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Summary /
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S

Summary
Biological anaerobic ammonium oxidation (anammox) is a process catalyzed by a
group of Bacteria comprising the order of the Brocadiales. Since their discovery in a
wastewater treatment plant nearly 20 years ago, these organisms have been detected
in anaerobic ecosystems worldwide and it has been shown they play a pivotal role in
global nitrogen cycling. On top of this, anammox bacteria have been studied intensely
to understand their physiology and biochemistry, and finally they have been applied
in a novel, cost-effective and environmentally friendly process to remove ammonium
from wastewater. Despite all advances made, a pure culture of anammox bacteria
was never obtained. This presents a challenge for genome sequencing, as the total
genome information of the culture, called metagenome, will originate from a mix of
organisms. To reconstruct the genome of a target organism, the anammox bacterial
sequences have to be separated from the sequences originating from other organisms
in the culture in a process called binning. Binning is mostly feasible on relatively simple
microbial communities such as enrichment bioreactors, but gaining wider application as
sequencing throughput and analysis methods improve. Before binning was applicable to
complex systems, metagenomic sequencing of complex communities relied mostly on
characterizing the environment under scrutiny based on the DNA fragments from known
microbial clades. In this thesis we have applied metagenomic sequencing to microbial
communities involved in nitrogen conversions, with a focus on anammox bacteria.
Chapter 1 is the general introduction of this thesis. Chapter 1.1 provides a short history of
the technical advances and conceptual developments making metagenomic sequencing
of microbial communities possible. Chapter 1.2 briefly introduces the biological systems
studied in this thesis, the processes and microorganisms in the biological nitrogen cycle.
In chapter 2, we describe metagenomic analysis of the microbial community at two
depths, the upper limit and the core, in the oxygen minimum zone (OMZ) of the Arabian
Sea. In chapter 2.1 a gene-based analysis of nitrogen cycle processes is discussed. For
the known processes in the nitrogen cycle, marker genes were selected and custom
databases reflecting the known diversity of these genes were constructed. Using these
databases, we detect novel nitrogen cycle organisms and assess the potential for
nitrogen transformations in the Arabian Sea. In chapter 2.2 the anammox organisms in
the OMZ are studied in more detail, using the draft of genome ‘Candidatus Scalindua
profunda’ as reference. Our analysis indicated that the OMZ upper limit harbors a small
population of anammox bacteria, different from those in the OMZ core. The anammox
community of the OMZ core was dominated by a few closely related strains. Chapter 3
describes the extraction and analysis of the genome of a moderately halophilic Scalindua
species from the brine seawater interface above Discovery Deep in the Red Sea.
Comparative analysis indicates that this organism, named ‘Candidatus Scalindua rubra’,
employs a different salt adaptation strategy than Scalindua species living in seawater
or marine sediments. Chapter 4 describes methods for the extraction of draft genomes
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from metagenomic sequencing data. Chapter 4.1 discusses the sequencing and genome
binning of two species from a highly enriched nitrifying community. Binning is based
on sequence composition (% GC) and abundance in the data. The sequence data of
chapters 2, 3 and 4.1 are compared to illustrate the benefits of enrichment for binning.
Chapter 4.2 describes binning of the draft genome of ‘Candidatus Scalindua brodae’
from sequencing data obtained from two enrichment bioreactors, one used to inoculate
the other. The difference in abundance of ‘Ca. S. brodae’ between both reactors is used
to assign sequences to ‘Ca. S. brodae’, a method called differential coverage binning.
In chapter 5 a study of the microbial community in a full-scale partial-nitritation
anammox reactor for the removal of ammonium from wastewater is reported. Genome
binning resulted in 23 draft genomes accounting for the most dominant members of
the microbial community. These 23 draft genomes could be assigned to niches in the
reactor, based on their genome content and their preferential detection in subsampled
granules. Chapter 6 uses the genome data of anammox bacteria described in this thesis
and those recently published for a comparative analysis. We determine an anammox
specific gene set and use this set to propose a new hypothesis for the molecular basis
of ladderane lipid biosynthesis. In addition, we assess the conservation of redundancy
of octaheme cytochrome c proteins and respiratory chain complexes in the anammox
genomes published thus far. Chapter 7 discusses the cell structure of members of
the Plantomycetes phylum, containing the Brocadiales order, based on a comparative
analysis of Planctomycete genomes for the presence of markers for outer membrane
biogenesis. We argue that Planctomycetes possess a variant of the Gram-negative
cell envelope, rather than an unusual compartmentalized cell structure featuring an
‘intracytoplasmic membrane’ as was previously assumed. Chapter 8 is used to reflect on
the contents of the previous chapters and discuss open questions in anammox research,
future developments in metagenomics and disruptive technologies for microbiological
research.
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Samenvatting
Anaerobe oxidatie van ammonium naar stikstofgas (anammox) is een proces dat
gekatalyseerd wordt door bacteriën die de taxonomische orde Brocadiales vormen. Sinds
hun ontdekking in een afvalwaterzuiveringsinstallatie in Delft, bijna 20 jaar geleden, zijn
deze bacteriën overal ter wereld gevonden en is duidelijk geworden dat ze een belangrijke
rol spelen in de wereldwijde stikstofcyclus. Onder andere vanwege deze relevantie voor
het milieu, zijn de fysiologie en biochemie van anammox bacteriën intensief bestudeerd
sinds hun ontdekking. Daarnaast is een nieuwe methode voor de verwijdering van
ammonium uit afvalwater ontwikkeld gebaseerd op anammox bacteriën. Ondanks alle
geboekte vooruitgang in het onderzoek naar anammox bacteriën, is het nooit gelukt
deze organismen in pure cultuur te kweken. Het ontbreken van een pure cultuur maakt
het bepalen van de sequentie van het genoom van anammox bacteriën lastig, omdat
de DNA sequenties van een verrijkingscultuur, collectief het ‘metagenoom’ genoemd,
afkomstig zijn van alle organismen in die cultuur en niet alleen van de anammox
bacteriën. Om het gewenste genoom uit deze data te destilleren, moeten de sequenties
afkomstig van dit genoom gescheiden worden van de andere sequenties, een proces
dat ‘binning’ genoemd word. Tot voor kort was binning alleen mogelijk met datasets
van simpele microbiële gemeenschappen, maar met verbeteringen in sequentietechnologie en analysetechnieken word dit ook voor complexere systemen mogelijk.
Voor de toepassing van ‘binning’ op complexe systemen, was metagenoom analyse van
complexe microbiële ecosystemen gebaseerd op identificatie van DNA fragmenten die
coderen voor een bekende functie. In dit proefschrift wordt metagenoom analyse van
microbiële ecosystemen met een rol in de wereldwijde stikstofcyclus beschreven, met
nadruk op anammox bacteriën.
Hoofdstuk 1 is de algemene introductie van dit proefschrift. Hoofdstuk 1.1 beschrijft
beknopt de belangrijkste technische en conceptuele ontwikkelingen die geleid hebben
tot de mogelijkheden die metagenoom analyse nu biedt. Hoofdstuk 1.2 introduceert de
belangrijkste processen en organismen in de wereldwijde stikstofcyclus. In hoofdstuk
2 beschrijven we metagenoom analyse van twee punten, de bovengrens en het hart,
in the zuurstof gelimiteerde zone (ZGZ) van de Arabische Zee. Hoofdstuk 2.1 beschrijft
een analyse van de twee metagenomen gebaseerd op genen die diagnostisch zijn voor
processen in de stikstofcyclus. Hiervoor werden databases van de bekende diversiteit
van deze genen gemaakt. Met behulp van deze databases kon worden aangetoond dat
anammox bacteriën en denitrificerende organismen dominant zijn in het hart van de ZGZ,
en dat aerobe ammonium-oxiderende Archaea de stikstofcyclus aan de bovengrens van
de ZGZ domineren. In Hoofdstuk 2.2 worden de anammox bacteriën in dezelfde dataset in
meer detail bestudeerd, met behulp van het genoom van anammox bacterie ‘Candidatus
Scalindua profunda’. Onze analyse toonde een kleine populatie anammox bacterien in
de bovengrens van de ZGZ aan, die verschilde van de meer dominante populatie in het
hart van de ZGZ. Daarnaast kon worden aangetoond dat de anammox populatie in het
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hart van de ZGZ gedomineerd wordt door een klein aantal zeer verwante stammen.
Hoofdstuk 3 beschrijft de extractie en analyse van het genoom van een gematigd
halofiele Scalindua soort uit de Rode Zee. Vergelijkende analyse toonde aan dat dit
organisme, dat we ‘Candidatus Scalindua rubra’ noemen, anders met zoutstress om gaat
dan verwante marine organismen. Hoofstuk 4 presenteert twee methoden voor extractie
van genomen uit metagenoom data. In hoofdstuk 4.1 wordt de extractie van genomen
van twee nitrificerende micro-organismen uit een dataset van een verrijkingscultuur
beschreven. In dit geval is binning gebaseerd op de compositie van de DNA sequenties
en hun aandeel in de data. De metagenoom data van hoofdstuk 2, 3, en 4.1 worden
vergeleken om de toegevoegde waarde van verrijking voor metagenoom analyse te
illustreren. Hoofdstuk 4.2 beschrijft binning van het genoom van ‘Candidatus Scalindua
brodae’ op basis van sequentie data van twee verrijkingsreactoren. De ene reactor was
gebruikt om de andere aan te enten en het aandeel van ‘Ca. S. brodae’ in de microbiële
gemeenschap verschilde tussen beide reactoren. Dit verschil kon gebruikt worden om
de sequenties afkomstig van ‘Ca. S. brodae’ te groeperen. Deze methode is ook gebruikt
in hoofdstuk 5 om het microbiële ecosysteem in een afvalwaterzuiveringsinstallatie
te beschrijven. Deze installatie is bedoeld voor het verwijderen van ammonium uit
afvalwater met behulp van anammox bacteriën, maar onze analyse toonde aan dat
andere micro-organismen ook een cruciale rol spelen in het systeem. In hoofdstuk 6
zijn de genomen van anammox bacteriën die beschreven worden in deze thesis, en
andere recent gepubliceerde genomen, gebruikt voor een vergelijkende analyse. We
hebben een anammox-specifieke set genen bepaald en die gebruikt om een nieuwe
hypothese voor de biosynthese van ladderaan lipiden te formuleren. Daarnaast hebben
we het behoud van de redundantie van octaheem cytochroom c eiwitten en eiwitten
in de ademhalingsketen van anammox bacteriën bestudeerd. In hoofdstuk 7 wordt de
celstructuur van Planctomyceten, waar de Brocadiales onder vallen, bestudeerd. In een
vergelijkende analyse wordt gekeken naar genen die diagnostisch zijn voor biogenese
van een Gramnegatief buitenmembraan. Op basis van deze analyse stellen wij dat
Planctomyceten een variant op de klassieke Gramnegatieve celwand hebben, en niet
zoals eerder gedacht, een ‘intracytoplasmatisch membraan’. Hoofdstuk 8 integreert
de voorgaande hoofdstukken en bediscussieert open vragen in anammox onderzoek,
mogelijke ontwikkelingen in metagenoom analyse, en mogelijke innovatieve technieken
binnen de microbiologie.
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Chapter 1.1

A brief history of culture-independent genomics

Daan R. Speth1, Mike S. M. Jetten1,2 and Bas E. Dutilh3,4,5

1 Department of Microbiology, Institute for water and Wetland Research, Radboud University,
Nijmegen, The Netherlands. 2 Department of biotechnology, Delft University of Technology, Delft, The
Netherlands. 3 Theoretical Biology and Bioinformatics, Utrecht University, Utrecht, The Netherlands.
4 Centre for Molecular and Biomolecular Informatics, Radboud University Medical Centre, Nijmegen,
The Netherlands. 5 Instituto de Biologia, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil.
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Background
In the past century, microbiological research has greatly advanced our knowledge and
understanding of biology in general, and of microorganisms in particular. Much of this
knowledge was gained studying organisms that could be cultured in the laboratory.
However, it had long been known that only a small fraction of microorganisms from
the environment is culturable using standard techniques (Rasumov, 1932). A more
comprehensive charting of the diversity and evolutionary relationships of this uncultured
majority was enabled by the identification of the 16S rRNA gene as a molecular clock
in 1977 (Woese and Fox, 1977), and development of an, eventually, scalable method
for DNA sequence determination, also in 1977 (Sanger et al., 1977a). In the last four
decades, this has led to an enormous expansion of our knowledge about microbial
diversity, and served to illustrate the limits of our knowledge about microbial life.
Beyond extended knowledge about microbial evolution and the tree of life, technological
and conceptual developments over the past four decades have led to the recent
development of determining the genome sequence of uncultured microorganisms
directly from the environment (Gasc et al., 2015). To do so, the genome of the target
organism has to be separated from the genomes of the rest of the environmental DNA.
The two main strategies to do this are single cell genomics, where a cell is separated
before DNA is extracted (Blainey, 2013), and genome-centered metagenomics, where
sequence composition and abundance are used to separate sequences from the target
genome from the rest of the data (Sharon and Banfield, 2013) (Figure 1.1.1). Both
strategies will be discussed in more detail below. Together, we refer to these strategies
as culture-independent genomics.
Culture-independent genomics is revolutionizing our understanding of microbiology.
Over the past few years, genomes obtained directly from the environment have, for the
first time, shed light on the coding potential of unculturable microbial lineages, popularly
termed “microbial dark matter” (Rinke et al., 2013; Nobu et al., 2015; Gasc et al., 2015).
As sequencing technologies progress and analysis strategies improve, we may expect a
flood of culture-independent genomes, which will soon outnumber the genomes that
were obtained from cultured organisms (examples: Wrighton et al., 2012; Albertsen et
al., 2013; Rinke et al., 2013; Brown et al., 2015).
Already, newly available genomic data obtained without culturing is starting to open up
possibilities such as studying the evolutionary history that led to the staggering diversity
we observe today (Forterre, 2015), reopening the debate on the origin of eukaryotes
(Spang et al., 2015), or interpreting the ecological roles of the unculturable microbial
majority (Sekiguchi et al., 2015; Nobu et al., 2015). Additionally, genomes of uncultured
organisms can be used for hypothesis generation about metabolic or biosynthetic
capabilities, including novel antibiotics (Donia et al., 2014).
To appreciate the opportunities offered by culture-independent genomics, it is worth
reviewing the technical and conceptual developments that underpin the possibilities
of today. Here we provide a short overview of the developments during the past
four decades that have enabled culture-independent genomics and have shaped our
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Figure 1.1.1 Culture-independent genomics
Schematic overview of the two major techniques used to obtain culture-independent genomes.
Single cell genomics achieves separation by separating intact cells and amplifying the genomic
DNA of a single cell to gain enough material for sequencing. Metagenomic binning relies on
sequencing bulk DNA of an environment and subsequently sorting the sequences according to the
organisms they were derived from.
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understanding of microbial diversity. We will highlight the developments that became
most widely adopted and, in turn, paved the way for subsequent advances. For a more
comprehensive overview of each discussed advance or period, the reader will be referred
to contemporary reviews.
Culture-independent analysis
A ‘historic’ perspective on culture-independent genomics, or any other cultureindependent technique in microbiology, can only begin with the ‘great plate count
anomaly’; the discrepancy between microscopic cell counts and the number of colonies
forming on agar plates (Staley and Konopka, 1985). As Staley and Konopka point out in
their review, this observation was reported at least as early as 1932 (Rasumov, 1932), and
the question why so many microorganisms do not grow in laboratory media continues
to puzzle microbiologists. The great plate count anomaly sparked wide application of
culture-independent analysis techniques for the study of microbial ecology (Staley and
Konopka, 1985). Consequently, many advances have been made using many different
types of analysis, such as fluorescence microscopy (DeLong et al., 1989), stable isotope
analysis (Radajewski et al., 2000; Lechene et al., 2006; Fry, 2007), radioactive labeling
(Steeman-Nielsen, 1951) and use of the small subunit (SSU) ribosomal RNA (rRNA) gene
as molecular chronometer, and as a universal marker gene for classification of (micro)
organisms (Amann et al., 1995). In the present context, the study of the SSU rRNA gene,
hereafter referred to as 16S rRNA (for convenience, not meant to exclude Eukaryotic 18S
rRNA where a distinction between the two is inappropriate), deserves special attention.
For the first time, it provided an evolutionary framework to interpret microbial diversity.
For detailed insight in the characteristics of the 16S rRNA molecule that facilitate its use
as molecular chronometer, as well as its application to analysis of bacterial evolution, the
reader is referred to a review by Carl Woese (Woese, 1987).
Ribosomal rRNA sequence analysis
Carl Woese brought the study of the 16S rRNA into the limelight when using it as a
molecular clock (Zuckerkandl and Pauling, 1965) to define the three domains of life
(Woese and Fox, 1977). As ribosomes are among the most abundant molecular complexes
in a cell, Woese’s early work could rely on extracting bulk RNA and subsequently
determining the sequence using an approach based on iterative digestion (Uchida et al.,
1974). However, in the same year that Woese proposed the three domains, Frederick
Sanger revolutionized the methods for DNA sequence determination with the invention
of dideoxy chain-terminator sequencing (Sanger et al., 1977a), a technique that was
subsequently named after him. One of the first targets to be partially sequenced using
Sanger sequencing was the 16S rRNA gene of the classical model organism Escherichia
coli (Brosius et al., 1978). Woese used bulk RNA for direct RNA sequence determination,
and thus had to rely on pure cultures to unambiguously determine a sequence. In
contrast, Brosius et al. directly sequenced the DNA of the 16S rRNA gene using a clone
obtained using targeted digestion of the genomic region encoding one of the E. coli rRNA

16

operons (Brosius et al., 1978). Sequencing the 16S rRNA gene, rather than determining
sequence of the RNA molecule by digestion, could eliminate the need for pure cultures
from 16S rRNA sequence determination. However, approximately 0,05% of a bacterial
genome encodes a 16S rRNA gene, thus randomly sequencing digested DNA regions was
not feasible with the available sequencing technologies. A more targeted approach was
required to make 16S rRNA gene sequencing from environmental DNA widely applicable.
A method that enabled targeting of specific genes was invented by Kary Mullis in 1983:
the polymerase chain reaction (PCR) (Mullis et al., 1985). In its initial form, PCR was
a rather laborious process where new polymerase enzyme had to be added at every
cycle, to replace the enzyme inactivated during the denaturing of DNA strands at
95 OC. The inclusion of the thermostable polymerase isolated from thermophilic
bacterium Thermus aquaticus (Taq polymerase) allowed the PCR process to occur in
a closed tube (Saiki et al., 1988), which promptly enabled automation of the process
(Weier and Gray, 1988). These technological advances led to the first near-complete 16S
rRNA directly sequenced from a PCR product in 1989 (Edwards et al., 1989) and yielded
several hundred 16S near-complete rRNA sequences by 1990 (Neefs et al., 1990; Woese
et al., 1990). The year 1990 also marks the back-to-back publication of two landmark
papers using environmental 16S rRNA gene sequencing to extend the knowledge on
microbial diversity, one based on reverse transcription of isolated rRNA molecules (Ward
et al., 1990) and the other based on PCR products (Giovannoni et al., 1990). Although
both these methods were in use in 1990, the publication of the first set of ‘universal’ PCR
primers (Weisburg et al., 1990) shifted the balance towards PCR based sequencing over
reverse transcription based analysis. In turn, this led to a myriad of studies discovering
new diversity in environments ranging from the ocean (Fuhrman et al., 1992) and soil
(Liesack and Stackebrandt, 1992) to intracellular symbionts of insects (O’Neill et al.,
1992). This expansion of knowledge on 16S rRNA sequences and the concept of the 16S
rRNA approach to diversity analysis are the topic of a comprehensive review by Amann
et al. (Amann et al., 1995).
During the past 25 years, the number of sequenced 16S rRNA sequences increased four
orders of magnitude, to over four million as of july 2015 (http://www.arb-silva.de/).
To organize this data, several dedicated databases were developed, including the
Ribosomal Database Project (RDP) (http://rdp.cme.msu.edu/) (Olsen et al., 1992; Cole
et al., 2014), Greengenes (http://greengenes.lbl.gov/) (DeSantis et al., 2006) and Silva
(http://www.arb-silva.de/) (Pruesse et al., 2007; Quast et al., 2012). Some of the many
studies that together yielded these four million sequences deserve special mention, as
they greatly expanded our knowledge of microbial diversity. These studies uncovered
16S rRNA gene sequences of phylum level branches of the tree of life that were never
encountered before, many of which are only now studied using culture-independent
genomics approaches. The group of Erko Stackebrandt, a former coworker of Carl
Woese, reported a large number of phylogenetically diverse sequences from a peat bog
(Rheims et al., 1996), including the candidate divisions TM6 and TM7. Norman Pace,
another long-term colleague of Carl Woese, led a number of landmark studies on
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microbial diversity, including the identification of the Korarchaea in 1996 (Barns et al.,
1996) and the study of the obsidian pool in 1998 (Hugenholtz et al., 1998). The latter
reported 12 previously unidentified candidate divisions, dubbed OP1 through OP12.
Finally, a 2006 study from the Pace lab on a hypersaline microbial mat identified an
additional 15 novel candidate divisions termed GN01 through GN15 (Ley et al., 2006).
Whole genome sequencing
As discussed above, the advances in DNA sequencing technology radically changed our
understanding of microbial diversity through the analysis of a single gene sequence.
Starting in the late 1980s the scope of sequence analysis went beyond this single
gene, and shifted towards entire genomes (Dulbecco, 1986; Watson, 1990). There
was some precedent for this, as Sanger sequencing had been used to determine the
5,375 basepair (bp) genome of phage phi-X174 in 1977 (Sanger et al., 1977b) and the
human mitochondrion (16,569 bp) in 1981 (Anderson et al., 1981). To aid in genome
reconstruction, computer programs for sequencing read alignment were developed
(Staden, 1979; Staden, 1982). On the chemical side, the scalability of DNA sequencing
was enabled by the automation of the process through the incorporation of fluorescent
groups in the terminator nucleotides used for Sanger sequencing (Smith et al., 1986),
which facilitated detection of terminated DNA fragments in capillary electrophoresis
(Jorgenson and Lukacs, 1983) and the development of the capillary sequencing process
that is still in use today (Cohen et al., 1988; Kasper et al., 1988).
In the early 1990s, various large scale sequencing projects were started to determine
the genome sequences of eukaryotic model organisms, including Homo sapiens. The
laborious method of choice for these projects, involving physically mapping DNA
fragments to their location on the chromosomes, sparked intense debate (Green,
1997; Weber and Myers, 1997). Craig Venter and coworkers advocated using a ‘shotgun
sequencing’ approach, randomly sequencing DNA fragments until the whole sequence
is determined, for the sequencing of these large genomes (Venter et al., 1996). This
concept had been successful on the small genome of phage lambda as early as 1982
(Sanger et al., 1982). However, the scale of early, phage genome sequencing projects
was of a different order than that of the complete genomes of free-living organisms.
To minimize the amount of sequencing required for large-scale projects, Venter and
co-workers proposed to sequence the shotgun clones using a “paired-end” approach
(Venter et al., 1996). As proof of concept the shotgun approach was used to completely
sequence the first bacterial and archaeal genomes, those of Haemophilus influenzae and
Methanococcus jannaschii, respectively (Fleischmann et al., 1995; Bult et al., 1996). The
success of these projects led to adoption of shotgun sequencing by the human genome
project and ‘completion’ of the genome Drosophila melanogaster (Adams, 2000) and
finally Homo sapiens when the ‘race for the genome’ ended in a tie (Lander et al., 2001;
Venter, 2001). Today, the concept of shotgun sequencing is integral to all whole genome
sequencing efforts. Books have, literally, been written about the ‘sequencing boom’ of
the late 1990s, albeit focused on the sequencing of the human genome. For an account
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of the race, the reader is referred to “Cracking the Genome: Inside the Race to Unlock
Human DNA” by Kevin Davies.
Emerging sequencing technologies and sequence analysis methods
As sequencing efforts intensified during the 1990s, so did efforts to improve sequencing
technology, and analysis of sequencing data. Ahead of its time, the use of sequencing
by ligation (eventually marketed as SOLiD sequencing in 2006) was first published in
1988 (Lysov et al., 1988). In response to this method, a strategy for DNA sequence
reconstruction from very short (~8-20 bp) sequencing reads, also known as assembly,
based on de Bruijn graphs, was proposed in 1989 (Box 1.1.1) (Pevzner, 1989).

1.1

Box 1.1.1 Assembly graphs
The two types of algorithm used for assembly of sequencing reads are Overlap Layout Consensus
(OLC) assemblers and de Bruijn graph assemblers. Both types of assembly algorithm use a
graph consisting of nodes and edges. In OLC assemblers the sequenced reads are represented
by the nodes in the graph and the edges are the alignments between these reads. Contiguous
sequences, or contigs for short, are constructed by finding an Hamiltonian path that visits
every node once through the graph. In de Bruijn graph assemblers, the reads are split in shorter
subsequences of length k; these sequences are referred to as kmers. Each kmer is represented
by an edge of the graph. The nodes represent all but the last (prefix) and all but the first (suffix)
characters of the kmer, resulting in a type of directed Eulerian graph that is called a de Bruijn
graph. Solving the graph to retrieve contigs is done by following an Eulerian path that visits
every edge once. Finding a Eulerian solution for a de Bruijn graph is much better scalable to
larger graphs than finding a Hamiltonian solution, so more suitable for massive amounts of
short read data. However, the read information is lost in this approach, so for the long reads
from single molecule and nanopore sequencing OLC assemblers are preferable. For a more
detailed, well written explanation we recommend Compeau et al. (Compeau et al., 2011).
Circular genome with repreats is
sequenced randomly
G G T G C A T C C A T A G G T
C A T C C A T
G G T G C A T
C A T A G G T

Overlap layout concensus (OLC )
assemblers use the overlap between
the reads and visit each node
(read, boxed) once.

For a de Bruijn graph assembler k-mers (here, k=4)
are determined on the reads
A T G
A T G
T G
G

G G T

C A T

C A T A G G T

C A T
C A T C C A T
C A T

C A T
C
C A
C A T

C A T
C A T
A T
T

A
A
A
A
A

G G T
G
G G
G G T

G G T
G G T
G T
T

C
C
C
C
C

A T G
A
A T
A T G

Kmer prefix (without last character) and suffix (without first character)
are the nodes in the graph (boxed), kmers make up the edges (arrows)
The graph is solved by visiting each edge once, possibly visting nodes
multiple times
A T A G

A T G C

OLC graph with one solution
G G T G C A T

C
C
C
C
C

T G C

A T A

A T G
C A T G

T G C C

C C A T

G C C

C C A
G C C A

C A T

C A T A
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As the ligation based technology failed to emerge in the 1990s, the relatively long
reads obtained with Sanger sequencing (~800 bp) were used for large-scale projects.
This required a different strategy for sequence assembly, the overlap layout consensus
(OLC) graph (Box 1.1.1) (Kececioglu and Myers, 1995), which was implemented in the
TIGR-assembler used to reconstruct the genome of H. influenzae (Sutton et al., 1995).
The Celera assembler, also based on this principle, was developed to assemble the
D. melanogaster genome (Myers, 2000).
In parallel with the advances made in computational analysis, the 1990s also witnessed
a rapid development of the chemistry and technology to facilitate sequencing, as it had
become clear the scalability of Sanger sequencing was ill-suited for very large sequencing
projects. Chemical developments included the concepts of pyrosequencing, named after
the detection of pyrophosphate cleaved of adenosine triphosphate (ATP) in the process
of nucleotide incorporation (Ronaghi et al., 1996; Ronaghi et al.,1998), sequencingby-synthesis, detecting the incorporation of fluorescently labeled nucleotides (Weiss,
1999), and the detection of protons released by DNA polymerase (Sakurai and Husimi,
1992) eventually leading to semiconductor sequencing (Rothberg et al., 2011). On the
technical side, immobilization of nucleotide primers on various surfaces was achieved,
providing a means to measure nucleotide incorporation into a cluster of immobilized
DNA strands, a prerequisite for pyrosequencing, semiconductor sequencing, and
sequencing-by-synthesis (Mitra and Church, 1999; Adessi et al., 2000). On top of the
developments leading to next generation sequencing technologies, the foundations
for single-molecule sequencing, often referred to as third generation sequencing, were
laid between 1997 and 2003. The currently available single molecule technologies are
PacBio, which relies on imaging fluorescent nucleotide incorporation in a single DNA
stand by a single immobilized polymerase, and Oxford Nanopore which uses the partial
closure of a pore, measured as a change in current through this pore, to determine the
identity of the molecule is passing through. The use of protein pores to detect zinc atoms
and organic molecules was reported in 1997 and 1999 respectively (Braha et al., 1997;
Braha et al., 1999), eventually leading to Oxford Nanopore sequencing (Loman et al.,
2015). Immobilization and detection of activity of a single polymerase, as used in PacBio
sequencing, was demonstrated in 2003 (Braslavsky et al., 2003; Levene et al., 2003). In
conjunction with the advances described above, technological developments enabled
miniaturization and, consequently, the massive parallelization of molecular biology.
This parallelization is key in achieving the high throughput that made ‘next-generation’
sequencing a disruptive technology (Schuster, 2007).
The prospect of large quantities of short read data revived the de Bruijn graph assembler
concept (Box 1.1.1) (Pevzner et al., 2001), which was tested on simulated short read
data before the commercial release of ‘next generation sequencing’ technologies
(Chaisson et al., 2004). Although pyrosequencing produced much shorter reads (100150 bp) than Sanger sequencing, it was marketed with the Newbler assembler that
was based on the OLC graph principle (Margulies et al., 2005). Only after sequencingby-synthesis, with even shorter reads of 35 bp, became available, the de Bruijn graph

concept was implemented in the widely used Velvet assembler (Zerbino and Birney,
2008). The high throughput of next generation sequencing and advances in short
read assembly made sequencing a complete genome of Bacteria and Archaea fast and
relatively cheap, although resolving duplicated genomic regions and repeats (‘genome
finishing’) still required additional analysis (Loman et al., 2012). Completely closed
genomes of microorganisms directly from a sequencing run were eventually achieved
using the longest PacBio reads, corrected using the shorter reads from the same run, and
subsequently assembled using an OLC assembler (Chin et al., 2013).
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Metagenomics
After sequencing genomes of individual microorganisms could be achieved, the
logical next frontier of the application of sequencing in microbiological research was
metagenomics; the sequencing of bulk DNA directly from environmental communities
(Handelsman et al., 1998). The idea of metagenomics is, of course, older than its
technological feasibility. In 1991 the group of Norman Pace reported a lambda clone
library, with the suggestion that the library could provide “a source of other sequences
associated with the rRNA genes or other genes of interest” (Schmidt et al., 1991). In
1996, the group of Ed DeLong sequenced the first large strand of DNA from a marine
environment (Stein et al., 1996), cloned in a bacterial artificial chromosome (BAC)
(Shizuya et al., 1992). A few years later, the same group reported construction of a
large BAC library (Béjà et al., 2000a), which yielded a continuous piece of DNA encoding
both a Gammaproteobacterial 16S rRNA and a novel light-driven proton pump, termed
proteorhodopsin (Béjà et al., 2000b). The proteorhodopsin study illustrated the
potential of metagenomics for the discovery of new metabolic capabilities, which was
also put forward by Jo Handelsman when she coined the term (Handelsman et al., 1998).
Several studies followed up on this early success, including the first viral metagenome
(Breitbart et al., 2002), culminating in the largest environmental sequencing effort until
that point: the sequencing of the Sargasso Sea metagenome (Venter et al., 2004). In
the Sargasso Sea dataset, as in many others since, the sampled environmental diversity
was much larger than the sequencing sample size. Thus even after sequence assembly
many short fragments were obtained that contained no marker genes, such as genes
encoding 16S rRNA, hampering phylogenetic assignment (Venter et al., 2004). This
provided a big challenge for biological interpretation of the data. A notable exception
was the detection of a distant homolog of a gene encoding ammonia monooxygenase on
the same fragment an Archaeal 16S rRNA gene was detected. Strikingly, a similar result
was obtained simultaneously from soil, leading to the hypothesis of the widespread
existence of ammonium oxidizing Archaea (Venter et al., 2004; Treusch et al., 2004;
Treusch et al., 2005). However, as with the BAC clone encoding proteorhodopsin, this
discovery derived much of its significance from the proximity of the discovered gene
to a 16S rRNA gene, providing organismal context for biological interpretation. Cultureindependent genomics provides such context as well, which is one of the reasons for its
transformative potential. The first draft genomes derived from the metagenome of an
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extreme environment were reported by Tyson et al. (Tyson et al., 2004) in the same year
as the Sargasso Sea sequencing dataset. Despite this early breakthrough, limitations in
sequencing throughput limited the sampling depth and halted further development of
genome extraction from metagenomics in more complex environments (Tringe et al.,
2005). Instead, the focus shifted to characterizing environments by their community
genetic potential, termed gene-centric metagenomics (Tringe et al., 2005; DeLong et al.,
2006; Gill et al., 2006; Turnbaugh et al., 2006)
Since the initial studies that mostly focused on marine ecosystems, the most well
studied microbial ecosystem has become the human body. It had long been clear that
macroscopic organisms provide niches for the microorganisms living in and on them,
collectively termed the microbiome (Whipps et al., 1988), and the human microbiome
had been implied to have an important role (Hooper et al., 2002). With the human
genome sequenced and metagenomics emerging, the human microbiome became a
prime target for metagenomic characterization. The work on the human microbiome was
pioneered by the group of Jeffrey Gordon, who also proposed the Human microbiome
Project (HMP) (Turnbaugh et al., 2007). The HMP and its European counterpart MetaHIT
(The MetaHIT Consortium, 2010) sought to characterize the structure and function
of the microbial communities associated with healthy humans, and have been major
drivers in development of methods and tools to analyze microbial communities by DNA
sequencing.
16S rRNA gene amplicon sequencing
When next generation sequencing became commercially available in 2005, it became clear
that limitations in throughput and read length were still prohibitive of comprehensive
shotgun metagenomics of environments as complex at the human gut. Instead, profiling
the microbial community using high throughput sequencing of 16S rRNA gene amplicons
(hereafter: 16S amplicon sequencing) became a standard technique, fueled by the desire
to compare human associated microbial communities between individuals or body sites
(Costello et al., 2009; Arumugam et al., 2011). As a result, methods to enable such
comparative analyses were developed (Lozupone and Knight, 2005; Schloss et al., 2009;
Caporaso et al., 2010). Biological interpretation of the resulting 16S rRNA gene fragment
data was facilitated by the creation of a human microbiome reference genome catalog
(Human Microbiome Jumpstart Reference Strains Consortium, 2010).
Rapidly decreasing cost of sequencing spread the use of 16S amplicon sequencing to
far less well-studied environments (Sogin et al., 2006; Huber et al., 2007). This resulted
in countless studies reporting on the relative abundances of species or operational
taxonomic units (OTUs), a species-like concept introduced to accommodate the clusters
observed in 16S rRNA gene fragments in a wide range of environments. These studies
offered valuable new insights into the biodiversity of microbial communities around
the world, and how these communities shift in response to environmental change.
Additionally, they led to identification of the ‘rare biosphere’ (Sogin et al., 2006), the
organisms present at very low abundance in a microbial community that might come to
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prevalence in response to changing conditions (Hazen et al., 2010; Lynch and Neufeld,
2015). Although 16S amplicon sequencing has led to renewed appreciation of microbial
diversity, exactly this staggering diversity, and the limitations of our knowledge, make
16S amplicon studies of limited use for the vast majority of environments.

