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Chapter 1
General introduction
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van Niftrik, L.A., Fuerst, J.A., Sinninghe Damsté, J.S., Kuenen, J.G., Jetten, M.S.M. and
Strous, M. 2004. The anammoxosome: an intracytoplasmic compartment in anammox
bacteria. FEMS Microbiol. Lett. 233: 7-13.
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Architecture of cells
The kingdom of life can be divided into three domains: Bacteria, Archaea and Eukarya
(Woese et al 1990). With respect to cellular architecture a distinction is made between
prokaryotic (Archaea and Bacteria) and eukaryotic cells. In general, the two different cell
types are defined by the absence of a membrane-bounded nucleus and a simplified internal
organization (prokaryotic cells) or the presence of a membrane-bounded nucleus and a more
complicated internal organization (eukaryotic cells) (Lodish et al 2000). The cellular structure
of Eukaryotes (plants, animals, fungi and protists) consists of a cytoplasmic membrane and
the cytoplasm, where the cytoplasm contains additional membrane-bounded organelles with a
specialized cellular function. In addition, plant and fungal cells also have a cell wall. The
largest eukaryotic organelle is the nucleus that, in layman’s terms, contains the cell’s DNA
and is bounded by a double membrane. Other organelles are; mitochondria (energy
metabolism), rough and smooth endoplasmic reticula (synthesis of proteins and lipids), Golgi
bodies (processing and packaging of macromolecules synthesized by the cell), and
peroxisomes (degradation of fatty acids and amino acids). Animal cells also contain
lysosomes (degradation of cell constituents and foreign material taken in by the cell) and plant
cells also contain chloroplasts (photosynthesis).
Most prokaryotic cells have a similar structure consisting of cell wall, cytoplasmic
membrane and cytoplasm. Although Archaea and Bacteria are very alike with respect to cell
structure and metabolism, the genetic transcription and translation machinery of Archaea is
more similar to the eukaryotic system. Further, what sets the Archaea apart from both
Bacteria and Eukaryotes are their unusual membrane lipids (Madigan et al 2003). While
membrane lipids of most Bacteria and Eukaryotes contain fatty acids that are ester-linked to
glycerol, Archaea contain ether-linked molecules. Archaea also lack fatty acids and instead,
their hydrophobic side chains are composed of isoprene units. Archaeal lipids contain both
glycerol diethers (lipid bilayer) and tetraethers (the isoprenoid side chains of the two glycerol
molecules are covalently bound to each other). Further, the currently described cell walls of
Archaea generally lack peptidoglycan but are composed of other polysaccharides and
(glyco)proteins.
For taxonomic purposes, bacterial cells can be subdivided into two classes based upon
differences in cell envelope structure (Madigan et al 2003): Gram-negative and Gram-positive
(Figure 1). The cell envelope of Gram-positive bacteria consists of the cytoplasmic membrane
and a thick, highly cross-linked layer of peptidoglycan. The peptidoglycan layer also contains
negatively charged teichoic acids that are responsible for the negative charge of the cell wall
10
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and passage of ions. The Gram-negative cell envelope consists of the cytoplasmic membrane,
the periplasmic space, which is filled by a less cross-linked peptidoglycan gel, and the outer
membrane. The outer membrane is a bilayer membrane composed of phospholipids (on the
periplasmic side) and lipopolysaccharides (on the outside). The outer membrane is relatively
permeable to small molecules as opposed to the cytoplasmic membrane. This permeability is
caused by the presence of porins that function as channels (~1 nm diameter) for the passage of
hydrophilic low-molecular-weight substances. However, (periplasmic) enzymes and other
large molecules cannot pass through the outer membrane.

Figure 1. Simplified diagrams of the Gram-positive and Gram-negative cell and cell envelope. Adapted
from Madigan et al (2003).

Although intracellular membrane-bounded organelles are one of the defining features
of eukaryotic cells, there are also Prokaryotes that contain intracellular membrane systems.
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Different forms of intracytoplasmic membrane systems in Prokaryotes
Intracytoplasmic membrane systems have been found in many different Prokaryotes and have
different functions. One function is to provide the cell with an increased membrane surface
area into which enzymes for metabolic processes may be incorporated, resulting in greater
metabolic activity. In this case the increased membrane surface is achieved by the extensive
and complex infolding of the cytoplasmic membrane, resulting in intracytoplasmic membrane
systems of various morphologies (Figure 2).
In phototrophic bacteria the photosystems I and II are allocated in such extensive
intracytoplasmic (photosynthetic) membrane systems. The intracytoplasmic membrane
systems in green sulfur bacteria arise in specialized membrane-enclosed structures called
chlorosomes (Cohen-Bazire et al 1964, Staehelin et al 1978). In the phylum Cyanobacteria,
intracytoplasmic membrane systems occur as thylakoid membranes (Nierzwicki-Bauer et al
1983). The pigments of purple bacteria, belonging to the phylum Proteobacteria, are also
inserted in intracytoplasmic photosynthetic membrane systems (Pfennig 1977).
Apart from the purple bacteria, the phylum Proteobacteria also contains other groups
with intracytoplasmic membranes. In the aerobic chemolithoautotrophic nitrifying bacteria,
the enzymes and components required for respiration are associated with intracytoplasmic
membrane systems (Murray & Watson 1965, Watson 1971, Watson & Mandel 1971). The
nitrite-oxidizing bacteria Nitrobacter, an α-proteobacterium, and Nitrococcus, a γproteobacterium, both contain intracytoplasmic membrane systems. The ammonia-oxidizing
bacteria also contain intracytoplasmic membranes, which are the location of a key enzyme in
ammonia oxidation; ammonia monooxygenase (AMO). In Nitrosomonas eutropha the
arrangement of the intracytoplasmic membranes is dependent on the physiological state of the
cells (Schmidt et al 2001). Cells are able to grow under anaerobic conditions with hydrogen as
electron donor and nitrite as electron acceptor (denitrifying cells). In this situation the AMO
polypeptide concentration is very low and the intracytoplasmic membranes are arranged as
circular vesicles. During recovery of ammonia oxidation, and probable de novo synthesis of
AMO polypeptides, these circular forms are gradually restored to flattened peripheral
membranes.
Methanotrophs contain extensive intracytoplasmic membrane systems that are related
to their methane-oxidizing ability (Hanson & Hanson 1996). They are divided in two major
groups based on intracytoplasmic cell structure. Type I methanotrophs, belonging to the
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Figure 2. Schematic representation of various morphologies of prokaryotic
intracytoplasmic membranes leading to a greater surface area into which enzymes for
metabolic processes may be incorporated. A. Spherical-shaped vesicles occur in purple
bacteria and as chlorosomes in green sulfur bacteria. B. Intracytoplasmic membranes
running along the periphery of the cell in Nitrosomonas, Nitrosococcus and type II
methanotrophs and as thylakoid membranes in Cyanobacteria. C. Centrally arranged
membranes occurring as flat sheets/lamellar stack in purple bacteria, Nitrosococcus and
type I methanotrophs. D. Peripherally arranged membranes occurring as flat
sheets/lamellar stack in purple bacteria and Nitrosococcus, in the form of a polar cap of
flattened vesicles in the peripheral region of the cell in Nitrobacter and random
peripheral arrangement of intracytoplasmic membranes in Nitrosomonas. E. Tubular
intrusions of the cytoplasmic membrane in purple bacteria and also tubular
intracytoplasmic membranes arranged randomly in the cytoplasm in Nitrococcus.
F. Random arrangement of intracytoplasmic membranes so that compartmentalization
occurs in Nitrosolobus.

