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Abstract
Aerobic granular sludge (AGS) is a promising alternative wastewater treatment to the conven-

tional activated sludge system, allowing space and energy savings. This process is particularly

suited for biological phosphorus removal, avoiding use of coagulant chemicals. Basic under-

standing of this process has mainly been obtained in laboratory-scale studies with simple

synthetic wastewater containing volatile fatty acids as main carbon source. Yet, the aspect and

performance of granular sludge cultivated in such model systems are rather different from

those obtained in systems treating real wastewater.

In order to make a step toward the comprehension of AGS treating municipal wastewater,

two approaches were applied to investigate the impact of the wastewater composition on

AGS bacterial communities, settling properties and nutrient removal performance. The first

approach was to transform activated sludge performing enhanced biological phosphorus

removal into AGS in four parallel lab-scale reactors fed with different wastewater types: simple

and complex polymeric synthetic, as well as raw and clarified municipal wastewater. The

second approach was to progressively change the composition of the wastewater treated

by AGS acclimated to simple synthetic wastewater to complex polymeric wastewater with

an intermediary step with complex monomeric wastewater as a control. The whole DNA of

biomass corresponding to the three wastewater types was sequenced with PacBio and Illumina

technologies. During the two experiments, the bacterial communities, settling properties and

nutrient removal performance were monitored.

The bacterial communities in AGS treating simple wastewater were drastically different form

the ones treating complex wastewater. Several taxa belonging to Actinobacteria and Saccha-

ribacteria were largely underrepresented with the simple wastewater. Lower nitrogen removal,

lower settling properties and higher proportions of flocs were observed with the polymeric

wastewaters compared to the monomeric wastewaters. The lower concentrations of diffusible

organic carbon rather than the bacterial community compositions were identified as the

cause for these differences. Indeed, genes putatively involved in denitrification and biofilm

formation were found in the AGS treating monomeric and polymeric wastewater. Moreover,

different denitrification efficiencies and settling properties were observed with AGS having

very similar bacterial communities but treating wastewater with a different concentration of

organic carbon.

The phosphate accumulating organism (PAO) Candidatus (Ca.) Accumulibacter, abundant

in most of the AGS samples, was highly diverse and different clade repartitions were found

within the AGS treating different wastewater types. The fermentative PAO Tetrasphaera was

vii



Abstract

less diverse and mostly found in the AGS treating complex wastewater. The co-occurrence of

two PAO occupying distinct ecological niches likely participated to the quick recovery of the

P-removal after the transient but sharp decrease of Ca. Accumulibacter observed during the

transition from simple to complex monomeric wastewater and likely due to a bacteriophage

attack.

The assembly of PacBio sequences associated to a binning based on composition and cov-

erage of Illumina sequences produced nearly complete draft genomes attributed to poorly

characterized taxa, thus providing information on their potential metabolism and a template

for future metatranscriptomic analysis.

Keywords : Aerobic granular sludge, biological wastewater treatment, bacterial communities,

phosphate accumulating organisms, glycogen accumulating organisms, biological phospho-

rus removal, nitrogen removal, metagenome-assembled genomes.
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Résumé
Les boues granulaires aérobie (AGS) constituent une alternative prometteuse aux boues acti-

vées utilisées pour traiter les eaux usées, permettant des économies d’énergie et de surface au

sol. Ce procédé est bien adapté pour l’élimination biologique du phosphate, permettant d’évi-

ter l’utilisation de coagulants chimiques. Une compréhension élémentaire de ce procédé a été

établie principalement grâce à des études réalisées avec des eaux usées synthétiques simples

contenant des acides gras volatiles comme principale source de carbone. Cependant, l’aspect

et les performances des boues granulaires cultivées dans de tels systèmes sont différents de

ceux obtenus dans des systèmes traitant des eaux usées réelles.

Deux approches ont été mises en oeuvre pour étudier l’impact de la composition de l’eau

usée sur les communautés bactériennes, les propriétés de sédimentation et les performances

d’élimination des nutriments des AGS. La première approche consistait à transformer des

boues activées capables de déphosphatation biologique en AGS, dans quatre réacteurs alimen-

tés par des eaux usées différentes : synthétiques simple et complexe polymérique, ainsi que

municipales brute et clarifiée. La deuxième approche consistait à changer progressivement

la composition de l’eau usée traitée par des AGS acclimatées à une eau simple vers une eau

complexe polymérique, en passant par une eau complexe monomérique. L’ADN total de

la biomasse traitant les trois types d’eau a été séquencé à l’aide des technologies PacBio et

Illumina.

Les communautés bactériennes des AGS traitant des eaux simples étaient très différentes de

celles traitant des eaux complexes. Plusieurs taxa appartenant aux Actinobacteria et Sacchari-

bacteria étaient largement sous-représentés dans les échantillons traitant l’eau simple. Une

plus faible élimination de l’azote, une moins bonne sédimentation et une plus grande propor-

tion de flocs ont été observées avec les eaux polymériques. De plus basses concentrations de

carbone organique diffusible, plutôt que les compositions des communautés bactériennes, ont

été identifiées comme cause de ces différences. En effet, des gènes potentiellement impliqués

dans la dénitrification et la formation de biofilms ont été trouvés dans les AGS traitant les deux

types d’eau. De plus, des rendements de dénitrification et des propriétés de sédimentation

différents ont été observés avec des communautés bactériennes similaires, traitant des eaux

contenant des concentrations de carbone organique différentes.

L’organisme accumulant du phosphate (PAO) Candidatus (Ca.) Accumulibacter, abondant

dans la plupart des échantillons, était très diversifié et une répartitions différente des clades a

été trouvée suivant le type d’eau traitée. Son pendant fermentatif, Tetrasphaera, était moins

diversifié et a été principalement trouvé dans les AGS traitant les eaux complexes. La co-

ix



Résumé

occurence de ces deux PAO occupant des niches écologiques différentes a probablement

participé à la rapide récupération de l’élimination du phosphate après la diminution de Ca.

Accumulibacter observée durant la transition de l’eau simple à l’eau complexe monomérique.

L’assemblage des séquences PacBio associé à un binning reposant sur la composition des

séquences et la couverture des séquences Illumina a permi de reconstituer des génomes

attribués à des taxa peu connus, fournissant ainsi des informations sur leurs métabolismes

potentiels ainsi qu’une base pour de futures analyses métatranscriptomiques.

Mots-clés : boues granulaires aérobie, traitement de l’eau biologique, communautés bacté-

riennes, organismes accumulant le phosphate, organismes accumulant du glycogène, éli-

mination biologique du phosphate, élimination de l’azote, génomes assemblés à partir de

métagénomes.
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I Introduction

I.1 Aerobic granular sludge for wastewater treatment

I.1.1 Wastewater treatment

Efficient and sustainable wastewater treatement is one of the major stakes of the 21th century

[Infos-eau, 2009, WHO, 2019]. Nowadays, only three billion of people benefit from com-

plete sanitation including wastewater treatment or safe disposal [WHO, 2019]. Even in high

income countries, many wastewater treatment plants are overwhelmed due to densifying

populations in urban area and needs to be upgraded often with the constrain of limited

footprints. Wastewater treatment plants using activated sludge, based on the discovery of

Ardern and Lockett in [1914], are commonly used in high-to-medium-income countries since

1930 [IWA, 2009]. Activated sludge systems are based on the observation that wastewater

containing microorganisms can be treated with aeration, followed by a sedimentation and the

reinjection of the settled microorganims in the new wastewater [Ardern and Lockett, 1914].

Thus, the macro-pollutant mainly composed of organic carbon, ammonium and phosphate

can be removed from the wastewater. Nowadays, this microbiological process is preceded

with screening of coarse material, grit-removal, grease and other light material scumming

and primary sedimentation. It is followed by a secondary sedimentation, after which the

wastewater is generally discharged in the environment. The increasing concentrations of

micro-pollutants in the wastewater are raising more and more concern and some states are

including thresholds for micro-pollutant in the effluent wastewater. Micro-pollutants are not

efficiently removed by traditional wastewater treatment processes and often require a tertiary

treatment (eg. ozonation) [Margot et al., 2011].

Wastewater macro-pollutant concentrations can vary from one region to the other; it depends

on a lot on factors as pluviometry, population customs, characteristics of the sewer system, and

the wastewater origin. As an example, typical values for municipal wastewater in Switzerland

and The Netherlands, two countries that have different topologies are shown in Table I.1.

In mountainous regions particulate slowly biodegradable chemical oxygen demand (COD)
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can be higher than 50 % due to steep slope sewers and thus shorter retention time in these

sewers [van Nieuwenhuijzen et al., 2004]. The macro-pollutants contained in wastewater are

harmful for the environment and must therefore be properly removed before the water can

be released in nature. Ammonium and nitrite are toxic for fish, nitrate and phosphate lead to

eutrophication of water bodies and carbonaceous organic matter can favor the proliferation of

pathogens [von Sperling, 2007]. In Switzerland, the ruling on waters protection [OFEV, 2011],

sets the thresholds for suspended solids, COD, ammonium, nitrite, nitrate and phosphate

in the treated water discharged in natural aquatic ecosystems (Table I.1). It is expected that

if the macro-pollutant charge is sufficiently low, the aquatic ecosystem is capable of self-

purification and will therefore not be altered [von Sperling, 2007]. In case of too high macro-

pollutant discharges in aquatic ecosystems, they can be altered generally with a decrease of

the biodiversity and ultimately eutrophication (overgrowth of aquatic plants transforming

dramatically oxygen and nutrient concentrations, leading to the death of oxygen-dependent

species [Pretty et al., 2003]).

Table I.1 – Typical nutrient concentrations in Swiss and Dutch urban wastewater and the
effluent standards defined by the Swiss legislation.

Wastewater origin SS
[gm−3]

COD
[g O2 m−3]

BOD5

[g O2 m−3]
TKN
[g N m−3]

NH+
4

[g N m−3]
P
[g P m−3]

Dutch [M.N. et al., 2004] 237 450 171 42 NA 6.7
Swiss [Gujer, 2007] 200 340 170 30 20 6
Swiss thresholds [OFEV, 2011] 15-20 NA 15-20 NA 2 (90 %) 0.8a(80 %)

a for wastewater discharged in sensitive environments

Aside conventional activated sludge systems, new technologies are developed in order to

take up the challenge of energy-efficient, low-footprint and low-energy requiring wastewater

treatment processes (eg. biotrickling filters, moving bed biofilm reactors, anammox) [Rusten

et al., 1992, Strous et al., 1999, Togna and Singh, 1994]. Enhanced biological phosphorus- (P)-

removal (EBPR) has demonstrated a high sustainability due to efficient P removal without

addition of chemicals [Stokholm-Bjerregaard et al., 2017]. Consequent chemical savings

and reduced sludge production resulting from biological phosphorus removal improves the

environmental and economical sustainability of wastewater treatment [Coats et al., 2011].

It can however be subject to temporary failures due to reduced activity of the P-removing

microorganims [Martin et al., 2006].

I.1.2 Aerobic granular sludge

Processes based on aerobic granular sludge (AGS) developed over the past 20 years offer an in-

teresting alternative to conventional activated sludge systems. Aerobic granules were defined

as “aggregates of microbial origin, which do not coagulate under reduced hydrodynamic shear

and settle significantly faster than activated sludge” [de Kreuk et al., 2007]. AGS is obtained

from EBPR activated sludge inoculum by applying a combination of conditions known to

favor granulation while maintaining good biological nutrient performance : the alternation
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of anaerobic feast and aerobic famine phases [Morgenroth et al., 1997], short settling time

selecting for fast-settling biomass [Barr et al., 2016, Katherine Jungles et al., 2011, Liu and

Liu, 2006, Robertson, Struan and van der Roest, Helle and van Bentem, André, 2015], high

shear-forces, provided by mixing or superficial air velocity [Beun et al., 1999, Chen et al., 2007,

Lochmatter and Holliger, 2014] and high concentrations of biodegradable organic COD in the

influent wastewater [Nancharaiah and Reddy, 2018, Wang et al., 2009].

At full-scale, Nereda® is a technology based on AGS. It results from cooperation between public

and private research. After the success of the first AGS pilot scale treating real wastewater in

2003 [de Kreuk and van Loosdrecht, 2006], the first full-scale plants using AGS were started

in 2005. They are currently able to remove organic matter to reach the required pollutant

load thresholds for the effluent. More than 50 full-scale municipal and industrial plants

using Nereda® technology, sometimes in combination with other technologies, are thus far in

operation or under construction worldwide [DHV, 2019].

Compared to activated sludge, AGS allows higher biomass concentration [Beun et al., 2000,

de Kreuk et al., 2007, Etterer and Wilderer, 2001] simultaneous COD, nitrogen (N) and P

removal [de Bruin et al., 2004] and shorter settling time [Basheer and Farooqi, 2014, Ni et al.,

2009]. Different redox conditions can be present in granules at the same time providing the

possibility to perform simultaneous nitrification-denitrification (SND) and thus allowing to

avoid supplementary tanks for adequate denitrification conditions. All these characteristics

enable the setup of compact plants with significantly reduced footprints, energy consumption

and costs [Beun et al., 1999, de Bruin et al., 2004, Morgenroth et al., 1997, Pronk et al., 2015b,

Swiatczak and Cydzik-Kwiatkowska, 2018]. Yet it is believed that the process can be improved

further by understanding the function and interactions of the microorganisms composing

AGS and adapting the operational conditions consequently [Pronk et al., 2015b].

I.1.3 Research on aerobic granular sludge

Research on AGS was and still is often performed in lab-scale reactor with simple synthetic

wastewater with volatile fatty acids (VFA) such as acetate and propionate as carbon source

[Barr et al., 2016, Beun et al., 1999, Bin et al., 2015, de Kreuk et al., 2005, 2007, Sarma et al., 2017].

Substantial knowledge has been obtained from those studies. It provided the opportunity to

study thoroughly the metabolism of model organisms with important functions [Barr et al.,

2016] and their roles in granulation [de Kreuk and van Loosdrecht, 2004] and nutrient removal

[Oehmen et al., 2010]. Importantly, it documented the negative impact of COD that was not

consumed during the anaerobic phase and leaks in the aerobic phase, on granulation and

nutrient removal performance [Weissbrodt et al., 2014a].

In real wastewater, generally more than 50 % of the COD is contained in the form of polymeric

substances [Koch et al., 2000, Levine et al., 1991, Nielsen et al., 2010] and cannot be readily

taken up by bacteria before undergoing hydrolysis. Hydrolysis is a slow process and was

reported to be slower under anaerobic conditions compared to aerobic conditions [de Kreuk
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et al., 2010, Goel et al., 1998b]. Moreover, it is performed at the cell surface [Frolund et al., 1995,

Goel et al., 1997] and particles above 1 µm have a limited diffusibility across biofilms [Drury

et al., 1993, Janning et al., 1998]. The particulate COD in the influent wastewater is therefore

slowly taken up during the anaerobic phase and is likely leaking in the aerobic phase [de Kreuk

et al., 2010]. This partial consumption of COD during the anaerobic phase is supposed to

compromise the granulation and nutrient removal performance of the AGS [Bassin et al., 2012,

Wagner et al., 2015b]. Indeed, a significant proportion of flocs seems to be constitutive of AGS

treating real wastewater [Derlon et al., 2016, Pronk et al., 2015b]. Moreover, more porous or

fluffy granules [de Kreuk et al., 2010] and unstable nutrient removal [Wang et al., 2018] have

been reported in particular with low-strength polymeric wastewater [Wagner et al., 2015b,

Winkler et al., 2013].

In consequence, the knowledge acquired on AGS treating simple monomeric wastewater

cannot be simply transposed to AGS treating more complex wastewater containing polymeric

compounds [Wagner et al., 2015b] and the operational conditions needs to be adapted to

the composition of the wastewater. For example, with low-strength wastewater, a too harsh

selection of fast settling biomass can lead to important washouts of the sludge. The volume

exchange ratio and settling times can be tuned to allow granulation while keeping sufficient

amount of biomass in the system [Ni et al., 2009, Wagner et al., 2015b].

Yet, to date, probably due to practical reasons (e.g., difficulties to have access to real wastewa-

ter), only a minority of studies on AGS are performed with wastewater containing substantial

proportions of polymeric compounds [de Kreuk et al., 2010, de Kreuk and van Loosdrecht,

2006, Dulekgurgen et al., 2003, Lemaire et al., 2008, Lin et al., 2003, Schwarzenbeck et al.,

2004].

I.1.4 Bacterial communities in aerobic granular sludge

Obviously, the structure of the microbial community in AGS influences the performance of

the sequencing batch reactor (SBR) (e.g., COD, N, P-removal, sludge volume index (SVI))

[Lochmatter and Holliger, 2013, Tan et al., 2014, Weissbrodt et al., 2014a]. As they are able

to incorporate polymers, protozoa participate to the degradation of particulate COD in the

wastewater [de Kreuk et al., 2010]. Regarding the bacterial community, several key functional

groups are crucial for good nutrient removal and settling properties. Fermenters (eg. Tetras-

phaera, Streptococcus) and hydrolyzers (eg. Curvibacter) play a crucial role in COD removal,

ammonium-oxidizing bacteria (eg. Nitrosospira, Nitrosomonas), nitrite-oxidizing bacteria (eg.

Nitrospira) and denitrifiers (eg. Thauera, Azoarcus, Zoogloea) participate in total nitrogen (TN)

removal and phosphate-accumulating organisms (PAO) (eg. Candidatus (Ca.) Accumulibacter,

Tetrasphaera) are responsible for most of the P-removal [Nielsen et al., 2010].

In EBPR activated sludge, the composition of bacterial communities is influenced by the type

of wastewater used [Coats et al., 2017]. In particular, the composition of the guild of PAO is

different in lab-scale reactors treating simple wastewater mainly composed of VFA and in
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full-scale EBPR treatment plants [Mielczarek et al., 2013]. Microbial communities in AGS

are probably slightly different from those in EBPR activated sludge [Bin et al., 2015], and to

date, few studies have inspected their compositions in AGS treating polymeric wastewater

[Cetin et al., 2018, Kang et al., 2018, Swiatczak and Cydzik-Kwiatkowska, 2018, Wang et al.,

2018]. These microbial communities are therefore expected to depend on the type of influent

wastewater, but to what extent and how is not clear yet.

In AGS, as in EBPR activated sludge, PAO is an essential guild. The first PAO candidate was

Acinetobacter spp. but its abundance and its capabilities to remove phosphate in EBPR systems

turned out to be too low [Wagner et al., 1994]. Ca. Accumulibacter was then considered as

the bacteria responsible for most of the P-removal from wastewater [Hesselmann et al., 1999]

and it became the model organism for PAO metabolism [Zilles et al., 2002]. To date, no pure

culture of Ca. Accumulibacter can be grown but it was enriched up to 90 % in lab-scale

reactors fed with VFA-based synthetic wastewater containing high phosphate concentrations

[Lu et al., 2006, McMahon et al., 2007, Murray and Stackbrandt, 1995]. Ca. Accumulibacter

has the ability to take up volatil fatty acids (VFA) anaerobically and store them in the form of

poly-hydroxy-alkanoate (PHA) by using the energy provided by the hydrolysis of intracellular

polyphosphate and glycogen reserves. In presence of oxygen (sometimes nitrate or nitrite), the

PHA reserves are used for growth and the replenishment of large intracellular polyphosphate

reserves. The growth of these bacteria leads to a net decrease of orthophosphate from the

water [Mino et al., 1998, Oehmen et al., 2007].

Studies of the bacterial communities in EBPR wastewater treatment plants revealed that the

participation of Tetrasphaera to P-removal was at least equivalent to the one of Ca. Accu-

mulibacter [Hanada et al., 2002, Kristiansen et al., 2013, Muszynski and Zaleska-Radziwill,

2015, Nielsen et al., 2012b, Stokholm-Bjerregaard et al., 2017]. The metabolism of Tetrasphaera

is to date not completely defined. It is slightly variable depending on the different species

and differ from the one of Ca. Accumulibacter. Tetrasphaera can take up large amounts of

polyphosphate in aerobic and possibly anoxic conditions after incorporation of sugars or

amino-acids during the previous anaerobic phase, but not after the uptake of acetate [Barnard

et al., 2017, Kristiansen et al., 2013]. Contrary to Ca. Accumulibacter, Tetrasphaera does not

constitute substantial PHA reserves [Kristiansen et al., 2013]. The carbon source are likely fer-

mented in anaerobic or aerobic conditions [Nielsen, 2017] and part the fermentation products

including VFA are released [Barnard et al., 2017]. But whether part of those products are stored

and under which form has not been fully elucidated yet. Tetrasphaera also have the capability

to hydrolyze polysaccharides [Nielsen et al., 2010]. Several Tetrasphaera species have been cul-

tivated in pure culture and the denitrification coupled to P-removal was observed for different

members of this genus [Barnard et al., 2017, Kristiansen et al., 2013]. The co-occurrence of

Ca. Accumulibacter and Tetrasphaera frequently observed in EBPR systems where they oc-

cupy different ecological niches is believed to increase the robustness of biological P-removal

[Mielczarek et al., 2013].

Since then, other PAO or putative PAO affiliated to Ca. Halomonas phosphatis [Nguyen et al.,
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2012], Gemmatimonas aurantiaca [Zhang et al., 2003], Ca. Obsruribacter [Soo et al., 2014]

and Dechloromonas [Kim et al., 2013] have been identified and few other will possibly be

discovered in the future. Dechloromonas is a putative PAO which metabolism is still to be

elucidated. Dechloromonas seems able to use nitrate as a terminal electron acceptor [Zeng

et al., 2003c].

Glycogen-accumulating organisms (GAO) have a metabolism similar to PAO without the

capability to incorporate large amounts of polyphosphate. For this reason, they were often

considered as the cause of biological P-removal failures [Burow et al., 2007, Cech and Hartman,

1993, Kong et al., 2006, Saunders et al., 2003]. However, numerous recent studies suggest

that even in high abundance, GAO do not interfere with the uptake of organic carbon by

PAO, which likely have a competitive advantage in case of high P-concentrations [Qiu et al.,

2019, Stokholm-Bjerregaard et al., 2017]. Members of the Competibacteraceae family have a

classical GAO metabolism, they can take up VFA anaerobically and store them in the form of

PHA until further utilization for growth and glycogen storage reconstitution during aerobic

and possibly anoxic conditions [McIlroy et al., 2015b].

An alternative GAO metabolism was observed in the Actinobacteria Micropruina [McIlroy

et al., 2018]. This genus was detected in high abundance in EBPR treatment plants [Stokholm-

Bjerregaard et al., 2017, Wong et al., 2005]. It can take up various carbon sources anaerobically,

a part of it will be fermented, the other part will be stored as glycogen for subsequent utilization

in aerobic conditions. Unlike classical GAO, they do not constitute substantial PHA reserves

[McIlroy et al., 2018].

Due to their denitrifying capabilities, several GAO and PAO likely participate to the biological

N-removal in EBPR and AGS systems. Classical GAO and PAO were associated with stable

granulation [de Kreuk and van Loosdrecht, 2004] but the abundance of fermenting PAO and

GAO in AGS treating polymeric wastewater or their impact on granulation is not known.

I.1.5 Nitrogen removal

There are several pathways resulting in the removal of nitrogen from wastewater. The most

common and likely major one in AGS is the nitrification-denitrification pathway [Guimaraes

et al., 2017]. Ammonium released from the degradation of urea and proteins is oxidized into

nitrite and then into nitrate during the typically two-step process of nitrification which requires

oxygen but not COD. It is generally performed by two types of autotrophic microoganisms.

Ammonium-oxidizing organisms (e.g., Nitrosomonas, Nitrosospira) [Lemaire et al., 2008] that

are generally present in low proportions (< 0.5 %) [Swiatczak and Cydzik-Kwiatkowska, 2018,

Xia et al., 2014] and located close to the granules surface (< 200 µm) [Lemaire et al., 2008,

Soliman and Eldyasti, 2018] oxidize ammonium into nitrite. Nitrite can further be oxidized

into nitrate by nitrite-oxydizing organisms (e.g., Nitrospira). Daims et al. [2015] and van Kessel

et al. [2015] however discovered that some of the Nitrospira strains are capable to oxidize

ammonium into nitrate. This process of complete oxidation of ammonium into nitrate by a
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single bacterium was called comammox.

Nitrification can be followed by the denitrification pathway where nitrate and then nitrite

are used as electron acceptors in absence of oxygen. Resulting nitric oxyde can be reduced

to nitrous oxyde, a greenhouse gas, which can be further reduced to gaseous dinitrogen or

leave the system as it is [Campos et al., 2016, Kampschreur et al., 2009, Metcalf & Eddy, 2014].

Indeed, it appears that some denitrifying bacteria do not have a functional nitrous oxyde

reductase and emission of N2O can occur [Zeng et al., 2003a].

Denitrification requires COD, but occurs after nitrification when most of the COD has gen-

erally been consumed. In conventional wastewater treatment, several strategies can be set

up in order to circumvent this problem. For example, part of the wastewater can be pumped

back and mixed with incoming wastewater or a carbon source can be added to the nitrified

wastewater. With AGS, different redox conditions are available inside the granule, thus nitrifi-

cation and denitrification can theoretically be simultaneous. Moreover, if carbon was stored

during the previous anaerobic phase by denitrifying bacteria (eg. PAO,GAO), it can be used for

denitrification [Pochana and Keller, 1999, Third et al., 2003]. De Kreuk et al. [2005] found that

SND was mainly function of the O2 saturation and the granule size. An O2 saturation of 40 %

and a granule diameter of 1.3 mm were found to be optimal parameters for SND with their

acetate-fed AGS. Lower or absent SND were reported in AGS treating polymeric wastewater

[Kang et al., 2018] possibly due to the small granule size [Li et al., 2014, Ni et al., 2009] or the

non-diffusibility of an important part of the COD that was consumed locally at the granules

surface and was therefore not available in the anoxic regions in the granules [de Kreuk et al.,

2010]. For both monomeric and polymeric wastewater, intermittent aeration was shown to

enhance nitrate removal [Lochmatter and Holliger, 2014, Pronk et al., 2015a].

Denitrifying bacteria are generally represented by numerous taxa of diverse phylogenetic

origin. Moreover, this phenotype is not homogeneously distributed in the members of a

single genus. It is therefore difficult to identify this phenotype based on amplicon 16S rRNA

genes information [Jiang et al., 2008, Olson et al., 2017]. Denitrifying PAO are particularly

interesting for biological nutrient removal with low-to-medium strength wastewater where

COD can be a limiting factor, since they can couple N-removal to P- removal without extra-

COD consumption [Kuba et al., 1996]. Genomic and in situ evidence showed that most Ca.

Accumulibacter and Tetrasphaera found in wastewater treatment systems are involved in

denitrification at least via nitrate or nitrite reduction [Flowers et al., 2009, Gonzalez-Gil and

Holliger, 2011, Kim et al., 2013, Kristiansen et al., 2013].

In anoxic conditions, ammonium and nitrite can be converted into gazeous nitrogen by

anammox bacteria [Mulder et al., 1995]. Five anammox Candidatus genera belonging to the

phylum Planctomycetes were identified to date. They produce a specific lipid (ladderane)

which helps to confine the intermediate compound, hydrazine, produced during the anammox

process [Oshiki et al., 2016]. This process, currently applied in specific full-scale plants, has

the advantage to remove nitrogen form the water with fewer or no COD consumption than
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the nitrification/denitrification, but it requires anoxic condition [Ma et al., 2016].

I.1.6 Biofilm, extracellular polymeric substances and quorum-sensing

AGS are biofilms, hence a gathering of multiple microorganism populations embedded in a

protective matrix composed of secreted compounds referred to as extracellular-polymeric

substances (EPS). The cooperation of bacteria observed in biofilms and the specialization

induced by gene differential expression can make them resembling multicellular organisms

[Jefferson, 2004]. Due to diffusion limitations of gases and nutrients, biofilms provide dif-

ferent ecological niches with local changes in redox conditions, pH and nutrient availability

[Cvitkovitch et al., 2003, Xavier et al., 2007]. Biofilm can favor exchanges of genetic material

[Cvitkovitch et al., 2003] and provide an efficient protection against antibiotics and heavy

metals [Lewis, 2001, Teitzel and Parsek, 2003].

The composition of the EPS matrix influences the physical characteristics of the biofilm such

as its porosity and stability [Lin et al., 2013, Seviour et al., 2009, Sutherland, 2001]. AGS have

a different EPS composition than floccular sludge. Some key gel-forming EPS have been

identified in certain AGS (eg. Granulan, alignate, alginate-like) [Nielsen et al., 2012b, Seviour

et al., 2011] but they seem to depend on the bacterial community constituting the biofilm

[Nielsen et al., 2012b]. However, the identification of EPS can be biased by the extraction

method [Seviour et al., 2012]. Therefore, the typical composition of the AGS EPS matrix is still

to be investigated.

Almost all bacteria can form biofilms [Teschler et al., 2015]. The transition from a planktonic

mode to a biofilm mode is triggered by external conditions and leads to the modification of the

expression of larges subsets of genes [Jefferson, 2004]. Quorum-sensing plays an important

role in biofilm regulation [Merritt et al., 2003, Sakuragi and Kolter, 2007, Wang et al., 2012,

Xia et al., 2012]. Some bacteria constitutively release small molecules named autoinducers.

Their concentrations therefore inform bacteria on the density of other bacteria in their vicinity

[Mcllroy et al., 2017]. A specific bacterial population recognizes its own signal but also those

from other populations [Federle and Bassler, 2003]. Tan et al. [2014] studied the implication

the gram- specific autoinducer N-acyl-homoserine-lactone (AHL) quorum sensing system

in the formation of granules from floccular sludge. They observed that high concentrations

of AHL were strongly correlated with granule formation and an increased EPS production.

On the opposite, low AHL concentrations corresponded to a large proportion of flocs or

granule collapsing. This was confirmed by [Lv et al., 2014]. They also identified a cluster of

microbial populations whose abundance increased with AHL. The question whether particular

communities are AHL-producers, recipient or both is still to be elucidated [Liu and Liu, 2006].

Quorum-sensing independent biofilm regulation were also detected, some of them implying

sRNA, and can be the subject of further studies [Teschler et al., 2015].

Several ecological factors were identified as having an influence on biofilm formation, struc-

ture or composition. Besides chemical stress (e.g., pH, antibacterial molecules), physical stress
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(e.g., shear forces) can favor biofilm formation [Yarwood et al., 2004]. Protozoa, through their

movements inside the biofilm and their consumption of microorganism and EPS, can influ-

ence the biofilm structure, making it more porous and loose [Böhme et al., 2009]. Protozoa

also have an influence on the bacterial community even though it was estimated lower than

for planktonic communities [Wey et al., 2012].

The biofilm matrix does not protect the bacteria against phage attacks. Indeed, most phages

can produce degradative enzymes (e.g., polysaccharide lyases) [Sutherland et al., 2004, Suther-

land, 1995] able to break down the EPS matrix or access the bacteria through channels inside

the biofilm. Moreover, an important cell lysis due to a phage attack is also likely to impact

the biofilm stucture as well as the bacterial community composition [Brockhurst et al., 2006,

Middelboe, 2000, Stern et al., 2012]. Since the dominant bacterial populations are more sus-

ceptible to a phage attack, the latter tend to favor a high bacterial diversity [Thingstad and

Lignell, 1997].

I.1.7 Studying aerobic granular sludge through molecular methods

An important part of bacteria found in AGS systems were to date not isolated in pure culture

[Amann et al., 1995, Luecker et al., 2010]. Molecular techniques such as MAR-FISH combining

the utilization of radioactive substrate with fluorescent in situ hybridization or metagenomic,

metatranscriptomic and proteomic [Lawson et al., 2017, McIlroy et al., 2014, Mcllroy et al.,

2017] approaches have helped to increase our comprehension of various wastewater treat-

ment systems treating complex wastewater (eg. annamox, EBPR activated sludge) [Ju and

Zhang, 2015, Nielsen et al., 2012b]. Such techniques can be useful to investigate the causes of

the differences in the physical structure and nutrient removal performance of AGS treating

monomeric and polymeric wastewater.

I.2 Research questions and thesis overview

Since the majority of studies on AGS used simple synthetic influent containing mainly soluble

substrates (e.g., VFA such as acetate and propionate), the general goal of this thesis was to

identify potential differences between bacterial communities in AGS treating simple wastewa-

ter containing acetate and propionate as carbon source and bacterial communities in AGS

treating complex wastewater containing fermentable and polymeric compounds. The influ-

ence of these communities and the wastewater composition on the AGS settling properties

and nutrient removal performance was investigated in order to gain understanding of the

differences observed between AGS treating different wastewater types. Another important ob-

jective of this thesis was to relate potential functions (genes) to specific bacterial populations

composing the biomass of AGS reactors with different wastewater compositions. In particular,

the homogeneity of functional capabilities (eg. denitrification) inside individual genera was

investigated. The focus was on the functions linked to nutrient removal performance and

granulation.
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As a first step, the bacterial community diversity in individual granules of AGS treating simple

synthetic wastewater was studied in order to assess the minimal sampling effort required

for the following bacterial community analysis. The main results are presented in chapter II.

Chapters III and IV present the results of two different approaches used to study the influence

of wastewater composition on AGS bacterial communities, settling properties and nutrient

removal performance. In Eawag experiment, the start-up of AGS from EBPR activated sludge

was studied in four lab-scale reactors treating in parallel different wastewater types (simple

synthetic and complex polymeric synthetic wastewater, two kinds of real wastewater). In

particular the bacterial communities, settling properties and nutrient removal performance

were monitored over one year and the kinetics of granulation were linked with the influent

composition. The EPFL experiment was designed to study the evolution of the bacterial com-

munities, the settling properties and nutrient removal performance on already formed AGS

acclimated to a simple synthetic wastewater during a first transition to a complex monomeric

wastewater containing 2/3 of fermentable compounds and a second transition to a complex

polymeric wastewater containing 1/3 of polymeric compounds. The potential functions of

the main bacterial populations in the AGS treating these three different synthetic wastewater

were investigated by whole metagenomic sequencing and subsequent bioinformatic analysis

(chapter V). In chapter VI, a general discussion synthesizes and compares the information

collected in the four first chapters.
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II High variability of microbial commu-
nity composition among individual
granules

II.1 Introduction

Microbial community compositions are the results of multiple factors that can be categorized

as intrinsic if they are related to the community itself or extrinsic if they are related to the

environment in which the community thrives. It is generally difficult to dissociate the effect of

these two kinds of factors due to the changing environmental conditions. Aerobic granular

sludge (AGS) provides numerous community replicates subject to the same environmen-

tal conditions. However, it is not known whether individual granules contain very similar

microbial communities or whether the latter can be quite different among individual granules.

In the framework of a collaborative project, the metagenomes of 142 individual granules

collected at two different time points from the routine AGS reactor at the laboratory for

environmental biology (LBE) were sequenced in order to study the evolution and diversity

of microorganisms in multiple replicates receiving the same environmental conditions. The

results of these separate investigations showed that community replicates represented by

individual granules varied much more in their composition at genus-level resolution than

would be expected from neutral assembly processes [Leventhal et al., 2018]. For the purpose of

this thesis, the sequence information of these two metagenome data-sets was used to identify

the minimal sample size in order to have an amount of biomass that is well representative of

the overall reactor biomass.

Phages are known to have a potentially big influence on the bacterial communities [Koskella

and Brockhurst, 2014]. In particular, decreases in Ca. Accumulibacter abundance have been

linked with the attack of bacteriophages [Barr et al., 2010b, Skennerton et al., 2011]. Based

on this information, the correlations between phages and bacteria in the two metagenome

data-sets have been investigated by Otto Cordero and the results are presented in this chapter.
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II.2 Materials and methods

II.2.1 Sampling and sequencing

In December 2014, 46 granules were sampled from the LBE routine AGS SBR lab-scale reactor

by Ela Sliwerska and Otto Cordero (Microbial Population Biology Group, IBP - D-USYS, Swiss

Federal Institute of Technology in Zurich). These granules were sequenced individually with

Illumina Mi-Seq technology in paired-end mode, providing an average of 2x 190282 sequences

per granule with reads up to 300 base pairs (bp) long [Leventhal et al., 2018]. This first

metagenome will be referred to as the metagenome O1. In May 2015, a new set of 96 granules

was sampled from the same reactor. These granules were sequenced individually with Illumina

Hi-Seq technology in paired-end mode, providing on average 2x 855435 sequences of 100 bp

per granule and will be referred to as the metagenome O2.

II.2.2 Pre-processing of the sequences

The same pipeline was used with the two metagenomes (O1 and O2). The sequences were

trimmed and filtered using Trimmomatic v. 0.32 [Bolger et al., 2014] with a sliding window of

10 bp, a minimum average quality threshold of 15 and a total minimum size of 50 bp. Identical

sequences were de-replicated using the script dedup.sh [Bushnell, 2014]. In order to merge

the overlapping paired sequences, every pair was aligned using muscle v. 3.8.31 [Edgar, 2004].

The paired sequences with an overlap bigger or equal to 20 bp and less than 5 mismatches

were merged.

II.2.3 Estimation of the relative abundance of the different bacteria

The pre-processed sequences were mapped against the 16S rRNA gene databases MiDAS v.

S123_2.1.3 [McIlroy et al., 2017] using bowtie2 [Langmead and Salzberg, 2012] in local mode

with a maximum of 100 different mapping for each query sequence, an insert size going from

0 to 3000 bp and one mismatch allowed during multiseed alignment. The mapping with an

alignment score over query length ratio lower than 1.71 were discarded and the number of

remaining primary mapping per genus was computed.

II.2.4 Estimation of the variation of the mean abundance of Ca. Accumulibacter
depending on the number of granules considered

An estimation of the variability of Ca. Accumulibacter in function of the sampling effort

was made based on the relative abundance of this genus in the individual granules from the

metagenomes O1 and O2 separately. A defined number of granules were randomly picked (e.g.,

3, 10 or 20), in silico, and the mean of the Ca. Accumulibacter proportions in these granules

was computed. This was repeated 1000 times for each metagenome.
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II.2.5 Correlation calculations between bacteria and phages

The pre-processed sequences were mapped against the NCBI phage database (2018), com-

plemented with 6 EBPR podovirus sequences [Skennerton et al., 2011], using bowtie2 with

the parameters mentioned above. The number of hits was merged with the number of hits

with the bacterial 16S rRNA genes. The proportions of hits were divided with the total of hits

for phages and bacteria. Pearson’s correlation matrices and the corresponding p-values were

computed in R [R Development Core Team, 2008] with the package Hmisc [Harrell Jr et al.,

2018].

II.3 Results

II.3.1 Bacterial community composition of individual granules

Figure II.1 – Bacterial community composition of the individual granules from metagenome
O1. The 15 most abundant genera are shown.

The sequences from the metagenomes O1 and O2 were mapped on the 16S rRNA bacterial

genes of the MiDAS database in order to estimate the proportion of the different genera in

the individual granules. In the metagenome O1, the Gammaproteobacteria was the most

represented class, in particular, the Betaproteobacteriales were representing more thant 33 %

of the sequences in most of the granules (Figure II.1). The classes of Alphaproteobacteria and

Flavobacteriia were also abundant in this metagenome.
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The bacterial community composition was very different from one granule to another, espe-

cially concerning the PAO Ca. Accumulibacter whose relative abundance was more than 60 %

in some granules and less than 3 % in others. The proportion of the GAO Ca. Competibacter

was also very different from one granule to the other and was higher in the granules where the

proportion of Ca. Accumulibacter was low.

Figure II.2 – Bacterial community composition of the individual granules from metagenome
O2. The 15 most abundant genera are shown.

In the metagenome O2, the microbial composition of the granules was similar to the one of O1

with few differences (Figure II.2). The Gammaproteobacteria was, also in this metagenome,

the dominant class, with an important proportion of Betaproteobacteriales. The classes of

Alphaproteobacteria, Flavobacteriia, Sphingobacteriia, and Mollicutes had representatives in

the most abundant genera of O2. The proportion of Ca. Accumulibacter varied between the

different granules, yet with less amplitude than in the granules of the metagenome O1. The

diversity in the order of Betaproteobacteriales is higher in these granules, with 8 genera from

this order among the most abundant ones. Zoogloea represents around 10 % of the bacterial

sequences in O2, while its abundance was more variable in O1.

II.3.2 Estimation of the variability of Ca. Accumulibacter

In order to estimate the reproducibility of the estimation of the bacterial community, in silico

sampling were performed among the granules of metagenomes O1 and O2 separately. This
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sampling simulation was performed on the proportion of Ca. Accumulibacter because it was

the most variable across each metagenome.

Figure II.3 – Distribution of the mean proportion of Ca. Accumulibacter obtained from 1000
random in silico sampling of 3, 10 and 20 granules from metagenome O1.