1.1

Genomes from metagenomes
In the decade since the commercialization of pyrosequencing, the per-base cost of
sequencing has gone down more than three orders of magnitude. The corresponding
increase in sampling depth has prompted revival of the genome extraction approach
pioneered by Jillian Banfield and coworkers (Tyson et al., 2004). Although there were
incidental reports of genome reconstruction from metagenomes of enrichment cultures
(Erkel et al., 2006; Strous et al., 2006; Martin et al., 2006) and low diversity environments
(Dick et al., 2009), recent years have seen a surge in this approach on increasingly
complex environments (Wrighton et al., 2012; Albertsen et al., 2013; Kantor et al., 2013;
Sharon et al., 2013; Nielsen et al., 2014; Brown et al., 2015; Baker et al., 2015; Hug et al.,
2015; Castelle et al., 2015).
Grouping metagenomic contigs into clusters originating from the same organism, a
process known as binning, is an essential prerequisite for genome reconstruction from
metagenomics. During binning sequencing reads or assembled contigs are assigned to
categories, known as bins, thought to reflect microbial genomes. This assignment can
be done based on several characteristics of the sequenced nucleotide data, including:
1) sequence composition, 2) sequence abundance, 3) similarity to known sequences, and
4) linkage information derived from experimental design.
The most elementary form of the use of sequence composition is using the GC content
of the sequences, as for example done in Tyson et al. (Tyson et al., 2004). This provides a
rough separation suitable for simple environments, as the GC content of microorganisms
ranges from ~20% to ~80% with considerably more variation between than within
genomes. To improve the resolution of separation, the frequency of tetranucleotide
sequences, which adds codon usage signal to GC content, can be used (Teeling et
al., 2004). The signal in the tertanucleotide frequency matrix can be visualized using
emergent self organizing maps (ESOM) (Ultsch and Mörchen, 2005), an algorithm first
used to bin genomes by the Banfield lab (Dick et al., 2009). An alternative method is
the use of longer nucleotide stretches known as kmers (k > 30) to assign sequences
containing the same nucleotide sequence to the same bin (Wang et al., 2012; Cleary
et al., 2015). Binning methods based on sequence composition perform best with long
sequences, as this will average out local variation in sequence composition and thus
reduce binning errors.
If no sampling and processing biases occur, the amount of sequencing reads originating
from a single DNA molecule, such as a chromosome or plasmid, will reflect its abundance
in the sample. After assembly, sequencing depth of contigs can be used to group contigs
from the same replicon. To add robustness to this, the sequencing depth of contigs in
multiple samples (i.e. of a time series) can be used to create a depth profile for each
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contig and assign them to replicons with high confidence, known as differential coverage
binning (Wrighton et al., 2012; Albertsen et al., 2013; Dutilh et al., 2014). As with the
tetranucleotide frequency approach, the signal in a differential abundance matrix can
be visualized using ESOM (Kantor et al., 2013). The differential coverage approach,
refined with nucleotide composition information and single-copy marker genes (below),
is currently the most widely used binning approach. A variety of tools, such as Concoct,
GroopM, MetaBat, Maxbin or VizBin, have recently emerged to partially automate this
process (Alneberg et al., 2014; Imelfort et al., 2014; Kang et al., 2015; Wu et al., 2014;
Laczny et al., 2015)
Binning by assigning sequences to a phylogenetic lineage can be done using a range
of methods. For datasets too complex, or undersampled, for assembly sequence
assignment of raw reads can be done using direct sequence similarity (McGinnis and
Madden, 2004; Kent, 2002; Langmead and Salzberg, 2012; Wood and Salzberg, 2014),
Markov models (Brady and Salzberg, 2009), last common ancestor (Huson et al., 2007), or
multiple taxonomic ranks (Gori et al., 2011). The effectiveness of any sequence similarity
approach is strongly dependent on the quality of the reference database used. This makes
it very suitable for well-studied environments like niches in and on humans (Segata et al.,
2012), but not for environmental samples. Alternatively, sequence similarity approaches
can be used to assign assembled contigs to a lineage based on the presence of single
copy marker genes; essential genes that are (almost) universal, present in one copy,
and unlikely to be transferred horizontally (Wu and Eisen, 2008; Albertsen et al., 2013).
These markers are also used to check completeness and contamination of metagenomics
derived genomes (Dupont et al., 2012; Parks et al., 2015).
Contig sequences confidently binned using a combination of the methods above can be
linked to unbinned contigs using information from paired-end (short insert < 1kb) and
mate-pair (long insert > 3 kb) sequencing aiding genome closure (Iverson et al., 2012).
A more elaborate application of mate pair linkage, dubbed Hi-C metagenomics, is based
on digesting and randomly re-ligating DNA in a fixed sample (Beitel et al., 2014; Burton
et al., 2014; Marbouty et al., 2014). In this approach cell content is crosslinked and
subsequently extracted. This is followed by digesting and religating the DNA to create
artificial joints. As the total cell content is crosslinked and keeping the DNA molecule
fixed, the new links have a high likelihood to occur within the same molecule. Comparing
paired end sequencing of recombined DNA with native sample allows separation not
just species, but separate chromosomes and plasmids within a cell (Beitel et al., 2014).
A recent paper from the Banfield group illustrated the scalability of binning genomes
from metagenomes, reporting 789 draft genomes (>50% complete) and 8 completed
genomes in a single study (Brown et al., 2015). A variant of the differential coverage
approach, using the co-abundance of predicted genes, has also been used to bin
238 genomes from 396 stool samples of the metaHIT project (Nielsen et al., 2014).
Interestingly, the datasets used in this study were originally used to establish the human
gut gene catalog (Qin et al., 2010) and their reuse to bin genomes exemplifies the
currently ongoing paradigm shift from gene- to genome-centric analysis.

Single-cell genomics
Since the development of multiple displacement amplification (MDA) (Lizardi et al.,
1998; Dean et al., 2001) by bacteriophage phi29 polymerase (Blanco et al., 1989) and
its application to whole genome amplification of the human genome (Dean et al.,
2002), effort was put to adapt this technique for the purpose of genomic sequencing
from small quantities of DNA, even as little as the contents of a single cell. Application
of single cell genomics to sequence uncultured microorganisms from the environment
was first achieved in 2006, and became scalable with advances in cell sorting and high
throughput screening of sorted, amplified DNA. This scalability led to the ‘microbial dark
matter’ project, which reported 201 (partial) single-cell amplified genomes from 29
mostly uncharacterized domains of Archaea and Bacteria (Rinke et al., 2013). Another
large scale single-cell genomics study identified several hundred genotypes in a marine
Prochlorococcus population, illustrating that single cell genomics can be informative on
system-wide scale (Kashtan et al., 2014). A more detailed account on the early advances
in single cell genomics and its application to microbial ecology can be found in Binga et
al. (Binga et al., 2008), and for a more comprehensive overview of the technology we
refer to the more recent review by Paul Blainey (Blainey, 2013).
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Complete genomes from the environment
A third way of obtaining culture-independent genomes seems to be emerging. A variant
on binning of metagenomic contigs, this approach uses long read information to directly
close genomes from environmental metagenome data eliminating the need for binning
(Koren and Phillippy, 2015). Currently, it has become routine to close bacterial genomes
from isolates using PacBio single molecule sequencing (Chin et al., 2013). Oxford
Nanopore sequencing offers similar prospects, as the first de novo assembled bacterial
genome, that of Escherichia coli K12 MG1665, was recently reported (Loman et al.,
2015). Beyond isolates, PacBio has been used to close genomes from highly enriched
bioreactors (Frank et al., in preparation, Badalamenti et al., in preparation) and from
‘pink berries’ (Wilbanks et al., in preparation); bacterial aggregates featuring a relatively
simple community (Wilbanks et al., 2014). However, as with genome binning ten years
ago, both PacBio and the Oxford Nanopore MinION offer too little throughput to be
applicable to metagenomics of complex environments. With an early access program for
a more high throughput sequencer (the PromethION) starting 2015, Oxford nanopore
seem in a good position to take up this challenge. Alternatively, the startup Dovetail
Genomics is developing and testing a method analogous to the Hi-C method mentioned
above, where DNA is coiled around artificial histones to create long distance linkage
information. This technique has reportedly yielded contigs >20 Mb, well over the length
of any bacterial genome, on eukaryotic datasets (Putnam et al., 2015). Finally, the
startup 10X genomics has a synthetic long read technology, which uses fractionation of
the input DNA before shearing and subsequent separate barcoding of each fraction, so
that short reads originating from the same long molecule have the same barcode. The
latter two techniques have the advantage that they can capitalize on the terabase output
of illumina sequencing, providing enough data for most environments.
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Concluding remarks
As outlined above, the past few years saw a tremendous surge in the possibilities
for retrieval of genome sequences from uncultured organisms based on incremental
conceptual and technological developments. The challenge now is to use the fantastic
opportunities this offers to advance our understanding of microbiology and microbial
ecology. In the following chapters the use of metagenomics on various organisms and
systems relevant to the global nitrogen cycle will be described.
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1.2

Thesis context
As outlined in the previous chapter, metagenomics has recently emerged as a powerful
technique to study ‘unculturable’ microorganisms. In this thesis, metagenomics is used
to further our understanding of various aspects of the global nitrogen cycle (N-cycle,
Figure 1.2.1). The N-cycle controls the availability of the element nitrogen to biological
systems. Nitrogen is one of the primary elements required for life, as it is an essential
building block of many cell components, such as nucleotides and amino acids. In this
chapter the processes of the N-cycle as they are currently understood are briefly
introduced, followed by an outline of the content of this thesis.
Nitrogen fixation
Although nitrogen is ubiquitous, making up roughly 80% of the atmosphere, it is present
in the inert form dinitrogen gas (N2). Rather than the inert dinitrogen gas, ammonium
(NH4+) is the primary form in which nitrogen is used in anabolism in most biological
systems. Atmospheric nitrogen is only available to organisms capable of ‘fixing nitrogen’;
converting dinitrogen gas to ammonium by the nitrogenase complex (Emerich and
Burris, 1978). The complex is widely distributed over Bacteria and Archaea (Santos et
al., 2012), and most types of nitrogenase are irreversibly inhibited by molecular oxygen
(Döbereiner et al., 1972). Organisms lacking nitrogenase rely on ammonium or nitrate in
the environment for their anabolic nitrogen requirements. Ammonium can be released
by degradation of organic molecules, formed from nitrate (discussed below), or provided
by nitrogen fixing symbionts.
Ammonia oxidation
Besides its role in biosynthesis, ammonium can be used in catabolism, as electron donor
for both aerobic and anaerobic respiration (Winogradsky, 1890; Mulder et al., 1995).
If ammonium is respired with oxygen as terminal electron acceptor, the end product
is nitrite (NO2-), whereas the end product of anaerobic ammonium respiration, with
NO2- as electron acceptor, is dinitrogen gas. Both types of ammonium respiration
are specialized metabolisms, performed by autotrophic organisms with a limited
phylogenetic distribution.
Anaerobic ammonium oxidation (anammox) is performed by organisms belonging to a
single, deep branching, monophyletic lineage within the phylum Planctomycetes (Strous
et al., 1999). The biochemistry and cell biology of anammox bacteria is unique, featuring
an organelle (Niftrik et al., 2004), cyclobutane containing lipids named ladderanes
(Damsté et al., 2002a), and the conversion of hydrazine (N2H4), the strongest reducing
agent known in cellular metabolism (Kartal et al., 2011a). The electron acceptor nitrite
is reduced to nitric oxide (NO), which is combined with ammonium by the enzyme
hydrazine synthase to yield hydrazine. The hydrazine is oxidized to dinitrogen gas by
hydrazine dehydrogenase, an enzyme homologous to hydroxylamine oxidoreductase
(Kartal et al., 2011a; Maalcke, 2012).
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Figure 1.2.1 The biological nitrogen cycle
Schematic overview of the biological nitrogen cycle, with colored arrows indicating the processes
discussed in the text. The text next to the arrows is the common designation for genes encoding
the enzymes catalyzing the indicated reactions. nif: nitrogenase, amo: ammonia monooxygenase,
hao: hydroxylamine oxidase, nxr: nitrite oxidoreductase, nar: nitrate reductase, nap: periplasmic
nitrate reductase, nirBD: siroheme nitrite reductase, nrf: pentaheme nitrite reductase, nirS: heme
cd1 nitrite reductase, nirK: copper-containing nitrite reductase, norZ: quinol-dependent nitric oxide
reductase, norB: cytochrome c-dependent nitric oxide reductase, nos: nitrous oxide reductase,
hzs: hydrazine synthase, hdh: hydrazine dehydrogenase, cu-hao: putative copper containing
hydroxylamine oxidoreductase, nod: putative nitrite dismutase. The existence of proteins encoded
by genes indicated with a * is not yet confirmed.

Aerobic ammonium oxidation, or nitritation, is carried out by ammonium oxidizing
Bacteria (AOB) that fall within the Beta- and Gammaproteobacteria (Purkhold et al.,
2000) and by ammonium oxidizing Archaea (AOA), currently the only known members
of the phylum Thaumarcheota (Könneke et al., 2005; Stahl and la Torre, 2012). Both
groups first convert ammonium to hydroxylamine (NH2OH) using the enzyme ammonia
monooxygenase. Subsequently, hydroxylamine is converted to nitrite by hydroxylamine
oxidoreductase in AOB and by an unknown enzyme in AOA (Klotz and Stein, 2008; Vajrala
et al., 2013).
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Nitrite oxidation
The product of aerobic ammonium oxidation, nitrite, is a reactive, toxic compound
and thus quickly turned over in the environment. Nitrite can either be oxidized to the
more stable N-oxide nitrate (NO3-), or be reduced to nitric oxide (NO) or ammonium
(Figure 1.2.1). Nitrite oxidation can be performed aerobically by nitrite oxidizing
bacteria (NOB) and anaerobically by anammox bacteria (Kartal, Maalcke, et al., 2011)
and anoxygenic phototrophs of the genera Rhodopseudomonas and Thiocapsa (Griffin
et al., 2007; Schott et al., 2010). Despite the differences in central metabolism and
niches occupied by these bacteria, all employ the same class of enzyme, molybdopterin
containing nitrite oxidoreductase (Nxr), to oxidize nitrite (Sundermeyer-Klinger et al.,
1984). Moreover, NOB have a wide taxonomic distribution throughout the tree of life
with representatives in the phyla Proteobacteria, Nitrospina, Nitrospira, and Chloroflexi
(Watson and Waterbury, 1971; Watson et al., 1981; Watson et al., 1986; Sorokin et al.,
2012). Comparison of the NOB 16S rRNA gene phylogeny with Nxr phylogeny indicates
a role for horizontal gene transfer in the spreading of this metabolic capability, but also
suggests that Nxr evolved multiple times from distinct clades of nitrate reductase, the
enzyme catalyzing the reverse reaction (Lücker et al., 2013).
Nitrate reduction
Nitrate is abundant in many oxic environments and readily used for respiration by
myriad anaerobic and facultatively anaerobic organisms when oxygen becomes limited.
Additionally, when other sources of nitrogen become scarce, nitrate can be reduced
to ammonium via nitrite. Many organisms are capable of this two-step, six-electron,
reduction. In the first step nitrate is reduced to nitrite by a periplasmic nitrate reductase,
while in the second step a siroheme nitrite reductase converts nitrite to ammonium for
biosynthesis (Lin and Stewart, 1997). Alternatively, the respiratory process dissimilatory
nitrate reduction to ammonium (DNRA) can be catalyzed by a nitrate reductase and a
pentaheme nitrite reductase (Simon, 2002). Finally, nitrate can be reduced to dinitrogen
gas in a four-step respiratory pathway known as denitrification (Zumft, 1997). During
complete denitrification, nitrate is reduced to nitrite by a molybdopterin containing
nitrate reductase. Next, nitrite is reduced to nitric oxide by either a copper containing
or an iron (heme cd1) containing nitrite reductase, termed nirK and nirS respectively.
Subsequently, two molecules of NO are combined to yield nitrous oxide (N2O) by nitric
oxide reductase, an integral membrane protein of the heme-copper oxidase superfamily.
Finally nitrous oxide can be reduced to dinitrogen gas by the multicopper enzyme nitrous
oxide reductase (Zumft, 1997).
A recently discovered organism, Methylomirabilis oxyfera, introduces a branch in the
denitrification pathway at the point of NO (Ettwig et al., 2010). Rather than reducing
two molecules of nitric oxide to nitrous oxide, this organism is thought to possess an NO
dismutase (nod) capable of converting two molecules of NO to molecular oxygen and
nitrogen (Ettwig et al., 2012).
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Nitrate is one of the most favorable electron acceptors for anaerobic respiration and
ubiquitous in the environment, thus the genetic potential for nitrate respiration (either
to dinitrogen gas or ammonium) is widespread. Many organisms encode genes for some
steps in the denitrification pathway, resulting in partial denitrification to nitrite or nitrous
oxide. The release of nitrous oxide, a powerful greenhouse gas, from partial denitrification
has often been documented in wetlands, oceans and wastewater treatment systems (van
den Heuvel et al., 2009; Nevison and Weiss, 1995; Kampschreur et al., 2009). Moreover,
recent genome resolved metagenomics of estuary and aquifer sediments also showed
that the denitrification pathway was fragmented, and its genes distributed over many
community members, suggesting that the exchange of denitrification intermediates is
common (Hug et al., 2015; Baker et al., 2015).
As with most microbial processes, our knowledge of the N-cycle is mostly obtained
from analyzing pure cultures. However, as illustrated by the discoveries of anammox
bacteria or nitrate or nitrite dependent methane oxidizing organisms (Strous et al., 1999;
Ettwig et al., 2010; Haroon et al., 2013), ‘unculturable’ organisms can play important
roles in this cycle, sometimes with unexpected metabolic capabilities. As explained in the
previous chapter, metagenomics is one technique to elucidate the role of unculturables
in the N-cycle. Alternatively, enriching ‘unculturable’ microorganisms from the
environment using sequencing batch reactors (SBRs) (Strous et al., 1998) and membrane
bioreactors (van der Star et al., 2008) has proven very effective. Combining both tools has
resulted in some of the earliest microbial genomes obtained from mixed communities
(Strous et al., 2006) and, because of the coupling of genomic data for hypothesis
generation and biomass for hypothesis testing, this remains a powerful approach for
biological discovery.
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Overview of this thesis
In this thesis, the use of metagenomics to study nitrogen cycling in microbial ecosystems
is described. The systems are of varying complexity, from a marine oxygen minimum
zone to enrichment bioreactors and a full-scale wastewater treatment facility, with a
focus on anammox bacteria.
In chapters 2 and 3, shotgun metagenomics is used to analyze nitrogen cycling in marine
environments. Chapter 2.1 describes the use of curated reference databases of marker
genes to look specifically for diversity and abundance of known N-cycle processes in
the Arabian Sea oxygen minimum zone (OMZ). In chapter 2.2, the draft genome from
anammox bacterium ‘Candidatus Scalindua profunda’ (van de Vossenberg et al., 2013)
is used to assess the presence and diversity of anammox bacteria at two depths in the
Arabian Sea OMZ. Chapter 3 describes the extraction and analysis of the genome of
‘Candidatus Scalindua rubra’, a novel, moderately halophilic anammox bacterium from
a metagenome of the interface of the water column and a brine pool in the Red Sea.
Chapter 4 describes the retrieval of bacterial and archaeal genomes from highly enriched
reactor systems. In chapter 4.1 the genomes of two members of nitrifying community,
consisting of AOA Nitrosoarchaeum sp. and NOB Nitrospina sp., enriched from the North
Sea is described. Additionally the datasets of chapters 2, 3, and 4.1 are compared to
illustrate the benefit of enrichment for genome extraction. Chapter 4.2 describes use
of differential abundance to retrieve the genome of ‘Candidatus Scalindua brodae’
genome, based on two enrichment reactors with different conditions.
In chapter 5 the techniques applied in chapters 3 & 4 are extended upon to characterize
the microbial community in a full-scale reactor for the removal of ammonium from
wastewater. The genome and niche information obtained in the analysis is used to build
an ecological model for nitrogen cycling in this system.
Chapters 6 and 7 illustrate uses of culture independent genomes to advance biological
knowledge. In chapter 6 the currently available genomes of anammox bacteria are used
for comparative analysis to define an anammox specific set and a new biosynthesis
pathway for ladderane lipids is proposed. In chapter 7 comparative genomics is
extended to the Planctomycetes phylum, and based on the presence of outer membrane
biomarkers an alternative interpretation of the Planctomycete cell plan is proposed.
In chapter 8 the data presented in the previous chapters is integrated and possibilities
for future research are discussed.
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Thesis context
In this chapter we describe the use of curated marker gene databases to confidently
assign metagenomic reads to genes representing processes in the nitrogen cycle. For
some genes, the retrieved hits could be assembled into near full-length sequences,
allowing assessment of their relation to sequences from known organisms.
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Abstract
The oxygen minimum zones (OMZ) are areas in the global ocean were oxygen
concentrations drop below 1% of that in oxygenated water. Low oxygen allows alternative
respiration, with nitrate and nitrite as electron acceptor, to become prevalent in these
areas, making them main contributors to oceanic nitrogen loss. In recent years, it has
become apparent that in the OMZ most nitrogen cycle processes, with the exception
of nitrogen fixation, are highly active. The contribution of anammox and denitrification
to nitrogen loss seems to vary in different OMZs with both contributing equally in the
Arabian Sea. Here we performed a gene-centric metagenomics study of two depths of
the Arabian Sea OMZ, to provide a comprehensive overview of the genetic potential
for nitrogen cycling. We propose that 1. aerobic ammonium oxidation is carried out by
Thaumarchaea in the upper station; 2. anammox bacteria contribute substantially to
nitrogen loss in the core zone; 3. aerobic nitrite oxidation in the OMZ is performed by
Nitrospina spp. and a novel lineage of nitrite oxidizing organism that is present in roughly
equal abundance as Nitrospina. Additionally, ammonification seems to be dominated by
an unknown phylogenetic lineage harboring a divergent nrfA. Nitrogen fixation potential
was not detected. Taken together this gene centric approach confirmed the potential
for an active nitrogen cycle in the Arabian Sea and allowed detection of two hitherto
overlooked lineages of nitrogen cycle organisms.
Introduction
The vast majority of the global ocean is well oxygenated, allowing aerobic organisms
to thrive. However, in a several areas underlying regions of high productivity, the
oxygen concentration drops to very low levels. These regions are referred to as oxygen
minimum zones (OMZ) (Stramma et al., 2008; Paulmier and Ruiz-Pino, 2009). Using
the operational definition for OMZ (dissolved O2 below 20 μM), these regions make up
roughly 1% of the ocean volume (Lam and Kuypers, 2011). Despite comprising only a
small fraction of the volume, OMZ contribute 30-50% of the nitrogen loss from the ocean
(Codispoti et al., 2001; Gruber, 2004; 2008). Three major OMZ contributing to
nitrogen loss, measured as a deviation of the 16:1 Redfield N:P ratio (Redfield, 1963),
were identified by Gruber and Sarmiento: two sites in the eastern tropical pacific,
and the Arabian Sea (Gruber and Sarmiento, 1997). A later study also observed high
nitrogen loss from the Benguela upwelling zone in the Atlantic, off the Namibian coast
(Kuypers et al., 2005).
The importance of OMZ in marine nitrogen loss can be attributed to active nitrogen
cycling in these systems, which has been recently reviewed by Lam and Kuypers
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(Lam and Kuypers, 2011). In a nutshell, low oxygen concentrations make nitrate the
next most energetically favorable terminal electron acceptor present in micromolar
concentrations. Nitrate reduction coupled to the oxidation of organic matter releases
16 mole ammonium per mole organic matter oxidized (Redfield, 1963). In addition
to this, ammonium can be produced by dissimilatory nitrite reduction to ammonium
(DNRA) (Lam et al., 2009). Despite being aerobic processes, ammonium and nitrite
oxidation do occur in OMZ, partially converting the ammonium back to nitrite and
nitrate (Wuchter et al., 2006; Füssel et al., 2012; Beman et al., 2013). Eventual
nitrogen loss is due to denitrification or anaerobic ammonium oxidation (anammox)
(Ward et al., 2009; Lam et al., 2009).
The relative contribution of these processes has been the subject of debate. Before
the discovery of anammox, denitrification was thought to be the only contributor to
nitrogen loss (Cline and Richards, 1972; Codispoti and Packard, 1980; Naqvi, 1987),
but the detected ammonium concentrations were lower than expected based on
denitrification alone. After the detection of the anammox process in the Black Sea
(Kuypers et al., 2003), it was shown to occur in all major OMZ using marker genes,
lipid analysis, and stable isotope pairing (Kuypers et al., 2005; Thamdrup et al., 2006;
Hamersley et al., 2007; Galán et al., 2009; Jensen et al., 2011). In the eastern
tropical south pacific (ETSP) OMZ, anammox was shown to be the dominant process
involved in nitrogen loss, although both processes occur (De Brabandere et al., 2014;
Ganesh et al., 2015). For the Arabian Sea OMZ, evidence for both denitrification
and anammox as the dominant cause of nitrogen loss exists (Ward et al., 2009;
Bulow et al., 2010; Jensen et al., 2011; Pitcher et al., 2011), and the contribution of
either process likely varies with season and location.
Previous studies on nitrogen cycling the Arabian Sea OMZ focused on one or
a few processes such as ammonia oxidation (Damsté et al., 2002b; Pitcher et al.,
2011; Schouten et al., 2012), denitrification (Ward et al., 2009; Bulow et al., 2010),
and anammox (Pitcher et al., 2011; Jensen et al., 2011; Villanueva et al., 2014), but
a comprehensive study of the nitrogen cycling potential in the Arabian Sea OMZ
is lacking. Metagenomics is a powerful tool to provide an all-inclusive window in
the functional potential of an ecosystem. As sequencing is becoming easier and less
expensive, sequence analysis strategies are becoming the main bottleneck. Here, we
describe an analysis strategy for mining metagenome data based on curated databases
of marker genes for nitrogen cycle processes (Table 2.1.1), and applied this strategy to
metagenome data retrieved from two depths in Arabian Sea. Using this approach, we
could show that the genetic potential for aerobic ammonia oxidation is abundant at
the upper limit of the OMZ. Genetic potential for anammox and DNRA was found in
similar abundances at the OMZ core, whereas nitrate reduction potential was very more
widespread. Additionally, we could assess the potential for nitrite oxidation and nitrogen
fixation, processes which have not been thoroughly explored in the Arabian sea OMZ.
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2.1

Methods
Sampling and sample preparation
Arabian Sea depth profiles are described previously (Pitcher et al., 2011). In this
study, we focused on two depths, the water column at 170 m below ocean surface
(station PA2), and 600 m below ocean surface (station PA5). From these depths, large
volumes of seawater (200−1700 L) were filtered through 142-mm diameter 0.2-μm
polycarbonate filters (Millipore, Billerica, MA). Filters were cut into fragments prior to
DNA extraction. Cells were lysed by bead-beating with 1.5 g of sterile 0.1 mm zirconium
beads (Biospec, Bartlesville, OK) in a extraction buffer containing 10 mM Tris-HCl pH 8,
25 mM Na2EDTA pH 8, 1% (v/v) sodium dodecyl sulfate (SDS), 100 mM NaCl, and
molecular biology grade water. Samples were incubated at 70°C for 30 minutes and then
extracted with phenol-chloroform (Sambrook et al., 1989). After extraction, DNA was
precipitated using ice cold ethanol, dried, and re-dissolved in 100 μl 10 mM Tris-HCl,
pH 8. Total nucleic acid concentrations were quantified using a Nanodrop
spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and checked by agarose
gel electrophoresis for quality. Extracts were kept frozen at -80°C.
IonTorrent library preparation and sequencing
All kits used in this section were obtained from Life technologies (Life technologies,
Carlsbad, CA, USA). For both samples an identical library preparation was performed.
Genomic DNA was sheared for 7 minutes using the IonXpress™ Plus Fragment Library Kit
following the manufacturer’s instructions. Further library preparation was performed
using the Ion Plus Fragment Library Kit following manufacturer’s instructions. Size
selection of the library was performed using an E-gel® 2% agarose gel, resulting in a
median fragment size of approximately 330 bp. Emulsion PCR was performed using the
OneTouch™ 200 bp kit and sequencing was performed on an IonTorrent PGM™ using
the Ion PGM 200 bp sequencing kit and an Ion 318 chip, resulting in 4.9 million reads for
station PA2 and 2.6 million reads for station PA5.
Bioinformatics
Raw sequence reads were imported into the CLC Genomics Workbench (v7.0.3,
CLCbio, Arhus, Denmark) and trimmed on quality and length (≥ 100 bp) resulting in
3.3 million reads of station PA2, and 1.6 million reads from station PA5, which were
used for subsequent analyses. To extract reads matching the ribosomal small subunit
for taxonomic classification, the SILVA SSU RefNR99 dataset (version 115) was used as
reference (Quast et al., 2012). First, trimmed reads were mapped against the SILVA dataset
using the CLC Genomics Workbench (mismatch penalty 2, Insertion/Deletion penalty 3,
50% identity over 70% of the sequence). Mapped reads were extracted and used for BLAST
searches against the identical SILVA dataset (E-value cutoff 1*10-6). Positive hits were
aligned using the SINA aligner (Pruesse et al., 2012) and imported into the SILVA refNR99
ARB database (Ludwig et al., 2004). Sequences were classified by implementation into
the provided Neighbor Joining reference tree using the QuickAdd function in ARB and
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visual inspection of the resulting phylogeny.
To screen the metagenomes for potential function, reference datasets of marker genes
(amino acid sequences) were manually curated: In a first step, sequences from public
databases such as Interpro and NCBI NR were downloaded and aligned using Clustal
Omega (Sievers et al., 2011). Aligned amino acid sequences were imported into ARB
and low quality sequences (e.g. sequences with ambiguous characters) were removed.
Alternatively, for the norB/norZ database, all sequences in the cytochrome oxidase PFam
family (PF00115) were downloaded, replicates were removed using UClust (80% identity)
(Edgar, 2010) and the clustered sequences were screened against characterized cNOR
and qNOR sequences using a BLAST score ratio (BSR) (Rasko et al., 2005). Sequences
with a BSR over 0.4 were included in the database. High quality sequences obtained
using both approaches were used for phylogenetic tree construction.
In a second step, representatives of phylogenetic clusters (distance level of 0.1) were
exported in fasta format and used as reference set in subsequent BLAST analysis.
The reference sets are provided as supplementary material. The reads of the
metagenome described above were used in BLASTx searches against the reference sets
(E-value cutoff 1*10-6) and positive hits were extracted using a custom perl script
available at www.github.com/dspeth. Positive reads were used in BLASTx searches
against the NCBI-NR database (May 2015) and a BSR between the bit scores of both
searches was calculated to remove false positives. For each marker gene, a separate
threshold for determination of true positives was determined depending on a first
manual inspection of reads with different bit-score ratios (Table 2.1.1). MEGAN was
used for phylogenetic assignment of the positive hits using the top 5 hits and a cutoff
of 90% identity from the top hit (Huson et al., 2007). In selected cases the hits were
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Table 2.1.1. Overview of N-cycle processes and corresponding marker genes
Nitrogen cycle
process

Enzyme name

Nitrification

Ammonium monooxygenase

Nitrification

Hydroxylamine oxidoreductase

Gene
abbreviation

BLAST score
ratio cutoff

amoA

#

hao

0.75

Nitrification

Nitrite:nitrate oxidoreductase

nxrA

0.85 *

Denitrification/DNRA

Nitrate reductase

narG

0.5

Denitrification

Copper dependent nitrite reductase

nirK

0.55

Denitrification

Heme cd1 nitrite reductase

nirS

0.6

DNRA

Pentaheme nitrite reductase

nrfA

#

Denitrification

Nitric oxide reductase

norB / norZ

0.8

Denitrification

Nitrous oxide reductase

nosZ

0.8

Anammox

Hydrazine synthase

hzsA

0.75

Anammox

Hydrazine dehydrogenase

hdh

0.5

Nitrogen fixation

Nitrogenase

nifH

#

# manually checked ; * subset of narG hits
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extracted and imported in the CLC genomics workbench for iterative mapping (nxrA, hdh)
(Dutilh et al., 2009) or de novo assembly (hzsA, nrfA).
Results and discussion
Taxonomy based on 16S rRNA gene analysis
To get insight into the overall microbial community in the Arabian Sea OMZ, we
analysed 16S rRNA gene reads retrieved from the metagenomes of the upper limit
(station PA2) and the core (station PA5) of the OMZ (Table 2.1.2). At the upper limit
of the OMZ, the SAR11 clade (Alphaproteobacteria) formed one of the most abundant
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Table 2.1.2. Overview of 16S rRNA gene diversity and abundance (read %) detected in the
Arabian Sea oxygen minimum zone samples
Bacterial taxonomic groups
Alphaproteobacteria

Gammaproteobacteria

SAR11

PA5

14.3

8.1

Rhodobacteriaceae

1.5

0.5

Rhodospirillales

1.4

4.2

SAR86

7.9

1.5

SUP05

2.9

2.7

Alteromonadales

1.9

1.1

Salinisphaeraceae

1.6

1.9

E01-9C-26

0.5

1.6

Deltaproteobacteria

SAR324

5.0

3.1

Bacteriodetes

Flavobacteriales

2.0

0.5

Planctomycetes

Brocadiaceae

< 0.1

5.2

Phycisphaeraceae

< 0.1

1.1

Verrucomicrobia

Arctic97B-4

1.1

0.2

Deferribacteres

Marinimicrobia (SAR406)

8.5

19.9

Nitrospinae

Nitrospina

1.4

2.7

Actinobacteria

Acidimicrobia

3.2

2.4

Chloroflexi

SAR202

0.8

2.4

Dehalococcoidia
Archaeal taxonomic groups

0

1.6

PA2

PA5

Thaumarchaeota

Marine Group I

14.0

3.3

Euryarchaeota

Marine Group II

7.5

0.4

Marine Group III

1.4

0.5

0

3.8

Rare and unclassified taxa

PA2

PA5

Sum of rare and unclassified taxa

23.0

27.6

Haloarchaea
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PA2

microbial groups (14%). Most sequence reads clustered within SAR11 subgroup 1,
closely related to cultivated strains of ‘Candidatus Pelagibacter ubique’. ‘Ca. P. ubique’
has a small, streamlined genome and is adapted to heterotrophic growth (Rappé
et al., 2002; Giovannoni et al., 2005), thus unlikely to directly contribute to nitrogen
cycling in the Arabian Sea OMZ. The remainder of the reads affiliated with SAR11
were distributed across the entire SAR11 clade. Ammonium oxidizing Archaea (AOA)
of the Marine Group I (MG-I) Thaumarchaeota were as abundant as SAR11 at station
PA2 (14%), confirming previous PCR- and lipid-based analyses showing Thaumarcheota
were abundant at this location (Pitcher et al., 2011). Both SAR11 and MG-I were less
abundant in the OMZ core, but still have a substantial presence (Table 2.1.2). Reads
affiliated Bacterial SAR86 clade and Achaeal marine group II (MG-II) made up 7.9%
and 7.5% of the 16S rRNA gene reads at station PA2, respectively, but were marginally
present (1.5 % and 0.4 % of the reads respectively) in the OMZ core. This is consistent
with an aerobic heterotropic lifestyle predicted from genomes of both lineages
(Iverson et al., 2012; Dupont et al., 2012). The presence of organisms from these four
aerobic lineages in the OMZ core could be partially explained by sinking marine snow
(Alldredge and Silver, 1988). The deep branching bacterial phylum Marinimicrobia
(formerly SAR406) (Fuhrman et al., 1993; Gordon and Giovannoni, 1996) comprised 9%
of all 16S rRNA affiliated sequence reads at station PA2. Culture-independent genomes
of this lineage indicate some representatives are fermentative amino acid degraders
(Rinke et al., 2013; Nobu et al., 2015), which seems to fit with their presence in a
low oxygen environment and their dominance (20 %) in the OMZ core. The detected
Rhodospirillales could also ferment organic matter, as this order comprises known acetic
acid bacteria. Rhodospirillales were barely detectable at the OMZ upper limit, but comprise
4.1% of the community at station the OMZ core. Other abundant lineages include the
Deltaproteobacteria SAR324 a representative of which has been shown to be able to fix
CO2 (Swan et al., 2011) and are predicted to be capable of autotrophic denitrification
with various electron donors (Sheik et al., 2014). Likewise, Gammaproteobacteria of the
SUP05 lineage have been implied in autotrophic denitrification with sulphur as electron
donor (Lavik et al., 2009; Walsh et al., 2009). Both SAR324 and SUP05 have a relatively
stable presence at both stations, with SAR324 slightly decreased in the OMZ core.
Anammox bacteria are barely detected at the upper limit of the OMZ, consistent with
previous analyses (Pitcher et al., 2011; Villanueva et al., 2014), but comprise almost 5 %
of the community at the OMZ core. Interestingly, a recent study showed that autotrophic
denitrifiers oxidizing hydrogen sulphide could form a stable community with anammox
bacteria in a reactor system (Russ et al., 2014). Whether this is also the case at the
OMZ core remains to be investigated. Although some of the lineages discussed above
are abundant, assembly of all metagenome reads did not yield any contigs with high
sequencing depth, indicating the diversity within each lineage is substantial.
To assess the diversity and phylogeny of the detected AOA and anammox bacteria in
more detail, reads matching the 16S rRNA gene of either group were extracted and
assembled into contig sequences for phylogenetic tree construction. Reads affiliated
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with Marine Group I AOA from the OMZ upper limit (PA2) could be assembled into two
representative contigs: Contig-1 comprises 41% of all extracted MG-I reads and contig-2
was built from 15% of the reads. Thus, the two contigs represent the majority of the
Thaumarchaeal community. Nevertheless, these sequences do not represent a single
genotype but are a hybrid construct of 16S rRNA reads from multiple closely related
organisms (Figure 2.1.1.).
260

280

300

320

340

360

contig
coverage

2.1

re-mapped
reads

Figure 2.1.1. Metagenomic reads mapped to a contig representing a Marine Group I 16S rRNA
The black line represents the assembled contig sequence and green lines illustrate the re-mapped
reads. Different colours within the re-mapped reads highlight positions with mismatches to
the contig sequence. The overview shows that the contig sequence was not assembled from a
single organisms, but is a hybrid sequence of various closely related Marine Group I organisms.