γ-proteobacteria, have intracytoplasmic membranes arranged as bundles of disc-shaped
vesicles distributed throughout the cell. Type II methanotrophs, belonging to the αproteobacteria, have paired membranes running along the periphery of the cell.
All the intracytoplasmic membrane systems mentioned above are profitable to the
organism because the extensive and complex infolding of the cytoplasmic membrane to form
tubules, vesicles or flattened stacks of intracytoplasmic membranes (also called lamellae)
provides a greater surface area into which enzymes for metabolic processes are incorporated;
a larger membrane surface thus accounts for greater metabolic activity.
Apart from extending an existing function, intracytoplasmic membranes can also provide the
organism with a new function. This applies, for example, to the α-proteobacterium
Agrobacterium tumefaciens and the γ-proteobacteria Thioploca and Thiomargarita, in which
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an intracytoplasmic membrane encloses a compartment that functions as a storage facility, or
to the magnetosomes of magnetotactic bacteria that function in magnetotaxis.
Volutin or metachromatic granules are subcellular entities that occur in many bacteria.
The volutin granules of A. tumefaciens are discrete intracellular compartments that are
enclosed by an intracytoplasmic membrane (Seufferheld et al 2003). They are rich in
phosphate, pyrophosphate, polyphosphate, magnesium, potassium and calcium. They have
calcium-accumulating activity and also a pyrophosphatase that generates acidity. The
structural and biochemical resemblance of volutin granules of A. tumefaciens with eukaryotic
acidocalcisomes suggests potential functional similarities, as both energy stores and in
intracellular pH, calcium, and osmotic regulation.
Thioploca and Thiomargarita, two sulfur-oxidizing bacteria, couple the sulfur and
nitrogen cycle. They contain elemental sulfur inclusions formed by intrusions of the outer
cytoplasmic membrane and have a large membrane-bounded intracytoplasmic vacuole for
nitrate storage (Jørgensen & Gallardo 1999, Schulz et al 1999). Nitrate is taken up, stored in
the vacuole at a concentration of up to 500 mM, and used as an electron acceptor for sulfide
oxidation.
The compartmentalization found in A. tumefaciens, Thioploca and Thiomargarita is
not functionally related to the enlargement of the membrane surface area, leading to greater
metabolic activity, as is the case in phototrophic, nitrifying and methanotrophic bacteria. The
compartmentalization has a new, separate function: storage.
The magnetosomes of magnetotactic bacteria, such as Magnetospirillum magneticum,
also have a new and separate function (Bazylinski & Frankel 2004). The magnetosomes are
organized in chains that contain 15 to 20 magnetite crystals that together act like the needle of
a compass and orient magnetotactic bacteria in geomagnetic fields. This simplifies their search
for their preferred microaerophilic environments. Each magnetite crystal is surrounded by a
lipid bilayer, and specific soluble and transmembrane proteins are sorted to the magnetosome
membrane. The magnetosomes are invaginations of the cytoplasmic membrane and are
flanked by a network of cytoskeletal elements, composed of the actin-like protein MamK, that
are responsible for the proper organization of the magnetosome chain (Komeili et al 2006).
One major phylum of the domain Bacteria, the Planctomycetes, is another group in which
intracytoplasmic membranes compartmentalize the cell. Here compartmentalization is linked
to as yet unknown cellular functions.

14

Chapter 1

Compartmentalization in Planctomycetes
All Planctomycetes available in pure culture are aerobic chemoorganoheterotrophic bacteria.
Their compartmentalization is in some cases complex but always involves a single
intracytoplasmic membrane defining a major cell compartment. Based on electron microscopy
observations, chemical analysis, genome sequencing and resistance to beta-lactam and other
cell wall-targeting antibiotics, Planctomycetes lack the otherwise universal bacterial cell wall
polymer peptidoglycan (König et al 1984, Liesack et al 1986, Stackebrandt et al 1986, Fuerst
1995). Further, their cell wall is not surrounded by one membrane on the outer and one
membrane on the inner side of the cell wall as is the case for other Gram-negative bacteria
(Figure 1). Instead there are two membranes on the inner side and no membrane on the outer
side of the cell wall, which consists mainly of protein. The outermost of these two membranes
is closely appositioned to the cell wall. This membrane has been defined as the cytoplasmic
membrane based on the detection of RNA directly on its inner side by immunogold labeling.
The other, innermost, membrane has been defined as an intracytoplasmic membrane as it is on
the inside of the cytoplasmic membrane. The outermost cytoplasmic compartment of the cell
(between these two membranes) has been named “paryphoplasm”. The location of the
paryphoplasm is the same as the Gram-negative periplasm, but where the former is inside the
essential cell boundary, the latter is not. The organization of the cell envelope of
Planctomycetes is therefore fundamentally different from the other Gram-negative bacteria
(Lindsay et al 2001).
In Pirellula and Isosphaera, the intracytoplasmic membrane surrounds a single
interior cell compartment, the “riboplasm”, which holds the cell DNA as well as the
ribosomes (Figure 3A-B) (Lindsay et al 2001). In Isosphaera the intracytoplasmic membrane
exhibits a large invagination into the riboplasm. In Gemmata and anammox bacteria the
riboplasm itself contains a second membrane-bounded compartment (Figure 3C-D) (Strous et
al 1999, Lindsay et al 2001). In Gemmata this compartment contains the cell DNA and is
surrounded by a double membrane. In anammox bacteria the compartment is bounded by a
single bilayer membrane and has been named “anammoxosome”. The cytoplasm in anammox
bacteria is thus divided into three cytoplasmic compartments separated by single bilayer
membranes: (1) the outer region, i.e. the paryphoplasm, occurs as an outer rim defined on its
outer side by the cytoplasmic membrane and cell wall and on the inner side by the
intracytoplasmic membrane, (2) the riboplasm, containing ribosomes and the nucleoid, and
(3) the inner ribosome-free compartment, the anammoxosome, bounded by the
anammoxosome membrane.
15
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Figure 3. Cellular compartmentalization in Planctomycetes. Adapted from Lindsay et al (2001).

Some questions remain concerning the anammox cell plan. There is little experimental
data to support whether the outermost anammox compartment (the paryphoplasm) is either a
cytoplasmic compartment like in the other Planctomycetes, or a periplasmic space. Recently
the near complete genome of the anammox bacterium “Candidatus Kuenenia stuttgartiensis”
was reconstructed from a community genome (Strous et al 2006). Comparative genomic
analysis indicated that “Candidatus K. stuttgartiensis” may be capable of the biogenesis of a
periplasm and outer membrane. First, a number of open reading frames (ORFs) were
homologous to outer membrane porins (Figure 1B). These porin homologues were absent in
the genome of the planctomycete Rhodopirellula baltica. Second, the “Candidatus K.
stuttgartiensis” genome encoded the complete TonB system, a protein complex that relays
energy from the cytoplasmic to the outer membrane to drive a number of outer membrane
receptors, five of which were also encoded in the genome. Third, “Candidatus K.
stuttgartiensis” encoded a number of typical three-component Gram-negative multidrug
exporters, which consist of a cytoplasmic membrane, a periplasmic and an outer membrane
subunit (“gated porins”). Fourth, the almost complete peptidoglycan biogenesis pathway was
encoded, including a number of penicillin-binding proteins. The only step not present in the
pathway of this anammox organism was the ability to cross-link the glycan. In all these four
16
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aspects, Rhodopirellula baltica, until now the only Planctomycete with a publicly available
genome, did not contain any genetic potential. This may indicate that what was interpreted as
the paryphoplasm in “Candidatus K. stuttgartiensis” could actually be more similar to a
“regular” periplasm. At the same time, it is also possible that if “Candidatus K.
stuttgartiensis” is really surrounded by periplasm, this periplasm actually surrounds the
paryphoplasm and the outer membrane is on the outside of the cell wall, as is the case in other
Gram-negative bacteria
The status of the innermost anammoxosome compartment as a prokaryotic organelle
is dependent on the absence or presence of a membrane-link between the anammoxosome
membrane and the intracytoplasmic membrane. If such a link would exist, the cell plan would
thus be similar to that in Isosphaera (Figure 3B), with the cytoplasm divided into two
compartments; the paryphoplasm (now including the anammoxosome) and the riboplasm.

Anammox bacteria
Since their discovery in the 1990s in a Gist-Brocades pilot plant (Kuenen & Jetten 2001),
anammox bacteria have been found in many different environments, such as marine suboxic
zones, coastal sediments, lakes and wastewater treatment plants (Schmid et al 2007).
Anammox bacteria are key players in the nitrogen cycle (Figure 4), where they were
discovered to be a major source of dinitrogen gas at the global scale (Kuypers et al 2003,
Strous & Jetten 2004, Dalsgaard et al 2005, Francis et al 2007). They have also been applied
in wastewater treatment for the removal of ammonium. So far, four anammox genera have
been described, with 16S rRNA gene sequence identities of the species ranging between 8799% (Schmid et al 2007). Despite this relatively large phylogenetic distance, all anammox
organisms belong to the same family, Anammoxaceae (Jetten et al 2008), that forms a
monophyletic group, or clade, deeply branching inside the phylum Planctomycetes (Strous et
al 1999, Schmid et al 2005 & 2007). Three anammox genera have been enriched from
activated sludge: “Candidatus Kuenenia” (Schmid et al 2000), “Candidatus Brocadia” (Strous
et al 1999, Kuenen & Jetten 2001, Kartal et al 2004) and “Candidatus Anammoxoglobus”
(Kartal et al 2007). The fourth anammox genus, “Candidatus Scalindua” (Kuypers et al 2003,
Schmid et al 2003), has often been detected in natural habitats, especially in marine sediments
and oxygen minimum zones (Penton et al 2006, Schmid et al 2007, Woebken et al 2007).
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Figure 4. Nitrogen cycle. Anaerobic reactions; black
arrows, aerobic reactions; white arrows, both aerobic and
anaerobic reactions; gray arrows.