The distribution of the mean proportion of Ca. Accumulibacter calculated from 3, 10 or

20 granules from the metagenome O1 is shown in Figure II.3. The reproducibility of an

estimation of the proportion of Ca. Accumulibacter from 3 granules is very weak and the

probability to have a difference higher than 20 % between this value and the ’real’ mean

proportion was estimated at 56 %. With 10 granules, the estimation of the mean proportion

of Ca. Accumulibacter is still not reliable, with 22 % chance to have an ’error’ bigger than 20

%. With 20 granules, the estimation of the mean proportion of Ca. Accumulibacter starts to

become stable with a probability to have an ’error’ higher than 20 % dropping to 4 %.

Figure II.4 – Distribution of the mean proportion of Ca. Accumulibacter obtained from 1000
random in silico sampling of 3, 10 and 20 granules from metagenome O2.

The distribution of the mean proportion of Ca. Accumulibacter calculated from 3, 10 or 20

granules from the metagenome O2 is shown in Figure II.4. The variability of this proportion

is significantly lower in this metagenome than in O1. Yet, the probability to have an ’error’

higher than 20 % on the estimation of this proportion is around 10 % with 10 granules. This

probability drops to 0.4 % with 20 granules.

19



Chapter II. High variability of microbial community composition among individual
granules

II.3.3 Correlations between phages and bacteria

Figure II.5 – Correlations between phages and bacteria-related sequences in the metagenome
O1. The tables of abundance (Table A.1), numerical values (Table A.2) and the p-values (Table
A.3) are in provided in electronic supplementary material.

Significant positive correlations were found between phylogenetically related bacteria in

metagenome O1 (Figure II.5): Chryseobacterium and Bergeyella ; Ca. Accumulibacter,

Dechloromonas and Pelomonas ; Pseudoxanthomonas and Xanthomonas ; Sphingopyxis,

Aminobacter and Aeromonas. The bacteria from the latest group has also significant pos-

itive correlations with Zoogloea, the Enterobacteria phage and the Burkholderia phage.

EBPR podovirus 1 (EPV1) was significantly negatively correlated with Ca. Accumulibacter,

Dechloromonas, Pelomonas and EBPR podovirus 3 (EPV3). Between 7 (granule n°37) and

16555 (granule n°19) sequences mapping EPV1 and between 2 (granules n°3 and 12) and
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12731 (granule n°36) sequences mapping EPV3 were found in metagenome O1. EPV3 was

negatively but not significantly correlated to all the main bacteria.

The correlation between the estimated proportions of the most abundant phages and bacteria

were computed to identify putative positive or negative influences.

Figure II.6 – Correlations between phages and bacteria-related sequences in the metagenome
O2. The tables of abundance (Table A.4), numerical values (Table A.5) and the p-values (Table
A.6) are provided in electronic supplementary material.

The same positive correlations between phylogenetically related bacteria were found in the

metagenome O2 (Figure II.6): Pseudoxanthomonas and Xanthomonas; Ca. Accumulibacter

and Dechloromonas. On the other hand, there was no significant negative correlations between
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EPV1 and Ca. Accumulibacter or Dechloromonas in metagenome O2. Between 0 and 400

sequences mapping EPV1 and between 0 and 59332 (granule n°1) sequences mapping EPV3

were found in metagenome O2. A negative correlation between EPV3 and ’other bacteria’

suggests that the bacteria which is responsible for this negative correlation is not a member

of one of the 15 most abundant genera. In this metagenome, Ca. Accumulibacter and Ca.

Competibacter have a significant negative correlation.

II.4 Discussion

Working with granular sludge has the advantage that the quantity of biomass is generally not a

limiting factor for DNA analysis. A single granule of 0.2 mm would already provide enough

DNA for molecular analysis such as whole genome sequencing. The bacterial communities

in the individual granules, assessed at the genus level, were highly variable, in particular in

the metagenome O1. This brings the question of minimal amount of granules to collect and

homogenize in order to assess the bacterial community of the AGS. In silico sampling showed

that the probability to estimate the ‘real’ mean proportion of Ca. Accumulibacter with an ’error’

higher than 20 % from three replicates is higher than 50 %. With 20 granules, this probability

is below 5 % and therefore a minimum of 20 granules, was set as the minimal quantity to

sample and homogenize to have a representative sample for the forthcoming analysis of this

study. This in silico sampling was a first rough estimation based on the hypothesis that all the

granules provide the same quantity of DNA. Yet it highlighted the importance of the quantity

of biomass that are homogenized for molecular analyses. For activated sludge, a very precise

protocol for DNA extraction from activated sludge is publicly available [MiDAS, 2015], giving

precise standard volumes from the sample collection and homogenization. Unfortunately,

nothing similar is available for granular sludge, even though the differentiation of the microbial

community is likely higher in granular sludge than in conventional activated sludge. Moreover,

the majority of publications on granular sludge microbial communities do not mention the

number of granules or the volume of biomass homogenized before DNA extraction. The few

studies providing information about this quantity reveal heterogeneous habits concerning the

quantity of starting material [Lawson et al., 2017, Oyserman et al., 2016, Zhang et al., 2017a].

Yet, since this factor potentially has a big impact on the reproducibility of the results, it would

be important to be described in detail in future reports.

The assessment of the bacterial community composition was performed by mapping the reads

of the metagenome on the MiDAS 16S rRNA gene database. The results must be handled with

caution. If the metagenome can provide quantitative values [Xia et al., 2014], the number of

16S rRNA genes contained in the genome of a single bacteria was shown to vary between 1 and

at least 15 [Acinas et al., 2004]. The choice of the database also influences the results, several

databases were tested (data not shown) and the MiDAS database which is based on the SILVA

123 NR99 including full length 16S rRNA genes sequences from microorganisms abundant

in wastewater treatment, did provide a higher resolution than other databases such as green

genes [DeSantis et al., 2006] and Silva [Quast et al., 2012].
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The microbial community revealed by these two metagomes was typical of an AGS from a

lab-scale reactor fed with a wastewater containing acetate and propionate as carbon source.

This type of synthetic wastewater favors Gammaproteobacteria and in particular the PAO

Ca. Accumulibacter and the GAO Ca. Competibacter [de Kreuk and van Loosdrecht, 2004,

Gonzalez-Gil and Holliger, 2014, Leventhal et al., 2018]. No Actinobacteria were detected

in the 15 most abundant genera of the two metagenomes. These bacteria are known to be

difficult to lyse and are often underestimated by sequencing-based methods due to too gentle

DNA extraction methods [Albertsen et al., 2015]. The extraction method used with these

metagenomes did not have a bead beating step and is therefore likely to extract less efficiently

the DNA of gram-positive bacteria. It is also possible that Actinobacteria were not abundant

in this AGS because they prefer other substrate than acetate and propionate [Kristiansen et al.,

2013, McIlroy et al., 2018].

The bacterial community in the individual granules was more variable in the metagenome O1

than in O2. In the two metagenomes, the proportion of Ca. Accumulibacter had the largest

variation amplitude. This phenomenon could be due to the presence of a lysogenic phage,

EPV1, whose abundance in the granules was also highly variable and negatively correlated with

the proportion of Ca. Accumulibacter. EPV1 is thought to be specific to Ca. Accumulibacter

and has the genomic potential to repress the CRISPR-Cas defense system of its host [Skenner-

ton et al., 2011]. A total of 16555 sequences mapping EPV1 were found in the metageome of

one of the granules suggesting that the samples may have been collected in the middle of a

phage infection event, with the Ca. Accumulibacter of several granules having already been

infected, a lysogenic event being past, ongoing or not yet begun depending on the granules.

The variability of Ca. Accumulibacter was lower in the metagenome O2 and there a maximum

of 400 EPV1-related sequences in a granule were recovered. Moreover, no correlation was

detected between Ca. Accumulibacter and EPV1 in this metagenome. This gives support to

the hypothesis that a lysogenic event ongoing or past in the granules of O1 was increasing the

variability of the proportion of the dominant genus Ca. Accumulibacter and consequently of

the whole bacterial communities of the granules. The granules of O2 were then collected long

enough after this bacteriophage attack, when the microbial communities in the granules had

time to stabilizes. Leventhal et al. [2018] revealed that the Ca. Accumulibacter population was

mostly composed of a dominant strain related to clade IA in some granules or IIA in others.

Yet, differences were noticed in the phage-defense system of the different Ca. Accumulibacter

clades [Albertsen et al., 2012]. It is thus possible that the different clades are more or less

sensitive to the different bacteriophages.

II.5 Conclusion

The composition of the bacterial communities of individual granules can be highly variable. In

silico sampling in the estimated bacterial communities proved to have a low reproducibility be-

low 20 granules. This motivates the definition of a minimal sample size for future experiments

presented in this thesis. At least 1 ml of biomass containing at least 20 granules were collected
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in order to obtain a representative sample of the overall bacterial reactor biomass. Moreover,

the quantity of homogenized granules used as starting material for molecular analysis is worth

to mention in publications on the microbial communities in granular sludge, since it can have

a strong impact on the reproducibility of the results. Ideally, this quantity would be set up by a

standard protocol.

The variability of the bacterial communities was particularly high in the first metagenome O1

mainly due to the variability of the dominant genus Ca. Accumulibacter. The negative corre-

lation between sequences of the latter and sequences of the bacteriophage EPV1 indicated

that this variability was due to an ongoing attack on Ca. Accumulibacter by this bacteriophage

with different infection stages in the different granules.
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III Transforming activated sludge into
granular sludge in lab-scale reactors
fed with synthetic and real wastewa-
ter

III.1 Preamble

This chapter is the result of our collaboration with Eawag and is similar to the postprint version

of the article published in Water Research X in 2019, ( doi.org/10.1016/j.wroa.2019.100033).

III.1.1 List of authors

The authors contributing to the above mentioned article are Manuel Layera,b, Aline Adlerc, Eva

Reynaerta,c, Antonio Hernandeza,c, Marco Pagnid, Eberhardt Morgenrotha,b, Christof Holligerc,

Nicolas Derlona.

a Eawag Swiss Federal Institute of Aquatic Science and Technology, 8600 Dübendorf, Switzer-

land

b ETH Zürich, Institute of Environmental Engineering, 8093 Zürich, Switzerland

c EPFL Ecole Polytechnique Fédérale de Lausanne, ENAC IIE Laboratory for Environmental

Biotechnology, 1015 Lausanne, Switzerland

d SIB Swiss Institute of Bioinformatics, 1015 Lausanne, Switzerland

III.1.2 Authors contributions

The candidate and Manuel Layer have contributed equally to this work.

ML, AA, EM, CH and ND designed the study. ML, ER and AH operated the AGS reactors,

performed the sampling and the collection of data, AA did the molecular analysis of the
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microbial communities. ML and AA analyzed the data and wrote the manuscript. ER, AH, MP,

EM, CH and ND contributed to the data analysis. AA performed the statistical analysis with

the advise of MP. EM, CH and ND reviewed and provided valuable edits to the manuscript.

III.2 Introduction

Aerobic granular sludge (AGS) systems have been developed over the past 20 years and now

offer a relevant alternative over conventional activated sludge systems [Morgenroth et al., 1997].

Advantages of AGS include enhanced settling properties of the sludge, a high suspended solid

concentration and the co-existence of different redox conditions across the granules, which

result in significant energy, footprint and chemical savings [Khan et al., 2015]. Worldwide, more

than 40 full-scale plants are now in operation, treating a wide range of municipal and industrial

wastewaters [Pronk et al., 2017]. However, the performance and/or granulation process of AGS

systems are often hampered by the wastewater composition [de Kreuk and van Loosdrecht,

2006, Guimaraes et al., 2017, Guimarães et al., 2018]. To optimize the performances of such

systems, it is therefore required to understand the link between the influent composition and

the granule formation.

Lab-scale sequencing batch reactors (SBR) have been extensively used to develop our funda-

mental understanding of AGS systems [de Kreuk and van Loosdrecht, 2004, He et al., 2016b,

Weissbrodt et al., 2013]. Those studies were mainly conducted using high concentrations

of volatile fatty acids (VFA)(e.g., acetate and/or propionate) and phosphorus. The key role

of anaerobic feast and aerobic famine conditions on the granule formation was identified

[de Kreuk and van Loosdrecht, 2004]. These conditions favour the growth of slow-growing

organisms like polyphosphate- (PAO) and glycogen-accumulating organisms (GAO), which

have been identified as key players in granulation [de Kreuk and van Loosdrecht, 2004]. The

growth of PAO and GAO, and ultimately the granulation, is improved by the presence of soluble

organic carbon (fermented or not) in the influent. The selective uptake of these substrates

by PAO and GAO outcompetes ordinary heterotrophic organisms (OHO). OHO growth ham-

pers the formation of granular biomass or the nutrient-removal performances, while it also

promotes the formation of flocs [de Kreuk et al., 2010, Novak et al., 1993, Pronk et al., 2015a,

Weissbrodt et al., 2014a]. If the growth of PAO and GAO is crucial for the formation of aerobic

granules during treatment of VFA-rich influent, it is then intuitive that granulation might be

hampered during treatment of municipal wastewater containing high particulate organic

substrate (XB) and low VFA fractions.

A key aspect in understanding AGS systems is in characterizing the microbial community

composition and understanding how it influences the granulation process. The microbial

communities of AGS systems fed with 100%-VFA WW are well described in litreature, and

dominated by Gammapropteobacteria, in particular, the PAO Candidatus (Ca.) Accumulibac-

ter and the GAOs from the Competibacteraceae family [He et al., 2016a, Henriet et al., 2016,

Weissbrodt et al., 2013]. Most of these bacteria have a metabolism adapted to VFA uptake
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under anaerobic conditions. It is also likely that those bacteria are not able to ferment most

sugars and amino acids or to hydrolyze polymers [Kong et al., 2006, Marques et al., 2017].

So far, only few studies have characterized the microbial communities of AGS treating WW

containing XB. Hence, the core microbial community of these AGS has not been identified

yet [Kang et al., 2018, Swiatczak and Cydzik-Kwiatkowska, 2018, Szabo et al., 2017b, Wang

et al., 2018]. Fermentative and hydrolyzing bacteria are expected to be abundant in such

systems, similarly to enhance biological phosphorus removal (EBPR) systems treating mu-

nicipal WW [Kong et al., 2008]. The fermentative PAO Tetrasphaera does not store VFA in the

form of intracellular polyhydroxyalkanoates (PHA) and is usually more abundant than Ca.

Accumulibacter in Danish EBPR WW treatment plants [Mielczarek et al., 2013]. Tetrasphaera

can take up orthophosphate aerobically after anaerobic storage of different carbon sources

like amino acids and glucose [Nguyen et al., 2011]. Micropruina is also commonly found in

EBPR activated sludge [Saunders et al., 2016, Stokholm-Bjerregaard et al., 2017]. Micropruina

is a fermentative GAO, able to take up and ferment various carbon sources anaerobically

to constitute glycogen reserves [McIlroy et al., 2018]. It is however unclear to what extent

Tetrasphaera and Micropurina play a role in the formation of AGS during treatment of complex

WW with a high XB content. A key aspect of this study will be to characterize the microbial

communities found in AGS systems fed with WW containing different fractions (and types)

of XB. Another objective will be to identify correlations between these communities and the

sludge settling properties and nutrient removal performance.

If the WW composition influences the microbial community, it is reasonable to expect that

the granulation process of AGS systems is also impacted (e.g. physical properties of biomass

and start-up kinetics). A harsh selection of fast settling biomass in lab-scale reactors fed with

100%-VFA synthetic WW resulted in rapid granulation within two weeks in previous studies

[Mosquera-Corral et al., 2011, Weissbrodt et al., 2013]. But nutrient-removal was impaired for

weeks to months. Lochmatter and Holliger [2014] successfully started up an AGS system within

28 days without loss of nutrient removal, by applying more gentle washout of slow settling

biomass and by adapting the organic loading during the early stages of start-up. Start-up of

AGS systems with municipal WW can be significantly longer. Harsh selection pressure on

slow-settling biomass can lead to fast granulation (e.g., 20 days) [de Kreuk and van Loosdrecht,

2006] but the time reported to transform activated sludge into AGS while maintaining the

nutrient-removal performance have normally been much longer (40-400 days) [Derlon et al.,

2016, Giesen et al., 2013, Liu et al., 2010].Therefore, this study should aims to clarify the link

between start-up kinetics and influent WW composition, while similar operating conditions

are applied and the same inoculum activated sludge is used.

The diffusibility and uptake rate of organic carbon directly influences the microbial compe-

tition for substrate, and in turn the granulation (Figure III.1). A slow anaerobic conversion

of non-diffusible XB combined with a decreased substrate availability within the granule can

result in carbon leakage (i.e., carbon available in aerobic conditions). Carbon leakage favours

OHO growth to the detriment of PAO, GAO and fermenters, and ultimately results in floc

formation [Jabari et al., 2016, Larsen and Harremoes, 1994, Morgenroth et al., 2002, Suresh

29



Chapter III. Transforming activated sludge into granular sludge in lab-scale reactors fed
with synthetic and real wastewater

et al., 2018, Wagner et al., 2015b]. For municipal WW, non-diffusible XB usually represents

50 % of the total influent chemical oxygen demand (COD) [Metcalf & Eddy, 2014]. Based

on the current knowledge, the formation of AGS during treatment of XB rich WW might be

hampered. In addition, it remains unclear whether flocs are detrimental to AGS systems, when

non-diffusible XB represents a high proportion of the influent COD.

Figure III.1 – Conceptual model of carbon utilization and proposed desired/undesired path-
ways in AGS systems, given plug-flow anaerobic feeding and subsequent aerobic fully mixed
conditions.

The main goal of this study was to understand the link between influent WW composition,

microbial community, physical AGS parameters and nutrient removal performance. The

specific research questions were to better understand how the WW composition in terms of

diffusible and non-diffusible organic substrates (i) influences the overall microbial community

development, (ii) divides the microbial community between flocs and granules, (iii) governs

nutrient removal, (iv) defines physical characteristics such as settling properties, sludge

morphology, and (v) influences the success and duration of start-up of AGS systems when

similar operating conditions are applied. Four lab-scale SBR were inoculated with the same

activated sludge and operated for over 400 days in parallel. Four distinct WW were used:

100%-VFA synthetic, complex synthetic, municipal primary effluent, and municipal raw

WW. The sludge properties (morphology, concentration, SVI, and size distribution), reactor

performances (C, N, P and total suspended solids (TSS) removal), and microbial community
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composition of the flocs and granules were monitored by 16S rRNA amplicon sequencing.

III.3 Materials and methods

III.3.1 Experimental approach

Four sequencing batch column reactors (SBR) were operated in parallel for 400 days and fed

with four different wastewaters : 100%-VFA (acetate, propionate) synthetic WW (R1), complex

synthetic WW (R2), primary effluent municipal WW (R3), and raw municipal WW (R4). Those

four WW mainly differed with regards of the carbon source, i.e., concentrations in volatile

fatty acids, soluble and particulate organic substrates (Table III.1). After approximately three

months of operation, R4 was restarted due to complete sludge loss. Data of R4 (fed with raw

WW) are thus shown for the first run (run#1) and the second run (run#2).

III.3.2 Experimental set-up

The four SBR comprised a mixed liquor volume of 12.9 L (height-to-diameter ratio 8.4), and

were operated in simultaneous fill-draw mode. The SBR cycles consisted of the following

phases: (i) anaerobic phase (90 min), (ii) aerobic phase (240 min), (iii) settling (duration

see description below) and (iv) selective excess sludge withdrawal (60 s), with a total cycle

length of 5.6 hours (4.3 cycles per day). The anaerobic phase comprised an anaerobic plug-

flow feeding (PF) and an anaerobic idle. The latter was changed to anaerobic mixing on day

357 and 289 for reactors R3 and R4 run #2, respectively. The WW upflow velocity during PF

feeding (vww ) was set to 0.25 mh−1 (anaerobic PF + idle) and 0.38 mh−1 (anaerobic PF +

mixing). The volume exchange ratio (VER) was set to 0.3. The oxygen concentration during

the aerobic phase was controlled with a setpoint of 2.00 mg O2 l−1. Mixing was provided by a

mechanical stirrer during anaerobic PF+mixing, and by aeration during aerobic conditions.

All SBR were equipped with oxygen sensors (Optical LDO, Endress & Hauser, Switzerland).

Both sensors were connected to a programmable logic controller (PLC), which was controlled

and monitored by a supervisory control and data acquisition (SCADA) system. All reactors

were inoculated with activated sludge from the WW treatment plant (WWTP) of Thunersee,

Switzerland, which performs biological carbon, nitrogen and phosphorus removal.

III.3.3 Start-up approach

The start-up approach was based on the strategy developed by Lochmatter and Holliger [2014].

The selective pressure on slow settling biomass was first maintained at a low level, in order to

prevent too high washout stress. This was achieved by slowly increasing the critical settling

velocity (vcrit) from 1.7 to 5.1 mh−1. An increase in vcrit was iteratively reassured by SRT

calculations (Equation III.1). Vr is the reactor volume (l), TSSr is the TSS concentration in the

reactor (gTSS l−1), Qex is the flow rate of excess sludge (ld−1), TSSex is the TSS concentration
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of the excess sludge (gTSS l−1), Qeff is the flow rate of effluent (ld−1), and TSSeff is the TSS

concentration in the effluent (gTSSl−1).

SRT = Vr ·TSSr

Qex ·TSSex +Qeff ·TSSeff
(III.1)

If SRT was < 20 d, vcrit was decreased again. The procedure was repeated on a weekly basis.

Also, long anaerobic and aerobic phases were applied (total cycle duration 5.6 h), in order to

improve anaerobic COD uptake and aerobic nutrient removal. Finally, vww was kept low (0.25

– 0.38 mh−1), in order to provide a high substrate gradient during anaerobic plug-flow feeding

and improve anaerobic COD uptake.

III.3.4 Successful start-up definition

We here define successful start-up of AGS on both physical properties and substrate removal.

Specifically, the settling parameters SVI30 < 90 mlg−1 and SVI30/10 -ratio > 0.8, the size fraction

d > 0.25 mm constituting at least 50 % of TSS, granule appearance based on microscopic

images, and stable substrate and nutrient removal. The selection of the chosen parameters

and values were selected based on previous experience on the on start-up of AGS systems

during for the treatment of low strength municipal WW at Eawag [Derlon et al., 2016, Wagner

et al., 2015b] and by other researchers/practitioners [Coma et al., 2012, de Kreuk and van

Loosdrecht, 2006, Giesen et al., 2013, Liu et al., 2011, Ni et al., 2009, van der Roest et al., 2011,

Wagner et al., 2015a]. The definition is in line with the original definition of AGS [de Kreuk

et al., 2007]).

III.3.5 Wastewater composition and sludge inoculum

The detailed influent composition of R1, R2, R3 and R4 are shown in Table III.1. All WW

were in the range typical of low-to-medium strength WW [Metcalf & Eddy, 2014]. Synthetic

substrates comprised a total carbon:nitrogen:phosphorus ratio of approximatively 100:7:1.

Acetate (Ac) and propionate (Pr) were used as sole carbon source for the 100%-VFA synthetic

WW (50 % of COD each). Complex synthetic WW was composed of 1/3 VFA (1/6 acetate

+ 1/6 propionate), 1/3 soluble fermentable substrates (1/6 glucose, 1/6 amino acids) and

1/3 particulate substrates (1/6 peptone, 1/6 starch). Particulate substrates were peptone

from gelatin, enzymatic digest (Fluka Analytical, Switzerland), and starch made from wheat

(Merck KGaA, Germany). Amino acids were composed of L-alanine, L- arginine, L-aspartic

acid, L-glutamic acid, L-leucine, L-proline and glycine in equal COD-equivalents. These

individual amino acids were chosen according to the most abundant amino acids present in

the peptone used. Added nitrogen was composed of soluble NH4 -N for the system with 100%-

VFA synthetic WW, but included nitrogen from peptone and amino acids for complex synthetic
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Table III.1 – Measured influent composition of the four SBR fed by 100%-VFA synthetic WW,
complex synthetic WW, primary effluent WW and raw WW, specific substrate recipe of R1 and
R2 influent are given in supplementary material Table A.7 a

Reactor 100%-VFA
synthetic
WW R1

complex
synthetic
WW R2

primary
effluent
WW R3

raw WW
R4 run #1

raw WW
R4 run #2

Total COD [mg O2 l−1] 582±65 503±61 331±97 808±42 469±151
Soluble COD [mg O2 l−1] 582±65 457±73 188±76 271±109 247±121
Particulate COD [mg O2 l−1] 0±92 46±95 143±123 537±441 222±194
VFA [mg O2 l−1] 582±65c 170±26c 26±17b -d 40±28e

Ac + Pr [mg O2 l−1] 582±65 170±26 15±9 -d 17±11
Ac + Pr/ totalCOD ratio 1.00 0.33 0.05 -d 0.06
Total nitrogen [mg N l−1] 43±10 44±11 33±9 30±7 41±19
NH4-N [mg N l−1] 40±8 20±5 24±6 25±4 29±10
Total phosphorus [mg P l−1] 5.4±0.9 5.4±1.7 3.3±0.9 3.2±0.5 4.4±1.9
PO4-P 5.0±1.1 4.7±0.8 2.3±0.5 2.6±0.4 2.7±0.8

a number of data 24-38 for R1, R2, R3, 13-15 for R4 run #1, 13-22 for R4 run #2
b VFA composition of municipal primary effluent WW: 16 % Acetate, 41 % Propionate, 43 % longer-chained VFAs (COD

based)
c VFA composition of synthetic WW: 50 % acetate, 50 % propionate (COD based)
d VFA composition of municipal raw WW run #1 was not measured
e VFA composition of municipal raw WW run #2: 13 % Acetate, 52 % Propionate, 35 % longer-chained VFAs (COD based)

WW. Phosphorus was composed of soluble PO4-P species for both synthetic WW. In order to

prevent bacterial growth in the synthetic substrate storage bottles, the phosphorus species and

diluent water were stored separately from the nitrogen and carbonaceous species and mixed

automatically before each cycle [Ebrahimi et al., 2010]. The nitrogen and carbonaceous species

were prepared in 20-fold concentration in portions of 5 l and, after addition of 50 ml of a trace-

element solution with the following concentrations : 16.22 gl−1 of C10H14N2Na2O8 ·2H2O,

0.44 gl−1 of ZnSO4 ·7H2O, 1.012 gl−1 of MnCl2 ·6 H2O, 7.049 gl−1 of (NH4)2Fe(SO4)2 ·6 H2O,

0.328 gl−1 of (NH4)6Mo7O24 ·4 H2O, 0.314 gl−1 of CuSO4 ·5H2O and 0.322 gl−1 of CoCl2 ·6H2O.

Municipal WW from the city of Dübendorf, Switzerland, was used. Effluents of grit and fat

removal (raw WW) and additional primary clarification (primary effluent WW) from the

pilot-scale WWTP at Eawag were used for this study.

III.3.6 Physical sludge parameters

TSS, VSS and SVI5, SVI10, SVI30 were quantified using standard methods [APHA, 2012]. Ad-

ditionally, the SVI30/10 and SVI30/5 ratios were calculated. The sludge size fractions were

separated by sieving the sludge at 1, 0.63 and 0.25 mm, respectively. Granules were associated

with fractions d > 0.25 mm, flocs d < 0.25 mm. Size fractions were then quantified based on

TSS measurements. Sludge morphology was observed by stereomicroscopy (Olympus, SZX10,

Japan) on weekly-/bi- weekly basis.
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III.3.7 Analytical methods

Samples of influent and effluent were analysed for COD, total nitrogen (TN) and total phospho-

rus (TP) using photochemical tests (Hach Lange, Germany, LCK 114, 314, 338, 238, 348, 349).

Soluble COD (sCOD) was measured after filtration at 0.45 µm (Macherey Nagel, Nanocolor

Chromafil membranefilter GF/PET 0.45 µm, Germany). Cations (NH+
4 -N) and anions (NO−

3 -N,

NO−
2 -N, PO3−

4 -P) were measured using flow injection analysis (Foss, FIAstar flow injection

5000 analyzer, Denmark) and anion chromatography (Methrom, 881 compact IC, Switzerland),

respectively. VFAs were measured using headspace solid-phase microextraction (HS-SPME)

followed by gas chromatography coupled to flame ionization detection (GC-FID) (Trace 1300

GC, Thermo Scientific, USA) [Feng et al., 2008].

III.3.8 Microbial community analysis

Biomass sampling, DNA extraction and sequencing

Both granules and flocs were collected for analysis of the microbial community composition

after sieving at 250 µm. Biomass samples of around 1 ml were centrifuged 5 min at 8392 x

g (Nuaire Awel CF-48R centrifuge, U.S.A) then washed twice by addition of 5 ml of ice-cold

phosphate buffer saline (PBS) solution and then centrifuged again min at 8392 x g. Pellets were

then re-suspended in 3 ml of PBS solution, homogenized with a glass homogenizer, distributed

in cryotubes and stored at -80 °C until DNA extraction. 200 µl of homogenized biomass were

mixed with 400 µl of elution buffer (T10 E0.1 ) and 100 µl of lysozyme solution (25 mgml−1). Af-

ter one hour at 37 °C, DNA was extracted using an automatic robot 16 DNA Purification System

(Maxwell, Promega Corporation, Switzerland). The DNA concentration of each DNA extraction

was measured with a spectrophotometer NanoDrop ND1000 (Witec AG, Switzerland). The

bacterial 16S rRNA gene hypervariable regions V1-V2 were amplified by polymerase chain

reaction (PCR) in a T3000 Thermocycler (Biometra GmbH, Germany), using the universal

primers 27F and 338R (bold), respectively, (bold) with overhang adapters attached: forward

(5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-AGMGTTYGATYMTGGCTCAG3’) and re-

verse (5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA-GGCTGCCTCCCGTAGGAGT3’), and

the High-Fidelity Q5 polymerase (High-fidelity 2x Master Mix, Biolabs Inc., USA). For each

sample, 5 µl of DNA were mixed with 2.5 µl of forward primer 27F (1µM), 2.5 µl of reverse primer

338R (1 µM), 25 µl of QS High-Fidelity 2x master mix and 15 µl of water, for a final volume of

50 µl.The PCR runs were performed in a T3000 Thermocycler (Biometra GmbH, Germany)

with the following steps: initiation (2 minutes, 95 °C), followed by 30 cycles of denaturation

(45 seconds, 95 °C), annealing (45 seconds, 50 °C) and elongation (60 seconds, 72 °C) and a

final extension step (5 minutes, 72 °C). The amplified DNA was quantified using the DNF-473

standard sensitivity NGS fragment analysis kit (Advanced Analytical Technologies Inc., U.S.A).

The Lausanne Genomic Technologies Facility (University of Lausanne, Switzerland) performed

secondary indexing PCR and multiplex sequencing by groups of 96 samples per run on an

Illumina MiSeq platform in paired-end mode (2x250). The sequences were deposited at the
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European nucleotide archive (ENA) under the study accession number ERP111727.

Taxonomic affiliation of 16S rRNA gene sequences

The amplicon sequences were demultiplexed and primers removed. The trimming and quality

filtering of the sequences was performed using trimmomatic version (v.) 0.36 [Bolger et al.,

2014] with a sliding window of 4 base pairs (bp), a quality score threshold of 15 and a minimal

length of 100 bp. The paired-end reads were merged with Pear v. 0.9.11 [Zhang et al., 2014].

The sequences were then grouped with a minimum similarity threshold of 97 % using the

clustering software cd-hit v. 4.6.1 [Fu et al., 2012]. Clusters with less than 5 sequences per

sample on average were discarded. The cluster heads of the remaining clusters were compared

with the 16S rRNA gene database MiDAS v. S123_2.1.3 [McIlroy et al., 2017] using the blast

software [Altschul et al., 1990]. For each cluster, the taxonomy of the best match with the

cluster head was attributed to all the sequences of the cluster. The level of precision of the

taxonomy was adjusted according to the percentage of similarity with the threshold sequence

identity values given by [Yarza et al., 2014], 94.5 % for genus, 86.5 % for family, 82.0 % for order,

78.5 % for class and 75.0% for phylum. For example, if a sequence had 90 % of similarity with

its best match, the taxonomy attributed to its cluster was precise only up to the family level.

Statistical analysis

All the statistical analyses and the related plots were performed with R program v. 3.5.0 [R

Development Core Team, 2008] using the packages reshape2 and ggplot2 [Warnes et al., 2016,

Wickham, 2007, 2016]. Bray-Curtis distance matrices, the associated principal coordinates

analysis (PCoA) and Mantel-tests were done with the package vegan v. 2.5-2 [Oksanen et al.,

2018]. A multifactorial analysis (MFA) was performed with the R-package FactoMineR [Le

et al., 2008].

Determination of the stable states and the discriminant taxa

After visual inspection of the PCoA plots on the Bray-Curtis distance matrix of the bacterial

operational taxonomic units (OTU, 97 %) relative abundance, the biomass communities of

the different samples were separated in two states; a “transition state” and a “stable state”.

For each reactor, a bacterial community was considered in the stable state if the maximum

Bray-Curtis pairwise distance with the communities of all the following sample points was

below 0.6 (the maximal distance between all the samples was 0.88). Five stable state data-sets

corresponding to the stable states of the 4 reactors and of the inoculum were analyzed further.

In order to extract the taxa that are discriminant between these five stable states, the mean

relative abundances of the genera were compared two by two. After Hellinger transformations,

the means were compared by using t-tests. The taxa are considered “divergent” if their mean

in the stable data-set is significantly different (p-value 0.01 corrected for multiple testing using
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Bonferroni correction, p-value = 0.01/422 = 2.34×10−5) between at least two stable states.

Taxa are considered “abundant” if their average abundance during stable state is higher than 1

% in at least one stable data-set. The taxa being divergent and abundant are considered as

“discriminant taxa” in the following analysis. There were 56 abundant, 273 divergent and 38

discriminant taxa on a total of 422 (at genus level).

Comparison of the bacterial communities in flocs and granules

The average proportion of the most abundant genera were compared in each reactor with

t-tests, in order to evaluate potential differences in the microbial communities in flocs and

granules. The results with a p-value lower than the Bonferroni corrected p-value of 0.01

(p-value = 0.01/20 =5×10−4) were considered as significant.

III.4 Results

III.4.1 Settling properties

A higher amount of diffusible organic substrate (VFA or fermentable) in the WW resulted in

faster granulation and better settling properties (Figure III.2). Lower SVI30 and SVI-ratios

closer to 1 were thus measured for the AGS of R1 and R2 (high content in diffusible organic

substrate). Larger SVI30 , and SVI-ratios close to 0.8 were on the other hand measured for the

AGS of R3 and R4 (high content in non-diffusible organic substrate).

Achieving good settling properties for the systems fed by municipal WW required a much

longer period (several months to over 1 year). The SVI30 values of the AGS of R4 steadily

decreased within the first 100 days of operation to 50 mlg−1 for both runs and stabilised

at SVI30 < 70 mlg−1 after 170 d for R4 run #2. AGS of R3 responded sensitively to changing

operating conditions, which resulted in variable and high SVI30 values from day 0 to 200.

SVI30 < 80mlg−1 and SVI30/10 ratio > 0.8 were finally achieved within a few weeks quickly after

introduction of anaerobic PF+mixing (from day 357) for R3. Successful start-up based on

settling parameters (SVI30 < 90 mlg−1 and SVI30/10 ratio > 0.8) was achieved within the first two

weeks for R1 and R2. A much longer start-up time was required for AGS of R4 and R3. Around

34 and 163 days were required to achieve successful start-up based on settling parameters for

AGS of R4 run #2 and R4 run #1, respectively. R3 was successfully started-up only after 400

days.

III.4.2 Sludge size fractions

The effect of the influent composition on the granulation process was confirmed by monitoring

the different biomass size fractions (Figure III.3). The size of the granules greatly varied as a

result of the presence of non-diffusible XB in the influent. High fractions of large granules (d >

1 mm) were observed in R1 only, while smaller granules together with flocs were observed in
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Figure III.2 – Evolution of (A) the sludge volume index SVI30 (measured after 30 minutes) and
(B) the SVI ratios (30/5 and 30/10) of the aerobic granular sludge of the four SBR. All SVI-values
are provided in supplementary information (Figure A.2).

all systems.

Medium and large diameter granules (d > 0.63 mm) dominated the AGS in R1, while flocs (d <

0.25 mm) represented only a minor fraction. The fraction of granules steadily increased in R1,

while flocs simultaneously decreased to about 5 % after 50 days of operation. Larger granules

gradually replaced small granules and dominated the sludge composition after 100 days of

operation. The total fraction of granules (d > 0.25 mm) in R1 remained steady throughout the

entire reactor operation, despite some fluctuations in the individual fractions.

A major loss of large granules was observed after 300 days of operation in R1. Incomplete up-

take of carbon during anaerobic conditions, possibly caused by pass of the settled sludge bed

during plug-flow feeding, resulted in filamentous outgrowth of the granules (Supplementary

information Figure A.1d). Filamentous outgrowth first resulted in an increase of sheared-off

debris (indicated by an increase in d < 0.63 mm size fractions), followed by breakage of large

granules. After 390 days of operation though large granules started to develop again.
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AGS fed with complex influent WW were mainly composed of small granules (50-70%) and

flocs (20-40 %). The AGS size fractions measured in the reactors fed with complex synthetic and

municipal WW were very similar. Small granules represented the predominant size fraction,

with 60-80 %. Almost no large granules developed in these systems (rarely above 10 % of total

biomass). Also, the fractions of flocs decreased from 80 % to less than 40 % within the first 40

days. After day 40, 20-40 % of flocs remained in the systems until the end of the experiment.

Large fluctuations of size fractions - mainly of flocs - were only observed in R2 and R3.

III.4.3 Evolution of the bacterial community composition from inoculation to
stable state

The microbial communities of the different reactors were monitored over 426 days for the

four reactors (267 samples, 12 millions of reads) (Figure III.4). The microbial communities

developed differently in R1 (100%-VFA) in comparison to R2, R3 and R4, with the latter two

being very similar to each other. The microbial community in R2 (synthetic complex WW) was

rather similar to the ones of R3 and R4, although some differences could be observed. In R1,

an initial increase of the Gammaproteobacteria with successive changes within this class was

observed. Dechloromonas was progressively replaced by other Betaproteobacteriales such as

Azoarcus or Zoogloea whose relative abundance fluctuated greatly during the experiment. The

proportion of Actinobacteria, here comprising mainly putative fermenting bacteria, gradually

decreased to below 2 % after day 119.

Tetrasphaera and Ca. Accumulibacter represented 8 % and 3 % of the inocula communities,

respectively. In R1, the abundance of Tetrasphaera decreased progressively and was <0.5

% after 100 days whereas the abundance of Ca. Accumulibacter fluctuated between 0.1 %

and 8 %. In R2, R3, and R4, Actinobacteria became abundant (30-50 %) during the two first

weeks of operation and stabilized at around 10 % after 200 days of operation. The abundance

of Tetrasphaera remained quite stable during the first 130 days in these reactors and then

decreased to 1-3 % whereas abundance of Ca. Accumulibacter was always < 3 %.
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Figure III.3 – Evolution of the sludge size fractions (TSS based) for the aerobic granular sludge
fed with different influent composition: 100%-VFA synthetic (R1), complex synthetic (R2),
primary effluent (R3) and raw influent WW (R4) run #1 and run #2. Aggregates with d < 0.25
mm are considered as flocs, aggregates with d > 0.25 mm and < 0.63 mm as small granules,
aggregates with d > 0.63 mm and d < 1 mm as medium granules and aggregates with d > 0.63
mm as large granules.
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Figure III.4 – Composition of bacterial communities from inoculation to stable state in the
four AGS reactors treating different types of WW. The most abundant taxa are shown in colors
depending on the class they belong to. One exception is the order Betaproteobacteriales
(colored in red) that has recently been included in the class Gammaproteobacteria [Parks et al.,
2018]. The other taxa of the latter class are colored in green. The evolution of the bacterial
community of the reactor treating raw WW (R4) is shown for both run #1 and run #2.
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The evolution of the bacterial communities according to the different WW are represented in

the PCoA of the Bray-Curtis distance matrix of the bacterial OTU (97 %) relative abundance

(Figure III.5). In all reactors, the bacterial community quickly changed first after inoculation

(transition phase) and then stabilized ‘stable state’. The bacterial communities of R3 and

R4 (municipal WW), evolved very similarly towards a similar stable state. The bacterial

community of R1 evolved very differently from R3 and R4. The evolution of the bacterial

community of R2 was different from the one of R1 and quite close to the ones in reactors R3

and R4. The time to reach stable state significantly varied from one reactor to another. In

R1 and R3 the bacterial community stabilized after 231 days, while 178 and 120 days were

required for R2 and R4, respectively. The evolution of bacterial communities of R4 was similar

during run #1 and run #2. The Shannon diversity index decreased during the transition phase,

in particular for the reactors treating synthetic WW (Supplementary information Figure A.3).