Both contigs assembled from the MG-I 16S rRNA reads cluster with the MG-I. Contig-1
is 98% identical to the very recently described ‘Candidatus Nitrosopelagicus brevis’
(Santoro et al., 2015). Contig-2 has only moderate identities to isolated or enriched
ammonia oxidizers, with 93% identity to Nitrosoarchaeum limnia SFB1 (Figure 2.1.2)
(Blainey et al., 2011). Reads from station PA5 clustering with the Brocadiaceae,
the family comprising all known anammox bacteria, were extracted and could be
assembled into one representative sequence. Here, diversity was considerably less
than in the case of the Thaumarchaeota and the contig represents a single genotype
that is 96% identical to ‘Candidatus Scalindua brodae’, the closest sequenced relative
(Speth et al., 2015), and 99% identical to ‘Candidatus Scalindua arabica’ clones
previously obtained from the Arabian sea OMZ (Figure 2.1.3) (Woebken et al., 2008).
Interestingly, sequences obtained by Ward and co-workers from the Arabian Sea
OMZ are only 97% sequence identical to the extracted contig (Ward et al., 2009).
Genetic potential for nitrogen cycling
To assess the nitrogen cycling potential in the metagenome of both the upper limit and
the core of the OMZ, we performed BLASTx searches of the metagenomic reads against
curated databases of key genes (Table 2.1.1) in the processes of the nitrogen cyle. To
remove false positive hits while keeping divergent sequences, we used a modified BLAST
score ratio (BSR) (Rasko et al., 2005) approach. Rather than calculating the ratio between
the score of a hit against our database and the maximum (self-)score for every read, we
calculated the ratio between a hit against our database and a hit against the NCBI-NR.
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Figure 2.1.2 Phylogenetic inference of Thaumarcheotal 16S rRNA and amoA contigs
The trees were calculated using the Neighbor Joining algorithm and based on 1225 nucleotide
positions for the 16S rRNA gene (left) and 144 deduced amino acid positions for the ammonium
monooxygenase (amoA) gene (right).
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Figure 2.1.3 Phylogenetic inference of Scalindua sp. 16S rRNA and hdh contigs
The trees were calculated using the Neighbor Joining algorithm and based on 1388
nucleotide positions for the 16S rRNA (left) and 180 deduced amino acid positions for the hydrazine
dehydrogenase (hdh) gene (right).

45

This guaranteed that novel, divergent sequences with low similarity to both NR and
our database were kept as true positives, whereas reads with a much better hit to the
NR than to our database were discarded as false positives. We determined a separate
threshold value for a positive hit for each gene database (Table 2.1.1). After phylogenetic
assignment, the positive read counts were normalized according to gene length and
metagenome size.
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Nitrification potential in the Arabian sea OMZ
Marker genes indicative for the first step in nitrification, the conversion from ammonia
to nitrite, are the amoA (encoding a subunit of the membrane bound ammonium
monooxygenase) and the hao gene (encoding hydroxylamine oxidoreductase). We
found 228 reads matching amoA in the PA2 dataset, 227 of which could be assigned to
ammonia oxidizing Archaea (AOA), indicating that they contribute approximately 25%
to the total microbial community in this sample (Figure 2.1.4). This estimate exceeds
the estimated abundance based on 16S rRNA, possibly because the total 16S rRNA read

NH2OH
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bact- hao

PA5

PA2

PA2
PA2

N2

PA5

PA5

nifH

NH4+

nxrA

NO3-
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narG

PA2

nirK

PA5

PA5

PA2

nrfA

N 2H 4

PA5
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PA2
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norZ

N2O
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hzsA
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oxic
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NO2-

PA5

PA2

hdh
PA2

PA5

norB
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Figure 2.1.4 Nitrogen cycling potential in the Arabian Sea oxygen minimum zone.
Schematic nitrogen cycle showing read abundances of selected marker genes. Abundances were
normalized according to gene length and total read abundance in the metagenome dataset.
Normalized abundances are shown as proportion of normalized total rpoB gene (RNA polymerase)
read abundance. nifH: nitrogenase, amoA: ammonia monooxygenase, bact-hao: hydroxylamine
oxidase, nxrA: nitrite oxidoreductase, narG: nitrate reductase, nrfA: pentaheme nitrite reductase,
nirS: heme cd1 nitrite reductase, nirK: copper-containing nitrite reductase, norZ: quinol-dependent
nitric oxide reductase, norB: cytochrome c-dependent nitric oxide reductase, nosZ: nitrous oxide
reductase, hzsA: hydrazine synthase, hdh: hydrazine dehydrogenase.
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count was not corrected for rRNA operon copy numbers. This artificially inflates the total
number of organisms detected, leading to an underestimation of organisms with a single
rRNA operon. Alternatively, some of the detected AOA might harbour multiple copies of
the amoA gene.
The amoA reads could be assembled into five near full-length contigs (four contigs from
site PA2 and one contig from PA5) that were used fro phylogenetic inference, which
was compared to 16S rRNA gene phylogeny (Figure 2.1.2). Unlike the 16S rRNA contig,
none of the contigs clustered with Nitrosopelagicus-like amoA sequences. Instead two
out of the four obtained contigs from PA2 clustered between Nitrosopelagicus and
Nitrosoarchaeum limnia SFB1. The two other contigs clustered within an environmental
group only distantly related to described MG-I AOA. This environmental cluster also
contained the only contig that could be assembled from the OMZ core. As with the
16S rRNA gene, the assembled contigs contained substantial microdiversity. High
microdiversity of AOA was also observed in the ETSP OMZ (Molina et al., 2010). Besides
archaeal amoA, only a single read with low identity (<50%) to known bacterial amoA
reads was detected, indicating ammonium oxidizing bacteria (AOB) likely play only a
marginal role in the Arabian Sea OMZ, although they were detected in other OMZs
(Molina et al., 2007). Consistent with the absence of AOB amoA only five reads matching
hao were detected in the upper limit of the OMZ. In the core, 475 reads matched the
hao database, but even after removal of the hdh hits (Figure 2.1.3), over 90% of the hao
matches were affiliated with Scalindua species, which are known to encode up to ten
paralogs of this protein.
The second step of complete nitrification, nitrite oxidation, is hard to study using marker
genes as the nitrite oxidoreductase (nxrA) and nitrate reductase (narG) are homologous.
A further complicating factor is the polyphyletic nature of nxrA (Lücker et al., 2010).
To account for this, we first extracted all the reads matching both narG and nxrA and
then used a second round of BLASTx and BLAST score ratio separation to distinguish
between both genes. No reads could be confidently assigned to nxrA of the Nitrobacter/
Nitrococcus/Nitrolancetus group in either station. Conversely, 33% and 23% of the reads
matching narG/nxrA were assigned to nxrA of the Nitrospira/Nitrospina/anammox group
in PA2 and PA5, respectively. Further separation between nxrA matches, to distinguish
nitrite oxidation from anammox, was achieved using iterative mapping. Classification
using MEGAN indicated that anammox made up 44% of the reads matching nxrA at
station PA2 (Figure 2.1.4). As all other analyses indicated anammox bacteria were virtually
absent from this station (Figure 2.1.4), we investigated this in more detail using iterative
mapping and manual curation of the sequences. This led to the identification of a novel
lineage of nxrA clustering between anammox and Nitrospina sequences (Figure 2.1.5),
which was slightly more abundant than the retrieved Nitrospina sp. at both station PA2
(approx. 2 % and 1.5 % of the population respectively) and PA5 (approx. 3 % and 2 % of
the population respectively). Interestingly, distinct lineages of both this putative novel
nitrite oxidizer and Nitrospina seemed to occupy either station (Figure 2.1.5). No other
nitrogen oxidizing organisms were detected. Our results are consistent with previous
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Figure 2.1.5 Phylogenetic inference of the assembled nxrA sequences.
The tree was calculated using the Neighbor Joining algorithm and based on 3209 nucleotide
positions of the gene for the large subunit of nitrite:nitrate oxidoreductase (nxrA). Bootstrap values
represent 1000 replicates.

findings that nitrite oxidation was an active process in the Namibian OMZ (Füssel et al.,
2012). The abundance of anammox nxrA correlates well with the abundance as assessed
using the 16S rRNA gene and other anammox markers (discussed below).
Genetic potential for processes contributing to nitrogen loss
Nitrite and nitrate resulting from nitrification can be readily used in various processes
resulting in nitrogen loss from the OMZ. In the Arabian Sea it is unclear whether
denitrification, anammox or a combination of both account for nitrogen loss. Here we
find that nitrate reductase is by far the most dominant nitrogen cycle enzyme encoded in
the Arabian Sea OMZ core, consistent with observations in the Peruvian oxygen minimum
zone (Lam et al., 2009; Stewart et al., 2011). Nitrate reduction provides the electron
acceptor for further denitrification, DNRA, and anammox, as well as the electron donor
for nitrite oxidation, all of which are substantially encoded in the OMZ core. Consistent
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with Jensen and coworkers we find the potential for DNRA, approximately in equal
abundance to anammox (Jensen et al., 2011). Upon close inspection 60% of the reads
matching nrfA originate from two closely related strains of an unknown organism. The
812 bp hybrid sequence obtained after assembly has 73% identity (AA level) to only two
sequences in the database: Verrucomicrobia bacterium Coraliomargerita akajimensis
and Deltaproteobacterium Pelobacter carbinolicus. Although the phylogeny of the
organisms most likely responsible for DNRA in the Arabian Sea OMZ remains unclear,
retrieval of the divergent nrfA emphasizes the potential of our approach for biological
discovery.
Potential for denitrification of nitrite to dinitrogen gas was limited. Although a
lot of reads matching nitrite reductases nirS (2 in PA2 and 115 in PA5) and nirK
(1136 in PA2 and 138 in PA5) were detected, 50 % of the nirS reads were associated
with anammox and 70 % of the nirK reads originated from AOA. Indeed, it has been
previously suggested that nitrifier denitrification can contribute to nitrous oxide
observed in the ocean (Löscher et al., 2012). 40% of the 111 reads, in both stations
combined, matching norB/norZ, encoding nitric oxide reductase, were affiliated with
Scalindua. Potential for the final step of denitrification via nitrous oxide reduction was
also limited with 92 reads at station PA2 and only 27 reads at station PA5 (Figure 2.1.4).
On the other hand, abundance of anammox marker genes hzsA and hdh agrees well
with the abundance estimates based on the 16S rRNA gene, nxrA, and nirS, consistently
indicating approximately 5% abundance of a few very closely related strains of Scalindua.
The nifH gene, encoding a subunit of nitrogenase, was used as marker in screening for
nitrogen fixation potential in the Arabian Sea datasets. In contrast to previous studies
(Bird et al., 2005; Jayakumar et al., 2012; Bird and Wyman, 2013), no hits were detected
for the PA2 metagenome and 5 reads matched nifH in the PA5 dataset (Figure 2.1.4)
indicating that fixation of released nitrogen is unlikely to play a substantial role in the
Arabian Sea OMZ at the depths and time points we have investigated.

2.1

We are aware that the presence of genetic potential alone cannot be used to draw
conclusions on activity of various processes. Despite this limitation of metagenomics
when not coupled to expression or activity data, the picture that emerges from our
analysis is that many organisms can contribute to nitrate reduction, liberating ammonium
from organic matter (Kalvelage et al., 2013). The nitrite formed can be reoxidized to
nitrate, in a ‘nitrite loop’ ultimately resulting in removal of organic matter and release
of more ammonium. Part of the released ammonium is oxidized by microaerophilic
ammonium oxidizers, but the majority is likely converted by anammox bacteria, whose
relative gene expression was shown to exceed their abundance in the ETSP OMZ
(Stewart et al., 2011). Although denitrification was observed as the dominant process
in a previous study (Ward et al., 2009; Bulow et al., 2010) our analysis does not seem to
confirm this. Rather, an intricate nitrogen cycle involving exchange of intermediates, as
recently hypothesized for estuary and an aquifer (Hug et al., 2015; Baker et al., 2015),
with ultimate removal of nitrogen by anammox seems likely.
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Concluding remarks
We have developed and applied an analysis strategy for metagenomic data based on
curated marker gene databases and a bit score ratio removal of false positives. Applying
our analysis to the Arabian Sea OMZ allowed us to identify novel nxrA and nrfA gene
sequences that likely play an important role in Arabian sea OMZ.
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Thesis context
In chapter 2.1 we have used custom made databases of selected nitrogen cycle genes
to assess the nitrogen cycling potential at two depths in the Arabian Sea water column.
As shown, anammox bacteria play a major role in the anoxic core of the oxygen
minimum zone (OMZ). In this chapter, we use the available reference genome of
‘Candidatus Scalindua profunda’ to assess the presence and diversity of anammox
bacteria in the Arabian Sea oxygen minimum zone in greater detail.

2.2

Abstract
Anaerobic ammonium oxidizing (anammox) bacteria are responsible for a significant
portion of the loss of fixed nitrogen from the oceans, making them important players
in the global nitrogen cycle. To date, marine anammox bacteria found in both water
columns and sediments worldwide belong almost exclusively to Scalindua species.
Recently the genome assembly of a marine anammox enrichment culture dominated by
‘Candidatus Scalindua profunda’ became available and can now be used as a template
to study metagenome data obtained from various oxygen minimum zones. Here, we
sequenced genomic DNA from suspended particulate matter recovered at the upper
(170 m below surface) and center (600 m below surface) area of the OMZ in the Arabian
Sea by SOLiD and Ion Torrent technology. The genome of ‘Ca. S. profunda’ served as a
template to collect reads. Based on the mapped reads marine anammox abundance
was estimated to be at least 0.4% in the upper and 1.7% in the center area. Single
nucleotide variation (SNV) analysis was performed to assess diversity of the Scalindua
populations. The two diagnostic anammox genes hydrazine synthase (scal_01318c, hzsA)
and hydrazine dehydrogenase (scal_03295, hdh) were most highly covered, while other
genes involved in anammox metabolism (nxrAB, nirS, amtB, focA, and acs) had a lower
coverage but could still be assembled and analyzed. The results show that Scalindua
species are abundantly present in the Arabian Sea OMZ, but that the diversity within the
ecosystem is relatively low.
Introduction
Anaerobic ammonium oxidation (anammox) is mediated by a specialized group of
bacteria that have many unique properties, including the synthesis of ladderane
lipids (Damsté et al., 2002a), the presence of a prokaryotic cell organelle
(van Niftrik et al., 2004), and a metabolism using reactive intermediates hydrazine
and nitric oxide (Kartal et al., 2011a; Kartal et al., 2013). A schematic overview of an
anammox bacterium is shown in Figure 2.2.1. Most anammox bacterial cultures have
been enriched from wastewater treatment environments, and therefore much of
anammox research is directed toward application of these bacteria in sustainable
man-made treatment systems (Kartal et al., 2010a). In addition, it has become clear
that anammox bacteria contribute significantly to the loss of fixed nitrogen from
both marine and terrestrial ecosystems (Kuypers et al., 2003; Kuypers et al. 2005;
Zhu et al., 2013).
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Figure 2.2.1 schematic overview of an anammox cell and metabolism
Structural components of the cell are indicated in the figure. Arrows indicate substrate conversions
and dashed arrows indicate transport. Text in red indicates key genes involved in transport and
metabolism described further in Table 2.2.2. As discussed in the text, nirS is not universally present
in anammox bacteria.

To date, at least five genera of anammox bacteria have been enriched and described,
and these form a monophyletic order of the Brocadiales that branches deeply in
the phylum Planctomycetes (Jetten et al., 2010). The anammox genus Scalindua
is found in all marine environments investigated worldwide (Schmid et al., 2007;
van de Vossenberg et al., 2008; Woebken et al., 2008; Hong et al., 2011;
Dang et al., 2013). Under oxygen limitation, Scalindua bacteria may interact
with both archaeal and bacterial ammonium-oxidizing mirco-organisms for their
nitrite supply (Lam et al., 2009; Yan et al., 2012). For most of the anammox genera,
draft genome assemblies are available (Strous et al., 2006; Hira et al., 2012;
van de Vossenberg et al., 2013; Ferousi et al., 2013).
First studies on anammox bacteria diversity based on 16S rRNA gene sequences in
suboxic waters, as well as marine and freshwater sediments, concluded that most
environmental sequences were closely related to the Scalindua genus and that the
diversity was generally low in comparison with other systems, such as wastewater
treatment plants (Woebken et al., 2007; Hu et al., 2010). However, another study by
Woebken and colleagues (Woebken et al., 2008) revealed a significant microdiversity
within the Scalindua genus by sequence analyses of 16S rRNA genes and the 16S–23S
rRNA internal transcribed spacer. So far 16S rRNA, hydrazine synthase (hzsA),
hydrazine dehydrogenase (hdh), and nitrite reductase (nirS) genes have been used
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to estimate the diversity and abundance of anammox bacteria (Schmid et al., 2005;
Schmid et al., 2008; Li et al., 2011; Harhangi et al., 2012). The primers used for
amplification of anammox 16S rRNA genes are hampered by their lack of specificity
(Schmid et al., 2005; Woebken et al., 2008). In the most extreme case only 1 in 480
clones analyzed could be attributed to anammox in a sample from the Black Sea
(Woebken et al., 2008). NirS genes seem only to be present in draft genomes of
the genera Scalindua and Kuenenia, while Jettenia and some species of Brocadia
seem to employ a copper containing nirK type nitrite reductase (Strous et al., 2006;
Hira et al., 2012; van de Vossenberg et al., 2013), limiting the use of nirS as biomarker
for the detection of anammox bacteria. Multiple paralogs of hydrazine dehydrogenase
genes are present in each anammox genome assembly, making their use as phylomarkers
at least cumbersome (Schmid et al., 2008). Recently, primers for the amplification of
hydrazine synthase genes became available (Harhangi et al., 2012), and were shown to
be quite specific and sensitive. Nevertheless, PCR primers are never better than the data
they are based on and thus primer independent methods to study anammox diversity
are highly desirable. Here we used shotgun metagenome data obtained by IonTorrent
and SOLiD sequencing of DNA from two depths in the Arabian Sea OMZ to retrieve non
primer-biased information on the biodiversity of marine anammox bacteria in these
ecosystems. The oxygen minimum zone (OMZ) of the Arabian Sea represents a globally
important site for oceanic nitrogen loss (Lam and Kuypers, 2011; Pitcher et al., 2011).
Its vertical distribution extends from approximately 150 to approximately 2000 meters
below sea level with very low oxygen concentrations, making it one of the most expansive
and intense OMZ in the global ocean. Loss of fixed nitrogen from the Arabian Sea OMZ
can occur via both denitrification and anammox (Ward et al., 2009; Jensen et al., 2011)
although the contribution of each process may vary with season and location.
Earlier work using shotgun metagenomic and metatranscriptomic data has shown that
anammox bacteria are abundant and active at the core of the Eastern Tropical South
Pacific OMZ off the coast of Chile (Stewart et al., 2011), but likely underestimated
anammox abundance due to the absence of a closely related reference sequence.
Here, we used the recently available genomic template of ‘Ca. S. profunda’
(van de Vossenberg et al., 2013) to assess anammox abundance and diversity through
16S rRNA gene reads and the marker genes hydrazine synthase and hydrazine
dehydrogenase.
Materials and Methods
Sampling and sample preparation
Arabian Sea depth profiles are described in (Pitcher et al., 2011). Large-volumes of
seawater (200–1700 L) were filtered through 142-mm diameter 0.2-μm polycarbonate
filters (Millipore, Billerica, MA). Filters were cut into fragments prior to extraction.
Cells were lysed by bead-beating with 1.5 g of sterile 0.1 mm zirconium beads (Biospec,
Bartlesville, OK) in a extraction buffer containing 10 mM Tris-HCl pH 8, 25 mM Na2EDTA
pH 8,1% (v/v) sodium dodecyl sulfate (SDS), 100 mM NaCl, and molecular biology grade
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water. Samples were incubated at 70°C for 30 min and then extracted with phenolchloroform (Sambrook et al., 1989). After extraction, DNA was precipitated using icecold ethanol, dried, and re-dissolved in 100 μL of 10 mM Tris-HCl, pH 8. Total nucleic acid
concentrations were quantified spectrophotometrically (Nanodrop, Thermo Scientific,
Wilmington, DE, USA) and checked by agarose gel electrophoresis for quality. Extracts
were kept frozen at −80°C.
Metagenome sequencing
Aliquots of DNA from station PA2 (170 m) and PA5 (600 m) were prepared for SOLiD
libraries following manufacturer’s instructions (Life Technologies, Carlsbad, CA, USA).
In essence, 5 μg genomic DNA (gDNA) was used as input material, sheared to
~180 bp fragments, end-repaired, barcoded sequencing adaptors were ligated by
blunt-end ligation. Finished libraries were analyzed by Bioanalyzer (Agilent, Santa
Clara, CA, USA) and by Qubit (Life Technologies, Carlsbad, CA, USA) prior to use. Four
libraries were pooled in equimolar amounts, and E80 ePCR was performed following
manufacturer’s instructions (Life Technologies, Carlsbad, CA, USA) with 0.7 pM final
library concentration. Each E80 library pool consisting of 4 samples was finally sequenced
on one SOLiD4 sequencing slide. For PA2 one library was prepared while for PA5 two
independent libraries were prepared to yield sufficient data, and run on a SOLiD0753.
The 50 nt color coded reads were separated according to barcode and analyzed using the
CLC genomics workbench (v4.9, CLCbio, Aarhus, Denmark) as described below.
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All kits used for IonTorrent sequencing were obtained from Life technologies
(Life technologies, Carlsbad, CA, USA). For samples from both stations an identical library
preparation was performed. Genomic DNA (extraction described above) was sheared
for 7 min using the Ion Xpress™ Plus Fragment Library Kit following the manufacturer’s
instructions. Further library preparation was performed using the Ion Plus Fragment
Library Kit following manufacturer’s instructions. Size selection of the library was
performed using an E-gel® 2% agarose gel, resulting in a median fragment size of
approximately 330 bp. Emulsion PCR was performed using the Onetouch 200 bp kit and
sequencing was performed on an Ion Torrent PGM using the Ion PGM 200 bp sequencing
kit and an Ion 318 chip.
Extraction and analysis of reads similar to ‘Ca. S. profunda’
The genome of ‘Ca. S. profunda’ was used as a template to harvest reads using read
mapping as implemented in the CLC genomics workbench. Matching reads (mismatch
penalty 2, In/Del penalty 3) and at least 80% identity over 50% of the read length were
extracted. Subsequently, the identity of the reads was confirmed with a BLASTx analysis
against the ‘Ca. S. profunda’ proteins, using an E-value cut-off of 1 for SOLiD reads and
1*10−4 for IonTorrent reads. To assess diversity of anammox species in the samples a
single nucleotide variation (SNV) analysis was performed on consensus sequences of
hydrazine synthase (scal_01317, hzsA) and hydrazine dehydrogenase (scal_03295, hdh)
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genes using the CLC genomics workbench (version 6.5.1). Consensus sequences were
generated by iterative mapping of the Ion Torrent reads from the sample obtained from
station PA5 (600m depth) as described previously (Dutilh et al., 2009), using the CLC
genomics workbench read mapper with mismatch penalty 2, Insertion/Deletion penalty
3 and at least 80% identity over 50% of the mapping reads.
For 16S rRNA gene phylogenetic analysis, reads matching the ‘Ca. S. profunda’
16S rRNA gene with a positive score (mismatch penalty 2, In/Del penalty 3) and at least
90% identity over 50% of the read length were extracted. These parameters result in an
overestimation, thus subsequent phylogenetic assignment is required to remove false
positives.

2.2

Phylogenetic analysis
The phylogenetic affiliation of the partial bacterial 16S rRNA gene sequences affiliated
to the Planctomycetes group were compared to release 111 of the Silva SSU Ref
database (http://www.arb-silva.de) (Quast et al., 2012), using the ARB software package
(Ludwig et al., 2004). The partial sequences generated in this study were added to the
reference tree supplied by the Silva database using the ARB Parsimony tool.
Putative and annotated hzsA gene sequences were translated to protein and aligned
by Muscle (Edgar, 2004) in Mega5 software (Tamura et al., 2011) and the alignment
was inspected and improved manually. Phylogenetic reconstruction of putative
hydrazine synthase proteins was performed by maximum likelihood in PhyML v3.0
(Guindon et al., 2010) using the LG model plus gamma distribution including estimated
amino acid frequencies (LG + G + F) indicated by ProtTest 2.4 (Abascal et al., 2005).
Branch support was calculated with the approximate likelihood ratio test (aLRT).
Results and Discussion
Sampling sites and overview of sequencing results
The Arabian Sea is one of the most expansive and intense OMZs in the global ocean,
and presence of anammox bacteria has been documented previously through activity
tests and molecular surveys (Jensen et al., 2011; Pitcher et al., 2011). We used DNA
from suspended particulate matter obtained at 170 m (station PA2), at the upper limit of
the OMZ, and at 600 m depth (station PA5), at the core of the OMZ, that was collected
during a sampling campaign in January 2009 (for details see Pitcher et al., 2011). The
DNA from both stations was subjected to SOLiD and IonTorrent sequencing (Table 2.2.1)
yielding 7.8 and 8.6 gigabases of information for station PA2 and PA5 respectively. At the
upper station PA2 between 0.4 and 0.9 percent of the reads matched to coding regions
of the ‘Ca. S. profunda’ genome (van de Vossenberg et al., 2013), while at the core OMZ
station PA5 between 1.7 and 3.5 percent of the reads matched the coding regions of the
‘Ca. S. profunda’ genome (Table 2.2.1). The upper estimated percentage of Scalindua sp.,
based on the SOLiD reads, is probably an overestimate, as BLASTx analysis on the
matching reads revealed that about 28% of those reads did not give a hit to a
‘Ca. S. profunda’ proteins using an E-value of 1. The longer Ion Torrent reads gave a
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more robust estimate, as only 0.3% of the reads did not match to corresponding protein
in BLASTx searches using an E-value of 1*10−4. These abundance estimates are in good
agreement with anammox abundance estimates reported for the upper and core regions
of the Chilean OMZ (Stewart et al., 2011). The total ‘Ca. S. profunda’ gene coverage in
station PA2 and PA5 was 13-fold (using 7.8 Gb; Table 2.2.1) and 57-fold (using 8.6 Gb;
Table 2.2.1), respectively. The high number of reads matching ‘Ca. S. profunda’ genes in
the core of the Arabian sea OMZ (station PA5) enabled analysis of the diversity in 16S
rRNA and core genes of the anammox metabolism.
Table 2.2.1 Overview of the Arabian Sea metagenome and reads mapping to ‘Ca. S. profunda’
Station

Sequence
tech.

Total reads
(x million)

Average
read
length

Total
seq
(Mb)

Scal
readsa
(x million)

Scal
seq
(Mb)

Scal
covb

Scal
(%)c

PA2
(170m)

SOLiD

140.6

50

7031

1.32

66

12.9

0.9

PA2
(170m)

IonTorrent

4.8

156

758

0.003

42.8

0.5

0.4

PA5
(600m)

SOLiD

86.7

50

4337

30.6

53.3

30.1

3.5

PA5
(600m)

SOLiD

79.4

50

3972

27.7

38.6

27.2

3.5

5.7

1.1

1.7

PA5
IonTorrent
2.6
131
339
0.043
(600m)
a Using mapping settings as described in the methods section
b Sequence Mb divided by genome size of Scalindua profunda (5.1 Mb)
c Mb matching Scalindua profunda divided by total Mb in the sample * 100
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Presence of core genes of anammox metabolism
On average, the selected core anammox genes (see also Figure 2.2.1) had a high coverage
(Table 2.2.2). Most notably, hydrazine synthase (hzs) and hydrazine dehydrogenase (hdh)
genes were covered up to 155-fold in station PA5, and 35.9-fold in station PA2. Based
on their high coverage in station PA5, hzsA and hdh were selected to assess diversity of
Scalindua spp. at the core of the Arabian sea OMZ (see below).
The nitrite:nitrate oxidoreductase nxrAB and nitrite reductase nirS were well covered in
both stations. Also genes encoding for nitrite (focA) and ammonium transport (amtB)
attracted a high number of reads (Table 2.2.2). The genes encoding for the carbon
assimilation via the acetyl-coA pathway were well covered. Taken together, the results
show that genomic potential for anammox core metabolism is well represented in both
the upper and core OMZ of the Arabian Sea, which coincides with the biogeochemical
and lipid biomarkers data obtained in previous studies (Jensen et al., 2011;
Pitcher et al., 2011).
Diversity of anammox bacteria based on 16S rRNA gene reads
In total, 372 reads derived for the Ion Torrent run of the station PA5 (600 m) sample matched
the ‘Ca. S. profunda’ 16S rRNA gene with the permissive mapping parameters employed.
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Table 2.2.2 Overview of the data mapping to selected core genes of ‘Ca. S. profunda’
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Protein name

Gene
name

Gene
length

Locus tag

PA2
reads

PA2
cov

PA5
reads

PA5
cov.

