
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 19, 2023

Composition and abundance of  nitriers in engineered systems:  Molecular and
community ecology  approaches

Diwan, Vaibhav

Publication date:
2019

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Diwan, V. (2019). Composition and abundance of nitriers in engineered systems: Molecular and community
ecology approaches. Technical University of Denmarik.

https://orbit.dtu.dk/en/publications/d6d4a066-e9d1-4b7c-ad19-a037a369db6b


Vaibhav Diwan 
 
PhD Thesis 
March 2019 
 

 
Composition and abundance of  
nitrifiers in engineered systems:  
Molecular and community ecology  
approaches 
 

 



i 

 
 
 

Composition and abundance of nitrifiers in 
engineered systems: 

Molecular and community ecology 
approaches 

 

 

 

 

Vaibhav Diwan 
 

 

 

 

Ph.D. Thesis 

March 2019 

 

 

 

 

 

 

 

 

 

DTU Environment 

Department of Environmental Engineering 

Technical University of Denmark  



ii 

Composition and abundance of nitrifiers in engineered systems: 

Molecular and community ecology approaches 

 

Vaibhav Diwan 

 

Ph.D. Thesis, March 2019 

 

 

 

The synopsis part of this thesis is available as a pdf-file for download from 

the DTU research database ORBIT: http://www.orbit.dtu.dk. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Address:     DTU Environment 

Department of Environmental Engineering 

Technical University of Denmark 

Miljoevej, building 113 

2800 Kgs. Lyngby 

Denmark 

 

Phone reception:   +45 4525 1600 

Fax:       +45 4593 2850 

 

Homepage:    http://www.env.dtu.dk 

E-mail:      reception@env.dtu.dk 

 

Cover:      GraphicCo 

 



iii 

 

 

 
 
 
 

 
विद्या ददाति विनयं, (Vidyā dadāti vinayaṃ,) 

विनयाद्याति पात्रिाम।् (Vinayādyāti pātratām।) 
पात्रत्िाद्धनमाप्नोति, (Pātratvāddhanamāpnōti,) 

धनाद्धमम: िि: सुखम।्। (Dhanāddharma: tata: sukham।।) 

 

 

- हििोपदेशः  

Hitōpadēśaḥ (beneficial advice), Text 6  

(An Indian collection of fables in the Sanskrit language)  

 

 

                        Knowledge leads to politeness and sensibility.  

                           From that one attains character, capability and qualification.    

     From that comes wealth which, if used for good deeds, leads to true peace.  
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Preface 

This Ph.D. thesis is based on the research carried out at the Technical 

University of Denmark, Department of Environmental Engineering as part of 

the early stage researcher training program Mermaid, ITN-EU-FP7 funded by 

People Programme (Marie Skłodowska-Curie Actions). The research was 

performed under the main supervision of Dr. Arnaud Dechesne (Senior 

Researcher) and co-supervision of Prof. Barth F. Smets and Prof. Hans-

Jørgen Albrechtsen. 

 

The thesis is organized into two parts: the first part puts into context the 

findings of the Ph.D. in an introductive review; the second part consists of 

the papers listed below. These will be referred to in the text by their paper 

number written with the Roman numerals I-IV. 

 

I Dechesne, A.; Musovic, S.; Palomo, A.; Diwan, V.; Smets, B. F. 

Underestimation of Ammonia-Oxidizing Bacteria Abundance by 

Amplification Bias in AmoA-Targeted QPCR. Microb. Biotechnol. 2016, 9 

(4), 519–524. 

II Diwan, V.; Albrechtsen, H-J.; Smets, B. F.; Dechesne, A. Does Universal 

16S rRNA Gene Amplicon Sequencing of Environmental Communities 

Provide an Accurate Description of Nitrifying Guilds? J. Microbiol. 

Methods 2018, 151, 28–34. 

 

III Diwan, V., Kinnunen, M., Albrechtsen, H-J., Smets, B. F., Dechesne, A. 

Identifying selection in rapid sand filter microbial communities: 

Comparison of differential abundance and model-based approaches. 

(Manuscript in preparation). 

 

IV Wagner, F.B.*, Diwan, V.*, Dechesne, A., Fowler S. J., Smets, B.F., 

Albrechtsen, H-J. Copper-induced stimulation of nitrification in biological 

rapid sand filters for drinking water production by proliferation of 

Nitrosomonas spp. (Environmental Science and Technology – In Revision). 

 

* Shared first author 
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Also, the following co-authored publication, not included in this thesis, was 

concluded during this Ph.D. study: 

 Fowler, S.J., Torresi, E., Dechesne, A., Diwan V., Smets, B.F. Biofilm 

thickness controls the contribution of stochastic and deterministic 

processes in microbial community assembly.  

(Manuscript in preparation) 

Over the course of this Ph.D., contributions to international conferences were 

made with the following proceedings and conference papers: 

 Fowler, S.J., Torresi, E., Dechesne, A., Diwan V., Smets, B.F. Biofilm 

thickness controls the contribution of stochastic and deterministic 

processes in microbial community assembly. ISME, 2018, Leipzig, Ger-

many. 

(Oral Presentation). 

 

 Fowler, S.J., Torresi, E., Dechesne, A., Diwan V., Smets, B.F. Biofilm 

thickness controls the contribution of stochastic and deterministic 

processes in microbial community assembly. Biofilms 8 Conference, 

2018, Aarhus, Denmark. 

(Oral Presentation). 

 

 Wagner, F.B., Nielsen, P.B., Diwan, V., Boe-Hansen, R., Smets, B.F., 

Dechesne, A., Albrechtsen, H.J. Copper dosing enhances nitrification in 

biofilters treating groundwater. 2017. Abstract from Water Quality Tech-

nology Conference (WQTC) 2017, Portland, United States. 

(Oral Presentation). 

 

 Fowler, J.S., Dechesne, A., Wagner, F.B., Diwan, V., Albrechtsen, H.J., 

Smets, B.F. Niche partitioning within genus Nitrospira is affected by en-

vironmental copper concentration. 2017. Abstract from ICoN5: 5th Inter-

national Conference on Nitrification, Vienna, Austria.  

(Poster Presentation). 

 

 Diwan, V., Albrechtsen, H.J., Smets, B.F., Dechesne, A. Ecological pat-

terns of nitrifiers in the urban water cycle. The Danish Microbiological 

Society Annual Congress 2016: Programme & Abstracts. Copenhagen: 

American Society for Microbiology, 2016. p. 89-89 P80.  

(Poster Presentation) 
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 Diwan, V., Albrechtsen, H.J., Smets, B.F., Dechesne, A. Linking nitrifi-

ers diversity to the flux of their key resources. Microbial ecology and wa-

ter engineering & biofilms specialist groups (MEWE, 2016). Copenha-

gen, Denmark: IWA, 2016. p. 204-205. 

(Poster Presentation) 

 

 Musovic, S., Palomo, A., Diwan, V., Dechesne, A., Smets, B.F. qPCR 

quantification of ammonia-oxidizing bacteria: What should the target be? 

2014. Abstract from the Danish Microbiological Society Annual Con-

gress 2014, Copenhagen, Denmark. 

(Poster Presentation) 

 

 Diwan, V., Albrechtsen, H.J., Smets, B.F., Dechesne, A. Functional Gene 

Approach to Study Nitrifier Diversity, 2014, Nordic Environmental Nu-

cleotide Network (NENUN), University of Helsinki, Finland. 

(Oral Presentation) 
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Summary 

Nitrification is of central importance in engineered systems for drinking 

water production and wastewater treatment because of its key role in 

ammonium removal from these systems. Incomplete nitrification can 

lead to the release of ammonium residues in the finished water that can 

pose human and environmental health risks. Therefore, efficient drink-

ing water and wastewater nitrifying community are of high importance. 

Several studies have revealed vast phylogenetic and functional diversity 

of nitrifier guilds in engineered systems. Nitrifiers are grouped as 

ammonia-oxidizing prokaryotes (AOP) and nitrite oxidizing bacteria 

(NOB). AOP further consists of canonical ammonia oxidizing bacteria 

(AOB), complete ammonia oxidizers (comammox) and ammonia-

oxidizing archaea (AOA). Microbial diversity and composition are of 

central importance in engineered systems because highly diverse com-

munities can contain a greater pool of physiological and genetic traits 

which provide them the capacity to cope with environmental perturba-

tions and ultimately contribute to better system performance. In addition 

to the whole microbial community composition, knowing the contribu-

tion of guild members along with their compositional and ecophysiolog-

ical information can allow us to introduce preferred microbial ecotypes 

as per the engineered system’s requirement. Yet, what controls nitrifiers 

composition in engineered systems is largely unknown. Historically, the 

emphasis has been put on the role of selection (i.e. fitness difference 

between and within the guilds) but new developments in community 

ecology are available that include processes such as immigration and 

stochastic growth (‘neutral’ processes). This can be relevant because 

drinking water and wastewater treatment systems are open systems with 

influent water that contain nitrifiers.  

The overall aim of this Ph.D. project was to assess and implement key 

molecular and community ecology approaches for describing the abun-

dance and composition of nitrifiers. Then, to identify the determinants 

of nitrifiers assembly in engineered systems for drinking water produc-

tion and wastewater treatment. 
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To quantify canonical AOB, researchers routinely employ qPCR target-

ing ammonia monooxygenase (amoA) gene for canonical AOB or ca-

nonical AOB specific 16S rRNA gene. However, these two approaches 

were not typically compared, and it was unclear whether they were 

equally good at estimating AOB abundance. In this comparison, incon-

sistencies were found based on the difference in primer pair selectivity 

combined with the compositional differences of the canonical AOB in 

drinking water biofilters. Therefore, we suggested that the primer set 

selection for canonical AOB quantification should be carefully made as 

the results can be heavily primer and nitrifier composition dependent. 

Next, I attempted to develop new primer sets (based on the currently 

available amoA nucleotide sequence data for canonical AOB) that cover 

most AOB and amplify large enough amplicons to make them suitable 

for both quantifications (qPCR), and phylogenetic/compositional 

analysis (amplicon sequencing). Due to the large divergence between 

AOB genera, I utilized the maximum coverage degenerate primer design 

method and successfully generated new primer sets targeting amoA with 

better coverage than the ones presently used. But these primer sets 

showed unspecific amplification in the in-vitro analysis therefore, I 

choose the most suitable primer sets amongst the existing canonical 

AOB primers for the rest of my work.  

Next, I wanted to determine to which degree the universal 16S rRNA 

gene amplicon sequencing of environmental communities provides an 

accurate description of nitrifying guilds.  I compared universal 16S 

rRNA gene amplicon sequencing to the functional gene (amoA AOB 

and nxrB Nitrospira (NOB)) based targeted sequencing approaches for 

assessment of nitrifiers relative abundance, diversity, and composition. 

The universal 16S rRNA gene sequencing approach provided accurate 

estimates of nitrifier composition and clustered samples consistently 

with their origin. It also provided relative abundance from the two ap-

proaches within ~1.2 orders of magnitude of them, but with a 

measurable bias that should be considered when comparing estimates 

from both approaches. The richness and diversity estimations were 

found to be likely limited by the sequencing depth. Overall, the univer-

sal approach works well when guilds of interest are dominant in an en-
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vironment (for example, Nitrospira in drinking water biofilters) or when 

the goal is to estimate guild relative abundance.  

Further, I compared the neutral community assembly model (which 

takes into account the frequency of presence and absence of taxa) and 

differential abundance based approaches in their ability to identify the 

selected members of the DWTP nitrifying community. Overall, the neu-

tral model always predicted fewer positively selected taxa compared to 

the differential abundance based approach. The combined abundance of 

selected members of Nitrospira contributed majorly to the total abun-

dance of Nitrospira for one drinking water treatment plant (DWTP) but 

not the other, indicating that the Nitrospira community at one DWTP 

was largely neutrally assembled while at other DWTP neutral processes 

played a smaller role compared to selection. Highlighting the pros and 

cons of both methods I suggested that detection of selection in microbial 

communities should be addressed using a combination of approaches 

covering both frequency and abundance data of the taxa. 

Lastly, the evaluated molecular and community ecology methods were 

implemented for describing the effect of releasing resource limitation on 

nitrifying communities in malfunctioning full-scale drinking water bio-

filters. We showed that releasing copper limitation involved changes in 

the relative abundance between nitrifying guilds and had no effect on the 

relative abundance of other microbial guilds or potentially pathogenic 

microbes. Mainly, the relative abundance of Nitrosomonas increased by 

almost one order of magnitude upon releasing copper limitation. The 

relative abundance of Nitrospira (including comammox Nitrospira) also 

increased, but this was true for only one plant. Also, no changes within 

nitrifying guild composition were observed which indicated that there 

were no fitness differences amongst nitrifying guild members. Taken 

together these findings suggested that it is possible to enhance the 

biological stability and key process performance in complex microbial 

communities by influencing the abundance of specific microbial groups 

through selective nutrient dosing, i.e., by releasing elemental nutrient 

limitation. 
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Overall, this Ph.D. project presented a first systematic evaluation and 

implementation of molecular and community ecology approaches for 

describing specific microbial (nitrifying) community constituents and 

processes driving their assembly in complex microbial communities in 

drinking water and wastewater treatment systems. 
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Dansk sammenfatning 

Nitrifikationsprocessen er central i tekniske systemer til drikke- og spil-

devandsbehandling på grund af dens nøglerolle i at fjerne ammonium. 

Ufuldstændig nitrifikation kan resultere i ammonium i det færdigtbe-

handlede vand, hvilket kan udgøre sundhedsmæssige og miljømæssige 

risici. Derfor er det vigtigt at have effektive samfund af nitrificerende 

mikroorganismer, og flere undersøgelser har vist stor fylogenetisk og 

funktionel diversitet af nitrifikanter i tekniske systemer. Nitrificerende 

mikroorganismer grupperes som ammonium-oxiderende prokaryoter 

(AOP) og nitrit-oxiderende bakterier (NOB). AOP opdeles yderligere i 

kanonisk ammonium-oxiderende bakterier (AOB), fuldstændig ammo-

nium-oxiderende bakterier (comammox) og ammonium-oxiderende ar-

kæer (AOA). Mikrobiel diversitet og sammensætning er af central be-

tydning i tekniske systemer, fordi diverse samfund kan rumme en større 

pulje af fysiologiske og genetiske træk, som giver dem kapacitet til at 

håndtere miljøændringer og som kan bidrage til, at systemet fungerer 

bedre. Udover kendskab til sammensætningen af hele det mikrobielle 

samfund, giver kendskab til de forskellige gruppers sammensætning og 

øko-fysiologi mulighed for at kunne tilføre mikrobielle økotyper, der er 

optimale i forhold til de givne tekniske systemers krav. Det er imidlertid 

stort set ukendt, hvad der styrer sammensætning af nitrificerende sam-

fund i tekniske systemer. Historisk set har der været fokus på betydnin-

gen af ”selektion” (dvs. fitness-forskelle imellem og indenfor mikrobiel-

le grupper), men nye udviklinger i samfundsøkologi omfatter processer 

som ”indvandring” og ”stokastisk vækst” ("neutrale" processer). Disse 

kan være relevante, idet både drikke- og spildevandsbehandling er åbne 

systemer, hvor det tilførte vand indeholder nitrificerende mikroorganis-

mer.  