The index was higher in the samples of the stable states, in comparison to the samples of the

transition phases, which supports the pertinence of the criterion applied to determine the

stable state.

A comparison of the proportions of each genus was performed in order to identify the taxa

responsible for the differences between the different microbial communities of the four AGS

systems and the inocula (Supplementary information Figure III.11). Out of the total 422 taxa,

38 were identified as discriminant. Some of the discriminant taxa were characteristic for AGS

fed with simple WW (R1) such as Meganema or members of the Rhodobacteraceae family

(Supplementary information Figure III.6). Other taxa were mainly abundant in the AGS fed

with real WW (inocula, R3 and R4) such as Propioniciclava, Iamia, Acidovorax, Kouleothrix,

Ca. Epiflobacter and Sulfuritalea. Several taxa were more abundant in AGS treating complex

WW, whether synthetic or municipal: Microlunatus, the fermentative GAO Micropruina or

the fermentative PAO Tetrasphaera. The following genera were abundant and present in the

‘core community’ of the systems but were not discriminant: the PAO Ca. Accumulibacter, the

GAO CPB_C22&F32, Ca. Microthrix, Saprospiraceae (f), Rhodobacter, Thauera, and Thiotrix.

Finally, the proportions of the bacterial taxa of R1 and R2 were compared with those of R3 and

R4 combined. This comparison was performed to assess the effect of synthetic vs. real WW on

the bacterial communities of AGS. Among the 29 abundant taxa in R3 or R4, 23 were found in

significantly lower proportions in R1. In R2, the number of underrepresented taxa dropped to

only 15 (Supplementary information Table A.10).
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Figure III.6 – Evolution of the Shannon diversity index in the four reactors. The values cor-
responding to the reactor treating raw WW (R4) are shown for both run #1 and run #2. The
periods corresponding to the stable state of the bacterial communities are indicated in green.
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III.4.4 Bacterial communities of granules and flocs

Figure III.7 – Average relative abundance of the main genera in the flocs and granules fractions
collected in the four reactors during the stable state. Purple indicates a higher proportion
in flocs while green indicates a higher proportion in granules. A pseudo-count of 0.5 % was
added to each abundance to lower the possible effect of the noise in very low abundant genera.

The presence of non-diffusible organic substrate in the WW resulted in 20-40 % of flocs in the

AGS. It is thus relevant to understand to what extent the microbial communities in flocs and

granules are similar. The relative abundances of the main genera in flocs and granules were

compared to detect potential enrichment of some genera between those two types of microbial

aggregate (Figure III.7). At stable state, Zoogloea, Flavobacterium, CYCU- 0281, Thauera and
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Trichococcus were enriched in flocs, whereas Nitrospira, Ca. Competibacter, Rhodobacter,

Terrimonas and CPB_CS1 were enriched in granules. However, only few of these differences

were significant (Supplementary information Table A.8), when considered separately. This

was the case for e.g. Nitrospira in R1 and R4 and Thauera in R4. Hence, in term of microbial

community composition, flocs are quite similar to granules.

III.4.5 Nutrient removal performance

Table III.2 – Effluent concentrations and nutrient removal performances of the four AGS
reactors fed with 100 %-VFA synthetic (R1), complex synthetic (R2), primary effluent (R3) and
raw influent (R4) WW run #1 and run #2. NO2-N in the effluent was in the range of 0.1-0.3 mg
N l−1 for all reactors.

Reactors 100%-VFA
synthetic
WW
R1

complex
synthetic
WW
R2

primary
effluent
WW
R3

raw WW
R4 run #1

raw WW
R4 run #2

TSS effluent [mgTSSl−1]a 13±15 17±22 43±43 15±15 34±34
COD removal[%] 91±7 93±5 83±11 92±3 88±8
TN removal [%] 77±14 60±16 45±20 47±12 63±16
NH4-N removal[%] 95±7 97±6 96±4 94±7 97±5
NH4-N effluent [mgNl−1] 0.2±0.4 0.1±0.1 0.3±0.5 0.2±0.2 0.2±0.3
NO3-N effluent [mgNl−1] 4±4 13±5 13±6 12±4 11±5
TP removal [%] 89±10 89±14 49±44 64±20 73±17
PO4-P removal [%] 92±11 96±7 64±28 63±24 79±18
PO4-P effluent [mgPl−1] 0.4±0.6 0.2±0.3 1.2±1.1 1.0±0.7 0.7±0.9
a Calculated from measurements of samples taken during stable operation (no sludge washout events).
b The mean and standard deviation were calculated from 29-39 measurements for R1, R2, R3, 12-15 for R4 run #1, and 16-24 for

R4 run #2

Overall, good substrate/nutrient removal and effluent quality was observed for all systems,

despite significant differences in the sludge properties and granulation process (Table III.2).

Very low TSS concentrations were measured in the effluent of R1 and R2 (< 20 mg TSS l−1),

as well as in the effluent of R4 run #1 (15 mg TSSl−1). The highest TSS concentration was

measured in the effluent of R3 (45 mg TSSl−1). During run #2 of R4, TSS effluent concentrations

(34 mg TSSl−1) were lower than in R3, but still higher in comparison to R4 run #1 as well as R1

and R2.

Excellent COD- and NH4-N-removal efficiencies were observed in all reactors, except R3. For

R1, R2, and R4, the COD- and NH4-N-removal efficiencies were consistently larger than 88

% and 95 %, respectively. The sludge loss in the effluent of R3 (43 ± 21 mgTSS l−1 ) increased

the average COD concentration in its effluent. Effluent concentrations of NH4-N and NO2-N

were consistently low in all reactors. High TN-removal (77 %) via simultaneous nitrification-

denitrification (SND) was observed in R1 only, which was indicated by the lowest NO3-N

effluent concentrations. Larger NO3-N effluent concentrations measured in the effluent of

R2, R3 and R4 and resulted from a larger accumulation of NO3-N during the aerobic phase,

compared to R1. Since full nitrification was observed in all systems, it can be concluded that
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the higher NO3-N effluent concentrations result from a lower (simultaneous) denitrification

rate during aerobic bulk conditions.

PO4-P-removal was constant and high (> 90 %) for AGS of R1 and R2 only. AGS of R4 run #1

and run #2 showed lower PO4-P-removal of 61 and 78 % on average, respectively. The lowest

PO4-P-removal was observed for AGS of R3. However, PO4-P-removal of R3 and R4 run #2

improved up to > 95 % after introducing anaerobic PF+mixing at day 357 and 289, respectively.

Overall, successful start-up of the reactors in terms of substrate/nutrient removal was achieved

long before achieving good settling properties. Full COD and NH4-N removal were observed

right after inoculation of the systems. High P-removal was observed without delay for R1 and

R2 while stable and high biological phosphorus removal was reached after 77 and 93 days for

R3 and R4 run #2, respectively. R4 run #1 was not able to recover high P-removal performance

before the restart.

III.4.6 Correlations between settling properties, nutrient-removal performances
and microbial community composition

Figure III.8 – Multiple factor analysis (MFA) performed on the data at bacterial stable state in
the four reactors with three groups of variables: settling characteristics, nutrient-removal and
composition of the bacterial communities. These graphs show the contribution of the settling
characteristics the nutrient-removal and the bacterial community compositions to the two
first axis (A), and the projection of the corresponding sample points in this two-dimensional
space (B).

Multiple factor analysis indicates a correlation between the proportion of soluble COD in the

influent, a high proportion of medium to big granules and a SVI30/10 ratio close to 1, suggesting

good granulation and settleability (Figure III.8A). The proportion of soluble influent COD also

correlated with good nutrient-removal performances, such as nitrogen, total phosphorus or
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phosphate removal efficiencies (TN, TP and PO4-P-removal). The projection of the samples in

the two-dimensional MFA space provides information about the global similarity between

samples (Figure III.8B). Overall, samples of R2 are close to the ones of R1 and closer to samples

of R4 than R3.

Figure III.9 – Principal component analysis based on the Bray-Curtis distance between the
relative abundance of bacterial taxa (A), the granule size distributions and settling properties
(B), and the nutrient-removal performances (C) in the four reactors during bacterial stable
state. The ellipses indicate the 70 % confidence interval for the data related to each reactor.

At stable state, the bacterial communities, settling properties, size distribution of the sludge,

and the nutrient removal performances show different individual distributions in the two-

dimensional space (Figure III.9). Bacterial communities of AGS of R3 and R4 are very sim-

ilar at stable state, and close to the communities of the inoculum (Figure III.9A). Bacterial

communities of R3 and R4 are clearly distinct from the ones of the reactors treating synthetic

WW, however closer to the ones of R2 than to those of R1. The projection of the samples

forms a gradient from R1 to R3, with R2 and R4 in between based on settling properties and
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size distribution of the sludge (Figure III.9B). The links between the microbial communities

and the size and density of the biomass is confirmed by the correlation of 0.65 between the

two corresponding Bray-Curtis distance matrices (Supplementary information Table A.9 and

Table A.11).

Based on the nutrient-removal performance data, a majority of samples mainly from R1, R2

and R4 grouped together. Outliers, mainly from R3, surrounded this group (Figure III.9C).

This reflects the fact that, AGS of R3 had lower nutrient-removal performances than AGS of

the other three reactors, even at stable state. Weak correlation (0.05) between the Bray-Curtis

distance matrices of the bacterial communities and the nutrient-removal performances (Table

A.9) is observed at stable state.

III.4.7 Identification of correlations between the discriminant taxa and the sludge
size distributions, the settling properties, and the nutrient-removal per-
formances

Three different clusters were identified by correlating the discriminant taxa with the different

properties of the sludge (Figure III.10). Cluster I correlated with a high proportion of big and

medium size granules, good settling properties and good nutrient removal. It includes the

PAO Ca. Accumulibacter and its GAO competitors from the family Competibacteraceae (Ca.

Competibacter, Ca. Contendobacter, CPB_CS1). Aerobic filamentous (Meganema, Zoogloea),

potentially filamentous (Flavobacterium) bacteria and the nitrifying Nitrospira also belong to

this cluster. Numerous putative denitrifiers are also part of cluster I (Zoogloea, Ca. Competibac-

ter, Ca. Contendobacter, Ca. Accumulibacter). Cluster II correlates with high proportions

of small granules and flocs, relatively good settling properties, good P-removal and partial

TN-removal. It is composed of the aerobic bacteria Terrimonas, which has the ability to hy-

drolyze various substrates, and Amaricoccus, which can store carbon in the form of PHA. It

also comprises fermentative or putatively fermentative bacteria such as Microlunatus and

Mesorhizobium for which in situ physiology is not well described yet. The bacteria belonging

to this cluster were relatively abundant in the reactor treating complex synthetic WW (R2).

Cluster III contains taxa correlated with high proportions of small granules and flocs, poorer

settling properties, and lower nutrient-removal. This cluster contains one third of novel or

poorly characterized genera such as P58 or Dokdonella. It also includes fermentative bac-

teria including Tetrasphaera, Micropruina, Propioniciclava, Kouleotrix,and Trichococcus. As

cluster I, it contains various potential denitrifiers such as Iamia, Sulfuritalea, Microthrix or

Acidovorax. Cluster III also comprises bacteria likely able to degrade macromolecules, e.g.

Ca. Epiflobacter, CYCU-0281 and members of the family Chitinophagaceae. These bacteria

are more abundant in the systems treating municipal WW (Inocula, R3, R4). Members of

the genera Ca. Microthrix and Trichococcus, and the family Caldilineaceae present in cluster

III can be filamentous and thus impair the settleability of the sludge and be at least in part

responsible for the poorer settleability associated with this cluster.
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Figure III.10 – Correlation heatmap between the discriminant taxa and Ca. Accumulibacter
and the sludge size distribution, the settling properties and the nutrient-removal efficiencies of
the samples collected during the stable state, in the four reactors (A). The correlations having
p-values lower than 0.01 are indicated with a yellow star. The different taxa were clustered
together according to the similarity in terms of correlations with the different parameters of
the sludge. The inverse values of SVI5 and settling time were used for the construction of the
correlation heatmap. The average relative abundance of the taxa (Supplementary information
Table A.12) after Hellinger transformation, in the four reactors during the stable state is
indicated in green (B).
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III.5 Discussion

III.5.1 Diffusibility of organic substrates has significant influence on formation
of AGS

Wastewater composition, in terms of diffusible/non-diffusible organic substrate, significantly

influenced the formation of AGS. A comparison between the four reactors fed with different

amounts of diffusible/non-diffusible organic substrate help validating the conceptual model

presented above (Figure III.1). Fast granulation was observed with WW containing high

amounts of diffusible organic substrate (R1 and R2), thus resulting in excellent settling and

stable nutrient-removal performances. On the other hand, a low amount of diffusible organic

substrate resulted in a slow granulation, poorer settling properties, and often partial nutrient

removal.

Granulation results from the selection of slower growing carbon-storing microorganisms over

OHO [de Kreuk and van Loosdrecht, 2004, Vjayan and Vadivelu, 2017]. The high proportions

of diffusible organic substrate in R1 and R2 promoted the growth of organisms able to store

or use carbon under anaerobic conditions. Indeed, storing microorganisms such as Ca.

Accumulibacter (classical PAO) and Ca. Competibacter or CPB_C22&F32 (classical GAO)

represented an important part of the microbial community of R1 (Figure III.4). In R2, the

fermentative PAO Tetrasphaera and the fermentative GAO Micropruina were abundant, in

particular during granulation. The influent composition specifically favoured the growth

of these organisms which coincided with rapid development of well-settling AGS. However,

the size of the granules which developed in R1 and R2 was very different, with large granules

dominating AGS of R1 while smaller granules were observed in R2. If diffusibility of substrate is

very high, it promotes bacterial growth in the deep layers, ultimately leading to the formation

of dense granules as in R1. Granule size is in theory associated with how deep substrate

can penetrate into the granule, which is influenced by the substrate concentration gradient,

uptake rate, and diffusibility of substrate [Eberhard Morgenroth, 2008, Rittmann and McCarty,

1981]. The nature and content of extrapolymeric substances (EPS) - associated with granule

densification - is influenced by substrate type and loading, and has strong implications on

granule size and settling [Rusanowska et al., 2019]. Deep substrate diffusion and conversion

occurred in R1 as indicated by the high SND measured for this system. During the aeration

phase, denitrification occurred in the anoxic zones of the granules due to previous anaerobic

storage of diffusible organic substrate. Classical PAO and GAO enriched in the AGS of R1 were

able to grow under both anoxic and aerobic conditions, thus favouring the densification of

the granules. The lower fractions of diffusible organic substrate the R2 influent resulted in a

limited growth in the core of the granules and ultimately in the formation of smaller granules.

The different properties of the granules of R1 and R2 (settling, granule size and fractionation,

etc.) can thus be explained by the amount and nature of the diffusible and non-diffusible

substrates (VFA, fermentable soluble and particulate organic substrate). Granulation can

therefore be linked to two aspects: (1) the diffusibility of the substrate governs its availability

within the granules and (2) the nature of the substrates determines the microbial community
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composition and the aggregates densification.

On the contrary, the high proportions of non-diffusible XB in the influent of R3 and R4 ham-

pered the granulation process. Several phenomena lead to the conclusion that hydrolysis

is only partial during anaerobic plug-flow feeding: (1) WW particles are often large, from

several µm up to 1-2 mm [Dimock and Morgenroth, 2006, Levine et al., 1985], (2) hydrolysis is

a very slow process [Benneouala et al., 2017, Jabari et al., 2016, Morgenroth et al., 2002], and

(3) the anaerobic feeding duration of 1-2 h typically applied in AGS systems is insufficient

to provide full hydrolysis of XB [Jabari et al., 2016, Wagner et al., 2015b]. Therefore partial

anaerobic conversion of XB is unavoidable and results in a high availability of substrate during

the subsequent aerobic phase, which in turn supports the growth of OHO [Wagner et al.,

2015b]. OHO leads to poorer settling properties due to filamentous outgrowth, floc formation

or a decrease of P-removal [de Kreuk et al., 2010, Novak et al., 1993, Pronk et al., 2015a, Suresh

et al., 2018, Weissbrodt et al., 2014a]. Extensive OHO growth outcompeting slower growing

storing organisms is the most likely reason for the slow development of granules, bad settling

properties and overall lower nutrient removal performance observed for AGS of R3 and R4, in

comparison to R1 and R2. Classical PAO and GAO were outcompeted by fermentative PAO

and GAO in R3 and R4, and similarly in R2. The enrichment of fermentative PAO and GAO in

those systems is the result of lower influent VFA concentrations combined with large amounts

of fermentable substrates, stemming from both influent WWs and produced via hydrolysis of

non-diffusible compounds.

III.5.2 Start-up

High concentrations of diffusible organic substrate, as found in the synthetic WW of R1 and R2,

led to faster granulation (1 month) compared to granulation in R3 (> 1 year) and R4 (5 months).

A main finding of our study is that different characteristic times were required to establish

stable microbial communities, stable physical properties, or steady substrate/nutrient removal.

Characteristic time to establish full substrate/nutrient removal was the quickest (around few

days/weeks) while characteristic time to establish a stable microbial community was the

slowest (several months).

Complete substrate and nutrient removal was indeed observed without any delay right after

inoculation with activated sludge for all reactors. Maintaining high conversion rates after

inoculation required an appropriate start-up strategy. Our selected start-up strategy relied on

applying a low washout stress, to avoid a too harsh washout of slow growing organisms. Full

nitrification without NO−
2 accumulation was observed straight after start-up, while no or very

short loss of biological P-removal was noticed. A sustained nutrient removal after inoculation

was also observed by Lochmatter and Holliger (2014), who applied a similar start-up strategy

of low washout stress on slow-settling biomass. Low amounts of diffusible organic substrate

in the WW must thus be balanced by a less harsh washout of flocs during start-up.

Aggressive washout of slow settling biomass as strategy to start-up AGS systems using either
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100%-VFA or municipal WW as influent can result in very short start-up times down to 1 and

3 weeks, respectively, with settleability of SVI10 < 40 mlg−1 [de Kreuk and van Loosdrecht,

2004, 2006].The current study did not apply aggressive washout of slow settling biomass (flocs)

during start-up resulting in significantly slower granule formation. Since granulation was

achieved in all reactors, the start-up strategy in the current study is viable and relevant even

in unfavourable influent WW conditions, such as low strength municipal WW. Maintaining

high substrate/nutrient conversion rates over long-term ultimately resulted in the formation

of granules. The different kinetics of AGS formation confirm the general trend observed in

previous studies. Start-up is typically shorter with diffusible-only influent WW, consisting of

100%-VFA (1–4 weeks) [de Kreuk and van Loosdrecht, 2004, Lochmatter and Holliger, 2014,

Weissbrodt et al., 2014a], than with WW containing non-diffusible polymeric compounds, such

as municipal or industrial WW (3 weeks - more thant 1 year) [de Kreuk and van Loosdrecht,

2006, Giesen et al., 2013, Liu et al., 2010]. The faster granulation of AGS in R4 compared to AGS

of R3 confirms that higher organic loading rate tends to facilitate the granulation process [Li

et al., 2008, Nancharaiah and Reddy, 2018, Rusanowska et al., 2019].

Establishing a stable microbial community required between 4 and 8 months for all systems.

During this period, different transient bacterial communities were observed. The transient

bacterial community was dominated by Zoogloea in R1, fed with 100%-VFA WW. We propose

that the presence of Zoogloea in R1 is an indirect consequence of the excellent settling prop-

erties of the AGS, which led to preferential flow and bypass of soluble COD into the aerobic

phase (Supplementary information Figure A.4). The growth of Zoogloea during the early stage

of granulation in R1 likely resulted from the presence of VFA in the aerobic phase [Weissbrodt

et al., 2013]. Similar to the study of Weissbrodt et al. [2013], the high abundance of Zoogloea

observed in R1 was associated with a high proportion of granules and a thin settled bed during

feeding. Several studies suggested that Zoogloea plays a positive role in hte formation of

granules in VFA-rich influent WW by producing specific EPS [Kang et al., 2018, Larsen et al.,

2008, Li et al., 2008]. Therefore the diffusible substrates that are residual at the beginning of

the aerobic phase, such as VFA, must not in all cases be detrimental to granulation. In the

reactors fed with complex WW (R2, R3 and R4), Actinobacteria dominated the transitional

bacterial community. In particular, Micropruina was very abundant in these three reactors

and was concomitant to the formation of granules. Its role in granulation in complex WW fed

AGS systems is yet to be determined.

III.5.3 Stable state

The list of potential organisms that play a functional role in AGS systems can be extended

based on this study. Especially considering their effect on nutrient removal, and taking into

account the role of different influent compositions. However, a core microbial community of

AGS systems cannot be established yet. The stable state operation primarily differed from the

start-up phase mostly in terms of microbial community composition, which can help explain

dynamics of nutrient removal performances. During stable operation, dominant species in R1
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were reported as abundant in other 100% VFA-fed AGS systems, such as Zoogloea, Thauera,

Rhodobacter, Meganema and Nitrospira. In systems fed with VFA only, the PAO guild mainly

consisted of Ca. Accumulibacter while the GAO guild was mostly composed of members of

the Competibacteraceae family (e.g., Ca. Competibacter, CPB_C22&F32) [He et al., 2016a,

Henriet et al., 2016, Weissbrodt et al., 2013]. Such “simple” microbial community greatly differs

from the ones of R2, R3 and R4. Abundant taxa detected in R2, R3 and R4 were previously

detected in AGS fed with complex WW, like, e.g., CYCU-0281, Dokdonella, Flavobacterium,

Haliangium, Nitrospira, Rhodobacter, Thauera, Thrichococcus, unclassified genera related to

Xanthomonadaceae, and Zoogloea [Kang et al., 2018, Swiatczak and Cydzik-Kwiatkowska, 2018,

Szabo et al., 2017b]. Fermentative bacteria were present in both R2 and R3/R4, in particular

the PAO Tetrasphaera and the GAO Micropruina. The sole presence of both diffusible and

non-diffusible organic substrate - independent of their nature - resulted in relatively similar

microbial communities. Yet, the remaining differences between those systems could stem

from continuous inoculation of the sludge by bacteria present in the influent WW. Indeed, the

similarity of the bacterial communities of R3 and R4 is stronger within AGS sampled during

the same date than after the same number of days of reactor operation. Part of the microbial

communities stem from immigration of bacteria via the influent WW [Saunders et al., 2016].

Filamentous OHO detected in R3 and R4 (e.g. Trichococcus and the family Caldilineaceae) can

have a negative impact on the settling properties of the sludge. Those filamentous OHO are

characterised by a high affinity for aerobic carbon degradation, which is consistent with the

presence of slowly biodegradable substrates in the influent of those reactors. Yet, many genera

known to have hydrolysing capabilities, such as Ca. Epiflobacter, CYCU-0281 and Kouleothrix,

correlated with low settling properties because they are linked to the presence of XB , but not

necessarily because they are filamentous.

During stable state, the bacterial communities selected in the different AGS systems had

muliple taxa in common with the core communities of EBPR activated sludge systems (e.g.,

Ca. Accumulibacter, Micropruina, Tetrasphaera, Zoogloea) [Saunders et al., 2016, Stokholm-

Bjerregaard et al., 2017]. But many taxa that are not yet characterized at the genus level were

identified. They belong to the family of Xanthomonadaceae, Caldilineaceae, Cytophagaceae

or to the phylum of Saccharibacteria. However, their function in AGS systems is yet to be

determined.

The grouping of R1 vs. R2/R3/R4 based on microbial community also reflected differences in

TN-removal, which was lower in the reactors fed with complex WW. TN-removal in the systems

can occur either via (1) pre-denitrification of remaining NO−
3 from the previous cycle during

the feeding and subsequent anoxic/anaerobic mixing phase, or (2) SND during aerobic bulk

conditions. The latter process requires denitrifying bacteria, available COD and the presence

of substantial anoxic zones within the granules. Numerous putative denitrifying bacteria

were detected in AGS of all reactors, but only R1 gathered the two conditions to perform SND

resulting in low effluent NO−
3 ; large granule size, and a high proportion of diffusible organic

substrate in the influent. Further research is required to identify the influence of each of these
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factors on SND, and to improve SND in AGS systems fed by more complex influent WW.

Decreased P-removal was observed in AGS systems treating municipal WW (R3, R4), possibly

due to low influent diffusible organic substrate (especially VFA) in combination with carbon

leakage, and low influent PO4-P concentrations [Guimaraes et al., 2017]. Short-term loss of

P-removal was also observed in R1 concomitantly to bypassing of substrate during PF feeding.

In addition, low (ortho-) P concentrations of the municipal WW received by R3/R4 did not

promote the growth of PAOs [de Kreuk et al., 2010]. Indeed, the proportion of PAO was above

5 % in the four reactors at stable state. These proportions are much lower than the average

proportion reported in Danish EBPR WWTP (13 %) and may have made the four systems less

robust in terms of P-removal [Nielsen et al., 2010]. Yet, the anaerobic carbon uptake, and

therewith P-removal, were enhanced by the introduction of an anaerobic-mixed phase after

PF feeding.

III.5.4 The role of flocs in AGS systems

Our results indicate that the presence of flocs (20-40 %) is representative of AGS systems fed

with WW that contain non-diffusible XB (Figure III.3). Flocs were observed for several months

after the establishment of good/stable settling properties and substrate/nutrient removal.

Flocs fractions ranging from 16 to 40 % of TSS were also reported in litreature for pilot- and

full-scale AGS plants [Derlon et al., 2016, Pronk et al., 2015b, van Dijk et al., 2018a]. Our results

thus indicates that AGS systems are hybrid systems, composed of both flocs and granules,

rather than biofilm (only) systems.

The presence of floc in AGS systems results from both short-term and long-term mechanisms.

Short-term exposure of the granules to non-diffusible XB triggers filamentous outgrowth

de Kreuk et al. [2010]. XB attaches to the granule surface and is then partially hydrolyzed

during the anaerobic phase [de Kreuk et al., 2010]. The fraction of XB that is not converted

anaerobically is then degraded under aerobic conditions, thus promoting the growth of OHO

and filamentous outgrowth (finger-type) [Pronk et al., 2015a]. Such short-term mechanism

might however not be relevant for real AGS systems, in which the sludge is exposed to XB

over long-term (several months/years). Over long-term, the presence of XB in the influent

favours the presence of flocs. Filamentous structures in turn do not develop at the surface of

granules as XB is likely captured/degraded by flocs Derlon et al. [2016], Wagner et al. [2015b].

XB attachment onto the granules surface is likely limited during anaerobic PF-feeding, while

hydrolysis rate is in addition very low, especially under anaerobic conditions [Jabari et al.,

2016]. For these reasons, it is expected that significant amount of XB remains available during

the mixed aerobic phase. We hypothesized that under mixed conditions, flocs would have a

competitive advantage over granules for capturing and then degrading XB [Derlon et al., 2016,

Wagner et al., 2015b]. The surface-to-volume ratio of the flocs is much larger than the one of

the regular and round shaped granules [Andreadakis, 1993, Mihciokur and Oguz, 2016]. We

propose that the availability of XB during the mixed aerobic phase combined with its selective
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capture by flocs is the main reason for their presence in AGS systems treating municipal WW.

We ultimately suggest that flocs might in fact be beneficial during treatment of complex WW

with elevated levels of non-diffusible XB using AGS technology.

The microbial communities in the flocs and granules differed only for some particular genera

at stable state. Thus the microbial community structures evolved in a similar manner in both

fractions, probably due to a constant exchange of biomass between the two fractions [Liu

et al., 2010, Zhou et al., 2014]. For the four reactors, our results indicate a higher fraction

of Zoogloea in flocs than in granules. The enrichment of Zoogloea in flocs was particularly

pronounced in the AGS of R1, where the proportion of flocs was the lowest (5 %) and where

filamentous outgrowth was often observed. The presence of Zoogloea in flocs likely resulted

from erosion of the granules surface [Szabo et al., 2017a]. Erosion of the granules surfaces

might have been favoured by the low cohesion of filamentous structures resulting from the

growth of Zoogloea. On the contrary, the higher abundance of slow growing organisms in

granules, e.g., Nitrospira likely resulted from favourable growth conditions in the core of the

granule. The SRT gradually increases over the granules depth, thus providing suitable growth

conditions for slow growing organisms such as nitrifiers. High cohesion within granules also

reduces the detachment rate and thus the exchange of bacteria from the granules to the flocs

and vice versa. In this case, the differences between the bacterial communities of granules and

flocs can become significant, because both fractions offer different niches and have different

retention times [Winkler et al., 2012]. It is therefore expected that slow growing bacteria are

progressively enriched in the granules. Such mechanism is confirmed by our measurements

of relative abundance of Nitrospira, Ca. Competibacter or CPB_CS1. Moreover, the lowest

differences between the microbial communities of flocs and granules in R3 can be explained

by granulation being more recent compared to the other systems.

III.5.5 Implications for research and practice

Our findings have relevant implications for both research and engineering practice. The

complex synthetic WW resulted in the development of AGS that was more similar to AGS fed

by municipal WW rather than AGS fed by 100%-VFA. Therefore we advise the use of complex

synthetic WW (VFA, diffusible fermentable substrate and high non-diffusible XB contents) as

surrogate of municipal WW. The proportion and composition of XB can be tuned and modified

to address specific research questions.

In terms of implications for engineering practice, this study provides relevant information for

the start-up of AGS systems. The superior performance of AGS in R4 over AGS in R3 indicates

that an increased loading, was beneficial for granulation and nutrient-removal, despite the

significant increased fraction of XB in the influent. However, a balance must be found between

applying a sufficient organic loading while limiting operating costs (e.g., aeration). Start-up

time was likely extended due to the chosen start-up strategy (low washout stress and low vww

during PF feeding) in comparison to other studies [de Kreuk and van Loosdrecht, 2006, Derlon
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et al., 2016]. But operating the system at low vww also helped maintaining high substrate and

nutrient removal rates during the entire experimental phase, as observed in the present study

and reported in litreature Derlon et al. [2016], Lochmatter and Holliger [2014]. Applying a

higher selective pressure by gradually increasing the vww during PF feeding would accelerate

the formation of granules. But based on our experience, increasing the selective pressure

applied via vcrit is coupled with an increase risk of biomass loss. Due to the sensitivity of

AGS systems fed by low-strength municipal WW, a fine balance between maintaining high

SRT conditions for forming granules and applying a selective sludge removal of slow settling

biomass must be found. In terms of nutrient removal, partial denitrification due to poor

SND proved to be representative of AGS systems fed with non-diffusible XB. An increased TN-

removal in those systems was achieved by implementing an additional mixed phase following

the PF feeding. Denitrification during this phase likely benefited PO4-P removal as observed

for R3 and R4.

III.6 Conclusions

The main conclusions of this study are:

1. The wastewater composition in terms of diffusible and non-diffusible organic substrates

governs both the microbial community composition, granulation kinetics, settling properties,

and nutrient removal of AGS. High fractions of diffusible organic substrates results in fast

granulation and excellent settleability of AGS, whereas presence of non-diffusible Xs in the

influent hampers granulation, reduces settleability and results in the presence of substantial

fractions (20-40 %) of flocs. The bacterial communities of flocs and granules were globally

very similar within the same reactor, but several taxa were enriched in flocs or granules,

respectively.

2. AGS fed by VFA based synthetic WW, resulted - as expected - in a specialized bacterial

community containing classical PAO and GAO (e.g., Ca. Accumulibacter, Ca. Competibacter or

CPB CS1) that led to fast granulation, excellent settling performance, stable nutrient removal,

large granules and a quasi-absence of flocs.

3. AGS fed by complex substrates, containing non-diffusible XB, revealed bacterial communi-

ties characterized by a high abundance of fermenting bacteria, including fermentative PAO

and GAO. High amounts of diffusible organic substrate and total organic load were key factors

to enhance the settleability and granulation kinetics of the sludge as well as the stability of

nutrient-removal performances.

4. An increased floc fraction was constitutive in AGS reactors fed with complex WW and

was attributed to the presence of non-diffusible XB in the influent. It is neither possible nor

desirable to wash out all flocs in AGS systems fed with complex WW.

5. Complex synthetic WW led to AGS with characteristics resembling those treating raw
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municipal WW. Hence, the often applied 100%-VFA synthetic WW should be replaced by

complex synthetic WW as a surrogate of municipal WW in future lab-scale experiments

studying AGS.
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IV Transforming acetate-propionate-
grown granules into AGS treating
fermentable and polymeric organic
substrates

IV.1 Introduction

IV.1.1 Effect of polymeric compounds on AGS

In the experiment presented in chapter III, activated sludge from a wastewater treatment plant

performing enhanced biological phosphorus removal (EBPR), were transformed into aerobic

granular sludge with different wastewater types. The proportion of diffusible chemical oxygen

demand (COD) in the substrate was linked to fast granulation and good settling properties.

The experiments presented in the current chapter aimed at studying the effect of the COD

diffusibility on the microbial communities, the settling performance and the nutrient removal

of a sludge which is already in the form of granules. The aerobic granular sludge (AGS) with

which the experiment started was adapted to a simple monomeric wastewater containing

acetate and propionate as carbon source which favors the growth of classical PAO and GOA

with anaerobic feast and aerobic famine mode of reactor operation. It was not clear if the

stability of the granular biofilm would be maintained as the carbon content of the wastewater

would be progressively changed. In the experiment of chapter III, the inoculum activated

sludge was adapted to municipal wastewater, whereas in the present study, the sludge was

acclimated to simple monomeric synthetic wastewater. It is expected that a transition from

simple to complex wastewater is more susceptible to disrupt the settling properties and

nutrient removal performance of the sludge than the opposite change. A sludge treating a

complex wastewater such as the ones used in these studies, will contain microorganism able

to take up volatile fatty acids (e.g. acetate and propionate). It is not certain that a sludge

treating a simple wastewater containing only acetate and propionate will contain a sufficient

diversity of microorganisms able to ferment and hydrolyze the carbon content of a complex

wastewater, so that the microbial community can adapt to this type of substrate.
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Certain bacteria have a versatile metabolism that allows them to adapt to different conditions

[Jefferson, 2004]. It is therefore possible that bacteria having the capability to use fermentable

and/or polymeric compounds persist in a system with VFA as only carbon source. These

bacteria could also feed on sugars and amino acids contained in the EPS matrix secreted by

VFA consumers. Moreover, the water used as basis of the wastewater was industrial water

pumped from the lake. This water may contain various microorganism, thus allowing the

immigration of these microorganisms in the system under favorable conditions.

IV.1.2 Resilience, resistance and multistability

Three concepts of microbial ecology are particularly interesting when studying the response

of microbial communities to changes of the ‘environment’ : resilience, resistance and stability.

These concepts can be applied to the composition of the community and/or to its functioning

[Holling, 1996]. From an engineer’s point of view, it is important to know if the functions

of a process will be maintained or recovered quickly after a perturbation or a change of

the environment. For the researcher, the link between microbial and functional stability is

important, and it is key to understand how a microbial community changes in response to

variations in an environmental parameter, and how these changes impact the global function

of this community. The sensitivity of a process efficiency to a change of microbial community

composition will determine the importance of the stability of the community [Allison and

Martiny, 2008].

The resilience was defined by Holling Holling [1973] as "the ability of a system to absorb

change and disturbance, and still maintain the same relationships between populations or

state variables”. The resistance is the level to which a microbial community or its functioning

remains constant when facing a perturbation [Allison and Martiny, 2008, Botton et al., 2006].

The stability of a system is its ability to recover a state close to its former equilibrium state

after a temporary perturbation [Holling, 1973, Walter, 1980]. Although these concepts are

closely related, they are not equivalent. For example, the instability of a community can favor

its resilience [Holling, 1973].

Microbial communities are generally highly sensitive to external changes [Allison and Martiny,

2008], some can recover quickly [Shade et al., 2012], whereas others not [Dethlefsen and

Relman, 2011]. The non-reversibility of a stable state after a perturbation can be due to

stochastic effects, or other factors such as the priority effect, which describes the exclusion of

new arrivals by the bacteria already present in a specific niche [Andersson et al., 2014]. This can

lead to the existence of multiple stable states for a same ecosystem. Multistability is observed

when a small perturbation can lead to a different equilibrium state that will persist even when

the external conditions will be back to normal, as discussed in [Petraitis and Dudgeon, 2004]. It

is difficult to authenticate multistability since small changes in the environment can remain

unnoticed while having an impact on the microbial community [Faust et al., 2015, Gonze et al.,

2017].
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The functional stability of a microbial ecosystem often correlates with its biodiversity [Siripong

and Rittmann, 2007, Wittebolle et al., 2009, 2008]. More specifically, this stability is thought

to be mainly the result of functional diversity [Briones and Raskin, 2003, Hulot et al., 2000,

McCann, 2000, von Canstein et al., 2002]. Yet, the functional redundancy of a microbial

community is often difficult to measure because the metabolism(s) of an important part

of a microbial ecosystem is generally unknown and often difficult to assess [Allison and

Martiny, 2008, Botton et al., 2006], in particular because the functions of microorganisms

are not homogeneously distributed across the phylogeny [Achenbach and Coates, 2000]. It

is therefore important to increase our knowledge on the functioning of the different taxa

composing a microbial community to predict its resilience, resistance and stability.

IV.1.3 The role of flocs in AGS

AGS treating complex polymeric wastewater generally contain a non negligible proportion of

flocs (around 20 %) [Derlon et al., 2016, Pronk et al., 2015b, van Dijk et al., 2018a]. The question

whether flocs and granules play a different role in granules have been raised (Chapter III). A

role could arise from different physical structures providing different capabilities to capture

particles [Liu and Tay, 2012], and/or from different microbial communities. No clear consensus

exists on the difference of microbial communities between granules and flocs. Liu et al. [2017]

found the microbial communities to be dramatically different between granules and flocs,

with only 817 OTUs in common on a total of 2241 in granules and 2009 in flocs, whereas Zhou

et al. [2014] found a great similarity between the microbial communities of the two fractions

during steady state. These two results are not necessarily contradictory since it was shown that

there are different coexisting granulation mechanisms (eg. flocs densification, aggregation

of granular biomass and/or floccular biomass, microcolony outgrowth. [Barr et al., 2010a,

Cetin et al., 2018, Gonzalez-Gil and Holliger, 2014, Zhou et al., 2014]. Yet the predominant

mechanism can vary according to the microbial community and the operational conditions

(eg. shear stress) [Weissbrodt et al., 2013]. The comparison of the microbial communities

of granules and flocs across multiple samples collected from AGS treating different types of

wastewater may provides elements of answer concerning a potentially specific role of flocs in

AGS.

IV.1.4 Hydrolysis in AGS

Previous studies on AGS have highlighted the importance of complete COD-removal during

the anaerobic phase to favor the growth of slow growing organisms such as PAO and GAO to the

detriment of fast growing ordinary heterotrophs thus promoting granulation and biological

P-removal [Weissbrodt et al., 2012]. Yet, it is not clear if a total COD removal is possible during

a typical lab-scale reactor anaerobic phase (60 to 90 min) when a significant part of the COD is

in a polymeric form [Morgenroth et al., 2002]. Indeed, hydrolysis was identified as the rate

limiting step for the biological degradation of organic carbon during wastewater treatment

[Dueholm et al., 2001, Morgenroth et al., 2002, San Pedro et al., 1994]. Moreover, depending on
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their sizes, the polymeric compounds cannot diffuse, or diffuse more slowly than monomeric

compounds into the granules and must therefore by hydrolyzed at the surface [Larsen and

Harremoes, 1994, Mosquera-Corral et al., 2003]. Small, fluffy granules and flocs thus gain a

competitive advantage over big smooth granules with the presence of polymeric compounds

[de Kreuk et al., 2010, Martins et al., 2004, Xia et al., 2007]. It is therefore expected that the

introduction of polymeric compounds in the wastewater will have a negative influence on the

granulation and nutrient removal efficiency.

In wastewater treatment plants, hydrolysis is performed by various microorganisms including

bacteria by means of exoenzymes [Confer and Logan, 1998, Goel et al., 1998a]. Several studies

have investigated the identity of the bacteria capable of excreting these exoenzymes [Xia et al.,

2007, 2008a,b]. They found that members of Tetrasphaera, have the capability to hydrolyze

starch, while proteins hydrolyzers have been detected in the genus Ca. Epiflobacter, the

phylums of Chloroflexi, Betaproteobacteriales and Saccharibacteria.