PA5/
PA2

Hydrazine synthase BC

hzsBC

1930

scal00023

1139

29.51

3733

96.71

3.28

Hydrazine synthase A

hzsA

2421

scal01318

880

18.17

4525

93.45

5.14

Hydrazine dehydrogenase

hdh

1587

scal03295

1172

36.93

4942

155.70

4.22

Nitrite oxidoreductase

nxrA

3498

scal00863

1263

18.05

5366

76.70

4.25

Nitrite oxidoreductase

nxrB

1281

scal00867

477

18.62

2514

98.13

5.27

Nitrite oxidoreductase

nxrC

987

scal00868

2841

4.39

9214

6.66

3.24

cd1 nitrite reductase

nirS

1698

scal02098

396

11.66

3489

45.41

3.89

Nitrite transporter

focA

1113

scal00416

299

13.43

1542

69.27

5.16

Nitrite transporter

focA

1086

scal00974

283

13.03

2310

106.35

8.16

Nitrite transporter

focA

1128

scal00975

268

11.88

2958

131.12

11.04

Ammonium transporter

amtB

1386

scal00587

374

13.49

2569

92.68

6.87

Ammonium transporter

amtB

1332

scal00591

459

17.23

1953

73.31

4.25

Ammonium transporter

amtB

1365

scal00594

476

17.44

1736

63.59

3.65

Ammonium transporter

amtB

1560

scal00596

273

8.75

1397

44.78

5.12

Ammonium transporter

amtB

1482

scal01681

591

19.94

1611

54.35

2.73

Ammonium transporter

amtB

1952

scal03708

760

19.47

2091

53.56

2.75

Nitrate transporter

narK

1290

scal03007

519

20.12

1490

57.75

2.87

acetyl-CoA synthase
alpha subunit

acsB

576

scal01234

39

3.39

461

40.02

11.82

acetyl-CoA synthase
beta subunit

acsA

1226

scal02114

880

35.89

2408

98.21

2.74

acetyl-CoA synthase
alpha subunit

acsB

576

scal02484

166

14.41

472

40.97

2.84

Corrinoid Fe-S protein

acsC

1338

scal02486

483

18.05

1972

73.69

4.08

Iron sulfur protein

isp

1956

scal02487

690

17.64

2731

69.81

3.96

Nickel insertase

acsF

774

scal02488

364

23.51

1125

72.67

3.09

Corrinoid Fe-S protein

acsD

957

scal02489

231

12.07

1560

81.50

6.75

5-methyltetrahydrofolate
methyltransferase

acsE

786

scal02490

302

19.21

1406

89.44

4.66

acetyl-CoA synthase
alpha subunit

acsB

781

scal03051

287

18.37

1363

87.26

4.75

acetyl-CoA synthase
alpha subunit

acsB

680

scal03060

481

35.37

972

71.47

2.02

acetyl-CoA synthase
beta subunit

acsA

363

scal03758

154

21.21

420

57.85

2.73

These reads were submitted to the SINA aligner (Pruesse et al., 2012) and compared to
the Silva SSU Ref database (http://www.arb-silva.de) resulting in 95 reads assigned to
the Planctomycetes phylum. 83% of those reads were affiliated to the Scalindua genus
of the Brocadiaceae family, 2% to the Pla4 lineage, 3% to the Planctomycetes group
OM190, 5% to the Phycisphaeraceae family and 7% to the Blastopirellula, Gemmata and
Isosphaera species cluster according to the SILVA taxonomy. Sequence reads affiliated to
the Scalindua cluster were closely related to sequences previously recovered from the
Arabian Sea (Woebken et al., 2008).
First studies on anammox bacteria diversity based on 16S rRNA gene sequences in suboxic
waters, as well as marine and freshwater sediments, concluded that all sequences from
marine environments were closely related to the Scalindua clade and that the diversity
was generally low in comparison with other systems, such as wastewater treatment plants
(Woebken et al., 2007; Hu et al., 2010). However, another study indicated a substantial
microdiversity within the Scalindua clade by sequence analyses of 16S rRNA genes and
the 16S–23S rRNA internal transcribed spacer (Woebken et al., 2008). In our study, by
analyzing the sequence reads obtained from high-throughput sequencing methods, we
avoided well-known PCR biases that might result in a misleading interpretation of the
anammox bacteria 16S rRNA-based diversity. Most of the reads mapping to Scalindua
16S rRNA genes are closely related to 16S rRNA gene sequences attributed to anammox
bacteria previously recovered from the Arabian Sea (Woebken et al., 2008). Some reads
are also related to sequences recovered from other OMZ such as those of the coast of
Namibia and Peru, and in the Black Sea (Woebken et al., 2008). In general the diversity
detected by 16S rRNA gene reads indicates a very low diversity within the studied
anammox population.
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Figure 2.2.2 Phylogenetic inference of translated hzsA sequences
The tree was calculated using the Maximum likelihood algorithm and based on 426 amino acid
positions. The reference sequence and consensus sequence used in this study are indicated in bold.
Branch support was calculated with the approximate likelihood ratio test (aLRT) and indicated on
the branches. The scale bar indicates evolutionary distance of 0.05 substitutions per site.
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Diversity of anammox bacteria based on hzsA and hdh genes
To further investigate the diversity of the anammox population in the OMZ, the single
nucleotide variation (SNV) in consensus sequences of the highly covered hzsA and hdh
genes (scal_01318 and scal_03295 respectively) was analyzed. Since the distribution of
the SOLiD reads was very non-uniform, only the IonTorrent reads were taken into account
in this analysis. The hzsA and hdh genes had 33 (1.4%) and 56 (3.7%) variable positions
occurring in >20% of the reads respectively. Although IonTorrent reads are prone to
homopolymer errors, both coding sequences contained only a single homopolymer
stretch longer than four nucleotides (GGGGG in hzsA and AAAAAA in hdh). Manual
inspection confirmed that no variant was called at these sites. Additionally it has been
shown elsewhere that, although there is an increase in error rate for homopolymer
stretches, it is minimal for stretches up to four nucleotides (Bragg et al., 2013; Ross
et al., 2013). The variable positions were distributed homogeneously over the entire
length of the sequence (Appendix 2.2A & 2.2B). Close inspection of the read mapping
suggests that two strains of Scalindua make up the majority of the anammox fraction
of our sample. The higher number of SNVs in the hdh gene is possibly caused by the
presence of two near-identical copies per anammox strain, as has been reported for
other anammox bacteria (Strous et al., 2006; Hira et al., 2012).
Additionally, the generated consensus sequence of hzsA was compared to the hzsA
of ‘Candidatus Scalindua profunda’ and other ‘Candidatus Scalindua’ hzsA genes
previously obtained via PCR amplification (Harhangi et al., 2012; Borin et al., 2013;
Nunoura et al., 2013). The final PA5 consensus sequence was 83% identical at nucleotide
level to the ‘Candidatus Scalindua profunda’ reference and instead clustered with two
clones obtained from the Barents Sea (95% identity) (Figure 2.2.2). BLASTn against the
NCBI nt database confirmed that these Barents Sea sequences are indeed the closest
relatives available. HzsA sequences seem to cluster according to environment, but it is
worth noting that the number of environments sampled is very low.
Differences in the sequence of the hzsA gene in PA2 (170 m) and PA5 (600 m) might
indicate the upper and core areas of the OMZ water column are inhabited by different
though related anammox populations. These two anammox populations could be
segregated based on differences in physicochemical conditions in the Arabian Sea OMZ.
Pitcher et al. (Pitcher et al., 2011) reported similar oxygen and nitrite concentrations at
170 and 600 m depth (oxygen, 4.5 and 3.4 μM; nitrite, 0.6 and 0.52 μM, respectively),
while ammonia concentrations were 2.5-fold higher at 170 m respect to 600 m depth,
suggesting that the anammox population inhabiting the core of the OMZ could be
limited in ammonia.

Concluding Remarks
Using a reference genome to extract reads originating from organisms closely related
to ‘Candidatus Scalindua profunda’ we were able to assess the diversity of anammox
bacteria at two depths of the Arabian Sea oxygen minimum zone. The lack of known
closely related organisms, combined with the presence of genes unique to anammox
metabolism makes anammox bacteria particularly suitable for this type of analysis.
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Appendix 2.2A Variants in the hzsA gene reconstructed from station PA5 IonTorrent reads
Mapping
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Reference
Position

Type

Reference

Variant

Count

Coverage

Frequency

scal01318c hzsA

150

SNV

G

A

3

12

25

scal01318c hzsA

174

SNV

A

T

4

12

33.33

scal01318c hzsA

540

SNV

C

T

3

13

23.08

scal01318c hzsA

545

SNV

A

C

5

13

38.46

scal01318c hzsA

546

SNV

A

T

5

13

38.46

scal01318c hzsA

555

SNV

T

C

6

16

37.5

scal01318c hzsA

597

SNV

A

G

8

19

42.11

scal01318c hzsA

726

SNV

T

C

4

16

25

scal01318c hzsA

738

SNV

T

C

6

15

40

scal01318c hzsA

747

SNV

T

C

3

14

21.43

scal01318c hzsA

750

SNV

C

T

4

15

26.67

scal01318c hzsA

849

SNV

C

T

3

14

21.43

scal01318c hzsA

879

SNV

T

C

4

11

36.36

scal01318c hzsA

894

SNV

T

C

3

15

20

scal01318c hzsA

900

SNV

C

T

6

17

35.29

scal01318c hzsA

915

SNV

T

C

4

15

26.67

scal01318c hzsA

993

SNV

A

C

6

12

50

scal01318c hzsA

1110

SNV

C

A

3

10

30

scal01318c hzsA

1113

SNV

T

C

3

8

37.5

scal01318c hzsA

1272

SNV

T

C

3

10

30

scal01318c hzsA

1644

SNV

T

C

7

16

43.75

scal01318c hzsA

1788

SNV

C

T

6

14

42.86

scal01318c hzsA

1800

SNV

T

A

4

14

28.57

scal01318c hzsA

1803

SNV

C

T

4

13

30.77

scal01318c hzsA

1806

SNV

T

C

3

13

23.08

scal01318c hzsA

1974

SNV

A

G

3

8

37.5

scal01318c hzsA

2055

SNV

C

T

3

10

30

scal01318c hzsA

2208

SNV

T

A

3

8

37.5

scal01318c hzsA

2226

SNV

C

T

4

9

44.44

scal01318c hzsA

2259

SNV

G

A

3

11

27.27

scal01318c hzsA

2278

SNV

C

G

3

10

30

scal01318c hzsA

2283

SNV

A

G

4

9

44.44

scal01318c hzsA

2331

SNV

A

G

3

8

37.5

Appendix 2.2B Variants in the hdh gene reconstructed from station PA5 IonTorrent reads
Mapping

Reference
Position

Type

Reference

Variant

Count

Coverage

Frequency

scal03295c hdh

27

SNV

A

G

4

9

44.44

scal03295c hdh

39

SNV

T

C

3

9

33.33

scal03295c hdh

80

SNV

A

T

3

12

25

scal03295c hdh

90

SNV

C

T

6

11

54.55

scal03295c hdh

123

SNV

T

C

5

15

33.33

scal03295c hdh

147

SNV

T

C

3

10

30

scal03295c hdh

156

SNV

G

A

4

13

30.77

scal03295c hdh

168

SNV

G

A

4

14

28.57

scal03295c hdh

216

SNV

A

G

7

16

43.75

scal03295c hdh

334

SNV

T

G

4

12

33.33

scal03295c hdh

342

SNV

A

C

5

14

35.71

scal03295c hdh

348

SNV

C

T

5

14

35.71

scal03295c hdh

351

SNV

C

T

3

15

20

scal03295c hdh

376

SNV

A

G

5

13

38.46

scal03295c hdh

433

SNV

G

A

7

14

50

scal03295c hdh

465

SNV

G

T

4

15

26.67

scal03295c hdh

495

SNV

T

C

10

24

41.67

scal03295c hdh

501

SNV

C

T

10

23

43.48

scal03295c hdh

513

SNV

T

A

11

23

47.83

scal03295c hdh

528

SNV

C

T

9

20

45

scal03295c hdh

534

SNV

A

G

11

22

50

scal03295c hdh

561

SNV

A

G

10

21

47.62

scal03295c hdh

609

SNV

C

T

5

17

29.41

scal03295c hdh

628

SNV

T

G

5

16

31.25

scal03295c hdh

629

SNV

C

G

5

16

31.25

scal03295c hdh

630

SNV

A

C

5

16

31.25

scal03295c hdh

636

SNV

C

T

8

17

47.06

scal03295c hdh

640

SNV

A

G

6

17

35.29
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Appendix 2.2B Variants in the hdh gene reconstructed from station PA5 IonTorrent reads (cont.)
Mapping

2.2

66

Reference
Position

Type

Reference

Variant

Count

Coverage

Frequency

scal03295c hdh

652

SNV

G

A

5

13

38.46

scal03295c hdh

681

SNV

C

T

6

17

35.29

scal03295c hdh

682

SNV

C

T

6

16

37.5

scal03295c hdh

687

SNV

C

T

5

17

29.41

scal03295c hdh

702

SNV

T

A

7

16

43.75

scal03295c hdh

747

SNV

T

A

8

19

42.11

scal03295c hdh

768

SNV

A

G

6

19

31.58

scal03295c hdh

780

SNV

T

G

4

19

21.05

scal03295c hdh

819

SNV

A

G

3

12

25

scal03295c hdh

819

SNV

A

T

4

12

33.33

scal03295c hdh

912

SNV

C

T

6

12

50

scal03295c hdh

981

SNV

T

C

3

9

33.33

scal03295c hdh

1044

SNV

T

C

4

11

36.36

scal03295c hdh

1074

SNV

C

T

3

12

25

scal03295c hdh

1086

SNV

T

A

4

12

33.33

scal03295c hdh

1101

SNV

T

C

4

10

40

scal03295c hdh

1152

SNV

G

A

5

12

41.67

scal03295c hdh

1155

SNV

T

C

5

11

45.45

scal03295c hdh

1168

SNV

A

C

5

13

38.46

scal03295c hdh

1169

SNV

T

A

5

13

38.46

scal03295c hdh

1173

SNV

T

C

3

13

23.08

scal03295c hdh

1272

SNV

T

A

4

11

36.36

scal03295c hdh

1275

SNV

T

A

3

10

30

scal03295c hdh

1284

SNV

G

T

4

9

44.44

scal03295c hdh

1422

SNV

A

T

5

11

45.45

scal03295c hdh

1434

SNV

G

A

4

10

40

scal03295c hdh

1437

SNV

T

C

3

10

30

scal03295c hdh

1449

SNV

G

A

3

9

33.33

2.2

67

Chapter 3

Genome binning and analysis of
‘Candidatus Scalindua rubra’, an anammox species
from a brine-seawater interface in the Red Sea.

Daan R. Speth1, Illias Lagkouvardos2,3, Yong Wang4, Pei-Yuan Qian5, Bas E. Dutilh6,7,8,
and Mike S. M. Jetten1,9

Manuscript in preparation

1 Department of Microbiology, Institute for water and Wetland Research, Radboud University,
Nijmegen The Netherlands. 2 Research Group Intestinal Microbiome, ZIEL Institute for Food and Health,
Technische Universität München, Freising, Germany. 3 Chair of Nutrition and Immunology, Technische
Universität München, Freising, Germany. 4 Sanya Institute of Deep Sea Science and Engineering, Chinese
Academy of Sciences, San Ya, Hai Nan, China. 5 Division of Life Science, Hong Kong University of Science
and Technology, Clear Water Bay, Hong Kong. 6 Theoretical Biology and Bioinformatics, Utrecht University, Utrecht, The Netherlands. 7 Centre for Molecular and Biomolecular Informatics, Radboud University
Medical Centre, Nijmegen, The Netherlands. 8 Instituto de Biologia, Universidade Federal do Rio de Janeiro,
Rio de Janeiro, Brazil. 9 Department of biotechnology, Delft University of Technology, Delft, The Netherlands.

Thesis context
In chapter 2.1 we have analyzed a marine water column metagenome using curated
marker gene datasets, whereas in chapter 2.2 we have used an available reference
genome to query the same dataset specifically for anammox bacteria. In this chapter
we describe reference-independent analysis of a metagenome from a deep-sea
environment, yielding the draft genome of a novel anammox species of the Scalindua
genus.
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Abstract
Several recent studies have indicated that members of the phylum Planctomycetes are
abundantly present at the brine seawater interface (BSI) above mutiple brine pools in
the Red Sea. Because Planctomycetes include bacteria capable of anaerobic ammonium
oxidation (anammox), we further investigated the possibility of anammox at BSI sites,
using metagenomic shotgun sequencing of DNA from the Discovery Deep BSI. Analysis of
sequencing reads matching the 16S rRNA and hzsA genes confirmed abundant presence
of anammox bacteria. Additionally, using coverage and composition based binning,
we extracted the genome the dominant anammox bacterium, belonging to the genus
Scalindua. Phylogenetic analysis indicates that this organism belongs to a distinct cluster,
separate from the seawater column organisms, and containing sequences retrieved
from high salt environments. Comparative genomic analysis of protein isoelectric points
indicated compatible solute based osmoadaptation in this Scalindua species. Because of
its phylogeny and adaptation to salt stress we propose that this organism represents a
novel species, for which we propose the name ‘Candidatus Scalindua rubra’, alluding to
its discovery in the Red Sea.
Introduction
The Red Sea basin is expanding as the African and Asian continental plates move
apart. Along the central rift through the middle of the basin, 25 brine pools have been
discovered, some of which show geothermal activity (Bischoff, 1969). Since the discovery
of the first brine pool, Discovery Deep, 50 years ago (Swallow and Crease, 1965), the
Red Sea brines have been objects of many geophysical studies (Henley and Ellis, 1983).
The microbiology of these systems has long been understudied, as outlined in a recent
comprehensive review by Antunes and coworkers (Antunes et al., 2011). However, since
2011 work on the microbiology of the Red Sea brines has intensified, and six recent
studied have employed 16S rRNA pyrosequencing or shotgun metagenomics to shed
light on the communities inhabiting these interesting systems.
Wang and colleagues reported on the oxidation of geochemically formed aromatic
hydrocarbons by a microbial community in Atlantis II and Discovery Deep brine pools
(Wang et al., 2011). In this study, 16S rRNA gene amplicon sequencing indicated that
members of the Betaproteobacterial genus Cupriavidus dominated the community
of both brine pools, but that there were clear differences in the remainder of the
organisms present. In 2013, Another study by Wang et al. employed gene centered
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shotgun metagenomics for a comparative analysis of the brine seawater interface (BSI)
communities of the Discovery Deep and Atlantis II and found that both community
composition and CO2 fixation pathways differed markedly, in spite of the similar
geochemistry of both sites (Wang et al., 2013). Based on 16S rRNA gene pyrosequencing,
Bougouffa and colleagues also reported differences in the microbial community
between the Atlantis II and Discovery Deep (Bougouffa et al., 2013). Interestingly,
their analysis indicated that members of the Planctomycetes phylum dominated
the community of the Discovery Deep BSI. Additionally, Planctomyctes of the genus
Scalindua, a genus of mostly marine ammonium oxidizing (anammox) bacteria, were an
abundant group in the BSI of the Kebrit brine pool in a recent gene-centered shotgun
metagenomic study focused on aerobic methanotrophs in the BSI of five red sea brines
(Abdallah et al., 2014). This is surprising, as the waters above Kebrit deep are strongly
sulfidic (Hartmann et al., 1997), even giving the brine pool its name. Recent work by Russ
and colleagues has shown strong inhibition of anammox bacteria by hydrogen sulfide, but
a symbiosis with autotrophic denitrifiers allowed continued activity (Russ et al., 2014).
Finally, in a study focused on methanogens and sulfate reducing bacteria at the BSI of
five Red Sea brine pools Planctomycetes constituted a large portion of the BSI above the
Atlantis II deep (Guan et al., 2015). Although the Planctomycetes are a diverse phylum,
the dominant members of the phylum detected in oxygen limited marine environments
are anammox bacteria of the genus Scalindua (Woebken et al., 2008).
The BSI are environments with distinct geochemical properties, possibly harboring
anammox bacteria with unique adaptations. The sequences obtained in previous work
indeed indicate that the Scalindua organisms present in the BSI form a distinct clade
within the Scalindua genus. To further investigate the presence and genetic potential
of anammox bacteria at a Red Sea BSI we have employed genome resolved shotgun
metagenomics on a DNA sample of the BSI above Discovery Deep, previously used for 16S
rRNA amplicon sequencing (Bougouffa et al., 2013). Our analysis yielded a draft genome
of the dominant Scalindua species. As the salt concentration at the sample location is
twofold higher than seawater, we have used comparative genomics with the previously
published genomes of ‘Candidatus Scalindua profunda’ (van de Vossenberg et al., 2013)
and ‘Candidatus Scalindua brodae’ (Speth et al., 2015) to analyze the mechanisms
of osmoadaptation in the obtained Scalindua genome. This organism represents a
distinct clade within the Scalindua genus, for which we propose the name ‘Candidatus
Scalindua rubra’, alluding to its presence in, and the retrieval of its draft genome from,
the Red Sea.

3

Methods
Sequencing
All kits used in the paragraph below were obtained from Life technologies (Life
technologies, Carlsbad, CA, USA). DNA from sample DIS-BWI (see Bougouffa et al. 2013
for sampling and DNA extraction) was prepared for IonTorrent sequencing. Genomic
DNA was sheared for 5 minutes using the Ion Xpress™ Plus Fragment Library Kit. Further
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library preparation was performed using the Ion Plus Fragment Library Kit following
manufacturers instructions. Size selection of the library was performed using an E-gel®
2% agarose gel. The library was used for two sequencing runs. For both runs, emulsion
PCR was performed using the OneTouch 400bp kit and sequencing was performed on an
IonTorrent PGM with the Ion PGM 400bp sequencing kit and an Ion 318v2 chip, resulting
in a total of 10.1 million reads with an average length of 266 bp.

3

Analysis of 16S and hydrazine synthase genes
Using the CLCgenomics workbench (v8.0.3, CLCbio, Arhus, Denmark) the reads
were trimmed on quality and length (>100bp) and the remaining 9.3 million were
mapped (mismatch penalty 2, insertion/deletion penalty 3, minimum 80% identity
over 80% of the read length) against the Silva non-redundant database (release 115,
http://www.arb-silva.de/) (Quast et al., 2012) to identify reads matching a 16S rRNA
gene sequence. The reads matching Planctomycetes were extracted and separately
assembled into two near full-length 16S rRNA gene sequences, using word size 35 and
bubble size 5000. The 16S contigs had a sequencing depth of 52 and 14.
Trimmed reads were also mapped (mismatch penalty 2, insertion/deletion penalty 3,
minimum 50% identity over 70% of the read length) on the genes encoding the large
subunit of the hydrazine synthase complex (hzsA) of ‘Ca. S. brodae’ and ‘Ca. S. profunda’.
The extracted reads could be assembled (word size 31, bubble size 5000) into two fulllength gene sequences, with sequencing depth 37 and 16.
Assembly, binning and annotation
Reads trimmed on quality and length were assembled de novo using the CLC
genomics workbench (v8.0.3, CLCbio, Aarhus, Denmark) with word size 31 and
bubble size 5000. Contigs were assigned to ‘Candidatus Scalindua rubra’ using ESOM
(Ultsch and Mörchen, 2005; Dick et al., 2009) and a custom R workflow available at
www.github.com/dspeth based on coverage and GC content. The resulting 1020 contigs
were used for iterative reassembly using SPAdes (Bankevich et al., 2012) and Bowtie2
(Langmead and Salzberg, 2012), resulting in 444 contigs assigned to ‘Ca. S. rubra’. Contigs
were annotated using Prokka (version 1.10) (Seemann, 2014) using an additional custom
database containing the available draft genomes of Brocadiales (Strous et al., 2006;
Hira et al., 2012; van de Vossenberg et al., 2013; Ferousi et al., 2013; Oshiki et al., 2015;
Speth et al., 2015).
Comparative genomic analysis
Distribution of protein isoelectric points was assessed using the ‘iep’ script from
the EMBOSS package (v6.5.7) (Rice et al., 2000) with pH steps of 0.2. Comparison
of the isoelectric point distribution of the total predicted protein complement and
that of the proteins with a single transmembrane helix, predicted by TMHMM
(Sonnhammer et al., 1998), was based on the analysis performed by Ngugi and colleagues
(Ngugi et al., 2015).
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The two available draft genomes of Scalindua species and the draft genome of
‘Ca. S. rubra’ were searched for biosynthetic pathways of common compatible solutes
using text searches of the annotation. The protein complement of the three Scalindua
genomes was compared using reciprocal BLASTp searches and the BLAST score ratio
(BSR) (Rasko et al., 2005). Proteins with a BSR below 0.5 in both other genomes, a
cutoff obtained from the distribution of the BSR values, were considered specific for the
genome analyzed.
Results and discussion
Extraction of the ‘Candidatus Scalindua rubra’ draft genome
Shotgun metagenomics was performed on a DNA sample from the brine seawater
interface (BSI) above discovery deep, in which previous 16S rRNA amplicon sequencing
had indicated abundant presence of Scalindua species (Bougouffa et al., 2013). Using
the Silva non-redundant (NR) database, we have extracted reads (partially) matching the
16S rRNA gene. From these, we could reconstruct two full-length 16S genes of Scalindua
species, indicating the presence of distinct populations. The sequence obtained from
the dominant Scalindua species (5.7 % of all reads matching the Silva NR), hereafter
referred to as ‘Candidatus Scalindua rubra’, clusters with sequences obtained from the
Atlantis II BSI (Guan et al., 2015) (Figure 3.1A). The less abundant Scalindua species (1.3 %
of all reads matching the Silva NR) clusters with sequences from the Arabian Sea oxygen
minimum zone and other sequences obtained from the Atlantis II deep (Figure 3.1A).
‘Ca. S. brodae’ and ‘Ca. S. profunda’, the two Scalindua species of which draft genomes
are available, and most sequences obtained from the Peruvian oxygen minimum
zones form a third cluster (Figure 3.1A). Interestingly, 16S rRNA sequences previously
obtained from a brine pool in the Mediterranean Sea (Borin et al. 2010) also cluster with
‘Ca. S. brodae’ and ‘Ca. S. profunda’ rather than with the sequences obtained in this
study. Phylogenetic analysis of the genes encoding the large subunit of the hydrazine
synthase complex obtained from the metagenome places ‘Ca. S. rubra’ at the base of the
Scalindua cluster with the low abundant Scalindua slightly closer to ‘Ca. S. brodae’ and
‘Ca. S. profunda’ (Figure 3.1B).
The near-complete draft genome sequence of ‘Ca. S. rubra’, with an average
sequencing depth of 37, was extracted using coverage and composition based binning
(Tyson et al., 2004; Dick et al., 2009). Extracting the genome of the second Scalindua
species was not feasible, since the sequencing depth of the contigs (~15x) was
not sufficient to unambiguously assign them to a clean bin. The draft genome of
‘Ca. S. rubra’ consists of 444 contigs and featured 5581 protein coding genes, 47 tRNAs
and one ribosomal RNA operon. The genome encoded the genes required for hydrazine
metabolism, hydrazine synthase and hydrazine dehydrogenase. Unlike in the other
two sequenced Scalindua species, the hydrazine synthase subunits B and C are not
fused in ‘Ca. S. rubra’ suggesting this fusion is a recent event (van de Vossenberg et al.,
2013; Speth et al., 2015). Based on sequencing depth, the hydrazine B subunit seems
to be duplicated, as was observed for the fused BC subunit in ‘Ca. S. brodae’ as well
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Figure 3.1 Phylogeny of the anammox 16S rRNA and hzsA genes.
(A) Neighbour-joining tree of near full-length 16S rRNA genes obtained from enrichment cultures,
sequenced draft genomes and clone libraries of marine environments. (B) Neighbour-Joining
tree of full-length hydrazine synthase (hzsA) obtained from draft genome sequences. Sequences
obtained in this study are indicated in red. Bootstrap values are derived from 1000 replicates.

(Speth et al., 2015). Six additonal paralogs of hydrazine dehydrogenase were detected,
which is less than observed in other anammox species. Like the other Scalindua species
‘Ca. S. rubra’ encodes a heme-cd1 type nitrite reductase (nirS).
Adaptation of ‘Ca. S. rubra’ to elevated salt concentrations
As the sample was obtained from a site within the Red Sea that has a twofold higher
salinity than the water column, and the 16S rRNA gene sequence of ‘Ca. S. rubra’ was
affiliated with other sequences from high salt environments, we used comparative
analyses to assess the draft genome of ‘Ca. S. rubra’ for mechanisms of osmoadaptation.
First, we calculated the isoelectric point of proteins in the three available Scalindua
genomes, and the genome of anammox model organism ‘Candidatus Kuenenia
stuttgartiensis’, to assess if ‘Ca. S. rubra’ employs a ‘salt-in’ strategy (Figure 3.2A), as was
done in a recent study of moderately halophilic Nitrosopumilus sp. from the Atlantis II BSI
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(Ngugi et al., 2015). Ngugi and coworkers observed that proteins from organisms
employing a ‘salt-in’ strategy on average have a more acidic isoelectric point, required
to fold in the presence of high potassium concentrations (Sleator and Hill, 2002).
Additionally, periplasmic proteins of halophiles using compatible solutes also have acidic
isoelectric points (Ngugi et al., 2015).
Surprisingly, the mean of the protein isoelectric points of ‘Ca. S. rubra’ proteins is more
basic than observed for ‘Ca. S. brodae’ and ‘Ca. S. profunda’ (Figure 3.2A). Additionally,
the distribution is more similar to the distribution observed for ‘Ca. K. stuttgartiensis’.
This difference between ‘Ca. S. rubra’, and ‘Ca. S. brodae’ and ‘Ca. S. profunda’ became
much more pronounced when only proteins with a single transmembrane helix or
signal peptide were considered (Figure 3.2B). Although the more basic isoelectric points
of proteins with a transmembrane segment contrasts the observation of Ngugi and
coworkers, this can be explained by the assumption that the majority of transported
proteins of anammox bacteria are targeted to the anammoxosome, where energy
metabolism occurs (de Almeida et al., 2015). The distribution of isoelectric points
suggests that both previously sequenced Scalindua species have adapted to seawater
salinity using a mild form of the ‘salt-in’ strategy (Sleator and Hill, 2002), possibly to
save the energy and carbon required for the synthesis of compatible solutes. This
fits well with the observations that Red Sea salt in the growth medium was required
to enrich ‘Ca. S. profunda’ (van de Vossenberg et al., 2008), and that dry weight of
‘Ca. S. profunda’ consisted for 90% of salt (Rattray et al., 2008). In contrast, the basic
isoelectric point of many ‘Ca. S. rubra’ proteins suggests that it relies on compatible
solutes to maintain osmotic pressure and cope with the higher salinity at the BSI.
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Figure 3.2 isoelectric point distribution of proteins of selected anammox species
Isoelectric point distribution of (A) all proteins and (B) proteins with one predicted transmembrane
helix or signal peptide. Box plots indicate 50% of the values around the mean, which is indicated
by the white dot.

75

3

Although extreme halophiles use a salt-in strategy at higher salinity than observed at
the Discovery Deep BSI (Bowers et al., 2009; Bowers and Wiegel, 2011), it is possible
that a salt-in strategy at salinities higher than seawater is not compatible with anammox
metabolism or the compartmentalized cell structure of anammox organisms. Alternatively,
‘Ca. S. rubra’ might need to adapt to fluctuating salt concentrations caused by the
steep salt concentration gradient present in the BSI (Bougouffa et al., 2013) for which
compatible solutes are the more effective stategy.
As it is likely that ‘Ca. S. rubra’ utilizes compatible solutes to cope with the BSI salinity,
we have searched the draft genome, and the other Scalindua draft genomes, for
proteins required for biosynthesis and transport of common compatible solutes.
Many organisms use amino acids as compatible solutes, with glutamate, glutamine
or proline being most common (Empadinhas and da Costa, 2008). Anammox bacteria
are chemolithoautotrophic organisms, capable of synthesizing all amino acids from
CO2, so it is very well possible that ‘Ca. S. rubra’ utilizes any or all three of these amino
acids. Halobacillus species have been shown to cope with salt concentrations up to 1M
using glutamate and glutamine and even up to 2-3 M using proline (Saum et al., 2006).
The salt concentration at the sampling point is close to 1.5 M, thus it indeed seems
possible that ‘Ca. S. rubra’ copes with this using amino acids. Other than amino acids,
none of the Scalindua species is capable of synthesizing amino acid derived compatible
solutes glycine-betaine or (hydroxy)ectoine, but all three encode a glycine-betaine
transporter. None of the Scalindua genomes encode the potential for biosynthesis of
glycerate derived compatible solutes, or for mannitol or sorbitol, polyols commonly used
as compatible solutes (Empadinhas and da Costa, 2008). Conclusive evidence on the
presence and nature of compatible solutes in ‘Ca. S. rubra’ will require biomass for e.g.
experimental verification of amino acid contents.
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Figure 3.3 Scalindua core gene set.
Venn diagram indicating the genes shared
between the three sequenced Scalindua
species as determined by bidirectional best
BLAST hit analysis.

To detect further adaptations of ‘Ca. S. rubra’ to existence at the BSI we used a BLASTscore ratio (BSR) approach to identify the genes present in the ‘Ca. S. rubra’ draft genome,
but absent from ‘Ca. S. brodae’ and ‘Ca. S. profunda’ (Figure 3.3). 1266 predicted
proteins had no hit to either ‘Ca. S. profunda’ or ‘Ca. S brodae’ and another 2091
proteins had only weak homology to proteins in either Scalindua genome, as indicated
by a BSR lower than 0.5. Of these 3357 proteins, 2290 were hypothetical proteins, and
thus not very informative of specific adaptations to life at the BSI. Specific capabilities of
‘Ca. S. rubra’ include the capability to synthesize gas vesicles. First discovered
in cyanobacteria, genes encoding gas vesicle proteins are now recognized to be
widespread in Bacterial and Archeal genomes (Walsby, 1994; Pfeifer, 2012). In
phototrophic organisms, their synthesis is frequently controlled by light intensity
(Damerval et al., 1991). Alternatively, in halophilic Archaeon Haloferax mediterranei
gas vesicle formation is induced by high salinity (Englert et al., 1990). Analogous to the
latter, gas vesicles could ensure a stable position of ‘Ca. S. rubra’ within the BSI and
prevent osmotic shock or heat/cold shock as a result of rapid changes in depth. The place
of gas vesicles in the already complicated cell architecture of an anammox bacterium is
an interesting topic for further investigation.

3

Concluding remarks
In the present study we have extracted a draft genome of an anammox bacterium of the
genus Scalindua from a metagenomic dataset from the brine-seawater interface above
Discovery Deep in the Red Sea, for which we propose the name ‘Candidatus Scalindua
rubra’. The organism was abundant at twofold higher salinity than the Red Sea water
column and comparative analysis revealed that the osmoadaptation strategy differs
from closely related organisms ‘Ca. S. brodae’ and ‘Ca. S. profunda’. ‘Ca. S. rubra’ likely
copes with the high salinity at the brine-seawater interface using compatible solutes,
whereas ‘Ca. S. brodae’ and ‘Ca. S. profunda’ likely use a ‘salt-in’ strategy.
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Thesis context
It is possible to obtain draft genome sequences directly from an environment with only
moderate sequencing effort, as shown in chapter 3. However, this is only feasible for
extreme environments dominated by a small number of microorganisms, such acid
mine drainage (Tyson et al., 2004) or the deep-sea brine-water interface discussed in
chapter 3. Alternatively, reducing the complexity of the environmental microbial
community using bioreactor enrichment is a useful technique to enable genome
sequencing of the enriched microorganisms without massive sequencing effort
(Strous et al., 2006; Erkel et al., 2006; Martin et al., 2006). In this chapter, we present
sequencing and genome reconstruction of a two-species nitrifying community enriched
from surface water of the North Sea.

4.1
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Introduction
Nitrification, the conversion of ammonium to nitrate, via nitrate is an important step
in the global nitrogen cycle. As discussed in chapter 1.1, the first step of nitrification,
oxidation of ammonium via hydroxylamine to nitrite, can be performed by several lineages
within the Proteobacteria, collectively termed ammonium oxidizing Bacteria (AOB), and
by members of the phylum Thaumarcheota, collectively called ammonium oxidizing
Archaea (AOA) (Kowalchuk and Stephen, 2001; Stahl and la Torre, 2012). The second step
of nitrification, the oxidation of nitrite to nitrate is thus far only found within the Bacteria,
the nitrite oxidizing bacteria (NOB), but seems to be a widespread metabolic capability
with representatives in at least 4 phyla (Watson and Waterbury, 1971; Watson et al., 1981;
Watson et al., 1986; Sorokin et al., 2012).
In marine systems, ammonia oxidation is dominated by the AOA, which can be
1-2 orders of magnitude more abundant than AOB (Wuchter et al., 2006). AOB
oxidize hydroxylamine using the octaheme hydroxylamine oxidoreductase (HAO)
(Anderson, 1964). Hydroxylamine is also an intermediate in the metabolism of AOA
(Vajrala et al., 2013), but none of the AOA genomes encode an iron based octaheme
cytochrome c based HAO. The genomes do encode multiple multicopper oxidases, one
of which is the most likely candidate to account for the oxidation of hydroxylamine
(Stahl and la Torre, 2012). Potentially, this provides AOA with a competitive advantage
due to the low availability of iron in the aerobic ocean (Glass et al., 2015). A clearer
competitive advantage comes from the high affinity of AOA for ammonium, allowing
them to outcompete AOB at very low substrate concentrations encountered in marine
systems (Martens-Habbena et al., 2009).
Nitrite oxidizers of three phyla, Nitrospirae (Nitrospira marina), Nitrospinae
(Nitrospina gracilis) and Proteobacteria (Nitrococcus mobilis and Nitrotoga arctica)
(Watson and Waterbury, 1971; Watson et al., 1986; Alawi et al., 2007), have been
isolated from marine systems. Recently, another Nitrospira species, Nitrospira salsa,
was enriched from the North Sea (Haaijer et al., 2013). Molecular surveys indicate that
NOB of the phylum Nitrospina are the most dominant NOB in marine environments
(Fuchs et al., 2005; DeLong et al., 2006; Hunter et al., 2006). Additionally, abundance of

Nitrospina sp. was found to correlate with AOA abundance (Mincer et al., 2007; Santoro
et al., 2010), supporting a role as the predominant marine nitrite oxidizers. A recent study
suggests that niche segregation of NOB is controlled by the affinity of nitrite, similar to
niche segregation between AOA and AOB by ammonium concentration (Nowka et al.,
2014). Analysis of the genome of N. gracilis indicated that the nitrite oxidoreductase is
located in the periplasm, similar to Nitrospira sp., possibly supporting a lower substrate
affinity than observed for the Proteobacterial NOB (Lücker et al., 2013). Additionally,
the genome of N. gracilis encodes the oxygen sensitive reductive TCA cycle for carbon
fixation and lacks detoxification enzymes for reactive oxygen species, indicating
adaptation to low oxygen environments (Lücker et al., 2013). This is consistent with the
detection of sequences related to Nitrospina gracilis in environments with low oxygen
(Labrenz et al., 2007; Fuchsman et al., 2011; Füssel et al., 2012).
Adaptation to low oxygen has also been suggested for AOA, and is consistent with
the detection of AOA sequences in the core of the Arabian Sea oxygen minimum zone
reported in chapter 2.1, as well as the detection of AOA in numerous other low oxygen
environments (Stahl and la Torre, 2012). Of special interest in this respect is a study
reporting adaptation of AOA to low oxygen concentrations, where Nitrospina sp. were
the only detected NOB in the enrichment culture, albeit at very low abundance
(Park B-J et al., 2010). Consistent with the above observations, Haaijer et al. enriched
a co-culture of AOA and NOB from a North Sea sample, obtained near the Netherlands
institute for Sea Research on the island of Texel (Haaijer et al., in preparation). Here we
report on the sequencing and analysis of the metagenome of this enrichment co-culture.
To illustrate the effect of reactor enrichment on feasibility of genome reconstruction,
we compare the dataset obtained from this reactor with those described in
chapters 2 and 3. For initial biological interpretation of the data, the draft genomes are
compared with their closest sequenced relatives.