Det overordnede formål med dette ph.d.-projekt var at vurdere og im-

plementere centrale molekylære og mikrobielle samfunds-økologiske 

fremgangsmåder til at beskrive hyppighed og sammensætning af nitrif i-

cerende samfund for at identificere de parametre, der bestemmer deres 

sammensætning i tekniske syster til drikke- og spildevandsbehandling.  
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For at kvantificere kanoniske AOB anvendes sædvanligvis qPCR, mål-

rettet enten genet, der koder for ammonium monooxygenase enzymet 

(amoA) eller det specifikke gen for AOB 16S rRNA. Disse to frem-

gangsmåder sammenholdes imidlertid sjældent, så det var uklart, om de 

er lige gode til at kvantificere hyppigheden af AOB. En sådan sammen-

ligning, i naerverrende projekt, påviste, at uoverensstemmelserne skyld-

tes forskel i selektiviteten for primer-par, kombineret med forskelle i 

sammensætningen af kanonisk AOB i vandværksbiofiltre. Derfor påpe-

gede vi omhyggelighed ved udvælgelse af primersæt til at kvantificere 

kanoniske AOB, da resultaterne kan afhænge stærkt af den specifikke 

primer og sammensætningen af nitrificerende samfund. Dernæst forsøg-

te jeg at udvikle nye primersæt (baseret på de tilgængelige nukleotid-

sekvenser for amoA for kanoniske AOB, der skulle detektere de fleste 

AOB), som dækker de fleste AOB og som kopierer tilstrækkeligt store 

amplicon til at gøre dem egnede til både kvantificering (qPCR) og ana-

lyse for fylogeni sammensætning (via amplicon sekventering). På grund 

af den store forskellighed mellem forskellige AOB-slægter anvendte jeg 

den primer-design-metode med maksimale dækning, hvilket succesfuldt 

genererede nye primersæt, der målrettet detekterede amoA med en bedre 

dækning end de i øjeblikket anvendte. Men disse primersæt viste uspeci-

fikke bindinger i in vitro analysen. Derfor udvalgte jeg de mest egnede 

primersæt blandt allerede eksisterende primersæt for kanoniske AOB i 

resten af mit arbejde. 

Dernæst ønskede jeg at afklare, i hvilket omfang universel 16S rRNA-

gen amplikon sekventering af samfund fra miljøet giver en nøjagtig be-

skrivelse af de nitrificerende grupper. Jeg sammenlignede universal se-

kventering af 16S rRNA-gen amplikon med sekventeringer målrettet de 

funktionelle gener (amoA AOB og nxrB Nitrospira (NOB)) for at vurde-

re den relative hyppighed, diversitet og sammensætning af nitrificerende 

samfund. Den universelle sekventering af 16S rRNA-genet gav nøjagti-

ge estimater af sammensætningen af nitrificerende samfund, samt af 

grupperede prøver i overensstemmelse med deres oprindelse. Den rela-

tive hyppighed estimeret med de to tilgange var inden for ~ 1,2 størrel-

sesordener, men med en målelig bias, som bør tages i betragtning ved 

sammenligning af estimater fra begge tilgange. Estimater af richness og 
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diversitet er sandsynligvis begrænset af sekventeringsdybden. Samlet 

set fungerer den universelle tilgang godt, når de undersøgte mikrobielle 

grupper dominerer et givent miljø (fx Nitrospira i vandværksbiofiltre), 

eller når målet er at estimere den relative hyppighed af en mikrobiel 

gruppe. 

Endvidere sammenlignede jeg ”den neutrale samfundsmodel” (”the neu-

tral community model”) (som tager hensyn til hyppigheden af tilstede-

værelse og fravær af taxa) og differentierede hyppighedsbaserede frem-

gangsmåder i deres evne til at identificere de udvalgte mikrobielle med-

lemmer af de nitrificerende samfund i vandværker. Samlet set, forud-

sagde ”den neutrale model” altid færre positivt udvalgte taxa i forhold 

til den differentierede hyppighedsbaserede tilgang. Den kombinerede 

hyppighed af udvalgte medlemmer af Nitrospira bidrog overvejende til 

den samlede hyppighed af Nitrospira på et af de undersøgte vandvær-

ker, men ikke på det andet undersøgte vandværk. Dette antyder, at det 

mikrobielle samfund af Nitrospira på et vandværk var påvirket af neu-

tral-processer, hvorimod neutralprocesser spillede en mindre rolle i for-

hold til selektion på andre vandværker. Ved at påpege fordele og ulem-

per ved begge metoder, foreslog jeg, at påvisning af selektion i mikrobi-

elle samfund bør anvende en kombination af fremgangsmåder, der dæk-

ker både hyppighed og mængden af taxa. 

Endelig anvendte jeg de evaluerede molekylære og mikrobielle sam-

funds-økologiske metoder til at beskrive, hvorledes nitrificerende sam-

fund i biofiltre på et fuldskala vandværk med funktionsfejl påvirkes, når 

ressourcebegrænsning fjernes. Vi påviste, at når kobberbegrænsning 

fjernes, ændredes den relative hyppighed af nitrificerende grupper uden 

der var effekt på den relative mængde af andre mikrobielle grupper eller 

potentielt patogene mikrober.  

Den relative hyppighed af Nitrosomonas steg med næsten en størrelses-

orden, når kobberbegrænsningen blev fjernet. Den relative hyppighed af 

Nitrospira (inklusiv Comammox Nitrospira) steg også, men kun på et af 

anlæggene. Der blev heller ikke observeret ændringer i sammensætnin-

gen af de nitrificerende grupper. Dette indikerer, at der ikke var nogen 

forskelle i fitness blandt de nitrificerende gruppemedlemmer. Tilsam-

men indikerede resultaterne, at det er muligt at forbedre den biologiske 
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stabilitet og ydelse af nøgleprocesser i komplekse mikrobielle samfund 

ved at påvirke hyppigheden af specifikke mikrobielle grupper ved selek-

tiv næringsdosering, dvs. ved at fjerne elementær næringsbegrænsning. 

Samlet set præsenterede dette ph.d.-projekt den første systematiske eva-

luering og implementering af molekylære og mikrobielle samfunds-

økologiske måder til at beskrive specifikke mikrobielle (nitrificerende) 

samfundskomponenter og -processer, der driver deres forekomst i kom-

plekse mikrobielle samfund i drikke- og spildevandsbehandlingssyste-

mer. 
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1 Introduction 

1.1 Motivation 
Nitrogen is an essential element for all organisms as it is required for the 

biosynthesis of basic cellular components such as proteins and nucleic acids 

(Cooper, 2000). The transformation of nitrogen by microbes is carried out by 

six major processes: assimilation, ammonification, nitrification, 

denitrification, anaerobic ammonium oxidation (anammox) and nitrogen 

fixation. Amongst these processes nitrification is of central importance in 

engineered systems used for drinking water production and wastewater treat-

ment because of its key role in ammonium removal from these systems. In-

complete nitrification can lead to the release of ammonium residues in the 

finished water that can pose human and environmental health risks (Follett 

and Hatfield, 2001; De Roos et al., 2003; Powlson et al., 2008; Bouchard et 

al., 1992). Therefore, nitrifying community (ammonia-oxidizing prokaryotes 

(AOP) and nitrite-oxidizing bacteria (NOB)) that efficiently performs the 

process of nitrification is of high importance in drinking water and 

wastewater treatment systems. Yet, sometimes nitrification is incomplete 

(Lee et al., 2014; Wagner et al., 2018) or accelerating the process of nitrifica-

tion is required (e.g., accelerating startup of rapid sand filters in drinking wa-

ter treatment plant; Albers et al., 2018) or it is required to apply nitrification 

in conditions such as low oxygen and/or low temperature (Liu and Wang, 

2013; Liu et al., 2018). Solving these challenges requires microbial resource 

management i.e. the rational steering of microbial (in this case nitrifying) 

communities for better systems performance, which is only feasible by under-

standing their diversity, composition and determinants of their assembly 

(Verstraete et al., 2007).  

Microbial diversity and composition are of central importance in engineered 

systems because highly diverse communities can contain a greater pool of 

physiological and genetic traits which provide them the capacity to cope up 

with environmental perturbations and ultimately contribute to better system 

performance. In addition to the whole microbial community composition, un-

derstanding of microbial ecotypes is also necessary. If we understand the 

functional contribution of guild members along with their compositional and 

ecophysiological information then certain microbial types that are beneficial 

for the engineered system can be introduced to improve the engineered sys-

tem’s performance. Overall, the central question is, ‘what controls nitrifiers 
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composition in engineered systems?’ Indeed obtaining such insights requires 

a deeper understanding of nitrifier ecology and the processes governing their 

community assembly. This can only be achieved by first obtaining reliable 

description of nitrifier communities, an area that has been revolutionized by 

the introduction and development of molecular approaches, before applying 

community ecology approaches to identify the processes driving community 

assembly.   

Advances in molecular approaches such as next-generation sequencing have 

now dramatically decreased the experimental costs and democratized se-

quencing. The generation of novel sequencing data calls for updating the ex-

isting primer sets for better coverage and specificity of the target microbial 

community. Therefore, I first focused on the evaluation of existing PCR pri-

mers for key nitrifiers based on latest nucleotide sequence data, followed by 

new primer development.  

Universal 16S rRNA gene-based amplicon sequencing is one of the most 

widely used molecular approaches in environmental microbiology because it 

provides an overview of the full microbial community. But it provides only 

limited compositional information on specific guilds (such as nitrifiers) be-

cause of their low contribution to the total sequence pool. Therefore, func-

tional gene targeted sequencing is often used for accessing within guild di-

versity for nitrifiers. If 16S rRNA gene-based universal amplicon sequencing 

can provide reliable information about specific microbial guilds in addition to 

the overview of the whole microbial population then in a single analysis one 

would be able to generate complete information about the abundance and 

composition of microbial communities in a given sample. Therefore, I have 

compared 16S rRNA gene universal amplicon sequencing approach to func-

tional gene targeted sequencing approaches for assessment of nitrifiers rela-

tive abundance, diversity, composition and their ability to discriminate sam-

ples.  

Once appropriate molecular methods have been selected, they can be applied 

to study the ecology of nitrifiers in full scale water treatments.  Several pre-

vious studies have described the whole microbial community and nitrifier 

composition in drinking water and wastewater treatment plants but rarely 

these systems are compared. The microbial community in these engineered 

systems gets exposed to contrasting nutrient and environmental conditions 

and receives immigration flux from sources (groundwater, sewage) that likely 

differ in their microbial composition. This provides an opportunity to study 
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the relative role of deterministic (e.g., selection: fitness difference between 

and within the guilds) and stochastic (e.g., immigration) processes on nitrifier 

community assembly. Specifically, I focused on selection based on competi-

tion for substrates as nitrifiers gets exposed to different availability of nutr i-

ents and micronutrients due to changing influent water for treatment in these 

systems.  

Lastly, to identify the contribution of deterministic versus stochastic process-

es quantitative community ecology tools are required. These tools consist of 

predictive mathematical models, statistical methods or a combination of both. 

These methods are increasingly used, they have different assumptions, they 

use slightly different data input but have not been compared. Therefore, I as-

sessed the neutral community assembly model and differential abundance 

based approaches for identifying the role of selection in the DWTP nitrifying 

community.  
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1.2 Research objectives 
The overall aim of this Ph.D. project was to assess and implement key mo-

lecular and community ecology approaches for describing the abundance and 

composition of nitrifiers. Then, to identify the determinants of nitrifiers as-

sembly in engineered systems for drinking water production and wastewater 

treatment. 

The first half of this thesis focuses on existing PCR primer evaluation for ni-

trifiers, followed by new primer development, and comparison of amplicon 

sequencing-based approaches for describing nitrifiers (paper I and II). The 

latter half focuses on the assessment of microbial community ecology ap-

proaches for studying the processes shaping nitrifying communities in drink-

ing water productions systems (paper III) and implementation of molecular 

and community ecology methods for quantifying and describing nitrifiers in 

drinking water productions systems which were stimulated with micronutri-

ent supplementation for improving nitrification (paper III and IV). 

More specifically the objectives of this Ph.D. study were to: 

1. Assess the coverage and specificity of the most widely used primer sets 

for quantifying and describing nitrifiers (paper I) and design new primer 

sets with better coverage and specificity. 

 

 

2. Compare 16S rRNA gene universal amplicon sequencing approach to 

functional gene targeted sequencing approaches for assessment of nitrifi-

ers relative abundance, diversity, and composition (paper II). 

 

 

3. Compare statistical and model-based approaches for identifying the role 

of selection in nitrifier community assembly in groundwater-fed biologi-

cal filters at different waterworks (paper III). 

 

4. Identify the effects of releasing resource limitation on the nitrifier com-

munity in malfunctioning full-scale drinking water biofilters, using the 

molecular and community ecology approaches previously assessed (paper 

IV). 
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2 Background 

2.1 Nitrification 
The three primary sources of nitrogen fluxes that contribute to the total 

nitrogen inventory of Earth are terrestrial and marine environments plus 

anthropogenic activities (intense use of fertilizers in agriculture and combus-

tion of fossil fuels; Gruber and Galloway, 2008). Microbial transformation of 

nitrogen is carried out in six major processes (assimilation, ammonification, 

nitrification, denitrification, anammox, and nitrogen fixation) where nitrogen 

compounds occur in many redox states ranging from -3 (ammoni-

um/ammonia) to +5 (nitrate; Kuypers et al., 2018). In this view of the 

nitrogen cycle, dinitrogen gas is first fixed to ammonia, which is then 

assimilated into organic nitrogen (i.e., biomass). In short, ammonification 

(degradation of organic nitrogen) produces ammonia which is then oxidized 

to nitrate via nitrification and is ultimately converted back to dinitrogen gas 

through denitrification or anammox processes (Kuypers et al., 2018). 

In the nitrification process, the conversion of ammonia to nitrite (nitritation) 

is carried out in two steps. First, ammonia is converted to hydroxylamine 

(NH2OH) in a reaction catalyzed by a membrane-bound enzyme ammonia 

monooxygenase (AMO) and then conversion of NH2OH to nitrite by a 

periplasmic enzyme hydroxylamine oxidoreductase (HAO). Conversion of 

nitrite to nitrate (nitratation) is catalyzed by a membrane-bound enzyme ni-

trite oxidoreductase (NXR). Recent discoveries have shown that both these 

steps can be carried out by a single group of microbes known as complete 

ammonia oxidizers (comammox; Daims et al., 2015; van Kessel et al., 2015). 

Figure 2.1 shows a simplified schematic representation of the nitrification 

process. 
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Figure 2.1 Major processes of nitrification including the enzymes required in ammo-

nia and nitrite oxidation plus complete ammonia oxidation (comammox). Enzyme 

cofactors are bracketed below the respective enzyme abbreviation, AMO (ammonia 

monooxygenase), HAO (hydroxylamine oxidoreductase), NOR (nitric oxidoreductase; 

figure modified from Daims et al., 2016). 

 

2.2 Nitrifiers in engineered systems  
Nitrifiers have been studied for more than a century since their discovery by 

Winogradsky in the late 19
th

 century. Nitrifiers are primarily grouped as 

ammonia-oxidizing prokaryotes (AOP) and nitrite-oxidizing bacteria (NOB). 

AOP consists of canonical ammonia-oxidizing bacteria (AOB), comammox 

bacteria and ammonia-oxidizing archaea (AOA).  

Depending upon the resource availability (ammonia/nitrite) and 

environmental conditions nitrifying microorganisms are found in many di-

verse environments across soils, sediments, oceans, inland waters and engi-

neered systems (Prosser, 2007). Several studies have reported that canonical 

AOB, NOB and comammox bacteria are key nitrifiers in engineered systems, 

therefore, they are of main focus in below sections (Prosser, 2007; Koops and 

Pommerening-Röser, 2001; Palomo-González, 2017; Yao and Peng, 2017; 

Daims et al., 2006a, 2000; Lücker et al., 2015; Ye et al., 2011; Wagner et al., 

2002, 1996). Presence and importance of AOA in DWTP and WWTP has 
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been highlighted in some studies but, in this study they were below detection 

limit in qPCR and thus assumed to be minor contributors to the nitrification 

process in the studied systems (Van Der Wielen et al., 2009; Li et al., 2016; 

Fan et al., 2018; Pan et al., 2018).  

2.2.1 Nitrifiers phylogeny and ecological distribution 

 

Ammonia-oxidizing bacteria  

AOB are phylogenetically divided into five major genera, Nitrosomonas, Ni-

trosospira, Nitrosovibrio, Nitrosolobus (all four belonging to Betaproteobac-

teria) and Nitrosococcus (to Gammaproteobacteria). Figure 2.2 shows the 

four main betaproteobacterial AOB genera, their respective clusters and 

briefly summarizes their main ecophysiological and morphological character-

istics. 