Anammox bacteria are coccoid bacteria with a diameter of less than 1 µm. They have
a generation time of 10-30 days and are physiologically distinct from the other known
Planctomycetes: they are anaerobic chemolithoautotrophs. Anammox bacteria perform
anaerobic ammonium oxidation, only recently discovered to be a biologically mediated
process (van de Graaf et al 1995). Anammox is the anaerobic oxidation of ammonium with
nitrite as the electron acceptor and dinitrogen gas as the product (reaction 1) (van de Graaf et
al 1997). The highly toxic “rocket fuel” hydrazine (N2H4) is one of the intermediates of this
process (van de Graaf et al 1997, Schalk et al 1998 & 2000, Strous et al 1998). Most likely,
nitric oxide (NO) (Strous et al 2006) and/or hydroxylamine (NH2OH) (Kuenen & Jetten
2001) are also involved. The catabolic anammox reaction is carried out 15 times to fix one
molecule of carbon dioxide with nitrite as electron donor leading to the anaerobic production
of nitrate in anabolism (reaction 2) (Strous et al 1998). Carbon fixation proceeds through the
acetyl-coenzyme A (CoA) pathway (Schouten et al 2004, Strous et al 2006).
NO2- + e- + 2H+ = NO + H2O (nir)

(reduction a)

NO + NH4+ + 3e- + 2H+ = N2H4 + H2O (hh) (reduction b)
N2H4 = N2 + 4e- + 4H+ (HAO)
+

-

(oxidation)

Catabolism (15x):

NH4 + NO2 = N2 + 2 H2O

(reaction 1)

Anabolism:

CO2 + 2 NO2- + H2O = CH2O + 2 NO3-

(reaction 2)

Though an almost complete operon for peptidoglycan synthesis is present in the
“Candidatus K. stuttgartiensis” genome, electron microscopy observations suggest that
anammox bacteria, like all other Planctomycetes, lack peptidoglycan and have a
proteinaceous cell wall instead. Anammox lipids contain a combination of ester-linked
18
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(typical of the Bacteria and Eukarya) and ether-linked (typical of the Archaea) fatty acids.
Lipids are taxonomic markers and determine the membrane structure. Clearly, lipid
membranes are essential to enable the existence of concentration gradients of ions and
metabolites. Anammox bacteria contain a variety of abundant unconventional membrane
lipids (Sinninghe Damsté et al 2002 & 2005, Kuypers et al 2003, Schmid et al 2003). The
lipids occur in a wide variety of types and derivatives. Among these, unique structures have
been found. They contain one or both of two different ring-systems, X and Y (Figure 5).
Ring-system X is composed of three cyclobutane moieties and one cyclohexane moiety
substituted with an octyl chain, which is ether-bound at its ultimate carbon atom to the
glycerol unit. Ring-system Y is composed of five linearly concatenated cyclobutane rings
substituted with a heptyl chain, which contains a methyl ester moiety at its ultimate carbon
atom. All rings in ring-systems X and Y are fused by cis-ring junctions, resulting in a
staircase-like arrangement of the fused rings, defined as ladderane.

Figure 5. Structures of three characteristic ladderane
lipids: I. ladderane fatty acid containing ring-system
Y. II. ladderane monoalkyl glycerol ether containing
ring-system X. III. ladderane glycerol ether/ester
containing both ring-systems, X and Y. Lipids
containing ladderane moieties X and Y are abundant
membrane lipids in anammox bacteria. Adapted from
Jetten et al (2003).

Lipids containing ladderane moieties X and Y are abundant membrane lipids in anammox
bacteria. They represent 34% of total lipids in “Candidatus Brocadia anammoxidans”
(Sinninghe Damsté et al 2002). The structure of the ladderane membrane lipids is unique in
nature. Ladderane membrane lipids have so far been found only in anammox bacteria. This
raises the question of the functional significance of the ladderane lipids.
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The possible functional significance of compartmentalization in anammox
bacteria
Biochemical model for the build-up of a proton motive force and adenosine triphosphate
(ATP) synthesis
The function of the anammoxosome has been hypothesized to be the production of energy,
analogous to the function of mitochondria in Eukaryotes (Lindsay et al 2001, van Niftrik et al
2004). This hypothesis is based upon the immunogold localization of one of the key enzymes
(hydrazine/hydroxylamine oxidoreductase) to the anammoxosome (Lindsay et al 2001),
indicating that anammox catabolism takes place there. A biochemical model (Figure 6) has
been proposed where the anaerobic oxidation of ammonium is catalyzed by several
cytochrome c proteins (Strous et al 2006). In this model, nitrite is first reduced to nitric oxide
by a cytochrome c and cytochrome d1 containing nitrite reductase (NirS). Nitric oxide and
ammonium are then assumed to be combined into hydrazine by hydrazine hydrolase and this
compound is finally oxidized to dinitrogen gas by a cytochrome c protein (a trimer of
octahaem monomers); hydrazine/hydroxylamine oxidoreductase (Schalk et al 2000,
Shimamura et al 2007). The four electrons derived from this oxidation are transferred to
soluble cytochrome c electron carriers (Cirpus et al 2005, Huston et al 2007), ubiquinone,
cytochrome bc1 complex (complex III), soluble cytochrome c electron carriers and finally to
nitrite reductase and hydrazine hydrolase.
In the model, the anammox reaction establishes a proton gradient by the translocation
of protons from the riboplasm to the anammoxosome. This results in an electrochemical
proton gradient directed from the anammoxosome to the riboplasm. This gradient contains
chemical potential energy - the chemical gradient of protons in the form of a pH difference
(∆pH) where the riboplasm is alkaline compared to the anammoxosome - and electrical
potential energy - the electrical gradient of protons in the form of a charge difference (∆Ψ)
where the riboplasm is negatively charged compared to the anammoxosome. Both the ∆pH
and the ∆Ψ have a drawing force on the protons from inside to outside the anammoxosome:
the proton motive force (∆p). This could be used to drive the synthesis of ATP catalyzed by
membrane-bound adenosine triphosphatases (ATPases) located in the anammoxosome
membrane (Figure 6). Protons would flow passively back into the riboplasm (with the
electrochemical proton gradient = downhill) through proton pores formed by the ATPases, in
an analogous manner to that well-known in the systems of respiratory oxidative
phosphorylation and photosynthetic phosphorylation. The anammoxosome membrane-bound
20
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ATPases would be located with their globular, hydrophilic ATP-synthesizing domain in the
riboplasm and their hydrophobic proton-translocating domain in the anammoxosome
membrane. The synthesized ATP would then be released in the riboplasm.
Figure 6. Postulated anaerobic ammonium oxidation coupled to the anammoxosome membrane in anammox
bacteria resulting in a proton motive
force and subsequent ATP synthesis
via membrane-bound ATPases. Haemcontaining enzymes are shown in grey.
bc1; cytochrome bc1 complex, cyt;
cytochrome,

hao;

hydroxylamine

oxidoreductase,

hydrazine
reductase,
a;

hydrolase,
Q;

hydrazine/
nir;

nitrite

co-enzyme

anammoxosome

hh;
Q.

compartment,

r; riboplasm compartment. Adapted
from Strous et al (2006). The exact
role of hydroxylamine is unknown.

Limitation of diffusion
Anammox bacteria depend on an electrochemical ion gradient across a membrane for
sufficient ATP synthesis. Because anammox catabolism is slow, only a few protons are
translocated per unit of time, whereas the dissipation of the resulting electrochemical gradient
by passive diffusion is independent of growth rate and proceeds at normal speed. Therefore,
the passive diffusion of protons across a biological membrane is relatively more important
and leads to a higher energy loss in the anammox case. For comparison, in mitochondria the
energy loss due to passive diffusion of protons is already 10% (Haines 2001). Therefore, it
appears that a special, less permeable membrane could be essential for these cells.
Furthermore, the anammox intermediates, such as hydrazine, readily diffuse through
biomembranes. From a bioenergetics perspective, the energy loss associated with the loss of 1
molecule of hydrazine from the anammox cell is equivalent to 15 catabolic cycles. The
reasoning is as follows; when a molecule of hydrazine is lost, the hydrazine pool has to be
replenished. Presumably, hydrazine is formed via reduction of nitrite to nitric oxide and
subsequent condensation of nitric oxide with ammonium. The necessary equivalents (four
electrons) have to come from the oxidation of storage material (i.e. glycogen). Storage
material is derived from carbon dioxide. Since only one molecule of carbon dioxide is fixed
21
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for 15 mole of ammonium oxidized (15 catabolic cycles), a 10% hydrazine loss would already
lead to a complete loss of viability. For this reason, the limitation of diffusion of both protons
and anammox intermediates is extremely important for these bacteria. Since it is assumed that
anammox catabolism takes place inside the anammoxosome, the anammoxosome membrane
might be dedicated to the limitation of diffusion by means of the dense and rigid ladderane
lipids (which have a lower degree of rotational freedom) as a specific adaptation to an unusual
metabolism. The unusual density of the anammoxosome membrane has been confirmed by
permeability tests with fluorophores and molecular modeling of a lipid bilayer composed of
ladderane lipids (Sinninghe Damsté et al 2002). The density of the ladderane part of the
membrane has been calculated from molecular models to be significantly higher (up to 1.5
kg/l) than for a conventional membrane (at most 1.0 kg/l). Because this model consists of
only one type of ladderane lipid, the packing of the model membrane is probably still
suboptimal compared to an in vivo ladderane membrane, which is much more complex with
many different lipids.
The presence of the ladderane lipids in the anammoxosome membrane has been
demonstrated by the enrichment of intact anammoxosomes from cells of “Candidatus B.
anammoxidans” (Sinninghe Damsté et al 2002). Lipid analysis showed a strong enrichment in
ladderane lipids in the enriched anammoxosome fraction: 53% of total lipids (compared to
34% in the intact cell fraction). With such a dense membrane the anammoxosome would need
specific transporters to regulate the transport of ammonium and nitrite. The “Candidatus K.
stuttgartiensis” genome (Strous et al 2006) encodes four ammonium transporters (Amt), four
formate/nitrite transporters (FocA) and two nitrate/nitrite transporters (NarK) with unknown
location.