Big differences in the physical characteristics (size, density), the settling properties and the

nutrient removal efficiency of AGS grown in lab-scale reactors treating simple monomeric

wastewater and full-scale tank treating real wastewater have been reported [Wagner et al.,

2015b, Wang et al., 2018, Winkler et al., 2013]. Yet it is not simple to untangle the effects of

the different variables on the AGS characteristics. Moreover, the microbial communities of

activated sludge performing EBPR with municipal wastewater have been extensively studied,

and they turned out to be significantly different from the ones treating simple monomeric

synthetic wastewater. To date, only few studies investigated the microbial communities of

AGS treating complex wastewater [Cetin et al., 2018, Kang et al., 2018, Swiatczak and Cydzik-

Kwiatkowska, 2018, Wang et al., 2018]. As for EBPR activated sludge, they are likely different

from the ones treating simple wastewater, which contain mainly classical PAO and GAO

from the class Gammaproteobacteria known to favor granulation and good nutrient removal

[de Kreuk and van Loosdrecht, 2004].

IV.1.5 Objectives

The experiments presented in the current chapter investigated separately the impact of fer-

mentable and polymeric compounds on the bacterial communities of an AGS grown with

simple monomeric wastewater. The changes in wastewater composition were performed pro-

gressively over several weeks in order to promote at the most the maintenance of granulation

and nutrient removal capability of the sludge. The effect of these transitions on the AGS were

investigated by monitoring the bacterial communities, the nutrient removal performance and

the sludge volume index of the sludge. Statistical analysis were used to investigate the links

between wastewater composition, bacterial communities, settling properties and nutrient

removal performance in AGS.
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IV.2 Material and methods

IV.2.1 Reactors operation

The AGS was studied in bubble column SBR reactors with a diameter of 6.2 cm and a working

volume of 2.4 L similar to the ones described in [Lochmatter and Holliger, 2014, Weissbrodt

et al., 2012]. Two reactors, RA and RB, were operated in parallel, sometimes under the same

operation conditions, sometimes under different ones. The reactor RB had been initially

inoculated in spring 2014 with activated sludge collected in a wastewater treatment plant

performing enhanced biological phosphorus removal (ARA Thunersee, Switzerland). The

synthetic wastewater used until the beginning of the experiment was composed of acetate

and propionate as carbon source in equal proportions for a total COD of 400 mg O2 l−1, 22

mgl−1 of P-PO4, 56 mgl−1 of N-NH4
+, and trace elements.

During experiment 1 ( IV.1), the composition of the wastewater was progressively changed

from simple monomeric to complex monomeric : on day 77, 96 and 109, approximately

20%, 40% and 66% of the COD, respectively, was replaced by glucose and amino acids in

equivalent COD proportions. From day 121 on, the ammonium concentration was adapted to

counterbalance the ammonium produced by amino acids degradation. The TN concentration

of the medium was fixed to 56 mgl−1.

Figure IV.1 – Summarizing diagram of the reactor operation and the two experiments

The reactor was duplicated on day 333 by distributing equally the biomass of RB in the two

reactors RA and RB, and they were run in parallel with the complex monomeric wastewater.

Several incidents occurred during the following 300 days. The presence of nematodes was

detected during this period in AGS of the two reactors and the whole biomass of the two

reactors was crushed in a glass homogenizer (see IV.2.5) on day 539 in RA and on days 560

and 798 in RB. Problems with the pH regulation caused two pH incidents, characterized
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by a pH above 11 in the bulk water, on day 422 and 529 in RA. The influent wastewater

lacked trace element solution from day 564 to 582 in RB and from day 578 to day 582 in RA.

Following this, the decision was taken to stop RB and restart it with half of the biomass from RA.

The composition of the wastewater was then changed from complex monomeric to complex

polymeric, in RB : on day 639, 680 and 729, 10%, 20% and 33% of the COD in the form of glucose

and amino acids was replaced by starch, a polymer of glucose (solubility: 20 mgml−1, Sigma-

Aldrich), and peptone, a mixture of peptides of different length and amino acids (<10KD, BD

Peptone Bacto, Fisher scientific), in equivalent COD proportions. During experiment 2 ( IV.1),

the composition of the wastewater was progressively changed from complex monomeric back

to simple monomeric, in RA : on day 638, 684, and 732, the proportion of COD in the form of

glucose and amino acids was reduced to 40%, 20% and 0%, by replacing it with acetate and

propionate.

The temperature was kept constant by recirculation of 18 °C water in the double wall of

the reactor. The pH of the bulk water was monitored and regulated with an ISFET probe

(ENdress+Hauser, Switzerland) using a PID process controlling the injection of NaOH or HCl

solutions (1%) during the periods of mixing. The pH was maintained between 6.5 and 8 from

day 0 to day 119 and between 7.2 and 8.5 from day 120. The pO2 and the conductivity were

monitored by two ISFET probes (Endress+Hauser, Switzerland).

The monitoring of information collected by the reactor probes and the control of the different

pumps was relayed to/from a computer through relay modules (WAGO, Switzerland) and

processed using the software DAQFactory (Windows version 5.86, 2011, AzeoTech, Inc.)

A typical cycle consisted of four phases: an anaerobic feeding phase and an aeration phase,

followed by a settling and withdrawal phase. During the anaerobic phase, the synthetic

wastewater was injected from the bottom during 12 minutes. Then the reactor was mixed by

injecting 2 L/min of N2 during 60 to 90 minutes. During the aerobic phase, compressed air was

injected with a flow rate of 2 L/min. From day 48 on, periods of 10 minutes of aeration were

alternated with idle periods of 10 minutes in order to optimize denitrification [Lochmatter

et al., 2014]. The aeration phase stopped when a sharp decrease of O2 consumption was

detected, with a maximum time of five hours. Half of the reactor content was withdrawn

after 2 to 5 minutes of settling and N2 was injected in the reactor to restore anaerobic/anoxic

conditions for the following cycle. On day 157, headspace gas recirculation was introduced

with a PID controlling the inflow of incoming gases, in order to save nitrogen and compressed

air consumption.

The length of the different phases were adapted to allow an optimal functioning of the AGS

reactors. For example, the length of the anaerobic phase was increased from 72 up to 102

minutes mostly during changes of wastewater composition in order to obtain a COD in the

bulk water below 20 mg O2/L before start of aeration. The settling time was adapted to the

settling properties of the biomass in order to select fast settling granules while maintaining

sufficient biomass in the reactors.
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Table IV.1 – Theoretical characteristics of the different influent synthetic wastewater in mgl−1.
The theoretical concentration of phosphate was 22 mgl−1 of P-PO−

4 in all the wastewaters.

denomination medium
name

COD
[mg O2l−1]

VFA
[ % of COD]

glucose starch amino
acids

peptone TKN
[mg Nl−1]

simple 1 456 100 - - - - 56

transition from simple
to

2 448 82 9 - 9 - 63
3 439 62 19 - 19 - 69
4A 427 36 32 - 32 - 78

complex monomeric
4B 600 33 33 - 33 - 89
4C 600 33 33 - 33 - 56

transition from
complex monomeric to

5 600 33 28 5 28 5 56
6 600 33 23 10 23 10 56

complex polymeric 7 600 33 17 17 17 17 56
transition from
complex monomeric to

3B 600 60 20 - 20 - 56
2B 600 80 10 - 10 - 56

simple 1B 600 100 - - - - 56

IV.2.2 Wastewater composition

The influent wastewater was a mixture of 0.135 l of concentrated autoclaved C-medium, 0.135

l of concentrated NP-medium and 0.93 L of industrial water filtered at 100µm from day 0 to

515, and at 5µm from day 515 to day 925.

The composition of the different C- and NP-media are presented in supplementary material

(Table A.13).

An aliquot of 50 ml trace element solution containing 16.22 gl−1 of C10H14N2Na2O8 ·2H2O,

0.44 gl−1 of ZnSO4 ·7H2O, 1.012 gl−1 of MnCl2 ·6 H2O, 7.049 gl−1 of (NH4)2Fe(SO4)2 ·6 H2O,

0.328 gl−1 of (NH4)6Mo7O24 ·4 H2O, 0.314 gl−1 of CuSO4 ·5H2O and 0.322 gl−1 of CoCl2 ·6H2O

was added to the NP-medium for a final volume of 10 l.

The resulting characteristics of the different influent synthetic wastewaters are presented in

table IV.1.

IV.2.3 Nutrient-removal performance monitoring

The nutrient removal performance of the reactors was measured on a bi-weekly basis on the

influent wastewater (I), the water collected from the reactor at the end of the anaerobic phase

(AN) and three minutes before the withdrawal, considered as similar to the effluent of the

reactor (S). Water samples were filtered at 45µm and stored at 4 °C before further analysis.

VFA concentrations were measured by high performance liquid chromatography (HPLC, Jasco

Co-2060 Plus, refraction index detector, Omnilab, Germany) with organic acid ion-exclusion

column (ORH-801, Transgenomics, United Kingdom). Glucose concentrations were assessed

by spectophotometry using the kit GlucoQuant (Roche/Hitachi,Germany) according to the

manufacturer instructions. Ammonium concentrations were measured by spectrophotometry,

using two different kits; the ammonia cuvette test (0.015-2.0 mgl−1 N-NH+
4 , LCK304, Hach,
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USA) for the samples with an ammonia concentration estimated below 3 mgl−1 of N-NH+
4 , and

the Spectroquant ammonium test (photometric 0.010-3.00 mgl−1 N-NH+
4 , Merck, Germany)

for the other samples1. The concentrations of anions (P-PO−
4 , N-NO−

3 and N-NO−
2 ) were

measured by ionic chromatography (IC, ICS-90, IonPacAS14A column) with an electrical

conductivity detector (Dionex, Switzerland).

IV.2.4 Measures of SVI, TS and VS

The sludge volume index (SVI), the volatile solids (VS), and the total solids (TS) were measured

according to the standard method [APHA, 2012]. Approximately 500 ml of mixed liquor

were collected from the reactor during mixing. The volume occupied by the sludge bed

was measured in a graduated cone after 3, 5, 8, 10 and 30 minutes. This mixed liquor was

mixed again and three aliquotes of approximately 20 ml were collected in falcon tubes and

centrifuged at 8392 x g during five minutes. For each aliquote, the mass of the dried pellet

after 12h of drying at 105°C gave the TS and the mass loss after two hours of calcining at 550°C

gave the VS. The SVI corresponding to the different times were calculated as the ratio between

the volume of the sludge bed (V ) and the total volume (Vtot), divided by the mean TS of the

triplicates IV.1.

SVI(mlg−1) = V (ml)

TS(gml−1) ·Vtot(ml)
(IV.1)

IV.2.5 Nematodes monitoring and controlling

The presence and abundance of nematodes in the sludge was monitored by visual inspection

with light microscopy (Eclipse NI-U Microscope, Nikon). In case of too high abundance

of nematodes, their number was reduced by centrifuging the biomass with an Avanti J-26

XPJ (Beckmann Coulter) with a JLA rotor (8.1000, Beckmann Coulter) at 15000 x g and then

crushing this biomass with a glass homogenizer having a distance between the pestle and the

tube between 0.15 and 0.25 mm (50 cm3, Carl Roth, Germany). The homogenization lyzed

and hence killed the nematodes.

IV.2.6 Biomass sampling

AGS biomass was collected from the reactor(s) on a weekly basis according to the following

procedure. Mixed liquor containing between 1 and 2 ml of wet biomass was centrifuged

during five minutes at 8392 x g (Nuaire Awel CF-48R centrifuge, USA) and washed twice with

5 ml of phosphate buffer saline (PBS, 8 gl−1 of NaOH, 0.2 gl−1 of KCl, 1.44 gl−1 of Na2HPO4,

1An interference of amino acids with the compounds of the Spectroquant kit lowering the ammonium concen-
trations detected was noted on non-diluted samples.
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0.24 gl−1 of KH2PO4) at 4 °C followed by 5 minutes of centrifugation at 8392 x g. The pellet

was resuspended in 3 ml of PBS, homogenized with a glass homogenizer having a distance

between the pestle and the tube between 0.15 and 0.25 mm (5cm3, Carl Roth, Germany) and

distributed in 5 cryotubes. The samples were stored at -20 °C until DNA extraction. When a

sufficient proportion of the biomass was in the form of flocs, granules and flocs, separated

samples were collected by using a 250µm sieve before washing and homogenization. In this

case total biomass was also collected.

IV.2.7 DNA extraction and 16S rRNA gene sequencing

For each sample, 200µl of homogenized biomass was mixed with 400µl of elution buffer

(T10E0.1) and 100µl of lysozyme solution (25 mgml−1). After one hour at 37 °C, DNA was

extracted by using the automatic robot 16 DNA purification system (Maxwell, Promega Cor-

poration, Switzerland). The DNA concentration of each DNA extraction was determined by

spectrophotometry with a NanoDrop (ND1000, Witec AG, Switzerland).

For reasons out of our control, two different Illumina MiSeq sequencing platforms, and

therefore two slightly different protocols were used for 16S rRNA gene amplicon sequencing.

In both cases, the hypervariable regions V1-V2 of the bacterial 16S rRNA gene were amplified

by polymerase chain reaction (PCR) using the universal bacterial primers 27F and 338R (see

sequence below). The amplified and barcoded DNA was sequenced in multiplexed by groups

of 60 (run1) or 96 samples (other runs), in paired-end mode (2x250 bp).

Protocol n°1

Runs 1, 2 and 3 (corresponding to samples from days 0 to 385) were performed at the Lab-

oratory of Intestinal Immunology (UPHARRIS, EPFL). The indexing of the sample was per-

formed during the PCR by using a 27F primer and 60 (run1) or 96 (other runs) different

barcoded 338R primers (in bold) with overhang containing Illumina adapters. 5’GAGATCTA-

CACTATGGTAATTCC -AGMGTTYGATYMTGGCTCAG3’ and 5’CAAGCAGAAGACGGCATACGA-

GAT -barcode -AGTCAGTCAGAA -GCTGCCTCCCGTAGGAGT3’, respectively. The DNA was

amplified according to the procedure described in section III.3.8. The amplified DNA quan-

tified on a labCHip GX (Perkinelmer), with 1 to 2µl of each PCR product and the kit DNA 5k

(CLS760675). The samples were then pooled to a final concentration of 4 nM, purified by using

Agencourt AMPure XP beads (Beckman Coulter, A63880) and sequenced.

Protocol n°2

Runs 7, 8 and 11 (corresponding to samples from days 392 to 925 and some replicates of sam-

ples corresponding to day 0 to 385) were performed at the Genomic Technologies Facility (GTF,

University of Lausanne, Switzerland). A first PCR was performed with the 27F and 338R primers

(in bold) with overhang adapter sequences 5’TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
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-AGMGTTYGATYMTGGCTCAG3’ and 5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG -

GCTGCCTCCCGTAGGAGT3’, respectively. The same procedure as in the protocol n°1, and

described in section XX was followed. The PCR products were purified by using Agencourt

AMPure XP beads (Beckman Coulter, A63880), quantified with a fragment analyzer using the

DNF-473 standard sensitivity NGS fragment analysis kit (Advanced analytical Technologies

Inc.). These amplified samples were transmitted to the GTF for a secondary indexing PCR and

multiplex sequencing.

IV.2.8 Taxonomic affiliation of 16S rRNA gene sequences

The taxonomic affiliation of the 16S rRNA gene sequences was performed according to the

procedure described in section III.3.8.

IV.2.9 Statistical analysis

The statistical analysis were performed as described in section III.3.8.

IV.2.10 Determination of stable states and discriminant taxa

The Bray-Curtis matrix of the bacterial OTU (97%) relative abundance (supplementary material

table A.14) was used to define the bacterial "stable states" of these experiments. A stable state

was defined as the maximal cluster of successive samples having a pairwise distance lower

than 0.5 (the maximum pairwise distance between two samples was 0.94). The seven stable

states obtained were used in some of the statistical analyses. After Hellinger transformation,

the mean relative abundance of each taxa (at the genus level) was compared, using t-tests,

between the stable states grouped by influent wastewater types (simple monomeric, complex

monomeric and complex polymeric). The taxa were considered "divergent" if their mean was

significantly different (p-value 0.01 with Bonferroni correction for multiple testing, p-value

= 0.01/292 = 3.45×10−4) between at least two influent wastewater types. These taxa were

considered "abundant" if their average abundance was higher than 1 % in the stable states

of at least one wastewater type. The taxa being divergent and abundant were considered as

"discriminant" in the following analysis.

IV.2.11 Comparison of the bacterial communities in flocs and granules

The average proportions of the abundant taxa were compared by using t-tests within the

stable state for which granules and flocs were collected separately for at least 4 samples. The

difference was considered significant if the p-value was lower than the Bonferroni corrected

p-value of 0.01 (p-value = 0.01/29 = 3.45×10−5).
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IV.3 Results

IV.3.1 Nutrient-removal performance

The overall nutrient removal performances were maintained despite the changes of wastewater

types (Figure IV.2). Several operational incidents had major, but only temporary impact

on these performances. The food to microorganism ratio was not adapted during the first

duplication of the reactor, leading to high COD concentrations at the end of the anaerobic

phase during 4-5 weeks. On day 422 and 529 important losses of the biomass occurred, but

functional AGS unexpectedly recovered within the next 10-15 days. Problems in the pumping

of NP-medium resulted in too low (day 377) or too high (day 592 to 594) ammonium and

phosphate concentrations in the influent wastewater.

The NH4-removal was complete during most of the experiment. However temporary de-

creases of this efficiency were noticed and this happened almost always due to the operational

difficulties mentioned above and listed in the legend of Figures IV.2 and IV.3.
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The TN-removal was enhanced after the introduction of the alternated aeration during the

aerobic phase at day 48. It decreased during the first transition due to the supplementary

nitrogen input due to amino acids degradation. The transition from complex monomeric to

polymeric wastewater went with a slight decrease of denitrification.

Figure IV.3 – PO−
4 -, NH4- and TN-removal performances during the transition back from

complex monomeric to simple monomeric influent wastewater. The vertical bar with the
number (13) corresponds to the day with no feeding during several cycles.

The P-removal performances decreased to less than 20% during the transition from simple to

complex monomeric influent wastewater. The increase of the total COD of the wastewater

from 427 to 600 on day 145 was followed by a recovery of the P-removal efficiency (higher

than 80 %). Aside from the operational difficulties mentioned above, the incidents impacting

the P-removal were linked to the presence of O2 in the anaerobic phase (on day 308) or to

incidents causing a decreased COD concentration in the wastewater (on day 313 and 751).

IV.3.2 Settling properties

The SVI3 measures the volume occupied by 1 g of sludge after 3 minutes of settling and

the ratio SVI30/SVI10 indicates how much the biomass changed of volume between 10 and

30 minutes of settling. They were measured on the AGS during the transition from simple

to complex monomeric wastewater and to complex polymeric wastewater (Figure IV.4) in

order to assess the evolution of its settling properties during these two changes of wastewater
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composition. Before the beginning of experiment 1, the AGS was fed during 18 months with

a simple synthetic wastewater. At the beginning of the experiment, the AGS was composed

almost exclusively of granules and had excellent settling properties with a sludge volume

index below 25 mlg−1 and a SVI ratio of 1. The introduction of amino acids and glucose in the

wastewater did not have a big impact on the settling properties, the SVI3 was still below 25

mlg−1 on day 124, and the SVI ratio was still 1. However, the big proportion of large granules

became slightly lower between day 384 and 482 and the AGS did not recovered its initial size

distribution during these two experiments (Figure IV.5). Moreover, the AGS seemed to be

less dense and tended to aggregate more during centrifugation after this first transition from

simple to complex monomeric wastewater and during approximately one year, but no specific

analyses has been carried out to characterize this phenomenon in more detail.

The homogenization of the whole biomass for nematode control affected the settling proper-

ties of the biomass. Indeed, the granules were destroyed by this operation and new granules

were forming again after one month. On day 614, the settling properties were slightly lower,

mainly due to the homogenization of the biomass two months earlier. The introduction of

polymeric compounds was followed by a big increase of the sludge volume index. At first,

there was no production of new granules and the biomass became floccular (pictures C and D,

Figure IV.6). In the following, small granules began to form (on day 788, and again on day 848

after the second homogenization of the biomass), but a rather high proportion of flocs around

20 % remained, (picture E, Figure IV.6).

During the transition from complex back to simple monomeric wastewater, the settling

properties of the AGS decreased slightly but the SVI3 remained around 50 ml/g and the

SVI ratio was above 0.9.
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Figure IV.4 – Evolution of the settling characteristics of the sludge during the transition from
simple to complex monomeric wastewater and to complex polymeric wastewater (A) and
during the transition from complex monomeric back to simple wastewater (B). In both figures,
the upper graph shows the SVI after 3 minutes, the lower graph shows the ratio of the SVI after
30 and 10 minutes. The colors indicate the medium feeding the sludge ( IV.1).
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Figure IV.5 – Pictures of the biomass sampled during experiment 1 and experiment 2. Pictures
of the biomass sampled in RB are on the first line (A-G) and the biomass sampled in RA is
on the second line (H to M). The white bars represent 1 cm. The first column corresponds
to biomass sampled on day 13 with medium 1 (simple wastewater). The three following
columns corresponds to days 384, 482 and 606, when the reactors RA and RB were operated
with medium 4 (complex monomeric wastewater). On the three last columns are the pictures
of the biomass collected during the transition to polymeric wastewater (RB, days 680, 729 and
770) and the transition back to simple wastewater (RA, days 680, 729 and 770).
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IV.3. Results

Figure IV.6 – Pictures taken after 10 minutes of settling, with the exception of the picture of
day 770 which was taken after 3 minutes of settling, with biomass borrowed form reactor RB
(A-E) and RA (F-J) during SVI measurements.
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IV.3.3 Evolution of the bacterial community composition during the transition
from simple to complex monomeric and complex polymeric wastewater

The bacterial community composition, followed during 921 days of experiment 1 and 318 days

of experiment 2 by 16S rRNA gene amplicon sequencing are presented in Figures IV.7 and IV.8,

respectively. During the first transition from simple to complex monomeric wastewater, the rel-

ative abundance of Gammaproteobacteria decreased to the benefit of Actinobacteria. In a first

time, the bacteria dominant in the AGS fed with the simple wastewater, Ca. Accumulibacter,

decreased abruptly and Tetrasphaera and Ca. Competibacter became abundant. During the

weeks following the duplication of the reactor on day 333, the amount of biomass per reactor

was decreased by a factor of two and the food to microorganism ratio was higher during this

period. The relative abundance of bacteria from the class of Alphaproteobacteria increased

from 20 to 40 % for seven weeks. Afterwards, the relative abundance of Ca. Accumulibacter

increased and remained around 20 %, and those of Tetrasphaera and Ca. Competibacter

decreased again below 2 %. Uncharacterized bacteria from the phylum of Saccharibacteria

appeared in the system during the transition to complex monomeric wastewater and progres-

sively reached a relative abundance around 10%. After the second pH incident, on day 529,

the relative abundance of Zoogloea increased up to 10% and remained around 5% during the

following weeks.

The transition from complex monomeric to polymeric wastewater had a smaller effect on the

bacterial community composition than the transition form simple to complex monomeric

wastewater. The relative abundance of Saccharibacteria was around 20% during the transition

and the three following months. In the class of Gammaproteobacteria, the proportion of

Ca. Accumulibacter decreased and stabilized around 10 %, whereas those of Dechloromonas

and Zoogloea increased. On day 848, corresponding to the formation of new granules, the

proportions of Dechloromonas, Zoogloea and Tetrasphaera were around 10 % each. The

proportion of Thiothrix, which represented around 10 % of the biomass with the complex

monomeric wastewater, decreased to less than 1 % with the complex polymeric wastewater.

To assess the reversibility of the changes induced on the bacterial community by the transition

from simple to complex monomeric wastewater, the reverse transition in the wastewater

composition was performed in reactor RA. The second simple wastewater (medium 1B) had

the same proportion of acetate and propionate as the first one (medium 1) (50 % each) but

had a COD load of 600 mg O2 l−1, compared to 450 mg O2 l−1 in the first one. After this

transition from complex back to simple monomeric wastewater, the bacterial community

was similar to the one composing the AGS at the beginning of experiment 1, but several

differences were observed. Although Gammaproteobacteria had a similar abundance (60 %)

as at the beginning of experiment 1 (70 %), the genera Zoogloea, Dechloromonas and Thiothrix

were more abundant after the transition back to simple monomeric wastewater whereas

Ca. Competibacter was less abundant. The Actinobacteria, whose abundance had increased

during the change to complex wastewater, became even less abundant after the change back to

simple wastewater than they were initially. Also the classes of Alphaproteobacteria, Chlorobia

79



Chapter IV. Transforming acetate-propionate-grown granules into AGS treating
fermentable and polymeric organic substrates

Figure IV.8 – Evolution of the bacterial communities during the transition back from com-
plex monomeric to simple wastewater. The genus are colored according to the class they
belong to, with the exception of the Betaproteobacteriales, colored in red, whereas the other
Gammaproteobacteria are colored in light green.

and Spirochaetes were more abundant than they were at the beginning. After day 894, new

changes were noticed in the bacterial community composition, with in particular, the decrease

of the relative abundance of Zoogloea.

The two first coordinates of the Principal coordinate analysis (PCoA) based on the Bray-Curtis

distance matrix of the bacterial communities, at genus level (abundant genera only), explain 63

% of the variance (Figure IV.9. During the first transition from simple to complex monomeric

wastewater, the bacterial community changed rapidly and stabilized for some time before

changing and stabilizing again. The second transition from complex monomeric to complex

polymeric induced only small changes in the abundant genera of the microbial communities.

On the other hand, during the transition back to simple wastewater, the bacterial community

got closer to the one present at the beginning of the experiment, with the same type of wastew-

ater. According to this plot, the AGS bacterial community is influenced by the presence of

fermentable compounds in the wastewater, and to a lesser extent by the presence of polymeric

compounds. This PCoA plot also highlights that other factors can have a strong effect on

the bacterial community of AGS. Indeed, it was subject to important changes aside from any

wastewater composition changes.
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IV.3. Results

Figure IV.9 – Principal coordinate (PCoA) plot based on the Bray-Curtis distance matrix of
the bacterial communities (at genus level). Only the abundant taxa were considered for this
analysis. The two first coordinates Dim 1 and Dim2 explain 36.94 % and 25.95 % of the variance,
respectively. The plots of the three first coordinates are provided in supplementary material
(Figure A.5).
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IV.3.4 Stable states and discriminant taxa

Figure IV.10 – The seven bacterial stable states detected during experiment 1 and 2.

The changes of wastewater composition, along with other factors induced changes in the

bacterial community composition of the AGS, generally observed with a lag of some weeks.

Seven different ’stable states’ were detected in the bacterial communities in the AGS of exper-

iment 1 and 2. The first stable state was observed with the simple monomeric wastewater

and persisted during one month of transition. The second stable state begins a week after the

transition to monomeric wastewater was complete and persisted until the inoculation of the

second reactor (RA). This second state was characterized by a particularly low proportion of

Ca. Accumulibacter and a high proportion of Ca. Competibacter and Tetrasphaera. The third

stable state also corresponds to complex monomeric wastewater feeding and was detected

in the two reactors in parallel. It began after the splitting of the biomass in two reactors and

lasted 6 weeks, until the usual amount of biomass was recovered.

Shortly afterwards, a forth stable state was observed in parallel in the two reactors. The end

of this stable state correspond to a period of time when a lot of biomass was sampled from

the reactors for different experiments, followed by operation failures such as a pH regulation

incidents (RA) or the lake of trace elements in the influent (RA and mainly RB). The fifth

stable state started several weeks after the stabilization of the reactor operation. It persisted

in RB after inoculation and few weeks during the beginning of the transition to different

wastewater types. The sixth stable state was observed three months after the transition to

complex polymeric wastewater and the seventh one month after the end of the transition

from complex back to simple monomeric wastewater.

In order to determine which taxa were the most impacted by the changes of substrate, t-test

analysis were performed between the mean relative abundance of the bacterial communities of

the three influent wastewater types (supplementary file Table A.15). There were 29 abundant,

186 divergent taxa (at genus level) on a total of 292.

Among the 29 abundant taxa, Dechloromonas, Ferribacterium, Ca. Nitrotoga, and uncharacter-

ized taxa from the families of Comamonadaceae, OPB56 and SJA-28 were not divergent. The

23 other divergent and therefore discriminant taxa are presented in Table IV.2. Propionivibrio,
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Table IV.2 – Table of the discriminant taxa of the study. The sign ’-’ indicates that the taxon
was significantly less abundant in the second wastewater type compared to the first one.
Conversely, the sign ’+’ indicates that the taxon was significantly more abundant in the second
wastewater type compared to the first one. The average abundances of the taxa according to
the three wastewater types are in electronic supplementary material Table A.16

Genus simple to complex
monomeric

simple to complex
polymeric

complex
monomeric to
polymeric

Ca. Accumulibacter -
Rhodobacter +
Tetrasphaera +
DB1-14 (o) - -
Hyphomonadaceae (f) - -
CYCU-0281 - -
Nocardioides + +
Propionicicalva + +
Micropruina + +
Propionicimonas + +
Saccharibacteria (p) + +
Shinella + +
Diaphorobacter +
Propionivibrio - -
Ca. Competibacter - -
Flavobacterium - -
CPB S18 -
Meganema -
Pseudoxanthomonas -
B142 (f) + -
Thiothrix + -
Zoogloea - +
CPB C22&F32 + - -
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Table IV.3 – Variations in the relative abundance of the discriminant taxa of AGS across the
different stable states observed with complex monomeric wastewater (stable states 2, 3, 4 and
5). Only the taxa with significant and non ambiguous differences of relative abundance from a
stable state to all the others are shown. These differences are indicated by different signs, ’- -’
being the lowest relative abundance and ’++’ the highest. Other functionally important taxa
are not included in this table if they did not show differences between the stable states. The
p-values of the t-tests are in electronic supplementary material Table A.15

function Taxon stablestate 2 stablestate 3 stablestate 4 stablestate 5
PAO Ca. Accumulibacter - + ++ ++

Tetrasphaera + + - -
Ca. Competibacter ++ + - - -

GAO CPB_S18 + + - - -
Propionivibrio + + + -
CPB C22&F32 - + + +
Rhodobacter ++ - - + -

putative Meganema - + - -
denitrifier Zoogloea - - + ++

Pseudoxanthomonas + - - ++ -
fermenter Propionicicalva ++ - + +

Nocardioides - + ++ ++
putative CYCU-0281 + - + ++
hydrolyzer Flavobacterium + - - -

DB1-14 (o) + - - -
not Shinella - + - -
determined Diaphorobacter - + + +

B142 (f) + ++ - -

Ca. Competibacter and Flavobacterium were enriched in the monomeric wastewaters. Ca.

Accumulibacter was significantly less present in the AGS fed with the complex monomeric

wastewater than in the AGS fed with the simple wastewater, but the difference is not signif-

icant between the simple and the polymeric wastewater. During the transition to complex

monomeric wastewater, the proportion of Ca. Accumulibacter decreased abruptly.

Bacteria from the order DB1-14, the family Hyphomonadaceae and the genus CYCU-0281

were significantly enriched in the simple wastewater compared to the complex wastewater.

The Actinobacteria Nocardioides, Propioniciclava, Micropruina and Propionicimonas, able

to grow by fermentation, were significantly enriched in the complex wastewaters. This was

also the case for Shinella and the uncharacterized Saccharibacteria (p). Flavobacterium,

CPB_S18, Meganema and Pseudoxanthomonas decreased with the introduction of polymeric

compounds in the wastewater.

The mean relative abundances of the abundant taxa in the different stable states observed with

complex monomeric wastewater were compared in order to identify important changes inside

the main functional groups. Globally, the decrease in the proportion of one or more members

of a functional group is concomitant with the increase of one or more other members of this
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group. For example, in stable state 2, the PAO Tetrasphaera was around 6 % relative abundance

and the PAO Ca. Accumulibacter was around 1 %. In the following stable states, the proportion

of Ca. Accumulibacter increased while the proportion of Tetrasphaera decreased. The pro-

portion of the GAO Ca. Competibacter followed the opposite trend from Ca. Accumulibacter,

its relative abundance decreased between each stable state 2 to 5. The GAO CPB_S18 and

Propionivibrio followed the same trend, with a lower intensity, whereas the CPB_C22&F32

increases between stable state 2 and 3.

IV.3.5 Changes in the microbial communities during the transition to a complex
polymeric and back to simple wastewater

Figure IV.11 – Principal component analysis based on the Bray-Curtis distance of the bacterial
communities (genus level) at stable states. The two first coordinates PCo1 and PCo2 explain
32.21 % and 22.69 % of the variance, respectively. The plots of the three first coordinates are
provided in supplementary material (Figure A.6).

The main similarities between the bacterial communities are highlighted in the PCoA based

on their Bray-Curtis distance matrix of the samples at stable state (Figure IV.11). On the two

first axis of this PCoA, the stable states are grouped in tree big clusters : stable states 1 and

7 (simple monomeric), stable states 2 and 3 (complex monomeric), and stable states 4, 5

(complex monomeric) and 6 (complex polymeric).
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The bacterial communities from stable states 1 and 7, corresponding to the simple wastewater

before and after the passage to complex monomeric wastewater, are close to each other, but

they are not overlaid. This confirms that the changes in the bacterial communities induced

by this change of wastewater composition were only partly reverted. This can also imply that

the bacterial communities respond to factors other than the composition of the wastewater

alone. Stable states 2 and 3 are clearly separated from the rest of the samples on the third axis,

although they were fed with the same type of wastewater as the samples from stable states

4 and 5. The difference between the bacterial communities of these two stable states may

be primarily due to the low abundance of Ca. Accumulibacter characterizing these bacterial

communities. The stable states 4, 5 and 6 are grouped together in this analysis. The differences

between the samples collected before and after the transition from complex monomeric to

complex polymeric wastewater do not show on the two first axis of this PCoA, revealing that the

changes of bacterial communities during this transition were small compared to the changes

induced by other wastewater composition changes or perturbations.

IV.3.6 Comparison of the bacterial communities in flocs and granules

The proportions of the abundant taxa in the flocs and granules were compared in order to

determine potential enrichment in one fraction or the other (Figure ( IV.12). For the majority

of the taxa, no strong tendencies are detected. Stable states 2 and 4 gather respectively 14 and

19 observations, whereas stable states 5 an 6 gather respectively 8 and 4 observations. The

low amount of data can be the cause for the absence of significant results for these two latter

states.

In the stable states 2, 4 and 5, Tetrasphaera, the GAO Ca. Competibacter, Rhodobacter, SJA-28

(f), Nocardioides, and B142 (f) were mostly enriched in granules, whereas Thiothrix, Zoogloea,

Propionicimonas and Dechloromonas were slightly enriched in flocs.

The tendencies in the stable state 6 do not correspond with those of the stable state 2, 4 and

5. During this stable state, the formation of new granules was not observed, therefore, the

bacteria enriched in the granules during this state probably correspond to the old community

which was maybe not active but retained in the system because of the high sludge retention

time of the granules. The active communities were, at that time, located in the flocs. Indeed,

Tetrasphaera, which was detected to be enriched in granules during the other stable states,

was mostly in the flocs in the samples from the stable state 6. This indicates that the relative

abundance of Tetrasphaera was higher in the recently formed biomass.
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Figure IV.12 – Granules and flocs heatmap showing the average relative abundance of the
abundant taxa during stable states 2, 4, 5 and 6. The flocs and granules data of the other
stable states were too sparse for this analysis. Green indicates a higher proportion in granules,
purple a higher proportion in flocs. In order to lower the possible effect of noise in the very
low abundant taxa, a pseudo-count of 0.5 % was added to each abundance for the color code
and the significance analysis. A yellow asterisk indicates the differences that are significant
with a adjusted p-value of 3.45×10−4 (0.01/29).
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IV.3.7 Correlation between the bacterial communities and the nutrient removal
performances

Correlations between the nutrient removal performance and the discriminant taxa are shown

in Figure IV.13(A). Few of these correlations are strong or significant. Probably because the

main reasons for nutrient-removal performances decrease were mostly operational dysfunc-

tions. The variable showing the most significant correlations with the relative abundance of

the discriminant taxa is the level of phosphate in the bulk water at the end of the anaerobic

phase. According to this heatmap, the discriminant taxa were grouped in four clusters. Cluster

I is associated to a good TN-removal, medium to good P-removal, low COD and medium

to high phosphate concentrations in the bulk water at the end of the anaerobic phase. It is

composed of the classical PAO Ca. Accumulibacter, two classical GAO Ca. Competibacter and

CPB_C22&F32, uncharacterized genera from the Hyphomonadaceae and the aerobic bacteria

Thiothrix. As expected, Ca. Accumulibacter is strongly correlated with high P-release during

the anaerobic phase and high P-removal. Its most famous competitor, Ca. Competibacter,

is weakly and not significantly correlated with lower P-removal. An explanation might be

that it took advantage of the sudden decrease of Ca. Accumulibacter during the transition to

complex monomeric wastewater. At that time, the P-removal performances were impacted for

several weeks. This cluster is principally composed of bacteria that were more abundant with

the monomeric wastewater (Figure IV.13(B)). This can be an explanation for their positive

correlations with TN-removal. Indeed, TN-removal was slightly lower with the polymeric

wastewater. Another explanation for the positive correlation with good TN-removal can also

be that some of them have denitrifying capabilities.

Cluster II is linked with lower P-removal, low concentrations of COD and high concentrations

of phosphate at the end of the anaerobic phase. It is composed of bacteria that were most

abundant with the simple monomeric wastewater. Therefore their positive correlation with

high P-release can be linked with their co-occurence with Ca. Accumulibacter, which was

particularly abundant with this wastewater type. On the other hand they are negatively

correlated with the P-removal performance, in particular the GAO CPB_S18 and Propionivibrio.

Cluster III is linked with good P-removal performance, higher concentrations of COD and

lower concentrations of phosphate at the end of the anaerobic phase. It is composed of

bacteria that were more abundant with the complex wastewater, and especially with the

polymeric one. The reasons for these correlations remain unclear but can be related to the

wastewater type.

Cluster IV is weakly linked with low amounts of phosphate at the end of the anaerobic phase.

Zoogloea and Diaphorobacter are correlated with low TN removal, possibly because of their

higher proportions with the polymeric wastewater.
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IV.3.8 Multiple factor analysis

The multiple factor analysis (MFA) performed on the nutrient removal performance and the

bacterial communities of the samples at bacterial stable state (Figure IV.14) summarizes

the main tendencies of these two characteristics of AGS during this experiment. The com-

parison between the projection of the axes composition and the positions of the samples in

the two dimensions highlights correlations between the discriminant taxa and the different

stable states, themselves linked to different wastewater types. This figure reflects that Ca.

Accumulibacter and CYCU-0281 were particularly abundant with the simple monomeric

wastewater. Diaphorobacter was the only discriminant taxa to be present in higher proportion

with the polymeric wastewater (stable state 6). The bacteria present in higher proportions

with the complex monomeric wastewater (stable states 2 to 5) are located around the bottom

right corner of the axis projection. They are primarily belonging to Actinobacteria : Tetras-

phaera, Propionicilava, Micropruina, Propionicimonas, and other bacteria for which the in situ

metabolism was not studied in wastewater treatment sludge. The samples from stable state 2

and 3 are separated from the ones from stable states 4, 5 and 6, mostly due to differences in

the microbial communities. Most of the samples from stable state 7 are clearly separated from

those of stable state 1, while they correspond to the same wastewater type. Their microbial

communities are a little different and the wastewater 7 had a higher COD load.

IV.4 Discussion

IV.4.1 General observations

The composition of the wastewater was changed from simple to complex monomeric in

a first time and to complex polymeric in a second time. The aims were to assess how the

mature AGS bacterial communities, developed on a mixture of acetate and propionate, would

adapt to the presence of fermentable and polymeric compounds in the influent wastewater,

and if the settling and nutrient removal performance of these AGS would be impacted by

such changes. Despite the fact that the bacterial communities changed substantially with

the introduction of fermentable compounds in the influent, the settling properties and the

nutrient removal performances remained globally unchanged. Conversely, the introduction

of polymeric compounds in the influent caused smaller changes in the bacterial communities,

but significantly altered the settling properties and TN removal performances.

IV.4.2 Transition from simple to complex monomeric wastewater

The class of Actinobacteria with Tetrasphaera, Propioniciclava, Propionicimonas and Micro-

pruina, and the phylum of Saccharibacteria became abundant with the transition from simple

to complex monomeric wastewater, while the class of Gammaproteobacteria and in particular

Ca. Accumulibacter diminished from around 35 % to less than 5 %. The Actinobacteria genera

detected with the complex wastewater were previously detected in high abundance in EBPR
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activated sludge [Nielsen et al., 2012b, Stokholm-Bjerregaard et al., 2017, Xia et al., 2008a]

treating real wastewater. Their presence in AGS treating complex wastewater is therefore

not surprising. Yet the influence on the granulation of the sludge and the settling properties

was unknown. The results of this study show that a high proportion of Actinobacteria and

Saccharibacteria is not detrimental to the granulation and the settling properties of the AGS,

since the SVI3 of the AGS stayed below 50 mlg−1 with the complex monomeric wastewater.