Nitrosomonas based on ecophysiological and morphological characteristics is 

divided into three major clusters (cluster 6, 7, and 8) including a subcluster 

6A. Members of cluster 6 such as N. oligotropha and N. ureae typically have 

high substrate (ammonium) affinity range (1.9-4.2 µM), no salt requirements 

and test positive for urease activity (Koops et al., 2006). The cluster 6 mem-

bers are typically considered as k-strategist, i.e., adapted to low substrate 

concentrations for growth, but some studies have reported them from envi-

ronments with high ammonium concentrations (Limpiyakorn et al., 2007). N. 

oligotropha related strains have also been shown to adapt to low levels of 

dissolved oxygen (DO; Gieseke et al., 2001). Their preferred habitats include 

oligotrophic fresh waters, natural soils, and wastewater and drinking water 

treatment plants (Koops and Pommerening-Röser, 2001; paper II and IV). 
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N. europaea, N. eutropha, N. halophila, and N. mobilis are key cluster 7 

members characterized by their low substrate affinity (30-61 µM ammoni-

um), moderate salt requirements, and test negative for urease activity (Stein 

et al., 2007; Koops and Pommerening-Röser, 2001; Koops et al., 2006). N. 

europaea is one of the most studied AOB and is considered as r-strategist, 

i.e., adapted to high substrate concentrations for growth (Bollmann et al., 

2002). The cluster 7 members are commonly found in eutrophic freshwater, 

brackish water, and sewage disposal plants (Koops and Pommerening-Röser, 

2001). 

AOB cluster 8 members (N. nitrosa and N. communis) have moderate sub-

strate affinity (14-46 µM) and are commonly found in non-acidic soils, eu-

trophic freshwaters as well as in municipal and industrial wastewater treat-

ment plants (Lydmark et al., 2006; Limpiyakorn et al., 2005).  

The other betaproteobacterial AOB belong to mainly genus Nitrosospira 

(divided into clusters 0, 2, 3 and 4), Nitrosovibrio and Nitrosolobus (cluster 

3) which are typically found in soils and freshwater environments and the 

members of Gammaproteobacteria AOB genus Nitrosococcus (N. oceani and 

N. halophilus) are found in habitats with some of the highest salt and 

ammonium concentrations such as marine environments and salt lakes 

(Koops and Pommerening-Röser, 2001; Soliman and Eldyasti, 2018). 

 

Nitrite-oxidizing bacteria 

NOBs are more phylogenetically diverse than AOB, belonging to seven gene-

ra distributed across four bacterial phyla: Nitrobacter, Nitrococcus, and Ni-

trotoga from Proteobacteria phylum; marine NOB Nitrospina and Candidatus 

Nitromaritima in the Nitrospinae phylum; Nitrolancea in the Chloroflexi 

phylum and Nitrospira in the Nitrospirae phylum. Nitrospira is the most di-

verse genus amongst all NOB and is further divided into six phylogenetic lin-

eages, and Lineage II is the most diverse amongst these six lineages Daims et 

al., 2016). Figure 2.3 shows the phylogenetic affiliation, species diversity, 

and habitats of NOBs. 
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Figure 2.3 The phylogenetic affiliation, species diversity and habitats of nitrite-

oxidizing bacteria (NOB). The inner ring indicates bacterial phyla for respective 

NOBs. The outer ring is drawn proportionally to the species level diversity of each 

genus based on 16S rRNA gene sequences of known NOB and closely related bacteria 
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which were clustered in OTUs (98.7% identity) and no. of OTUs are mentioned in 

parenthesis (Figure adapted from Daims et al., 2016). 

 

The members of genus Nitrospira are slow growing aerobic chemolithoauto-

trophic nitrite-oxidizing organisms (Daims and Wagner, 2018). They typical-

ly occur in close collaboration with ammonia oxidizers as they oxidize am-

monia to nitrite which is further converted to nitrate by Nitrospira. However, 

Nitrospira can also have a reciprocal feeding interaction with ammonia oxi-

dizers by providing them ammonia released from urea/cyanate (Daims and 

Wagner, 2018). Some Nitrospira strains can also utilize H2 and formate as 

substrates by using oxygen/nitrate as a terminal electron acceptor for nitrite 

oxidation (Daims et al., 2016). Due to such metabolic versatility, Nitrospira 

members can inhabit a broad range of environments such as soils, inland wa-

ters, groundwater, wastewater treatment (paper II) and drinking water sys-

tems (paper II, III and IV). 

The fundamental ecophysiological differences between NOBs typically result 

from their nitrite oxidation kinetics; for example, they have different affinity 

for nitrite (Daims et al., 2016). In wastewater treatment plants (WWTPs) and 

freshwater, the measured Km (NO2
–
) values of Nitrospira strains ranged from 

~9 - 27 mM (Nowka et al., 2015; Schramm et al., 1999). The Km (NO2
–
) 

range of Nitrobacter strains measured from sewage, soils, and other habitats 

were much larger (~49 - 544 mM) compared to Nitrospira strains (Nowka et 

al., 2015). Since Nitrospira has a high affinity for nitrite, it has been pro-

posed to be a k-strategist and Nitrobacter could be r-strategists because of its 

preference for high nitrite levels and can have higher growth rate compared 

to Nitrospira in environments with high nitrite levels (Schramm et al., 1999). 

However, Nitrobacter strains have a very broad range for nitrite affinity, 

therefore; they differ in their ability to adapt to high levels (Nowka et al., 

2015). Other NOBs like Nitrotoga strains from soil have shown Km (NO2
–
) 

values of ~58 mM, and those of Nitrolancea strains from sewage were as low 

as ~1 mM (Nowka et al., 2015; Sorokin et al., 2012). Kinetic information for 

other NOB still need to be obtained, and relevance of other main substrates 

such as oxygen and carbon dioxide for NOB are to be studied in detail 

(Daims et al., 2016). 
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Comammox 

The comammox bacteria, which perform complete nitrification, are presently 

divided in two clades (clade A and clade B), both belonging to Nitrospira 

lineage II (Daims et al., 2015; van Kessel et al., 2015). The key known co-

mammox Nitrospira are Ca. Nitrospira inopinata, Ca. Nitrospira nitrosa and 

Ca. Nitrospira nitrificans. Comammox Nitrospira were first discovered from 

a trickling filter and a biofilm in groundwater borehole (Daims et al., 2015; 

van Kessel et al., 2015). Metagenomic analysis have now revealed their 

widespread presence in freshwater, soil, wastewater and drinking water 

treatment systems (Pinto et al., 2016; Palomo-González, 2017; Daims et al., 

2015; van Kessel et al., 2015; Fowler et al., 2018; Palomo et al., 2018; paper 

III and IV). A recent kinetic analysis of Ca. Nitrospira inopinata has re-

vealed that it is adapted to slow growth in oligotrophic conditions based on 

its high ammonium affinity, low maximum ammonium oxidation rate and 

high yield compared to other nitrifiers (Dimitri Kits et al., 2017). Hitherto, 

ecophysiological differences between the two clades of comammox are pres-

ently largely unknown.  

Ammonia-oxidizing archaea  

All characterized AOA are affiliated to the phylum Thaumarchaeota 

(Brochier-Armanet et al., 2008). The three main described species are Nitro-

sopumilus maritimus, Nitrososphaera viennensis, and Nitrososphaera 

gargensis. AOA inhabit a varied range of natural environments such as soils 

(~1–5% of all prokaryotes), marine environments (~20–40% of all marine 

bacterioplankton), and geothermal habitats (Ochsenreiter et al., 2003; 

Lehtovirta-Morley et al., 2011; Karner et al., 2001; DeLong et al., 2010; De 

La Torre et al., 2008; Dodsworth et al., 2011; Urich et al., 2008; Huang et 

al., 2008). Physiological studies on N. maritimus strain SCM1 showed that its 

stoichiometry of ammonia oxidation is not different from that of AOB and 

this marine isolate is an extreme oligotroph having a Km of 132 nM (at near-

neutral pH) and cannot tolerate ammonia at concentrations significantly 

above ~1 mM (Martens-Habbena et al., 2009). Similar observations have 

been reported for the moderately thermophilic N. gargensis (Richter et al., 

2008). On the other hand, Nitrososphaera viennensis isolated from garden 

soil in Vienna, Austria, tolerates higher concentrations of ammonia than N. 

maritimus, with complete conversion of ammonia at ammonia concentrations 

up to 3 mM (Spang et al., 2011). These observations in combination with in 

situ studies show that AOA can grow over a wide range of ammonium con-
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centrations in comparison to AOB (Pratscher et al., 2011; Verhamme et al., 

2011, 2010). Presence of AOA has also been reported from engineered sys-

tems used for drinking water production and wastewater treatment 

(Limpiyakorn et al., 2013; Park et al., 2006; Van Der Wielen et al., 2009; Bai 

et al., 2012). As mentioned earlier, in this study AOA were below the 

detection limit in qPCR and thus assumed to be minor contributors to the ni-

trification process in the studied systems  

2.2.2 Factors affecting growth and activity of key nitrifiers 

Nitrifiers are generally specialized chemolithoautotrophs that use either am-

monia (AOP) or nitrite (NOB) as an energy source and carbon dioxide as a 

carbon source. However, many studies have shown that different nitrifiers 

can utilize other energy sources such as urea, cyanate, fructose, and can also 

grow by aerobic hydrogen oxidation (Hommes et al., 2003; Bock et al., 1995; 

Koch et al., 2014; Qin et al., 2014; Bock, 1976). Clade A comammox have 

very low KM (NH3) in comparison to AOB and higher yield plus oxygen con-

sumption compared to AOB and canonical Nitrospira (Table 2.1).  

 

Table 2.1 Physiological parameters of AOB, canonical and comammox Nitrospira 

(Table adapted from Lawson and Lücker, 2018). 

Parameter Clade A 
comammox 

Clade B 
comammox 

 Canonical 
Nitrospira 

AOB 

KM (NH3) [μM] 0.049 n.d. n.a. 1.9–200 

KM (NO2
−
) [mM] n.a. n.a. 9 - 27 n.a. 

KO [μM] n.d. n.d. 4.06–16.88 1–40 
  

μmax [h−1] 0.0061 n.d. 0.019–0.058 0.028–0.068 
  

Ybio 
[mg protein/mol NH3] 

395 n.d. 120–213
*
 250 

  
Microcolony size [μm] n.d. n.d. 1–8 2–16 

Oxygen consumption [mol 
O2:NH3] 

2 2 0.52* 1.5 

Refrences: (Dimitri Kits et al., 2017; Manser et al., 2005b; Park et al., 2017; Manser et al., 2005a; 
Blackburne et al., 2007; Laanbroek and Gerards, 1993; Nowka et al., 2015) 
KM: Half saturation constant 

KO: Oxygen half saturation coefficient 

Ybio: Biomass yield  

n.d. = not determined; n.a. = not applicable 
*
per mol NO2

−
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Apart from the key growth substrates (ammonia and nitrite) and carbon 

sources, the growth and activity of AOB and NOB can be affected by differ-

ent abiotic factors such a temperature, pH, alkalinity and DO (Koops and 

Pommerening-Röser, 2001; Soliman and Eldyasti, 2018). 

Several studies have shown that temperature is one of the significant factors 

affecting nitrification in DWTP and WWTP (Andersson et al., 2001; Pintar 

and Slawson, 2003; Kapoor and Viraraghavan, 1997; Sudarno et al., 2011; 

Guo et al., 2010; Bougard et al., 2006; Antoniou et al., 1990). Generally, 

AOB show higher growth rates than NOB at a temperature of more than 20 

°C (Hellinga et al., 1998; Bougard et al., 2006). For example, a study using 

nitrifying biofilm reactors with synthetic wastewater observed higher ammo-

nia removal efficiency (80 %) because of AOB proliferation in the reactors 

operated at 25 °C but lower (30 %) in reactors operated at 15 °C (Kim and 

Lee, 2011). 

The proposed optimum pH range for AOB and NOB are 8.2±0.3 and 7.9±0.4 

respectively (Park et al., 2007). Different pH set points can directly affect 

AOB and NOB activities by impacting the enzyme reaction mechanisms, spe-

ciation of substrates and gene expression (Van Hulle et al., 2007). For exam-

ple, an amoA based analysis of AOB showed a low abundance of AOB at 

pH<5.5, whereas, increased AOB abundance was observed with increasing 

pH (De Boer and Kowalchuk, 2001; Nicol et al., 2008). Also, NOB in 

WWTPs showed optimal activity at pH 7.9±0.4 which is consistent with the 

observations from pure cultures of Nitrospira and Nitrobacter strains that 

have shown optimal growth at pH 7.6–8.0 and 7.9 respectively (Park et al., 

2007; Ehrich et al., 1995; Grunditz and Dalhammar, 2001). 

DO concentrations can also have a profound effect on the growth of AOB and 

NOB. For example, in activated sludge systems where reactors were operated 

at low DO concentrations (0.37 and 0.16 mg/L) Nitrosomonas euro-

paea/eutropha were dominant AOB and Nitrospira increased in abundance 

compared to Nitrobacter (Liu and Wang, 2013). Another study by Hanaki et 

al., 1990 showed that the AOB growth rate was doubled at elevated DO con-

centrations with no change in growth rate of NOBs, while at low DO concen-

trations (0.5 mg/L) there was no effect on ammonia oxidation. 

Apart from temperature, pH and DO, AOB and NOB growth can be affected 

or inhibited by several other factors. For example, studies on drinking water 

biofilter microbial communities have shown that phosphorous (generally re-

quired in the form of phosphate (PO4
3-

)) limitation can limit nitrifiers growth 
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whereas its addition in trace amounts can increase nitrification (Lee et al., 

2014). AOB and NOB growth can also be affected by inorganic carbon limi-

tation. Further, the inhibitory effects of nitric oxide and volatile fatty acids 

have also been reported on nitrification (Courtens et al., 2015; Takai et al., 

1997). 

Another critical factor affecting the growth of nitrifiers is the availability of 

micronutrients and metal cofactors that are essential for key enzymatic func-

tions (Kapoor et al., 2016; Black et al., 2016; Liu et al., 2014). For example, 

trace metal copper is a cofactor of AMO enzyme in the process of nitritation. 

Studies have shown that copper supplementation in trace amounts can drasti-

cally improve nitrification in biological sand filters (Wagner, 2017). The im-

pact of copper supplementation on the nitrifying community is also a part of 

this Ph.D. study (paper IV). Another study has shown that nitrifier activity in 

potable water systems was inhibited by the presence of copper (Cu) and zinc 

(Zn) at >100 ug/L and phosphate at <5 ug/L and inorganic carbon in higher 

amounts than 0.1 mg C/mg oxidized nitrogen can reduce the toxicity of 

Cu/Zn and increase phosphate availability to nitrifiers (Zhang and Edwards, 

2010).    

2.3 Nitrification in engineered systems 

2.3.1 Nitrification in drinking water treatment systems 

Biological filtration is one of the key components for the successful treatment 

of water for human consumption. In short, the process involves microbial re-

moval of compounds/particles from the raw water by passing it through a 

granular or porous media (Basu et al., 2016; Prevost, 1991). Most commonly, 

surface water and groundwater are used for drinking water production. Alt-

hough reactive forms of nitrogen can be present in both water sources, sur-

face water is commonly characterized by higher organic matter content and 

groundwater with higher mineral content, and little or no oxygen 

(Sophocleous, 2002). Amongst various filtration methods, granular media 

based biological filtration is commonly preferred because of its economic 

feasibility (Lopato, 2011). 

In Denmark, where this Ph.D. study was conducted, drinking water supply is 

entirely based on groundwater (Hansen and Thomsen, 2017; Sorensen and 

Møller, 2013). Figure 2.4 shows a simplified workflow of a Danish drinking 

water treatment plant treating groundwater for potable water production. 
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Figure 2.4 Typical groundwater based potable water production workflow (Figure 

adapted from VandCenterSyd, 2013). 

 

The anaerobic groundwater from aquifers contains compounds such as am-

monium (NH4
+
), manganese (Mn

2+
), dissolved iron (Fe

2+
), methane (CH4) and 

hydrogen sulphide (H2S; Sogaard and Madsen, 2013). These compounds need 

to be removed in the DWTPs before the water is ready for distribution to the 

consumers. Since the groundwater aquifers have a relatively high water quali-

ty, its treatment comprises of only aeration and filtration (primary/secondary 

or both) steps. At the aeration step, unwanted volatile compounds such as 

H2S and CH4 are removed via stripping and oxidation of Fe
2+

 and Mn
2+ 

makes 

them precipitate as metal hydroxides (Van Der Hoek et al., 2014). In the 

granular media filtration step (e.g., rapid sand filtration), the remaining frac-

tions of metal hydroxides and dissolved gases are removed along with oxida-

tion of dissolved compounds like NH4
+ 

(Lopato, 2011). The oxidation of Fe
2+

 

and Mn
2+ 

can be mediated either chemically or biologically via iron- and 

manganese oxidizing bacteria and NH4
+ 

is biologically removed by nitrifiers 

(Tekerlekopoulou et al., 2013). 