4.1

Methods
DNA extraction and metagenome sequence
A nitrifying co-culture was enriched and DNA was isolated using a CTAB phenol
chloroform extraction method, as described elsewhere (Haaijer et al. in preparation). All
kits described in this paragraph were obtained from Life technologies (Life technologies,
Carlsbad, CA, USA). DNA was sheared for 5 minutes using the IonXpress™ Plus Fragment
Library Kit following the manufacturer’s instructions. Further library preparation was
performed using the Ion Plus Fragment Library Kit following manufacturer’s instructions,
with size selection using an E-gel 2% agarose gel. The library was used for two sequencing
runs, for which emulsion PCR was done using the OneTouch 200bp kit and sequencing
was performed on an IonTorrent PGM using the Ion PGM 200bp sequencing kit and an
Ion 318 chip resulting in 1.1 Gbp of sequencing data in single reads.
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Binning, annotation and sequence analysis
Kmer analysis of the metagenomic datasets was performed using Jellyfish
(Marcais and Kingsford, 2011). Metagenome assembly was performed using the
CLC genomics workbench (version 6.5.1, CLCbio, Arhus, Denmark) with word size 35
and bubble size 5000. GC content of the resulting 7078 contigs was calculated using
fasta_to_gc_cov_length_tab.pl (www.github.com/dspeth) and contigs were binned
into two draft genomes based on contig sequencing depth and GC content, using R.
The draft genomes were manually improved, yielding an AOA draft genome on 26
contigs and a NOB draft genome on 207 contigs. The genomes were annotated using
prokka (v1.10) (Seemann, 2014) and aligned to the closest reference using Mauve
(Rissman et al., 2009). Biosynthetic cluster prediction in the genome of Nitrosoarchaeum
limnia SFB1 and the AOA draft genome was done using AntiSMASH 3.0 (Tilmann-Weber
et al., 2015).

4.1

Results and Discussion
Comparison of metagenomic datasets
Datasets from chapter 2, chapter 3 and this chapter were subsampled to 900 million
bases (the size of the smallest dataset) and analysis of kmer (length 15) abundance in
the reads was performed. Counts (in the raw reads) of kmers occurring once in a given
genome provide an estimate for the sequencing depth of that genome in the dataset.
Histograms of kmer counts are shown in figure 4.1.1 and indicate the clear difference
between a complex sample from the Arabian Sea (Figure 4.1.1A), a naturally enriched
sample from the Red Sea brine seawater interface (Figure 4.1.1B) and an enriched
sample from the nitrifying enrichment bioreactor sampled for this study (Figure 4.1.1C).
Although the inoculum for the enrichment is not included in this comparison, previous
work on the diversity of the North Sea surface water (Eilers et al., 2000) suggest a kmer
histogram obtained from the inoculum would resemble that in Figure 4.1.1A.
More important than reducing the required sequencing effort, enrichment often
minimizes the strain variation in the culture, facilitating genome reconstruction
(Albertsen et al., 2013). However, for slow growing organisms this might take several
years of enrichment, as evidenced by the genome assembly of Scalindua profunda,
which contains several strains (van de Vossenberg et al., 2013). Finally, and most crucially,
enrichment cultures permit coupling of the obtained genome data to an experimental
system to test hypotheses derived from the genome sequence, leading to new insights
in the biology of the organisms involved (Ettwig et al., 2010; Kartal et al., 2011a;
Koch et al., 2014; Palatinszky et al., 2015; Koch et al., 2015).
Assembled draft genomes
Two draft genomes were assembled and binned from the enrichment culture. The
most dominant organism accounted for 81.9% of the sequencing reads and was
closely related (16S rRNA gene identity 99%) to AOA Nitrosoarchaeum limnia SFB1
(Blainey et al., 2011). The second draft genome accounted for 7.2% of the sequencing
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Figure 4.1.1 Kmer count in metagenomes of
varying complexity
Histograms indicating the occurrence of
kmers of 15 nucleotides in three metagenomic
datasets. (A) The Arabian Sea oxygen
minimum zone metagenome discussed in
chapter 2, (B) the Red Sea brine-seawater
interface metagenome discussed in chapter 3,
and (C) the reactor enrichment metagenome
discussed in this chapter.
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reads and is related to NOB Nitrospina gracilis (16S rRNA gene identity 93%). The high
degree of similarity between the enriched AOA and N. limnia SFB1 is not surprising, since
the organisms were enriched from similar estuarine systems near the island of Texel
and the San Francisco Bay, respectively (Blainey et al., 2011). Although geographically
distant, both environments are coastal surface waters. Conversely, N. gracilis was isolated
from surface waters of the open ocean over 300km off the mouth of the Amazon River
(Watson and Waterbury, 1971) and is much more distantly related to the enriched NOB.
As expected based on the high similarity of the 16S rRNA gene, the enriched AOA
genome showed high overall nucleotide identity to, and synteny with, the genome of
N. limnia SFB1, although some rearrangements were detected (figure 4.1.2A). Most
notably, a large genomic region containing approximately 70 genes present in N.
limnia SFB1 (Nlim_1987 – Nlim_2060) (figure 4.1.2A) is absent from the enriched AOA.
This genomic region encodes a biosynthesis cluster for extracellular polysaccharides
and a phosphonate. In Nitrosopumilus maritimus, a homologous cluster is presumed
to encode extracellular polysaccharides decorated with methylphosphonate
(Metcalf et al., 2012; Stahl and la Torre, 2012). The methylphosphonate biosynthesis
enzyme MpnS is not present in N. limnia SFB1, but the presence of a predicted biosynthetic
gene cluster (Nlim_1982 – Nlim_2049) indicates it most likely produces extracellular
polysaccharides decorated with an alternative phosphonate. The enriched AOA on the
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Figure 4.1.2 Alignment of the obtained genomes with their closest sequenced neighbours
(A) Mauve alignment of the genome of the enriched ammonium oxidizing Archaeon (AOA) with
AOA Nitrosoarchaeum limnia SFB1 and (B) the enriched nitrite oxidizing bacterium (NOB) with
NOB Nitrospina gracilis. The genomic regions of the AOA encoding a biosynthetic gene cluster for
extracellular polysaccharides are indicated with *.

other hand, do not seem capable of the production of any type of phosphonate, but
encodes a gene cluster most likely involved in biosynthesis of alternative extracellular
polysaccharides in the same genomic locus. The implications of this alternative cell
exterior need to be experimentally assessed.
The enriched NOB genome was much more distantly related to N. gracilis than the
enriched AOA to N. limnia, but gene conservation and synteny was nonetheless observed
(Figure 4.1.2B). The draft genome of the enriched NOB encoded the gene cluster
encoding nitrite oxidoreductase, indicating it is indeed the organism responsible for
nitrite oxidation in the enrichment culture. The genome contained only a single copy
of the nxrA and nxrB genes where closely related N. gracilis encodes two paralogs
(Lücker et al., 2013). Nitrospirae NOB N. defluvii, also encodes two paralogs of
the nxrA and nxrB and N. moscoviensis even encodes five (Lücker et al., 2010;
Koch et al., 2015). Whether the presence of only a single copy of these core genes has
physiological implications remains unclear. Additionally, the draft genome encodes a
superoxide dismutase, absent from the genome of N. gracilis, possibly indicating it is
better adapted to changing oxygen concentrations.
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Concluding remarks
We have assembled and binned the genomes of the two dominant organisms from a
nitrifying community enriched from the North Sea. The draft genome of the ammonium
oxidizing Archaeon revealed variation of biosynthetic gene clusters involved in cell
surface polymers within the species Nitrosoarchaeum limnia. The draft genome of the
nitrite oxidizing bacterium showed that nitrite oxidation is a more general feature of the
Nitrospinae phylum.
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Thesis context
In the previous chapter, we have briefly illustrated the advantage of enrichment for the
assembly and reconstruction of draft genomes. In this chapter we introduce a technique
called differential coverage binning to further improve on the confidence of draft genome
extraction. Using sequencing data from two reactor enrichments, one inoculated with
biomass from the other, we reconstruct the draft genome of anammox bacterium
‘Candidatus Scalindua brodae’, which at 282 contigs is a major improvement over highly
fragmented genome assembly of related species ‘Candidatus Scalindua profunda’
(1580 contigs) that was previously published.

4.2

Introduction
Anammox bacteria are major players in the global nitrogen cycle, capable of anaerobically
oxidizing ammonium to dinitrogen gas, using nitrite as the electron acceptor
(Strous et al., 1999). All currently known anammox bacteria form the monophyletic order
Brocadiales within the phylum Planctomycetes (Jetten et al., 2010). Draft genomes of
five anammox species have been published. The genome of ‘Candidatus Brocadia sinica’
is closed (Oshiki et al., 2015) and assemblies of ‘Candidatus Kuenenia stuttgartiensis’
and ‘Candidatus Jettenia caeni’ are in 5 and 4 contigs respectively (Strous et al., 2006;
Hira et al., 2012). The draft genome of ‘Candidatus Brocadia fulgida’ (411 contigs)
is fragmented (Ferousi et al., 2013) and the ‘Ca. S. profunda’ draft genome (1580 contigs)
is highly fragmented (van de Vossenberg et al., 2013).
Despite advances in culturing techniques, is remains a challenge to obtain a
pure culture of anammox bacteria (Jetten et al., 2009). This restricts genomesequencing efforts to metagenomic sequencing and binning (van der Star et al., 2008;
Sharon and Banfield, 2013). Here we employed a differential coverage binning
approach to increase the confidence of the binning result (Wrighton et al., 2012;
Albertsen et al., 2013). We combined sequencing data from the co-culture experiment
described by Russ and colleagues (Russ et al., 2014) (reactor 2) with sequencing
data from the enrichment culture (reactor 1) used to inoculate the aforementioned
co-culture reactor.
Methods
DNA isolation and sequencing of both enrichments was performed as described previously
(Russ et al., 2014), using the Powersoil DNA isolation kit according to manufacturers
instructions and the Ion Torrent 200bp workflow. The raw sequence data is available in
DDBJ/EMBL/Genbank under accession numbers ERX443234 and SRX719339.
All data were co-assembled using the CLC genomics workbench (v7.0.4, CLCbio,
Arhus, Denmark) de novo assembler, using word size 35 and bubble size 5000. The
obtained contigs were binned with a workflow modified from Albertsen and coworkers
(Albertsen et al., 2013) using custom scripts available at www.github.com/dspeth/
bioinfo_scripts. The binned ‘Ca. S. brodae’ genome consisted of 282 contigs and
was annotated using Prokka (v1.10) (Seemann, 2014) followed by manual curation.
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Frameshifts were corrected using the CLC genomics workbench (v7.0.4, CLCbio, Arhus,
Denmark) and a Perl script available at www.github.com/dspeth/bioinfo_scripts.
The completeness (>92%) of the draft genome was assessed using checkM
(Parks et al., 2015). The contigs have a total length of 4.1 Mb, average GC content of
39.6% and encode 4016 genes, 39 tRNAs and 1 rRNA operon.
Results and discussion
Differential coverage binning
16S rRNA gene analysis on the metagenome data reactor 1 indicated it contained
anammox species ‘Ca. K. stuttgartiensis’ and ‘Candidatus Scalindua brodae’
(Schmid et al., 2003) in roughly equal proportion. Visualization of the assembled
sequencing data confirms this, as the contigs from the two dominant organisms cluster
together (Figure 4.2.1A). In reactor 2, anammox bacterium ‘Ca. K. stuttgartiensis’
had outcompeted ‘Ca. S. brodae’ leading to different abundances (Figure 4.2.1B).
Combining abundance data from both reactors enables separation of the contigs
of the two anammox species based on their abundance in both enrichment reactors
(Figure 4.2.1C). Separation could also have been achieved using a subtractive approach,
using the available draft genome to remove reads originating from ‘Ca. K. stuttgartiensis’
from the dataset. Alternatively, after pooling the datasets, the abundance difference in
the resulting dataset could have been used for separation directly, in a similar fashion as
in the previous chapter. However, the differential coverage approach is superior to both
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alternatives. Read removal only works when a reference genome is available, and will
lead to contamination of the target genome if the removed genome has genomic regions
divergent from the reference, as was the case for the Archaeal genome in chapter 4.1.
A major caveat of the other alternative, binning using coverage and sequence
composition, is difficulty in correct assignment of duplicated genomic regions, as can
be seen in Figure 4.2.1. Although duplicated regions represent a small fraction of the
genome, they may contain crucial genes, such as those encoding the hydrazine synthase
and hydrazine dehydrogenase (discussed below). Finally, the differential coverage
approach is scalable to more complex environments, as the number of conditions
can be increased to increase robustness of contig assignment (Wrighton et al., 2012;
Albertsen et al., 2013; Kantor et al., 2013).

4.2

‘Candidatus Scalindua brodae’ draft genome
As indicated in chapter 1.2, hydrazine is a key intermediate in anammox metabolism
and the enzymes involved in its turnover are unique to anammox bacteria. The fusion
of subunits B and C of the hydrazine synthase operon (hzsBC), earlier reported for
‘Ca. S. profunda’ (van de Vossenberg et al., 2013), was confirmed and additionally the
fused genes seemed to have undergone duplication. The presence of two copies of hzsBC
prohibited resolving their genomic location without mate pair or long read information.
As a result, the hydrazine synthase BC gene is present on a separate contig. Interestingly,
the hzsA gene doesn’t seem to be duplicated. As with most other sequenced anammox
bacteria, the hydrazine dehydrogenase is also present in two copies and, in contrast
to hzsBC, their genomic location could be resolved through manual curation of the
assembly based on minor differences in gene sequence.
This Whole Genome Shotgun project has been deposited at DDBJ/EMBL/GenBank under
the accession JRYO00000000. The version described in this paper is the first version,
JRYO01000000.
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Thesis context
Here we use and expand on the techniques introduced in chapters 3 and 4 to analyze the
metagenome of a full scale partial-nitritation anammox (PNA) reactor for the removal
of nitrogen from wastewater. We designed our sampling strategy to facilitate differential
coverage binning, introducing abundance variation by using different DNA isolation
techniques and subsampling the biomass. The latter also greatly aided in biological
interpretation of the data as we could assign the extracted genomes to niches and build
a genome-based ecological model for the reactor.
Abstract
Partial-nitritation anammox is a novel wastewater treatment procedure for energyefficient ammonium removal. Here we use genome-resolved metagenomics to build a
genome-based ecological model of the microbial community in a full-scale PNA reactor.
Sludge from this bioreactor is used to seed reactors in wastewater treatment plants
around the world, but the role of most of its microbial community in ammonium removal
remains unknown. Our analysis yielded 23 near-complete draft genomes that together
represent the majority of the microbial community. We assign these genomes to
distinct anaerobic and (micro)aerobic microbial communities. In the aerobic community,
nitrifying organisms and heterotrophs predominate. In the anaerobic community,
the widespread potential for partial denitrification suggests a nitrite loop increases
treatment efficiency. Of our genomes, 19 have no previously cultivated or sequenced
close relatives, and six belonged to bacterial phyla without any cultivated members,
including the most complete Omnitrophica (formerly OP3) genome to date.
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Introduction
The vast microbial metabolic diversity is a rich source for industrial application and
innovation. One large-scale example is wastewater treatment (Daims et al., 2006;
Kartal et al., 2010a), where microorganisms remove pollutants, including ammonium,
from municipal or industrial wastewater. The paradigm for ammonium removal from
wastewater is currently shifting, from removal based on conventional two-step
nitrification/denitrification (Wiesmann, 1994; Zhu et al., 2008), to a one-step system
containing anaerobic ammonium oxidation (anammox) (Abma et al., 2007).
In one-step anammox, also known as partial-nitritation anammox (PNA), aerobic
ammonium oxidizing bacteria (AOB) oxidize part of the influent ammonium to
nitrite. Subsequently, the nitrite and remaining ammonium are converted to
dinitrogen gas in the absence of oxygen by anammox bacteria (Strous et al., 1999;
Kartal et al., 2011a). The niche differentiation required for these aerobic and anaerobic
processes to occur in a single PNA reactor can be achieved in various ways, such as
biofilms on a carrier or in granular biomass (Sliekers et al., 2003; Tsushima et al.,
2007; van der Star et al., 2007). In all single-reactor PNA variants, an outer layer of
aerobic organisms consumes the available oxygen, leaving the interior of the biofilm
or granule anaerobic for anammox (Sliekers et al., 2001; Michael Nielsen et al., 2004).

PNA has several distinct advantages over conventional nitrification/denitrification
ammonium removal. Since no additional electron donors, such as methanol, are
required and nitrous oxide (N2O) is not an intermediate of the anammox process, PNA
emits less greenhouse gases than conventional systems (Kampschreur et al., 2009;
Weissenbacher et al., 2010). Additionally, PNA has a lower cost and energy requirement
because the process can take place in a single reactor with limited aeration
(Siegrist et al., 2007; Kartal et al., 2010a). In the decade after the first pilot plant, these
benefits have resulted in the implementation of the PNA process for nitrogen removal in
over 100 full-scale plants around the world (Lackner et al., 2014). However, in spite of the
increasing global importance of PNA systems, a comprehensive study of the microbial
community facilitating nitrogen removal is lacking.
Previous studies of the PNA microbial community reported on the organisms responsible
for the key processes in PNA systems: AOB and anammox bacteria (examples include
Cho et al., 2010; Hu et al., 2010; Persson et al., 2014). Additionally, fluorescence in
situ hybridization (FISH) and clone libraries revealed the presence of nitrite oxidizing
bacteria (NOB) in PNA systems and various studies showed that uncultured members of
the phyla Bacteroides, Chlorobi and Chloroflexi are omnipresent in anammox bioreactors
(Li et al., 2009; Cho et al., 2010; Park H et al., 2010; Vlaeminck et al., 2010;
Kindaichi et al., 2012). Moreover, four recent studies reported 16S rRNA gene
amplicon sequencing on two lab-scale and two full-scale PNA reactors, allowing
a more detailed insight in the community composition (Gonzalez-Gil et al., 2014;
Gonzalez-Martinez et al., 2014a; Gonzalez-Martinez et al., 2014b; Chu et al., 2015).
However, these insights into the microbial community were based on 16S rRNA gene
inventories only, either through PCR or FISH, and most of the organisms detected were
only distantly related to cultured organisms. Thus, both the functional content of their
genomes and their role in PNA systems remain unknown. To gain comprehensive insight
in the function of the total community in a full-scale PNA reactor, we used a shotgun
metagenomics approach followed by a genome-centered metagenome assembly
pipeline to retrieve near-complete genome sequences from members of the microbial
community. Based on these genome sequences, we present an ecological model of the
PNA wastewater treatment system.
Our model system was the Olburgen reactor, a full-scale (600 m3) PNA reactor treating
wastewater from a potato-processing plant (Abma et al., 2010). This reactor is of
particular interest, since its sludge is used to inoculate PNA reactors in other wastewater
treatment plants around the world (Paques b.v.). In the Olburgen PNA reactor, the
required niche differentiation is achieved using granular sludge without carrier.
In addition to the granular sludge, the Olburgen reactor (and other granule-based
PNA systems) contains less dense, flocculent biomass (Figure 5.1). Although anaerobic
anammox enrichment bioreactors can be considered extreme environments and are
thus relatively low in diversity, the aeration, presence of organic carbon in the reactor
influent, and required growth in a biofilm to obtain niche segregation add complexity
to full-scale PNA systems. This complexity can be meaningfully resolved by utilizing
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Figure 5.1 biomass from the Olburgen partial-nititation anammox reactor
(A) Untreated biomass and (B) washed granules

5

the niche differentiation in the reactor. In our experimental design we enriched the
anaerobic community in the samples by washing the granules prior to DNA extraction,
thereby removing the floccular biomass. This enabled the identification of two distinct
communities, the (micro)aerobic community in the flocs and on the granular surface and
the anaerobic community in the granule core. Moreover, it enabled us to use differential
coverage binning to identify contigs that were derived from the same microbial genome
(Wrighton et al., 2012; Sharon et al., 2013; Albertsen et al., 2013; Nielsen et al., 2014;
Dutilh et al., 2014). This approach, combined with sequence composition based
methods, enabled us to extract 23 draft genomes representing the majority (59%) of the
reads of the microbial community in the Olburgen PNA reactor. Together, the obtained
draft genomes provide a comprehensive, system-wide overview of the community in the
PNA reactor.
Methods
Sampling
The described system is a full-scale (600 m3) partial-nitritation anammox (PNA) reactor
at the end of the main line of a wastewater treatment plant treating potato-processing
wastewater at 35 oC (Olburgen, the Netherlands) (Abma et al., 2010). Samples (10 L),
consisting of granular and flocculent biomass, were taken from two points in the reactor,
at 1.4 m and 3.8 m from the base. From both 10 L samples two representative 50 mL
subsamples were taken. The granules of one subsample were washed 3 times with
1 x PBS, removing the flocculent biomass, whereas the other subsample was processed
without wash steps. All four resulting fractions were homogenized using a potter
homogenizer and 1 mL of the homogenized sample was used for each DNA extraction.
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DNA extraction
DNA extraction from each of the four fractions was performed using two different
methods, resulting in eight different samples. DNA extraction using the Powersoil kit
(MoBio Laboratories Inc., Carlsbad, USA) was performed using manufacturer’s
instructions. Organic solvent extraction using CTAB/Phenol/Chloroform was done using
a protocol modified from Zhou et al. (Zhou et al., 1996). Briefly, the samples were
pelleted and resuspended in 675 μL CTAB extraction buffer (10 g/L CTAB, 100 mM
Tris, 100 mM EDTA, 100 mM sodium phosphate, 1.5 M NaCl, pH 8), 50 μL lysozyme
(10 mg/mL) and 30 μL RNAse A (10 mg/mL) and incubated at 37 oC for 30 min.
Subsequently, 50 μL proteinase K (10 mg/mL) was added and the samples were
incubated at 37 oC for 30 min. Then 150 μL 10% SDS was added to the samples and they
were incubated at 65 oC for 2 hours. After cell lysis, DNA was recovered using phenol/
chloroform extraction and isopropanol precipitation and resuspended in DEPC treated
nuclease free water.
Metagenome Sequencing
All kits described in this paragraph were obtained from Life technologies (Life
technologies, Carlsbad, CA, USA). DNA of all 8 samples was sheared for 5 minutes using
the IonXpress™ Plus Fragment Library Kit following the manufacturer’s instructions and
barcoded using the IonXpressTM barcode adapters. Further library preparation was
performed using the Ion Plus Fragment Library Kit following manufacturer’s instructions,
with size selection using an E-gel® 2% agarose gel. Emulsion PCR was done using the
OneTouch 400bp kit and sequencing was performed on an IonTorrent PGM using the
Ion PGM 400bp sequencing kit and an Ion 318v2 chip. For each run, two libraries were
pooled and a total of 6 runs were performed, resulting in 8.2 Gbp of sequencing data in
single reads.
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Metagenome assembly
All read data was cross-assembled de novo in order to obtain the maximum amount
of biologically relevant information. Assembly was performed using the CLC Genomics
Server (v6.0.4, CLCbio, Arhus, Denmark), using a word size of 35 and a bubble size
of 5,000. This assembly resulted in 93,035 contigs larger than 1,000 bp, totalling
272 million bp. 21.2 million reads (78% of the data, 6.4 Gbp) were incorporated
in the assembled contigs. 8,396 of these contigs were longer than 5,000 bp.
After binning (see below), reads were mapped on the binned contigs using bowtie2
(Langmead and Salzberg, 2012) and the data of each bin was reassembled with SPAdes,
using the original CLC contigs as ‘trusted contig’ (Bankevich et al., 2012).
Binning
To bin the metagenomic contigs into draft genomes, we used a multi-step approach
employing a mix of available methods and custom scripts. Custom scripts are available
at www.github.com/dspeth/bioinfo_scripts.
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First, tetranucleotide frequencies of contigs longer than 5,000 bp were used to generate
an emergent self-organizing map (ESOM), on which all contigs were subsequently
projected (Ultsch and Mörchen, 2005; Dick et al., 2009). Using this map, 32,630 contigs
were classified into 27 bins. These bins were extracted using ESOM_bin_parser.pl.
Additionally, coverage, length, and GC content of all contigs was obtained using the script
fasta_to_gc_cov_length_tab.pl and tetramer content calculated using calc.kmerfreq.pl
(www.github.com/MadsAlbertsen/miscperlscripts) (Albertsen et al., 2013). For all
contigs the average coverage in each subsample was determined using the read mapper
of the CLC genomics workbench (v7.0.4, CLCbio, Arhus, Denmark), with mismatch
penalty 2, insertion/deletion penalty 3 and an 80% identity over 50% of the read
requirement. All contig information (full sequence included) was loaded in R and
ratios for both differential coverage between DNA isolations and sample treatment
were calculated. Binning was done manually, based on visualization of the data using
the ggplot2 package. Binning information from ESOM was used as visual aid in cluster
identification. Clusters were extracted and refined based on differential coverage,
differential coverage ratios, overall coverage, GC content, and tetramer composition.

5

98

Genome bin completeness check, bin refining and annotation
The taxonomic affiliation and completeness of the obtained genome bins were assessed
using checkM (Parks et al., 2015). After the completeness estimate, several bins were
manually refined by addition of previously unbinned contigs and checkM was run on
the data again. Reported completeness estimates (Table 1 & Appendix 5A) were based
on the 111 essential single-copy genes proposed by Dupont et al. (Dupont et al., 2012).
HMMs of the proteins encoded by these genes (combined in essential.hmm) were
downloaded
from
github.com/MadsAlbertsen/mmgenome/tree/master/scripts.
CheckM was used to assess their presence and number of copies in each bin, followed
by a manual check for the five bins belonging to candidate phyla OD1, WS6 and OP11.
Annotation was done using Prokka (v1.10), with the –c flag removed from the
prodigal command (line 649) to include partial ORFs at contig ends (Laslett, 2004;
Bland et al., 2007; Nawrocki et al., 2009; Hyatt et al., 2010; Seemann, 2014). A set of
trusted nitrogen-cycle protein sequences, and appropriate custom whole-genome
databases, based on the taxonomic affiliation of the draft genomes, were made for
annotation with Prokka. After initial annotation the draft genomes were corrected
for persistent frameshifts, common in IonTorrent data (Ross et al., 2013; Bragg et al.,
2013), using iontorrent_indel_correcter.pl (www.github.com/dspeth/bioinfo_scripts/
iontorrent_errors) followed by a round of manual curation. After error correction, the
genomes were reannotated using Prokka.
Raw data and assembled, annotated draft genomes are available in GenBank under
BioProject accession number PRJNA274364.

Data interpretation
The gene complement of all 23 genomes was analyzed for nitrogen cycle genes
using text searches of the annotation and sequence searches with BLAST against
the contig sequences, to detect misannotated genes or genes missed in annotation
(McGinnis and Madden, 2004). To assess general metabolic capabilities and
biosynthetic pathways, annotation searches were combined with analysis in Artemis
(Carver et al., 2008), BLAST searches and mapping of the protein complement of the
draft genomes on KEGG pathway maps using KAAS (Moriya et al., 2007). Genomic data
of each organism was interpreted in view of its location in the biomass, inferred from
enrichment or depletion of the sequences from the granule fraction.
16S rRNA gene analysis
For the genome bins lacking a 16S rRNA gene (e.g. due to co-assembly of 16S reads
from different bins), (near) full-length 16S rRNA gene sequences were reconstructed by
mapping all reads against the Silva SSU-NR database (release 115) and extracting reads
per phylum. The obtained sets were then assembled de novo using the CLC genomics
server (v6.0.4) to obtain seed sequences, which were iteratively extended through
cycles of mapping and de novo assembly with the ‘CLCserver_16S_extension’ shell
script (www.github.com/dspeth/bioinfo_scripts). These extended sequences, when not
connected by overlap with existing contigs, were then linked to bins based on differential
coverage and phylogeny.
The assembled sequences were imported in ARB and aligned against the Silva reference
alignment using the integrated aligner (Ludwig et al., 2004). The alignments were
manually inspected and refined and 44 reference sequences from the Silva database
were chosen based on phylogeny of the 16S rRNA gene sequences obtained from our
data (Figure 5.2A). The 67 aligned sequences were exported from ARB and a phylogenetic
tree was constructed using FastTree2 (Price et al., 2009) and bootstrapped using SeqBoot
from the PHYLIP package (Felsenstein, 1989) and the script CompareToBootstrap.pl
(http://meta.microbesonline.org/fasttree/treecmp.html). Assembled 16S sequences
were used for BLAST searches against the NCBI-nt database (December 2014) to assess
the previous detection of the identified organisms (at >97% 16S rRNA gene identity) and
their co-occurrence with anammox bacteria.
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Results and discussion
Community overview
Sequencing, assembly and binning of the metagenomic sequencing reads
resulted in 23 high-quality (estimated >80% completeness) draft genomes
(Table 1 & Appendix 5A). These 23 draft genomes accounted for 59% of the original
sequencing data from the untreated samples. This indicates that our sequencing effort
provided sufficient resolution to obtain a comprehensive insight in the prokaryotic
microbial community of the system.
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As expected, three of the most abundant bacteria in the system are relatively well studied
nitrogen cycle organisms: anammox bacterium ‘Candidatus Brocadia sinica’, aerobic
ammonium oxidizing bacterium (AOB) Nitrosomonas europaea and nitrite oxidizing
bacterium (NOB) Nitrospira sp. (Table 1). The remaining 20 genomes represent organisms
of the phyla Bacteroidetes (5 genomes), non-phototrophic members of the Chlorobi (4)
and Chloroflexi (3), Acidobacteria (1), Armatimonadetes/OP10 (1) and candidate phyla
Omnitrophica/OP3 (1), Microgenomates/OP11 (2), WS6 (2) and Parcubacteria/OD1 (1).
For convenience, we will hereafter refer to these 23 organisms by their identifiers listed
in Table 1.
Analysis of the 16S rRNA genes from the draft genomes revealed that most of these
organisms have been detected previously in other (partial-nitritation) anammox
systems, indicating that our work has broad relevance for understanding the community
and processes in PNA systems (Figure 5.2C). However, with the exception of AMX, AOB,
Table 5.1 Characteristics of the draft genomes obtained in this study
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Bin ID

Phylum

Number
of contigs

Draft genome
size (Mbp)

Marker genes
(out of 111)

Features
(CDS/rRNA/tRNA)

AMX
AOB

Planctomycetes

86

3.9

104

3650 / 3 / 40

Proteobacteria

343

2.6

103

2614 / 3 / 32

NOB

Nitrospirae

79

3.8

98

3743 / 3 / 31

CHB1

Chlorobi

24

2.5

105

2213 / 2 / 38

CHB2

Chlorobi

389

3.3

99

3324 / 2 / 27

CHB3

Chlorobi

54

2.5

101

2232 / 3 / 34

CHB4

Chlorobi

271

3.9

104

3593 / 3 / 39

BCD1

Bacteroidetes

74

3.6

105

3000 / 4 / 30

BCD2

Bacteroidetes

80

3.2

104

2900 / 2 / 28

BCD3

Bacteroidetes

51

3.0

100

2802 / 2 / 37

BCD4

Bacteroidetes

72

2.1

90

2567 / 2 / 25

BCD5

Bacteroidetes

118

3.6

90

3876 / 3 / 34

CFX1

Chloroflexi

148

4.2

103

3871 / 3 / 42

CFX2

Chloroflexi

74

3.0

95

3502 / 3 / 41

CFX3

Chloroflexi

190

3.8

96

3617 / 2 / 39

OP3

Omnitrophica (OP3)

181

4.0

100

3759 / 2 / 33

ACD

Acidobacteria

65

3.0

97

2915 / 3 / 40

ATM

Armatimonadetes (OP10)

224

2.6

91

2630 / 2 / 31

OD1

Parcubacteria (OD1)

31

0.9

94

973 / 2 / 34

WS6-1

WS6

7

1.4

91

1508 / 2 / 43

WS6-2

WS6

32

1.0

84

1140 / 2 / 29

OP11-1

Microgenomates (OP11)

29

0.9

82

1148 / 2 / 44

OP11-2

Microgenomates (OP11)

47

0.9

83

1267 / 2 / 39

and NOB, none of the organisms whose genomes were obtained here have close relatives
that are cultured or previously sequenced (16S rRNA gene identity ranging from 81-93%
and 81-90% to cultured or sequenced organisms, respectively, Figure 5.2B), emphasizing
the lack of knowledge on the microbial community of PNA systems.
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Figure 5.1 Phylogeny and previous detection of the 23 dominant organisms
(A) 16S rRNA gene phylogeny of the obtained genomes and selected related organisms. Organisms
in red are obtained in this study. Phylum level lineages (and the class Gammaproteobacteria) are
indicated by background shading (B) Availability of isolate and/or genome for each organism in the
tree. (C) Previous detection of the organisms obtained in this study using BLAST against the NCBI-nt
and their occurrence in other aerobic or anaerobic anammox systems.
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Identification of distinct aerobic and anaerobic communities
Our experimental design capitalized on the niche differentiation required for the
coupling of aerobic and anaerobic processes in a single reactor, and provided insight
into the location of the 23 organisms (Figure 5.3A). The dense granules have a steep
oxygen gradient, with a (micro)aerobic outer layer surrounding a large anaerobic core
(Nielsen et al., 2004). Since the flocculent biomass is both smaller and less dense than
the granules, it is unlikely that there are anaerobic pockets (Vlaeminck et al., 2010;
Winkler et al., 2013). Thus, the hypothesis was that the ‘washed granule’ fraction would
be enriched for anaerobic organisms, whereas the untreated sample would contain a
larger fraction of the (micro)aerobic organisms in the system. Because of the presence
of (micro)aerobic niches on the granule surface, all organisms were expected to be
present in both fractions. This hypothesis was supported by the higher abundance of
the aerobic organisms AOB and NOB in the untreated sample and the higher abundance
of the anaerobic AMX in the washed granules fraction (Figure 5.3A). Additionally,
most of the organisms capable of nitrate respiration (Figure 5.3B), as well as the
hydrogenase-encoding organisms (CHB2, CFX1, CFX3 and OP3), were present in the
anaerobic fraction. For the interpretation of our results, we assume that the outer layer
of the granules and the flocs both face similar, (micro)aerobic, conditions and therefore
have a similar microbial community composition.
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Metabolic potential for nitrogen conversions in the PNA system
Prior to reaching the Olburgen PNA reactor, most organic carbon and phosphorus is
removed from the wastewater, in two upflow anaerobic sludge bed (UASB) reactors
and a struvite precipitation reactor, respectively (Abma et al., 2010). The resulting
influent, rich in ammonium (>300 mg/L) and containing residual (recalcitrant) organic
carbon and dissolved carbon dioxide (CO2) flows into the reactor, which is aerated
continuously (dissolved O2 1.7-3.4 mg/L). Part of the ammonium flowing into the
reactor is converted to nitrite, which is detectable at all times. When nitrite builds up to
levels higher than 20 mg/L in the reactor, part of the spent air is recirculated, reducing
the oxygen concentration, and consequently the nitrite concentration, in the system
(Abma et al., 2010).
As the PNA reactor is an ammonium driven ecosystem, we first evaluated the genomes
for marker genes encoding key enzymes relevant to the nitrogen cycle (Figure 5.3B).
The marker genes used were: ammonium monooxygenase (amo) and hydroxylamine
oxidoreductase (hao) for ammonium oxidation (Rees, 1968; Moir et al., 1996),
nitrate reductase (nar & nap) and nitrate oxidoreductase (nxr) for interconversion of
nitrite and nitrate (Meincke et al., 1992; Zumft, 1997) nitrite reductase (nirK and nirS),
nitric oxide reductase (norBC and NorZ) and nitrous oxide reductase (nos) for
denitrification (Zumft, 1997), pentaheme nitrite reductase (nrf) for respiratory
ammonification (Cole, 1996), and hydrazine synthase (hzs) and hydrazine dehydrogenase
(hdh) for anammox metabolism (Strous et al., 2006; Kartal et al., 2011a).
In aerobic community, nitrification is the most predominant nitrogen metabolism.