The anammoxosome as a site for catabolism, a barrier against diffusion and
an efficient energy generator
The compartmentalization in anammox bacteria is, as in other Prokaryotes, linked to
metabolism and has a specific cellular function: catabolism. The hypothesis as to why this
compartmentalization was accomplished is that dividing membrane tasks over two different
types of membranes gives more freedom to the organism in the optimization of either
membrane. The anammoxosome membrane can be used to generate and maintain a proton
motive force for ATP synthesis and to keep as much as possible of the valuable intermediates
of the anammox process inside the anammoxosome. Thus this membrane has to be relatively
impermeable as is accomplished by the presence of the rigid ladderane lipids. The
22
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cytoplasmic membrane can be used for homeostasis, such as the control of intracellular ion
concentrations and transport processes, and thus has to be relatively flexible and permeable.
By dividing these tasks, the cell can overcome the problem of requiring a single membrane to
be both impermeable and permeable and using an intracytoplasmic compartment for ATP
synthesis via this proton motive force would result in total control of the physical chemistry
of the proton motive force and thus lead to more efficient energy transduction.

Outline and aim of the thesis
The aim of this thesis is to describe the cell biology of anammox bacteria using genome
analysis, molecular tools and electron

microscopy. To investigate whether the

anammoxosome is a true bacterial organelle, the research has been focused on two main
objectives: providing further evidence for the specific function of the anammoxosome
compartment in energy metabolism (Chapter 2 and 3) and investigating whether the
anammoxosome is a separate compartment and not an invagination of the intracytoplasmic
membrane (Chapter 4 and 5).
One electron microscopy technique in particular has been an invaluable tool for the
ultrastructural study of anammox bacteria described in this thesis: three-dimensional (3D)
electron microscopy, also called electron tomography. With this technique, a 3D
reconstruction of the specimen can be obtained (McEwen & Marko 2001, Marco et al 2004,
Koster et al 1997). A brief introduction of electron tomography as applied in this thesis
follows (Figure 7). A semi-thin section (250-400 nm) of high-pressure frozen, freezesubstituted and resin-embedded anammox cells is tilted over a wide angular range (±65°)
inside the electron microscope and 2D projection images are recorded at small increments
(every 1°). The 131 projections (a tilt series) are aligned and combined to compute a 3D
volume of the original cell (tomogram A). The section is then rotated 90° in the holder and a
second tilt series (again 131 projections) is recorded from the same area. This second tilt
series is used to compute a tomogram of the same cell but at a perpendicular angle (tomogram
B). The two perpendicular tomograms are then combined into one ‘dual axis dataset’.
Subsequently, features of interest are contoured manually in serial optical slices extracted
from the combined tomogram (segmentation) and a 3D model is constructed. The resolution
of the 3D image (d) is determined by the thickness of the section (T) and the number of
projections (N) and can be approximated by: d = π (T/N). In this thesis, 250-400 nm sections
were used leading to a theoretical resolution of 6-10 nm.
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Figure 7. Different steps in three-dimensional imaging using electron tomography (courtesy of Misjaël N.
Lebbink © ).

To generate further experimental evidence for the hypothesis that the anammoxosome
membrane is dedicated to the generation of a proton motive force and subsequent ATP
synthesis, the location of anammox ATPases and cytochrome c proteins was investigated.
Chapter 2 describes the genome analysis of the anammox bacterium “Candidatus K.
stuttgartiensis” for ATPase gene clusters and the partial expression of the catalytic subunits of
the identified ATPases in Escherichia coli. Antibodies were raised against these expressed
proteins and the resulting antisera were applied in pilot experiments (western blot analysis,
immunofluorescence and immunogold localization) to investigate which of the ATPases were
expressed and where they were located in the cell. Chapter 3 describes the localization of
cytochrome c proteins in “Candidatus K. stuttgartiensis” using cytochrome peroxidase
staining. Furthermore, the ultrastructure of the four genera of anammox bacteria was
compared with respect to cell plan, cell and anammoxosome size, intracellular particles and
pili-like appendages, using different electron microscopy techniques.
In order to investigate whether the anammoxosome is a separate compartment without
membrane-links