Rapid sand filter (RSF) is the most common type of granular media filter 

used in Danish drinking water production facilities. The word ‘rapid’ refers 

to the water filtration rate which is typically ~3 m/h (Basu et al., 2016). 

These filters are comprised of a top filter bed (or ‘active layer’) commonly 

made up of quartz grains varying from 0.8-1.4 mm in size (Lopato, 2011). 

The nitrifying microorganisms are organized within a biofilm around the fi l-

ter media thus making it an active layer responsible for biological removal of 

contaminants (Gülay et al., 2014). Samples from the active layer of the RSFs 
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across various DWTPs in Denmark were used for studying nitrifying micro-

organisms in all sub-studies of this Ph.D. study (paper I-IV). 

2.3.2 Nitrification in wastewater treatment 

The WWTPs are generally designed to remove ammonium by converting it 

into N2. In conventional WWTP, nitrification is used to convert ammonia into 

nitrate which is further converted into dinitrogen gas by denitrification pro-

cess (Olsson and Newell, 1999). The nitrification process in WWTP is 

predominantly implemented as activated sludge or biofilm-based system. The 

inorganic nitrogen received through influent wastewater is first converted to 

nitrite by ammonia-oxidizing bacteria or archaea (AOB or AOA) which is 

further converted to nitrate by NOBs in the presence of oxygen (Grady and 

Lim, 1980). Anaerobically this nitrate is then converted to N2 by the 

denitrifying microorganism. The coupling of nitrification and denitrification 

requires alternation between oxic and anoxic phases and supply for organic 

carbon sources for maintaining denitrification performance, making the over-

all operation expensive (Leitão et al., 2006). A significant advancement in 

this direction was the discovery of anammox microorganisms. Anammox mi-

croorganisms can oxidize ammonia in the absence of oxygen thereby reduc-

ing the oxygen demand for ammonium removal by up to 60% and also reduc-

es the cost of supplying organic matter for denitrification (Gonzalez-Martinez 

et al., 2018). The leftover organic matter can be used for anaerobic digestion 

for methane which can be ultimately used for energy production (Lettinga, 

1995). 

In this Ph.D. study, activated sludge samples from Danish and Swedish 

WWTPs and an anammox reactor from a Swedish WWTP were used along 

with DWTP samples for comparing amplicon sequencing-based approaches 

for assessment of nitrifiers (paper II).  

2.3.3 Nitrifiers in DWTP and WWTP 

Drinking water and wastewater treatment systems provide very different en-

vironments for nitrifiers growth. These environmental conditions primarily 

govern the nitrifier types that inhabit these environments. 

RSFs in DWTPs are typically characterized by low temperatures and low 

ammonium concentrations (~0.5-2 mg/l) which are favorable for AOB cluster 

6 and 7 members and Nitrospira lineage II members. Several previous studies 

has shown the dominance of AOB strains closely related to cultured members 

of Nitrosomonas (N. europaea and N. oligotropha) from cluster 7 and 6 as 
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primary ammonia (Gülay et al., 2016; Tatari et al., 2017; Gülay et al., 2016b; 

Thapa Chhetri et al., 2013; Bai et al., 2013; Gülay, 2014; Van Der Wielen et 

al., 2009). Apart from AOB, AOA strains related to Nitrosopumilus 

maritimus, Candidatus Nitrososphaera gergensis, and Candidatus 

nitrosoarchaeum and other organotrophic bacteria that can oxidize ammonia 

as a co-metabolic process has also been reported from RSF (Van Der Wielen 

et al., 2009). For nitrite oxidation, Nitrospira primarily those belonging to 

lineage II have been reported as main NOB performing nitratation in RSF 

(Palomo-González, 2017; Gülay, 2014). The members of Nitrospira have 

been repeatedly detected in high abundances compared to the respective ca-

nonical AOB especially in drinking water biofilters and distribution systems 

(Gülay et al., 2016; papers II, III and IV). Recent studies have shown that 

the high abundances of Nitrospira previously reported in the RSF were 

majorly contributed by comammox Nitrospira suggesting their key contribu-

tion in nitrification in RSF (Fowler et al., 2018; Palomo-González, 2017; 

Palomo et al., 2016; Pinto et al., 2016; paper III and IV).  

The activated sludge systems in municipal WWTP have relatively very high 

concentrations of ammonium (~20-75 mg/l) compared to DWTP (Henze et 

al., 2002). The members of Nitrosomonas are the most abundant AOB in ac-

tivated sludge systems due to their relatively higher growth rate than other 

AOB (Wittebolle et al., 2008). The high abundance of Nitrosomonas related 

strains has been observed in a wide variety of activated sludge systems such 

as full-scale municipal WWTP, sequencing batch and continuously stirred 

tank reactors, activated sludge bioreactors, nitrification tanks (N. europaea 

and N. eutropha) and aeration basins of industrial (N. nitrosa) and municipal 

(N. oligotropha) WWTPs (Adamczyk et al., 2003; Dionisi et al., 1999; 

Prosser, 1990; Wells et al., 2009; Mobarry et al., 1996; Wittebolle et al., 

2008; Paper II). In addition to AOB, other studies have reported AOA in 

different types of activated sludge systems (Bai et al., 2012; Khardenavis et 

al., 2007). The most abundant NOB representatives found in activated sludge 

systems are from genus Nitrospira belonging to lineages I (Nitrospira deflu-

vii; Wittebolle et al., 2008). Studies have also shown that NOB clusters with 

AOB and form microcolony aggregates in the activated sludge flocs and 

syntrophically perform the process of nitrification (Daims et al., 2006b). In 

addition to canonical Nitrospira, comammox Nitrospira has also been report-

ed from WWTP (Annavajhala et al., 2018; Gonzalez-Martinez et al., 2016). 
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Overall, a wide range of nitrifier compositions are observed in different 

drinking water and wastewater treatment systems (Soliman and Eldyasti, 

2018; Koops and Pommerening-Röser, 2001; Kuypers et al., 2018; Prosser, 

2007; Lawson and Lücker, 2018). These varied nitrifier compositions exist 

mainly because nitrifiers are exposed to diverse environmental conditions 

(seasonal variations) and these systems receive different input (variable in-

fluent water for treatment). On a broader scale, i.e., at the community level, it 

is still not completely understood how different nitrifiers at the guild and 

within guild level react to these diverse environmental conditions that they 

get exposed to in the engineered systems. In the next segment, I have pre-

sented the ecological rules that try to explain how (microbial) communities 

are assembled.  

2.4 Community assembly processes 
Microbial diversity, composition, and activity of guild members in the com-

munity are of particular relevance to the maintenance and enhancement of 

engineered biological system performance. It has been proposed that engi-

neering microbial diversity and composition is possible if we can incorporate 

theoretical community ecology into process design (Curtis et al., 2003; see 

table 2.2 for terminology). The next sections provide a brief background on 

some of the key ecological theories and related process with emphasis on 

studying microbial community composition and assembly. 

Table 2.2 Key terminology and definitions from community ecology used in this work 

(Table adapted from Kinnunen, 2017). 

Term Definition Adapted from 

Diversity 
The evenness and types of taxa within a local 

community 
(Shade, 2016) 

Composition 

An aspect of diversity that accounts for the num-

ber and abundance of unique taxa and their iden-

tities, which can be taxonomic or operational.  

(Shade, 2016) 

Community assembly 

The sum of all processes that shape the composi-

tion of a microbial community, including dispersal, 

selection, drift, and speciation 

(Vellend, 2010) 

Metacommunity 
A set of local communities that are linked by 

dispersal of multiple interacting species 

(Leibold et al., 

2004) 

Local community 

The individuals of all species that potentially 

interact within a single patch or local area of 

habitat 

(Leibold et al., 

2004) 
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2.4.1 Niche and Neutral theories 
The two main ecological theories that have received the most attention while 

interpreting the composition of microbial communities are the niche theory 

and the unified neutral theory of community assembly (Hutchinson, 1957; 

Hubbell, 2001). The niche theory emphasizes the deterministic fac-

tors/processes such as interspecies interactions (e.g., competition, predation, 

mutualism and trade-offs), species traits, and environmental conditions (e.g., 

pH, temperature, etc.) in governing community structure (Holt, 2009; 

Chesson, 2000). In contrast, the neutral theory assumes that community struc-

ture is independent of deterministic factors and is governed by stochastic pro-

cesses such as birth, death, colonization, extinction and specia-

tion/diversification (Chave, 2004).   

Niche theory 

The basic assumption of niche theory is that species within an environment 

differ in their niches. Niche is an n-dimensional hypervolume comprising of a 

set of biotic and abiotic conditions for species to persist (Hutchinson, 1957). 

A niche for a species is determined by species traits that enable them to ob-

tain resources, compete with other members and adapt to adverse environ-

mental conditions. Although niche theory has been widely used in the devel-

opment of deterministic ecological theories and has been the most fundamen-

tal concepts in ecology, it still faces several challenges in explaining patterns 

of community structure. Niche, by definition, comprises of numerous dimen-

sions, therefore, defining it is a highly challenging task. Therefore, most 

community assembly studies focus on parameters that are easily measurable 

when defining niche (e.g., resource availability and substrate affinity of 

community members or their environmental conditions required for growth). 

(Waldrop et al., 2006; Litchman et al., 2015; Larson et al., 2016; Ma et al., 

2015).  

Neutral theory 

The neutral theory considers the niche differences to be irrelevant in the 

context of community assembly (Hubbell, 2001). It is worth noticing that the 

community can have a slightly different meaning for macro and 

microorganisms. Hubbell’s neutral community assembly theory was 

formulated for plant communities (i.e., group of organisms sharing the same 

basic type of metabolism or, in Hutchinson’s terminology, sharing many 

dimensions of their niches). In microbial ecology, we often use communities 

to encompass all the microbes irrespective of their types even though some 



21 

 

might have (almost) completely different niches. Hubbell’s neutral theory 

hypothesizes functional equivalence for all species and individuals in a 

community. It considers that stochastic processes control species dynamics 

and not their competitive abilities. According to neutral theory, community 

assembly is governed by continuous cycles of birth and deaths, the chance of 

colonization (dispersal), and random changes in organism abundance 

(ecological drift). Thus, if community assembly is neutrally governed, then 

any void in the community can be randomly filled by an individual from 

within or outside the community (Burke et al., 2011). Neutral theory 

fundamentally challenges the core concepts of niche theory that all species 

differ ecologically depending upon their niche and that species abundance 

and distribution (SAD i.e. the distribution of abundances of all species within 

a sample or community) are governed by their environments (Matthews and 

Whittaker, 2014; Chesson, 1991; Matthews and Whittaker, 2015). Due to the 

neutral theory’s surprisingly simple approach, it has been highly debated 

since its publication (Matthews and Whittaker, 2014). 

Despite its simplicity, neutral theory has successfully predicted SADs and 

species-area relationships (SAR i.e. pattern of increase in number of observed 

species with increasing sampled area of observation) for numerous 

communities (Kneitel and Chase, 2004; Preston, 1960; Gewin, 2006; Gravel 

et al., 2006; Adler et al., 2007; Cencini et al., 2012). It has also been widely 

used for investigating microbial community assembly (Nemergut et al., 2013; 

Kinnunen, 2017; Yan et al., 2016; Venkataraman et al., 2015; Jizhong Zhou, 

2017). Collectively, these observations suggest an essential role for stochastic 

processes in explaining community patterns, in some cases even better than 

niche-based processes (Hubbell, 2005). 

The debate of the relative contribution of niche versus neutral processes in 

community assembly has now led the researchers to realize that both deter-

ministic and stochastic processes are not mutually exclusive. Various studies 

have shown that both processes are rather complementary and work in unison 

for community assembly (Stegen et al., 2016; Hubbell, 2005; Graham et al., 

2016; Adler et al., 2007; Gravel et al., 2006; Graham et al., 2017). 

Considering the importance of both deterministic and stochastic processes in 

community assembly, numerous theoretical models have been developed 

(Tilman, 2004; Vergnon et al., 2012; Adler et al., 2007; Gravel et al., 2006). 
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2.4.2 Vellend’s Conceptual synthesis in community ecology 

To delineate the rather complicated network of theories and concepts in 

community ecology, Vellend, 2010 proposed a conceptual framework for 

community assembly. Vellend’s inspiration originated from the evolutionary 

processes (selection, drift, mutation and gene flow) concept in population 

genetics, which classically studies (Meta) populations. For simplicity, an al-

lele in population genetics can be theoretically considered as an equivalent to 

a species in community ecology. Vellend suggested that all ecological pro-

cesses can be grouped into four fundamental processes: selection, ecological 

drift, speciation and dispersal (Vellend, 2010). Instead of ‘speciation’ 

Nemergut et al., 2013b suggested using ‘diversification’ because changes in 

community structure due to evolutionary processes can be caused even with-

out the creation of new species. 

Vellend’s conceptual framework is advantageous because it unifies niche (de-

terministic; e.g., selection) and neutral perspectives (stochastic; e.g., drift). 

Three of the four processes (dispersal, drift and speciation/diversification) 

suggested by Vellend are of the main focus in neutral theory (Hubbell, 2001). 

Additionally, the framework acknowledges the importance of evolutionary 

processes such as speciation/diversification in community assembly and pro-

vides a unified ground under which different communities from across habi-

tats can be compared (Stegen et al., 2015). Below, is the brief description of 

the four main processes of Vellend’s conceptual framework and the ir associ-

ated stochastic (neutral) and deterministic (niche) components (Figure 2.5). 
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Figure 2.5 The four main community ecology processes proposed by Vellend and their 

theoretical association with niche and neutral theories (Figure adapted from 

Kinnunen, 2017). 

 

Selection 

Selection is a deterministic fitness difference between individuals of different 

species that can influence community structure (Vellend, 2010). Selection 

amongst individuals of different species can be due to abiotic conditions 

(e.g., temperature, pH, salinity, etc.) or biotic interactions (e.g., competition, 

mutualism, predation, etc.) causing variation in their reproductive success 

(Nemergut et al., 2013; Stegen et al., 2013; Hanson et al., 2012). Thus, 

selection is undoubtedly the closest to the niche theory ( Figure 2.1; Vellend 

et al., 2014; Chase and Myers, 2011). 

In this work, I have approached selection in microbial communities from two 

directions. First, I have compared the metacommunity with the local/system 

community and considered that a big deviation in the composition is indica-

tive of non-neutrality. For example, a significant increase in the relative 

abundance of the species is indicative of positive selection. If the species 

abundance is significantly decreased then it is considered as negative selec-

tion (paper III and IV; further discussed in chapter 5 and 6). A significant 

increase/decrease in relative abundance is assumed to be a result of fitness 

differences amongst guild members. In the second approach, since resources 
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are important in the fundamental definition of niche, I have assumed that 

modification of resources (i.e. releasing resource limitations) will be reflected 

in the observed community composition/abundance (Hibbing et al., 2010; 

Paper IV). This interpretation of the second approach calls for a description 

of some basic concepts about resource availability, limiting resources and 

selection based on the competition of limiting resources. 

Resource availability, competition and limiting resources 

Resource availability has been addressed as one of the main factors affecting 

the ecological dynamics of community members (Tilman et al., 1982). Lie-

big's law of the minimum states that under steady-state conditions the essen-

tial resource available in amounts most closely approaching the critical min-

imum needed by a given organism will tend to be the limiting one (Odum, 

1953). In other words, the growth of an individual is not dictated by all the 

available resources but by the scarcest (limiting) resource. Different nutrients 

can be limiting for the guild members and if a nutrient is limiting in an envi-

ronment adding it in higher amounts should increase the growth and eventual-

ly the abundance of the guild member.  

Jacques Monod presented the first empirical demonstration of the relation 

between limiting nutrient concentration, and bacterial growth (Monod, 1949; 

Box 1; Prosser et al., 2007). 