The members of Saccharibacteria, formerly named Candidate phylum TM7, detected in this

study, are only characterized at the phylum level. Their metabolism is therefore unknown. Yet,

the metagenome assembled genomes of other members of this phylum (e.g., Ca. Sacchari-

monas) have recently been obtained from EBPR sludge samples [Albertsen et al., 2013]. The

reconstructed genome of Ca. Saccharimonas suggests an obligate fermentative metabolism,

taking up glucose and releasing acetate and lactate, with the ability to survive in aerobic

conditions through oxidative stress protective enzymes such as superoxide dismutase and

glutathione peroxidase [Albertsen et al., 2013]. The fact that the uncharacterized members of

Saccharibacteria were abundant in the system only with complex wastewater, suggests that

they may also have the ability to ferment glucose or amino acids.

The dramatic decrease of the relative abundance of Ca. Accumulibacter is difficult to explain.

First, there doesn’t seem to be a limitation in availability of VFA. VFA were still present in the

influent although at lower concentrations and the fermentative bacteria produce VFA upon

glucose and amino acid fermentation. The fermentative PAO Tetrasphaera can ferment various

sugars and amino acids anaerobically and release succinate, acetate and other fermentation

products [Barnard et al., 2017, Kristiansen et al., 2013]. The fermentative GAO Micropruina also

releases part of the fermented carbon mainly as acetate and lactic acid [McIlroy et al., 2018].

Propioniciclava and Propionicimonas are known to ferment glucose and other carbon source

and release propionic acid [Bae et al., 2006, Zhang et al., 2017b]. Hence, the fermentation

products released by these fermentative bacteria should allow classical PAO and GAO to

remain in the system. Second, the ‘disappearance’ of Ca. Accumulibacter from the AGS was

temporary and this PAO was around 20 % 8 months later.

The most likely hypothesis for the sudden decrease of Ca. Accumulibacter is the infection by a

bacteriophage. Indeed it is common that the dominant bacterial population of a microbial

community is attacked by a specific phage [Rodriguez-Brito et al., 2010]. More specifically,

sudden decreases of Ca. Accumulibacter,detected in EBPR activated sludge by using quantita-

tive FISH, were attributed to a lytic Ca. Accumulibacter-associated bacteriophage [Barr et al.,

2010b]. As in the present study, this event was associated with an increase of the proportion

of Ca. Competibacter and a deterioration of the P-removal efficiency. The P-removal perfor-

mance was impaired from day 103 on. Significant proportions DNA sequences corresponding

to Ca. Accumulibacter were detected until day 130. Therefore, either the phage attack occurred

around day 102 and the DNA of the lyzed Ca. Accumulibacter cells remained in the granules

for 20 days, or the decrease of P-removal performances were in this case not related to a phage

attack but rather to the decrease of VFA and total COD content in the influent wastewater.
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Whether it was linked or not to the decrease of P-removal efficiency, the phage attack is sup-

ported by previous analysis performed on the AGS present in the reactor before the beginning

of the experiment (chapter II). Indeed the genomes of the phages EBPR podovirus 1 (EPV1)

was also detected in the DNA sequences of the granules sequenced separately [Leventhal et al.,

2018]. This phages was previously detected in the metagenomes from an EBPR reactors and

both was proposed to be able to infect Ca. Accumulibacter [Skennerton et al., 2011].

IV.4.3 Transition from complex monomeric to polymeric wastewater

The changes in the bacterial communities after the transition from complex monomeric to

polymeric wastewater were more subtle than the bacterial community changes during the

first transition from simple to complex monomeric influent. The samples of the stable state 6

corresponding to polymeric wastewater clustered with stable states 4 and 5, corresponding to

complex monomeric wastewater, on the first two components of the PCoA of the bacterial

communities during stable states. Likely some bacteria able to ferment sugars and amino

acids also have the capability to hydrolyze polymeric compounds [Xia et al., 2008a]. One of

the major changes observe during this transition was the increase of Zoogloea. In AGS, this

heterotrophic EPS producer [Larsen et al., 2008] is likely a marker of VFA leakage in the aerobic

phase [Weissbrodt et al., 2012]. It had already began to thrive after the second pH incident. At

that time, the biomass was lower and even if the volume exchange ratio was adapted to the

amount of biomass, the COD concentrations at the end of the anaerobic phase were slightly

higher than the usual ones (data not shown).

The transition from complex monomeric to polymeric wastewater was followed by a significant

decrease of the settling properties. This link between polymeric compounds and lower settling

properties of AGS was reported in previous studies [de Kreuk et al., 2010, Martins et al., 2011].

With AGS, high amounts of COD at the beginning of the aerobic phase are believed to be

responsible for the development of floccular or less dense structures due to the overgrowth

of aerobic heterotrophs [Pronk et al., 2015a]. Yet, hydrolysis being a slow process and the

rate limiting step for the COD uptake by the bacterial communities [Morgenroth et al., 2002],

it is likely that part of the COD is not hydrolyzed during anaerobic phases shorter than two

hours. After the addition of polymeric compounds in the influent, the COD at the end of

the anaerobic phase was higher than it was with the monomeric wastewaters. Moreover it

is possible that part of the polymers were not detected in the bulk water because they were

adsorbed at the surface of the granules[de Kreuk et al., 2010]. In this case, our analysis of

soluble COD could have under-estimated the amount of COD available during the aerobic

phase. It is therefore likely that an increased amount of COD available at the beginning of the

aerobic phase was an important factor of the deterioration of the settling properties of the

sludge observed with polymeric wastewater. Another explanation for the presence of flocs

and small granules with the polymeric substrate is that big polymers cannot diffuse into the

granules as easily as monomers. Even though the polymeric compounds in the wastewater of

this study had a rather small size, it may not diffuse into the granules as quickly as monomeric
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compounds, thus giving a competitive advantage to flocs and small or porous granules.

The transition to polymeric wastewater was first followed by a progressive replacement of the

granules by floccular biomass. A first apparition of new granules, announced by a contraction

of the sludge, was detected two months after the end of the transition to polymeric wastewater

(day 788). Yet, no significant change in the bacterial community was noted around that day,

therefore one can only speculate as to the reasons for the temporary loss of granulation. First,

the fact that no changes were detected at the genus level in the bacterial population does not

guaranty that the community did not change. Bacteria from a same taxon can have different

metabolic capabilities. It is therefore possible that bacteria able to produce hydrolyzing

enzymes were not present in sufficient abundance in the sludge before the transition to

polymeric wastewater and took some time to thrive. I would also be possible that this capability

to hydrolyze starch and peptone became abundant in the microbial population by horizontal

gene transfer [Soucy et al., 2015]. A second potential reason for the impaired granulation

resides in biofilm regulation possibly via quorum sensing [Tan et al., 2014]. The eukaryotic

population of AGS can play a role in the degradation of polymeric COD from the wastewater.

Unlike prokaryotes, eukaryotes are able to uptake macro particles before their hydrolysis.

A part of the polymeric COD was possibly utilized by the eukaryotes present in the sludge.

A lower availability of COD content of the wastewater by the bacteria implied in biofilm

formation, can inducing the bacterial communities to temporarily invest less in biofilm

formation [Burne, 1998, Jefferson, 2004, Jefferson et al., 2004].

Even after granulation, the settling properties of the sludge were not as good as they were

with the monomeric wastewaters, in particular because of a part of the biomass remained

floccular. This effect of polymeric compounds on the settling properties were previously

observed with AGS treating low to medium-strength wastewater containing an important

proportion of polymers (typically municipal wastewaters) [Derlon et al., 2016, Pronk et al.,

2015b, Wagner et al., 2015b] including the study presented in chapter III. A slight decrease in

the TN-removal, due to higher nitrate concentrations in the effluent, was noticed with the

polymeric wastewater. This negative correlation between the proportion of polymeric COD

in the influent and the nitrate concentration in the effluent was previously noticed [Wagner

et al., 2015b, Wang et al., 2018] and will be discussed further in chapter VI.

IV.4.4 Reversibility of the changes induced in the bacterial communities

The changes in the bacterial community noticed after the change from simple to complex

monomeric wastewater were partly reversed after the transition back to simple wastewater

(Figure IV.11). The total proportion of bacteria from the class of Actinobacteria and the

phylum of Saccharibacteria, that likely have a fermentative metabolism and benefited from

the introduction of glucose and amino-acids in the influent, decreased again below 0.5 %. It is

not surprising that fermentative bacteria decrease drastically if the fermentable compounds

are not provided anymore. Yet, Tetrasphaera was among the abundant bacteria during the
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initial phase with simple monomeric wastewater. Members of this genus have the capability

to take up acetate under anaerobic conditions (without P-cycling) [Kristiansen et al., 2013],

allowing them to maintain themselves in AGS fed with simple wastewater. Yet this did not

allow Tetrasphaera to stay abundant in the AGS after the transition back to simple monomeric

wastewater.

The class of Gammaproteobacteria almost returned to the proportions that were usually

measured before the change to complex monomeric wastewater (around 70 %). Conversely,

the classes of Alphaproteobacteria and Chlorobia were measured at higher proportions than

they were at the beginning of this study.

The difference in the bacterial communities of AGS fed with the simple wastewater before and

after the changes of wastewater composition can be explained by the existence of multiple

equilibria or also by the difference of the total COD concentration between the two simple

wastewaters.

IV.4.5 Multiple stable states as the result of multistability ?

The AGS reactors were operated during 15 and 10 months with complex monomeric wastew-

ater. During that time, four different stable states were observed. Perturbations such as too

high pH, change in food over microorganism ratio were detected as potential trigger factors

for the switch to a new equilibrium in the bacterial community. It is difficult to state if the

transient stable states observed were a case of multiple stable states, since each one of them

seemed to result of a perturbation. The monitoring of AGS bacterial community composition

and functioning fed with the same wastewater composition and without perturbations over

a long period of time would have been necessary to assess the existence of multiple stable

states.

These four stable states were performing similarly in terms of settling and nutrient removal

efficiency, even though some differences were noted regarding the amount of P-release during

the anaerobic phase. Indeed, most of the losses in nutrient removal corresponded to operation

failures, and no strong correlation could be establish between particular taxa and nutrient

removal performance. Similarly, microbial communities from conventional or EBPR activated

sludge or methanogenic bioreactors were also reported as extremely dynamic in terms of

composition without that the performance were affected [Fernandez et al., 2000, Wang et al.,

2010, Wells et al., 2011] .

This functional stability noticed in the present study was likely possible through a sufficient

functional redundancy present in the bacterial community before each perturbation[Botton

et al., 2006]. At the beginning of the experiment, Ca. Accumulibacter was the dominant

PAO, but Tetrasphaera was present in the system, probably through its metabolic versatility

allowing it to take up acetate [Nguyen et al., 2011]. Therefore, after the sudden decrease of Ca.

Accumulibacter, Tetrasphaera took over and the P-removal was maintained. The co-existence
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of these two PAO occupying different niches was previously reported as a factor of P-removal

stability in the EBPR process [Nguyen et al., 2011].

IV.4.6 The microbial communities in flocs and granules

A dynamic equilibrium tends to establish between flocs and granules, with the bacteria

detaching from the surface of the granules forming new flocs, and parts of broken granules

and flocs aggregating or serving as seed for new granules [Barr et al., 2010a, Gonzalez-Gil and

Holliger, 2014, Szabo et al., 2017a, Zhou et al., 2014]. Several studies report big differences

between the microbial communities in flocs and granules [Liu et al., 2017], but generally they

are more similar between flocs and granules fractions in a single reactor than between the

the same fractions in different reactors [Zhou et al., 2014]. The data collected during this

experiment confirms that even though some taxa were slightly enriched in flocs or in granules,

the overall bacterial community was globally similar in the two fractions.

Yet, several factors can favor the enrichment of specific taxa in one or the other fraction. The

sludge retention time is higher in granules due to their excellent settling properties [Ju and

Zhang, 2015]. Therefore slow growing bacteria can be preferentially enriched in granules. The

nitrite oxydizing bacteria Ca. Nitrotoga, the GAO Ca. Competibacter and the fermentative

PAO Tetrasphaera were maybe slightly more abundant in the granular fraction for this reason.

Depending on the stability of the granules, the microbial populations located far from the

surface of the granule are more or less exposed to erosion [Szabo et al., 2017a]. In the case of

very resistant granules, those microbial populations will be sparse in the flocs fraction and the

flocs will mainly contain bacteria that are located at the surface of the granules [Weissbrodt

et al., 2013]. Indeed, in the present study aerobic heterotorphic bacteria such as Thiothrix and

Zoogloea were enriched in flocs. Conversely to other bacteria, the ones having the capability

to use nitrate as electron acceptor may have to possibility to grow in the regions located under

the surface of the granules. These bacteria will be less susceptible to erosion and therefore

enriched in granules. This could be the reason why Rhodobacter, Ca. Competibacter and

Tetrasphaera were generally more abundant in the granules.

IV.5 Conclusion

This study was designed to assess the impact of the introduction of fermentable and polymeric

compounds in the influent wastewater on the bacterial community, the settling properties and

the nutrient removal performance of an AGS sequencing batch reactor operated previously

with a simple monomeric influent containing acetate and propionate.

The transition from simple to complex monomeric synthetic wastewater induced a change

in the microbial communities with the increase of Actinobacteria and Saccharibacteria to

the detriment of Betaproteobacteriales. During the transition to the complex monomeric

wastewater, the proportion of the classical PAO Ca. Accumulibacter decreased suddenly, to
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the benefit of the fermentative PAO Tetrasphaera and the classical GAO Ca. Competibacter.

However the attack of a phage on Ca. Accumulibacter may have increased the changes

induced by the wastewater changes and the classical PAO reestablished in the system after

height months, as the AGS was still fed with complex monomeric wastewater. However the

microbial communities treating simple wastewater remained significantly different from the

one treating complex wastewater, especially with important groups of fermenting bacteria

being absent from the first one. This points out that important taxa are missing when working

only with simple wastewater.

This drastic change of the microbial community would have remained unoticed without

the monitoring of the bacterial communities by amplicon sequencing, as no changes in

the settling properties and nutrient removal efficiency was measured after the transition to

complex monomeric wastewater.

Conversely, the changes in the bacterial community were less spectacular with the transition

from complex monomeric to polymeric wastewater. Yet the granulation of the sludge was lost

during the transition and recovered only three months after. The TN-removal performances

were also slightly lower after the introduction of polymeric compounds in the wastewater.

The modifications in the bacterial community induced by the change of substrate were mostly

reversible, the few remaining differences can be stochastic, due to other factors like the priority

effect, or to the difference in the COD concentrations between the simple wastewater used at

the beginning and at the end of this study.

These results confirm that the microbial community of AGS is very dynamic and other factors

than wastewater composition can trigger important changes in its composition. Yet, this

dynamism does not necessarily alter the stability of the settling properties or the nutrient

removal performance of this AGS, which can be assured through functional redundancies as

indicated by multiple stables states with complex monomeric wastewater as influent.
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V Metagenomic analysis of different
AGS samples

V.1 Introduction

V.1.1 The use of molecular techniques to study microbial communities

Numerous bacteria found in aerobic granular sludge (AGS) belong to genera that have not

been isolated in pure culture (Chapter II, III and IV). If amplicon sequencing or quantitative

fluorescence in situ hybridization (qFISH) allow to assess the microbial composition of a

system, the individual metabolism of the different microorganisms is often more difficult to

investigate. Molecular methods can help to gain information about those metabolisms [Cetin

et al., 2018, McIlroy et al., 2014]. DNA sequencing technologies, starting with Maxam and

Gilbert’s [1977] and Sanger’s in [1977], evolved to next-generation sequencing technologies

producing high quantities of short-reads genomic data, at a price constantly decreasing [van

Dijk et al., 2018b]. The knowledge obtained from the genomic information collected can allow

to estimate the composition of a microbial community or enable inferences on the metabolism

encoded by the DNA sequences, possibly being the starting point of transcriptomic or/and

proteomic studies [He and McMahon, 2011, Kunin et al., 2008, Mcllroy et al., 2017]. The

knowledge acquired on the DNA of the bacteria is also used to design probes for in situ

hybridization and visualization (FISH) or primers for quantitative PCR. Microautoradiography-

(MAR-)FISH has for example been used to investigate the metabolic activity of bacteria in

activated sludge performing biological phosphorus removal [Kong et al., 2005, McIlroy et al.,

2014, Okabe et al., 2004, Xia et al., 2008a]. Little by little, the information collected with those

molecular methods provides precious understanding of the function of populations within

microbial communities in systems that were before considered as black boxes [Kristiansen

et al., 2013, Lawson et al., 2017, Luecker et al., 2010, Nielsen et al., 2012b, Weissbrodt et al.,

2014b, Wilmes et al., 2008, Xia et al., 2014].
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V.1.2 Grouping DNA sequences according to their phylotype remains challenging

The separation of the short DNA reads coming from high-throughput sequencing into distinct

phylogenetic bins (binning) remains challenging and needs to be adapted on a case-by-

case basis [Sloan et al., 2013]. Reference-based binning sorts the reads according to their

homology with sequences from reference genomes. The major drawback of this approach is

the incompleteness of genomic databases which often simply do not contain the reference

genomes corresponding to part of the taxa present in the community to study [Leventhal

et al., 2018, Wang et al., 2014b]. Unsupervised binning methods are thus often preferred. They

are generally based on oligonucleotide frequencies [Vinh et al., 2015, Wrighton et al., 2012]

and differential coverage from different extractions/samples [Nielsen et al., 2014], or both

[Albertsen et al., 2013, Alneberg et al., 2014, Skennerton et al., 2015].

The tetranucleotide frequency is phylotype-specific, but DNA sequences shorter than 2 kbp

are too small to provide a reliable information [McHardy et al., 2007, Pride et al., 2003, Teeling

et al., 2004]. Le Van et al. [2015] bypassed this difficulty by grouping the reads and performing

the binning based on tetranucleotide frequency on these groups of reads. Another drawback

of this method is that the tetranucleotide frequency is not even on the whole genome. For

example, sequences acquired through horizontal gene transfer can have a tetranucleotide

frequency differing a lot from the rest of the genome [Deschavanne et al., 2000, Dick et al.,

2009]. Therefore, this binning method is only rarely used alone for complex metagenomes. If

different samples with differential abundance of the different taxa can be obtained, the binning

based on differential abundance is generally preferred [Albertsen et al., 2013, Nielsen et al.,

2014, Skennerton et al., 2015]. Albertsen et al. [2013] used two different extraction methods

on the same biomass sample to obtain this differential abundance and thus recovered nearly

complete genomes including some from taxa representing less than 1 % of the total read

abundance.

Most of these binning methods rely on an assembly common to all the samples, requiring

that the initial reads are pooled and assembled. This can increase the polymorphism of the

sequences to assemble and thus the computational cost of the initial assembly [Sloan et al.,

2013]. Moreover, obtaining good quality assemblies from short reads of complex metagenomes

is not an asset [Schmid et al., 2018]. The presence of closely related species, polymorphisms

or sequencing errors create ambiguities that are sometimes impossible to resolve [Olson et al.,

2017]. Large intragenomic or intergenomic duplicated regions or repeats that are bigger than

the region spanned by a pair of reads lead to fragmented or miss-assembled contigs [McIlroy

et al., 2014, Olson et al., 2017, Wooley et al., 2010]. Metagenome assembled genomes are

therefore often incomplete and/or contaminated.

Clustered regularly interspaced short palindromic repeats (CRISPR) represent another chal-

lenge for gemone assembly. CRISPR are part of an adaptative antiphage-defense system

which is present in about 50 % of the sequenced bacteria [Hille et al., 2018]. The genomes of

bacteria endowed with a CRISPR-Cas system will obviously be very difficult to reconstruct
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from metagenomes due to the high polymorphism of the CRISPR regions. Dedicated tools

exist to reconstruct CRISPR loci [Skennerton et al., 2013].

V.1.3 Long-read sequencing technologies facilitates the assembly of complete
genomes

Long-read sequencing technology became available in 2011 with the single molecule real time

(SMRT) sequencing from Pacific Bioscience (PacBio) [Eid et al., 2009] and was followed in

2014 by nanopore sequencing from Oxford nanopore technologies (ONT) [Jain et al., 2015].

These technologies allow the sequencing of fragments of several kilobase pairs (kbp), with

an error rate of around 15 % [Quail et al., 2012]. The errors in PacBio reads being randomly

distributed, they can be corrected by the superposition of multiple sequences of the same

clone or multiple sequencing of the same fragment (CSS) [Koren et al., 2012, Ono et al.,

2013, van Dijk et al., 2018b]. PacBio sequencing has been widely used to close high-quality

eukaryotic and prokaryotic genomes, through the advantage of reads longer than most repeat

regions. The errors are corrected with the information contained in the read themselves or

with Illumina short-reads from the same DNA [Koren and Phillippy, 2015, Ricker et al., 2016].

The use of PacBio in metagenomic studies only began to become common practice since

2016. The high error rate of long reads, the lack of adapted bioinformatic tools and the limited

number of PacBio sequencing devices has limited, for a time, their use for metagenomes

sequencing [English et al., 2012]. Nowadays, numerous metagenomic studies use long-reads

in complement of short-reads [Daims et al., 2015, McIlroy et al., 2018, Schmid et al., 2018,

Slaby et al., 2017]. Those comparing the hybrid assembly of PacBio/ONT and Illumina se-

quences with the assembly of Illumina sequences revealed that the introduction of long-reads

significantly improved the quality of the assembly [Frank et al., 2016, Tsai et al., 2016]. PacBio

sequences (long-reads) have been assembled without using short-reads for an enriched mi-

crobial community [Ahlgren et al., 2017], but to the knowledge of the candidate, this was not

tried with more complex metagenomes.

V.1.4 Denitrification is performed by microorganism of various phylotypes

Nitrogen usually enters the wastewater treatment plants in the form of ammonium (linked

or not to organic matter). It is oxydized aerobically into nitrite and nitrate by ammonium

oxidyzing organisms [von Sperling, 2007]. Several steps are then required to reduce nitrate

into dinitrogen gas (N2). The classical denitrification pathway, which can be performed by

a single or a combination of different bacteria, includes dissimilatory nitrate, nitrite, nitric

oxide, and nitrous oxide reduction [Kuypers et al., 2018].

Two different type of dissimilatory nitrate reductases can reduce nitrate into nitrite, a membrane-

associated respiratory nitrate reductase (Nar) encoded by the operon (narGHIJ) and a periplas-

mic nitrate reductase (Nap), which is found in gram-negative bacteria [Moreno-Vivian et al.,

1999]. Alternatively, nitrate can be assimilated in the bacterial biomass through an assimilatory
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pathway which will not be discussed further here [Kuypers et al., 2018, Moreno-Vivian et al.,

1999]. Nitrite reduction can be carried out by different nitrite reductases: a cytochrome c

carrying multiple heme (operon nrf), a cythochrome cd1 nitrate reductase (NirS) or a copper-

containing nitrite reductase (NirK) [Kuypers et al., 2018, Moreno-Vivian et al., 1999]. A nitric

oxide reductase (Nor) reduces nitric oxide into nitrous oxide, which can be further reduced

into dinitrogen gas by a nitrous oxide oxydase (Nos) [Kuypers et al., 2018]. If this last enzyme

is not present, nitrous oxyde, which is a greenhous gas, will be the end product of the denitri-

fication. It is not clear if the microorganism performing denitrification in AGS all possess a

functional Nos. Indeed, the different parts of this denitrification pathway have been observed

in multiple bacterial taxa and can vary accross different strains belonging to a single genus

[Barr et al., 2016, Kim et al., 2013, Wang et al., 2014b].

V.1.5 Phosphorus cycling related genes

The genes involved in the polyphosphate accumulating organism (PAO) metabolism include

polyphosphate kinases (ppk), which catalyzes the elongation of polyphosphate chains, an ex-

opolyphosphatase (ppx), catalyzing the degradation of polyphosphate chains and phosphate

transporters [Akiyama et al., 1992, Rao et al., 2009]. All these genes are commonly found in

PAO and non-PAO bacteria and can therfore not be used as markers of PAO-metabolism.

Sequences encoding for two different types of phosphate transporters, the high-affinity phos-

phate ABC transporter system (Pst) and the low-affinity inorganic phosphate transporter (Pit)

were found in the genomes of Ca. Accumulibacter and Tetrasphaera PAO [Kornberg et al.,

1999, McIlroy et al., 2014, Vanveen et al., 1994]. Homologous sequences of the pit genes were

not found in the GAO Ca. Competibacter making this gene a good candidate to discriminate

between PAO and GAO metabolism [McIlroy et al., 2014]. Yet sequences coding for Pit system

were also detected in non-PAO and even in GAO organisms such as Defluviicoccus [Wang

et al., 2014a]. A genomic differences allowing to differenciate PAO from non-PAO metabolism

has not been found yet.

V.1.6 Ca. Accumulibacter is a highly diversified genus

Ca. Accumulibacter strains were clustered in 14 clades, distributed in two types (I and II),

based on their polyphosphate kinase (ppk1) gene [McMahon et al., 2002]. Activated sludge

performing enhanced biological phosphorus removal (EBPR), often harbour multiples Ca.

Accumulibacter clades whose proportions can change between different reactors and in time

[Barr et al., 2016, Flowers et al., 2013, He et al., 2007, Kim et al., 2013, Martin et al., 2006].

The genomic and in situ denitrification potential of the different clades has been studied

and seems to differ between clades. Metagenomic evidence supports AGS sequencing batch

reactor (SBR) observations showing that some Ca. Accumulibacter populations can denitrify

from nitrite [Kim et al., 2013]. A complete genome of ‘Candidatus Accumulibacter clade IIA’ has
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been assembled from an highly enriched sludge [Martin et al., 2014] and several metagenome-

assembled-genomes (MAG) were constructed from samples collected in multiple reactors

with an abundance-based binning method [Skennerton et al., 2015]. The genes encoding the

respiratory nitrate reductase Nar were not found in the genome of Ca. Accumulibacter IIA

[Martin et al., 2006]. Flowers et al. [2009] confirmed through batch experiments that a sludge

enriched with clade IIA could not perform phosphorus removal in presence of nitrate, while a

sludge enriched with clade IA could. The rest of the denitrifying pathway was found in the

genome of Ca. Accumulibacter IA and IIA, but parts or full Nos operon seemed to be missing

from the genomes of clades IIC, IIF and IC [Barr et al., 2016]. Given the different metabolism

harboured by the different Ca. Accumulibacter clades, the genetic potential and the dynamics

of these clades are worth to be studied.

V.1.7 Objectives

The experiments presented in the previous chapters allowed to collect useful information

about the dynamics of bacterial communities in relation to organic fermentable and poly-

meric compounds in the influent wastewater and the resulting physical and nutrient removal

characteristics of the AGS. Based on previous studies that have investigated the metabolism

of bacteria from wastewater treatment systems, the metabolic properties of bacterial pop-

ulations can be hypothesized based on their ’identity’. However, and as mentioned above,

the functional traits are not evenly distributed across a particular genus. Moreover, some of

the bacteria detected in these experiments have no taxonomically classified homologues in

public 16S rRNA genes databases. Therefore, the whole metagenomes of the sludge collected

when the reactor was operated with different wastewaters was sequenced, assembled and

examined in order to investigate the putative functions of the bacteria present in the biomass

with a focus on genes involved in phosphate removal, denitrification, biofilm formation and

hydrolysis.

V.2 Material and methods

V.2.1 Biomass sample collection

Four samples from EPFL experiment 1 described in chapter IV were chosen for full DNA

sequencing: samples collected on day 71 (d71) when the reactor was treating simple wastewa-

ter, on day 322 and 427 (d322 and d427) when the reactor was treating complex monomeric

wastewater, and on day 740 (d740) when the reactor was treating complex polymeric wastewa-

ter.
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V.2.2 Metagenomic DNA extraction from AGS biomass

Initially, four different protocols were tested for the extraction of metagenomic DNA: a mod-

ified version of the bacterial genomic DNA isolation CTAB protocol (DOE Joint Genome

Institute), the Maxwell® 16 Tissue DNA Purification Kit (Promega), the PowerBiofilm® DNA

Isolation Kit (MOBIO Laboratories) and the FastDNA® SPIN Kit for Soil (MPBIO). When using

DNA extraction kits, aliquots of 125 µl of AGS biomass suspension in TE buffer (10 mM Tris-HCl

(pH 8.0), 0.1 mM EDTA) normalized at an OD600 nm value of 1, was applied for metagenomic

DNA extraction. In the case of the CTAB protocol, 740 µl of the same biomass suspension was

used.

The bacterial genomic DNA isolation CTAB protocol (hereafter referred to as extraction A)

was applied as follows. To 740 µl of cell suspension, 20 µl of 100 mgml−1 lysozyme solution

was added and the sample was incubated for 5 min at room temperature. After addition of

40 µl of 10 % SDS and 4 µl of Proteinase K solution (23 mgml−1, Sigma-Aldrich), the sample

was incubated for 1 h at 37 °C. Then, 100 µl of 5 M NaCl and 100 µl of a 65 °C pre-warmed

CTAB solution (4 % NaCl, 10 % hexadecyltrimethyl ammonium bromide) were added and the

reaction was incubated for 10 min at 65 °C. Extraction of DNA was obtained by adding 0.5 ml

of a chloroform:isoamyl alcohol (24:1) solution and by centrifugation for 10 min at 16’000 × g.

The upper aqueous phase was transferred to a new tube and mixed with 0.6 volume of cold

isopropanol. After 30 min incubation at room temperature, the DNA was collected by 15 min

centrifugation at 16’000 × g. The pellet was washed with 70 % ethanol and centrifuged again.

The pellet was air-dried for 5 min and resuspended in 97.5 µl of ddH2O. A volume of 2.5 µl of

RNase (4 mgml−1) was added and the sample was incubated for 20 min at 37 °C. DNA was

precipitated by addition of potassium acetate and ethanol as presented above. Finally, the

pellet was resuspended in 100 µl of 10 mM Tris-HCl buffer (pH 8.0).

All three commercial kits were applied according to the manufacturer’s instructions with the

following modifications.

Maxwell® 16 Tissue DNA Purification Kit (hereafter referred to as extraction B): Elution of the

DNA from the magnetic beads was performed in TE buffer. Eluate was treated with RNase as

follows. To 150 µl of eluate, 50 µl of ddH2O and 5 µl of RNase A solution (4 mgml−1, Promega)

were added and the reaction was incubated for 20 min at 37 °C. The DNA was then precipitated

by adding 20 µl of 3 M potassium acetate solution (pH 5.2) and 400 µl of 100 % ethanol for

15 min at -80 °C. The DNA was recovered centrifugation at 4 °C and full speed in a tabletop

centrifuge (16’000 × g) for 15 min. The pellet was washed three times in 250 µl of 70 % ethanol

and centrifugated again. The DNA pellet was air-dried for 5 min and resuspended in 50 µl of

10 mM Tris-HCl buffer (pH 8.0).

FastDNA® SPIN Kit for Soil (hereafter referred to as extraction C): Cell lysis was performed

as presented above, followed by a 10 min centrifugation step (steps 4-5 in the instruction

protocol).
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PowerBiofilm® DNA Isolation Kit (hereafter referred to as extraction D): Cell lysis (step 5

in the instruction protocol) was performed by bead-beating using the Precellys 24 Tissue

Homogenizer (Bertin) at 6’000 rpm for two times 20 s with 30 s break.

All DNA samples were stored at -80 °C until further use.

V.2.3 DNA sequencing

The DNA samples obtained with extractions A and B were transmitted to the Lausanne Ge-

nomic Technologies Facility (University of Lausanne, Switzerland) for PacBio (extraction A)

and Illumina (extraction A and B) sequencing.

PacBio sequencing : 4.5 µg of the DNA from sample d71 and 4 µg of the DNA from samples

d322, d427 and d740 were used to prepare a SMRTbell library with the PacBio SMRTbell

Template Prep Kit 1 (Pacific Biosciences, Menlo Park, CA, USA) according to the manufacturer’s

recommendations. DNA fragments were selected by size on a BluePippin system (Sage Science,

Inc. Beverly, MA, USA) for molecules larger than 7 kb for sample d71, 8 kb for sample d322, 7

kb for sample d427 and 10 kb for sample d740. The resulting libraries were sequenced with

v2/v2.1 chemistry and diffusion loading on a PacBio Sequel instrument (Pacific Biosciences,

Menlo Park, CA, USA) at 600 min movie length using SMRT cells v2.

Illumina sequencing : DNA extractions A and B from samples d71, d322, d427 and d740 were

sequenced in multiplex on an Illumina HiSeq platform in paired-end mode (2x100 bp).

V.2.4 Assemblies of PacBio long-reads

Bamtools 2.4.1 [Barnett et al., 2011] was used to convert the long-reads from ’bam’ to ’fasta’

format and keep only the sequences longer than 500 bp. For each data-set, an approximate

mapping of the long-reads against themselves was performed with minimap2 v. 2.12 [Li, 2018]

and the option -x ava-pb. A de novo assembly of the long-reads and an assembly graph were

created by using miniasm v 0.2.r159 [Li, 2016] on the minimap2 output. Several combinations

of options were tested in order to maximize the contigs length but keeping the probability

of creating misassemblies as low as possible. The quality of the assemblies was assessed by

mapping the original raw PacBio long-reads on the assembly with minimap2 and the option

-ax map-pb and samtools 1.8 [Li et al., 2009] to convert, sort and index the mapping. The visual

inspection of the mapping was performed on the genome viewer IGV v. 2.4.16 [Robinson et al.,

2011].

After comparison of the assembly statistics and the quality of the mapping, the combination

of options -h 700 -s 3000 -g 500 -r 0.75 -n 5 in miniasm was chosen, where -h corresponds

to the maximal overhang (unmapped region that should be mapped if the reads were really

overlapping) length (default 1000), -s is the minimum mapping length (default 1000), -g is the

maximal gap differences in a mapping (default is 1000), -r is the maximal overlap drop ratio
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defining the threshold for considering an overlap as short compared to the maximal overlap

involving a sequence (default is 0.7), -n is the number of rounds for progressive short overlap

removal.

To remove the errors still present in the assembly, seven rounds of polishing were applied.

After each round of polishing, the quality of the assembly was assessed by mapping the raw

PacBio long-reads on the assembled reads as described above. A round of polishing was

performed as follows : the raw PacBio long-reads were mapped on the current assembly with

minimap2 and the wrapper especially designed for PacBio data: pbmm2. Arrow© (2011-2018,

Pacific Bioscience of California, Inc.) was used to establish consensus sequences based on this

indexed mapping and the current assembly.

A co-assembly of all the long-reads of the four samples was performed with the idea of serving

as a basis for the binning. The procedure used for the individual assembly of the PacBio

long-reads was applied on the concatenated individual input files.

V.2.5 Assemblies of Illumina reads and hybrid assemblies

The trimming and quality filtering of Illumina sequences was performed with trimmomatic

v. 0.36 [Bolger et al., 2014] with a sliding window of 10 base pairs (bp) and a minimal quality

score threshold (phred33) of 15 and a minimal sequence length of 50 bp.

A first de novo assembly of each data-set was performed with the trimmed sequences using

Spades v. 3.12.0 [Nurk et al., 2013] and the script metaspades.py with increasing kmer sizes of

21, 33, 55, 77. A second de novo assembly was performed with Megahit v. 1.1.4 [Li et al., 2015],

a minimal kmer size (–k-min) of 27, a maximal kmer size (–k-max) of 97 and 10 steps (–k-step).

Two co-assemblies of all the Illumina reads were performed following the procedure used for

the assemblies of individual data-sets, by using the concatenated file of individual input files

as input.

V.2.6 Hybrid assemblies of Illumina reads and PacBio long-reads

An hybrid assembly of each Illumina data-set and the PacBio of the corresponding sample

was performed using Spades and the command metaspades.py with kmer lengths 21, 33, 55

and 77 and the option –pacbio.

An hybrid co-assembly of all the Illumina reads with all the PacBio long-reads was tried with

the same parameters, but it was not achieved since it got over the 500 GB of RAM available on

the server.
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V.2.7 In silico 16S rRNA gene extraction

Potential 16S rRNA genes were extracted from the assemblies by using infernal v. 1.1.2

[Nawrocki and Eddy, 2013]. The assembly sequences were compared to a consensus RNA

profile of bacterial 16S rRNA genes (RF00177.cm), provided by Rfam [Bateman et al., 2017]

by using the infernal command cmsearch. This alignment tool is for this particular purpose

more reliable than standard mapping softwares since it takes into account the coherence of

the secondary structure of the coded rRNA. The DNA sequences matching the 16S rRNA gene

consensus were collected using samtools with the option faidx and compared using blast

against the MiDAS 16S rRNA gene database v. S123_2.1.3 [McIlroy et al., 2017].

A set of complete reference genomes was chosen based on the results of the in silico 16S rRNA

gene extraction from the PacBio and the hybrid assemblies taking into acount the lengths of

the corresponding contigs.

V.2.8 Estimation of completeness and contamination

The completeness and contamination of potential genomes was estimated by using two

different softwares: CheckM v. 1.0.12 [Parks et al., 2015] with the options lineage_wf - -

reduced_tree and benchmarking universal single-copy orthologs (BUSCO) v. 3 [Kriventseva

et al., 2015].

V.2.9 Binning of Pacbio contigs

The PacBio contigs were grouped into metagenome assembled genomes (MAG) with a home

made script inspired from binning techniques used with Illumina data [Albertsen et al., 2013,

Alneberg et al., 2014]. Three different and independent distances were averaged to obtain a

global distance between contigs : a distance based on the tetranucleotides signatures of the

DNA sequences, a distance based on the coverage of the Illumina read from the same sample

and a distance based on the overlapping of BUSCO v. 3.

The pairwise distance based on tetranucleotide characteristic frequencies vector (hereafter

named ’tetranucleotide frequency distance’) between two DNA sequences was computed as

follows : the tetranucleotide frequency vector was computed on sliding windows of 2000 bp

and a resolution of 200 bp over the whole DNA sequences. The tetranuleotide characteristic

of each DNA sequence was computed by iteratively removing the sliding window for which

the euclidean distance between the corresponding tetranucleotide frequency vector and the

mean frequency vector on all the remaining sliding windows was maximal. The iteration

was repeated until the maximal distance between a single window and the mean frequency

vector was below 1×10−5. The maximum number of iterations was limited so that at least 90

% of the DNA sequence was taken into account to compute the characteristic tetranucleotide

frequency vector. An absolute euclidean distance was computed between the resulting fre-

quency vector of two DNA sequences. This absolute distance was computed for reference
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genomes. A normalized distance was also computed according to the Formula V.1 (where

xi is the frequency of the tetranucleotide number i in the first contig, yi is the frequency

of the tetranucleotide number i in the second contig, and mi is the mean frequency of the

tetranucleotide number i computed on all the contigs of the corresponding sample), in order

to be averaged with the two other distances.

Distnorm = 0.5 ·
∑n

i=1(xi − yi )2∑n
i=1((xi −mi )2 + (y j −mi )2)

(V.1)

The presence of BUSCO was assessed by BUSCO v. 3 [Kriventseva et al., 2015] with the bacteria

BUSCO set ’bacteria_odb9’ containing consensus hidden Markov model (HMM) profiles of

148 BUSCO and the option -m geno. The pairwise distance based on BUSCO was computed as

the number of common BUSCO (complete or duplicated) over their total in the two sequences.

The pairwise distance based on the coverage between two contigs was computed as follows:

the two Illumina data-sets corresponding to two different extraction methods (A and B)

were aligned separately on the PacBio contigs from the same sample with bowtie v. 2.3.4.1

[Langmead and Salzberg, 2012] and the options -k 1 -p 8 -R 3 -D 20 -N 1 -X 1000 -q –phred33.

The output sam file was converted into a sorted bam file with samtools v.1.8 and the commands

view -b -S and sort. The coverage on each nucleotide was computed from the mapping by

using BEDtools v. 2.26.0 [Quinlan and Hall, 2010] and the options genomecov -d . The average

coverage on each contig was computed with a home made script and the distance between

two contigs was computed as the normalized distance ( V.1) of their two-dimension coverage

vectors (coverage with extraction A, coverage with extraction B).

These three distances were averaged and an home made script was used to group the contigs

having a distance below 0.022 in a single MAG. The grouping was manually inspected and few

(less than 10) contigs were removed or put in another bin manually.