to

the

intracytoplasmic

membrane,

anammox

cell

division

and

anammoxosome ultrastructure were investigated using electron tomography and transmission
electron microscopy. Chapter 4 describes the different phases of anammox cell division and
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the vertical inheritance of the anammoxosome compartment to the daughter cells. Also, the
genome of “Candidatus K. stuttgartiensis” was analysed for genes involved in cell division
and a putative novel cell division gene was identified. Immunogold localization was
performed to investigate the location of the resulting protein in the (dividing) cell. The
ultrastructure of the anammoxosome compartment and its membrane was studied in detail in
Chapter 5. It was observed that the anammoxosome membrane was mainly in a curved
configuration and that the anammoxosome contained electron-dense particles whose
elemental composition was investigated with energy dispersive X-ray analysis. The functional
significance of a highly folded anammoxosome membrane and the intra-anammoxosome
particles are discussed in relation to their possible function in energy generation.
Finally, the results from the previous chapters are reviewed and discussed in Chapter
6. The implications for functional significance and status of the anammoxosome compartment
as a bacterial organelle in anammox bacteria are examined.
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ABSTRACT
The cytoplasm of anaerobic ammonium-oxidizing (anammox) bacteria is divided into three
distinct compartments surrounded by individual bilayer membranes. The innermost
cytoplasmic compartment, the anammoxosome, occupies most of the cell volume and is
hypothesized to play a central role in the organism’s catabolism. A model has been proposed
where the anaerobic oxidation of ammonium is performed by proteins located in the
anammoxosome and on its membrane. This electron transport chain would translocate protons
from the riboplasm to the anammoxosome giving rise to a proton motive force. This proton
motive force would then be used by anammoxosome membrane-bound ATPases for the
synthesis of ATP. To confirm this hypothesis experimentally, we investigated the intracellular
localization of ATPases in anammox bacteria. First, the genome of the anammox bacterium
“Candidatus Kuenenia stuttgartiensis” was investigated for the presence of ATPases. Four
ATPase gene clusters were found; a typical F-ATPase, two atypical F-ATPases and a
prokaryotic V-ATPase. Parts of the catalytic subunits from all four gene clusters were
expressed in Escherichia coli and used to raise antibodies in rabbits. These four antisera were
used for western blot analysis and localization experiments to investigate which of the
ATPase gene clusters were expressed and where the ATPases were located in the cell.
Preliminary results showed that anti-F-ATPase-1 specifically hybridized to a protein of the
expected size in western blot analysis, anti-F-ATPase-2 was localized to the division site as
indicated by immunogold localization and anti-F-ATPase-3 gave a specific signal in
immunofluorescence analysis. All three methods showed no hybridization for anti-V-ATPase4. Methodological issues for the application of western blot analysis, immunofluorescence
and immunogold localization to anammox bacteria are discussed. Currently, it is still
unknown whether any of the four ATPases encoded by the genome are located on the
anammoxosome membrane.
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INTRODUCTION
Metabolism comprises all biochemical reactions that occur within a living cell and can be
divided into two categories: anabolism and catabolism. Anabolism is endergonic; it uses
energy to construct components of cells. Catabolism is exergonic; it degrades energy-rich
compounds into smaller units and releases energy. Energy needed for anabolism is provided
by catabolism. The transfer of free energy from catabolism to anabolism is indirect. The
energy is stored in two main intermediate forms: adenosine triphosphate (ATP) and
electrochemical ion gradients over the (cytoplasmic) membrane. The energy stored in
electrochemical ion gradients can be transduced to ATP by the activity of membrane-bound
ATPases and vice versa. This process was first described by the chemiosmotic theory
(Mitchell 1961 & 1966).
The chemiosmotic theory describes the coupling of the electron transport chain to
oxidative phosphorylation. Electrons from molecules such as nicotinamide adenine
dinucleotide (NADH) and other reduced substrates are transferred to a final acceptor along the
electron transport chain. This is accompanied by the translocation of protons across the
membrane; against the electrochemical proton gradient. This results in a transmembrane
difference in proton concentration: the proton motive force (pmf). The protons can flow
passively back over the membrane with the electrochemical proton gradient through proton
pores formed by membrane-bound ATPases. The physical energy stored in the pmf is then
converted into chemical energy in the form of ATP by these ATPases.
The pmf consists of two components: the chemical potential energy, which is the
chemical gradient of protons (∆pH), with the inside of the cell usually alkaline relative to the
outside, and the electrical potential energy, which is the electrical gradient of protons or
charge difference (∆Ψ), with the inside of the cell usually negatively charged relative to the
outside. Both the ∆pH and ∆Ψ exert a drawing force on the protons called the pmf (∆p).
Different types of membrane-bound ATPases have been described: P-, V/A-, and FATPase. P-ATPases (phospho-intermediate type) are integral membrane proteins that use the
energy from the terminal pyrophosphate bond of ATP to drive the transmembrane transport of
ions such as Na+, K+, H+, Ca2+, Mg2+, Cu2+ and Cd2+ (Fagan & Saier 1994). P-ATPases have a
widespread occurrence among eukaryotes and bacteria and the ionic gradients that they create
are related to a whole range of physiological functions such as nutrient import and osmotic
equilibrium (de Souza & Gomes 1998). P-ATPases have been grouped into four classes:
animal plasma membrane Na+,K+- and H+,K+-ATPases; Ca2+-ATPases; plant and fungal
plasma membrane H+-ATPases; and prokaryotic P-type ATPases (Fagan & Saier 1994).
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The V-ATPase (vacuolar type) is a multisubunit complex that functions as an ATPdependent proton-pump in eukaryotes (Drory & Nelson 2006). V-ATPases found in bacteria
and archaea (prokaryotic V-ATPases) function as either an ion-pump (proton or sodium) or as
ATP synthase. There is an ongoing debate about whether prokaryotic V-ATPases should or
should not be classified as a separate ATPase type: A-ATPase (archaeal-type) (Grüber et al
2001, Yokoyama & Imamura 2005). The main difference between prokaryotic V-ATPases and
eukaryotic V-ATPases is that the former can also act as an ATP synthase. On the other hand,
there is a high sequence and structural similarity between eukaryotic and prokaryotic VATPases (Yokoyama & Imamura 2005). Here, we will refer to the V/A-ATPase as
prokaryotic V-ATPase.
The F-ATPase (often called ATP synthase) is found in eukaryotes (mitochondria,
chloroplasts) and bacteria and its primary function is to synthesize ATP at the expense of the
proton (or sodium) motive force (Mitchell 1961) during respiration or photosynthesis (Müller
et al 1999). Like the prokaryotic V-ATPase, F-ATPase is a reversible machine and can in turn
also act as an ATP-dependent ion pump. This is especially important in strictly fermenting
organisms, such as lactic acid bacteria, which produce ATP by substrate-level
phosphorylation and use the F-ATPase to energize their cytoplasmic membrane.
Morphologically, the F- and V-ATPases are very similar and contain two components: a
membrane-bound, hydrophobic part (F0/V0) containing the ion channel that is connected by a
central stalk to the cytoplasmic, hydrophilic part (F1/V1) containing the catalytic sites. Subunit
composition of F- and V-ATPases differs, especially between prokaryotes and eukaryotes
(Table 1 and Figure 1). In general, the bacterial F-ATPase is composed of eight subunits
while the eukaryotic F-ATPase can be more complex with for example the bovine heart
mitochondrial ATPase consisting of 16 subunits (Buchanan & Walker 1996, Stock et al
2000). Prokaryotic V-ATPases consist of nine subunits and eukaryotic V-ATPases consist of
14 subunits (Lolkema et al 2003). The nomenclature of ATPase subunits and their genes is
quite inconsistent and confusing (Lolkema et al 2003), making a comparison between the
different types of ATPases, and even between different organisms expressing the same
ATPase, a real challenge.
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Figure 1. Schematic models of prokaryotic and eukaryotic F- and V-ATPases (assembled from
Grüber et al 2001, Lolkema et al 2003, Yokoyama & Imamura 2005, Gledhill & Walker 2006,
Drory & Nelson 2006 and Kane 2006).
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Table 1. Comparison of F- and V-ATPase subunits (gene names in brackets) and their function (assembled from
Grüber et al 2001, Lolkema et al 2003, Yokoyama & Imamura 2005, Gledhill & Walker 2006, Drory & Nelson
2006 and Kane 2006).
Complex

Prokaryotic

Eukaryotic

Prokaryotic

Eukaryotic

Subunit function

F-ATPase

F-ATPase

V-ATPase

V-ATPase

E. coli

Bovine

Soluble

β3 (D)

β3

A3

A3

Catalysis; ATP hydrolysis

F1 or V1

α3 (A)

α3

B3

B3

Catalysis; interacts with β/A

γ (G)

γ

D or E

D or E

Rotor;

S. cerevisiae

couples ion transport and ATP
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The way F-ATPase functions (Figure 2) is described by the binding change (Boyer
1993 & 1997) and rotary mechanism (Stock et al 2000). F1-ATPase contains three catalytic β
subunits that perform ATP synthesis (or in some cases hydrolysis). F0-ATPase translocates
protons (or sodium ions) across the membrane down the electrochemical gradient. In coupling
proton transport to ATP synthesis, the F0 and F1 domains function as a pair of rotary motors
linked by a common central rotor (γεc) and a peripheral stator (bδ). The multiple c subunits
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(proteolipids) form a ring and rotation of this c-ring allows protons to be carried between two
partial subunit-a channels that lead to opposite sites of the membrane. As a result of the
presence of the stator and the existence of a stable interaction between γε and the top of the cring, rotation of the c-ring forces γ to rotate in the center of the F1 domain. The rotation of γ
indirectly drives net ATP synthesis by inducing cyclical conformational changes in the three β
subunits that result in the tight binding of substrate and release of product. Each c-subunit
contains two transmembrane helices that are connected by a cytoplasmic loop and one
protonizable, carboxylate-group (glutamate or aspartate; active carboxylate of E. coli subunit
c is Asp-61). The active carboxylate undergoes protonation/deprotonation cycles during
proton transport and is located in helix 2 (Rastogi & Girvin 1999). Either three or four protons
need to be transported in sequence for a group of 12 c-subunits to move 120 degrees and
promote the release of one ATP.

Figure 2. The rotary binding-change model for E. coli
F-ATPase (adapted from Cross & Müller 2004).

In analogy to the F1F0-ATPase, a constant number of 24 helices per ATPase enzyme is
assumed (Müller et al 1999). Among the different ATPase types, the number of proteolipid
transmembrane helices, and thus the number of proteolipid subunits per enzyme, differs
(Table 2). The capability to synthesize ATP is dependent on the number of protons
translocated per ATP synthesized. In general, F- and prokaryotic V-ATPases have
proteolipids with two transmembrane helices and one ion-translocating group. With 24 helices
per enzyme, the proteolipid ring thus consists of 12 proteolipids and 12 ion-translocating
groups. Taking into account three ATP hydrolyzing or synthesizing subunits, this gives a
stoichiometry of four ions per ATP. In some cases the proteolipid has more than two
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transmembrane helices that apparently evolved by gene duplication and triplication and
subsequent fusion of the genes (Ruppert et al 1999). The ability of the enzyme to synthesize
ATP depends on the number of ion-translocating groups per proteolipid. In the case of the
four-helix proteolipid of eukaryotic V-ATPases, the ion-translocating group is only conserved
in helix 4. This results in a total of six proteolipids and six ion-translocating groups per
proteolipid ring, giving rise to the translocation of two ions per ATP, which is too low for
ATP synthesis (Müller & Grüber 2003). It has been proposed that 2.67 ion-translocating
groups per enzyme are sufficient for ATP synthesis (Ruppert et al 1999). The proteolipid ring
of the prokaryotic V-ATPase of M. jannaschii (Table 2), which is capable of ATP synthesis,
contains four copies of the six helix proteolipid with two ion-translocating groups each. In
total this results in the presence of eight ion-translocating groups per enzyme. With three ATP
synthesizing subunits this results in a stoichiometry of 2.67 ions per ATP.
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no
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Table 2. Structure of proteolipids from different types of ATPases and function of the enzymes.