AOB and NOB encoded the key enzymes for ammonia (amoCAB and hao) and nitrite
oxidation (nxrAB) respectively (Figure 5.3B). AOB, NOB, BCD4, CFX2 and OD1 encode a
copper-containing nitrite reductase (nirK), possibly used for detoxification to cope with
fluctuating nitrite levels in the reactor. All Bacteroidetes species, BCD1-5, encoded a
nitrous oxide reductase. Although nitrous oxide is not an intermediate of the anammox
process (Kartal et al., 2011), it can be produced chemically (Kampschreur et al., 2009) or
by other members of the community (Figure 5.3B). Whether the nitrous oxide reductases
are expressed and functional and thus play a role in mitigation of nitrous oxide emissions
from this PNA reactor remains to be investigated.
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Figure 5.2 Abundance and potential for nitrogen cycling of the 23 dominant organisms
(A) Mapped reads per million bp of draft genome. Bars represent the average of the organic
extraction data from both sampling points. (B) Presence/absence analysis of key nitrogen cycle
genes from the draft genomes. Dark grey indicates presence and light grey indicates absence.
AMO: ammonium monooxygenase, HAO: hydroxylamine oxidoreductase, HZS: hydrazine synthase,
NAR: nitrate reductase, NXR: nitrite oxidoreductase, NIR: nitrite reductase, cNOR: cytochrome-c
dependent nitric oxide reductase, qNOR: quinol dependent nitric oxide reductase, NOS: nitrous
oxide reductase, NRF: pentaheme nitrite reductase.
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In the anaerobic community, the genome of AMX contained the core genes for
hydrazine metabolism, (hzsABC and hdh) and the gene cluster for nitrite oxidation,
both essential for the anammox process. The potential for nitrate respiration is more
widespread, as CHB1, CHB3, OP3 and ACD encode a nitrate reductase. Interestingly,
none of these organisms encodes a known nitrite reductase, suggesting they extrude
the formed nitrite, potentially allowing cyclic feeding (discussed below). In addition to
NOB and AMX, the organisms known to oxidize nitrite to nitrate (Watson et al., 1986;
Strous et al., 1999), ATM encoded a gene cluster closely related to nitrite oxidoreductases
of the Nitrospira/Nitrospina/anammox clade (Figure 5.4) (Lücker et al., 2013). It remains
to be investigated if this organism is indeed capable of nitrite oxidation. Interestingly,
organisms closely related to ATM were thus far almost exclusively detected in anammox
systems (Figure 5.2C).
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Figure 5.4 Phylogeny of the large subunit of nitrate reductase (narG) and nitrite oxidoreductase
(nxrA) detected in the draft genomes.
Sequences obtained in this study are indicated in red. The gene from ATM clearly clusters
with AMX, NOB, and known nxrA genes. Aligned reference sequences were obtained from
Lucker et al. (2013). Sequences obtained in this study were imported in ARB, aligned with the
reference sequences and alignment was manually inspected and curated. 6 MopB sequences were
used as outgroup.
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None of the genomes retrieved encoded a complete denitrification pathway from
nitrate (or nitrite) to dinitrogen gas (Figure 5.3B), suggesting that partial denitrification
and exchange/transfer of nitrogen-cycle intermediates played an important role
in the system. A similar fragmentation of the denitrification pathway was also
observed in genome-resolved metagenome studies of aquifer and estuary sediments
(Hug et al., 2015; Baker et al., 2015), illustrating the added value of this type of genomeresolved analysis over methods only based on gene or pathway presence.
Metabolic potential for (aerobic) respiration, fermentation and carbon fixation
In addition to the conversion of nitrogen compounds, organisms can play important
roles in the system via removal of organic matter, maintaining granule integrity, or
by providing growth substrates for other community members. Besides nitrifiers
AOB and NOB, most of the aerobic community consisted of aerobic heterotrophs
(BCD1-5 and CHB4). Inside the granule core, fermentative organisms (CHB2, CFX1,
and CFX3) and denitrifiers (CHB1, CHB3, ACD and OP3) potentially remove organic
carbon and nitrate. In none of these organisms a known pathway for carbon fixation
could be identified. Even though PNA systems are thought to be autotrophic
(Sliekers et al., 2001), only AOB, NOB, AMX and CFX2 seem to be capable of fixing
carbon through one of the described pathways. Additionally, the majority of the
microbial community was found to be auxotroph for one or more amino acids. Although
the requirements for organic carbon could be satisfied through the influent, it seems
more likely that amino acids requirements are met through primary production by the
autotrophs in the reactor.
Integrating metabolic potential and niche prediction into a system model
Based on the functions derived from the assembled draft genome sequences, we
propose an ecological model of the nitrogen cycle reactions catalyzed by the microbial
biomass in the Olburgen PNA reactor (Figure 5.5). In the floccular biomass, dominated
by nitrifiers (AOB & NOB) and Bacteroidetes sp. (BCD1-5), the main processes are the
aerobic oxidation of organic carbon to CO2 and complete nitrification of ammonium to
nitrate (Figure 5.5). The formed CO2 either escapes to the atmosphere or is used by the
primary producers (AOB, NOB & CFX2) for growth and biosynthesis (Figure 5.5). A small
amount of nitrate may be reduced to nitrite coupled to the oxidation of organic matter
by CFX2 (not shown in Figure 5.5).
Like the flocs, the outer layer of the granules is also exposed to oxygen. We expect that
the processes occurring there are similar to those occurring in the flocs, although there
will be more competition for the formed nitrite on the granule surface. Most nitrite is
used by AMX to oxidize ammonium, but a part is oxidized to nitrate by NOB and AMX.
Formed nitrate can be reduced to nitrite, using either organic matter or hydrogen as
electron donor, by CHB1/CHB3/ACD and OP3 respectively, making additional nitrite
available for AMX (Figure 5.5). The hydrogen required for autotrophic nitrate reduction
can be formed through fermentation of organic matter by CHB2, CFX1 and CFX3.
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Figure 5.5 Schematic overview of nitrogen conversions in the Olburgen PNA reactor
Metabolites indicated in red, ammonium (NH4+), organic carbon (Corg), and molecular oxygen
(O2) are supplied in the influent and through aeration/stirring respectively. In the flocs and on the
granule surface Corg is oxidized to carbon dioxide (CO2), which can be fixed by the autotrophs in the
system. Also in the flocs and on the granule surface, NH4+ is oxidized to nitrite (NO2-). The formed
NO2- is either reduced to nitric oxide (NO) or further oxidized to nitrate (NO3-). NO3- formed in the
granules can be reduced again in the anaerobic core, either with Corg or molecular hydrogen (H2)
as electron donor. H2 can be formed through fermentation of organic carbon by CHB2, CFX1, and
CFX3. This cyclic feeding will result in additional Corg removal from the system. NO formed from
NO2- will be combined with NH4+ and converted to dinitrogen gas (N2) by AMX.

The organic matter required for both nitrate reduction and fermentation can come from
the substantial amount of electron donor, measured as chemical oxygen demand (COD),
in the influent (Abma et al., 2010), dead organic matter in the granule, or extracellular
granule matrix synthesized by autotrophs.
To what extent nitrite respiration contributes to the nitrite removal in the system remains
to be investigated. It was clear that many organisms in the Olburgen PNA reactor have
the potential to reduce nitrite to nitric oxide (Figure 5.3B), but only AOB encodes both
nitrite and nitric oxide reductases to further reduce the formed NO to nitrous oxide
(N2O). This indicates that detoxification, rather than respiration, of nitrite could be the
main purpose of the encoded nitrite reductases, releasing the formed NO into solution
where it will be removed by the aeration. Alternatively, AMX might metabolize the NO
to N2 (Kartal et al., 2010b). In line with the latter, a previous study showed that NO
and N2O emission in the Olburgen PNA reactor dropped when oxygen became limited
(Kampschreur et al., 2008). However, it should be noted that the effect of dissolved
oxygen on nitrous oxide emissions is not well understood.
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Nitrite loop: cyclic feeding enhances PNA performance
The presence of NOB in PNA systems is often viewed as detrimental to optimal N-removal,
since these organisms compete with both types of ammonium oxidizers for their
electron acceptors and produce nitrate, lowering the overall nitrogen removal efficiency.
In the Olburgen system, NOB were nearly as abundant as AOB (2.3% and 2.9% of the
reads, respectively), without noticeable negative effect on reactor performance.
Thus, excess nitrate accumulation in the system might be prevented by the presence
of (partial) denitrifiers that catalyze the conversion of nitrate back to nitrite. Such cyclic
feeding was proposed previously for lab-scale, aerobic sequencing batch reactors with
granular sludge, where it was termed the “nitrite loop”, to explain a high NOB:AOB
ratio (Winkler et al., 2012). Chlorobi species CHB1 is likely the biggest contributor to
this process. It is the second most abundant organism in the system, after AMX, and
preferentially present in the granules (Figure 5.3A). This organism was previously
detected in other anammox systems, where it was mislabeled as a Planctomycete
(Park H et al., 2010; Gonzalez-Martinez et al., 2014a). Interestingly, this organism was
identified as the most dominant organism in a recent amplicon study of a different full
scale PNA reactor (Gonzalez-Martinez et al., 20142).
A closer look at the metabolic capabilities of CHB1 indicated that it is probably a
heterotrophic denitrifier encoding an anion exporter of the TauE family in the same
genomic locus as the nitrate reductase. Although the only characterized member of the
extensive TauE family is a sulfite exporter, based on its genomic co-localization with the
nitrate reductase we predict a role in nitrite extrusion. Since many other microorganisms
could perform partial denitrification to recycle nitrate to nitrite, this alone is unlikely to
account for the abundance of CHB1 in this PNA reactor and similar systems. The organism
could be maintaining granule integrity, as was previously suggested for another full-scale
PNA reactor (Gonzalez-Martinez et al., 2014a) or possibly supply AMX with an essential
nutrient.
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Candidate phyla OP11, OD1 and WS6
In addition to the organisms described above, our work yielded high quality
draft genomes of organisms from the candidate phyla OD1, OP11, and WS6
(Hugenholtz et al., 1998; Dojka et al., 1998; Harris et al., 2004). As observed previously
for related organisms (Kantor et al., 2013; Rinke et al., 2013; Brown et al., 2015),
these genomes are very small (0.9 - 1.4 Mb, Table 1) and their known metabolic and
biosynthetic capabilities are limited.
For the OP11 and WS6 organisms, their predicted location in the anaerobic granule
core supports a fermentative lifestyle (Figure 5.3A), as suggested for related organisms
(Wrighton et al., 2012; Albertsen et al., 2013; Kantor et al., 2013). In contrast, the OD1
organism was strongly depleted in the washed granules. A possible explanation for this
could be a parasitic or symbiotic relationship with BCD2, which was equally abundant in
the system and similarly depleted in the granules (Figure 5.3A).
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Recently, an organism from the related TM7 lineage was co-cultivated as (parasitic)
epibiont of a strain of Actinomyces odontolyticus (He et al., 2015), supporting this
hypothesis. Further work to assess a potential relation between OD1 and BCD2 is
required.

5

Concluding remarks
Using a metagenomic assembly approach, we retrieved 23 draft genomes from a fullscale PNA reactor, accounting for the majority of the sequenced DNA. Our work on the
PNA reactor presents the first system-wide metagenomic characterization of full-scale
engineered system. On lab-scale, an excellent previous work reported the system-wide
characterization of a terephtalate degrading culture, using a combination of single-cell
genomics and shotgun metagenomics (Nobu et al., 2015).
In addition to the genomes obtained, we could assign most of the organisms to niches
in the reactor based on our experimental design and genome content, allowing us to
infer an ecological model of the microbial ecosystem, segregated into (micro)aerobic
and anaerobic compartments (Figure 5.5). Our results provide a potential role of the
dominant members of the microbial community, which we have integrated in a genomebased model of the Olburgen PNA reactor ecosystem.
In our model NOB are not detrimental to the system. Rather than causing build-up of
excess nitrate, the nitrate they form can serve as electron acceptor for the degradation
of organic matter, and the oxidation of fermentation products, including hydrogen, in
the granule core. The nitrate formed by NOB and AMX could thus be partly recycled and
made available as nitrite for anammox bacteria, ultimately further improving effluent
better quality.
The floc biomass contains a large fraction of nitrifying bacteria in the system. The physical
separation of the nitrifiers in the flocs and AMX in the granule core likely prohibits
effective coupling of both processes. Therefore a stronger selection towards granular
biomass, where nitrifiers were present in the outer layer, might improve overall system
performance and reduce nitrate in the effluent.
Finally, the presence of organisms, in other (partial-nitritation) anammox systems,
closely related to the ones we have described here suggests that our study is of broad
relevance for the understanding of PNA systems. The results presented here contribute
to our understanding of PNA systems and highlight the need for further work on the
microbial ecology of these innovative, sustainable and increasingly important wastewater
treatment systems.
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Thesis context
In chapters 3 to 5 we have focused on methods to obtain novel genome data, and
interpreting this data in the context of the environment studied. Here we use the draft
genomes of anammox bacteria obtained through the work described in the previous
chapters, combined with those that recently became publicly available, in a comparative
analysis to improve our understanding of the genetic basis of some of the unique
properties of anammox bacteria.
Abstract
The publication of the first genome of an organism capable of anaerobic ammonium
oxidation (anammox) in 2006 has led to major innovations in anammox research.
In the period since 2012, seven additional anammox genomes, from organisms in three
more genera were published. This available genome data makes comparative analysis to
identify the genetic basis of some of the anammox traits feasible. Here we explore the
conservation of redundancy of octaheme cytochrome c proteins, and respiratory chain
complex III and V in the eight anammox genomes published to date. Additionally, we
propose an anammox specific gene set of 356 proteins and assess their conservation
across anammox species. Based on this set, we define new candidate genes for ladderane
lipid biosynthesis, and propose a mechanism for cyclobutane ring formation.
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Introduction
Biological anaerobic ammonium oxidation (anammox) is catalyzed by a monophyletic
group of bacteria, which form the Brocadiales order within the Planctomycetes phylum
(Jetten et al., 2010). Anammox bacteria have many unique physiological characteristics,
such as the anammoxosome organelle (Niftrik et al., 2004), cyclobutane-containing lipids
called ladderanes (Damsté et al., 2002a) and conversion of hydrazine as an essential
step in catabolism (Kartal et al., 2011a). When the genome of anammox bacterium
‘Candidatus Kuenenia stuttgartiensis’ was sequenced, it provided the first insight in
the genetic basis of anammox metabolism (Strous et al., 2006). Through analysis of the
‘Ca. K. stuttgartiensis’ genome, candidates for genes involved in hydrazine synthesis
and oxidation were identified and subsequently, after some adjustment of hypotheses,
verified (Kartal et al., 2011a; Maalcke, 2012).
A remarkable discovery in the genome of ‘Ca. K. stuttgartiensis’ was the presence
of over 200 genes involved in catabolism and respiration (Strous et al., 2006). Until
the genome was sequenced, anammox bacteria were considered highly specialized
chemolithoautotrophs, but anaerobic ammonium oxidizer ‘Ca. K. stuttgartiensis’
encoded four times more respiratory and catabolic genes than the aerobic
ammonium oxidizer Nitrosomonas europaea (Strous et al., 2006). This high number
can be partially attributed to a high level of redundancy in the genome of ‘Ca. K.
stuttgartiensis’, which encodes three copies of complex III (bc1 complex), four complex V
(ATP-synthase) operons, and ten hydroxylamine related octaheme cytochrome-c proteins
(Strous et al., 2006). Transcriptome and proteome analysis have revealed that most of

these redundant genes are expressed under enrichment conditions (Kartal et al., 2011a;
de Almeida, 2014). In a recent review, Kartal et al. propose different functions for several
octaheme proteins, suggesting that the redundancy is functional and possibly required
for anammox metabolism (Kartal et al., 2013). Whether this is truly the case remains
an open question. In addition to the identification of novel respiratory capabilities, the
genome of ‘Ca. K. stuttgartiensis’ was interrogated for a possible biosynthetic pathway for
the unique ladderane lipids. A gene cluster containing fatty acid biosynthesis genes and
S-adenylmethionine (SAM) radical enzymes was identified as the most likely candidate
for ladderane biosynthesis (Strous et al., 2006). However, experimental evidence on this
topic remains elusive, even though a more detailed genomic analysis was later published
(Rattray et al., 2009).
As briefly illustrated above, many open questions on anammox physiology remain.
Although it will not provide definite answers, comparative genomics is a powerful
method to address these questions and identify targets for further study. Such an analysis
is timely, as the past few years have seen a marked increase in the amount of available
anammox genome data. In chapters 3, 4.2, and 5 we describe three new draft genomes
of anammox species ‘Candidatus Scalindua rubra’, ‘Candidatus Scalindua brodae’
and ‘Candidatus Brocadia sinica OLB1’. Additionally, draft genomes of ‘Candidatus
Jettenia caeni’ (formerly Planctomycete KSU-1) (Hira et al., 2012), ‘Candidatus
Scalindua profunda’ (van de Vossenberg et al., 2013), ‘Candidatus Brocadia fulgida’
(Ferousi et al., 2013), and ‘Candidatus Brocadia sinica JPN1’ (Oshiki et al., 2015) have
recently been published, bringing the number of available anammox draft genomes to
eight. Based on their phylogeny, we propose to group these organisms in two families
within the Brocadiales order. We propose the extant Brocadiaceae comprise the genera
Brocadia, Jettenia, Kuenenia, and Anammoxoglobus. Next to the Brocadiaceae, we
propose a second family within the Brocadiales order, the Scalinduaceae, comprising
the genus Scalindua.
Here we use the newly available anammox genome data for two types of comparative
genome analyses. First, we use the available draft genomes to assess the conservation
of genetic redundancy as was originally observed in ‘Ca. K. stuttgartiensis’, to
elucidate if this redundancy is a hallmark of anammox genomes. Second, we use the
three most complete anammox genomes, ‘Ca. K. stuttgartiensis’, ‘Ca. J. caeni’ and
‘Ca. B. sinica JPN1’ to derive an anammox core gene set. We then search the remaining
five available draft genomes for the presence of these anammox core genes, and use the
resulting anammox specific gene set to generate a new hypothesis on ladderane lipid
biosynthesis.

6

Methods
Redundancy analysis
Based on previous analyses of the draft genome of ‘Ca. K. stuttgartiensis’
(Strous et al., 2006; van Niftrik et al., 2010; Kartal et al., 2013) we chose a set of redundant
proteins with potential importance for anammox core metabolism. The selected proteins
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were ten hydroxylamine oxidoreductase family proteins, four ATP synthase complexes
(alpha and beta subunits), and three bc-complexes (Rieske 2Fe-2S subunit). The presence
of the redundant proteins was assessed using bidirectional best BLAST hits (BBH) using
Perl scripts available at www.github.com/dspeth. The BLAST results were screened for
additional homologs of redundant genes.
Phylogenetic analysis
All the homologs of redundant genes discovered by using the BLAST search above were
incorporated in phylogenetic analyses using MEGA 5.2.2 (Tamura et al., 2011). Protein
sequences were aligned using Muscle (Edgar, 2004) and alignments were visually
inspected for errors. Maximum likelihood phylogenies were calculated based on an
initial maximum parsimony tree, with Jones-Taylor-Thornton (JTT) substitution model
and using only sites that were present in all sequences.

6

Anammox core genome
For determination of the anammox core genome, only the three most complete
anammox genomes, ‘Ca. K. stuttgartiensis’, ‘Ca. J. caeni’ and ‘Ca. B. sinica JPN1’, were
used. All versus all BBH analysis was used to calculate the BLAST score ratio (BSR)
(Rasko et al., 2005) of each pair. Briefly, the BSR correlates the bit score of a BLAST
hit with the maximum possible bit score (of a self hit), providing a measure of protein
similarity. To be included in the core genome, we chose a BBH BSR of >0.4 as cutoff
between ‘Ca. K. stuttgartiensis’ and ‘Ca. J. caeni’, and between ‘Ca. K. stuttgartiensis’
and ‘Ca. B. sinica JPN1’, and a BBH BSR of >0.5 as cutoff between ‘Ca. J. caeni’ and
‘Ca. B. sinica JPN1’. The ‘Ca. K. stuttgartiensis’ representatives of the resulting 1,435
protein sequences were used in BLAST searches against the NCBI non-redundant protein
database (September 2015). Except for 76 proteins with no hit outside the Brocadiales
genomes, BSR analysis of the hits did not provide a clear cutoff to include genes in an
anammox specific set. This is partially attributable to variability in sequence conservation
between different proteins. To account for this, we compared the lowest BSR between
‘Ca. K. stuttgartiensis’ and ‘Ca. J. caeni’ or ‘Ca. B. sinica JPN1’, with the BSR of the best
non-Brocadiales BLAST hit. All proteins for which the BSR within Brocadiales was at least
twice as high as the BSR of the best hit outside the Brocadiales were included in the
anammox specific set, resulting in a set of 356 genes. The anammox genomes not used
in the definition of the core genome were searched for the presence of these 356 genes
using BLAST.
Results and discussion
Redundancy analysis: Octaheme cytochrome-c proteins
Octaheme cytochrome c (OCC) family proteins are a diverse group, structurally
related to pentaheme nitrite reductase nrfA (Klotz et al., 2008). The first characterized
representative of this family was the hydroxylamine oxidoreductase (HAO) from
ammonium oxidizing bacterium Nitrosomonas europaea (Anderson, 1964). This protein
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is a homotrimer, with a tyrosine residue covalently linking the subunits at the catalytic
heme (Igarashi et al., 1997). This covalent link is thought to influence the active site and
be essential for oxidative catalysis of HAO rather than reductive catalysis as observed in
nrfA (Klotz et al., 2008).
In the eight anammox genomes, a total of 76 OCC proteins could be identified, placing
the average close to ten paralogs per genome, as observed for ‘Ca. K. stuttgartiensis’.
73 of these 76 proteins clustered in eleven distinct clusters, partially congruent with the
clustering by Klotz et al. (Klotz et al., 2008) (Figure 6.1). Additionally, one OCC for which
clustering was ambiguous was identified in each Scalindua genome (Figure 6.1).
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Figure 6.1 Octaheme cytochrome c proteins in eight anammox bacterial genomes
Maximum likelihood tree of 76 octaheme cytochrome c proteins present in anammox bacteria,
clustered to indicate orthologs. Clusters in black contain a sequence from all eight genomes,
with the exception of Cluster 6 were ‘Ca. S. rubra’ is missing (indicated with *). Clusters in
white contain sequences from all Brocadiaceae genomes, with the exception of Cluster 4 where
‘Ca. K. stuttgartiensis’ is missing (indicated with **). Background shading indicates clustering as
in Klotz et al. (2008). Bootstrap values represent 1000 replicates, with only bootstrap values over
50 shown.
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Cluster 8, containing the physiological hydrazine dehydrogenase (HDH) kustc0694
(Kartal et al., 2011; Maalcke, 2012), comprised two near identical proteins of four out of
eight genomes. Reassessment of the sequence data and assemblies of ‘Ca. B. fulgida’,
‘Ca. B. sinica OLB1’, and ‘Ca. S. rubra’ also led to identification of a second copy.
Both copies were merged in the assembly due to their high sequence identity
(data not shown). This indicates the HDH duplication is a general feature of
anammox bacteria, and the sequence conservation between the two copies is
probably maintained by homologous gene conversion (Santoyo and Romero,
2005). Cluster 9 contains kustc1061 that converts hydroxylamine to nitric oxide
(Maalcke et al., 2014). Like the physiological hydrazine dehydrogenase, this gene was
also conserved in all eight anammox genomes, further supporting its proposed key role
in detoxification and metabolite recycling in anammox metabolism (Kartal et al., 2013;
Maalcke et al., 2014). The highly similar OCC’s in clusters 5, 6, and 7 were also conserved
in all genomes analyzed, with the exception of a cluster 6 representative in ‘Ca. S. rubra’
(Figure 6.1). To exclude the possibility of assembly error, the trimmed sequence reads
of the ‘Ca. S. rubra’ dataset were aligned to the cluster 6 genes of both other Scalindua
genomes, but this did not yield any hits, suggesting that a ‘Ca. S. rubra’ homolog of
cluster 6 OCC is truly absent from that (meta-)genome. Kartal et al. proposed that the
‘Ca. K. stuttgartiensis’ representatives of clusters 5, 6 and 7 (kuste4574, kustc0458,
kuste2479, respectively) catalyze a reductive reaction, based on the absence of the tyrosine
residue crosslinking the trimer subunits and its replacement by a WW[W/Y/L] motif
(Kartal et al., 2013). This replacement is conserved in all OCC’s of cluster 5-7 present in
the anammox genomes. Moreover, purified kustc0458 (cluster 6) was found to catalyze
of nitrite reduction coupled to oxidation of the methylviologen monoradical cation,
but its physiological substrates remain unknown (Maalcke, 2012). Reductive catalysis
by cluster 5-7 OCCs represents a deviation of the evolutionary pattern proposed by
Klotz et al., who propose all OCC clades lacking a CxxCK motif in the catalytic heme 4
perform oxidative catalysis (Klotz et al., 2008). In the Brocadiaceae the cluster 7 OCC
protein is fused to a copper domain, but this domain is absent in the Scalinduaceae.
This is consistent with low copper availability in the anaerobic marine environment,
from where the DNA for metagenomic sequencing or inocula for enrichment of all three
Scalinduaceae were retrieved (Glass et al., 2015).
Cluster 1, 2, 4, and 10 represent Brocadiaceae specific clusters present in all 5 genomes
(Figure 6.1), except for a ‘Ca. K. stuttgartiensis’ representative that is missing from
cluster 4. In contrast, no Scalinduaceae specific cluster was observed, besides the
aforementioned three Scalindua sequences of uncertain placement. Although there is
low sequence identity (48 %) between the ‘Ca. S. profunda’ and ‘Ca. S. brodae’ sequences
and the ‘Ca. S. rubra’ sequence they share the unusual CxxxxCH binding motif of heme 3,
also observed in the hydrazine dehydrogenase sequences. As the role of this motif is not
yet known, it is hard to predict if this shared quality is important in the three Scalindua
sequences.
Finally, clusters 3 and 11 contain sequences from subsets of both Brocadiaceae and

Scalinduaceae. Where cluster 11 homologs are not present in only two out of eight
genomes, a cluster 3 homolog is only present in half of all the genomes analyzed. Their
presence in both major clades of anammox bacteria could indicate that these genes
were present in the common ancestor of the Brocadiales, and subsequent gene loss
caused the scattered distribution pattern observed here.
Redundancy analysis: Respiratory chain complex III and complex V
‘Ca. K. stuttgartiensis’ encodes three distinct copies of complex III, with only the Rieske
2Fe-2S proteins in common (Strous et al., 2006). Although bidirectional best BLAST hit
confirmed the presence of orthologs of the three Rieske proteins in five of the eight
genomes, phylogenetic analysis did not reveal distinct clusters (not shown). However,
when the operon structure of the complex III operons was assessed (Kartal et al., 2013),
the three complexes seem to be conserved in all the genomes assessed, suggesting a key
role in anammox metabolism. One of the complex III operons includes the cluster 5 OCC
protein, which is conserved as part of the operon in all eight genomes studied and was
previously suggested as a possible candidate for nitrite reduction in anammox bacteria
(Kartal et al., 2013).
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Figure 6.2 Complex V redundancy in eight anammox genomes
Maximum likelihood tree of alpha and beta subunits of the ATP synthase gene cluster. Cluster fill
indicates presence in a subset of the eight anammox genomes. Bootstrap values represent 1000
replicates, with only bootstrap values over 50 shown.
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The four copies of complex V encoded in the
J. caeni
B. sinica JPN
‘Ca. K. stuttgartiensis’ genome are predicted to
serve distinct functions (van Niftrik et al., 2010;
86
de Almeida, 2014). Based on its subunit
2383
2036
composition, only one of the four operons
1435
(kuste3787-3796) encodes a canonical F1F0 ATP
synthase. As expected, this operon is conserved in
53
43
all eight genomes studied (Figure 6.2), supporting
its role as the physiological complex V responsible
3132
for cellular ATP synthesis. The two other operons
encoding F-type ATPases actually encode
K. stuttgartiensis
complexes predicted to extrude Na+ at the expense
Figure 6.3 Orthologous genes in
of ATP (Dibrova et al., 2010), and are designated anammox bacteria
N-ATPase 1 & N-ATPase 2 (Figure 6.2). These Venn diagram showing the number
two complexes are each conserved in only of orthologous genes between
four of the eight genomes searched, with only ‘Ca. K. stuttgartiensis’, ‘Ca. B. sinica’,
‘Ca. K. stuttgartiensis’ encoding both. It remains to and ‘Ca. J. caeni’ as determined by
bidirectional best BLAST hit analysis.
be investigated what, if any, the distinct functional
properties of either N-ATPase complex are. As ‘Ca. K. stuttgartiensis’ is the only organism
encoding both N-ATPases, this organism seems the ideal system to investigate their
properties. Finally, ‘Ca. K. stuttgartiensis’ encodes a prokaryotic V-type ATPase, which is
conserved in all the Scalindua genomes, as well as both strains of ‘Ca. B. sinica’ (Figure 6.2).
Although none of the ATPase operons other than the canonical F1F0 ATP synthase
are conserved in all genomes studied, all encode one or two orthologs of the
N-ATPase and V-ATPase operons. The F1F0 ATPsynthase was shown to be present on
the anammoxosome membrane and the outer membrane, but not the cytoplasmic
membrane (van Niftrik et al., 2010). As a membrane potential over the cytoplasmic
membrane is also required for a wide range of cellular functions, it is possible that a
second ATPase, targeted to the cytoplasmic membrane, is required in anammox bacteria.
Localization of the N-ATPase and V-ATPase complexes could substantiate this hypothesis.
In this case, adaptation to either constant (only two operons) or more frequently changing
conditions (all four operons) could drive the differences in retained ATPase operons.
Anammox specific gene set
In addition to the redundancy analyses described above, we set out to elucidate a
gene set representing the anammox core genome. As anammox bacteria have many
unique physiological characteristics, these traits might (partially) be encoded by genes
exclusively present in anammox bacteria. This hypothesis was confirmed for the
metabolism of hydrazine, as the hydrazine synthase gene required for the condensation
of nitric oxide and ammonium to hydrazine has no known homologs in other organisms
(Strous et al., 2006). To find genes involved in other unique features of anammox
bacteria we set out to define a core anammox gene set using the three most complete
genomes available, ‘Ca. K. stuttgartiensis’ (5 contigs), ‘Ca. J. caeni’ (4 contigs) and
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‘Ca. B. sinica JPN1’ (closed). These three organisms shared 1435 genes, with only very
few additional genes shared between each pair (Figure 6.3). Of these, 356 genes were
assigned specific to anammox bacteria based on a bit score ratio (BSR) within the seed
set that more than twice as high as the BSR of the best hit outside the Brocadiales
(Figure 6.4). We are aware that the chosen cutoff is arbitrary, as evidenced by the
presence of outer membrane protein assembly complex gene bamA (kusta0033), a gene
conserved in all Gram-negative bacteria (Bos et al., 2007), in the obtained set. However,
this is partially due to the inherent limitations of the use of sequence similarity to infer
function. Thus, we chose to be rather inclusive with our cutoff. The remaining five draft
genomes were searched for the presence of this anammox core set and the BLAST
score ratio (BSR) was calculated to assess level of conservation across the Brocadiales
(Appendix 6A). Of the 356 genes, 23 were conserved only in the Brocadiaceae and
absent from the Scalinduaceae. The absence of other genes from one or more genomes
might be caused by the fragmented nature of these genomes. The specific proteins most
highly conserved across the Brocadiales are of interest as they likely encode anammox
specific proteins under high selection pressure. Strikingly, five out of the 20 most highly
conserved proteins are encoded in operons predicted to be involved in lipid biosynthesis
(Table 1).

Low BSR Brocadiales
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0.4
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Low BSR Brocadiales / BSR best hit

8
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Figure 6.4 Specificity of orthologous genes for anammox bacteria
Scatterplot showing the 1435 orthologous genes of ‘Ca. K. stuttgartiensis’, ‘Ca. B. sinica’, and
‘Ca. J. caeni’. To determine a cutoff for inclusion in the anammox specific gene set, the bit score
ratio (BSR) of the worst hit between ‘Ca. K. stuttgartiensis’ and ‘Ca. B. sinica’ or ‘Ca. J. caeni’
divided by the BSR of the highest non Brocadiales hit, against the BSR of the worst hit between
‘Ca. K. stuttgartiensis’ and ‘Ca. B. sinica’ or ‘Ca. J. caeni’. The dashed line indicates the cutoff chosen
for inclusion in the anammox specific gene set.
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Ladderane lipid biosynthesis
One of the most enigmatic properties of anammox bacteria are their ladderane
lipids (Figure 6.5) (Damsté et al., 2002a). To date, the pathway for their biosynthesis
has remained elusive. As these lipids are thought to be unique for anammox bacteria
(Damsté et al., 2002a), we have queried the anammox-specific core gene set described
above for genes potentially involved in ladderane synthesis.
Previous genome analyses of anammox bacteria have led to several hypotheses on
their biosynthesic pathway. The first hypothesis on a biosynthesis mechanism involved
formation of a C12 macrocycle and subsequent cyclobutane formation by stepwise ring
closure; the macrocycle could be formed through linkage of the omega carbon of a C20
polyunsaturated fatty acid to the C9 carbon of the same molecule (Damsté et al., 2005).
Sequencing and annotation of the draft genome of ‘Ca. K. stuttgartiensis’ yielded four
operons comprising enzymes of canonical fatty-acid biosynthesis, as well as several
genes spread throughout the genome. Three of these operons also encoded novel SAM
radical proteins (Strous et al., 2006). The largest operon (kuste3335-3352) was dubbed
the most promising candidate to encode the ladderane biosynthesis pathway
Table 6.1 The twenty most conserved proteins in the anammox specific gene set

6

Locus tag

Annotation

BSR average

Gene expression*

kuste3608

Radical SAM protein

0.85

++

kuste3071

endopeptidase pepF

0.84

+++

kusta0039

conserved hypothtical protein

0.82

-

kuste2718

enoyl coA hydratase

0.81

+

kuste3557

ABC transporter permease protein

0.81

++

kustc0775

4Fe-4S iron sulfur cluster protein

0.79

+++

kuste4075

Unknown protein

0.79

-

kustd1272

conserved hypothtical protein

0.77

-

kuste3833

trans isoprenyl diphosphate synthase

0.76

+

kustd1710

Heme protein in nitriteoxidoreductase cluster

0.76

+++

kuste3118

hypothetical protein

0.75

++

kuste2945

lipoprotein release system protein lolC

0.75

-

kuste3606

beta ketoacyl-ACP synthase like protein

0.74

+++

kuste2804

beta ketoacyl-ACP synthase like protein

0.74

+

kuste2719

octaprenyl diphosphate synthase

0.73

+++

kuste2803

Radical SAM protein

0.73

++

kustd2153

hypothetical protein

0.73

++

kuste3179

dynamin-like protein

0.73

++

kuste3326

Na(+)-translocating NADH-quinone reductase subunit B

0.73

+++

kuste3603

Acyl carrier protein-family protein

0.73

+

* Expression levels as reported in Kartal et al. (2011).
+++ indicates expression amongst the 500 highest expressed genes, ++ amongst the 1000 highest expressed
genes, and + amongst the 1500 highest expressed genes.
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Figure 6.5 Ladderane fatty acids
detected in anammox bacteria
A
Structural formula of two types of
C20 ladderane fatty acids, containing
HO
(A) five cyclobutane rings or (B) three
cyclobutane rings and a cyclohexane B
ring. These two ladderane moieties
are the only types detected, but the
HO
length of the acyl chain may vary.

