > NO; +2e  +2H" (3)
catalysed by nitrite oxireductase (NXR)

1.2.2 Iron transformation

Ferrous iron [Fe(Il)] is a common constituent in reduced groundwaters, originat-
ing from the weathering of iron minerals such as pyrite. In rapid sand filters, dis-
solved Fe(Il) in the influent can have three destinations under strict aerobic and
circumneutral conditions: (i) chemical Fe(Il) oxidation; (i1) microbial Fe(Il) oxi-
dation; and (i11) Fe(Il) adsorption. The chemical processes have been investigated
thoroughly, but the microbial Fe(Il) oxidation has not.

Chemical Fe(Il) oxidation

After aeration, chemical iron oxidation in groundwater becomes feasible due
to the existing pH and elevated oxygen concentrations. Chemical iron
oxidation is based on the transformation of the soluble Fe(Il) in to ferric iron
[Fe(II)], as shown in equation 4. Subsequently, Fe(Ill) undergoes hydrolysis
([Eq. (5)]; Lerk, 1965) and forms various iron hydroxide species that are
characterized by very low solubility products.

4 Fe?* + 0, + 2H,0 > 4 Fe3* + 2 e~ + 4 OH™ 4)
4Fe3* +40H™ + 2(x + 1)H,0 - 2 (Fe,0,xH,0) + 8 H* ()

Kinetic studies on chemical iron oxidation show that aerobic Fe(II) oxidation
strongly depends on the pH and the concentration of oxygen (Equation 6)
(Stumm & Lee 1961). Short of pH and oxygen, studies on iron oxidation
kinetics have documented that alkalinity (bicarbonate concentration),
temperature, organic matter and some elements/ions (Cu**, Mn**, Co*" and
H,PO,”) have significant effects on oxidation kinetics (Sharma 2001).
Alkalinity serves as a buffer for pH decrease during iron oxidation, and
effects the type of Fe(Ill)-hydroxides that occur as products of iron oxidation
(Sharma 2001). Moreover, a detailed study from Sung and Morgan (1980)
showed that a change in water temperature from 5 to 30°C (Pp, = 0.20 atm,
pH 6.84, I = 110 mM, alkalinity = 9 meq/L) caused a sharp decrease in
oxidation half-time from 316 to 4 min due to the change in the degree of
water ionization . Lower chemical iron oxidation rates at cold temperatures

10



can be crucial in the competition for Fe by iron oxidizing microorganisms
and chemical oxidation, in that biological oxidation may contribute more to
iron oxidation than believed. Moreover, dissolve organic matter (DOC) in
groundwater, especially humic substances (Theis & Singer 1974), make
complexes with soluble Fe(II), which decrease the chance of Fe(Il) oxidation
(Knocke et al. 1992); however, DOC concentrations are very low in
limestone groundwaters, therefore it is unlikely to see these complexes in
rapid sand filters.

—d[Fe(II)]/dt — k,.p0,.[Fe(ID)]. [OH"]? (6)

where
[Fe(II)]/dt = rate of iron(II) oxidation (mol I min™)
ko= reaction rate constant=8.0(£2.5)x10" I mol* atm™ min™ (20.5°C)
p0, = partial pressure of oxygen (atm) = 0.21 [0,]/[07a(]
[0,], [Os.4a] = actual and the saturated concentration of oxygen in water (g/m’).
[Fe(I)] = concentration of ferrous iron (mol/1).
[OH™] = concentration of hydroxyl ions (mol/1)
Microbial Fe(Il) oxidation

Microorganisms oxidizing Fe(Il) have to compete with chemical iron
oxidation to capture Fe(Il) ions for obtaining energy. Due to the
circumneutral pHs and highly oxic conditions, which both favour chemical
Fe(II) oxidation, biological iron oxidation is usually not considered important
in rapid sand filters. Nonetheless few studies have made circumstantial
observations that suggest the contribution of biological iron oxidation in
RSFs (Segaard et al. 2000; Mouchet 1992; Katsoyiannis & Zouboulis 2004).
The genera Gallionella, Leptothrix and Siderocapsa are the only iron
oxidizing genera documented in rapid sand filters (Katsoyiannis & Zouboulis
2004;. de Vet et al. 2009).

Fe(ll) adsorption/oxidation

Beside chemical and microbial oxidation, Fe(Il) can be adsorbed onto the
surface of the filter media or iron hydroxide precipitates that are present in
the rapid sand filter (Sharma et al. 1999). Adsorbed Fe(Il) is subsequently
oxidized to form additional types of iron hydroxide structures. These newly
formed layers create a new adsorption surface for dissolved Fe(II). This
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mechanism relies on the iron(Il) adsorption capacity of the filter media
(Sharma et al. 1999). Importantly, together with sequential iron oxidation, it
can lead to formation of mineral coating structure on the surface of the filter
materials (Sharma et al. 1998), which can affect both microbiological and
physical aspects of the rapid sand filters.

1.2.3 Manganese transformation

Manganese, in the form of soluble Mn(Il), is a common constituent in
groundwaters. Soluble manganese in aquifers is generally formed by
microbially mediated reductive decomposition and dissolution of compounds
such as Mn-OOH and MnO, under anoxic conditions (Nealson & Saffarini
1994; Buamah 2008). The concentration of dissolved Mn(Il) in aquifers is
controlled by redox reactions between Mn (II) and Mn (III, IV) and pH.
Unlike Fe(Il), chemical oxidation of dissolved Mn(Il) is not rapid at
circumneutral pH (Aziz & Smith 1992), typical of rapid sand filters.
Transformation of manganese in rapid sand filters is assumed to occur via
two mechanisms: (i) chemical adsorption/oxidation (ii) biological oxidation

Mn(1l) adsorption/oxidation

In rapid sand filters, adsorption of Mn(II) onto the MnOx surfaces, followed by
auto-catalytic and/or enzyme catalyzed oxidation has been reported as one of the
mechanisms to remove Mn(Il) (Gouzinis et al. 1998). Surfaces of Mn-
(oxyhydr)oxide precipitates was shown to catalyze chemical Mn(Il) oxidation
through adsorption mechanism (Stumm & Morgan 1996). This mechanism is
illustrated in figure 5 and kinetics of manganese oxidation is shown in equation 7
(Stumm & Morgan 1996).