thermoautotrophicus
Methanococcus
jannaschii

In prokaryotes the proteins involved in oxidative phosphorylation (the electron
transport or respiratory chain) are located on the cytoplasmic membrane and translocate
protons from the cytoplasm to the periplasmic space. The protons can then flow back along
the proton gradient to the cytoplasm through the membrane-bound F-ATPases, which results
in ATP synthesis. In eukaryotes oxidative phosphorylation takes place in dedicated
organelles, mitochondria, with the electron transport chain located on the inner mitochondrial
membrane. The electron transport chain translocates protons from the matrix to the
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intermembrane space where they can flow back along the proton gradient to the mitochondrial
matrix through F-ATPases, which thus results in the synthesis of ATP.
It is hypothesized that in the prokaryotic anammox bacteria, the electron transport
chain is not located on the cytoplasmic membrane, but on the individual bilayer membrane
surrounding its internal compartment; the anammoxosome (Lindsay et al 2001, van Niftrik et
al 2004). Anammox bacteria belong to the phylum Planctomycetes. Species within this
phylum have a compartmentalized cytoplasm and no apparent periplasmic space (Fuerst
1995, Lindsay et al 2001, Strous et al 2006). In the anammox case, the cytoplasm is divided
into three separate compartments by individual bilayer membranes, from out- to inside; the
paryphoplasm, riboplasm and anammoxosome compartment. Anammox bacteria also contain
unusual membrane lipids with ladderane moieties (linearly concatenated cyclobutane rings).
These ladderane lipids are the major membrane lipids of the anammoxosome membrane and
are hypothesized to make this membrane highly impermeable (Sinninghe Damsté et al 2002
& 2005). Immunogold labelling has shown that the enzyme hydrazine/hydroxylamine
oxidoreductase (HAO) was located exclusively inside the anammoxosome compartment
(Lindsay et al 2001). Anammox HAO is a cytochrome c protein (a trimer of octahaem
monomers) highly expressed by anammox bacteria and presumably involved in anammox
catabolism. Later it was demonstrated experimentally that all or almost all anammox
cytochrome c proteins are present inside the anammoxosome (see Chapter 3). Because
cytochrome c proteins are often an essential part of the electron transport chain, these findings
suggest that the anammoxosome membrane is involved in respiration and that ATPases might
thus be associated with this membrane. With the translocation of protons from the riboplasm
to the anammoxosome by the electron transport chain, a pmf would be generated that in turn
could be used to synthesize ATP by membrane-bound ATPases (see Chapter 1, Figure 6).
To generate further experimental evidence for this idea, immunogold localization of
anammox ATPases would be helpful. Therefore, the genome of the anammox bacterium
“Candidatus Kuenenia stuttgartiensis” was investigated for ATPase gene clusters. Four gene
clusters were found; one typical F-ATPase, two atypical F-ATPases and one prokaryotic VATPase. Parts of the catalytic subunits (the beta subunits from the F-ATPases and the A
subunit from the prokaryotic V-ATPase) were expressed in E. coli and the expressed proteins
were used to raise antibodies in rabbits. With these four antisera, pilot experiments (western
blot analysis, immunofluorescence and immunogold localization) were performed to
investigate which of the ATPases are expressed in “Candidatus K. stuttgartiensis” and where
they are located. Each of the methods had its own caveats, that will be discussed, and need
further optimization to arrive at solid conclusions.
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MATERIALS & METHODS
Genome analysis
“Candidatus K. stuttgartiensis” open reading frames (ORFs) encoding putative ATPase
subunits were blasted (blastp) against the NCBI database (http://www.ncbi.nlm.nih.gov/
BLAST/). Putative homologs were subsequently aligned using the PIR pairwise alignment
tool (http://pir.georgetown.edu/pirwww/search/pairwise.shtml).
“Candidatus Kuenenia stuttgartiensis”
Samples containing an 80% enrichment culture of “Candidatus K. stuttgartiensis” were taken
from a two liter sequencing batch reactor or a 15 liter continuous reactor (modified from
Strous et al 1998).
Antibody production
For the antisera directed against the catalytic beta (F-ATPases) or A subunits (V-ATPase), we
expressed and purified parts of the “Candidatus K. stuttgartiensis” kuste3795 (gene cluster 1),
kuste4592 (gene cluster 2), kustc0572 (gene cluster 3) and kuste3866 (gene cluster 4) ORFs
in E. coli as described previously (Harhangi et al 2002), with the following changes. Primers
were designed on the above sequences (Table 3). All forward primers started on nucleotide
position 1 of the ORF. For directional cloning, restriction sites were included in all primers.
Further, stop codons were introduced in the reverse primers so as to express only an Nterminal His-tag. As an expression vector, pET30a-c(+) (Novagen, Darmstadt, Germany) was
used, and as the host, Rosetta cells (Novagen, Darmstadt, Germany). The heterologous
expressed proteins were purified using the nickel-nitrilotriacetic acid (Ni/NTA) protein
purification system (Qiagen, Venlo, The Netherlands) with an 8 M urea, 100 mM NaH2PO4,
10 mM Tris-HCl buffer at different pH levels (6.3, 6.1, 5.9, 5.7, 5.5, 5.0, and 4.5) and
imidazole concentrations (300, 250, 200, 150, 100, 50 and 20 mM). The identities of the
expressed proteins were then verified by MALDI-TOF MS peptide mass fingerprinting of a
tryptic digest of the Ni-NTA purified protein (Harhangi et al 2002). These proteins were used
to immunize rabbits in a three months immunization protocol (SEQLAB Sequencing
Laboratories Göttingen GmbH, Göttingen, Germany). The antisera (anti-F-ATPase-1, -2, -3
and anti-V-ATPase-4) were then used as the primary antiserum (polyclonal, crude serum) in
western blot analysis, immunofluorescence and immunogold localization as described below.
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Table 3. Primers designed on the catalytic beta (F-ATPases) or A (prokaryotic V-ATPase) subunit of the four
“Candidatus K. stuttgartiensis” ATPase gene clusters. Stop codons that were introduced in the reverse primers
are indicated in bold type. F; forward, R; reverse, aa; amino acids.
Gene cluster

Kust

Primer

Sequence (5’ → 3’)

Restriction site

Fragment

F-ATPase-1

e3795

F

GAA TTC GTG GTA AAT ATA

GAATTC (EcoRI)

150 aa

ACT GAA CGT AAT ATT GG
R

GT CGA CTA ACG GGC AAA

GTCGAC (SalI)

TGG GGC AAG AAG
F-ATPase-2

e4592

F

GGA TCC ATG TTA CTA CAA

GGATCC (BamHI)

147 aa

AAA GAA ATC AAT AAA GG
R

GA ATT CTA CCT CTC AAG

GAATTC (EcoRI)

AGG TGC AAG CAC
F-ATPase-3

c0572

F

GGA TCC ATG GAA GGT ATC

GGATCC (BamHI)

141 aa

ATA GCA GCT ATT C
R

GA GCT CTA TTT GGG AAA

GAGCTC (SacI)

AGG CGA AAG TAG G
V-ATPase-4

e3866

F

GGA TCC ATG GGA TGT AAA

GGATCC (BamHI)

165 aa

TGC GGA AGC
R

GA GCT CTA AAA AGG CAC

GAGCTC (SacI)