 

Resource competition and its effect on community composition stem back to 

the earlier work done by MacArthur, 1972 on patterns in the distribution of 

species. Based on MacArthur’s work and using Monod kinetics, Tilman ex-

amined the competition between two different types of populations, as a func-

tion of limiting resource ratios. Tilman’s resource-ratio theory (RRT) which 

is one of the main ecological theory for explaining community structure 

Box 1: Monod growth kinetics 

Monod growth kinetics describes how the concentration of a growth-

limiting substrate influences the specific growth rate of microorganisms. 

This description is similar to the Michaelis–Menten equation for enzyme 

kinetics. The growth kinetics can be determined mainly by two growth pa-

rameters a) the maximum specific growth rate which is achieved at high 

i.e. non-limiting substrate concentration and b) affinity constant i.e. the 

concentration of substrate at which the specific growth rate is half of the 

maximum specific growth rate.  
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based on resource competition states that the availability and demand for nu-

trients (resources) and their consumption rate will determine the prevalence 

of a species in the community (Tilman, 1982). If there are more than one re-

sources limiting then the stable coexistence of competing species is possible 

by means of trade-offs, or they can get outcompeted under nutrient limita-

tions by other species who can best utilize the resource in its lowest available 

form. This ability to efficiently consume limiting nutrients will over time re-

flect in selecting certain species and could further shape the community struc-

ture. A trade-off is basically when a species can have the benefit of perform-

ing a function well by compromising on another function, for example, a 

trade-off can be differential utilization of resources (Kneitel and Chase, 

2004). Trade-offs can also be an element of niche differentiation amongst 

species (Chase and Leibold, 2003). Niche differentiation refers to a process 

by which natural selection drives competing species to coexist by differenti-

ating their patterns of resource utilization differential resistance to predation 

etc. 

One of the main predictions of RRT is “High species diversity and evenness 

occur when there are higher number of limiting resources, while resource en-

richment leads to decreased species richness and evenness.” This prediction 

is discussed in chapter 6 based on paper IV observations. 

I acknowledge that the RRT provides a conceptual foundation for predicting 

the outcomes of microbial competition, but it does not encapsulate the mech-

anisms (e.g., motility, antibiotic production, and coordinated behavior) by 

which certain microbe can tip the competitive balance, resulting in outcomes 

that significantly differ from those predicted by resource abundance alone. 

Dispersal in community ecology is the movement of an organism across 

space, considering the immigration in and emigration out of the community 

(Kinnunen, 2017). Dispersal has features of both niche and neutral theory as 

it can depend on both deterministic and stochastic processes (Finlay, 2002; 

Vellend et al., 2014; Hanson et al., 2012). For example, dispersal of seeds 

would be stochastic if it is dependent on a stochastic event such as dominat-

ing winds. Dispersal can be neutral if all species have the same basic proba-

bility to disperse and in this case dispersal of a species would be a function of 

its relative abundance. On the other hand, the rate of dispersal can be entirely 

different for different species based on their traits and active status (e.g., 

spore/dormancy) thus here dispersal would be deterministic (Jizhong Zhou, 

2017). 
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Ecological drift is a process by which changes in the relative abundance of 

species in the community over time are caused by the random process of birth 

and death (Kinnunen, 2017; Jizhong Zhou, 2017). Ecological drift is probably 

closest to the assumptions of the neutral theory. Various studies have shown 

that drift can alter and shape community structure and is more important 

when selection is weak, and the local community size is (Chave, 2004; Chase 

and Myers, 2011).  

Speciation/Diversification is a process where the generation of new genetic 

variants causes an increase in diversity (Vellend, 2010; Jizhong Zhou, 2017). 

In the context of this Ph.D. study, the effect of diversification is considered 

negligible because we assumed that the rate of diversification will often be 

small compared to the dispersal rate as in DWTP the amount of nitrifiers 

coming in and out of the studied system is large.  
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3 Molecular approaches for microbial 

communities 

High-throughput molecular technologies can be grouped into two major cate-

gories: open and closed formats (Zhou et al., 2015). “Open format” refers to 

the technologies whose potential experimental results cannot be anticipated 

before performing the analysis, and thus, the experimental outcome is 

considered open. The main characteristic of open format technologies is they 

typically do not require a priori sequence information from the community of 

interest. This category includes techniques like next-generation genomic se-

quencing (or metagenomics) and mass spectrometry-based proteomics and 

metabolomics approaches. “Closed format” refers to the detection 

technologies whose range of potential experimental results is defined before 

performing the analysis, and thus, the experimental outcome is considered 

closed. The defining feature of these technologies is that they require a priori 

sequence information. Next generation targeted amplicon sequencing, DNA 

and protein microarrays, as well as quantitative polymerase chain reaction 

(qPCR), are some of the closed-format technologies (Zhou et al., 2015). 

These ‘closed-format’ methods typically depend on the ability of a primer set 

for unbiased amplification of all (or most) of the target sequences without 

amplifying non-target sequences. The most commonly used marker gene in 

microbiological research is the 16S rRNA gene for prokaryotes. The rRNA 

gene has different regions; some are highly conserved across all phylogenetic 

domains while other regions are variable between related species, and this 

variability allows for inferring phylogenetic information. To aid the identifi-

cation of sequences recovered from environmental samples, databases of 16S 

rRNA sequences have been developed and are continually expanding. Con-

served regions of the 16S rRNA gene can be targeted using universal and 

specific primer sets. Universal or specific primer sets are designed based on 

the current information from nucleotide databases and require occasional val-

idations as new sequences from the environment are added. Universal primer 

sets are those that are designed to target most members of the microbial 

community such as universal primers that target the V3-V4 variable region of 

the 16S rRNA gene for most bacteria (Berg-Lyons et al., 2010; Wang and 

Qian, 2009). Whereas specific primers are designed to target specific micro-

bial guilds for example, 16S rRNA gene-specific primers for targeting AOB 

and NOB or those targeting conserved signature functional genes such as 

amoA for AOP and nxrB for NOB (Degrange and Bardin, 1995; Kowalchuk 
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et al., 1997; Hermansson and Lindgren, 2001; Graham et al., 2007; Pester et 

al., 2014).   

The important technological advances in the field of molecular microbial 

ecology are shown in Figure 3.1 and the ones relevant to this study related to 

quantifying and describing microbial community composition are discussed 

in subsequent sections. 

 

Figure 3.1 Timeline plot of important events in microbial ecology. Events are color 

labeled as blue for 16S rRNA methods, red for metagenomics, green for next-

generation sequencing, and indigo for single-cell genomics (Figure adapted from 

Rashid and Stingl, 2015). 

 

3.1 PCR and sequencing-based approaches 
Some of the most used PCR based techniques for detecting and quantifying 

microorganisms are multiplex-PCR, qPCR and Digital PCR. Quantitative 

PCR is a sensitive tool to quantify microorganisms in environmental samples 

based on quantifying the number of target gene copies present in a sample. 

Quantitative PCR monitors the amount of PCR product obtained during the 

exponential phase of the PCR reaction by quantifying a fluorescent reporter. 

The amount of detected reporter is then correlated with the initial amount of 

target template allowing the quantification of the target organism. Several 

studies have shown the applicability of PCR based methods for enumeration 

of microbial abundance (Pester et al., 2014; Fowler et al., 2018; Ramanathan 

et al., 2017; Hatzenpichler, 2011; Sipos et al., 2007). However, PCR based 
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techniques have some drawbacks such as they can produce misleading results 

due to contamination and/or un-specificity of primers, therefore, sometimes 

these techniques are difficult to use on complex microbiological samples.  

3.2  PCR primer analysis for nitrifiers 

3.2.1 Canonical AOB quantification ability of traditional primers 

To study bacterial functional groups primer sets may either target a relevant 

functional gene or if the function is performed by one or a few taxa the phy-

logenetic 16S rRNA gene can be used. This is the case for AOB which carry 

a functional amoA. To quantify canonical AOB, researchers routinely employ 

qPCR targeting amoA for canonical AOB or canonical AOB specific 16S 

rRNA gene. However, as these two approaches are not typically compared, it 

is unclear whether they are equally good at estimating AOB abundance. 

In the paper I, I attempted this comparison using biomass from prefilter and 

after filters (RSF) at three full-scale municipal DWTPs in Denmark. RSFs are 

known to be habited with canonical AOBs as they mediate ammonium re-

moval in these filters along with other (Tatari et al., 2017; Gülay et al., 2016; 

Wagner, 2017). I evaluated two commonly applied AOB specific primer sets 

(CTO189a/b/c – RT1r for 16S rRNA gene and amoA1f - amoA2r for amoA) 

for coverage and specificity by in silico and experimental analysis on DNA 

extracted from biomass obtained from prefilters and RSFs  (Rotthauwe et al., 

1997; Kowalchuk et al., 1997; Hermansson and Lindgren, 2001).  

The AOB abundance based on the AOB specific 16S rRNA genes ranged 

from ca. 3 x 10
6
 to ca. 3 x 10

8
 copies/g drained wet sand across RSF units and 

waterworks (Figure 3.2). At two (Islevbro and Sjælsø) out of three 

waterworks, the abundance of amoA was consistently approximately 50-fold 

lower than that of the 16S rRNA gene (Figure 3.2). Even though the number 

of copies per genome for each gene differs, the 50 fold difference in abun-

dance is too high to be explained by that alone.   

The phylogenetic affiliation of clones from two of the three waterworks that 

showed maximum and minimum deviation amongst the two approaches indi-

cated that most clones from one waterwork (Islevbro) were tentatively as-

signed to Nitrosomonas cluster 6A (N. oligotropha lineage), irrespective of 

the primer set (paper I, SI). At another waterwork (Langerød), in contrast, 

the identity of the dominant AOB lineage changed depending on the molecu-

lar approach: the 16S rRNA gene-based approach identified AOB belonging 

to cluster 6A as dominant, while the amoA based approach only retrieved se-
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quences from the Nitrosomonas europaea/eutropha lineage (cluster 7, (paper 

I, SI). While the difference between the compositions retrieved by the two 

primer sets could also originate from cloning bias, I further explored the role 

of amplification bias. 

The in silico analysis for 16S rRNA primer set revealed a high coverage for 

both forward and reverse primers across all clusters, while analysis of amoA 

primer sets revealed that the average number of mismatches were twice for 

cluster 6A members compared to other clusters (paper I, SI). From in silico 

analysis, I concluded that the amoA primer set would be, on an average, less 

efficient at amplifying cluster 6 sequences than cluster 7 ones when both are 

present in the microbial community.  

 

Figure 3.2 QPCR enumeration of AOB in the top (0–5 cm) and bottom (40–50 cm) 

layers of RSF units (pre-filter (PF) and after-filter (AF)) at three Danish waterworks: 

Islevbro (ISL), Sjælsø (SJ), and Langerød (Lang; paper I). 

 

Overall I found that the difference in primer pair selectivity, combined with 

the compositional differences of the AOB guild across sand filter communi-

ties, had a major effect on the quantification outcome of both primer sets 

(Dechesne et al., 2016). 
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3.2.2 Primer coverage and specificity analysis for nitrifiers 

To test the coverage of the traditional primer sets used for detecting key nitr i-

fiers (AOB/AOA/NOB), I first performed an in silico coverage analysis. 

Since this study was done before the discovery of comammox Nitrospira, 

they were not included in this analysis. 

AOB 

The in silico coverage analysis revealed that the traditional, amoA AOB pri-

mers (amoA1f and amoA2r; Rotthauwe et al., 1997) had overall high am-

plicon length ~491 bases and low coverage (~43%) compared to their updated 

version amoA1F-mod and GenAOBR (Meinhardt et al., 2015) which has ~70 

bases amplicon length and ~68% coverage (Appendix I; Table 1). 

 

Indeed the updated version of amoA AOB primers (amoA1F-mod and 

GenAOBR) had better coverage compared to the older version (amoA1f and 

amoA2r), and they are suitable for AOB quantification but, due to their small 

amplicon length, they are not the best choice for obtaining phylogenetic and 

compositional information using amplicon sequencing. Therefore, my goal 

here was to obtain a single primer set that had higher specificity and coverage 

than the existing amoA AOB primers along with an amplicon length (~300 

bases) that is suitable for both AOB quantification (qPCR) and phylogenetic 

plus composition estimation (sequencing).  

 

I designed 6 new primer sets targeting amoA of AOB from a combination of 2 

forward (amoA-F1: GGGGHTTYTACTGGTGGT and amoA-F4: 

CTGGGGHTTYTACTGGTG) and 3 reverse primers (amoA-R1: CTGCAC-

MGCNTTCTWCTA, amoA-R2; RTMTCCATGCTSATGTTY and amoA-

R3: YRTMTCCATGCTSATGTT). These primer sets showed higher cover-

age (~70%) compared to amoA1f and amoA2r primers (~43%) and amplicon 

length ranging from 315-365 bases which were better compared to amoA1F-

mod and GenAOBR primers (~70 bases; Appendix I; Table 1). To test the 

specificity of these primers on environmental samples, a gradient PCR was 

performed. The melting temperature (Tm) in gradient PCR ranged from 42.1 

°C to 52.8 °C depending upon Tm of each primer combination. Unfortunate-

ly, all these primer pairs were found to be unspecific yielding multiple bands 

in the gradient PCR run. Further details on primer designing and coverage 

analysis are in Appendix I. 
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Overall, I observed that there is no conserved nucleotide region amongst dif-

ferent AOB clade members (Nitrosomonas and Nitrosospira are too diver-

gent) long enough to design higher coverage amoA targeting primers than the 

ones presently used. Therefore, the existing AOB primer sets are hard to up-

date with higher coverage primers that can be used for both qPCR and am-

plicon sequencing considering the currently available nucleotide sequence 

data. 

 

In conclusion, as suggested in Paper I and by Meinhardt et al., 2015 when 

exploring AOB in unknown communities one should consider using multiple 

primer sets and the abundance estimates should be checked with other meth-

ods (e.g., qFISH). When high consensus regions are lacking in the target gene 

for primer design, other approaches exploiting the potential of tagged highly 

degenerate primer sets (THDP) can be used. For example, Wang et al., 2017 

suggested an improved THDP-PCR protocol for community analysis of me-

thane- and ammonia oxidizers. This approach consists of a copper-containing 

membrane-bound monooxygenase (CuMMO) gene-specific PCR followed by 

secondary PCR with a tag on a single primer. 

AOA and NOB 

The coverage analysis of three main primer sets targeting amoA of AOA 

showed that CrenamoA23f and CrenamoA616r from Tourna et al., 2008 had 

the highest coverage (~63%; Appendix I; Table 2) and an amplicon length 

that can be used for quantification, phylogenetic and compositional analysis. 

Further, attempts were also made to design one set of primer for all NOBs but 

failed due to high differences amongst NOB genera. Therefore, separate pri-

mers for Nitrospira (nxrB169f/nxrB638r) and Nitrobacter (NxrB-1F/NxrB-

1R) genus were considered for qPCR and sequencing (Vanparys et al., 2007; 

Pester et al., 2014).  
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3.3 Comparison of universal and targeted amplicon 

sequencing approaches 
Although universal amplicon sequencing approach using 16S rRNA gene is 

useful for phylogenetic and compositional analysis, it is not the best option 

for obtaining functional information about the community because it does not 

provide any enzymatic functional details about the target microorganism 

(Poretsky et al., 2014; Scholz et al., 2012).  Functional information can be 

typically obtained by functional gene assays such as functional gene meta-

genomics or microarrays (Scholz et al., 2012).  

Two other common drawbacks of 16S rRNA gene universal amplicon se-

quencing are: First, it provides only limited compositional information on 

non-dominant guilds because of their low contribution to the total sequence 

pool. Therefore, for accessing within guild diversity often functional genes 

targeted sequencing is used. Targeting functional genes is also advantageous 

because they have a higher rate of evolution compared to the 16S rRNA gene. 

Therefore, they could provide better phylogenetic resolution. The second is-

sue is related to its ability to provide reliable estimates of the relative abun-

dance for specific guilds in the microbial community. This quantitative in-

formation is typically obtained by qPCR based analysis. If 16S rRNA gene- 

universal amplicon sequencing can provide reliable information about specif-

ic microbial guilds in addition to the overview of the full microbial popula-

tion then in a single analysis one would be able to generate complete infor-

mation about the abundance and composition of microbial communities in a 

given sample. I addressed these issues in paper II, and the findings are 

presented below.   