V.2.10 Annotation and search of homologous proteins

The MAG and the unbinned contigs were annotated by using prokka v. 1.13 [Seemann, 2014]

and the option –metagenome. The reference genomes were re-annotated in the same way.

Prokka uses several dependencies. Blast+ [Camacho et al., 2009] searches for similarities in

the database of prokaryotic proteins sequences, including the clusters of orthologous groups

of proteins (COGs) database [Galperin et al., 2015]. Prodigal detects protein-coding sequences

(CDS). Hmmer v. 3 searches similarities with protein family profiles of the database HAMAP

[Auchincloss et al., 2014], a manually curated database of protein family profiles.

The KEGG database [Kanehisa et al., 2019] was used to identify putative affiliations of protein

sequences to metabolic pathways.
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Sequences homologous to specific proteins families involved in P-metabolism and denitrifica-

tion were searched with hmmer v. 3.1b2 comparing hidden Markov models (HMM) of these

proteins with the coding sequences annotated by prokka in the MAG, the unbinned contigs

and the reference genomes. The gather score thresholds provided with the HMM were used to

decide if the proteins were similar enough to the HMM.

The HMM family profiles for this analysis were selected via InterPro v. 73 [Mitchell et al., 2019]

a database regrouping various protein sequence databases. The HMM used in this study were

selected from the databases TIGRFAMs v.15 [Haft et al., 2001] and Pfam v. 32. [Bateman et al.,

2018]. A home made hmm model was built from sequences of the low-affinity transporter

Pit from the genomes of Ca. Accumulibacter and Tetraspheara (electronic supplementary

material A.4.1 File A.1) hmmer v. 3 and the command hmmbuild –amino.

V.2.11 Repartition of the COG in the main MAG

The COG detected during the annotation with prokka were compared for the MAG having

an estimated completeness higher than 50 % (further referred to as main MAG). A principal

component analysis (PCA) was performed on the COG presence (1)/absence (0) in the main

MAG, in R, with the package vegan.

Hierarchical clusterings and the corresponding heatmaps were constructed in R with the

function heatmap.2 form the package gplots [Warnes et al., 2016] on the sets of COG linked to

"Inorganic ion transport and metabolism [P]" and "Signal transduction mechanisms [T]".

V.2.12 Phylogenetic trees

For the construction of phylogenetic trees of 16S rRNA gene sequences, the sequences were

first aligned together to the consensus bacterial 16S rRNA gene sequence by using infernal

v. 1.1.2 and the option -A. The resulting alignment was visually inspected and rare evident

inconsistencies were manually corrected. The alignment was then used as input file in Raxml

v. 8.2.10 [Stamatakis, 2014] with the general time reversible model of nucleotide substitution

under the Gamma model of rate heterogeneity (-m GRTGAMMA) to construct a tree. The

corresponding bootstrap values were calculated based on 100 inferences using the model CAT

which also allow the integration of rate heterogeneity but has a lower computational cost (-m

GRTCAT).

The amino acid sequences were aligned together to a hidden Markov model (HMM) of a group

of defined homologous protein sequences, using hmmer v. 3.1b2 [Institute, 2018] and the

option -A. The alignment was then used as input file in Raxml with the -m PROT option, under

the Gamma model (GAMMA) and the amino acids substitution models JTT [Jones et al., 1992]

and the optimization of substitution rates F to construct a tree. The corresponding bootstrap

values were calculated based on 100 inferences using the model CAT which also allow the

integration of rate heterogeneity but has a lower computational cost (-m PROTCATJTTF).
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All the phylogenetic trees edited in R with the packages ggtree [Yu et al., 2017] and treeio [Yu,

2018].

V.2.13 Coverages of the enzymes in the different samples

The enzyme commission (EC) numbers corresponding to enzymes referenced in the KEGG

database [Kanehisa et al., 2019] were extracted form the prokka annotation of the PacBio

contigs. For each sample, the mean coverages of the contigs on which an EC number was

detected were added to estimate the coverage of homologues of the corresponding enzymes.

The mean coverage of the EC number in each sample was then normalized by dividing it by

the sum of the mean coverages of the EC numbers in the sample. Hierarchical clustering and

the corresponding heatmaps were constructed in R with the function heatmap.2 and the color

package viridis [Garnier, 2018] on the matrix of EC number coverages.

V.3 Results

V.3.1 Sequencing of metagenomic DNA

The total DNA of four biomass samples collected in the AGS sequencing batch reactor de-

scribed in chapter IV was sequenced with two different sequencing technologies : Illumina

and PacBio. Four extraction methods were initially tested in an attempt to obtain different

relative abundance of the DNA from the different bacteria. Amplicon sequencing of the 16S

rRNA genes revealed that the differences between the different extractions of a sample were

not as high as expected (Figure V.1). The extraction method giving the longest DNA fragments

(A) (supplementary information A.4.2) and the one previously used for the extraction of all

the amplicon sequencing presented in this thesis (B) were used to extract the DNA that was

sequenced with Illumina HiSeq technology. This produced 39.6 Gbp of paired-end short reads

data (Table V.1), with an estimated error rate lower than 0.3 %.

The DNA extracted with the method A was also sequenced with PacBio, producing 26.5 Gbp of

long-reads data with an estimated error rate of around 13 % [Quail et al., 2012].

The filtering of Illumina reads based on the quality scores removed less than 2 % of the total

base pairs. The filtering based on the length of the PacBio long-reads removed less than 1 % of

the total base pairs. The statistics for the length of the PacBio long-reads (N50 and maximal

length) seem to be linked with the distribution of the size of the extracted DNA. The DNA

extracted with method A from sample d427 had the smallest average size (6650 bp, see section

A.4.2). The length of the longest subread in this sample is shorter than in the other ones. For

the sample d322, the average size of the extracted DNA is larger than for sample d427 (10236

bp). Despite that, the N50 for the long-reads of this sample is the smallest. With an average

size of 8958 bp, the DNA extracted from sample d71 allowed to recover long-reads with a

N50 similar to the ones of d322 and d427, but also the longest subread of this study (116102
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Figure V.1 – Relative abundance of the main bacterial genera estimated by the abundance of
the 16S rRNA gene amplicon sequencing of the DNA extracted from sample from day 71 and
316 with four different extraction methods.

bp). The DNA extracted from sample d740 have a very high average size of 20618 bp and the

long-reads obtained by sequencing this DNA produced the highest N50 (13024 bp).

V.3.2 De novo assemblies

Different assembly softwares were tested on PacBio long-reads (assembly Pacbio), Illumina

reads (metaspades, megahit) or both (metaspades hybrid). These three types of de novo

assembly produced very different results (Table V.2). The PacBio assemblies produced the

longest contigs with a N50 ranging from 55511 bp for d427 to 211404 bp for d740. The maximal

length of the contigs was above 3.4 Mbp for sample d71, d427 and d740, which could already

be complete bacterial genomes. The N50 is here correlated with the length distribution of the

long-reads used for the assembly (Table V.1). The number of Pacbio contigs is rather small

ranging from 548 (d322) to 1997 (d427).

The assembly of the Illumina reads produced much smaller contigs with a N50 ranging from

8482 bp for d322_B_megahit to 19743 bp for d740_A_metaspades. Interestingly, this sample

corresponds to the one with the highest average size of the extracted DNA. Since the Illumina

reads all have the same size, it was not expected that the length of the starting material
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Table V.1 – Characteristics of the PacBio and Illumina sequences before and after the filtering.

before filtering after filtering

Sample name nb.
reads
(Mbp)

total
length
[Gbp]

nb.
reads
[Mbp]

total
length
[Gbp]

N50 max.
length

d71_A_longreads 1.2 7.1 1.1 7.1 8671 116102
d322_A_longreads 0.8 3.3 0.7 3.3 7644 66269
d427_A_longreads 1.3 7.0 1.2 7.0 8043 59540
d740_A_longreads 1.1 9.1 1.1 9.0 13024 85655
d71_A_reads 6.2 61.6 6.1 60.9 101 101
d71_B_reads 5.2 51.2 5.1 50.6 101 101
d322_A_reads 6.2 60.9 6.1 60.2 101 101
d322_B_reads 5.0 49.7 5.0 49.2 101 101
d427_A_reads 5.7 56.5 5.6 55.9 101 101
d427_B_reads 5.0 49.9 5.0 49.4 101 101
d740_A_reads 6.3 62.2 6.2 61.5 101 101
d740_B_reads 5.8 57.1 5.7 56.4 101 101

influences the length of the Illumina assemblies. A possible explanation is that the DNA

extracted with the method A from sample d740 was less degraded than for the other samples

and extractions, and that this influenced positively the assembly process. The maximal contig

length for Illumina assemblies was obtained for the sequencing of DNA extraction A of sample

d427 with Metaspades (2.17 Mbp).

Compared with the Illumina assemblies, the hybrid assembly produced longer con-

tigs with a N50 ranging from 15754 bp for d427_A_metaspades_hybrid to 25358 bp for

d71_B_metaspades_hybrid, which is still at least two orders of magnitude below the assembly

of PacBio reads alone.

The number of complete 16S rRNA genes recovered in the contigs can depend on the quality

of the assembly. Among the 16S rRNA genes extracted from the PacBio assembly after only one

step of polishing, around one third were incomplete (data not shown), whereas after seven

steps of polishing, the proportion of complete 16S rRNA genes is equal or close to 1. With the

assembly of Illumina reads, this proportion is below 0.5, with the exception of the assembly

d427_B_metaspades and d427_B_megahit which was around 0.65 but with few 16S rRNA

genes detected in total (around 20, Table V.2). The proportion of complete 16S rRNA genes is

in general a little higher with the hybrid assemblies than with the Illumina only assemblies,

but the total of 16S rRNA genes detected is high in comparison with the non hybrid assemblies.

Based on these statistics, the Pacbio assemblies and the metaspades hybrid assemblies were

considered as the most promising for the recovery of interesting information. For logistic

reasons, it was decided to present the results of one assembly type in the present thesis. The

PacBio assembly was chosen because it produced the longest contigs, the highest proportion
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of complete 16S rRNA genes sequences and because it is innovative for the study of complex

metagenomes.

The assemblies with all the sequences from Pacbio or Illumina sequencing were realized with

the aim of performing the binning based on differential abundance. The quality of the Illumina

assemblies was judge too low for this purpose and for the PacBio assembly, a personalized

binning method, taking as input the individual Pacbio assembly was preferred to minimize

the risk of chimers.

A phylogenetic tree of the 16S rRNA genes extracted from the PacBio (in green) and the hybrid

(in purple) assemblies was constructed in order to evaluate if the different taxa were equally

represented in these two assemblies (Figure V.2). The taxa related to Actinobacteria were

unfortunately less represented in the 16S rRNA gene sequences found in the PacBio contigs.

In particular 16S rRNA gene sequences related to Tetrasphaera or Micropruina were only

found in the hybrid assembly, which suggests that sequences from this genus were not very

abundant in the PacBio long-reads. Indeed most of these sequences come from the assemblies

performed on the sequences from extraction B. The 16S rRNA gene sequences related to the

phylum Armatimonadetes were found in the contigs of the hybrid assembly but not in the

PacBio assembly. In this case, the 16S rRNA gene sequences are equally represented in the

assembly of the sequences from extraction A and B.

The 16S rRNA gene sequences corresponding to Ca. Accumulibacter were very diverse. The

comparison with the 16S rRNA gene sequences of the two reference genomes for which

16S rRNA gene sequences were found (Ca. Accumulibacter IIA and Ca. Accumulibacter IA)

suggest that the type I and II were present in the assembly (16S rRNA gene sequences of

Accumulibacter IA BA-93 and ACC005 are exactly identical.

V.3.3 Evaluation of the quality of PacBio assembly with different number of pol-
ishing rounds

Mapping of the raw Pacbio long-reads and hybrid contigs against the PacBio contigs were

used to evaluate the quality of the assembly. The PacBio assembly likely produce consensus

genomes, but it was noticed that in some parts of the assembly, the path chosen did not

correspond to the majority of the long-reads. Each polishing steps was removing several of

these inconsistencies (Figure A.15, A.16, A.17).

V.3.4 Grouping of MAG

In order to test the pertinence of grouping contigs based on their characteristic tetranucleotide

frequency vector, the distance between the characteristic frequency vectors of selected refer-

ence genomes were computed (electronic supplementary material Table A.20). Globally, the

more the genomes are phylogenetically related, the shorter is the distance.
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The distances between genomes from Ca. Accumulibacter reaches a maximum of 0.0247 for

the genomes Ca. Accumulibacter IIC SK02 and Ca. Accumulibacter IIF SK12, without taking

the plasmids into account. The distance between the plamids and the principal chromo-

some is between 0.0155 and 0.0255 for Ca. Accumulibacter IIA. The distance between the

two Dechloromonas genomes is 0.0046 and the one between the two Tetrasphaera genomes

is 0.0112. The maximal distance was 0.1441 between Flavobacterium sp. and Dokdonella

Koreensis. According to the tests performed on the reference genomes, the criterion of tetranu-

cleotide frequency was judged relevant to group contigs together. However, if a contig is small

and contain very specific DNA regions such as CRISPR regions, it may have a too different

tetranucleotide frequency compared to the rest of the genome and be rejected.

A set of basic information was collected from the reference genomes in order to have a point of

comparison for the analysis performed on the MAG constructed in this study (Table V.3). The

research of BUSCO was performed on a set of 148 genes conserved in the bacterial kingdom.

Yet, the complete set of genes was found in none of the reference genomes. It is possible

that some of these genomes are incomplete but it is more likely that this set of 148 BUSCO is

not completely universal among bacteria. Duplicated BUSCO were found in nine reference

genomes, in particular in six of the nine Ca. Accumulibacter genomes included in this analysis.
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Table V.2 – Main characteristics of the assemblies of the PacBio and/or Illumina sequencing
data. The 16S rRNA gene sequences were searched only on the assemblies of individual
samples.

Day sample name Total
length
[Mbp]

number
of

contigs

N50 max
contig
length
[Mbp]

16S
detected

proportion
of

complete
16S

71

d71_A_assembly_PacBio 69.3 1 485 65 019 3.46 24 0.96
d71_A_metaspades_hybrid 196.6 19277 17044 1.62 53 0.45
d71_A_metaspades 101.2 16031 9056 1.40 34 41
d71_A_megahit 87.2 13515 9364 0.76 31 0.39
d71_B_metaspades_hybrid 198.2 16098 25358 1.65 47 0.32
d71_B_metaspades 133.2 18514 11346 0.83 32 0.31
d71_B_megahit 111.6 16402 10353 0.53 27 0.33

322

d322_A_assembly_PacBio 29.8 548 76707 0.83 12 1
d322_A_metaspades_hybrid 199.4 21309 16668 1.85 59 0.46
d322_A_metaspades 135.2 19901 10910 1.40 35 0.34
d322_A_megahit 117.1 17919 9223 0.96 32 0.34
d322_B_metaspades_hybrid 170.2 18655 16016 1.37 50 0.44
d322_B_metaspades 110.6 17446 9123 0.64 32 0.22
d7322_B_megahit 93.9 15277 8482 0.40 18 0.33

427

d427_A_assembly_PacBio 75.6 1997 55511 3.50 29 0.86
d427_A_metaspades_hybrid 284.4 29679 15754 2.41 65 0.40
d427_A_metaspades 155.3 24142 10083 2.17 37 0.32
d427_A_megahit 132.4 20549 9455 0.98 40 0.33
d427_B_metaspades_hybrid 195.3 19350 16417 1.51 48 0.65
d427_B_metaspades 102.8 15281 10381 0.64 21 0.71
d427_B_megahit 90.3 14235 8538 0.40 19 0.63

740

d740_A_assembly_PacBio 123.7 1300 211404 3.90 63 1
d740_A_metaspades_hybrid 409.0 34726 21228 1.34 95 0.39
d740_A_metaspades 197.3 25320 19743 0.77 48 0.44
d740_A_megahit 167.3 21091 19430 0.73 53 0.19
d740_B_metaspades_hybrid 325.2 26330 24755 0.91 74 0.35
d740_B_metaspades 164.0 24953 9628 0.77 52 0.25
d740_B_megahit 141.4 22170 9096 0.42 41 0.20

all

all_A_assembly_PacBio 284.8 4285 127558 3.96 - -
all_AB_metaspades 792.0 107422 12301 1.89 - -
all_AB_megahit 718.0 101854 11365 0.98 - -
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Figure V.2 – Phylogenetic tree of the 16S rRNA gene sequences extracted from the PacBio
assembly and the hybrid assembly of Illumina and PacBio reads.
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Table V.3 – Information collected on the reference genome sequences. The estimated propor-
tions of completeness (compl.) and contamination (cont.), produced by CheckM and BUSCO
analysis, the number of 16S rRNA gene sequences (16S) and the number of coding sequences
(CDS) where collected following the same procedure as for PacBio contigs.

sample name reference total
length

nb
contigs

est.
comp.

[%]

est.
cont.
[%]

est.
comp.

[%]

est.
cont.
[%]

16S CDS

CheckM BUSCO
Accumulibacter_IIa_UW_1 [Martin et al., 2014] 5058518 1 99.8 0.2 98.0 0 2 4414
Accumulibacter_IIa_UW1_pAph01a 167595 1 0 0 0 0 - 165
Accumulibacter_IIa_UW1_pAph02a 42325 1 0 0 0 0 - 41
Accumulibacter_IIa_UW1_pAph03a 37695 1 0 0 0 0 - 49
Accumulibacter_IA_BA93 [Skennerton et al., 2015] 4626262 85 100 0.3 96.6 0.7 1 4043
Accumulibacter_IC_BA92 4947936 218 93.3 1.49 90.5 1.4 - 4232
Accumulibacter_IIC_BA91 4322820 737 81.8 3.15 71.6 0.7 - 4371
Accumulibacter_IIC_SK01 4561076 53 93.7 1.2 91.9 0.7 - 4105
Accumulibacter_IIC_SK02 4359420 155 97.6 1.6 98.6 1.4 - 3874
Accumulibacter_IIF_BA94 3097332 299 79.4 8.2 81.8 5.4 - 3031
Accumulibacter_IIF_SK11 4700180 94 76.8 0.1 78.4 0 - 3946
Accumulibacter_IIF_SK12 4412715 61 92.6 0.1 93.9 0 - 3828
Dechloromonas_aromatica [Coates et al., 2001] 4501104 1 99.6 0.3 98.6 0 4 4243
Dechloromonas_sp [Parks et al., 2017] 3258300 1 99.8 0.2 98.6 0 3 3115
Zoogloea_sp [Muller et al., 2017] 5810207 734 99.7 2.6 97.3 0.7 1 5165
Competibacter_denitrificans [Albertsen et al., 2013] 4084870 120 96.5 2.4 98.0 0 1 3752
Thiothrix_lacustris [Kyrpides et al., 2014] 3718676 50 99.6 0 98.0 0 1 3530
Dokdonella_koreensis [Yoon et al., 2006] 4446619 1 99.2 0.6 95.3 0 2 3583
Rhodobacter_sp_LPB0142 [Kim and Yi, 2016] 3462926 1 99.4 0.5 95.3 0 3 3357
Rhodobacter_sp_LPB0142_pEJ01a 264008 1 0 0 0 0 - 294
Rhodobacter_sp_LPB0142_pEJ02a 29119 1 0 0 0 0 - 28
Rhodobacter_sp_LPB0142_pEJ03a 24776 1 0 0 0 0 - 28
Defluviimonas_denitrificans [Goeker et al., 2018] 4107985 23 99.7 0.4 95.9 0.7 1 4064
Ferruginibacter_sp [Im, 2018] 4963791 49 99.5 0.5 93.2 0.7 1 4189
Niabella_soli [Eisen et al., 2014] 4697343 1 100 0 94.6 0 2 3912
Flavobacterium_sp [Bekkelund et al., 2018] 4935222 1 99.4 0.2 89.1 0 9 4474
Micropruina_glycogenica [Mcilroy et al., 2018] 3844677 1 97.9 0.7 94.6 0 1 3561
Nitrospira_defluvii [Luecker et al., 2010] 4317083 1 97.7 2.3 93.9 0 1 4112
Propionicimonas_paludicola [Klenk et al., 2017] 3262476 1 95.2 0.4 94.6 0 2 2981
Saccharimonas_aalborgensis [Albertsen et al., 2013] 1013781 1 67.1 0.9 71.6 0 1 1033
Tetrasphaera_elongata [Kristiansen et al., 2013] 3174691 1 97 0.5 92.6 0 1 2963
Tetrasphaera_australiensis 4264973 1 88.3 0.7 87.2 0 1 4036

a plasmid
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V.3. Results

The contigs were grouped in MAG based on the tetranucleotide frequency, the overlapping of

BUSCO and the coverage of Illumina reads. The MAG containing a 16S rRNA gene sequence

were named according to the taxonomy of the best match for this sequence. A set of MAG

selected based mainly on the length of the contigs containing the 16S rRNA gene sequences

are presented in Table V.4 with the coverage for extraction A and B, the number of contigs

and total length, the number of coding sequences detected by prokka and the estimated

completeness and contamination percentages based on checkM and BUSCO analysis.

The completeness estimated by using CheckM was globally consistent with the one estimated

by BUSCO. Yet, for 16 of the MAG, these completeness provided by the two softwares had more

than 10 % difference. Since the MAG were constructed by using the information provided by

BUSCO, the completeness and contamination of these genomes will be based on the CheckM

analysis.

Over the four samples, 24 MAG have an estimated completeness above 70%. Six MAG related

to the phylum Saccharibacteria have an estimated completeness between 56 and 67 %, this last

value corresponds to the estimated completeness of the reference genome of the same phylum,

Saccharimonas aalborgensis. Moreover, the number of coding sequences is around 1 000 for

the reference and the biggest Saccharibacteria MAG. The chosen method may underestimate

completeness of the genomes belonging to Saccharibacteria.

MAG corresponding to Ca. Accumulibacter IA (ACC005, ACC007 and ACC017), IIA (ACC001)

and undetermined clades (ACC003,ACC004 and ACC009) were recovered. Two of them

(ACC007b_d740 and ACC003_d322) have a length, a number of predicted coding sequences,

and a number of complete BUSCO very close to those of the most complete Ca. Accumulibac-

ter reference genomes. The estimated contamination percentage is higher for the MAG related

to Ca. Accumulibacter than for the MAG related to other taxa. The estimated contamination is

lower than 5.6 % and it is globally very low (< 1% for 80 % the MAG). This is partly because the

overlapping of BUSCO was included as a criterion in the method for grouping the MAG.

Among the MAG for which no reference genomes of the same genus was found in the NCBI

database, CYC001_d740 related to CYCU-0281 is estimated to be 99 % complete with 1 % of

contamination, PRO001_d427 and PRO010_d740 related to Propioniciclava are estimated to

be 96 and 92 % complete, respectively, with 1 % of contamination, QED001_d740 related to

QEDR3BF09 is estimated to be 89 % complete with 1 % of contamination, SBR001_d427 and

SBR001_d740, related to the genus Sbr-gs28 are estimated complete at 96 and 97 %, respectively

with a contamination percentage of 1 %.

Moreover, several nearly complete MAG related to unclassified taxa were recovered :

CYT003_d740 corresponding to the Cythophagaceae family with a completeness estimated

at 95 %, DBO002_d740 with a completeness estimated at 84 %, several MAG related to

Saccharibacteria for which the completeness estimation do not seem to be reliable, and two

MAG related to the class of Actinobacteria which did not contain any 16S rRNA gene sequence

but are estimated 84 and 78 % complete, respectively.
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Chapter V. Metagenomic analysis of different AGS samples

The completeness of the MAG does not seem to depend only on the coverage. For example,

ACC001a has an estimated completeness of 27 %, even though its coverage with the extraction

A is the highest of the main MAG. In comparison, DEC001 has twice less coverage but an

estimated coverage of 99 % with a unique contig. Therefore other factors may influence the

assembly of the PacBio long-reads.

The phylogenetic relation between the 16S rRNA gene sequences of the MAG and the reference

genomes is presented in Figure V.3. The diversity of the MAG related to Ca. Accumulibacter

was high with six different MAG from sample d71, collected when the AGS was treating simple

synthetic wastewater, five different MAG in each of the sample d322 and d427 collected when

the AGS was treating complex monomeric wastewater and only two different MAG from sample

d740 collected when the sludge was treating complex polymeric wastewater. According to this

phylogenetic tree, Ca. Accumulibacter IIA was present in sufficient abundance in the samples

d71 and d322 for the recovery of a corresponding MAG but not anymore in sample from day

d427 and d740.

A high number of MAG were recovered from the DNA extracted from sample d740. The

very long DNA fragments recovered from this sample likely allowed to get numerous long

sequences that were easily assembled into good quality contigs.

Several Saccharibacteria related MAG seem to be closely related to the reference genome

Saccharimonas aalborgensis, in particular the MAG SAC002, SAC007 an SAC014. But without

other reference genomes corresponding to this phylum, it is difficult to estimate precisely the

phylogenetic relation between these MAG and Saccharimonas aalborgensis.
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V.3. Results

Figure V.3 – Phylogenetic tree of the 16S rRNA gene sequences extracted from PacBio contigs
and selected reference genomes. The presence of contigs containing these sequences is
indicated aside the MAG name with colored dots. The position of the 16S rRNA gene in the
reference genome is indicated after its name.
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Chapter V. Metagenomic analysis of different AGS samples

The four assembly graphs give precious information about the relation between the contigs

and the potential existence of variants. The assembly graph of the contigs corresponding to

sample d71 is shown in Figure V.4. Approximately half of the contigs are part or linked to a Ca.

Accumulibacter MAG. Bubbles and multiple paths are created in the graph when the assembler

cannot decide for a path or another. A clear difference can be noticed between the contigs

related to Ca. Accumulibacter and the other contigs (eg. Dechloromonas, Ca. Competibacter).

They have more bubbles and multiple connection structures, giving evidence of the extreme

microdiversity of the genus Ca. Accumulibacter in this sample. The existence of different

strains with the same 16S rRNA gene is even possible since ACC001c and ACC001b seem to

be two variants of a path. Moreover, ACC001a and ACC001c were not grouped together. With

such a diversity, with parts of sequences that are very similar and others that are different from

a strain to another, the assembler cannot create a complete genome, even if the coverage is

high.

The sequences of the ’complex’ structure were blasted on the NCBI online blastn to have a first

approximation of the origin of these sequences. Lots of them show a short but 100 % match

with a sequence in the Ca. Accumulibacter IIA UW1 genome located betwen bp 2158388

and 2148350, just before a region coding for a tRNA or between 2566281 and 2566253, in the

repeat region next to the CRISPR-associated protein Cas1.

In comparison to the sample d71, the MAG ACC003 is more complete in the graphs of sample

d322 (figure V.5). The contigs from the MAG ACCO01 are not predominant in this sample and

this may have allowed a easier assembly of the contigs from MAG ACC003.

The graph of assembly d427 (Figure V.6) shows that the sequences from the MAG ACC003 and

ACC005 are very similar on numerous places. On the other hand, the MAG ACC004 is clearly

separated from these two samples. The phylogenetic tree of the MAG (Figure V.3) placed

ACC004 little aside the other Ca. Accumulibacter-related MAG. It is maybe different enough so

that the assembler can distinguish its sequences from those of the others. The MAG PRO001

and SBR001 related to Propioniciclava and Sbr-gs28 have few or no ambiguities.

In the assembly graph from sample d740 (Figure V.7), the configuration of the contigs related

to Ca. Accumulibacter suggest that the MAG ACC007a and ACC007b associated with the same

16S rRNA gene sequence are from two (or more) very similar strains. The sequences related to

the phylum Saccharibacteria are also intertwined suggesting that some part to the sequences

of the different MAG are very similar to one another.

The four assembly graphs show that the majority of the contigs bigger than 100 kbp have been

grouped in an MAG and related to a 16S rRNA gene sequence.

V.3.5 Denitrification-related genes in MAG and reference genomes

The genes involved in denitrification were searched in all the PacBio contigs and the reference

genome by using HMM models of these genes. Table V.5 shows the number of positive
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V.3. Results

matches for the main MAG. The complete table is available in the electronic supplementary

material (Table A.22).

Table V.5 – Positive match with the hmm models for genes involved in denitrification found in
the main MAG and selected reference genomes. The columns for NirS, NorB and NorC were
obtained directly from the prokka annotation of the MAG by searching for the EC numbers
1.7.2.1, 1.7.2.5 and the gene name ’norC’ respectively. The abbreviation nit. r. stands for nitrite
reductase (copper form).

gene narG narH narI narJ ntrB ntrCD NapA nit r. NirS NirB NirD NorB NorC NosZ NosD NosZ_GP
Ca. Accumulibacter BA-93 (IA) 0 0 0 0 0 0 1 0 4 1 1 1 0 0 1 1
ACC005_d71 (43 %) 0 0 0 0 0 0 0 0 4 1 1 1 0 0 1 1
ACC005a_d427 (74 %) 0 0 0 0 0 0 1 0 4 1 1 0 0 0 0 0
ACC007a_d740 (91 %) 0 0 0 0 0 0 1 0 1 1 1 0 0 0 1 1
ACC007b_d740 (97 %) 0 0 0 0 0 0 1 0 3 1 1 1 0 0 2 1
ACC003_d322, ACC003_d427 (98 and 82 %) 1 1 1 1 0 0 0 0 2 1 1 0 0 0 0 0
Ca. Accumulibacter BA-92 (IC) 0 0 0 0 0 0 1 0 3 1 1 0 0 0 2 1
Ca. Accumulibacter IIA UW1 0 0 0 0 0 0 1 0 2 1 1 0 0 0 2 1
ACC001a_d71 (50%) 0 0 0 0 0 0 0 0 2 0 0 1 0 0 1 1
Ca. Accumulibacter SK-01 (IIC) 1 1 1 1 0 0 0 0 2 1 1 0 0 0 0 0
Ca. Accumulibacter SK-12 (IIF) 0 0 0 0 1 1 0 0 2 0 1 0 0 0 1 0
ACC004_d427 (82 %) 1 1 1 1 0 0 0 0 2 0 0 1 1 0 2 1
Dechloromonas aromatica RCB 0 0 0 0 1 1 1 0 3 1 1 0 0 0 2 2
Dechloromonas sp. HYN0024 0 0 0 0 1 0 1 0 2 2 2 0 0 0 1 1
DEC001_d71 (99 %) 0 0 0 0 1 1 2 0 2 1 1 1 1 0 2 1
DBO002_d740 (86 %) 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0
Zoogloea sp. LCSB751 0 0 0 0 1 1 1 0 2 2 2 0 0 1 1 0
ZOO001_d740 (45 %) 0 0 0 0 0 1 1 0 1 0 1 3 1 0 0 0
ZOO002_d740 (43 %) 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0
ROD005_d740 (39 %) 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 1
Niabella soli 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 1
NIA001b_d740 (88 %) 0 0 0 0 0 0 0 1 1 1 1 0 0 0 1 0
Ca. Competibacter denitrificans 1 1 1 1 0 0 0 0 3 0 0 0 0 1 1 0
COM001_d71 (84 %) 0 0 0 0 1 1 0 0 0 1 1 0 0 0 0 0
Thiothrix lacustris 1 1 1 1 0 1 0 0 0 1 1 0 0 0 0 0
THI001_d322 (86 %) 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0
Rhodobacter sp. LPB0142 0 0 1 1 0 1 0 0 0 1 1 0 0 0 1 1
ROB006_d740 (37 %) 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 0
Defluviimonas denitrificans 1 1 1 1 0 0 0 0 0 0 0 0 0 1 1 0
DEF002_d740 (80 %) 1 1 1 1 0 0 0 0 0 0 0 0 0 1 1 0
Ferruginibacter sp. BO-59 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1 1
FER001_d71 (46 %) 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0
SBR001_d427, SBR001_d740 (93 %) 1 1 1 1 0 0 0 0 1 0 0 0 0 0 0 0
PRO010_d740 (80 %) 1 1 1 1 0 0 0 0 1 1 1 0 0 0 0 0
Flavobacterium sp. 140616W15 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0
FLA003_d71 (30 %) 0 0 0 0 0 0 0 1 1 0 0 3 2 0 1 0
Dokdonella koreensis 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
DOK002_d740 (86 %) 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0
CYC001_d740 (80 %) 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1
LED002_d740 (48 %)4 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 1

The chosen HMM families corresponding to the nitric oxide reductase (COX1, Pfam) and the

nitite reductase NirS are probably a little too general and match with different cytochrome c

oxidases that may not be involved to nitrite reduction. Therefore a research of the NirS, NorB

and NorC proteins were searched in the prokka annotations of the reference genomes and the

MAG.

The same groups of genes were found in Ca. Accumulibacter IA and the related MAG (ACC005

and ACC007), with few exceptions potentially due to the incompleteness of the genomes.

These genomes contain the large subunit of the periplasmic nitrate reductase (NapA), several

respiratory nitrite reductase (NirS) and a assimilatory nitrite reductase (NirBD), suggesting a

putative capability of the corresponding organism to transform nitrate into nitrite and nitrite

into nitric oxide. The MAG ACC005_d71 and ACC007b_d740 and the reference BA-93 have

an homologue of the nitric oxide reductase (NorB) and two members of the nitrous oxide

reductase complex potentially conferring the capability to reduce nitric oxide into nitrous
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Chapter V. Metagenomic analysis of different AGS samples

oxide and to gazeous nitrogen.

The complete nitrate reductase complex, and therefore the putative capability to reduce

nitrate, was found in the MAG ACC004, ACCO03 for d322 and d427 and in the reference

genome Ca. Accumulibacter IIC. ACC004 and Ca. Accumulibacter IIC also contain a putative

respiratory nitrite reductase and homologues of the nitric and nitrous oxide reductase. The

potential transform nitrate into gazous nitrogen is therefore present in these genomes.

The putative capability to reduce nitrate was found in other MAG from various phylogeny. For

the order DB1-14 (DBO002), Thiothrix (THI001), Defluviimonas (DEF002), Sbr-gs28 (SBR001)

and Propioniciclava (PRO010) it was present under the form of intracellular nitrate reductase

and for Dechloromonas (DEC001), Zoogloea (ZOO001), Rhodobacter (ROD005 and ROB004)

under the form of periplasmic nitrate reductase. The putative capability to reduce nitrite

was also found in MAG of various taxa, with dissimilatory or assimilatory nitrite reductase

homologues : Dechloromonas (DEC001), Spb280 (SPB001), Niabella (NIA001), Ferruginibac-

ter (FER001) and Propioniciclava (PRO010), Zoogloeea (ZOO001), Rodocyclaceae (ROD005),

Rhodobacter (ROB006), Sbr-gs28 (SBR001) and Flavobacterium (FLA003).

The NosZ and NOSZ_GP are two distinct nitrous-oxide reductases, NosZ was first characterized

in Pseudomonas whereas NosZ_GP was characterized in Geobacillus thermodenitrificans.

Homologues of the first type (NosZ) were fond in the MAG from various phylogenetic origins:

Ca. Accumulibacter (ACC017 and ACC004_d427), in particular the clades IA (ACC005_d71

and ACC007), and IIA (ACC001a_d71), Dechloromonas (DEC001), Rhodocyclaceae (ROD002

and ROD005), CYCU-0281 (CYC001) and Leadbetterella (LED002). Homologous of the second

type (NosZ_GP) were fond in the MAG of Zoogloea (ZOO002), Rhodobacter (ROB007) and

Defluviimonas (DEF002). The distribution of these two putative enzymes does not seem

completely related to the phylogeny, since different types were found in bacteria of the same

class (e.g. Dechloromonas and Zoogloea).

Based on these homologous protein sequences, ACC004, ACC007b_d740 and DEC001_d71,

are potentially capable of performing complete denitrification from nitrate and ACC005_d71

and ACC001a_d71 from nitrite. For other MAG, the genes that would complete the pathway

may be missing due to the incompleteness of the genomes (eg. FLA003_d71).

V.3.6 Phosphate metabolism-related genes in MAG and reference genomes

HMM models corresponding to gene families involved in phosphate metabolism, in partic-

ular the ones involved in the production (ppk1, ppk2) and degradation of poly-P (ppx), in

phosphate transport (Pst, Pit, ABC tr.) and regulators (PstB, PhoU), were searched in the

PacBio contigs and the reference genomes. These homologues were found in MAG related

to various taxa (Table V.6) and no clear pattern seems to distinguish the known PAO from

the other bacteria. Even the Pit HMM model was found in numerous bacteria, including the

GAO Micropruina glycogenica or Zoogloea. Yet, this model was maybe a little too general
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as it captured a lot of proteins annotated as sulfate permease CysP. Therefore a model was

built from Pit sequences from Ca. Accumulibacter and Tetrasphaera, but even this HMM

model matched with several sequences from non-PAO bacteria. The phylogenetic tree of the

sequences matching this home-HMM pit model (Figure V.8) shows that two clusters of similar

sequences were found mostly in the MAG and reference genomes of PAO (Ca. Accumulibacter,

Tetrasphaera) or putative PAO (Dechloromonas). It is therefore surprising that a sequence from

an MAG related to the genus Spb280 (SPB001) was also present in one of these two clusters.

This genus belongs to the same order as Ca. Accumulibacter, which could explain that their

sequences cluster together.

Figure V.8 – Phylogenetic tree of the sequences matching the HMM model constructed from
Pit sequences of Ca. Accumulibacter and Tetrasphaera. The tree is based on an alignment of
369 amino acids.

A tendency emerging from these results is that the MAG related to Ca. Accumulibacter have

more copies of homologous sequences to phosphate transport system regulatory protein

(PhoU). Yet, only one copy was found in each of the Tetrasphaera reference genomes, the

presence of multiple PhoU homologous genes is therefor not a necessary criterion for PAO

metabolism. Yet, among the HMM model tested, it is the only that was found in Tetrasphaera

but not in Micropruina or in the MAG SBR001. They were also not found in the MAG or the

reference genomes of the GAO from Competibacteraceae : Ca. Competibacter, COM001,

CPC001.
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Phylogenetic trees were constructed with the sequences having a positive match with ppk1

(Figure V.9A) and ppk2 (Figure V.9B) in order to investigate their degree of homology. The

sequences corresponding to the ppk1 seem to be distributed according to the phylogeny of

the genome they belong to. Moreover, the relation between the ppk1 of the MAG related to Ca.

Accumulibacter correspond to the classification based on 16S rRNA gene sequences with the

ppk1 related sequence from ACC005 and ACC007 being close to the one of Ca. Accumulibacter-

BA-93 (clade IA). The alignment of the sequences matching ppk2 created three big clusters. The

two first clusters correspond to the two parts of a single protein sequence with two homologous

domains. The two corresponding subtrees are similar to one another and contain sequences

from MAG and reference genomes of Ca. Accumulibacter as well as Competibacteraceae.