CAT GAT GCG GTG

Western blot analysis
“Candidatus K. stuttgartiensis” proteins were separated on a 10% SDS-PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis) gel and transferred to a cellulose-nitrate
membrane (Schleicher & Schuell GmbH, Dassel, Germany) with the semi-dry transfer cell
blotting system (Bio-Rad, Veenendaal, The Netherlands). Blotting was performed at 300 mA
for two hours using 25 mM Tris, 192 mM glycine and 20% methanol. After blotting, the blot
was incubated in blocking buffer; 1 % bovine serum albumin (BSA) in TBS (10 mM TrisHCl, 0.9% NaCl, pH 7.4) for one hour. The blot was washed three times for ten minutes in
TBS. The blot was then incubated for two hours in either rabbit pre-immune serum as the
negative control or primary antiserum diluted 500-fold in blocking buffer. The washing step
was repeated as mentioned above, followed by incubation for one hour in monoclonal mouse
anti-rabbit IgG horseradish peroxidase conjugate (Sigma, Zwijndrecht, The Netherlands)
diluted 20.000-fold in blocking buffer. Again the same washing procedure was followed and
the blot was incubated with the color development solution (45mM Tris-HCl (pH 7.6), 0.06%
diaminobenzidine tetrahydrochloride dehydrate, 0.03% NiCl2 and 0.03% H2O2) until color
was visible. The blot was rinsed in water, dried and scanned.
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Sample preparation for immunogold localization: high-pressure freezing, freezesubstitution and Lowicryl HM20-embedding
Small aggregates of “Candidatus K. stuttgartiensis” cells were mixed with 2% agarose at
37°C, placed on 100 µm membranes and cryofixed by high-pressure freezing (Leica
EMPACT2, Leica Microsystems, Vienna, Austria). Freeze-substitution was performed in
acetone containing 0.2% glutaraldehyde and 0.5% uranyl acetate. Samples were kept at -90°C
for 52 hours and brought to -50°C at 5ºC/hour in a freeze-substitution unit (AFS, Leica
Microsystems, Vienna, Austria). Samples were washed four times 20 minutes in acetone at
-50°C and stepwise embedded in Lowicryl HM20 (50%, 65%, 100% in acetone) at -50°C for
one hour at each concentration. The resin was refreshed and incubated overnight, refreshed
again and incubated for 48 hours, polymerized under UV radiation (360 nm) for 24 hours at
-50°C and then for 48 hours at 20°C.
Sections of resin-embedded cells were cut using a Reichert Ultra cut E Microtome
(Leica Microsystems, Vienna, Austria). Ultra-thin sections (ca. 70 nm) were collected on
formvar-carbon-coated copper grids. Ultra-thin sections were post-stained with 20% (w/v)
uranyl acetate in 70% (v/v) methanol/water for four minutes and Reynolds’ lead citrate
staining (Reynolds 1963) for two minutes.
Sample preparation for immunogold localization: chemical fixation and cryosectioning
(method A) (Tokuyasu 1973)
Small aggregates of “Candidatus K. stuttgartiensis” cells were fixed for one hour in 3 mM
Hepes buffer containing any of the following fixatives:
0.1% glutaraldehyde and 4% paraformaldehyde
0.2% glutaraldehyde and 4% paraformaldehyde
8% paraformaldehyde
0.2% acrolein and 4% paraformaldehyde
0.2% acrolein, 4% paraformaldehyde and 0.1% glutaraldehyde
0.1% osmium tetroxide
After fixation, the cells were washed and embedded in 10% low melting point gelatin by
placing them on ice for three hours. The gelatin-embedded cells were cut into small cubes
(~1 mm3), infiltrated overnight with 15% polyvinylpyrrolidine and 1.7 M sucrose and frozen
in liquid nitrogen.
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Sample preparation for immunogold localization: chemical fixation and cryosectioning
(method B)
Small aggregates of “Candidatus K. stuttgartiensis” cells were fixed for 24 hours in 0.1 M
phosphate buffer pH 7.2 containing any of the following fixatives:
0.2% glutaraldehyde and 2% formaldehyde
4% paraformaldehyde
1% acrolein and 2% paraformaldehyde
After fixation, the cells were washed and embedded in 12% gelatin in phosphate buffer. The
gelatin-embedded cells were cut into small cubes (~1-2 mm3) under the stereo microscope,
infiltrated overnight at 4°C with 2.3 M sucrose in phosphate buffer and frozen in liquid
nitrogen.
Sample preparation for immunofluorescence method 2 & immunogold localization:
high-pressure freezing, freeze-substitution and cryosectioning (rehydration method;
van Donselaar et al 2007)
Small aggregates of “Candidatus K. stuttgartiensis” cells were transferred into a 100 µm
cavity of a planchette (3 mm, 0.1/0.2 mm depth, Engineering Office M. Wohlwend GmbH,
CH-9466 Sennwald, Switzerland) containing 1-hexadecene (Studer et al 1989), closed with
the flat side of a lecithin-coated planchette (3 mm, 0.3 mm depth) and cryofixed by highpressure freezing (Leica EMHPF, Leica Microsystems, Vienna, Austria). Freeze-substitution
was performed in acetone containing 0.5% glutaraldehyde and 1% H2O (Walther & Ziegler
2002). Samples were kept at -90°C for 47 hours, brought to -60°C at 2ºC/hour, kept at -60ºC
for eight hours, brought to -30°C at 2ºC/hour and kept at -30ºC for eight hours in a freezesubstitution unit (AFS, Leica Microsystems, Vienna, Austria). After freeze-substitution,
fixation was continued for 60 minutes on ice. Samples were rehydrated in a graded acetone
series on ice: 95, 90, 80 and 70% acetone in water containing 0.5% glutaraldehyde, then 50
and 30% acetone in PHEM buffer (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM
MgCl2, pH 6.9) containing 0.5% glutaraldehyde, and finally 0.5% glutaraldehyde in PHEM
buffer. Samples were rinsed in PHEM buffer and embedded in 12% gelatin in PHEM buffer.
The gelatin-embedded cells were cut into small cubes (~1-2 mm3) under the stereo
microscope, infiltrated overnight at 4°C with 2.3 M sucrose in PHEM buffer and frozen in
liquid nitrogen.
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Cryosectioning
Samples were cryosectioned using a cryoultramicrotome UC6/FC6 (Leica Microsystems,
Vienna, Austria). Cryosections (250 nm for immunofluorescence and 55 nm for immunogold
localization) were picked up with a drop of 1% methyl cellulose and 1.15 M sucrose in
PHEM buffer and transferred to silan-coated glass slides for immunofluorescence and to
formvar-carbon-coated copper hexagonal 100 mesh grids for immunogold localization.
Immunofluorescence method 1: chemically-fixed cells
Single “Candidatus K. stuttgartiensis” cells were either washed with TBS (0.1 M Tris,
0.137 M NaCl, 2.7 mM KCl, pH 7.4) and fixed in freshly prepared 1:1 ice cold
methanol:acetone for 10 minutes on ice or washed with PBS (0.1 M phosphate buffer,
0.137 M NaCl, 2.7 mM KCl, pH 7.4) and fixed in freshly prepared 2% formaldehyde in PBS
for 20 minutes at room temperature. The cells were washed and resuspended with either TBS
(MeOH/acetone fixation) or PBS (formaldehyde fixation), transferred to 0.075% gelatine,
0.01% chromium coated, six-well diagnostic microscope slides (Menzel GmbH & Co. KG,
Braunschweig, Germany) and allowed to air dry.
Formaldehyde-fixed cells were first permeabilized by a 10 minute incubation with
0.1% Triton-X100 in TBS and washed with TBS. All cells were incubated at room
temperature for 30 minutes with blocking buffer (1% BSA in TBS) after which the blocking
buffer was removed and the cells were allowed to air dry. Cells were incubated at room
temperature for two hours in a moist incubation chamber with primary antiserum diluted 100-,
500-, 1000-, or 2000-fold in blocking buffer. Slides were washed three times for 10 minutes
in 100 ml TBS by shaking rigorously and allowed to air dry. Cells were incubated at room
temperature for one hour in a moist incubation chamber in the dark with the secondary
antibody, Cy-3-labelled sheep anti-rabbit IgG (Sigma, Zwijndrecht, The Netherlands), diluted
500-fold in blocking buffer. Slides were washed three times for 10 minutes in the dark in 100
ml TBS by shaking rigorously after which cells were allowed to air dry. Vectashield
mounting medium with 4,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories Inc.,
Burlingame, USA) was added to each well, the coverslip was sealed with nail polish and the
slides were stored in the dark at 4°C until further investigation.
Cells were investigated at 1.000x magnification with a Zeiss Axioplan 2 imaging
epifluorescence microscope (Carl Zeiss B.V., Sliedrecht, The Netherlands). Several control
treatments were used. All control treatments were performed on anammox cells unless stated
otherwise, in dilution series, substituting primary antiserum and/or secondary antibody
respectively. Four negative controls were performed: blocking buffer combined with blocking
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buffer, blocking buffer combined with secondary antibody, rabbit pre-immune serum
combined with secondary antibody and rabbit anti-Nitrosomonas sp. combined with
secondary antibody. Two positive controls were performed: rabbit anti-anammox
hydrazine/hydroxylamine oxidoreductase (Schalk et al 2000) combined with secondary
antibody and rabbit anti-Nitrosomonas sp. combined with secondary antibody on
Nitrosomonas sp. cells.
Immunofluorescence method 2: rehydrated cryosections
Glass slides containing semi-thin cryosections of “Candidatus K. stuttgartiensis” cells were
washed first at 37°C and then at room temperature with TBS (50 mM Tris, 137 mM NaCl,
2.7 mM KCl, pH 7.4). The cryosections were incubated for five minutes with TBS containing
1 mg/ml sodium borohydride and washed with TBS. Blocking was performed for 15 minutes
with TBS containing 1% BSA and the cryosections were subsequently incubated for
60 minutes with the primary antiserum diluted 80-fold in TBS containing 1% BSA and
washed with TBS containing 0.1% BSA. Cryosections were incubated for 45 minutes with the
secondary antibody, Cy-3-labelled sheep anti-rabbit IgG (Sigma, Zwijndrecht, The
Netherlands), diluted 500-fold in TBS containing 1% BSA. Cryosections were washed with
TBS and water. Vectashield mounting medium with DAPI (Vector Laboratories Inc.,
Burlingame, USA) was added to each well, the cover slip was sealed with nail polish and the
slides were stored in the dark at 4°C until further investigation.
Cryosections were investigated at 1.000x magnification with a Zeiss Axioplan 2
imaging epifluorescence microscope (Carl Zeiss B.V., Sliedrecht, The Netherlands). The
following negative control treatments were performed: pre-immune serum instead of primary
antiserum, blocking buffer instead of primary antiserum and blocking buffer instead of both
primary antiserum and secondary antibody. As a positive control, cryosections were incubated
with rabbit anti-anammox hydrazine/hydroxylamine oxidoreductase (Schalk et al 2000) as the
primary antiserum.
Immunogold localization
Grids containing ultra-thin (cryo)sections of “Candidatus K. stuttgartiensis” cells were
washed for 30 minutes at 37°C with phosphate-buffered saline (PBS; 0.1 M phosphate,
137 mM NaCl, 2.7 mM KCl, pH 7.4), incubated for 10 minutes at room temperature on drops
of PBS containing 20 mM glycine and blocked for 15 minutes on drops of PBS containing
1% BSA or 2% skim milk powder. After blocking, the crude (anti)serum was centrifuged for
five minutes at maximum speed and the grids were incubated for 60 minutes with the primary
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antiserum 80-fold diluted in PBS containing 1% BSA or 2% skim milk powder and washed
for 12 minutes on drops of PBS containing 0.1% BSA or 0.2% skim milk powder. Grids were
incubated for 20 minutes with the secondary antibody; protein A coupled to 10 nm gold
(PAG-10), 80-fold diluted in PBS containing 1% BSA or 2% skim milk powder and washed
for 14 minutes on drops of PBS. The cryosections on grids were fixed for five minutes with
PBS containing 1% glutaraldehyde and washed for 10 minutes on drops of water.
Cryosections were post-stained for five minutes with 2% uranyl acetate in 0.15 M
oxalic acid pH 7.4 and embedded for five minutes in 1.8% methyl cellulose containing 0.4%
aqueous uranyl acetate on ice after which they were air dried.
Several control treatments were performed. As a positive control, grids were incubated
with rabbit anti-anammox hydrazine/hydroxylamine oxidoreductase (Schalk et al 2000) as the
primary antiserum. Negative controls were: incubation with pre-immune serum instead of
primary antiserum, incubation with affinity-isolated rabbit anti-influenza hemagglutinin (antiHA, H6908, Sigma, Zwijndrecht, The Netherlands) as a primary antiserum, and incubation
with blocking buffer instead of primary antiserum.
Transmission Electron Microscopy (TEM)
Ultra-thin sections of resin-embedded cells were investigated at 80-120 kV and cryosections
were investigated at 80 kV in a transmission electron microscope (Tecnai12, FEI Company,
Eindhoven, The Netherlands). Images were recorded using a CCD camera (MegaView II,
AnalySis).
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RESULTS
To investigate the intracellular location of anammox ATPases, the “Candidatus K.
stuttgartiensis” genome was first examined for ATPase gene clusters. Subsequently, it was
investigated which of the ATPases were expressed and where they were located using western
blot analysis, immunofluorescence and immunogold localization.
A search for ATPase gene clusters in the genome
The genome assembly of “Candidatus K. stuttgartiensis” (Strous et al 2006) was searched for
ATPase gene clusters. Four putative gene clusters encoding ATPase complexes were found
(Figure 3). The syntheny (similarity of gene order) of gene cluster 1 was similar to the FATPase operon of E. coli with 23-69% sequence identities of individual orthologous genes to
closest homologous genes with experimentally validated function. Note that in the databases
where the genome has been deposited, the open reading frames (ORFs) encoding for subunit b
and subunit delta are translated in the wrong frame (3’5’ -2 frame) as one ORF (kuste3792,
unknown protein). Subunit b is actually encoded in the 5’3’ +1 frame (169 aa, nucleotide
position 1430441-1430947) and subunit delta is encoded in the 5’3’ +2 frame (182 aa,
nucleotide position 1430940-1431485). Putative gene clusters 2 and 3 were similar to each
other and strongly resembled the atypical putative F-ATPase of Methanosarcina barkeri
(Sumi et al 1997) with 22-53% sequence identities of individual orthologous genes to closest
homologous genes with experimentally validated function. The structure of gene cluster 4
resembled that of the Borrelia burgdorferi prokaryotic V-ATPase (Lolkema et al 2003) with
30-72% sequence identities of individual orthologous genes to closest homologous genes (in
this case all without experimentally validated function).
Alignments of the “Candidatus K. stuttgartiensis” proteolipids and the two catalytic
subunits were made using MEGA version 4 (Tamura et al 2007). The protein sequences of
the proteolipids were investigated for predicted transmembrane helices using TMHMM 2.0
(Krogh et al 2001) and TMpred (Hofmann & Stoffel 1993). The proteolipids of the F-ATPase
gene clusters (subunit c, gene cluster 1-3) were aligned to the E. coli c-subunit (Figure 4A).
The “Candidatus K. stuttgartiensis” c-subunits all consisted of two transmembrane helices
and contained the subunit c signature motif. There was one discrepancy; subunit c from FATPase-2 contained glutamine (Q) instead of arginine (R) in the second position of the
subunit c signature motif. The “Candidatus K. stuttgartiensis” c-subunits all had glutamate (FATPase-1; both c-subunits Glu-58, F-ATPase-2 & -3; Glu-63) as the putative protonizable
group. In F-ATPase-2 and -3 the protonizable group was not located in the predicted
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transmembrane helix 2 but instead was found one or two amino acids upstream. The
proteolipid of the prokaryotic V-ATPase-4 gene cluster (subunit K) did not align very well to
the E. coli proteolipid and was therefore aligned to its closest homolog; subunit K from B.
burgdorferi (Figure 4B). The “Candidatus K. stuttgartiensis” subunit K consisted of four
transmembrane helices and helix 4 contained a putative skewed subunit c signature motif with
Glu-137 as a putative protonizable group. In this motif, R-[NQ]-P was replaced by D-A-L. As
in B. burgdorferi, no second protonizable group (D or E) was present in or near helix 2.