In paper II, I compared bacterial 16S rRNA gene amplicon sequencing (fur-

ther referred to as ‘universal approach’) to a guild-targeted approach (using 

functional genes amoA and nxrB) in their abilities to infer relative abundance, 

diversity, richness, and composition of AOB and NOB. I investigated bio-

mass extracted from three nitrifying and one anammox wastewater treatment 

bioreactors and four biological RSFs used for potable water production. At 

both types of plants, nitrifiers are known to range from 1% to 10% in abun-

dance relative to the whole microbial community (Tatari et al., 2017; Wagner 

et al., 2002; Gülay et al., 2016) 
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Relative abundance 

The relative abundances obtained from the universal approach for AOB were 

always lower than the 16S rRNA gene- qPCR (Figure 3.4 A). For Nitrospira, 

compared to the universal approach, the nxrB qPCR yielded slightly higher 

relative abundance estimates in all WWTP but lower for all DWTP (Figure 

3.4 A). For both the guilds, despite the inconsistency observed between the 

targeted and the universal approaches, the universal approach based estimates 

were always within ~1.2 orders of magnitude of the targeted approaches. 

Major axis regression analysis of the estimates from both approaches sug-

gested that for AOB there was a direct proportionality between the approach-

es and Nitrospira quantification based on universal amplicon sequencing in-

creased more rapidly than nxrB qPCR with Nitrospira relative abundance 

(Figure 3.4 B). Overall, I showed that the universal approach certainly pro-

vides useful quantitative information for AOB and Nitrospira but the high-

lighted biases should be considered when comparing estimates from universal 

and targeted approaches for these guilds. 

 

Figure 3.4 Comparison of the relative abundance of AOB (A) and Nitrospira (B) 

based on the universal (y-axis) and targeted (x-axis) approach. Universal 16S rRNA 

gene- amplicon sequencing was compared with qPCR (target: 16S rRNA gene for 

AOB in panel A and nxrB for Nitrospira in panel B) for four after filters (AF) from 

DWTP, three nitrifying reactors (NR) and one anammox reactor from WWTP. The 

error bars represent the standard deviation for each plant. (paper II) 

 

Alpha diversity 

While comparing alpha diversity, for both guilds and irrespective of the met-

ric used, the targeted approach always resulted in higher alpha diversity val-
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ues compared to the universal approach (Figure 3.5). I attributed this observa-

tion to three things 1) the functional gene libraries contained approximately 

~24 fold (AOB) and ~6 fold (Nitrospira) more sequences than retrieved from 

the universal sequencing, 2) diversity estimates can be highly reliant on the 

depth of sequencing (Caporaso et al., 2011; Gihring et al., 2012; Smith and 

Peay, 2014), and 3) the rate of evolution of functional genes (amoA, nxrB, 

rpoB etc.) is known to be higher than that of ribosomal genes (16S rRNA ge-

ne), which can make them more phylogenetically resolutive (Pester et al., 

2014, 2012).   

Phylogenetic diversity for AOB and observed richness for Nitrospira were 

the only diversity indices with a significantly positive correlation between 

both approaches (p-value 0.009; Figure 3.5 C and p-value 0.01; Figure 3.5 E). 

Because of the frequent inconsistency between targeted and universal 

approach, I suggest that the guild-targeted approaches should be preferred to 

estimate the diversity of AOB and Nitrospira. 

 

  

Figure 3.5 Comparison of alpha diversity (Shannon; A and D), observed richness (B 

and E) and phylogenetic diversity (Faith’s PD; C and F) of AOB and Nitrospira based 

on universal (16S rRNA gene) and targeted (amoA -top and nxrB -bottom) approach. 

The black line is the major axis regression (Paper II). 
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Composition 

While estimating AOB composition, I found that both approaches identified 

the same dominant cluster (cluster 6) in five out of seven sites. Only for one 

plant (Sjolunda) did both approaches provide the same picture of the cluster-

level composition. For all DWTP and one WWTP, the universal approach 

only showed the presence of cluster 6; whereas the targeted approach indicat-

ed the presence of additional clusters: cluster 7 in all these plants, plus cluster 

0, 2, 3 and 8 in one WWTP (Kallby; (Figure 3.6). These observations relate 

with the low relative abundance of AOB observed earlier by universal 16S 

rRNA gene sequencing (Figure 3.4) as clusters other than cluster 6 were 

largely unmapped for four out of seven sites by the universal approach due to 

their very low relative fraction to the total community. Analysis at the sub-

cluster taxonomic resolution revealed that all samples where cluster 6 was 

predominant consisted mainly of subcluster 6A members (represented by Ni-

trosomonas oligotropha and Nitrosomonas sp. ls79A3; Figure 3.7). As I 

showed in the paper I, amoA AOB based primers (from Rotthauwe et al., 

1997), underestimate AOB abundance when subcluster 6A members are dom-

inant.  

 

 

Figure 3.6 AOB composition obtained from the universal (16S rRNA gene amplicon 

sequencing) and targeted (amoA amplicon sequencing) approaches for the two types 

of water treatment plants (paper II). 

 



37 

 

 

Figure 3.7 AOB composition obtained from the universal (16S rRNA gene sequencing) 

and targeted (amoA sequencing) approach (paper II). 

 

Nitrospira composition inferred from both approaches was largely similar for 

all sites (Figure 3.8). Both approaches identified strong compositional differ-

ences between DWTP and WWTP, the former being dominated by lineage 2 

and the later by lineage 1 (Figure 3.8). 

 

Figure 3.8 Nitrospira composition obtained from the universal (16S rRNA gene se-

quencing) and targeted (nxrB sequencing) approach. (Paper II).  
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Overall, by the composition analysis, I showed that the universal approach 

was successful in identifying the dominant clusters/lineages within AOB and 

Nitrospira for most plants. Therefore, I concluded that, when the focus is on 

dominant guild members, the universal approach can be preferred for estimat-

ing the composition of these guilds. 

Composition based sample clustering 

In the K-medoids sample clustering analysis based on AOB and Nitrospira 

composition, I found that for AOB, the universal approach separated the 

samples into seven clusters corresponding to the seven plants (misplacing 

only one replicate; Figure 3.9 B). On the other hand, amoA incorrectly dis-

tributed the DWTP samples into four clusters (cluster 4, 5, 6 and 7), with one 

cluster (cluster 5) comprising samples from all three plants (Figure 3.9 A). 

Also, samples from two WWTP were placed in the same cluster (cluster 2; 

figure 3.8 A) whereas; they were separated by the 16S rRNA gene (cluster 2 

and 4; Figure 3.9 B). Therefore, it was evident that the targeted approach did 

not provide better clustering than the universal approach for AOB. For Nitro-

spira, the universal and targeted approach clustered samples similarly with 

some minor variations (Figure 3.9 C and D) and overall gave similar cluster-

ing outputs. 
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Figure 3.9 Clustering analysis of samples after PCoA ordination of their compositions 

of AOB (panels A & B) and Nitrospira (panels C & D) obtained from the targeted and 

universal approach. Shaded ellipses followed by cluster number represents the 

clusters. Each solid circle and triangle is a sample, with color coding according to the 

plant. (Paper II).  

 

In conclusion, the universal amplicon sequencing provided accurate estimates 

of nitrifier composition and clustered the samples based on these composi-

tions consistently with sample origin. It also provided estimates of the rela-

tive abundance of the guilds correlated with those obtained from the targeted 

approaches within ~1.2 orders of magnitude of them. But the relative abun-

dance estimates had a measurable bias that should be considered when com-

paring estimates from both approaches. Lastly, the diversity and richness es-

timations using the universal approach were likely limited by the sequencing 

depth; therefore, we suggest preferring targeted approaches for assessing ni-

trifiers diversity and richness or using sequencing depth larger than those cur-

rently typically practiced. 
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4 Comparison of nitrifier composition 

between selected DWTP and WWTP 

Many studies have described the whole microbial community and nitrifiers 

composition in DWTPs and WWTPs but rarely these systems are compared 

(Holinger et al., 2014; Berry et al., 2006; Pinto et al., 2012; Chao et al., 

2013; Xu et al., 2018; Vaz-Moreira et al., 2013; Meerbergen et al., 2017). As 

described earlier, drinking and wastewater treatment plants expose nitrifiers 

to a broad range of resource concentrations and environmental conditions. 

This makes them interesting for studying the relative role of deterministic 

(e.g., selection) and stochastic (e.g., immigration) processes on nitrifier 

community assembly in these systems. In this substudy, I compared the com-

position of nitrifiers and total microbial community composition amongst 

total eight DWTP and WWTP. 

The principal coordinate analysis (PCoA) based on the 16S rRNA gene total 

bacterial community composition analyzed from influent, and reactor samples 

at different DWTP and WWTP revealed a clear difference of bacterial com-

munities between the two types of plants (Figure 4.1). For the WWTPs, the 

reactor communities were similar to that of the influent as these samples clus-

tered together, whereas the influent and RSF community at DWTPs were dif-

ferent in composition indicated by separate clustering of the two types of 

samples. These observations indicate a larger role of immigration from influ-

ent to the reactor community at WWTPs and of selection in the RSF commu-

nity at DWTPs. An interplant difference in the total community was also 

observed for DWTPs (Figure 4.1). The influent community at DWTPs 

seemed closely related to the WWTPs community as the influent samples 

from all DWTPs clustered with the WWTPs samples but these samples were 

separated at the third axis (Figure 4.1). To see if these patterns were also 

reflected at the nitrifier guild level, I further analyzed the AOB and Nitrospi-

ra composition in these systems. 
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Figure 4.1 PCoA based on the universal 16S rRNA gene total bacteria composition for 

DWTP and WWTP. The colors represent DWTP and WWTP.  

 

The amoA AOB composition comparison amongst DWTP and WWTP 

showed tree main things 1) Cluster 0, 2 and 3 (Nitrosospira) members were 

specific to WWTP, 2) Cluster 7 and 8 (Nitrosomonas) members mainly be-

longed to WWTPs and 3) Cluster 6 (Nitrosomonas) members were evenly 

distributed across different DWTPs (Figure 4.2). These observations indicate 

the selection of different AOB types in DWTPs and WWTPs depending upon 

the available resource and environmental conditions along with immigration 

for WWTPs (table 4.1). As described before, cluster 6 members prefer oligo-

trophic environments which in this case were representative of DWTPs, 

whereas, cluster 7 members can tolerate a much higher level of resource con-

ditions typical at WWTPs (table 4.1). Further, the nxrB Nitrospira composi-

tion comparison showed that lineage 1 members were almost exclusively 

associated with WWTPs and lineage 2 members were mostly found in 

DWTPs (Figure 4.3). Members of lineage 3 were exclusive to two DWTPs. 
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Figure 4.2 PCoA biplot based on the amoA AOB composition in the analyzed DWTP 

and WWTP. The left panel shows the clustering of different DWTP, and WWTP sam-

ples and the right panel shows the AOB unique sequence variants observed in differ-

ent samples. 

 

Figure 4.3 PCoA biplot based on the nxrB Nitrospira composition in the analyzed 

DWTP and WWTP. Other details are similar to figure 4.2. 

 



44 

 

All potential nutrient and micronutrients differ strongly between DWTP and 

WWTP (table 4.1). Therefore, the overall differences in nitrifiers between 

DWTP and WWTP mainly come from ammonium or nitrite concentration 

differences between these plants and/or due to concentrations of other com-

pounds. For example, some metals such as copper (Cu) and molybdenum 

(Mo) which are essential cofactors for nitrifiers are in very low concentra-

tions in DWTP which could cause selection of certain nitrifier types in 

DWTP (table 4.1; further discussed in chapter 6).   

Table 4.1 Minimum and maximum range of different parameters measured in the 

influent of the sampled DWTP and WWTP. 

Parameter* DWTP  WWTP 

 Min  Max  Min Max 

Ammonium 0.36 0.53  26.11 31.87 

Nitrite 0.001 0.006  1.51 10.93 

Nitrate 0.05 0.05  0.05 23.06 

Phosphate 0.01 0.07  1.40 6.49 

Chloride 11.60 57.30  81.00 602.00 

Sulphate 1.63 14.84  5.13 32.80 

      

Cu  0.00007 0.00049  0.002 0.021 

Mo  0.00008 0.00207  0.001 0.012 

P  0.004 0.088  4.25 19.65 

Fe  0.07 1.34  0.07 0.38 

K  4.36 5.36  18.28 100.17 

Mg  13.11 40.72  4.46 41.57 

Mn  0.03 0.31  0.01 0.08 

Na  36.80 42.96  69.07 348.70 

Zn  0.001 0.003  0.02 0.06 

Co  0.00001 0.00003  0.000 0.006 

Ni  0.00006 0.00032  0.002 0.008 

Ca  78.66 113.08  41.26 149.63 

Temp. (°C) 9.50 11.50  14.60 16.60 

pH 7.34 7.80  7.03 8.32 

TAL (meqv/l) 5.14 7.24  4.67 6.41 

DO  8.92 11.04  1.60 7.70 

NVOC 1.53 3.05  38.03 95.52 

*all readings except temperature, pH and total alkalinity (TAL) are in 
mg/l. 
NVOC = Nonvolatile organic carbon.  
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5 Community ecology approaches 

Several model-based and statistical approaches are available to observe the 

community patterns and infer which ecological processes are responsible for 

community assembly. These approaches can be broadly divided into two ma-

jor categories as multivariate statistics-based analysis and neutral theory-

based process models (Jizhong Zhou, 2017). The neutral model-based ap-

proaches can be used to study community patterns and infer the role of sto-

chastic processes (immigration and drift) in community assembly. The role of 

deterministic process in community assembly (such as selection) can be esti-

mated either by observing its consistent difference from stochastic processes 

(e.g., immigration) using neutral model and/or by relating it with the envi-

ronmental factors (i.e., the niche) by multivariate statistics-based approaches. 

The below sections briefly describe some of the key community ecology ap-

proaches while keeping the focus on selection estimation. 

5.1 Multivariate statistics-based analysis 
Numerous multivariate statistical approaches have been developed for exam-

ining and estimating the relative role of selection and dispersal limitation 

(Morrison-Whittle and Goddard, 2015; Peres-Neto et al., 2012; Or et al., 

1996; Borcard and Legendre, 2002). Typically the multivariate statistics can 

be applied in two ways. First, direct comparison of community composition 

differences between or within different environments by using permutational 

multivariate analysis of variance (PERMANOVA or Adonis), or analysis of 

multivariate dispersions (PERMDISP) and analysis of similarities can be used 

(Anderson et al., 2006; Clarke, 1993; Anderson, 2001). Second, by correlat-

ing community composition and environmental variables using a Mantel test, 

multiple regression on (dis)similarity matrices (MRM), redundancy analysis 

(RDA) or canonical correspondence analysis (CCA; for examples, see refer-

ences Anthony et al., 2015; Dumbrell et al., 2010; Ordonez and Svenning, 

2015; Vannette and Fukami, 2014). Although multivariate approaches are 

widely used, in general, they always face the problem of unmeasured envi-

ronmental factors because it is practically impossible to precisely measure all 

environmental variables (Jizhong Zhou, 2017). 
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5.2 Neutral theory-based process models 
There are many neutral theory-based process models that are used to test the 

mechanisms of species coexistence and biodiversity maintenance in ecologi-

cal communities. These models offer a simple mechanistic explanation of the 

observed SADs (Matthews and Whittaker, 2014). The most commonly used 

model is Hubbell’s neutral community assembly model. This model states 

that the local community dynamics is saturated where each death is 

immediately replaced by a new individual and speciation/immigration ena-

bles diversity maintenance in the metacommunity. While, the local communi-

ties interact with the metacommunity through the process of migration 

(Hubbell, 2001). This model has three main parameters a) abundance of the 

local community (J), b) the rate of immigration/dispersal (m), and c) the fun-

damental diversity number (θ) which is dependent on the abundance of the 

metacommunity, (JM) and the rate of speciation (v; Figure 5.1). 