—d[Mn(1D)] / 4 = kPO, [OH™12. [Mn(ID)] + ky. [Mn(ID)][MnO,] (7)

ko = reaction rate constant (1/mol’.atm.min)
k, = reaction rate constant (I’/mol’.atm.min)
PO, = Partial pressure of oxygen (atm)

Beside Mn-(oxyhydr)oxide, variety of other surfaces, especially Fe-
hydroxides can effectively catalyze the oxidation of Mn(Il) in rapid sand
filters (Junta & Hochella 1994). It should be noted that mineral coating
accumulation on the surface of filter material increase the adsorption
capacity: 15-year old filter media was found to be less dependent on the
microbial activity than the 3-year old filter media (Sahabi et al. 2009).
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Figure 5 Process scheme for Mn(II) oxidation through adsorption and sequential oxida-
tion. Me symbolizes a transition metal ion (Segaard & Madsen 2013).

Microbial Mn(Il) oxidation

The actual contribution of microbial mediated Mn(II) oxidation to the overall
manganese oxidizing activity in rapid sand filters is not known. It was
hypothesized that biological Mn(II) oxidation may be crucial for the start-up
of the filters, which 1is subsequently replaced by removal via
adsorption/oxidation (Berbenni et al. 2000; Sahabi et al. 2009).

Many studies on rapid sand filtration have reported the contribution of
biological Mn(Il) oxidation (Hope & Bott 2004; Sawayama et al. 2011;
Burger et al. 2008). The bacterial genera involved in Mn(Il) oxidation are
taxonomically diverse, including Crenothrix, Hyphomicrobium, Leptothrix,
Metallogenium, Actinobacteria, Siderocapsa, Bacillus and Pseudomonas
(Katsoyiannis & Zouboulis 2004; Mouchet 1992; Pacini et al. 2005; Hanert
2006; Cerrato et al. 2010; Tebo et al. 2005).

Specific genes encoding Mn(Il) oxidation are unknown because no putative
Mn(Il) oxidases have so far been purified and no heterologous
overexpression pattern of a gene encoding Mn oxidation has been observed to
date (Tebo et al. 2005). However, many studies have reported different
functional pathways of Mn(II) oxidation, and many genes have been
identified that effect bacterial Mn(II) oxidation. (Table 3). Therefore, direct
detection and quantification of microbes involved in Mn(II) oxidation using a
functional of phylogenetic genetic marker is still not possible.
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Table 3 Genes can be involved in Mn(II) oxidation (Tebo et al. 2005)

Gene Description Strain

ccmE c-type cytochrome biogenesis P. putida MnB1
ccmF c-type cytochrome biogenesis P. putida MnB1&GB-1
ccmA c-type cytochrome biogenesis P. putida MnB1
sdhABCD Succinate dehydrogenase complex P. putida MnB1
aceA Lipoate acetyltransferase P. putida MnB1

icd Isocitrate dh P. putida MnB1
trpE Subunit of anthranilate synthetase P. putida MnB1
XCpA General secretory pathway P. putida GB-1
xcpT General secretory pathway P. putida GB-1
cumA MCO P. putida GB-1
mnxA No homology Bacillus sp. SG-1
mnxB No homology Bacillus sp. SG-1
mnxC Homology to scol, Bacillus sp. SG-1
mnxD No homology Bacillus sp. SG-1
mnxE No homology Bacillus sp. SG-1
mnxF No homology Bacillus sp. SG-1
mnxG MCO Bacillus sp. SG-1
mofA MCO L. discophora SS-1
mofB Peptidyl-prolyl-cis-trans isomerase L. discophora SS-1
mofC Cytochrome c family protein L. discophora SS-1

1.2.4 Carbon and sulfur transformations

Methane and hydrogen sulfide are the major form of carbon- and sulfur based
electron donors in groundwaters, respectively. In highly reduced aquifers,
organic matter may be oxidized to reduce sulfate to hydrogen sulfide after
nitrate 1s depleted and carbon dioxide to methane after sulfate is depleted. In
deeper regions of aquifers, methane will diffuse upward after methanogenesis
process. However, organic carbon content is generally low in the Danish
limestone aquifers therefore formation of methane by methanogenesis and
hydrogen sulfide by sulfate reduction appeared to be rare in groundwaters of
such aquifers (Klaus 2003). Alternatively, hydrogen sulphide and methane in
Danish groundwaters may primarily originate from the confining Pleistocene
sediments which contain these gasses (Klaus 2003; Scherer & Wichmann
2000).

As a minor constituent, groundwaters may contain pesticides and their
degradation products which originate from anthropogenic activities; however

14



these constitutes are also rare in limestone aquifers in Denmark (Klaus 2003).
Another form of carbon is present in the form of bicarbonate in groundwaters
and rapid sand filters. Autotrophs on filter materials transform inorganic
carbon to organic carbon via carbon assimilation pathways, which may
subsequently be excreted.

In groundwater treatment methane and hydrogen sulfide are generally
removed by aeration process which basically based on physical venting of
these gasses. An effective aeration process usually results complete removal
of these gasses. Although theoretical calculations and measurements suggest
a complete removal, microbiological studies reported the presence of
methanotrophs in rapid sand filters treating groundwaters (de Vet et a