O

O

(Strous et al., 2006). A follow-up study identified a very similar gene cluster in
Deltaproteobacterium Desulfotalea psychrophila, but no ladderane lipids could be
detected in this organism (Rattray et al., 2009). The same study proposed two additional
biosynthetic pathways for ladderane moieties. The first was based on the presence of
a desaturase in the kuste3335-3352 gene cluster and involved desaturation of a C20
saturated fatty acid and subsequent stepwise ring closure by a SAM radical enzyme.
The second involved synthesis of the ladderane group by an unknown pathway and
subsequent addition to the omega side of a C8 fatty acid (Rattray et al., 2009).
We assessed the eight anammox draft genomes for the presence of the kuste3335-3352
gene cluster, but could only identify this cluster in ‘Ca. K. stuttgartiensis’, ‘Ca. B. fulgida’,
and ‘Ca. J. caeni’. As ladderane lipids were detected in all anammox bacteria studied,
including the Scalinduaceae (Rattray et al., 2008), the absence of the kuste3335-3352
gene cluster from five out of eight genomes eliminated it as a likely candidate for
ladderane biosynthesis. Strikingly, the other three operons containing genes of the
canonical fatty acid biosynthesis pathway were conserved in all eight anammox draft
genomes, including their operon organization. Close inspection of these operons reveals
that operon 1 (kuste1386-1391) encodes a canonical acyl carrier protein (ACP) acpP,
malonyl-CoA:ACP transacylase (fabD), and β-ketoacyl-ACP synthase III (fabH) required
for initiation of fatty acid biosynthesis (Rock and Jackowski, 2002), and the canonical
paralog of β-ketoacyl-ACP synthase II (fabF) required for extension of the fatty acid
chain (Figure 6.6). The other proteins required for canonical fatty acid elongation,
β-ketoacyl-ACP reductase (fabG, kuste3649), and β-hydroxyacyl-ACP dehydrase
(fabZ, kusta0078) (Rock and Jackowski, 2002) are not encoded as part of one of the
other operons, but scattered in the genome. ‘Ca. K. stuttgartiensis’ does not encode a
homolog of enoyl-ACP reductase (fabI), but other proteins could reduce the enoyl moiety.
Operon 2 (kuste2802-2805) encodes the acpS gene required for 4’-phosphopantetheine
cofactor linkage to ACP. The other genes in operon 2 have homologs in operon 3
(kuste3803-3808), which in addition encodes a highly unusual ACP and a predicted
desaturase/reductase enzyme (Figure 6.6).
The conserved modular nature of the three fatty acid biosynthesis operons and the
presence of an unusual ACP led us to propose a new model for ladderane synthesis
(figure 6.6). All fatty acid synthesis is initiated by the gene products of operon 1
(kuste1386-1391), leading to acetoacetyl-ACP. Elongation of unsaturated fatty acids
subsequently occurs through the canonical pathway, using fabF encoded in operon 1 and
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the fabZ, fabG and fabI encoded elsewhere in the genome (Figure 6.6). The synthesis
of the ladderane moiety could be initiated by retaining the double bond of enoyl-ACP.
A hypothesis for the steps in ladderane formation is shown in Figure 6.6. Condensation of
malonyl with the growing chain can be catalyzed by either of the atypical fabF homologs
in operon 3, with the unique ACP functioning as donor. We propose kuste3605 to be
involved in condensation during the second elongation cycle, and kuste3606 in cycle 3-5.
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After formation of the enoyl intermediate, the SAM radical protein (kuste3608) abstracts
a proton from the C6 carbon, creating a radical, which causes shifting of the double
bonds and attachment of water to the C1 oxygen. The C6 radical can then attack the
C3 carbon, breaking the C3-C4 double bond and forming a C4 radical. The C4 radical
subsequently obtains a proton from the SAM protein, recycling it, and the water leaves
the C1 oxygen, prompting shifting of the double bonds and producing the intermediate
for condensation with malonyl ACP by fabF. The next elongation and cyclization cycle
is also shown in figure 6.6. Alternatively, a C14 polyunsaturated fatty acid could be
synthesized, and the cyclization cascade of the five cyclobutane rings could proceed at
once, with each cyclization generating the radical required for the next. After cyclization
of the five cyclobutane rings, the membrane anchored desaturase/reductase encoded
by kuste3607 could reduce the double bond neighboring the rings. Further elongation of
the ladderane can proceed either by the proteins encoded by operon 3, with kuste3607
functioning as enoyl-ACP reductase, or be catalyzed by the canonical operon 1.
Our model requires minimal deviation from the well-established fatty acid biosynthesis
pathway and could be experimentally tested by heterologous expression of operon 3
(kuste3803-3805) and a fabG homolog (kuste3649) in e.g. Escherichia coli. However, it
does not explain the observed ladderane with an alpha proximal cyclohexane ring, or the
absence of any lipids with less than 12 cyclized carbons (Damsté et al., 2005; Rattray et
al., 2008). Also, it provides no explanation for the homologs of the operon 3 proteins in
operon 2. These open questions will be discussed further in chapter 8.

Figure 6.6 Hypothetical pathway for ladderane lipid biosynthesis
The initiation of biosynthesis of all fatty acids and (at least) elongation cycle 1 are catalyzed by
enzymes from operon 1. The enoyl intermediate formed by FabZ (kusta0078) is a branching point
the pathway. The double bond may be reduced and saturated fatty acid biosynthesis continued via
the canonical β-ketoacyl-ACP synthase II and acyl carrier protein encoded in operon 1. Alternatively,
the enoyl intermediate is transferred to a β-ketoacyl-ACP synthase II encoded in operon 3
(kuste3605) and further transfer during elongation is mediated by amxACP (shown in green).
Reduction of the ketone of unsaturated intermediate is catalyzed the canonical fabG (kuste3649)
or an unidentified gene product. Dehydration is catalyzed by the fabZ homolog in operon 3. Then
the polyunsaturated intermediate is transferred to the SAM-radical protein encoded by kuste3608
where cyclization occurs (indicated by the steps boxed by the dashed line). First, the SAM radical
abstracts a proton from the C6 carbon, creating a radical and causing a shift of the double bonds
in the molecule. The C6-radical attacks the C3 carbon, causing the C3-C4 double bond to break and
a C4 radical to form. The C4 radical attracts a proton from SAM, recycling the enzyme and initiating
a shift of the double bonds to yield the intermediate for the next elongation cycle. The following
cycle is shown in yellow, and proceeds similarly. The operons in shown in the bottom left corner
are colored to indicate their involvement in elongation cycles. Genes not encoded in these three
operons are not shown. *, **, and *** indicate high homology between the proteins marked.
~ indicates presence in top 20 most conserved genes of Brocadiales ACC: acetyl-CoA carboxylase.
SAM: S-adenosylmethionine. ACP: acyl carrier protein.
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Concluding remarks
We have performed comparative analysis on the available genomic data on anammox
bacteria to address unsolved questions in anammox physiology. Although no definitive
answers can be provided, several new hypotheses with regard to redundant proteins and
ladderane lipid biosynthesis were formulated. We are confident that the work presented
in this chapter will be the basis for future experiments and advance our understanding
of these enigmatic organisms.
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Appendix 6A Conservation of anammox specific genes across the Brocadiales
Heatmap showing the BSR of 356 anammox specific genes from ‘Ca. K. stuttgartiensis’ against the
best hit in the seven other brocadiales genomes. White indicates absence of an ortholog from a
genome, darker shading represents a higher degree of conservation.
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Appendix 6A Conservation of anammox specific genes across the Brocadiales

kusta0001

kustc0773

kusta0033

kustc0833

kusta0015
kusta0039
kusta0040
kusta0044
kusta0079
kusta0085
kusta0087
kusta0088
kusta0089
kustb0164
kustb0222
kustb0225
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kustc0775
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kustc0873
kustc0876
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kustc0894
kustc0946
kustc0985
kustc1000
kustc1002
kustc1003
kustc1005
kustc1006
kustc1007
kustc1018
kustc1019
kustc1033
kustc1064

0.8

kustc1131

0.6

kustc1130
kustc1132
kustc1133

0.2

kustc1206

0.0

kustc1172
kustc1224
kustc1236
kustc1252
kustc1259

kustd1264

kustc0559

kustd1267

kustc0563
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kustc0735
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kustc0742
kustc0743
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kustc0540
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BSR value

kustc1129
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Appendix 6A Conservation of anammox specific genes across the Brocadiales (cont.)

kustd1443
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kuste2392

kuste3101

kuste2394

kuste3118

kuste2393
kuste2395
kuste2408
kuste2413
kuste2416
kuste2460
kuste2464
kuste2469
kuste2475
kuste2478
kuste2479
kuste2487
kuste2488
kuste2551
kuste2552
kuste2621
kuste2622
kuste2624
kuste2701
kuste2703
kuste2710
kuste2718
kuste2719
kuste2720
kuste2771
kuste2774
kuste2785
kuste2803
kuste2804
kuste2805
kuste2829
kuste2854
kuste2855
kuste2858
kuste2859
kuste2877
kuste2944
kuste2945
kuste2951
kuste2972
kuste2992
kuste3001
kuste3047
kuste3071
kuste3076
kuste3085
kuste3096
kuste3099
kuste3100

kuste3115
kuste3119
kuste3125
kuste3132
kuste3163
kuste3168
kuste3179
kuste3282
kuste3284
kuste3286
kuste3293
kuste3297
kuste3298
kuste3300
kuste3301
kuste3325
kuste3326
kuste3327
kuste3328
kuste3329

BSR value

kuste3333

0.8

kuste3403

0.6

kuste3396
kuste3407
kuste3413

0.4

kuste3428

0.2

kuste3435

0.0

kuste3429
kuste3440
kuste3442
kuste3452
kuste3453
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kuste3484
kuste3499
kuste3503
kuste3557
kuste3558
kuste3559
kuste3560
kuste3566
kuste3603
kuste3606
kuste3607
kuste3608
kuste3633
kuste3637
kuste3650
kuste3692
kuste3712
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kuste3749
kuste3771
kuste3789
kuste3833
kuste3892
kuste3928
kuste3942
kuste3943
kuste3944
kuste3945
kuste3946
kuste3957
kuste3959
kuste3980
kuste4022
kuste4024
kuste4025
kuste4075
kuste4085
kuste4090
kuste4091
kuste4175
kuste4184

0.6

kuste4246

0.4

kuste4248
kuste4249
kuste4263
kuste4280
kuste4291
kuste4294
kuste4315
kuste4338
kuste4342
kuste4484
kuste4517
kuste4565
kuste4569
kuste4570
kuste4573
kuste4574
kuste4581
kuste4613
kuste4614
kuste4634
kuste4635
kuste4653
kuste4656
kuste4659
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kuste4196
kuste4240
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BSR value
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Thesis context
Here we describe a gene-centered, hypothesis driven, comparative genomics analysis,
contrasting the exploratory comparative analysis described in chapter 6. Based on recent
work elucidating key processes in outer membrane biogenesis, we have queried the
available genomes of Planctomycetes for the presence of marker genes indicating the
presence of a Gram-negative outer membrane.
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Abstract
Bacteria of the phylum Planctomycetes are of special interest for the study of
compartmental cellular organization. Members of this phylum share a unusual
prokaryotic cell plan, featuring several membrane-bounded compartments. Recently, it
was proposed that this cellular organization might extend to certain members of the
phylum Verrucomicrobia. The Planctomycete cell plan has been defined as featuring a
proteinaceous cell wall, a cytoplasmic membrane surrounding the paryphoplasm and
an intracytoplasmic membrane defining the riboplasm. So far it was presumed that
Planctomycetes did not have an asymmetric bilayer outer membrane as observed
in Gram-negative bacteria. However, recent work on outer membrane biogenesis
has provided several marker genes in the outer membrane protein (OMP) assembly
and the lipopolysaccharide (LPS) insertion complexes. Additionally, advances in
computational prediction of OMPs provided new tools to perform more accurate
genomic screening for such proteins. Here we searched all 22 Planctomycetes and
Verrucomicrobia genomes available in Genbank, plus the recently published genome of
‘Candidatus Scalindua profunda’, for markers of outer membrane biogenesis and OMPs.
We were able to identify the key components of LPS insertion, OMP assembly and at
least eight OMPs in all genomes tested. Additionally, we have analyzed the transcriptome
and proteome data of the Planctomycetes ‘Candidatus Kuenenia stuttgartiensis’ and
‘Ca. S. profunda’ and could confirm high expression of several predicted OMPs,
including the biomarkers of outer membrane biogenesis. These analyses provide a
strong indication that an asymmetrical outer membrane may be present in bacteria of
both phyla. However, previous experiments have made obvious that the cell envelope
of Planctomycetes is clearly divergent from both the Gram-negative and Gram-positive
cell types. Thus, the functional implications of the presence of an outer membrane
for the Planctomycete cell plan and compartmentalization are discussed and a revised
model, including an outer membrane, is proposed. Although this model agrees with
most experimental data, we do note that the presence, location and role of an outer
membrane within the Planctomycetes and Verrucomicrobia awaits further experimental
validation.
In the period since publication of this chapter, van Teeseling and coworkers have
validated the presence of lipopolysaccharide and a beta-barrel outer membrane protein
(kustd1878) in ‘Ca. K. stuttgartiensis’, confirming many of the hypotheses of this chapter.
Addtionally, van Teeseling and colleagues have shown the presence of peptidoglycan in
‘Ca. K. stuttgartiensis’ and Jeske and coworkers have shown peptidoglycan in

Planctomyces limnophilus, confirming the presence of a Gram-negative-like cell envelop
in Planctomycetes. The text of this chapter has been updated to reflect these advances
in knowledge.
Introduction
Members of the phylum Planctomycetes share an unusual cell plan, featuring at least
two membrane-bound compartments (Fuerst, 2005). Because of this, Planctomycetes
are interesting for the study of the rise of cellular compartmentalization, which has led
to the theory that members of this phylum offer a window into the rise of Eukaryotes
(Fuerst and Sagulenko, 2011; Sagulenko and Fuerst, 2012). Recently, the Planctomycete
cell plan was proposed to extend to members of the related phylum Verrucomicrobia
(Lee et al., 2009). Here we will continue to refer to this cellular organization as the
Planctomycete cell plan. A schematic representation of the canonical Planctomycete cell
plan is shown in Figure 7.1.

A

B
proteinaceous cell wall
cytoplasmic membrane
paryphoplasm
intracytoplasmic membrane
riboplasm
additional compartment
(anammoxosome
or nuclear body)

Figure 7.1. Schematic overview of the canonical Planctomycete cell plan.
(A) All Planctomycetes share at least two compartments enclosed by membranes
(solid lines). The intracytoplasmic membrane is strongly curved in some species, such as Isosphaera
pallida (B) In some members of the phylum, such as anammox bacteria and Gemmata sp. a third
compartment is present, bounded by a single or double membrane (dashed line).

This cell plan has been defined as having a proteinaceous cell wall that is resistant to,
and retains its structural integrity after, extended boiling in the presence of 10% SDS
(König et al., 1984; Liesack et al., 1986; Giovannoni et al., 1987; Hieu et al., 2008). Although
the cell wall of Planctomycetes has recently been shown to contain peptidoglycan
(van Teeseling et al., 2015; Jeske et al., 2015), the proteinaceous cell wall might play
a role in maintaining cellular integrity (König et al., 1984; Vollmer et al., 2008). The
outermost membrane, which encloses a compartment termed paryphoplasm, is located
directly underneath the proteinaceous cell wall. This membrane has been defined as
the cytoplasmic membrane (CM), based on the presence of RNA in the paryphoplasm
and the appearance of the membrane on electron micrographs (Lindsay et al., 2001).
The paryphoplasm is bordered on its inside by a membrane termed the intracytoplasmic
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membrane (ICM), which encloses a compartment termed the pirellulosome, after its
discovery in Blastopirellula marina, or riboplasm, because it contains the ribosomes in
members of the phylum Planctomycetes (Lindsay et al., 1997). The size and shape of
the compartments varies between the Planctomycetes, predominantly determined by
folding of the ICM (Lindsay et al., 2001). Additionally, in Gemmata obscuriglobus and
anammox bacteria further compartmentalization was observed (van Niftrik et al., 2008;
Lindsay et al., 2001). Despite these differences, the cellular organization of all
Planctomycetes is thought to be a variation of the plan described above (Figure 7.1).
The proposed Planctomycete cell envelope is unique amongst Bacteria. Because of the
appearance of the outermost membrane on electron micrographs and the absence of
peptidoglycan, it is assumed that members of this phylum do not possess a structure
similar to the asymmetrical bilayer outer membrane (OM) of Gram-negative bacteria
(Fuerst and Sagulenko, 2011).
In contrast to a phospholipid bilayer cytoplasmic membrane, the Gram-negative
outer membrane consists of an asymmetric lipid bilayer, the inside leaf of which
consists of phospholipids and the outside leaf of lipopolysaccharide (LPS). LPS is
composed of a Lipid-A moiety, to which a polysaccharide, the O-antigen, is attached
(Lugtenberg and van Alphen, 1983). Additionally, the structure of proteins spanning
the two types of membrane is very different. In a phospholipid bilayer transmembrane
segments are formed by hydrophobic helices, whereas the transmembrane regions
of proteins in the outer membrane are β-barrels. The different lipid and protein
composition clearly leads to distinct biological functions for either type of membrane,
thus distinguishing between them is not trivial. For example, outer membrane proteins
(OMP) with a β-barrel fold form large water filled pores in the membrane and thus it is
thought that such a membrane cannot be energized.
The theory that Planctomycetes lack a structure homologous to an outer membrane,
as described above, is supported by the localization of an ATPase on the outermost
membrane of the anammox bacterium ’Candidatus Kuenenia Stuttgartiensis’, suggesting
it may be energized (van Niftrik et al., 2010). Additionally, a cell division ring, which
in normal Gram-negatives is usually located in the cytoplasm (Margolin, 2005), was
observed in the paryphoplasm of this organism (van Niftrik et al., 2009). However, a 31P
NMR study suggested only two out of three membranes of this bacterium are energized
(van der Star et al., 2010) and the genome seems to contain outer membrane specific
proteins (Strous et al., 2006). Indications of the presence of an outer membrane-like
structure have also been reported for other Planctomycetes. Unusual glycolipids,
assumed to be part of lipopolysaccharide (LPS), were identified in members of the genera
Planctomyces and Pirellula (Kerger et al., 1988). Additionally, a partial LPS biosynthesis
pathway, up to complete lipid-A, was identified in the genome of Rhodopirellula baltica SH1
(Glöckner et al., 2003) and specific genes for biosynthesis of the key LPS components
lipid A and 2-keto 3-deoxy-D-manno-octulosonate (KDO) were also found in 11 genomes
of Planctomycetes and Verrucomicrobia (Sutcliffe, 2010). From the results summarized
above, it seems impossible to draw decisive conclusions on the presence of an outer

membrane in Planctomycetes. Not only are results contradictionary, a systematic study
across the phylum is lacking. Here we use a systematic in silico approach to obtain
more evidence on the potential presence of an outer membrane in Planctomycetes and
Verrucomicrobia. To do so, we use the key protein components of the specific pathways
of outer membrane biogenesis as computational biomarkers.
In the past decade, great leaps in the understanding of outer membrane biogenesis
have been made (Silhavy et al., 2010). The insertion mechanisms of two major
specific constituents of the OM, LPS and outer membrane proteins (OMP) with a
characteristic β-barrel fold, have been identified. These two pathways are absolutely
essential to synthesize the outer membrane and contain an integral outer membrane
protein complex. (Braun and Silhavy, 2002; Voulhoux et al., 2003; Bos et al., 2004;
Wu et al., 2005). The large subunit of the integral outer membrane protein complex
required for OMP insertion, termed BamA or Omp85, is highly conserved among all
Gram-negative bacteria and thus makes an excellent computational biomarker for the
presence of an outer membrane like structure. The large subunit of the LPS insertion
complex, known as LptD, OstA or Imp, is less strongly conserved, but can also be used
as a computational biomarker for the presence of an outer membrane due to its long
sequence (784 amino acids in Escherichia coli K-12). We have also included TonB in our
analysis, since it is the canonical system for active transport across the outer membrane,
where it interacts with a family of β-barrel proteins. The TonB complex spans the
periplasmic space to interact with TonB dependent receptors in the outer membrane
(Pawelek et al., 2006). A gene encoding TonB was previously reported to be present
in the genome of anammox Planctomycete ‘Ca. K. stuttgartiensis’, but absent from the
genome of R. baltica (van Niftrik et al., 2010).
We have used the biomarkers described above to search the 22 genomes of
Planctomycetes and Verrucomicrobia available in Genbank, plus the recently published
genome of ‘Candidatus Scalindua profunda’ (van de Vossenberg et al., 2013). Additionally,
we have used the outer membrane protein database (OMPdb) (Tsirigos et al., 2011) and
BOMP (Berven et al., 2004) to determine the number of predicted outer membrane
proteins in these genomes. To ascertain that the identified genes are not remnants
of a no longer existing structure we have analyzed the available transcriptomes and
proteomes of anammox Planctomycetes ‘Ca. K. stuttgartiensis’ (Kartal et al., 2011a)
and ‘Ca. S. profunda’ (van de Vossenberg et al., 2013) for expression of OMPs in these
organisms.

7

Methods
Analyzed genomes
We have analyzed the genome sequences of members of the phyla Planctomycetes
and Verrucomicrobia available in Genbank (Benson et al., 2006) and the genome of
‘Ca. S. profunda’ (van de Vossenberg et al., 2013). We have included the Gram-positive
organism Bacillus subtilis subsp. subtilis strain 168 and Gram-negative model organism
Escherichia coli K-12 substrain MG1655 in our analyses as negative and positive control
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respectively, where appropriate. Phylogenetic trees were constructed using MEGA5
(Tamura et al., 2011).
BLAST searches
Preliminary BLAST searches with proteins involved in outer membrane biogenesis
(as reviewed in Silhavy et al., 2010) as query was used to select suitable computational
biomarkers for the presence of an outer membrane. Of the genes tested, only BamA and
LptD were both specific and conserved enough to provide unambiguous results based
on BLAST searches. Because these genes encode key subunits in the insertion of the two
major specific components of the outer membrane we are confident of their indicative
value for the presence of an outer membrane. TonB was added because of its specificity
to Gram-negative Bacteria and the associated TonB-dependent receptors.
The amino acid sequences of BamA (AAC73288.1), LptD (AAC73165.1) and TonB
(AAC74334.1) from E. coli K-12 substr. MG1655 were retrieved from Genbank and used
for BLASTp (McGinnis and Madden, 2004) searches against the taxa Planctomycetes
(taxid: 203682), Verrucomicrobia (taxid: 74201) and Bacilli (taxid: 91061). For all BLAST
searches, an E-value cutoff of 1 * 10-6 was used to avoid ambiguous results.
With E. coli LptD (AAC73165.1) as query only a single significant hit (E-value cutoff 10-6)
was obtained within both phyla: kustc0349 from ‘Ca. K. stuttgartiensis’ (CAJ71094.1),
E-value 7 * 10-8. This hit was used for a second round of BLAST against all three taxonomic
groups.
Using E. coli TonB as query, 8 significant hits were obtained against the Verrucomicrobia
(taxid: 74201). The best hit (TonB family protein of Chthoniobacter flavus (ZP_03129142.1)
E-value 1 * 10-11) was used for a second BLAST search against the three taxonomic
groups mentioned above. The best hit within the Planctomycetes of this round of
BLAST (hypothetical protein DSM3645_18436 (ZP_01093045.1) E-value 1 * 10-14) was
subsequently used for a third round against all three taxa.
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Outer membrane proteins
The outer membrane protein database (OMPdb) (Tsirigos et al., 2011) was searched
using the text search function, using the names of the 23 organisms in tables 7.1 and
7.2. Three of these organisms, as indicated in table 7.1 and 7.2, were not included in
the OMPdb, because their protein sequences have not been deposited in the Uniprot
database (Apweiler et al., 2011). The number of OMPs for these organisms was
predicted from the protein sequences in RefSeq, using BOMP with standard settings
and the additional BLAST option (Berven et al., 2004). The BOMP prediction of
‘Ca. S. profunda’ was manually improved using HHpred (Söding, 2005). The number of
TonB dependent receptors was predicted using the OMPdb search option within the
‘Outer membrane receptor (OMR-TonB dependent receptor) family’. Prediction of TonB
dependent receptors was validated using HHomp (Remmert et al., 2009). Signal peptide
prediction of predicted OMPs was performed using SignalP 4.0 with the Gram-negative

standard settings (Petersen et al., 2011) and prediction of subcellular localization of
predicted OMPs was performed using pSORTb 3.0 with Gram-negative standard settings
(Yu et al., 2010).
Transcriptome and proteome of ‘Ca. K. stuttgartiensis’ and ‘Ca. S. profunda’
The available transcriptome and proteome of anammox Planctomycetes ‘Ca. K.
stuttgartiensis’ (GEO-ID GSE15408; Peptidome ID PSE111) and ‘Ca. S. profunda’ (IMG/M
Taxon Object ID 2017108002 and 2022004002) (Kartal, Maalcke, et al., 2011; van de
Vossenberg et al., 2013) was used to assess if the genes predicted to be involved in outer
membrane biogenesis and the other outer membrane proteins were detected in this
organism. See the original papers (Kartal, Maalcke, et al., 2011; van de Vossenberg et
al., 2013) for details on the methods. Transcriptome data is quantified as reads mapped
per kilobase of sequence per million reads mapped (RPKM) (Mortazavi et al., 2008).
Proteome data is represented as peptides detected, peptides detectable and the emPAI
value (Ishihama et al., 2005).
Results and discussion
Outer membrane biomarkers
Using the described systematic BLAST approach, LptD, the large subunit of the LPS
insertion complex, and BamA, large subunit of the OMP insertion complex, could be
identified in all published genomes of Planctomycetes (Table 7.1). Additionally, between
8 and 26 OMPs were predicted in the Planctomycete genomes by the OMPdb, including
BamA and LptD. The number of OMPs predicted by BOMP in the Planctomycetes
Singulisphaera acidiphila and Gemmata obscuriglobus was much higher, but only
a very limited number, 3 and 5 respectively, of these predicted proteins had a BLAST
hit to a known OMP. TonB could only be identified in four of the Planctomycetes and,
consistently, TonB-dependent receptors were only predicted in these four organisms.
BamA and LptD could also be identified in all searched Verrucomicrobia genomes, except
for Diplosphaera colitermitum TAV2, where LptD seemed to be absent (Table 7.2). The
absence of LptD in this genome might be explained by the fact that it is a draft genome
consisting of 368 contigs. Considering the consistently close phylogenetic relationship
(based on both the 16S rRNA gene and BamA) to the other Opitutaceae analyzed
(Figure 7.2), it seems highly unlikely that the LptD gene is absent from D. colitermitum
TAV2 but present in the other three.
A higher number of OMPs than in Planctomycetes, between 15 and 68, was predicted.
The number of OMPs predicted for Verrucomicrobium spinosum, Opitutaceae bacterium
TAV1 and Opitutaceae bacterium TAV5 by BOMP, with a BLAST result to a known OMP,
was also within this range. The TonB system seems to be present in all Verrucomicrobia
searched, indicated by the presence of TonB and between 1 and 25 predicted TonB
dependent receptors.
Additionally, subcellular localization and signal peptide prediction of the predicted
OMPs in Planctomycetes and Verrucomicrobia was performed. Although more than
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Table 7.1 Presence of outer membrane biomarkers in genomes of Planctomycetes
Planctomycetes

7

Lipopolysaccharide
insertion

OMP insertion
and presence

TonB system

LptD
(Accession)
(E-value;
Identity)

BamA
(Accession)
(E-value;
Identity)

# of
predicted
OMP

TonB
(Accession)
(E-value;
Identity)

# of predicted
TonB
dependent
receptors
(OMPdb
(HHomp))

Pirellula staleyi

YP_003368667.1
1E-48; 23%

YP_003371193.1
1E-22; 24%

26

YP_003371025.1
1E-13; 38%

1
(1)

Blastopirellula
marina

ZP_01092284.1
3E-35; 23%

ZP_01088553.1
2E-21; 25%

32

EAQ78342.1
1E-14; 41%

1 (1)

‘Candidatus
Kuenenia
stuttgartiensis’

CAJ71094.1
0; 100%

CAJ70778.1
8E-46; 23%

28

CAJ71657.1
9E-08; 31%

5 (5)

Isosphaera
pallida

YP_004178124.1
4E-29; 21%

YP_004178563.1
2E-19; 29%

9

-

0

Planctomyces
maris

ZP_01852756.1
2E-42; 26%

ZP_01854098.1
2E-26; 25%

26

-

0

Rhodopirellula
baltica WH47

EGF29813.1
3E-29; 30%

EGF26385.1
4E-17; 27%

28

-

0

Rhodopirellula
baltica SH1

NP_867548.1
2E-29; 30%

NP_869683.1
4E-17; 27%

30

-

0

Planctomyces
limnophilus

YP_003628155.1
8E-34; 26%

YP_003630390.1
4E-18; 23%

21

-

0

Planctomyces
brasiliensis

YP_004271055.1
7E-31; 33%

YP_004267741.1
6E-23; 24%

19

-

0

Singulisphaera
acidiphila

ZP_09572611.1
5E-22; 22%

ZP_09570611.1
2E-18; 30%

30

-

0

Gemmata
obscuriglobus

ZP_02735880.1
1E-25; 22%

ZP_02737369.1
1E-30; 24%

93 (5)1

-

02

scal02173
2E-24; 24%

79 (14)1

scal00842
2E-11; 38%

52 (5)

‘Candidatus
Scalindua
profunda’

scal00366
6E-168; 35%

1

OMP numbers for these organisms were predicted using BOMP. Numbers between brackets indicate BLAST
hits against known OMP.
2 the number of TonB receptors was based on BLAST hits to TonB dependent receptors

half of predicted OMPs (53% in Planctomycetes and 68% in Verrucomicrobia) was
predicted to be located in an Outer Membrane, a substantial group of query proteins
(38% in Planctomycetes and 28% in Verrucomicrobia) could not confidently be assigned a
location. Even so, only a small percentage of query proteins (6% and 3% of Planctomycetes
and Verrucomicrobia respectively) was assigned as located cytoplasmic or in the CM,
supporting the accuracy of the OMPdb prediction. Signal peptides were only predicted
in 34% of predicted Planctomycete OMPs and 60% of Verrucomicrobia OMPs.
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Table 7.2 Presence of outer membrane biomarkers in genomes of Verrucomicrobia
Verrucomicrobia

Lipopolysaccharide
insertion

OMP insertion and presence

TonB system

LptD
(Accession)
(E-value;
Identity)

BamA
(Accession)
(E-value;
Identity)

# of
predicted
OMP

TonB
(Accession)
(E-value;
Identity)

# of predicted
TonB
dependent
receptors
OMPdb
(HHomp)

Chthoniobacter
flavus

ZP_03128876.1
8E-26; 22%

ZP_03131538.1
5E-41; 26%

52

ZP_03129142.1
5E-171; 100%

1 (1)

Methylacidiphilum
infernorum V4

YP_001938690.1
4E-12; 31%

YP_001939404.1
5E-57; 25%

21

YP_001940656.1
8E-20 46%

3 (3)

Pedosphaera
parvula Ellin514

ZP_03630175.1
3E-28; 23%

ZP_03629305.1
3E-47; 24%

41

ZP_03632618.1
7E-16; 46%

2 (2)

Akkermansia
muciniphila

YP_001878042.1
9E-12; 23%

YP_001877660.1
1E-42; 26%

20

YP_001877830.1
1E-06; 35%

2 (2)

Opitutus terrae

YP_001820719.1
4E-09; 23%

YP_001819216.1
2E-39; 22%

59

YP_001820716.1
1E-15; 41%

16 (16)

Coraliomargarita
akajimensis

YP_003548125.1
9E-16; 23%

YP_003548772.1
3E-45; 28%

46

YP_003549454.1
2E-09; 30%

8 (8)

Verrucomicrobiae
bacterium DG1235

ZP_05056722.1
3E-05; 22%

ZP_05056601.1
1E-40; 24%

68

ZP_05059160.1
4E-08; 34%

23 (23)

Diplosphaera
colitermitum TAV2

-

ZP_03724090.1
1E-39; 28%

31

ZP_03726249.1
3E-07; 39%

4 (4)

Opitutaceae
bacterium TAV1

ZP_09662317.1
2E-17; 23%

ZP_09664527.1
6E-47; 24%

55

ZP_09664015.1
1E-10; 38%

12 (12)

Opitutaceae
bacterium TAV5

ZP_09595552.1
1E-18; 23%

ZP_09595454.1
5E-47; 24%

65

ZP_09594113.1
1E-10; 38%

13 (13)

Verrucomicrobium
spinosum

ZP_02927846.1
1E-12; 22%

ZP_02926363.1
8E-51; 25%

156 (21)1

ZP_02926217.13
0,021; 39%

82 (8)