 

Figure 5.1 Graphical representations of Hubbell’s neutral community assembly model  

(Hubbell, 2001; Chave, 2004). 

 

Estimating the above mentioned neutral model parameters from ecological 

data is theoretically possible, but practically it is problematic. For example, 

estimating the abundance of the metacommunity is difficult and the rates of 

immigration and speciation are nearly impossible to measure directly 

(Matthews and Whittaker, 2014; Gotelli and McGill, 2006). Therefore, com-

monly the neutral model parameters are only indirectly estimated by fitting 

the model to observed community structure data (Jizhong Zhou, 2017). 

Since the focus of this Ph.D. study was on microorganisms, therefore, I have 

used the ‘near neutral model for prokaryotes’ developed by Sloan et al. 2006 

that fits the observed species abundance-frequency relationship with a beta 
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distribution derived from the neutral model. Basically the ‘near neutral 

model for prokaryotes’ (hereon referred to as NCM) predicts the frequencies 

with which each taxon should occur in the local community (in this Ph.D. 

study it is the RSF community) based on their abundance in the 

metacommunity (i.e., influent water) assuming only neutral processes such as 

random births and deaths and stochastic immigration from the 

metacommunity. NCM also provides information about the selected and 

counter selected taxa in the community. For example, if the taxa are found at 

higher detection frequencies (i.e., over-represented) in the local community 

than predicted by the model based on their abundance in the metacommunity, 

then they would be referred to as selected or positively selected in the com-

munity. Similarly, if the taxa are found at lower detection frequencies (i.e., 

under-represented), then they would be referred as negatively selected. This 

approach has been used to estimate the contribution of selection in microbial 

community assembly  (Vignola et al., 2018; Kinnunen et al., 2017; Morris et 

al., 2013; paper III). For ease of understanding, the NCM elements 

mentioned above are graphically represented in figure 5.2. 

 

Figure 5.2 (A) Graphical representation of a typical granular media rapid sand filter 

(RSF) including the flow of influent (aerated raw ground) water. (B) Implementation 

of a neutral model for analysis of DWTP microbial community structure using the 

shared amplicon sequence variants (ASVs) between the influent water and RSF. ASVs 

in multiple RSF communities are represented as empty grey circles (bottom left). The 

solid black line represents the best fit of the neutral model generated using a proba-

bility distribution. The 95% confidence interval is represented by the dashed lines 
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around the best fit. ASVs represented as grey dots are likely present in RSF because 

of neutral processes such as dispersal/immigration from the influent water and eco-

logical drift within the RSF. ASVs deviating from the neutral model are represented 

either as over-represented/positively-selected (green dots) or under-

represented/negatively-selected (red dots) in the RSF. 

 

Metacommunity estimation in NCM relies on having multiple samples from 

the site of interest such as water, sand, sludge samples etc. Either multiple 

samples can be collected at a single time point or single samples at several 

time points. In either case, the taxa abundance in the metacommunity is at the 

base of NCM which makes the metacommunity estimation of central im-

portance. The metacommunity estimation can be done in two different ways, 

and I have applied both in this study. The first method implies a direct de-

scription of the metacommunity by sampling the actual source (influent wa-

ter) metacommunity (Figure 5.2). But, observations of the actual source met-

acommunity are tricky if the influent is constantly changing (for example in 

DWTP). Therefore, this approach has a risk of providing only a snapshot of 

the source metacommunity especially in this case where the source is con-

stant flowing influent water community. The second method is advantageous 

in cases where the source metacommunity is prone to perturbations. Here the 

source metacommunity is estimated by averaging the composition of replicate 

local communities (from here on called as ‘averaged source metacommun i-

ty’) assembled from the same metacommunity. 

Although NCM is a powerful statistical model, this implementation of NCM 

comes with a limitation that it primarily predicts taxon detection frequencies 

and does not include the information about their actual abundance in the local 

communities. For example, if taxa have high abundance in the metacommuni-

ty they will be predicted as highly frequent in the local community by NCM, 

but their abundance might be very low in the local community. In this case 

these taxa in reality would be negatively selected in the local community but 

will fit neutrality according to NCM because NCM does not take into account 

the actual abundance of taxa in the local community. In the context of detec-

tion of positively or negatively selected taxa, this would be a false negative 

for the NCM. To overcome this limitation I have used differential abundance 

based statistical analysis that compares the abundance of each taxon between 

the source and the local community. Differential abundance based approaches 

statistically test whether, for a given taxon, an observed difference in abun-

dance between the source and the local community is significant, i.e. whether 
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it is greater than expected just by chance (Paulson et al., 2013; Sohn et al., 

2015; Anders and Huber, 2010). I utilized this type of analysis to compare 

source and local communities in DWTP, assuming that taxa under positive 

selection would have a higher abundance in the local community (paper III 

and IV). I acknowledge that this type of differential abundance analysis for 

assessing selected members of the community also has some drawbacks 

which are discussed later in this chapter and paper III. 

5.3 Phylogenetic composition based analysis 
The phylogenetic composition can also be utilized for detecting selection. For 

example, mean nearest taxon distance (MNTD) and the nearest taxon index 

(NTI) can give information about how phylogenetically close the taxa are in 

the community. If the community has highly related taxa, then it indicates 

that environmental selection has overcome stochastic assembly (Stegen et al., 

2012; Vignola et al., 2018). Although this type of analysis is widely used, it 

only utilizes the phylogenetic composition information and similar to NCM 

does not include information about the actual abundance of the taxa 

(Swenson, 2011; Moroenyane et al., 2016; Lin et al., 2012). Although newer 

methods exist (the so-called ‘abundance informed ecophylogenetic matrices’) 

that provides an option for including the abundance information along with 

the phylogenetic composition these methods also do not clearly state how one 

can identify which taxa are selected (Cadotte et al., 2010; Swenson, 2011).  

In this Ph.D. study, selection and the methods used to estimate the effect of 

selection on DWTP microbial communities are approached on two different 

lines. Firstly the raw/influent water community was compared to the RSF 

community without inducing any deterministic abiotic changes on the micro-

bial communities (paper III and Section 5.2). This approach was used for 

analyzing the extent of selection on RSF microbial communities versus the 

effect of immigration by the influent water communities. Also, it served as a 

ground for comparing NCM and differential abundance based approaches in 

their ability to estimate the effect of selection on the DWTP nitrifying com-

munity. In the second approach, the effect of releasing single resource limita-

tion was studied on the RSF community composition and is further discussed 

in the light of the competition for limiting resources (paper IV and Chapter 

6). In this approach, only the RSF microbial communities were analyzed and 

compared. 
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5.4 Identifying selection in nitrifying communities 

5.4.1 Selection of Nitrospira in RSF microbial community 

Several recent studies have shown high abundances of Nitrospira (~10-40% 

in relative abundance) and mainly of complete ammonia-oxidizing groups of 

Nitrospira (Comammox) in the RSF (Fowler et al., 2018; Diwan et al., 2018; 

Tatari et al., 2017). Gülay et al., 2016 in a survey of Danish drinking water 

treatment plants (DWTP) measured community composition in raw water and 

RSF and observed a drastic increase in Nitrospira abundance from raw water 

to RSF (Figure 5.3). 

 

Figure 5.3 Relative abundance and order-level taxonomic classification of 16S rRNA 

amplicons in raw groundwater and RSF of five DWTPs in Denmark (Figure adapted 

from Gülay et al., 2016).  

 

In sub-studies of this Ph.D. study, I confirmed that Nitrospira (canonical and 

comammox) was the most abundant genus amongst all nitrifiers in the 

analyzed RSF (paper II, III and IV). When influent water community was 

compared to RSF community at two full-scale municipal DWTPs at two dif-

ferent time points, Nitrospira increased drastically between influent and RSF, 

canonical AOB were in low abundance compared to Nitrospira, and other 

NOB and AOA were below detection limit (Figure 5.4). These observations 

indicated positive selection of Nitrospira (and Nitrosomonas) over other non-
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nitrifying bacteria. Further, if selection is one of the driving forces then 

which Nitrospira types are positively selected?  

 

Figure 5.4 Relative abundance of nitrifier genera to the rest of the influent water and 

RSF microbial community. Data from two DWTPs (Glostrup and Odense) from two 

different time points (suffixed as I and II) based on 16S rRNA gene sequencing. 

 

To answer this question, I used previously described NCM and differential 

abundance based statistical approaches. As the focus here was on a specific 

microbial guild, i.e. Nitrospira and assembly within Nitrospira therefore, its 

composition was estimated using nxrB targeted amplicon sequencing. The 

Nitrospira community compositional differences between influent and RSF 

samples were clearly identified by the NMDS analysis (Figure 5.5). The Ni-

trospira composition was significantly different (p = 0.001) between plants 

and between influent and RSF samples for both DWTP (p = 0.001; Figure 

5.5).  
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Figure 5.5 NMDS analysis of Nitrospira composition from nxrB amplicon sequencing 

(paper III). 

 

The nxrB Nitrospira amplicon sequencing revealed that all (but one) samples 

were dominated by Lineage 2 Nitrospira and more than 80% of the RSF se-

quences assigned to Nitrospira lineage 2 corresponded to putative clade A or 

clade B comammox Nitrospira (Figure 5.6). Similar observations have been 

reported in a recent survey of multiple Danish DWTPs by Fowler et al. 2017. 

Between influent water and RSF, both DWTPs showed an overall increase in 

comammox clade A and B and a decrease in other lineage 2 members, lineage 

1 members and unidentified Nitrospira (Figure 5.6). Further, comammox Ni-

trospira abundance relative to total Nitrospira was largely similar at both 

Glostrup and Odense RSF with clade A comammox always more abundant 

than clade B in Glostrup RSF and lower in Odense RSF. 
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Figure 5.6 Relative abundance of Nitrospira spp. ASVs by lineages and comammox 

clades based on nxrB Nitrospira sequencing. (paper III)   

 

Based on the NCM analysis I found that the majority of Nitrospira 

community in the analyzed DWTPs is shaped by neutral forces with a smaller 

contribution of selection (Table 5.1). This was true in both cases, a) when the 

source metacommunity was described directly by sampling the actual influent 

water and RSF community, and b) when the averaged source metacommunity 

was used. 

Further, I found that the majority of neutrally assembled Nitrospira were 

affiliated to comammox ASVs contributing up to 66% and 75% of total Ni-

trospira abundance in Glostrup and Odense DWTPs respectively. 
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Table 5.1 Comparison of NCM fit between the source (influent water) and the local 

(biological sand filter) community using different types of source metacommunity and 

testing the null hypothesis (H0) that there is no correlation between model prediction 

and observed data, i.e., H0: ρ=0 (paper III). 

 

  

No. of nxrB Nitrospira ASVs ( relative Abun-

dance) 

   

DWTP 

Source meta-

community# 

 

Shar

ed Neutral 

Positively 

selected 

Negatively 

selected 

ρ* 
p-

value 

NTm

** 

Glostru

p 

influent water 60 
33 

(70.7%) 11 (20.6%) 

16 

(0.5%) 

0.

40 
0.001 

142.

5 

Averaged Met-

acommunity 
119 

105 

(98.9%) 

3 

 (0.03%) 

11 

(1%) 

0.

87 

2.2*1

0
-16

 
339 

Odense 

influent water 60 

47 

 

(94.3%) 

6 

 (0.2%) 

7 

(2.2%) 

0.

77 

6*10
-

13
 

872.

5 

Averaged Met-

acommunity 
127 

103 

(94.3%) 

10 

(0.2%) 

14 

(5.4%) 

0.

86 

2.2*1

0
-16

 
180 

*Spearman's Rank correlation coefficient 

**Biofilm community size multiplied by the immigration rate  

# The actual influent water source metacommunity was sampled along with the local community, 

and the averaged source metacommunity was calculated by averaging the taxa in the local commu-

nity  

 

On the other hand, for one DWTP (Glostrup) the differential abundance 

based analysis indicated ~13 fold average increase in the positively selected 

taxa (30 out of total 124 ASVs) and ~9 fold decrease on an average (10 

ASVs) in abundance of negatively selected taxa from influent water to RSF 

community (paper III). These positively selected ASVs collectively formed 

~90% of the Nitrospira abundance in the biological sand filter; whereas, the 

negatively selected ASVs only formed ~2.6% in abundance (paper III). The 

affiliation of positively selected ASVs showed that in relative change 7 and 9 

ASVs of comammox clade A and B were positively selected respectively and 

formed a majority (~83% combined) of Nitrospira abundance in the RSF at 

Glostrup DWTP (paper III). 

At the other DWTP (Odense) 19 ASVs (out of total 294) were found to be 

positively selected ~5.5 fold on an average (all adjusted p values < 1.65E-02) 

contributing only ~6.7% of Nitrospira abundance in the RSF (paper III). The 

positively selected comammox clade A (5 ASVs) and B (3 ASVs) contributed 

~2.7 and ~1% in abundance respectively (paper III). 
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In the comparison of NCM and differential abundance based approaches, I 

found that they did not provide similar predictions regarding selected mem-

bers of the community. However, for both DWTPs the numbers of predicted 

positively selected ASVs were low from NCM compared to the differential 

abundance based approach (Figure 5.7 and 5.8). 

For both approaches, the combined abundance of selected ASVs contributed 

majorly to the total abundance of Nitrospira for Glostrup whereas for Odense 

it did not, showing a clear enrichment of selected ASVs in Glostrup (Figure 

5.7 and 5.8). Overall based on these estimates the Nitrospira community at 

Odense seemed to be entirely neutrally assembled and at Glostrup neutral 

processes played a smaller role compared to selection. Further, we do not 

know why the relative strength of selection is so different at both DWTPs as 

they do not differ in design or water treatment train. The only major differ-

ence was their geographically different locations further impacting them 

regarding the groundwater received by the DWTPs for treatment. 

 

Figure 5.7 Comparison of NCM and differential abundance based analysis for 

Glostrup. For all ASVs their abundance in the influent and biological sand filter 

(RSF) is compared. ASVs are colored as per the prediction from NCM and shaped 

according to predictions from the differential abundance based analysis (left panel). 

The ASVs not considered in the analysis are marked as other for both the analysis. 

The taxonomic affiliation of each ASV is highlighted by coloring as per Nitrospira 

lineages and comammox clades (right panel). The black line represents the 1:1 identi-

ty (paper III). 
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Figure 5.8 Comparison of NCM and differential abundance based analysis for Oden-

se. Other details are similar to figure 4.5 (paper III). 

 

From a methodology perspective, the differences in identification of selected 

Nitrospira ASVs by NCM and differential abundance approach suggested 

that the abundance data provides a more powerful test for identifying selected 

members of the community as some of the enriched taxa in the local commu-

nity were detected as neutrally assembled by the NCM (grey triangles - figure 

5.7). Amongst these enriched taxa in the differential abundance analysis 

(grey triangles - figure 5.7) some of them are likely false negative in the con-

text of selection detection and just differentially abundant due to neutral de-

mographic processes because the differential abundance merely tests for dif-

ference in abundance without taking into account the stochasticity of assem-

bly. Yet, some of the highly differentially abundant taxa (such as those above 

10% abundance in the figure 5.7, grey triangles) can be confidently consid-

ered selected because such high differences in abundance cannot be explained 

by drift alone.   
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6 Effect of the release of nutrient limitation 

on nitrifier community 

In the previous study, we saw the positive selection of Nitrospira types in the 

RSF microbial community at two DWTPs. Although the causes of this selec-

tion were not directly understood as RSF microbial communities were not 

exposed to any external deterministic changes (apart from the natural differ-

ences in groundwater and RSF environment) and DWTPs did not differ in 

design or water treatment train. I further investigated the effect of selection to 

see whether modifying resource conditions translate into detectable selection 

on RSF microbial community composition including the effect on within 

guild diversity. As mentioned earlier this investigation was performed in light 

of one of the RRT predictions that “High species diversity and evenness oc-

cur when there are higher number of limiting resources, while resource en-

richment leads to decreased species richness and evenness.”  