The third big cluster groups sequences that are homologous on 260 amino acids, while the

whole ppk2 has around 500 amino acids. These sequences may not have the same function as

ppk2. As for ppk1, the ppk2 homologues cluster similarly to the 16S rRNA gene sequences, the

sequences of the MAG ACC005 are even exactly the same for the two parts of one of the ppk2.
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Table V.6 – Positive match with the hmm models for genes involved in the phosphorus
metabolism found in the main MAG and selected reference genomes. The complete table can
be found in electronic supplementary material (Table A.21)

hmm ppk1 ppk2 ppx PstA PstB PstC PstS PstS_2 Pit ABC tr. ABC tr. PhoU phoR
Ca. Accumulibacter sp. BA-93 (IA) 1 2 0 1 1 1 0 1 4 1 0 6 1
ACC005_d71 (43 %) 1 1 0 1 1 0 0 1 3 1 0 5 1
ACC005_d322 (63 %) 1 2 0 0 1 0 0 0 3 1 0 4 1
ACC005a_d427 (74 %) 1 2 0 1 1 1 0 1 4 0 0 6 1
ACC007a_d740 (91 %) 1 2 0 2 1 1 1 1 4 1 1 5 1
ACC007b_d740 (97 %) 1 2 0 3 1 3 1 1 6 1 1 7 1
ACC003_d71 (64 %) 0 2 0 2 1 2 1 1 2 0 1 1 1
ACC003_d322, ACC003_d427 (98, 82 %) 1 3 0 2 1 2 1 1 4 1 1 5 1
Ca. Accumulibacter BA-92 (IC) 1 2 0 2 1 2 1 1 3 1 1 3 1
Ca. Accumulibacter clade IIA UW-1 1 2 0 2 1 2 0 3 4 1 1 5 1
pacbio_bin_43_d71 (37 %) 1 2 0 2 1 2 2 2 4 1 2 6 1
ACC001a_d71 ( 50%) 0 0 0 0 0 0 0 0 1 1 0 1 0
Ca. Accumulibacter SK-01 (IIC) 1 1 0 1 1 1 1 0 3 2 1 4 1
Ca. Accumulibacter SK-12 (IIF) 1 2 0 1 1 1 0 2 4 0 1 6 1
ACC004_d427 (82 %) 1 0 1 2 1 2 0 2 1 0 2 1 1
Dechloromonas aromatica 1 1 1 1 1 1 1 2 2 2 1 2 1
DEC001_d71 (99 %) 1 1 1 1 1 1 0 1 2 1 1 2 1
Zoogloea sp. 1 1 1 1 1 1 1 0 1 2 1 1 1
ZOO001_d740 (45 %) 0 1 0 0 0 0 0 0 0 1 0 0 1
ZOO002_d740 (43 %) 1 0 1 0 1 1 1 0 1 0 1 1 0
Ca. Competibacter denitrificans 2 2 1 2 2 2 2 0 0 0 1 0 1
COM001_d71 (84 %) 1 1 0 1 2 1 0 0 0 1 1 0 1
CPC001_d427 (53 %) 1 1 0 1 0 1 2 0 0 0 1 0 0
Thiothrix lacustris 1 0 1 1 1 1 0 0 1 0 1 1 1
THI001_d322 (86 %) 1 1 0 1 0 1 0 0 1 0 1 2 1
THI001b_d427 (42 %) 0 1 0 1 1 1 0 0 1 0 1 1 1
Dokdonella koreensis 1 0 1 1 2 1 1 0 1 0 1 1 1
DOK002_d740 (86 %) 1 0 1 1 1 1 1 0 1 0 1 0 1
Defluviimonas denitrificans 1 0 0 1 1 1 0 0 1 1 1 0 0
DEF002_d740 (80 %) 1 0 0 1 1 1 0 0 0 1 1 0 0
Tetrasphaera elongata 1 1 0 1 1 1 1 0 2 0 1 1 0
Tetrasphaera australiensis 1 1 0 1 1 1 0 1 2 0 1 1 0
Micropruina glycogenica 1 1 0 1 1 1 1 0 2 0 1 0 0
SBR001_d427, SBR001_d740 (93 %) 1 1 0 1 1 1 1 0 1 0 1 0 0
PRO001_d427 (93 %) 0 1 0 1 1 1 0 0 1 0 1 0 0
PRO010_d740 (80 %) 1 1 0 1 1 1 1 0 1 0 1 0 0
QED001_d740 1 1 0 1 1 1 0 0 2 0 1 1 0
CYC001_d740 (80 %) 1 1 0 0 0 0 0 0 3 0 0 2 0
CYT001a_d740 (47 %) 1 1 0 0 0 0 0 0 3 0 0 0 0
CYT003_d740 (85 %) 1 1 0 0 0 0 0 0 1 0 0 0 0
LED002_d740 (48 %) 1 0 0 0 0 0 0 0 2 0 0 0 0
Niabella soli 2 1 0 0 0 0 0 0 1 0 0 1 0
NIA001b_d740 (88 %) 1 1 0 0 0 0 0 0 1 0 0 1 0
Ferruginibacter sp. BO-59 1 0 0 1 1 2 1 0 1 0 1 1 0
FER001_d71 1 0 0 0 0 0 0 0 1 0 0 1 0
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V.3.7 Analysis of the most complete MAG

Figure V.10 – Principal component analysis (PCA) of the presence/absence of the COG in the
main MAG.

As a first approach of the potential functions contained in the MAG with a completeness higher

or equal to 50 %, the presence/absence of the different COG was analyzed through a principal

component analysis PCA (Figure V.10). The MAG recovered from different samples but

carrying the same 16S rRNA gene sequence (SBR001_d427 and SBR001_d427, ACC003_d322

and ACC003_d427, or ACC005a_d427 and ACC005_d322) are grouped together, meaning that

they have very similar COG. The MAG related to Saccharibacteria are closely grouped together,

suggesting that they have similar COG, but also that they are very different from the rest of the

MAG. The MAG related to Actinobacteria are clearly separated from the others, in particular

in the second axis. On the first axis, these MAG are similar to the cluster of Saccharibacteria

related MAG. Globally the MAG are clustered according to their phylogeny, with the MAG of

the order of Betaproteobacteriales clustering together. The MAG ACC004 seems different from
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the other Ca. Accumulibacter-related MAG.

The clustering of the COG related to the inorganic ion transport and metabolism in the main

MAG (Figure V.11), reveal that the MAG related to Saccharibacteria can be distinguished from

the others by the presence of very few of these COG. This can be due to the apparently small

size of their genomes or because their protein sequences are very different from the bacteria

that were used to build the COG database. A group of COG related to the transport of metals is

present mostly in the MAG related to Ca. Accumulibacter and to a lesser extent the MAG related

to the Betaproteobacteriales. In the COG present particularly in the Actinobacteria, appear an

ABC-type dipeptide/oligopeptide/nickel transport system and a superoxyde dismutase.

In this group of COG also, very few were retrieved in the Saccharibacteria related MAG. COG

related to chemotaxis were mostly found in the MAG related to Proteobacteria and in particular

to Betaproteobacteriales. The MAG SBR001_d427and SBR001_d740 have exactly the same

pattern of COG, and in general, the MAG carrying the same 16S rRNA gene sequences have

similar patterns for the COG, giving evidences for the good quality of the assembly and

grouping of these MAG.

Some of the MAG recovered in this study had estimated completeness higher than 80 % and

have to date no complete genome available in the NCBI database. A brief and very incomplete

survey of these MAG is presented in the next paragraphs. The genomes and annotations

performed with prokka are available in electronic supplementary material A.4.1 (Folder A.1)

Sbr-gs28

Two MAG related to the genus Sbr-gs28, from the class Actinobacteria, with an estimated

completeness of 96 and 97 %, respectively, and an estimated percentage of contamination

of 0 %, were obtained. 3216 coding sequences were detected in the SBR001_d427, with

1881 having homologies with know protein sequences. Sequences homologous to genes

involved in biofilm formation were detected in these genomes: a biofilm regulatory pro-

tein A (brpA, FLBBEHNN_00399), a protein involved in the ESX-5 secretion system (eccC5,

FLBBEHNN_00033), a putative N-acetylglucosaminyltransferase involved in the formation

of a biofilm adhesin polysaccharide (pgaC, FLBBEHNN_01561), a protein for the synthesis

initiation of the extracellular polymeric substance (EPS) xanthan (gumD, FLBBEHNN_00568)

and several other biomilm formation related proteins. SBR001 may therefore take part in the

biofilm formation in AGS.

Several genes putatively involved in quorum-sensing were also found: an alkanal monooxyge-

nase alpha chain (LuxA, FLBBEHNN_00360), a (4S)-4-hydroxy-5-phosphonooxypentane-2,3-

dione isomerase, taking part in the degradation of phospho-AI-2 (lsrG, FLBBEHNN_00483),

two homoserinelactone efflux protein (rhtB, FLBBEHNN_01041 and FLBBEHNN_03100). This

suggests that the expression of specific genes may be regulated by quorum-sensing in SBR001.

Genes putatively coding for proteins involved in the toxin/anti-toxin system were found :
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for exemple, the toxins gene higB (FLBBEHNN_00361) and mazF (FLBBEHNN_00637) and

the anti-toxins such as higA (FLBBEHNN_00362), mazE3 (FLBBEHNN_00636) relB and relJ

(FLBBEHNN_02598 and FLBBEHNN_01018). A CRISPR-Cas loci was also detected with repeat

regions and putative CRISPR-associated proteins (endoribonuclease, nuclease/helicase).

The presence of a putative superoxide dismutase (sodA, FLBBEHNN_00949) and other pu-

tative proteins involved in the protection against oxidative stress : a peroxiredoxin (bpc,

FLBBEHNN_02125, not found in SBR001_d740) and a thiol peroxidase (tpx, FLBBEHNN_01426),

suggest that SBR001 can survived in an aerobic environment.

Numerous sequences possibly coding for proteins involved in fermentation were detected

in SBR001: an adenylate kinase, (adk,FLBBEHNN_00938), a putative zinc-binding alco-

hol dehydrogenase (FLBBEHNN_00278), an acetate kinase (ackA, FLBBEHNN_00343),

a L-lactate dehydrogenase (ldhA, FLBBEHNN_00475), a succynil-CoA:acetate CoA-

transferase (FLBBEHNN_00557), diverse components of a pyruvate dehydroge-

nase (PdhC, FLBBEHNN_00648, FLBBEHNN_02133), (aceE, FLBBEHNN_01591)

and (aceF,FLBBEHNN_01058), an NADP-dependent alcohol dehydrogenase C1

(adhc1,FLBBEHNN_01421), two classical alcohol dehydrogenases ( FLBBEHNN_01942

and FLBBEHNN_02107), a complex of methylmalonyl-CoA carboxyltransferase

(FLBBEHNN_00688, _00689 and _00691), and several other. This may indicate a that

this organism can ferment several organic compounds.

Hydrolysis is supported by the presence of diverse proteases : a neopullulanase

(tvaII, FLBBEHNN_00482), an extracellular exo-alpha-L-arabinofuranosidase

(abfB,FLBBEHNN_00694) or a minor extracellular protease (vpr, FLBBEHNN_00791).

Genes putatively coding for porteins implicated in the formation of glycogen are present

in these MAG : two 1,4-alpha-glucan branching enzyme (glgB, FLBBEHNN_00163) and

FLBBEHNN_01831) a glucose-1-phosphate adenylyltransferase (glgC,FLBBEHNN_00965),

and other proteins of the glg operon (glgE2,glgX, glgP). A putative glycogen accumulation

regulator sequence (garA, FLBBEHNN_01896) was also detected.

Sequences coding for genes implicated in denitrification were also found, as reported in

section V.3.5, as well as putative nitrate/nitrite sensors and transporters.

Homologues of genes implicated in the regulation of sporulation were detected : a sporula-

tion transcription regulator (WhiA,FLBBEHNN_01172), sporulation initiation inhibitor pro-

tein (soj,FLBBEHNN_00075), with diverse sporulation proteins (spoVK,FLBBEHNN_01637),

(paiB,FLBBEHNN_01744). These MAG contain also several sequences homologous to genes

involved in betalactame and other antibiotic resistance (MacA, MacB, tetracycline repressor).
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Unclassified DB1-14

An MAG related to the order DB1-14 (DBO002), from the class Alphaproteobacteria, with an

estimated completeness of 84 % and an estimated percentage of contamination of 0 % was

obtained. 2008 coding sequences were detected in the DBO002_d740 (DBO002), with 1138

having homologies with know protein sequences.

Several sequences homologous to genes involved in biofilm regulation (bigR, CPBM-

CMNO_01044, kinB, CPBMCMN O_01871) and formation through biofilm exopolysac-

charide production (icaB, CPBMCMNO_01899, epsE CPBMCMNO_01938, epsJ CPBM-

CMNO_01052), in particular in the biosynthesis of alginate (algA, CPBMCMNO_01148 and

CPBMCMNO_01929 and algC,CPBMCMNO_01904) were found in DBO002. Two sequences

similar to the genes encoding autoinducer 2 sensor kinase/phosphatase (LuxQ, CPBM-

CMNO_00216,CPBMCMNO_01636) were also found. Few sequences homologous to genes

components of the toxin (higB, CPBMCMNO_00421)/antitoxin (higA, CPBMCMNO_00422)

system are present in this MAG. A putative CRISPR-Cas system was detected with repeat

regions and potential CRISPR-associated endonuclease sequences.

Homologous sequences to genes encoding for proteins involved in oxidative stress protec-

tion were detected : two alkyl hydroperoxide reductase (ahpD, CPBMCMNO_01139 and C,

CPBMCMNO_01140), a superoxide dismutase (sodB, CPBMCMNO_00590), a putative per-

oxiredoxin (bcp, CPBMCMNO_01314) and an organic hyperoxide resistance protein (ohrB,

CPBMCMNO_00069).

The few sequences potentially coding for genes potentially involved in fermentation pathways,

such as a L-lactate dehydrogenase (ldh, CPBMCMNO_01689), a formate acetyltransferase

(pflB, CPBMCMNO_00232) or a dihydrolipoyl dehydrogenase (lpd,CPBMCMNO_00407) may

not be sufficient to support the hypothesis of a fermentative metabolism in DBO002. Two

sequences similar to genes coding for aerotaxis receptors are present in ODB002, suggesting a

putative preference for aerobic environments.

A unique sequence putatively involved in glycogen formation, a glycogen synthase (CPBM-

CMNO_01936), was found. PHA formation, on the other hand is supported by the presence of

homologous sequences of the whole poly(3-hydroxyalkanoate) polymerase operon (phaABC,

CPBMCMNO_00897 to CPBMCMNO_00899), an acetate kinase (ackA, CPBMCMNO_00071)

and two acetyl-CoA synthetase (acsA, CPBMCMNO_01026 and CPBMCMNO_01639).

Numerous sequences homologous to genes involved in chemotaxis and flagel fromation

were fond in DBO002. Sequences putatively encoding antibiotic resistances in the form of

penicillin-binding proteins, multidrug export proteins, a beta-lactamase and macrolide export

proteins were also detected in DBO002.
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Unclassified Saccharibacteria

Several MAG related to the phylum Saccharibacteria were obtained with estimated complete-

ness of 63 % and an estimated percentage of contamination of 0 %. The size of the genome

and the number of coding sequences in these MAG being close to the complete genome of

Saccharimonas aalborgensis, the completeness may be underestimated for the genomes of

this phylum. 1098 coding sequences were detected in the SAC013_d740 (SAC013), with 502

having homologies with know protein sequences.

Two sequences homologous to genes coding for the toxin (relE, CMHCJOKK_00221 and relE3,

CMHCJOKK_01125) components of the toxin/antitoxin system are present in SAC013. No

CRISPR system component was detected. A putative peroxiredoxin (bcp, CMHCJOKK_00684)

and a superoxide dismutase (sodA, CMHCJOKK_00321) homologues seem to indicate a toler-

ance of SAC013 for aerobic environments. A sequence similar to a anaerobic regulatory protein

(fnr, CMHCJOKK_00594) may encode for a protein helping SAC013 to adapt its metabolism to

an environment alternating between presence and absence of oxygen.

Sequences potentially coding for proteins involved in the catabolism of amino acids such as a

periplasmic L-asparaginase (ansB, CMHCJOKK_01108) or a L-threonine dehydratase (tdcB,

CMHCJOKK_00028) were detected. Homologues to glycogen synthases (CMHCJOKK_00488,

CMHCJOKK_00619 and CMHCJOKK_01072) a 1,4-alpha-glucan branching enzyme (glgB,

CMHCJOKK_00935) and an alpha-maltose-1-phosphate synthase potentially involved in

glycogen pathway (glgM, CMHCJOKK_01125) may indicate that SAC013 can form glycogen re-

serves. Sequences potentially encoding for proteins involved in sporulation (2) and antibiotic

resistance (9) were detected.

V.3.8 Other MAG

The functional annotation of the MAG with an estimated completeness higher than 80 %

according to the BUSCO analysis, was briefly skimmed through. Sequences homologous to

genes coding for toxin/antitoxin, resistance to oxidative stress and antibiotic resistance were

found in all the considered MAG. A putative CRISPR-Cas system was detected in the MAG

related to Ca. Accumulibacter (ACC003, ACC004, ACC007b), Ca. Competibacter (COM001),

Niabella (NIA001b), Propioniciclava (PRO001) and Thiothrix (THI001).

Sequences homologous to genes coding for proteins involved in the glycogen synthesis path-

way were found in the MAG related to Ca. Accumulibacter, Ca. Competibacter, Defluviimonas

(DEF002), Thiothrix, Niabella, Cytophagaceae (CYT003), and Propioniciclava. The genomic

potential to store PHA was detected in the MAG related to Ca. Accumulibacter, Ca. Com-

petibacter, Defluviimonas and Thiothrix.

Homologues of genes putatively involved in fermentation pathways were found with a more

or less high diversity in all the considered MAG. There are many different proteins involved

in fermentation pathways and some of them can be found in fermenting non-fermenting
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bacteria. A more thorough analysis of the fermentation-related genes would be required to

gather more information about potential fermentative metabolism in the MAG.

Sequences potentially encoding extracellular hydrolases were fond in the MAG related to

Cytophagaceae, Dokdonella (DOK002), Dechloromonas (DEC001) and Niabella.

Sequences homologous to genes involved in biofilm formation were found in all the considered

MAG. In most of them (ACC003, ACC004, CYT003, COM001, DEF002, DOK002, NIA001b),

sequences putatively encoding proteins involved in alginate formation were detected. Putative

quorum-sensing related genes were found in all the considered MAG except the one related to

Propioniciclava (PRO001).

V.3.9 Coverage of hydrolysis- and biofilm-related genes in the different samples

The heatmap of the coverage of selected EC numbers corresponding enzymes involved in

hydrolysis and quorum sensing show differences between the three samples collected on day

71, 427 and 740, when the AGS was treating simple monomeric, complex monomeric and

complex polymeric wastewater respectively (Figure V.13). Homologues of the genes coding for

enzymes involved in the hydrolysis of organic compounds had, as expected, a higher coverage

in the contigs corresponding to the biomass treating the complex polymeric wastewater.

The enzyme (4S)-4-hydroxy-5-phosphonooxypentane-2,3-dione isomerase is part of a degra-

dation pathway of the bacterial autoinducer AI-2. The acyl-homoserine lactone acylase is also

involved in quorum-quenching as it degrades N-Acyl homoserine lactones another quorum

sensing signaling molecule. This enzyme was detected with a higher coverage in the contigs

corresponding to sample d740 collected when the reactor was treating complex polymeric

wastewater. The sequences coding for the quorum sensing signaling molecules were not

detected with this analysis because they are not enzymes.
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Figure V.11 – Presence/absence of the COG related to inorganic ion transport and metabolism
in the main MAG.
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Figure V.12 – Pesence/absence of the COG related to signal transduction mechanisms in the
main MAG.
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Figure V.13 – Average coverage of the selected EC number corresponding to enzymes related
to hydrolysis (A) and quorum-sensing (B) detected in the DNA extracted from the biomass
collected on day 71, when the sludge was treating simple wastewater, on 427, when the sludge
was treating complex monomeric wastewater and on day 740 when the sludge was treating
complex polymeric wastewater. The data from day 322 were not included in the analysis
because the quality of the corresponding assembly was very different from the one of the three
other samples.
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V.4 Discussion

V.4.1 Impact of the DNA extraction methods on the abundance of Actinobacteria

The DNA extracted from AGS samples collected when it was fed with different wastewater

types and sequenced with PacBio technology was assembled into contigs which were grouped

into operational genomic units (MAG). A total of 32 MAG with an estimated completeness

higher than 50 % were recovered from the classes of Gammaproteobacteria, Actinobacteria,

Sphingobacteriia, Cytophagia and the phylum Saccharibacteria. Unfortunatly, PacBio contigs

from the class of Actinobacteria were likely underrepresented compared to the amplicon

sequencing data of the corresponding days (see Figures V.1 and IV.7). The extraction method

chosen for PacBio sequencing was the one producing the longest DNA fragments, but likely

had the disadvantage to keep intact part of the gram+ cells that are difficult to lyse (e.g.,

Actinobacteria) [Juretschko et al., 2002, Kong et al., 2007]. Albertsen et al. [2012] tested different

extraction methods with different bead beating intensities and compared the abundance of

the resulting sequences with qFISH. They showed that the class of Actinobacteria was not

only underrepresented in the DNA sequences from extraction without bead beating, but also

with the bead beating intensities recommended by the DNA extraction kits manufacturer

instructions. Increased bead beating intensities increased the relative abundance of extracted

Actinobacteria sequences but it also reduced the DNA integrity [Albertsen et al., 2012], which

is not advisable for PacBio sequencing since the major limitation for the length of the output

sequences is the length of the input DNA.

V.4.2 Evaluation of the assembly and binning

The assemblies of the Illumina reads produced unsatisfying results compared to the hybrid and

the PacBio only assemblies. In particular, the resulting contigs were small, with a N50 around

10 kbp, as it is generally the case for this type of assemblies [Olson et al., 2017]. Moreover, an

important proportion of 16S rRNA genes were incomplete in these assemblies, which is likely

indicative of missassembly events. Megahit and metaspades used for these assemblies are

considered as good assemblers, yet many ambiguities due to microdiversity, repeat reagions,

intra- and inter-genomic duplications are simply not possible to resolve with short-reads

[Olson et al., 2017, Sloan et al., 2013]. The introduction of PacBio long-reads in the metaspades

assemblies enhanced their quality both in terms of contig lengths and proportions of complete

16S rRNA gene sequences recovery. Such improvement of metagenomes sequences assembly

quality was often reported [Olson et al., 2017, Slaby et al., 2017].

The PacBio assembly produced significantly fewer and longer contigs. After inspecting the

mapping of the raw PacBio long-reads against the contigs obtained after different steps of

polishing, it is likely that some of these contigs were constructed by merging several single

nucleotide polymorphisms (SNP), small deletions or insertions of closely related strains.

Therefore, the MAG formed with these contigs probably represent consensus genomes. The
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quality of the contigs having a high coverage was good, according to the mapping of the raw

long-reads on the final assembly. The potential high quality of PacBio only assemblies for

metagenomes was previously noticed with synthetic data [Olson et al., 2017]. Yet, the contigs

constructed from a small coverage of long-reads had a lower quality according to the mapping,

therefore, the assembly of long-reads alone may not be adapted to recover the genomes of

low-abundance bacteria.

The good quality of the main MAG resulting from the grouping of PacBio contigs is supported

by several evidence. The number of coding sequences was approximatly the same as in the

closest reference genomes. Errors like insertions or deletions would interfere with the open

reading frames (ORF) and introduce false stop-codon, thus lowering the numbers of detected

CDS. The few MAG with a same 16S rRNA gene sequence recovered from the samples of

different days contains a strongly similar information in the sense that the annotation of

these genomes is almost equal. Sets of single-copy orthologous genes are generally used to

estimate the completeness and contamination of metagenome assembled genomes [Albertsen

et al., 2013, McIlroy et al., 2014, Sharon et al., 2013]. In this study, having the less BUSCO

in common was used as a criterion to group the contigs together. It was therefore expected

that the estimation of duplication in the MAG would be low (< 1 % for most of the MAG).

A set of truly universal essential single copy genes for bacteria has likely not been found

yet [Dupont et al., 2012], and therefore the estimation performed by CheckM is based on

different sets of genes according to the phylogeny of the MAG as detected by the program.

Yet, if the lineage is not assessed accurately, the set of marker genes chosen for the analysis

may not be adapted. The estimation of completeness and contamination depends on the

presence of closely related genomes in the database and their accuracy therefore varies

accordingly. For example, the most complete MAG from Saccharibacteria were estimated

complete around 65 % . Arlbertsen et al. [2013] recently assembled four genomes from

Saccharibacteria. These genomes have approximately the same size as the Saccharibacteria-

related MAG found in this study and a similar estimated completeness. 6.5 % of the single

copy essential genes used to evaluate the completeness of the genomes were not found in

any of these four ones supporting the hypothesis that Saccharibacteria members have smaller

genomes due to parasitic/commensalistic/symbiotic lifestyles [Bor et al., 2019, McLean et al.,

2018]. The completeness of Saccharibacteria genomes using single copy essential genes is

likely biased and could be adapted in the future with the information recently collected on

different genomes belonging to this phylum.

The method and the thresholds used to group the PacBio contigs into MAG were chosen so that

the contamination was minimized, perhaps in some cases to the detriment of completeness.

The MAG can probably be completed manually with the help of the assembly graphs. Yet, the

statistics on the collected MAG are comparable to the ones of similar metagenomic studies

using short-reads or a combination of short- and long-reads to reconstruct genomes [Hao et al.,

2018, Lawson et al., 2017]. This suggest that the assembly of PacBio long-reads is promissing

for the recovery of genomes from metagenomes of medium complexity.
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V.4.3 The diversity of Ca. Accumulibacter complicates the assembly of the genomes
from different clades

The assembly graphs show two different kinds of contigs: isolated contigs and contigs linked

with other ones producing bubbles and multiple possible paths. Most of the contigs attributed

to Ca. Accumulibacter genus belongs to the second category. In comparison, the MAG cor-

responding to Dechloromonas was assembled in a single contig despite a lower coverage

than some Ca. Accumulibacter-related MAG. Difficulties to assemble Ca. Accumulibacter

sequences despite a high coverage was previously reported [Slaby et al., 2017]. Ca. Accu-

mulibacter is an extremely diversified genus [He et al., 2007, Leventhal et al., 2018, McMahon

et al., 2007]. According to the results of this study, part of this diversity was present in the AGS

of the four metagenomes sequenced, while only one ‘clone’ related to Dechloromonas was

found among the main MAG.

Moreover, the quantity and phylotype of the Ca. Accumulibacter-related MAG varied through

the different samples, possibly due to the changes in the wastewater composition and/or other

factors (e.g., phage). This high diversity inside the Ca. Accumulibacter genus and the shifting

of the most abundant clades were previously reported in the biomass of reactors performing

biological phosphorus removal [He et al., 2007, Leventhal et al., 2018, McMahon et al., 2007]. In

this study, the clade IA, IIA and other phylotypes probably from type I were present in the AGS

treating simple and complex monomeric wastewater, ACC004 quite different from the other

MAG, to which no type could be assigned, was present in the AGS treating complex monomeric

wastewater. The clades IA and IIA were likely not abundant in the AGS treating complex

polymeric wastewater, instead ACC007, related to type I was the main Ca. Accumulibacter

phylotype. Further studies will be needed to determine if these changes were linked with the

changes in the wastewater composition.

The presence of multiple closely related strains within the same sample tends to complexify

the assembly, with highly similar parts and others that are markedly different [Nurk et al., 2017,

Sloan et al., 2013]. In addition, Ca. Accumulibacter bacteria seem to harbour an important

CRISPR-Cas system, which contains variable parts of bacteriophage and increase the diversity

of the sequences. Part of the CRISPR-Cas sequences contribute to the ‘ball of wool’ in the

assembly graph from sample d71. A thourough analysis of these sequences would be required

in order to understand theire structure and potentially link them to one of the MAG. It is also

possible that Ca. Accumulibacter have active mechanisms of genome recombination that

make the genomes unstable through the closely related strains and even in time. This could

be the subject of further investigations.

V.4.4 The different clades of Ca. Accumulibacter present in the AGS

Similarly to previous studies, the classification of Ca. Accumulibacter-related MAG based on

the ppk1 genes corroborated the classification based on 16S rRNA genes [He et al., 2007]. The

classification based on the ppk1 was more precise as it distinguished between the sequences
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of MAG having the same 16S rRNA gene sequence (ACC005 and Ca. Accumulibacter sp. BA-93,

ACC007a and ACC007b from sample d740). This observation was the motivation for chosing

ppk1 to distinguish different Ca. Accumulibacter genotypes [He et al., 2007]. Based on the

different phylogenetic trees including Ca. Accumulibacter sequences from clades IA, IC, IIA,

IIC and IIF, the MAG ACC001 is close to the clade IIA, ACC005 belongs to clade IA, ACC003

and ACC007 belong to the type I but the specific clade could not be determined due to the

absence of representant of some clades in these analyses. The clade of ACC004 could not

be determined, but this genotype is a little apart from the other Ca. Accumulibacter-related

MAG and references included in this study. ACC004 distinguish itself from the other genomes

of the genus also by a fewer number of phosphorus-cycling related genes detected (only

one Pit gene and one PhoU). This suggest that ACC004 may not have the same capability

to accumulate and release inorganic phosphate as the other MAG of the same genus. The

presence of Ca. Accumulibacter clades which do not constitutively accumulate large amount

of polyphosphate was reported [Kong et al., 2004, Zilles et al., 2002], but the hypothesis that

ACC004 accumulates lower polyP than the other Ca. Accumulibacter needs to be supported

by experimental evidences.

Based on key gene sequences, the MAG ACC004_d427 and ACC007b have the genomic poten-

tial to denitrify from nitrate through a periplasmic nitrate reductase, the MAG ACC001a and

ACC005_d71 to denitrify from nitrite with a possibility that a periplasmic nitrate reductase

was not found in the two latest MAG due to their incompleteness, since it is present in the

reference genomes of the corresponding clades. These results are in line with the conclusions

of previous metagenomic studies on type IA and IIA. The complete denitrification pathway

was not found in the relatively complete MAG ACC003, but the genomic potential to respire

nitrate (through a respiratory nitrate reductase) and nitrite was.

V.4.5 Marker genes for PAO metabolism

Phosphate is an essential micronutrient for bacteria, therefore polyphosphate kinase, ex-

opolyphosphatases and phosphate transporters are commonly found in bacteria that do not

accumulate large amounts of polyphosphate [Albi and Serrano, 2016, Kornberg et al., 1999].

The low-affinity inorganic phosphate transporter (Pit) was a good candidate tho discriminate

PAO from non-PAO since in was not found in Ca. Competibacter [McIlroy et al., 2014], yet

it was detected in the genome of GAO bacteria [Wang et al., 2014a]. The uncharacterized

protein encoded by the gene PhoU is thought to be related to the regulation of phosphate

uptake. Pseudomonas and Escherichia coli mutants having a phoU gene knocked out, were

reported to accumulate unusually high amount of polyphosphate and alarmone guanosine

tetraphosphate (ppGpp) intracellularly and be less resistant to stress [de Almeida et al., 2015,

Morohoshi et al., 2002]. Multiple homologues of these genes were found in the MAG and

the reference genomes of Ca. Accumulibacter, but only one in the reference genomes of

Tetrasphaera. Moreover homologous sequences of PhoU were found in non-PAO MAG such as

Thiothrix or Zoolgoea. A marker gene for PAO metabolism, if it exists, is still to be found.
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V.4.6 Biofilm formation

The genes encoding proteins involved in biofilm formation were detected in all the main MAG,

in particular, proteins related to alginate production were present in most of the main MAG. Yet,

this was also observed in metagenomes from activated sludge systems [Albertsen et al., 2012].

Quorum-sensing was shown to play an important role in granule formation. For example, the

presence of autoinducer acyl-homoserine lactone, a quorum-sensing protein, can induce the

granulation of floccular activated sludge [Barr et al., 2016, Schaefer et al., 1996, Tan et al., 2014].

Several homologues of quorum-sensing related genes, including acyl-homoserine lactone

export, were detected in almost all the main MAG of this study. It is possible that the potential

to form biofilm is present in most of the bacteria constituting the AGS in this study and that it

is actually triggered by external factors influencing quorum sensing signaling. For example,

the amount of COD incorporated by the bacteria could influence positively expression of

genes involved in biofilm formation [Burne, 1998, Jefferson et al., 2004].

V.4.7 Repartition of COG in the MAG

The PCA performed on the presence/absence of COG in the main MAG revealed a link between

the functional orthology and the phylogeny. Such a relation was already noticed with a

metagenome from sponge microbiomes [Slaby et al., 2017]. Yet, in this study, all the analysis

based on the gene prediction are biased. Most of the proteins have not been characterized

yet or their function is only inferred from homology, which does not guarantee a homologous

function [Martin et al., 2006]. The putative functions detected in the present metagenomes can

be used to make hypothesis and serve as a template for metatranscriptomic, metaproteomic,

or other molecular analyses such as (MAR-FISH) [Oyserman et al., 2016].

V.5 Conclusions

The metagenomes of four AGS samples collected when the reactor was treating simple, com-

plex monomeric and complex polymeric synthetic wastewater were sequenced in order to get

indications about the roles of the different bacterial populations in the nutrient removal and

granulation processes and to provide a template for future metatranscriptomic experiments.

PacBio and Illumina sequencing were employed and different assemblies with the sequences

obtained from one of these technologies or a combination of both were tested. Based on

the contig lengths and the proportion of complete 16S rRNA gene sequences, the PacBio

assembly proved to be the best of the tested assemblies and was therefore chosen for the rest

of the analysis. Operational genomic units (MAG) were built from this assembly by using the

Illumina read coverages, with universal single copy genes and tetranucleotide frequency to bin

the PacBio contigs. 31 of these MAG had were estimated to be at least 50 % complete. Several

MAG affiliated with unclassified genera (DB1-14, Saccharibacteria) or from which no complete

genome was found in the public databases (Sbr-gs28, Propioniciclava) had an estimated
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completeness higher than 80 % and delivered few clues about their potential metabolism. The

few MAG recovered from different samples but carrying an identical 16S rRNA gene sequence

had almost identical gene annotations, testifying of the reproducibility of the analysis. This

supports the fact that despite a high error rate, PacBio technology can advantageously be used

to sequence low-to-medium complexity genomes. The data collected in this study will be

further exploited to investigate more thoroughly the genomic information it contains and will

hopefully serve as a basis for future metatranscriptomic analysis.

Multiple strains of Ca. Accumulibacter were found in each samples likely making the assembly

of their genomes very complex. This diversity of Ca. Accumulibacter evolved through the

changes in the wastewater composition feeding the AGS samples and were not the same with

the sample treating simple, complex monomeric or complex polymeric wastewater. Whether

these changes are linked with the wastewater composition or with other factors will need

further investigations, but different metagenomic potential of the different MAG were already

noticed, in line with previous studies. In particular, the potential to respire nitrate is not

provided by the same type of enzyme in the different MAG and the full denitrification pathway

is potentially present in some of the MAG but not in others. Moreover, one of the MAG seems

to carry significantly less phosphate-cycling related genes than the others, suggesting that it

may have a lower phosphorus removal capability.
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VI General discussion

VI.1 Bacterial communities in AGS fed with different wastewater

types

Two experiments were designed to study the influence of the wastewater composition on the

bacterial communities of aerobic granular sludge (AGS), as well as their settling properties

and nutrient removal performance with two different approaches. The experiment carried

out at Eawag (hereafter referred to as Eawag experiment) studied the influence of wastewater

composition, in terms of diffusible carbon, on the transformation of activated sludge into AGS

(chapter III). The experiment carried out at EPFL (hereafter referred to as EPFL experiment)

studied the effect of progressive complexification of the synthetic wastewater by introducing

fermentable compounds in a first step and polymeric compounds in a second step on already

formed AGS acclimated to simple wastewater containing acetate and propionate as carbon

source (chapter IV).

The two principal coordinates of the bacterial communities during stable states from both

experiments are shown in Figure VI.1. They are clearly separated by experiment on the first

axis. The comparison of bacterial communities from different wastewater treatment plants

usually produces similar results, with an important core community and yet a clear clustering

of the samples according their sampling site [Saunders et al., 2016].

The wastewater composition corresponding to stable state 7 and R1 (simple wastewater) and

those corresponding to stable state 6 and R2 (synthetic complex polymeric wastewater) were

similar in terms of carbon substrates. Yet the phosphate concentrations were very different

between the two experiments: 6 mgl−1 of P-PO4 at Eawag, in order to be close to the values

typically measured in Swiss municipal wastewater, 22 mgl−1 at EPFL to promote the growth of

phosphate-accumulating organisms (PAO). Moreover, the sizes and operation of the reactors

were not exactly the same for the two experiments. As mentioned above, the seed sludge for

the Eawag experiment was activated sludge from an EBPR wastewater treatment plant, while

it was AGS acclimated to simple wastewater for the EPFL experiment. The bacteria brought by
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Figure VI.1 – Principal coordinate analysis of the Bray-Curtis distance of the bacterial commu-
nities at stable states in the EPFL (stable states 1-7) and Eawag (R1-R4) experiment. Stable
states 1, 7 and R1 correspond to simple synthetic wastewater, stable states 2, 3, 4 and 5 cor-
respond to complex monomeric synthetic wastewater, stable states 6 and R2 correspond to
complex polymeric synthetic wastewater and stable states R3 and R4 correspond to municipal
wastewater. 46.98 % of the total variability of the bacterial communities are shown in this pro-
jection. The graphs showing the projection on the third axis are presented in supplementary
material (Figure A.18)

the municipal wastewater can influence the sludge community [Saunders et al., 2016]. This is

not part of the reasons explaining the differences in the bacterial communities shown in the

first axis of the PCoA because the bacterial communities from the reactors treating synthetic

and municipal wastewater are grouped together in this projection.

A total of 425 taxa (genus level) were detected in the bacterial communities of the Eawag

experiment, 293 in the ones of the EPFL experiment. From those, 223 were common to both

experiments and 28 were abundant in both experiment. Among the abundant genera (>1

% at stable state) detected only in the Eawag experiment were Trichococcus, several Com-

petibacteraceae (Ca. Contendobacter, CPB_CS1), Ca. Mictothrix, and Ca. Epiflobacter. The

Competibacteraceae CPB_S18 was the abundant genus detected only in the EPFL experiment.

In the two experiments, the bacterial communities treating simple wastewater were signifi-

cantly different from the ones treating complex wastewater (Figure VI.1). AGS treating simple
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wastewater were characterized by very low proportions of Actinobacteria and Saccharibacte-

ria and high proportions of Gammaproteobacteria. AGS treating complex wastewater were

characterized by a more diverse bacterial community, in particular with the presence of Sac-

charibacteria and Actinobacteria. The main genera from the two experiments are presented

in table VI.1 depending if they were enriched in simple wastewater, in complex polymeric

wastewater or if the difference of mean proportion between the two wastewater types was not

significant. The majority of the genera were found in both wastewater type, yet numerous taxa,

including several Actinobacteria, were underrepresented in the simple wastewater compared

to complex polymeric wastewater. Holling et al. [1973] compared the microbial communities

of AGS treating a simple synthetic (acetate) and a municipal wastewater and found 80 % of

Proteobacteria and almost no Actinobacteria in the first AGS and less than 50 % of Proteobac-

teria and around 2 % of Actinobacteria in the second AGS. Percentages of < 1 % to 33 % of

Actinobacteria were reported in AGS treating complex polymeric wastewater [Cetin et al., 2018,

Kang et al., 2018, Liu et al., 2017, Swiatczak and Cydzik-Kwiatkowska, 2018]. Yet it is possible

that the abundance of Actinobacteria was underestimated by amplicon-sequencing based

evaluations [Albertsen et al., 2015]. For example Cetin et al. [2018] reported good P-removal

performance, but no PAO in the most abundant genera detected in the AGS.

Table VI.1 – Main taxa common to Eawag and EPFL experiments enriched in the simple
wastewaters, the complex polymeric wastewaters or in both wastewater types.

simple wastewater complex polymeric wastewater both types
Thiothrix Micropruina Tetrasphaera
Ca. Accumulibacter Saccharibacteria (p) Zoogloea
Ca. Competibacter Kouleothrix Nitrospira
Flavobacterium Paracococcus Rhodobacter
DB1-14 (o) Saprospiraceae (f) Dechloromonas
Ca. Nitrotoga Thauera Propioniciclava
Flavobacterium Dokdonella Anaerolineaceae (f)
Hyphomonadaceae (f) Xanthomonadaceae (f) CYCU-0281
Nitrosomonas Propionicimonas CPB_C22&F32
Armatimonadetes (p) Nocardioides Meganema

Diaphorobacter Comamonadaceae (f)
Shinella Pseudoxanthomonas
Iamia Propionivibrio

Cytophagaceae (f)

Similar differences also exist between the bacterial communities of EBPR activated sludge fed

with simple synthetic wastewater and real wastewater [Swiatczak and Cydzik-Kwiatkowska,

2018, Weissbrodt et al., 2014b]. The bacteria enriched in the AGS treating complex wastewater

compared to AGS treating simple wastewater, and in particular members of Actinobacteria

and Saccharibacteria, may be part of the AGS bacterial core communities and are missed

when working with simple wastewater.
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VI.2 Functional groups in AGS

To study the evolution of the different functional groups in the microbial communities during

the two experiments, the proportions of different functional groups were assessed by assigning

the functional information provided by the MiDAS microbe browser [McIlroy et al., 2015a] to

the corresponding genera of the bacterial communities.

VI.2.1 PAO and GAO

At Eawag, the proportions of PAO diminished from 10 % to below 5 % during the start-up from

EBPR activated sludge to AGS with the synthetic and municipal wastewater (Figure VI.2). In

the reactors treating complex wastewater, the relative abundance of PAO, mainly Tetrasphaera,

remained around 10 % during the transition, and then was lower at stable state (1-3 %). This

is lower than the proportions of PAO generally reported in EBPR treatment plants (12 - 36

%) [Mielczarek et al., 2013, Muszynski and Zaleska-Radziwill, 2015, Nielsen et al., 2010]. The

reasons for the low abundances of PAO in the stable states are unclear. Certainly the low

phosphate concentrations in the influent wastewater did favor GAO over PAO [de Kreuk et al.,

2005, de Kreuk and van Loosdrecht, 2004, Weissbrodt et al., 2014a, Zeng et al., 2003b]. It is also

possible that these AGS contain PAO that are not yet identified.