1 OMP

numbers for these organisms were predicted using BOMP. Numbers between brackets indicate BLAST
hits against known OMP.
2 the number of TonB receptors was based on BLAST hits to TonB dependent receptors
3 Although E-value of this hit was below the cutoff of 1 * 10-6, the protein is annotated as a TonB family protein
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This, and the large percentage of query proteins without predicted subcellular localization,
could be due to the large phylogenetic distance between the PVC-superphylum and
the Proteobacteria used in the training of the Gram-negative specific versions of
these algorithms. Indeed it has been reported that the Eukarya setting of signalP 3.0
produced better results in deep branching Planctomycete ‘Ca. K. stuttgartiensis’ than its
Gram-negative setting (Medema et al., 2010).
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Figure 7.2. Phylogeny of the 16S rRNA gene and identified BamA sequences
Maximum likelihood trees of Planctomycetes and Verrucomicrobia based on 16S rRNA nucleotide
(A) and BamA protein (B) sequences. Bootstrap values represent 1000 replicates, only bootstrap
values over 50 are shown.
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Transcriptome and proteome of ‘Ca. K. stuttgartiensis’ and ‘Ca. S. profunda’
Transcriptome and proteome analyses of anammox bacteria ‘Ca. K. stuttgartiensis’
and ‘Ca. S. profunda’ have been published recently (Kartal et al., 2011a;
van de Vossenberg et al., 2013). Here we have used these data to confirm the presence
of predicted outer membrane proteins in these Planctomycetes. In ‘Ca. K. stuttgartiensis’,
eight out of the 25 genes predicted to encode OMPs, including the genes encoding
BamA and LptD, show high expression (RPKM > 100) in the transcriptome. An additional
six genes predicted to encode OMPs show intermediate expression (100 > RPKM > 20).
The remaining 11 genes were expressed at very low levels. Six of the predicted OMPs
were also detected in the proteome, despite the bias against membrane proteins
(Rabilloud, 2009) (Table 7.3).
Table 7.3 Gene and protein expression of outer membrane proteins in anammox Planctomycete
‘Candidatus Kuenenia stuttgartiensis’.
Proteome1

Locustag

Transcriptome
(RPKM)

kusta0033

308.46

BamA

kustc0349

146.51

lptD

kustc0496

173.06

kustc0873

20.39

kustc0917

3.73

kustd1372

378.6

27/6 (0.7)

OMPdb
Family

Predicted function

FadL

transport of fatty acids/aromats

Secretin

Type II and III secretion pathway

TonB receptor
64/2 (0.1)

OMF

type I secretion pathway

kustd1867

47.24

kustd1878

13020.06

TonB receptor

kustd1921

194.58

OMF

type I secretion pathway

kustd2054

11.32

oprP

phosphoporin

kustd2140

19.24

TonB receptor

kuste2280

9.14

OMF

type I secretion pathway

kuste2389

83.94

Secretin

Type II and III secretion pathway

kuste2910

124.89

OMF

type I secretion pathway/multidrug efflux

kuste3260

23.28

unkown III

kuste3413

7.49

oprP

phosphoporin

kuste3587

12.17

SspA

salt stress inducible/ function unknown

kuste3782

60.58

TonB receptor

active Iron transport

kuste3954

9.37

OprB

carbohydrate selective porin

kuste3957

10.12

TonB receptor

59/26 (1.8)

OMPJ

kuste4044

54.27

49/8 (0.5)

unkown III

kuste4280

452.84

52/10 (0.6)

OMF

type I secretion pathway/heavy metal efflux

kuste4300

1578.29

59/2 (0.1)

OMF

type I secretion pathway/heavy metal efflux

kuste4619

4.8

OMF

type I secretion pathway/heavy metal efflux

25.34

OMF

type I secretion pathway/heavy metal efflux

kuste4635
1 Observable

7

peptides/Observed peptides (emPAI))
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In ‘Ca. S. profunda’, 12 out of the 27 genes predicted to encode OMPs show high expression
(RPKM > 100) in the transcriptome. Like in ‘Ca. K. stuttgartiensis’, genes encoding both
LptD and BamA were highly expressed under the conditions the transcriptome was
determined. An additional four genes predicted to encode OMPs show intermediate
expression (100 > RPKM > 20). The remaining 11 genes were either expressed at very
low levels or not detected at all. Six of the predicted OMP genes, including BamA and
LptD were also detected in the proteome (Table 7.4).
Table 7.4 Gene and protein expression of outer membrane proteins in anammox Planctomycete
‘Candidatus Scalindua profunda’.
Locustag

Transcriptome (RPKM)

Proteome1

scal00239

510.09

24/3 (0.3)

scal00366

122.83

90/2 (0.1)

scal01034

343.21

scal01281

359.89

scal01336

0

scal01339

0

scal01520

58.43

scal01555

0

scal01556

0

scal01588

27.39

scal01751

9.52

scal02037

571.76

Predicted function
LptD

22/1 (0.1)
outer membrane efflux protein
cation efflux protein CzcC

carbohydrate-selective porin protein,
OprB family
carbohydrate-selective porin protein,
OprB family

7
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scal02064

0

scal02111

3134.97

48/6 (0.4)
70/5 (0.2)

scal02173

393.06

scal02913

100.52

BamA

scal02922

102.47

scal03281

0

scal03435

101.24

TonB-dependent receptor protein

scal03470

167.35

Phosphate-selective porin O and P

scal03562

64.34

TonB-dependent receptor protein

scal03637

0

scal03717

0

scal03718

0

polysaccharide export protein

scal03801

0

Carbohydrate-selective porin

scal03805

184.61

scal04137

40.13

outermembrane efflux protein

TonB-dependent receptor protein
15/1 (0.2)

TonB-dependent receptor protein

orf06741
33/1 (0.1)
1 Observable peptides/Observed peptides (emPAI))

TonB-dependent receptor protein

Thus, proteins with a β-barrel fold specific for OMPs were predicted in all Planctomycetes
and Verrucomicrobia genomes and detected in the transcriptome and proteome of
‘Ca. K. stuttgartiensis’ and ‘Ca. S. profunda’. The absence of most predicted OMPs from
the proteome of both organisms is expected, considering the bias of proteomic analysis
against membrane proteins (Rabilloud, 2009). Thereby, not all OMPs are expected to be
(highly) expressed under the conditions tested. It is, however, striking that both LptD
and BamA are clearly detectable and a predicted OMP is amongst the highest expressed
genes in both ‘Ca. K. stuttgartiensis’ and ‘Ca. S. profunda’ (Table 7.3 & 7.4), analogous to
expression of OmpA in E. coli.
These findings provide a strong indication of the presence of a structure similar to the
outer membrane of Gram-negative bacteria in members of both phyla. However, the
supposed absence of peptidoglycan in Planctomycetes does indicate an unusual cell
envelope. In absence of peptidoglycan, another component of the cell envelope is
required to maintain cell shape. This role could be fulfilled by the proteinaceous cell
wall, in a similar way S-layers are thought to fulfill this role in Archaea (Engelhardt, 2007).
On top of that, it is tempting to speculate that the position of the proteinaceous cell
wall, anchored in the outer membrane, would eliminate the need for the synthesis
of O-antigen. The O-antigen is usually involved in protection of the cell surface, but
the Planctomycete proteinaceous cell wall could fulfill this function, thus explaining
the absence of a biosynthetic pathway for the O-antigen of LPS as described for
R. baltica SH1 (Glöckner et al., 2003).
To the best of our knowledge, the absence of peptidoglycan from Verrucomicrobia has
only been suggested in Coraliomargarita akajimensis (Yoon et al., 2007). In contrast,
electron micrographs of various methanotrophic Verrucomicrobia indicate the presence
of peptidoglycan (van Teeseling et al., 2014a). Combined with the number of OMPs
(comparable to E. coli) in some species, this seems to indicate that the Planctomycete
cell envelope architecture does not extend to all Verrucomicrobia. More experimental
evidence will be required to assess to what extent member of both phyla share their
cellular organization.
An outer membrane and the Planctomycete cell envelope
The standard Planctomycete cell plan features at least two cytoplasmic compartments,
separated by an intracytoplasmic membrane (ICM). The outermost membrane is termed
the cytoplasmic membrane (CM) and the composition of the ICM and the CM are
supposed to be similar (Fuerst and Sagulenko, 2011). However, our analysis suggests
that either of these membranes, based on its lipid and protein components, has the
characteristics of an asymmetric bilayer outer membrane. Although our analysis cannot
distinguish if the CM or the ICM could be ‘outer membrane like’, there seem to be few
arguments why the ICM would be similar to an outer membrane. Both from a functional
and an evolutionary perspective an ‘inside out’ organization of cytoplasmic membrane
and outer membrane in all Planctomycetes seems unlikely. We therefore hypothesize
that the outermost membrane, localized directly underneath the proteinaceous cell
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wall, has outer membrane characteristics. We thus propose that the intracytoplasmic
membrane is the actual cytoplasmic membrane and the paryphoplasm an enlarged,
potentially specialized, periplasm (figure 7.3). This seems to be in good agreement with
almost all available data, as discussed below, with one exception. The presence of an
ATPase on the outermost membrane of ‘Ca. K. stuttgartiensis’ does not seem to fit with
the idea that the outermost membrane is ‘outer membrane like’ (van Niftrik et al., 2010).
At present we have no satisfying explanation for this. On the other hand, it has not been
shown that the detected ATPase acts as an ATP synthase, or has another function that
requires an energized membrane.
In this respect, it is also interesting to mention the Archaeon Ignicoccus hospitalis,
which possesses a cell plan unique for Archaea, consisting of two membranes
(Albers and Meyer, 2011). The outermost, asymmetric bilayer, membrane has long
been described as an outer membrane, in which many 2 nm pores are preset, that
are formed by the major membrane protein Ihomp1 (formerly known as Imp1227)
(Burghardt et al., 2007). Ihomp1, however, has no beta-barrel shape, but includes
an alpha-helical domain (Burghardt et al., 2007). The localization of an ATPase in this
outermost membrane (Kueper et al., 2010), raised questions about the possibility of an
outer, pore containing, membrane being energized. Recently, the outermost membrane
has been redefined as “outer cellular membrane” (OCM), because this Archaeal
membrane is clearly different from typical Gram-negative outer membranes
(Huber et al., 2012). In addition, the ‘periplasm-like’ inter-membrane compartment
region is extremely large and is thought to be the location of ATP synthesis and
important metabolic reactions (Huber et al., 2012) and is therefore no typical periplasm.
The OCM of I. hospitalis shows less similarity to a classical Gram-negative outer
membrane than the outermost membrane of Planctomycetes, but serves as an example
that the canonical classification of microbial cell envelopes might be too black and white.
proteinaceous cell wall
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Figure 7.3. Proposed model
for
Planctomycete
cellular
outer membrane
(assymetric bilayer)
organization.
In this model, the outermost
periplasmic space
membrane has characteristics of
an outer membrane (OM), thus the
cytoplasmic membrane
outermost compartment is defined
(phospholipid bilayer)
as a (potentially specialized)
periplasm. The key feature, which
cytoplasm
sets Planctomycetes apart from
normal Gram-negative Bacteria,
of this proposed model is plasticity
of the cytoplasmic membrane (CM). As observed in previous studies the CM is locally uncoupled
from the other parts of the cell envelope that confer structural integrity, allowing folding as
illustrated above.

Cytoplasmic membrane plasticity as unique feature of the Planctomycete cell plan
Considering the outermost membrane as ‘outer membrane like’ does not imply
that Planctomycetes possess a typical Gram-negative cell envelope. The enlarged
periplasmic space observed in for example G. obscuriglobus, P. limnophilus, and I. pallida
(Lindsay et al., 2001) indicates a (partial) uncoupling of the cytoplasmic membrane
from the rest of the cell envelope (Figure 7.3). This was attributed to the lack of
peptidoglycan in the published version of this chapter, but this interpretation has
been rendered obsolete by the recent discovery of peptidoglycan in Planctomycetes
(van Teeseling et al., 2015; Jeske et al., 2015). Nevertheless, the uncoupling of the
cytoplasmic membrane from the remainder of the cell envelope is an unusual feature
amongst Bacteria and would allow the cytoplasmic membrane to bend independently
of the (shape of the) proposed outer membrane. Our observation that various
components of the TonB system, which forms a structural bridge across the periplasm
(Pawelek et al., 2006), are absent from most Planctomycetes fits well to this theory.
Increased cytoplasmic membrane flexibility could result in an enlarged periplasm,
as observed in various Planctomycetes (Lindsay et al., 2001). We thus propose a
new theory for the Planctomycete cell plan, where membrane plasticity rather than
compartmentalization is the key characteristic setting this unique group of organisms
apart from others. In our opinion this theory is in better agreement with available data
than the current theory on the Planctomycete cell organization. First, it gives a suggestion
towards a functional explanation for the observed cell structure of Planctomycetes,
which thus far has been lacking. It also explains the data discussed above, suggesting
the presence of an outer membrane. Additionally, it explains the absence of a canonical
FtsZ gene from the genome of all sequenced Planctomycetes (Bernander and Ettema,
2010). A cell division structure located in the cytoplasm, according to our theory,
would only divide the cytoplasmic membrane, but not the entire cell. In contrast, the
cell division ring of ‘Ca. K. stuttgartiensis’ is located in the periplasmic space, thus
capable of bridging the gap between both membrane layers (van Niftrik et al., 2009).
The flexibility of the cytoplasmic membrane (Figure 7.3) of some Planctomycetes
could be facilitated by the membrane coat proteins predicted for the Planctomycetes
(Santarella-Mellwig et al., 2010).
Although our theory is consistent with most available data, more work will definitely be
necessary to validate the proposed theory. The recent development of a genetic system
for Planctomyces limnophilus will be very useful in this respect (Jogler et al., 2011).
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Concluding remarks
We have analyzed the 22 available genomes of Planctomycetes and Verrucomicrobia
for the presence of outer membrane biomarkers and were able to identify these in all
genomes searched. Combined with earlier experimental data this provides a strong
indication for the presence of an outer membrane in members of both these phyla.
Based on this finding we have proposed a new model for the Planctomycete cell plan,
in which plasticity of the cytoplasmic membrane is key. This membrane plasticity sets
Planctomycetes apart from any other bacterium, Gram-negative or positive, since both
types possess a cytoplasmic membrane coupled to the structural component of the
cell envelope allowing only limited flexibility of the cytoplasmic membrane. Our theory
represents a change to the paradigm of the Planctomycete cell structure. Although this
certainly has implications for their position in the evolutionary debate, we consider this
outside the scope of this work.
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Anammox bacteria
Since their discovery in 1995, the biology of anammox bacteria has been intensely
studied in enrichment cultures (Kartal et al., 2011b). One of the challenges in culturing
of anammox bacteria is their long doubling time (Kartal et al., 2011b). This was initially
dealt with using sequencing batch reactors (SBR), for optimal biomass retention
(Strous et al., 1998). SBRs select for flocculent/granular biomass that settles
quickly, thus also promoting growth of heterotrophs degrading the extracellular
floc matrix. Despite this inherent limitation, the level of enrichment in SBRs was
high enough to reconstruct a culture-independent genome of anammox bacterium
‘Candidatus Kuenenia stuttgartiensis’ from sequencing data obtained from an SBR
(Strous et al., 2006). The ‘Ca. K. stuttgartiensis’ draft genome was one of the early
landmark studies that paved the way for a genome-centered interpretation of
metagenomic sequencing data (Sharon and Banfield, 2013). It would take another
six years before the second genome of an anammox bacterium would be published
(van de Vossenberg et al., 2013). By then, benchtop sequencers had been released and
assembly algorithms for short read data had advanced, accelerating data generation and
analysis and resulting in six more genomes released in the next three years. Of these,
four resulted from the work during the period of this thesis; ‘Candidatus Scalindua
rubra’ (Chapter 3), ‘Candidatus Scalindua brodae’ (Chapter 4.1, Speth et al., 2015),
‘Candidatus Brocadia sinica OLB1’ (Chapter 5), and ‘Candidatus Brocadia fulgida’
(not included in this thesis, Ferousi et al., 2013).
The ‘Ca. K. stuttgartiensis’ draft genome was not only a landmark study for cultureindependent genomics, it also was a milestone in anammox research, providing a
wealth of hypotheses on anammox physiology and biochemistry (Strous et al., 2006;
Kartal et al., 2013). Even more important than the ‘Ca. K. stuttgartiensis’ draft
genome was the replacement of SBRs with membrane bioreactors that use a filter,
rather than settling, for biomass retention and thus select for suspended single cells
(van der Star et al., 2008). This innovation enabled an improvement of enrichment
level from approximately 70% to approximately 95%, an estimate based on inclusion of
>95% of the reads in a draft genome from the resequencing of the Ca. K. stuttgartiensis’
culture to identify the S-layer protein (van Teeseling, 2014b). With these highly enriched
cultures, biochemistry and more refined physiology experiments have become feasible,
putting the hypotheses from the genomics data to the test (Kartal et al., 2011a;
Maalcke 2012; Hu 2014; de Almeida 2014). Findings of these studies feed back into
hypothesis generation, and lead to a more refined and complete understanding of
anammox physiology.
Complementary to experimental verification, the availability of more genome data
from a broad range of anammox bacteria enables refining of insights gained from the
‘Ca. K. stuttgartiensis’ draft genome. Use of this resource has been limited thus far,
although the presence of orthologs of a few specific genes of ‘Ca. K. stuttgartiensis’ in
‘Candidatus Scalindua profunda’ was used to support their essentiality for anammox
metabolism (Kartal et al., 2013). In this thesis we have used anammox genome data for

hypothesis generation in the final two chapters. In chapter 7, we have used the available
genome and transcriptome data on anammox bacteria and other Planctomycetes to argue
that the cell envelope of Planctomycetes is a variant on the canonical Gram-negative
cell envelope. Recently, several experimental studies have confirmed this interpretation
(van Teeseling 2015; van Teeseling et al., 2015; Jeske et al., 2015), prompting rewriting of
the textbooks. In chapter 6, we have used a more general comparative analysis to define
an anammox core gene set. We then queried this core set for anammox specific genes
with links to fatty acid synthesis, in search of a ladderane lipid biosynthesis pathway.
This analysis illustrates the power of comparative genomics in narrowing down
candidate genes for a specific function, as it became immediately obvious that the
previous candidate operon for ladderane biosynthesis was not conserved in most
anammox bacteria and thus could be eliminated as a candidate (Strous et al., 2006;
Rattray et al., 2009). The analysis performed in chapter 6 also illustrates a major
limitation of comparative genomics; most of the detected anammox-specific genes
were hypothetical proteins, often without genomic context linking to a gene of known
function. Despite this limitation, our comparative analysis may provide clues to several
of the major remaining questions in anammox biology. A few of these open questions
are discussed below.
Ladderanes
As mentioned at the end of chapter 6, our proposed ladderane biosynthesis pathway
requires minimal modifications of the sequence of reactions of canonical lipid
biosynthesis. To accommodate the unusual fatty acid chain, alternative enzymes
catalyzing the reduction and dehydration steps in the elongation cycle would be
required. A full complement of these is present in all anammox bacteria sequenced thus
far. The anammox-specific acyl carrier protein (amxACP, kuste3603) encoded in operon 3
(Rattray et al., 2009; Chapter 6) is key to the hypothetical ladderane lipid biosynthesis
pathway. In regular ACP, the nascent fatty acid is folded in between loop 1 and
helix 2 of the protein (Roujeinikova et al., 2002; Byers and Gong, 2007). A phenylalanine
residue in loop 1 at position 28 (E. coli numbering) is thought to be involved in
coordination of the fatty acid chain (Byers and Gong, 2007). In addition to F28,
loop 1 of amxACP also contains another phenylalanine next to it, as well as a tryptophan at
position 23, which is part of a two-residue insertion unique to amxACP. These additional
large aromatic residues could aid in coordinating the growing ladderane moiety.
The ACP superfamily is involved in synthesis a wide array of polymeric molecules,
from fatty acids to polyketides, non ribosomal peptides and peptidoglycan
(Cane and Walsh, 1999; Neuhaus and Baddiley, 2003). In Rhizobia, specific ACPs are
required for the interaction with the legume hosts (Geiger and López-Lara, 2002). Each
ACP-like protein has the same core fold with adaptations for the specific biosynthetic
pathway (Byers and Gong, 2007). It thus stands to reason that the ladderane biosynthetic
pathway would employ its own ACP, unique to anammox bacteria. Overexpression of
one of the ACPs encoded by Azospirillum brasilense in Escherichia coli resulted in an
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altered lipid composition (Jha et al., 2007), supporting the presence of distinct ACPs for
distinct lipids.
We propose a stepwise cyclization pathway in which the ladderane chain is extended
with one cyclobutane moiety with each insertion of two carbon atoms at the alpha side
of the nascent fatty acid chain. Stepwise cyclization does not provide a compelling reason
why no lipids with ladderanes comprising less than 12 carbon atoms were observed.
The minimum length of the ladder might be governed by the fabZ homolog (kuste3604)
in operon 3. From canonical fatty acid biosynthesis it is known that fabZ can initiate
the switch from saturated to unsaturated fatty acid biosynthesis by formation of a cis
rather than trans double bond (Rock and Jackowski, 2002). The maximum length of the
ladder is likely governed by amxACP, and dependent on the coordination of the nascent
fatty acid inside this protein. Alternatively, the maximum length of the ladder might be
limited by the strain on the molecule. It has been shown that cyclobutane rings are
under high strain, which increases with more linked rings (Damsté et al., 2002a). This
could also explain the presence of lipids with an alpha proximal cyclohexane ring as bond
breaks resulting from excess strain on the molecule. However, this would not explain
why the cyclohexane ring is only observed alpha proximal. An alternative explanation
for the formation of the cyclohexane ring could lie in operon 2, which encodes a
paralog of the radical SAM enzyme (kuste2803), as well as paralogs of both fabF genes
(kuste2804 and kuste2805), but no paralog of the fabZ (kuste3603) gene or the reductase
(kuste3607). The amxACP could shuttle the nascent fatty acid to the fabF encoded by
kuste2805 rather than fabB encoded by kuste3606 in response to a formation of the
double bond in trans rather than cis. During growth conditions in the enrichment
reactor, operon 3 is much higher expressed than operon 2 in ‘Ca. K stuttgartiensis’, but
both are detectable (Kartal et al., 2011a). This supports a minor role, such as inserting
the cyclohexane moiety, for operon 2. This hypothesis could be substantiated by detailed
analysis of the sequences of the fabB and radical SAM protein paralogs and obtaining
crystal structures of the native enzymes. Heterologous expression of either and both
operons could prove their roles in ladderane biosynthesis. Alternatively, as proposed
previously and in chapter 6, a poly-unsaturated fatty acid of at least C14 could be
synthesized before a radical reaction is initiated. This would reduce the energy cost of
formation, as only a single proton abstraction from the omega carbon could initiate a
chain reaction. In addition, the length of the ladder could be controlled by controlling
the length of the nascent fatty acid chain analogous to mechanism used to control length
of regular fatty acids.
Even though we have provided a new hypothesis on the biosynthesis pathway for
ladderane lipids, the question about their role in the physiology of anammox bacteria
remains open. Initially, based on enriched ladderane content of partially purified
anammoxosomes it was assumed that they would render the anammoxosome
membrane impermeable to gaseous intermediates of anammox metabolism
(Damsté et al., 2002). However, later experiments have shown that hydrazine
diffuses into and out of cells of ‘Ca. K. stuttgartiensis’ albeit when present at much

higher concentrations than would be observed under physiological conditions
(Kartal et al., 2011a). A recent study with more highly enriched anammoxosomes found
no differences in ladderane content between the fractions (Neumann et al., 2014).
Validation of our proposed pathway could lead to the availability of ladderanes in
expression hosts, which would make more tractable biomass available for experiments
to elucidate the properties of ladderane lipids.
Protein targeting
Another major unanswered question in anammox physiology is the targeting of
proteins to the various compartments. Analysis of the signal peptide sequences or
known protein translocation machinery has not provided clear clues on a mechanism
(Medema et al., 2010). One study attempted to computationally define an
anammoxosome organellar proteome, based on the genome and bulk proteome of
’Ca. K. stuttgartiensis’ (Medema et al., 2010; Kartal et al., 2011a). The obtained
gene set was largely consistent with recent results obtained using subtractive
proteomics with whole cells and subcellular fractions of ‘Ca. K. stuttgartiensis’
(Neumann et al., 2014). However, even though a set of organellar proteins is inferred,
the basis for their organellar targeting remains unclear. As this is a general feature
of anammox bacteria, we have queried the anammox specific gene set obtained in
chapter 6, for genes possibly involved in protein targeting.
One of the conserved genes of the anammox specific gene set is neighboring the
hydrazine dehydrogenase (HDH) in all genomes studied. It encodes a protein with no
recognizable features, other than 19 tetratricopeptide repeats (TPR). As it is co-localized
with the HDH and also has a signal peptide, it is most probably transferred into the
anammoxosome and might function as an important organizer of the proteins involved
in core metabolism. Elucidating the interactions of kustc0695 or its equivalent in
other anammox bacteria, might provide insight in the elusive electron acceptor of the
hydrazine oxidation reaction (Kartal et al., 2013).
As TPR proteins have been shown to be involved in persoxisomal and endosomal
targeting of proteins in eukaryotes (Brocard et al., 1994; Clairfeuille et al., 2015),
our finding of a TPR containing protein conserved in anammox species led us to
further assess the conservation of TPR containing proteins in the anammox genomes.
Of the 63 TPR proteins in the genome of ’Ca. K. stuttgartiensis’ 27 were conserved in
the initial anammox core genome and 20 were specifically present in all eight genomes.
However, neither the primary sequence nor the genomic context of these 20 conserved
TPR proteins was strongly indicative of a role in anammoxosomal or periplasmal
protein targeting. Whether TPR containing proteins play any role in targeting proteins
to compartments other than the cytoplasm remains an open question, but the high
number of TPR proteins present in most anammox genomes makes them attractive
targets for further study.
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Octaheme cytochrome c proteins
The physiological role of three of the ten octaheme cytochrome c proteins in anammox
bacterium ‘Ca. K. stuttgartiensis’ is known. Two of these encode for hydrazine
dehydrogenase that converts hydrazine to dinitrogen gas (Maalcke 2012), whereas the
third converts hydroxylamine to nitric oxide (Maalcke et al., 2014). Of the remaining
seven octaheme cytochrome c proteins (OCCs) three are conserved in all Brocadiales,
three are conserved in only the Brocadiaceae and one is conserved only in ‘Candidatus
Brocadia fulgida’ and two Scalindua species. The high conservation of OCC proteins
throughout the Brocadiales order implies these proteins have an important role in
anammox metabolism. One of the essential steps in anammox metabolism is the
reduction of nitrite to nitric oxide, but the physiological nitrite reductase remains
the subject of debate. All members of the Scalinduaceae encode a heme cd1-type
nitrite reductase (nirS) and this gene was highly expressed in ‘Ca. S. profunda’
(van de Vossenberg et al., 2013; Speth et al., 2015). The genome of ‘Ca. K. stuttgartiensis’
also contains nirS, but its expression under enrichment conditions is very low
(Strous et al., 2006; Kartal et al., 2011a). The other Brocadiaceae lack a nirS gene, but
‘Ca. B. fulgida’ and ‘Ca. J. caeni’ encode a copper containing nitrite reductase (nirK)
instead (Hira et al., 2012; Ferousi et al., 2013). Interestingly, the genomes of ‘Ca. B.
sinica OLB’ and ‘Ca. B. sinica JPN’ and ‘Ca. S. rubra’ encode neither a nirK nor a nirS.
This inconsistency in the genetic capability of nitrite reduction is at odds with the
central role of this process in the anammox metabolism. Rather than being catalyzed
by the aforementioned enzymes, nitrite reduction could be catalyzed by one of the
conserved OCCs. As pointed out in chapter 6, related clusters 5, 6 and 7 all lack the
crosslinking tyrosine and thus likely catalyze a reductive reaction (Klotz et al., 2008;
Kartal et al., 2013). As all three clusters are conserved in all anammox bacteria sequenced
to date, It seems plausible that one of these catalyzes the reduction of nitrite to nitric oxide.
Next to the reduction of nitrite to nitric oxide, ‘Ca. K. stuttgartiensis’ was also shown to
reduce nitrite to ammonia, but no pentaheme nitrite reductase (nrf) or siroheme nitrite
reductase (nirBD) could be identified in the genome (Kartal et al., 2007). The genomes
of all other Brocadiaceae, ‘Ca. B. fulgida’, ‘Ca. B. sinica OLB’, and ‘Ca. B. sinica JPN’ and
‘Ca. J. caeni’, do encode a nrf. Again, it is possible that this reaction is catalyzed by one
of the OCCs. Although none of these have the CxxCK motif at the site coordinating the
catalytic heme as is known for nrfA and OCC-nir, nrfA sequences with a CxxCH motif
coordinating the catalytic heme are also known (Klotz et al., 2008). It remains to be seen
what the role of the other OCC’s are. Especially in view of environmental adaptation it
will be interesting to further investigate the role of the Brocadiaceae specific clusters.
Metagenomics
In addition to applying metagenomic analysis to obtain genome sequences of anammox
bacteria, we have in this thesis attempted to illustrate the transition from gene-centered
metagenomics to genome-resolved metagenomics. Chapter 2 uses two reference
dependent methods to obtain information on the ecology of the Arabian Sea oxygen
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minimum zone. In Chapter 2.1 we use diagnostic marker genes for the processes
of the nitrogen cycle, to illustrate which processes could be dominant in the system.
The use of BLASTx in this approach allows discovery of distant homologs of known
enzymes. As used in chapter 2.1, it provides an overview of genetic potential for known
processes in an environment. Alternatively, mining metagenomes for specific marker
genes combined with the BLAST score ratio for false-positive removal can be used to
assess all public metagenomes for the presence of a specific pathway or phylogenetic
clade, as we have done a recent study on Crenothrix-like pmoA gene sequences
(van Kessel et al. 2015). A major caveat of this approach is that it will only return
what was searched for. Even though shotgun metagenomics is a primer independent
method, and thus requires no prior knowledge of the gene sequence to yield matching
sequences, it does require knowledge of the genes encoding proteins relevant for the
process studied. In cases where this knowledge is lacking, such as the nitrite reductase
of anammox bacteria mentioned above, this gene-centered method will miss genes
potentially important for environmental processes of interest.
In Chapter 2.2 we used read recruitment to a reference genome, which can be used to
assess the similarity or dissimilarity of organisms present in the environment studied to
the reference, when assembly is not an option. The major benefit of this approach is that
even with very low coverage of the genome, the presence of large genomic regions can
be assessed. It can also aid assembly, when the reads mapping to a reference genome
are extracted and assembled as a single genome. As shown in chapter 2.2, this approach
can also indicate the strain diversity of an organism of interest. As most sequencing
errors are random, a variant present on multiple reads can often be confidently called,
especially if linked variants are observed.
Chapter 3 illustrates that even with moderate sequencing throughput, near complete
genomes can be obtained from extreme environments harboring low diversity. This
builds on the early breakthroughs achieved in acid mine drainage by the Banfield lab
(Tyson et al., 2004). It also illustrates that features, such as the presence of gas vesicle
proteins, can be linked to an organism even though no related organisms possess this
capability. Recent work on nitrifying organisms has illustrated that the presence of a
single enzyme in a genome can expand our knowledge on the ecological niche of
organisms (Koch et al., 2014; Palatinszky et al., 2015; Koch et al., 2015). These studies
also illustrate the value of enrichment cultures to provide material for experimental
validation of hypotheses from genome data. However, enrichment is often a slow and
laborious process, and in contrast to metagenomics difficult to scale to the enormous
microbial diversity. In the aforementioned studies, the enrichment culture was leading,
followed by a sequencing effort to understand the genetics of the enriched organisms.
Turning this around by basing enrichment and culturing of microorganisms on initial
metagenomic analysis has truly transformative potential for microbiology.
Chapter 5 could provide a step in this direction. The experimental design used in this
chapter was chosen to provide maximal resolution for genome retrieval from the
metagenome. On top is this, by sample fractionation into untreated sample and washed
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granules, the niche differentiation required for the partial nitritation anammox process
could be captured in the data. For this study, this approach allowed assigning the
retrieved genomes to a niche based on their fractionation in the data as well as their
genome content. A surprising find was the co-occurence of a Candidate Phylum OD1
organism with one of the Bacteroidetes species in the wastewater treatment plant. Their
virtual absence from the granular biomass could indicate a shared specific niche, such as
in the intracellular space of one of the single-celled eukaryotic grazers in the system, as
observed for another OD1 organism (Gong et al., 2014). Expanding upon this approach
to combine high throughput fine-grained fractionation with metagenomic sequencing
could provide insight in microbial interactions. When correlated with high-resolution
environmental data, this might provide guidance for co-enrichment of target organisms.
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Outlook for metagenomics
Both sequencing cost and sequencing throughput have for a long time been prohibitive
for genome resolved metagenomics. With the current sequencing throughput achieved
with illumina HiSeq sequencers, the latter is no longer truly an obstacle. The most complex
systems will require multiple sequencing runs to tackle, but are firmly within the realm
of possibility. This is fortunate, as the sequencing throughput is unlikely to increase as
dramatically in the foreseeable future as it has over the past decade. Current technologies
will keep improving, resulting in incremental increases in sequencing throughput. The
biggest steps in throughput could be made by nanopore sequencing (oxford nanopore
technologies, ONT). However, as their announced benchtop platform (PromethION)
has a maximum of 144,000 nanopores, this would limit their throughput to around
1-10Gb per run, similar to the throughput of SMRT-cell single molecule sequencing
(Pacific Biociences) and a long way away from complex metagenomes. Moreover, with
the high error rate of both PacBio and ONT sequencing, internal correction, for example
using the H-GAP method, will further reduce the data amount (Chin et al., 2013).
Although the long reads generated by single molecule sequencing technologies could
greatly increase the confidence of genome calling from metagenomics, for complex
environments this is still far off. However, the cost of short read sequencing technologies
will steadily keep dropping, no longer driven by the desire to know genomes of species,
but rather large amounts of individuals within species. The promise of the genome
sequence of hundreds of millions of human individuals for treatment of genetic disorders
and to find the genetic basis for a number of traits will keep driving development of
sequencing technology.
For the application of metagenomics to microbial ecology, increased throughput will
have two major implications; I) including microbial eukaryotes and II) including the rare
biosphere in environmental analyses. Due to their large genome size and lower cell
numbers in most environments the coverage of eukaryote genomes in metagenomic
datasets is often at least an order of magnitude lower than that of prokaryote genomes.
As throughput increases including microbial eukaryotes such as fungi and protists
in analyses might provide new insight in their role in microbial ecosystems. The rare

biosphere is a concept introduced in 2006 by Sogin and colleagues (Sogin et al., 2006),
who observed an enormous uncharacterized diversity in a 16S rRNA gene amplicon
based study of a marine water column. Since then, the presence of a rare biosphere
in complex environments has been shown repeatedly (Lynch and Neufeld, 2015), but
as these organisms by definition only represent a minute fraction of the microbial
population their genomic content and ecosystem role remained elusive. The deepwater
horizon oil spill has shown the profound influence of the rare biosphere in response to
large disruptions in the stability environment (Hazen et al., 2010). Being able to factor
in the rare biosphere will improve our understanding of microbial communities to
changing conditions, for example in response to global warming. Besides throughput,
decreased sample input will unlock new frontiers in microbiology. Currently whole
genome amplification is required when input drops below several nanograms of DNA,
the equivalent of 105 bacterial cells. However, whole genome amplification introduces
biases and increases the difficulty of genome retrieval from metagenomic data. Most
likely, improvements in the library workflow will reduce the amount of DNA required for
metagenomic library preparation by several orders of magnitude, to several thousand or
even several hundred cells, opening up new communities and environments for analysis.
These foreseeable improvements in metagenomic sequencing, combined with innovations
in data analysis, will make extraction of metagenomes routine. Environmentally derived
genomes will soon make up the majority of the genome information available which will
greatly impact our understanding of microbiology as a whole and of microbial ecology
in particular.
As microbiologists we have study objects in near-infinite amount and variation, most of
which are still uncharted. This may be daunting at times, but mostly provides a fantastic
challenge, which is well described by a quote of Phillip Sharp:
“In this void of knowledge it is fun to daydream about what the process might be like”
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