6.1 Effect on nitrifier community composition upon 

releasing Cu limitation 
Recent studies have shown that copper deficiency can limit nitrification in 

RSF and it can be remediated (to the effluent concentration of <0.01 mg 

NH4+-N/L within less than 3 weeks) through dosing of copper to RSF in 

trace (µg/L) amounts (Wagner et al., 2016, 2018). Copper is a cofactor for 

the AMO enzyme, which catalyzes ammonia oxidation to hydroxylamine in 

AOB. Although previous studies reported the effect of dosing copper on 

nitrification performance in RSF comprehensively, it remains unknown 

whether the stimulation is reflected in a shift of abundance or composition of 

nitrifiers. These investigations were performed at two municipal DWTP 

(Nærum and Holmehave
1
) where copper was dosed to enhance nitrification. 

The ammonium removal responded promptly to copper dosing in the two 

DWTP, with increased removal rates within only a few days for both DWTPs 

(paper IV). The improved nitrification was noted in terms of the filter efflu-

ent concentrations of <0.01 mg NH4+-N/L that was achieved after 22 days of 

                                              

 

 

1
 ‘Holmehave’ is the same drinking water treat plant mentioned as ‘Odense’ in the previous studies.  
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dosing for Nærum and 21 days for Holmehave DWTP. During the dosing, the 

test filters were exposed to average influent dosing concentrations of 0.34 ± 

0.22 µg Cu/L (n=11) for Nærum and 0.85 ± 0.24 µg Cu/L (n=8) for 

Holmehave. The reference filter was used as a control, which did not receive 

copper dosing and here the ammonium removal did not change during the 

investigation at the Holmehave DWTP (paper IV). Also, other filter func-

tions such as the removal of iron and manganese were not impaired by the 

dosing at either plant (paper IV). 

6.1.1 Changes in absolute cell densities 

After dosing began, AOB absolute densities increased by 52 % in the filter 

receiving copper at Holmehave, and by 239 % at Nærum, based on qPCR of 

the 16S rRNA gene (Figure 6.1). Overall, qPCR analyses showed that copper 

dosing increased the abundance of canonical AOB at both investigated sites, 

in stark contrast to the reference filter which was not dosed with copper. For 

comammox Nitrospira, at one site, the positive effect was less pronounced, 

while their abundance decreased at the other DWTP. 

 

Figure 6.1 Cell densities measured by qPCR before dosing of copper and 67 or 116 

days after the start of dosing to the test filters at Holmehave and Nærum DWTPs. The 

reference filter at Holmehave (Holm. reference) did not receive copper dosing. (Paper 

IV) 

6.1.2 Changes in microbial community composition 

The compositional analysis based on universal 16S rRNA gene amplicon se-

quencing confirmed the effect of copper dosing on the groups targeted by our 

qPCR assays and showed that the copper dosing did not provoke a drastic 

change in the microbial composition of the filters (Figure 6.2). Nitrospira 

was the dominant genus in both plants (Figure 6.2, top). In the control filter, 

the relative abundance of both Nitrosomonas and Nitrospira genera remained 

unchanged (Figure 6.2, center panel). However, in the test filters, the relative 

abundance of Nitrosomonas increased by almost one order of magnitude in 
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both filters with copper dosing (Figure 6.2, bottom). The relative abundance 

of Nitrospira (Figure 6.2, top) also increased, but this was only statistically 

significant (p-value of 0.014) for Nærum. In the test filters, although the in-

crease in relative abundance of Nitrosomonas sequence reads was much high-

er than for Nitrospira, their increase in absolute abundance was similar 

(~+7% of the total reads for both genera at Holmehave) or larger for Nitro-

spira (~+7% vs +2% at Nærum) because Nitrospira was initially >20 times 

more abundant than Nitrosomonas. Besides Nitrosomonas and Nitrospira, 

very few genera amongst the 50 most abundant were significantly affected by 

copper dosing (paper IV). 

 

Figure 6.2 Taxonomic distribution of 16S rRNA gene sequences in the copper-dosed 

and reference filters. The relative abundance of the 13 most abundant genera are pre-

sented. The sequences are grouped according to their assigned genus (labeled as 

“class; genus,” NA indicates unidentified genera). Box plots are computed from 5 bio-

logical replicates for Holmehave, 3 for Holmehave reference, and 2 for Nærum treat-

ment plants. (Paper IV) 

In the within guild analysis at the sequence variant level, the copper-induced 

stimulation of nitrification did not markedly modify the composition within 
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Nitrosomonas and Nitrospira, suggesting that this did not constitute a strong 

differential selective pressure at the genus level (Figure 6.3). The composi-

tion in the two plants for these two genera was very similar down to the se-

quence variant level, with most of the dominant variants being shared. This 

probably contributes to their consistent response to copper supplementation. 

 

Figure 6.3 Abundance of sequence variants assigned to Nitrosomonas (left) and Nitro-

spira (right) relative to the total number of Nitrosomonas or Nitrospira sequence vari-

ants before and after copper addition at the test filters at Holmehave (columns 1-4) 

and Nærum (columns 5 and 6). In the right panel, boxed sequence variant indicate 

putative canonical Nitrospira while the rest are putative comammox Nitrospira. (Paper 

IV) 

 

The increase in relative abundance of Nitrosomonas and largely of that of 

Nitrospira in the test filters upon releasing copper limitation indicates their 

selection over other community members. 

It should be noted that this effect can only be attributed to the increase in 

copper availability to the microorganisms as all other filter parameters were 

unchanged during the operation (paper IV). At the genus level, Nitrospira 

growing more than Nitrosomonas indicates towards the fitness differences 

amongst members of both genera possibly in this case due to competition for 

copper acquisition. Further, inside Nitrospira and Nitrosomonas the composi-
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tion did not change which shows that there were no fitness differences 

amongst members of these genera and indicates that within guild composition 

is largely neutrally assembled. These observations are in contrast with the 

observations mentioned in the previous chapter where I observed neutral as-

sembly at the guild level (i.e. Nitrospira) and selection within the guild (i.e. 

of Nitrospira types). This could be because when there is no micronutrient 

limitation certain Nitrospira types outcompetes other types in the RSF envi-

ronment i.e. by better utilization of niche space or other key resources.  

One of the predictions from RRT states that high species diversity and even-

ness occur when low to an intermediate amount of resources are supplied, 

while resource enrichment leads to decreased species richness and evenness. 

However, in this case, the enrichment of copper to biological filter showed no 

change in composition within Nitrospira and Nitrosomonas. One possible 

reason for this could be that the method, i.e. 16S rRNA gene- total communi-

ty amplicon sequencing due to its low resolutive power could not accurately 

unveil the within guild diversity which possibly underestimated the richness 

within Nitrosomonas and Nitrospira (paper II and IV). This issue could be 

overcome by utilizing functional genes (e.g., amoA and nxrB) based amplicon 

sequencing. 

Overall, through this substudy, I showed that copper-induced stimulation of 

nitrification in biological rapid sand filters involved changes within the nitri-

fier genera. Copper was indeed limiting in the analyzed DWTPs as its sup-

plementation in trace amounts positively affected the nitrifier abundance and 

specifically of Nitrosomonas. Also, copper dosing did not markedly affect the 

relative abundance of other microbial guilds or potentially pathogenic micro-

organisms in the filters which is highly valuable information from a practical 

perspective. Taken together, these findings suggest that it is possible to en-

hance treatment performance by influencing the abundance of specific micro-

bial groups through selective nutrient dosing or in other words by lifting key 

elemental resource limitation. 

Lastly, this study also served as a ground for implementing molecular, and 

community ecology methods described earlier (qPCR, 16S rRNA gene 

universal amplicon sequencing, differential abundance based analysis) in 

their ability to quantify and describe specific microbial community constitu-

ents and further strengthened the observations from papers I-III in an ap-

plied scenario. 
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7 Conclusions 

The fundamental understanding of the processes governing microbial com-

munity assembly and maintaining their diversity is necessary for better man-

agement of biological systems with potential biotechnological applications. 

To obtain these insights various molecular and community ecology approach-

es can be used. In this thesis, I focused on assessment and implementation of 

key molecular and microbial community ecology methods for describing the 

ecology of nitrifiers in engineered systems employed for drinking water pro-

duction and wastewater treatment. Overall this work has provided the first 

systematic evaluation and insights on the appropriate selection, and imple-

mentation of qPCR and amplicon sequencing-based approaches for quantify-

ing and describing specific microbial guilds and identifying the effect of key 

ecological process on nitrifier community assembly in engineered systems. 

The main findings of this work are as follows: 

Primer design specificity and coverage analysis 

 The investigation of the consistency of two molecular approaches for 

quantifying canonical AOB by targeting phylogenetic (16S rRNA) and 

functional (amoA) genes revealed that the difference in primer pair selec-

tivity combined with the compositional differences of the canonical AOB 

guilds across RSF communities had a major effect on the quantification 

outcome of these approaches. The primer set selection for canonical AOB 

quantification should be carefully done as the results can be heavily primer 

and nitrifier composition dependent. 

 Using maximum coverage degenerate primer design method, new primer 

sets targeting amoA of AOB were designed that showed better coverage in 

the in silico analysis than the ones presently used but yielded unspecific 

amplification in the in-vitro analysis. Based on the currently available 

amoA sequence data, it was observed that there is no longer enough 

conserved nucleotide region amongst different canonical AOB clade 

members (as amoA of Nitrosomonas and Nitrosospira is too divergent) to 

design higher coverage primers that can amplify long enough amplicons to 

be suitable for obtaining quantitative, phylogenetic and compositional 

information about canonical AOB. 
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Comparison of universal and targeted amplicon sequencing approaches for 

describing nitrifying guilds 

 The universal amplicon sequencing-based on the 16S rRNA gene provided, 

in a single analysis, useful information on the abundance and composition 

of diverse guilds in complex DWTP and WWTP microbial communities. In 

comparison to the functional gene (amoA AOB and nxrB Nitrospira) based 

targeted sequencing, the universal amplicon sequencing provided accurate 

estimates of the nitrifier composition and clustering of samples based on 

these compositions which were consistent with sample origin. 

 The relative abundance estimates of the nitrifying guilds from the univer-

sal amplicon sequencing correlated with those obtained from the targeted 

sequencing approach but with measurable biases that should be considered 

while comparing estimates from both approaches. The diversity and rich-

ness estimations from the universal amplicon sequencing were likely 

limited by the sequencing depth; therefore nitrifier diversity and richness 

estimation using targeted functional gene approaches or sequencing depths 

larger than those typically practices should be preferred. 

Comparison of neutral-model and differential abundance based approaches 

for identifying selection in nitrifiers 

 The neutral model and differential abundance based approaches were dif-

ferent in the identification of positively and negatively selected members 

of the guild. The neutral model always predicted fewer taxa as positively 

selected compared to the differential abundance based approach. I 

acknowledge that the differential abundance based analysis merely tests 

for difference in abundance without taking into account the stochasticity of 

community assembly making the approach prone to detecting false nega-

tive taxa in the context of selection which could be merely differentially 

abundant due to neutral demographic processes.  

 I highlighted the fact that despite being a comprehensive statistical model-

based approach, NCM only utilizes the frequency of presence data and 

overlooks the abundance of taxa in the metacommunity. The NCM output 

was largely impacted by the way metacommunity was measured. For ex-

ample, the derivation of influent community as averaged source meta-

community approach showed even stronger contribution of stochastic pro-

cess in RSF microbial community compared to the approach where the 

influent community was derived using comprehensive measurements. 
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 The differences amongst neutral model and differential abundance based 

approaches in their ability to identify selection suggested that detection of 

selection in complex microbial communities should be carefully addressed 

using a combination of approaches covering both frequency and abundance 

data of the taxa. 

Effect of releasing nutrient limitation on nitrifying community 

 The copper-induced stimulation of nitrification in biological rapid sand 

filters involved an increase in the relative abundance of some of the nitri-

fying guilds without evidently affecting the relative abundance of other 

microbial guilds or potentially pathogenic microorganisms in the RSF.  

 Releasing the copper limitation in RSF did not affect the composition 

within nitrifying guilds. These findings indicate that it is possible to en-

hance biological stability and key process performance in complex micro-

bial communities by influencing the abundance of specific microbial 

groups through selective nutrient dosing. 

Nitrifier ecology in DWTP and WWTP 

 The AOB composition comparison between DWTP and WWTP showed 

that Cluster 0, 2, 3, 7, and 8 members mainly inhabited WWTP while clus-

ter 6 members were found mainly in DWTP. Unlike other cluster members, 

both types of plants shared the taxa from Nitrosomonas subcluster 6A. 

While for Nitrospira the DWTP were dominated by lineage 2 members and 

WWTP by lineage 1 members. These observations further strengthened the 

argument that nitrifiers have preferred niches and are selected for specific 

environments based on the type/amount of resource exposure.     

 The Nitrosomonas and Nitrospira composition in the three studied DWTPs 

was very similar down to the sequence variant level, with most of the dom-

inant sequence variants being shared amongst the DWTPs. This indicates 

selection of specific nitrifier taxa at individual sequence variant level per-

forming the same function at different DWTPs.  

 At the RSFs releasing copper limitation resulted in the selection of certain 

nitrifying groups (Nitrospira and Nitrosomonas) at the guild level whereas 

no effect on the within guild nitrifier composition indicated neutral assem-

bly.  

 At the well-functioning, not-micronutrient limited RSFs; the nitrifiers at 

the guild level (i.e. Nitrospira) were neutrally assembled whereas certain 
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within guild nitrifiers (i.e. Nitrospira types) were selected in those RSF. 

This could be because in the absence of micronutrient limitation certain 

Nitrospira types outcompete other types in the RSF environment either by 

better utilization of niche space and/or key resources.  
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8 Perspectives  

I first explored the potential of qPCR and amplicon sequencing-based ap-

proaches for quantifying and describing specific nitrifying guilds. Both these 

molecular methods come with some limitations. First, these methods are 

amplification-based therefore they are highly dependent on appropriate pri-

mer set selection. I tried to develop new primer sets using the highly degen-

erate primer design strategy for maximum coverage and specificity compared 

to the existing primers. This strategy was not successful as there was unspe-

cific amplification in the in vitro analysis by the newly designed primers. In 

future, other strategies such as tagged highly degenerate primer (THDP) PCR 

can be used which allows for amplification of specific microbial guilds in the 

first stage followed by a secondary PCR with a tag on a single primer. This 

approach has the potential for minimizing the unspecific amplification. Sec-

ond, any amplification based molecular method suffers from the amplifica-

tion bias problem which can be resolved by using PCR-independent methods 

such as qFISH or direct 16S rRNA gene sequencing from bacterial communi-

ties. Lastly, both these approaches used in this study are DNA based which is 

good to estimate the abundance and/composition of the target guild but does 

not provide valuable functional information on the guild members. In the 

future, rRNA based techniques such as real-time quantitative PCR (RT-

qPCR) can be used for functional profiling of nitrifiers. Furthermore, if the 

interest is in identifying the functional and metabolic potential of the whole 

microbial community then metagenomics coupled with meta-transcriptomics 

can also be used.   

While estimating the effect of selection and identification of selected micro-

bial ecotypes I found that it is important to consider the abundance of taxa 

while estimating their selection because the abundance information indicates 

towards the extent of the role guild members play in an environment. To do 

so, here I used the differential abundance based approach in addition to the 

NCM. In future efforts can be drawn towards extending the NCM that can 

include the experimentally determined abundance of the taxa in addition to 

their frequency of presence or absence information.  

I found that specific nitrifying members (mainly comammox) were selected 

in the studied DWTPs. In the future, these selected ecotypes can be studied in 

depth using whole genome sequencing to identify their full potential and role 

in nitrification. Additionally, lab scale culture experiments can be done to 

study the physiological parameters that can help in achieving the highest ac-
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tivity of these microbes in a given environment (such as RSF). These studies 

in future can aid the ultimate goal of creating custom inoculum for the RSF 

for improved performance.  

In the DWTP releasing copper limitation resulted in a higher abundance of 

certain nitrifiers in the RSF and in turn improved the RSF performance. In 

the future detailed analysis of other substrates and micronutrients required by 

nitrifiers and the effect of their limitation on nitrifiers composition can be 

studied.  

This study was performed at few DWTP and WWTP from Denmark and 

Sweden therefore; in the future, the study can be extended to diverse plants 

across different geographical locations receiving different types of water for 

treatment. This would be interesting to see if the methodological approach 

taken in this study works the same way under different conditions and more 

importantly to observe if similar nitrifiers are selected in other environments 

as well.  
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