The proportion of PAO at stable state was lowest in the AGS treating complex synthetic wastew-

ater (R3). Yet, 1.5 % of Microlunatus, which was not in this version of MiDAS browser, were

detected in this AGS. A PAO metabolism with the uptake of glucose and glutamate was de-

tected in Microlunatus phosphovorus [Santos et al., 1999]. It is therefore possible that part of

the Microlunatus in R2 had a PAO metabolism, but it is difficult to confirm this hypothesis

afterward. If the Microlunatus was counted as a PAO, the total of PAO in R2 would be similar

to the ones detected in the AGS treating municipal wastewater (R3 and R4).

The proportions of GAO was lower than 4 % in the EBPR activated sludge inocula. In the sludge

treating simple wastewater, it increased and fluctuated around 8 % during the transition to

AGS and stabilized around 18 % at stable state. In the AGS treating complex wastewater, the

proportions of GAO, mainly Micropruina, increased during the transition to AGS, and then

were around 13 % at stable state. These proportions were lower in the AGS treating municipal

wastewater (< 5 %) at stable state.
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Figure VI.3 – Relative abundance of PAO during the transition from simple monomeric, to
complex monomeric and to complex polymeric influent wastewater in EPFL experiment.

At EPFL, the proportions of PAO were around 40 % at the beginning of the experiment, in the

AGS treating simple wastewater (Figure VI.3). This is higher than the proportions measured in

activated sludge from EBPR treating municipal wastewater and was probably a consequence

of the high phosphate concentration in the influent wastewater [Weissbrodt et al., 2014a]. The

proportion of PAO fluctuated a lot during this experiment. It is likely that the proportions of

Tetrasphaera were underestimated leading to an important underestimation of the proportion

of total PAO when Tetrasphaera was the dominant PAO [Albertsen et al., 2015].

The proportions of GAO also fluctuated during the EPFL experiment (Figure VI.4). The propor-

tions of GAO increased during the transition from simple to complex monomeric wastewater

which is also the period corresponding to very low proportions of Ca. Accumulibacter.

The compositions of the guild of PAO (including putative PAO) according to the different

wastewater types in the EPFL and Eawag experiments during stable states are presented in

Figure VI.5. In the reactors fed with simple wastewater, the PAO were mainly Betaproteobac-

teriales, whereas with the synthetic complex wastewater, the guild of PAO was more diverse

with Tetrasphaera representing a higher proportion of the guild. The guild of PAO in the

reactors treating municipal wastewater had a higher richness with the presence of the PAO Ca.

Obscurimonas and Ca. Accumulimonas which were not detected in the AGS treating synthetic

wastewater.

The compositions of the guild of GAO according to the different wastewater types in the

EPFL and Eawag experiments during stable states are presented in Figure VI.6. The trends
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Figure VI.4 – Relative abundance of GAO during the transition from simple monomeric, to
complex monomeric and to complex polymeric influent wastewater in EPFL experiment

observed with the guild of PAO are similar for the one of GAO. The compositions of the guilds

treating the same wastewater type were similar in both experiments. In the AGS treating

simple wastewater, the GAO belong mostly to Gammaproteobacteria and more particularly to

the Competibacteraceae family. In the AGS treating complex polymeric wastewater (synthetic

and municipal), the GAO are mostly Actinobacteria, with a high proportion of Micropruina.

This corresponds to the observations made on the sludge collected in EBPR wastewater

treatment plant, where Micropruina was often representing a high proportion of the guild of

GAO [Stokholm-Bjerregaard et al., 2017]. The guild of GAO had also a higher richness in the

AGS treating municipal wastewater.

VI.2.2 Fermenting bacteria

The proportions of fermenting bacteria during the start up of AGS from EBPR activated

sludge are shown in Figure VI.7. These proportions were around 5 % in the inocula. In the

reactor treating simple wastewater it diminished below 1 % at stable state. In the reactors

treating complex wastewater, the proportions of fermenting bacteria increased during the

transition phase and then returned close to their initial values in the reactors treating complex

wastewater at stable state.
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Figure VI.5 – Composition of the guild of PAO in the Eawag and EPFL experiments, according
to the different wastewater types. Functions were provided by MiDAS browser

Figure VI.6 – Composition of the guild of GAO in the Eawag and EPFL experiments, according
to the different wastewater types. Functions were provided by MiDAS browser.
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Figure VI.8 – Relative abundance of fermenting bacteria during the transition from simple
monomeric, to complex monomeric and to complex polymeric influent wastewater in EPFL ex-
periment. The functions were attributed to taxa defined at genus level based on the functional
information provided on MiDAS browser.

The proportions of fermenting bacteria in the AGS treating simple wastewater and after

the transitions to complex monomeric and to complex polymeric wastewater are presented

in Figure VI.8. The low proportions of fermenting bacteria detected in the AGS treating

simple wastewater increased up to 25 % during the transition to complex wastewater. This

proportion was lower during few weeks following the duplication of the reactors, coming with

an increased food to microorganism ratio. In this graph, the potentially fermenting bacteria

from uncharacterized genera are not included in the fermenting or putative fermenting

bacteria. For example, the unclassified members of Saccharibacteria that may ferment glucose

if they have a similar metabolism as Ca. Saccharimonas [Albertsen et al., 2013] are colored in

grey. Therefore the fluctuations in the proportions of fermenting bacteria after the transition

to complex polymeric wastewater may be an artifact of the analysis.

In the two experiments, almost no fermenting bacteria were detected in the AGS treating

simple wastewater, whereas 12 % to 30 % were detected in the AGS treating complex wastewater

at stable states. Similar percentages of fermenting bacteria with a majority of Actinobacteria

were also reported in biological nutrient removal wastewater treatment plants [Kong et al.,

2008, Nielsen et al., 2012a].
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VI.3. Granulation and settling properties

Figure VI.9 – Relative abundance of filamentous bacteria during the transition from simple
monomeric, to complex monomeric and to complex polymeric influent wastewater in EPFL ex-
periment. The functions were attributed to taxa defined at genus level based on the functional
information provided on MiDAS browser.

VI.2.3 Filamentous bacteria

Filamentous bacteria are often held responsible for deterioration of the settling properties of

activated sludge or AGS [Liu and Liu, 2006, Martins et al., 2011, Nielsen et al., 2000]. Indeed

overgrowth of filamentous bacteria were often linked with bulking episodes in activated sludge.

Yet, filamentous bacteria are generally present in reasonable proportions in AGS and they

may favor granule formation and stability by providing a structure to which the other bacteria

can attach [Gonzalez-Gil and Holliger, 2014, Liu et al., 2005]. This is confirmed by the results

collected in this study. In both experiments, the increased proportions of filamentous bacteria

were not related to impaired settling properties.

VI.3 Granulation and settling properties

In both experiment, the AGS treating polymeric wastewater had significantly lower settling

properties and higher proportions of flocs compared to the AGS treating monomeric wastewa-

ter. In the Eawag experiment, the evolution of the size fraction of the sludge was very similar

during the start-up of AGS treating synthetic and municipal complex polymeric wastewaters.

During this experiment, the biomass was mainly composed of small granules with a size

between 0.25 mm to 0.63 mm. The proportion of granules remained above 50 % in the reactor

treating raw wastewater, while it was more fluctuating in the two others. Yet, the settling
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properties, characterized by the sludge volume index (SVI) were positively correlated to the

amount of diffusible carbon in the influent wastewater.

At EPFL, the low SVI measured after the first transition from AGS fed with simple to complex

monomeric wastewater showed that excellent settling properties of AGS can be maintained

with a high proportion of fermentable compounds (glucose and amino acids) in the influent

wastewater. On the other hand, the introduction of polymers (up to 33 % of the COD) totally

impaired the granulation of the sludge, which stopped producing new granules for more than

two months. After this adaptation period, the AGS resembled the one observed at Eawag with

a proportion of flocs estimated around 30 % and a SVI10 around 80 mlg−1.

The negative influence of polymeric compounds in the wastewater on the AGS settling proper-

ties have already been highlighted. It was often attributed to the leakage of COD in the aerobic

phase resulting from non-hydrolyzed polymers [de Kreuk et al., 2010, deBeer and Stoodley,

1995]. The COD available with aerobic conditions can benefit the growth of filamentous

bacteria. In small proportions, they are thought to provide a backbone for granules, thus

being part of the granulation process [Bin et al., 2015, Gonzalez-Gil and Holliger, 2014]. Yet

their overgrowth is hold responsible of filamentous outgrowth at the surface of the granules,

floc formation and the resulting deterioration of settling properties [Morgenroth et al., 1997,

Pronk et al., 2015a]. However, the presence of filamentous bacteria is certainly not the only

cause for the lower settling properties observed with the AGS treating polymeric wastewater

compared to the ones treating monomeric wastewater. Indeed, the bacterial communities

of flocs were not significantly enriched with filamentous bacteria. The larger differences

between the proportions of filamentous bacteria in flocs and granules were observed when

the proportion of flocs was the lowest (stable state 2, 4 and 5, R1). Moreover, the proportion

of known filamentous bacteria were detected in low amount (< 10%) in the sludge treating

polymeric wastewater (Figure VI.9 and VI.7), while it was sometimes higher than 20 % in the

AGS treating simple wastewater showing excellent settling properties.

Like other biofilms, granules are mainly composed of microorganisms and the extracellular

polymeric substances (EPS) they produce [Liu et al., 2004]. Some bacteria may have a higher

capability than others to produce EPS and therefore contribution to granulation may depend

on the bacterial populations [Li et al., 2014]. A brief overview of the most complete recon-

structed genomes from the AGS collected during the EPFL experiment tends to confirmed

that the main bacteria present in the sludge treating monomeric or polymeric wastewater,

carry genes potentially coding for proteins involved in biofilm formation.

Therefore the different propensities of the AGS to constitute dense biofilm via the production

of EPS is likely regulated by external factors. The abundance of readily available COD was

shown to promote EPS formation in numerous cultivated bacteria [Burne, 1998, Jefferson

et al., 2004]. Conversely, COD limitations promote planktonic mode, allowing the bacteria

to move and find other food sources [Jefferson, 2004]. High amounts of COD in the influent

wastewater favor granulation and excellent settling properties [Cetin et al., 2018, Nancharaiah
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VI.4. Evolution of the PAO microdiversity

and Reddy, 2018, Wang et al., 2009]. Increasing the volume exchange ratio and therefore

the rate of incoming COD is recognized as a mean to promote granulation with low strength

polymeric wastewater [Wang et al., 2009]. In the experiments presented in this thesis, AGS with

very similar communities (stable states R3 and R4, 4, 5 and 6) had distinct settling properties

depending on the quantity of diffusible COD provided by the influent wastewater, showing

that the composition of the microbial community is not the only factor influencing the settling

properties of the sludge.

Hence, granulation is proposed to be partly linked to the quantity of COD taken up by the EPS

producing bacteria. Quorum-sensing could be involved in this regulation, as it was shown to

play a role in biofilm formations [Merritt et al., 2003, Sakuragi and Kolter, 2007, Wang et al.,

2012, Xia et al., 2012]. Putative quorum-sensing related genes were found in the genomes of

bacteria present in the EPFL experiment.

VI.4 Evolution of the PAO microdiversity

Based on the v1-v2 regions of the 16s rRNA gene sequences, 59 OTU (97 %) related to Ca.

Accumulibacter, 17 to Tetrasphaera and 12 to Dechloromonas were found in the AGS collected

during the EPFL experiment. Several of the full-length distinct sequences from the whole

metagenome sequencing or reference genomes had identical v1-v2 regions, therefore the

richness based on the partial 16s rRNA gene sequences may be underestimated. The analysis

of P metabolism-related genes confirms that other genes, such as ppk1, can discriminated

two Ca. Accumulibacter populations carrying the same 16s rRNA gene sequences [de Kreuk

et al., 2007, He et al., 2007].

The high diversity of Ca. Accumulibacter likely complexified the reconstruction of their

genomes even with the PacBio data. Even with a lower coverage, the genome of Dechloromonas

was easily assembled in one contig, while those related to Ca. Accumulibacter were in multiple

contigs and several contigs and the binning did not succeed to produce complete and not

contaminated genomes for all the Ca. Accumulibacter-related MAG. The individual inspection

of the contigs may help to improve the binning and get more complete MAG. Yet, the only

complete genome available for Ca. Accumulibacter was reconstructed from a highly enriched

sludge [Martin et al., 2014]. Other studies have assembled Ca. Accumulibacter genomes

from metagenomes, but these genomes are fragmented, incomplete and generally contains

contaminations [Mao et al., 2014, Skennerton, 2012]. The diversity of Ca. Accumulibacter may

not be the only factor complexifying its assembly. Their genome likely contains long repeats

that are difficult to resolve [Schmid et al., 2018]
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VI.4. Evolution of the PAO microdiversity

The repartition of the PAO into different clusters (groups of phylogenetically related OTU)

across the EPFL experiment is presented in Figure VI.10. For the two genera, Ca. Accu-

mulibacter and Tetrasphaera, this repartition evolved during the experiment. At the beginning

of the experiment, when the AGS was treating simple wastewater, a cluster related to Ca.

Accumulibacter class IA was relatively more abundant than the others, but its proportion

decreased with the transition to complex monomeric wastewater. The cluster related to clade

IIA was present mainly at the beginning of the experiment. These two clades along with clade

IIC were detected in the AGS collected few months before the EPFL experiment [Leventhal

et al., 2018]. It is possible that one of the clusters presented here is related to clade IIC, but

based on the phylogeny of ppk1 and ppk2 homologues detected in the whole metagenome

sequences, no evidence of the presence of clade IIC was found. Most of the clusters detected

at the beginning of the experiment were also present in the AGS at the end of the experiment,

with fluctuations in between. Yet, the dominant cluster was not the same before and after the

changes of wastewater. Such fluctuations of different clades have been reported [Flowers et al.,

2013]. It is however difficult to identify the causes of these fluctuations. The composition of

the carbon source may have played a role, either directly [Qiu et al., 2019] or indirectly by

selecting different flanking populations. A bacteriophage attack can have played a role by

selectively infecting the strains having non-adapted defense mechanism [Skennerton et al.,

2011]. The aeration strategy during the aerobic phase was changed from constant aeration to

alternated aeration and idle periods of 10 minutes from day 48 on. If the different Ca. Accu-

mulibacter clades present in the AGS had different denitrification capabilities, this change

may also have played a role in the new repartition Ca. Accumulibacter clusters. Kim et al.

[2013] noticed a shift from a Ca. Accumulibacter population with a majority of clades IIA, IA

and IF to a majority of clades IIC, IA and IIF after the introduction of an anoxic phase between

the anaerobic and oxic phases. It is also possible that flocs and granules do not have the same

repartition of Ca. Accumulibacter clades [Barr et al., 2016].

Based on previous studies and on the results presented in chapter V, it is likely that the bacteria

in the different clusters have different metabolism [Flowers et al., 2013, Peterson et al., 2008],

in particular regarding to P-accumulation, carbon uptake [Gonzalez-Gil and Holliger, 2014,

Qiu et al., 2019] and denitrification [Flowers et al., 2009, Kim et al., 2013, Oehmen et al., 2010].

In this study, correlation between the main taxa and the reactor performance were computed,

giving few significant results. With genera such as Ca. Accumulibacter it could be worth to

compute these correlations at the OTU level. Yet, the software used to cluster the sequences

in OTU (cd-hit) does not actualize the cluster center during the algorithm and may produce

clusters for which the composition can vary a lot with similar inputs and may not reflect the

biology behind. New clustering algorithm which recompute the center of the clusters during

the process could be tested to improve the stability of the clusters [James et al., 2018].

In comparison with Ca. Accumulibacter, Tetrasphaera was less diverse but still composed of 4

cluster of 4-5 OTU each. Up to 156 OTU (97 %) were related to Tetrasphaera were retrieved

in EBPR sludge, but generally one of them is significantly more abundant than the others

[Mielczarek et al., 2013, Nguyen et al., 2011]. The cluster present at the beginning of the
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experiment became very abundant following the abrupt decrease of Ca. Accumulibacter

around day 134, and then was progressively replaced by another cluster. Two other clusters

appeared during the experiment, one did three months after the transition to polymeric

wastewater. Bacteria from the genus Tetrasphaera have shown hydrolyzing capabilities [Xia

et al., 2008a]. It is not known yet if this ability is common to all the Tetrasphaera strains. Some

Tetrasphaera species seem to harbour slightly different metabolisms, for example regarding

PHA synthesis [Kristiansen et al., 2013].

VI.5 Nitrogen-removal according to the wastewater type

Ammonium-removal was, in average, above 90 % in all the reactors of the two experiments

whatever the wastewater type. It was not the case of total nitrogen (TN) removal due to the

presence of variable concentrations of nitrate in the effluent. In the EPFL experiment, few

simultaneous nitrification-denitrification (SND) was noticed during the aerobic phase and the

TN-removal was around 50 %. The full aeration was therefore replaced by intermittent aeration.

It extended a little the length of the cycles but improved substantially the TN-removal (up to

80 %). During the transition from simple to complex monomeric wastewater, TN-removal

performance was impaired. This coincided with the abrupt decrease of Ca. Accumulibacter in

the AGS and the drop of P-removal performance. As mentionned above, it is likely that most

Ca. Accumulibacter present in BNR sludge are implicated in denitrification. Therefore, the

sudden decrease of Ca. Accumulibacter could be a cause of the impaired denitrification. The

total COD which decreased slightly during this transition can be another valid explanation for

the lower TN-removal. After the transition, the COD of the wastewater was increased to 600

mgO2 l−1 and both good P- and TN-removal were recovered.

In both experiments, the TN-removal was slightly lower with the polymeric wastewater in com-

parison with the monomeric wastewater. The potential denitrification pathways detected in

the metagenome assembled genomes (MAG) of the sludge treating monomeric and polymeric

wastewater, along with other studies [Wang et al., 2014b] show that denitrification capabilities

are widespread across the bacterial kingdom. Numerous putative denitrifying bacteria were

found in the AGS treating monomeric and polymeric wastewater. Moreover, the two reactors

treating municipal wastewater, had very similar bacterial communities but the AGS treating

clarified wastewater had a lower TN-removal (45 %) than the AGS treating raw wastewater (63

% for run #2). This shows that the combination of operational conditions and the bacterial

community composition acts on the TN-removal performance of the AGS, a sufficient COD

content being an important factor. With polymeric wastewater, part of the COD may not

be available for the bacteria that participate to the denitrification and are located below the

surface of the granules. The denitrification, which requires COD, is therefore lower than with

a wastewater containing only diffusible COD. If a sufficient amount of denitrifying PAO are

present in the AGS, P- and TN- removal are combined allowing to save COD [Kim et al., 2013].

If the denitrifying capabilities of the classical PAO Ca. Accumulibacter were investigated in

the reconstructed genomes, it was not the case for Tetrasphaera since the chosen extraction
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method chosen for PacBio sequencing was probably too gentle to extract efficiently the DNA of

gram+ bacteria such as Tetrasphaera. Several contigs related to Tetrasphaera in the hybrid as-

sembly and further investigation may provide additional information about this fermentative

PAO in the AGS collected at EPFL.

VI.6 Functional groups in flocs and granules

The relative abundances of different functional groups in flocs and granules bacterial com-

munities of AGS at stable states in the EPFL and the Eawag experiments are shown in Figure

VI.11. Filamentous bacteria were slightly enriched in the flocs only in some stable states

corresponding to monomeric wastewater (Stable state 2,4 and R1). In the stable states corre-

sponding to polymeric wastewater they were a little more abundant in granules. It is possible

that some filamentous bacteria were not taken into account in this analysis because they were

not characterized at the genus level or because their tendency to form filaments have not

been elucidated yet. Even so, these results suggests that filamentous bacteria were not the

main cause for the important proportions of floc found in the systems treating polymeric

wastewater.

The GAO were a little more abundant in the granules in all the stable states except stable state 6.

The repartition of the granules and flocs during this stable state was a particular case because

no new granules were forming. The PAO were a little enriched in the granules collected during

the stable states of the EPFL experiment with the exception of stable state 2. The proportion of

Ca. Accumulibacter in the AGS collected during this stable state were particularly low, possibly

due to a bacteriophage attack. This may have disrupt the normal distribution of PAO among

flocs and granules. At Eawag, there were no clear tendencies for the repartition of PAO in flocs

and granules.

Fermenting bacteria were a little more abundant in granules in the complex polymeric wastew-

ater at Eawag. No clear differences between the proportions of fermenting bacteria in flocs or

granules were found in the other stable states.
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Chapter VI. General discussion

Figure VI.11 – Relative abundance of functional groups in flocs and granules in the different
bacterial stable states during the LBE (A) and Eawag (B) experiments. The functions were
attributed to taxa defined at genus level based on the functional information provided on
MiDAS browser.
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The two different approaches used to study the influence of wastewater composition on

the AGS bacterial communities showed that they are very different in AGS treating simple

and complex wastewater. Fermenting bacteria of the phylum Saccharibacteria and the class

Actinobacteria were clearly underrepresented in AGS treating simple synthetic wastewater

compared to complex wastewater (synthetic or municipal). Less important differences were

observed in the abundance of other functional groups between simple and complex wastewa-

ter. Yet big differences were observed regarding their composition. In the simple wastewater,

the PAO guild was mostly composed of Ca. Accumulibacter, whereas it was more diverse with

the complex wastewater with higher proportions of Tetrasphaera. At the beginning of the EPFL

experiment, a small proportion of Tetrasphaera in the AGS treating simple wastewater likely al-

lowed a fast recovery of the P-removal despite the sharp decrease of Ca. Accumulibacter during

the transition to complex monomeric wastewater. In AGS systems treating complex wastewa-

ter, the presence of these two PAO occupying slighly different ecological niches increased the

functional redundancy and likely stabilizes the stability of P-removal.

The GAO were found in slightly higher proportions in the simple wastewater than in the com-

plex wastewater. The guild of GAO was almost exclusively composed of Gammaproteobacteria

mostly from the Competibacteraceae family in the AGS treating simple wastewater, whereas

the Gammaproteobacteria were in minority in the guild of GAO in the AGS treating complex

wastewater. In those AGS, Actinobacteria, in particular the fermenting GAO Micropruina, were

dominant.

The AGS treating monomeric wastewater were mostly composed of large granules whereas

AGS treating polymeric wastewater contained 20 to 40 % of flocs and mostly small granules

as a consequence of non diffusible COD being hydrolized and consumed at the surface of

the biofilm (granules or flocs). Few individual trends were noticed when comparing the

bacterial populations in flocs and granules. The GAO, in particular Ca. Competibater were

slightly enriched in the granules. Similarly, the nitrite oxidizing bacteria Nitrospira and Ca.

Nitrotoga were a little more abundant in the granules. On the other hand, some filamentous

bacteria (eg. Zoogloea, Thiothrix) were slightly enriched in flocs likely due to their location at
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the surface of the granules making them more exposed to erosion. Yet the overall bacterial

composition in flocs and granules was globally very similar for a specific AGS. Flocs seem to be

constitutive of AGS systems treating low-to-medium strength polymeric wastewater. It is likely

that they are maintained in these systems due to a competitive advantage regarding polymeric

substrate. The few differences in the bacterial communities of flocs and granules suggest that

this advantage is mostly due to their different physical structure, which for instance allow them

to capture the particules to hydrolyze more efficiently than granules. A moderate amount of

flocs in AGS systems treating polymeric wastewater should therefore not be seen as a flaw

as they probably have a specific role to play in the nutrient removal process (e.g., C, N, P). It

would be worth to investigate this role further, e.g. by measuring specific metabolic activities

of flocs and granules.

Denitrification was more efficient with monomeric wastewater compared to polymeric wastew-

ater even though putative denitrifying bacteria were identified in the AGS corresponding to

the different wastewater types. The smaller sizes of the granules and the limited diffusibility

of polymeric COD were identified as the main causes for the lower denitrification observed

with polymeric wastewater. This study illustrates that AGS with slightly different microbial

communities can have similar settling properties, size distributions and nutrient removal

performances, as it was the case for the AGS treating complex polymeric synthetic and raw mu-

nicipal wastewater. On the opposite, the different behavior of the AGS cultivated with clarified

and raw wastewater in terms of settling properties and nutrient removal performance, when

their bacterial communities was very similar, confirms that the bacteria required a certain

amount of organic COD to function optimally. Indeed, both granulation and denitrification

were enhanced by a higher total COD content.

The lower settling properties observed for AGS cultivated with polymeric wastewater were

not related to high proportions of filamentous bacteria, which were present in relatively low

proportions (< 10 %) in the AGS independently of the wastewater type. Moreover granulation

was observed with low proportions of the classical GAO (e.g., Ca. Competibacter) and PAO

(e.g., Ca. Accumulibacter) suggesting that the capability to form granules is not limited to

those bacteria. The fermentative GAO Micropruina was very abundant during the start-up

of AGS from EBPR activated sludge and likely participated to the granule formation. If some

bacteria contribute more than other to biofilm formation, for example by producing high

amounts of extrapolymeric substances, the shift from planktonic to biofilm mode, is likely

triggered by external factors via quorum-sensing or other regulation systems. The amount of

available COD can set the biofilm mode on or off and could therefore be a major factor for

granulation.

AGS treating municipal and complex polymeric synthetic wastewater were very similar regard-

ing the bacterial communities, the biomass size distribution and settling properties. The latter

wastewater type constitute therefore a more realistic surrogate for real wastewater than simple

synthetic wastewater in laboratory studies.
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The analysis of the whole metagenomes from AGS treating different wastewater types confirms

that Ca. Accumulibacter can be very diverse in a single AGS and that the distribution of

the different clades may be related to the wastewater type. The high microdiversity of Ca.

Accumulibacter, the presence of long repeat regions (e.g., CRISPR-Cas system) and potentially

important exchanges of genetic material between the members of different clades likely

complexifies the binning of the contigs for this genus and would be worth to be studied

further.

Several microbial populations found in AGS have not yet been characterized at the genus level

and thus their role in granulation and nutrient-removal is unknown. The metagenomic study

of the four AGS samples already provided some indications about the putative functions of

the main populations present in these samples and can be carried on further, in particular by

inspecting the contigs obtained with the hybrid assembly of PacBio and Illumina sequences

which seem to contain more information on different taxonomic groups than the PacBio

assembly alone. A special effort can be applied on the resolution of long nearly identical

repeated regions in the diverse recovered genomes. In particular the CRISPR regions can be

assembled by using specific tools and their inspection can potentially provide information

about the past of the different clones. Yet the obviously better quality assembly obtained from

the PacBio long-reads and the nearly complete genomes extracted from this assembly showed

that this technology is well suited for the study of low-to-medium complexity metagenomes.

The metagenomic information collected provided information about the putative functions of

the different bacterial populations in the studied AGS. It also provides a template for future

meta-transcriptomic analysis. Altogether they can be integrated in an holistic approach of

the AGS system based on the discovery of metabolic and cell signaling networks, an approach

nowadays called systems biology. This will hopefully lead to a better understanding of the

overall bacterial community interactions and functions allowing to predict more finely how

the AGS system will evolve depending on the wastewater composition and the operational con-

ditions. Such knowledge is essential to optimize wastewater treatment with AGS by adapting

the infrastructures and process operations.

The development and increased accessibility of molecular methods have already enabled

examining the composition of AGS bacterial communities and gain a better understanding of

their functioning. Yet, many bacteria are still poorly characterized and little is know about the

interactions of the different taxa inside the granules. Moreover, the majority of research were

performed with AGS treating simple wastewater, which tends to harbor different bacterial

communities, and different performance. There is therefore still a lot to discover on the

individual and collective roles of bacteria in AGS systems treating real wastewater in order to

optimize further this process.
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A Supplementary material

A.1 Electronic supplementary material chapter II

Table A.1 – Abundance of the phages- and bacteria-related sequences in the metagenome O1
’O1_bact_phage_genus_abundance_cut.csv’

Table A.2 – Correlations between phages- and bacteria-related sequences in the metagenome
O1 ’O1_corr_bacteria_phages.csv’

Table A.3 – P-values of the correlations between phages- and bacteria-related sequences in
metagenome O1 ’O1_corr_bacteria_phages_pvalue.csv’

Table A.4 – Abundance of the phages- and bacteria-related sequences in the metagenome
’O2_bact_phages_genus_abundance_cut.csv’

Table A.5 – Correlations between phages- and bacteria-related sequences in the metagenome
O2 ’O2_corr_bacteria_phages.csv’

Table A.6 – P-values of the correlations between phages- and bacteria-related sequences in
metagenome O2 ’O2_corr_bacteria_phages_pvalue.csv’
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A.2 Supplementary information chapter III

Figure A.1: Evolution of sludge morphology in R1 fed by 100%-VFA synthetic WW (A, B, C, D)

after 12, 57, 93, and 190 days of operation, in R2 fed with complex synthetic WW (E, F, G, H)

after 12, 34, 57, and 100 days, in R3 fed with primary effluent WW (I, J, K, L) after 7, 147, 279,

and 400 days, and in R4 fed with raw wastewater (M, N, O, P, for run #1, Q, R, S, T for run #2)

after 7, 22, 57, and 84 days for run #1, and after 4, 100, 163, and 212 days for run #2. Orange

size bars = 200 µm, white size bars = 500 µm, green size bars = 1.0 mm and blue size bars =

2.0 mm. Morphology of AGS fed by 100%-VFA influent wastewater (R1) significantly differed

from the morphology of the AGS fed by complex synthetic wastewater (R2) and municipal

wastewater (R3, R4). AGS of R1 was composed of large, round-shaped, dense and overall

homogeneous shaped aggregates that dominated overall sludge morphology (A-D). Almost

no flocs were observed. Operational issues of carbon leakage (Figure A.4) from anaerobic

to aerobic phase were the cause of filamentous outgrowth at the granules surface, visible on

(D), after 190 days of operation. Visual observations indicated that AGS fed with complex

influent wastewater (R2, R3, R4) were composed of both flocs and small and dense aggregates.

Formation of “finger-type” granules was not observed in R2, despite the feed of particulate

substances (starch). The highest complexity wastewater fed systems R3 and R4 also resulted in

the most complex sludge morphology. In these reactors, aggregates with dense cores formed,

but with very heterogeneous sizes and shapes. The formation of “finger-type” granules was

observed (P and T) but never over prolonged time. Large amounts of fibers or debris from

the influent also accumulated in those systems (N and Q). First appearance of granules took

much longer in complex wastewater fed reactors R2, R3 and R4 compared to R1. In R1 first

granules were observed already after 12 days of operation (A). The formation of granules in

the complex wastewater fed reactors R2, R3 and R4 was much slower in comparison. In R2 it

took 30 days until first round-shaped and dense granules were observed (F). Granules only

appeared after 100 days of operation in R4 run #2 and 279 days in R3. No large granules were

observed in R4 during run #1, which was shorter than 100 days.
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Table A.7 – Recipe of 100%-VFA synthetic wastewater and complex synthetic wastewater for
reactors R1 and R2, the concentrations are in gl−1. The recipes only provide C and N species
to the wastewater preparation. The recipes were prepared in 20-fold concentration, to provide
total COD and TN concentrations of 600 mg COD l−1 and 52 mg TN l−1, respectively

Component 100%-VFA synthetic WW complex synthetic WW
Na acetate· 3H2O 12.8 4.3
Na propionate 4.8 1.6
(NH4)Cl 3.2 1.1
CaCl2· H2O 0.35 0.35
MgSO4 0.33 0.33
KCl 0.66 0.66
Glucose/Dextrose - 1.9
Starch - 1.4
Peptone - 1.6
Alanine - 0.27
Arginine - 0.26
Aspartic acid - 0.40
Glutamic acid - 0.29
Glycine - 0.45
Leucine - 0.16
Proline - 0.19
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Figure A.2 – Evolution of SVI5, SVI10 and SVI30 (A) and evolution of TSS and VSS (B) in R1, R2,
R3, R4 run#1 and run#2.
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Figure A.3 – Principal component analysis of microbial communities structure evolution
during the Eawag experiment on the 1st and 3rd axis (A) on the 2nd and 3rd axis (B) and on the
1st and 2nd axis (C).
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Table A.8 – P-values of the t-test comparing the relative abundance of the main genera in the
floccular and the granular fraction of the sludge.

Genus R1 R2 R3 R4
480_2 (f) 1.8×10−1 9.7×10−2 4.8×10−1 5.7×10−1

Ca. Accumulibacter 9.8×10−1 4.8×10−1 8.8×10−1 8.6×10−1

Azoarcus 5.6×10−1 8.5×10−1 1.7×10−1 4.9×10−2

Ca. Competibacter 4.6×10−2 9.0×10−3 4.5×10−1 2.8×10−2

CPB_CS1 2.0×10−1 4.0×10−1 6.5×10−1 2.1×10−1

CYCU-0281 6.5×10−1 4.4×10−1 6.8×10−1 9.7×10−1

Flavobacterium 9.1×10−1 1.2×10−1 5.7×10−2 4.4×10−1

Kouleothrix 4.8×10−1 6.3×10−1 7.2×10−2 4.3×10−2

Micropruina 6.3×10−2 3.0×10−4 3.9×10−3 6.1×10−3

Nitrospira 2.2×10−6 5.6×10−2 5.3×10−1 5.0×10−8

P58 8.9×10−1 9.4×10−1 1.9×10−1 8.3×10−1

Rhodobacter 3.5×10−4 3.0×10−1 9.8×10−1 4.9×10−1

Runella 2.8×10−2 3.3×10−1 9.8×10−1 4.9×10−1

Saccharibacteria (p) 5.7×10−2 2.8×10−1 6.1×10−1 2.6×10−1

Tetrasphaera 7.1×10−1 6.7×10−1 6.3×10−1 5.0×10−1

Trichococcus 2.9×10−3 5.9×10−1 1.8×10−1 3.9×10−3

Xanthomonadaceae (f) 6.8×10−1 2.2×10−3 1.4×10−1 7.8×10−2

Zoogloea 1.1×10−2 2.0×10−4 3.8×10−1 1.6×10−1

Terrimonas 2.7×10−4 5.8×10−1 4.8×10−1 3.1×10−1

Thauera 3.1×10−1 9.8×10−1 6.5×10−1 8.8×10−6

Table A.9 – Mantel test comparing the Bray-Curtis distance matrices of the microbial commu-
nities, the settling and size characteristics of the sludge and its nutrient-removal performance,
at bacterial stable state

Data-set Mantel statistic significance
Microbial communities vs settling 0.6454 0.001
Microbial communities vs nutrient removal 0.0470 0.195
Settling vs nutrient-removal 0.2138 0.009
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Figure A.4 – Soluble COD concentrations (A) and PO3−
4 -P concentrations (B) after the anaerobic

phase in R1, R2, R3, R4 run#1 (row 4, left) and R4 run#1 (row 4, right).
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A.2.1 Electronic supplementary material chapter III

Table A.10 – P-values of the t-test performed on the mean relative abundance of the taxa
between different stable states or groups of stable states. The divergent, abundant and dis-
criminant taxa are indicated. ‘discriminant_and_p_value_t_tests.ods’

Table A.11 – Bray-Curtis distance matrices of the bacterial community compositions, the
settling properties and size distribution of the sludge and its nutrient-removal performances
at stable state. ‘bray_distance_matrices_stable_state.xlsx’

Table A.12 – Average relative abundance of the bacterial taxa (at genus level) in the inoculum
and the four reactors during stable state. ‘genera_mean_abundance_at_stable_state.csv’
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A.3 Supplementary information chapter IV

Figure A.5 – Principal coordinate (PCoA) plot based on the Bray-Curtis distance matrix of
the bacterial communities (at genus level) in the EPFL experiment. Only the abundant taxa
were considered for this analysis. The three first coordinates Dim 1, Dim 2 and Dim 3 explain
36.94%, 25.95% and 11.36% of the variance, respectively.
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Figure A.6 – Principal component analysis of the bacterial communities (genus level) at stable
states in the EPFL experiment. The two first coordinates Dim 1, Dim2 and Dim3 explain
32.21%, 22.69% and 12.11% of the variance, respectively.
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A.3.1 Electronic supplementary material chapter IV

Table A.14 – Bray-Curtis distance matrix of the bacterial communities in the AGS samples of
experiment 1 and 2. ‘Bray_dist_all_LBE.csv’

Table A.15 – P-values of the t-tests comparing the mean abundance of each taxa detected in
the AGS of E1 and E2 in the three wastewater types (simple, complex monomeric and complex
polymeric). The divergent, abundant and discriminant taxa are indicated. ‘t-test_mediums.ods’

Table A.16 – Mean relative abundance of the taxa (genus level) in the AGS samples treat-
ing the different wastewater types (simple, complex monomeric and complex polymeric).
‘mean_stable_states_per_medium.csv’

Table A.17 – P-values of the t-tests comparing the mean abundance of each taxa detected in
the AGS of E1 and E2 in the seven bacterial stable states. ‘all_stable_states_t_tests.ods’
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A.4 Supplementary information chapter V

A.4.1 Electronic supplementary material chapter V

Table A.18 – P-values of the t-tests comparing the mean abundance of each taxa detected in
the AGS of E1 and E2 in the seven bacterial stable states. ‘all_stable_states_t_tests.ods’

Table A.19 – Complete table of the all the MAG obtained from grouping PacBio contigs, with
the number of contigs, total length, N50, minimum and maximum contig length, number
of coding sequences (CDS), estimated percentage of completeness, estimated percentage of
duplication, number of complete (C), single copy (CSC), duplicated (D) and fragmented (F)
BUSCO, the coverage with Illumina sequences from extraction A (cov A), the coverage with
Illumina sequences from extraction B (cov B), the number of repeat region, tmRNA, and tRNA.
‘MAG_table_thesis.csv’

Table A.20 – Distance between the characteristic tetranucleotide frequency vectors of selected
reference genomes. ‘distance_tetranucl_ref_genomes.csv’

File A.1 : Alignment of phosphate low-affinity transporter Pit sequences from Ca. Accumulibac-

ter and Tetrasphaera genomes. ‘CAP-Tet_Pit_mafft_alignment.fasta’

Table A.21 – Number of selected P-related hmm profiles found in the MAG and not grouped
PacBio contigs. ‘table_hmm_summary_P_gather.csv’

Table A.22 – Number of selected N-related hmm profiles found in the MAG and not grouped
PacBio contigs. ‘table_hmm_summary_N_gather.csv’

Folder A.1: Prokka outputs of the main MAG including .gff and .fna files. ‘Main_MAG_prokka_reports’

A.4.2 Fragment analysis reports and evaluation of the assembly after polishing
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Figure A.7 – Fragment analysis report for the DNA extracted from sample d71 with the bacterial
gnomic DNA isolation CTAB protocol (extraction A)

Figure A.8 – Fragment analysis report for the DNA extracted from sample d71 with the
Maxwell® 16 Tissue DNA Purification Kit (extraction B)
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Figure A.9 – Fragment analysis report for the DNA extracted from sample d322 with the
bacterial gnomic DNA isolation CTAB protocol (extraction A)

Figure A.10 – Fragment analysis report for the DNA extracted from sample d322 with the
Maxwell® 16 Tissue DNA Purification Kit (extraction B)
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Figure A.11 – Fragment analysis report for the DNA extracted from sample d427 with the
bacterial gnomic DNA isolation CTAB protocol (extraction A)

Figure A.12 – Fragment analysis report for the DNA extracted from sample d427 with the
Maxwell® 16 Tissue DNA Purification Kit (extraction B)
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Figure A.13 – Fragment analysis report for the DNA extracted from sample d740 with the
bacterial gnomic DNA isolation CTAB protocol (extraction A)

Figure A.14 – Fragment analysis report for the DNA extracted from sample d740 with the
Maxwell® 16 Tissue DNA Purification Kit (extraction B)
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Figure A.15 – View on IGV of the mapping of PacBio long-reads and hybrid contigs form sample
d427 on the PacBio contig utg000002c after 1 (upper image) and 3 (lower image) rounds of
polishing.
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Figure A.16 – View on IGV of the mapping of PacBio long-reads and hybrid contigs form sample
d427 on the PacBio contig utg000195l after 3 (upper image) and 7 (lower image) rounds of
polishing.
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Figure A.17 – View on IGV of the mapping of PacBio long-reads and hybrid contigs form sample
d427 on the PacBio contig utg000012l after 3 (upper image) and 7 (lower image) rounds of
polishing.
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A.5 Supplementary information chapter VI

Figure A.18 – Principal coordinate analysis of the Bray-Curtis distance of the bacterial commu-
nities of the stable states of the two experiments on the 1st and 2nd axis (A), on the first and
3rd axis (B) and on the second and 3 axis (C).
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