Figure 3. Comparison of the four ATPase gene clusters from the “Candidatus K. stuttgartiensis” genome to their
closest homologue. A. Gene cluster 1 (kuste3787-3796): F-ATPase similar to E. coli F-ATPase with the
exception of an unknown ORF between gene I and subunit a and two ORFs encoding subunit c. B. Gene cluster
2 (kuste4592-4600) and 3 (kustc0572-0579): F-ATPases similar to M. barkeri F-ATPase. Gene cluster 3 lacks
the unknown ORF, urf2, between gene I and subunit a. C. Gene cluster 4 (kuste3864-3871): V-ATPase similar to
B. burgdorferi prokaryotic V-ATPase with the exception of an unknown ORF between subunit B and subunit D.
Genes marked with a *star* are annotated as (conserved) hypothetical proteins. These genes have a sequence
identity of over 20% to a protein with an undefined function or to a protein with a defined function but without
similar sequence length. ORF; open reading frame.

The alignment of the catalytic alpha (F-ATPase) and B (prokaryotic V-ATPase)
subunits (Figure 5) to the E. coli alpha subunit showed that the F-ATPases were clearly more
similar to each other than to the prokaryotic V-ATPase. The sequences were investigated for
the presence of the Walker A and B motifs (Walker et al 1984), the PROSITE subunit alpha
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and beta signature (PS00152) and the αArg-376 (E. coli K-12/MG1655 F-ATPase) that plays
an important role in catalysis (Leslie & Walker 2000). The three F-ATPases (gene cluster 1-3)
contained all three signature motifs, though in the PROSITE signature of F-ATPase-1, [DNH]
was substituted by serine (S). The three signature motifs were not present in the B subunit of
V-ATPase-4, but the E. coli αArg-376 was conserved in all four gene clusters; αArg-365,
-374, -365, and -328 respectively (R residue straight after the PROSITE signature).
A. F-ATPase subunits c (gene cluster 1, 2 and 3)
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B. V-ATPase subunit K (gene cluster 4)
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**** ** **** **** ** ** * * *** * ** *** * ***
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Figure 4. Protein alignment of the ATPase proteolipids from “Candidatus K. stuttgartiensis”. A. Subunits c from
F-ATPase-1 (kuste3790 and 3791), -2 (kuste4597) and -3 (kustc0576) aligned to the E. coli subunit c (b3737).
B. Subunit K from V-ATPase-4 (kuste3871) aligned to the B. burgdorferi B31 subunit K (BB0090).
*: conserved residues, protonizable groups, predicted transmembrane helices, PROSITE subunit c signature
(PS00605; [GSTA]-R-[NQ]-P-x(10)-[LIVMFYW](2)-x(3)-[LIVMFYW]-x-[DE]), inconsistencies in signature
motifs.

The alignment of the catalytic beta (F-ATPase) and A (V-ATPase) subunits (Figure 6)
to the E. coli beta subunit also showed that the three F-ATPases had higher sequence
identities to each other than to the prokaryotic V-ATPase. These sequences were also
investigated for the presence of the Walker A and B motifs, the PROSITE subunit alpha and
beta signature and for the βLys-156, βGlu-182 and βArg-183 (E. coli K-12/MG1655 FATPase) that play an important role in catalysis (Amano et al 1994, Park et al 1994, Leslie &
Walker 2000). All three signature motifs and the βLys (K), βGlu (E) and βArg (R) were
conserved in all four gene clusters (βLys-164, -161, -155, and -255, βGlu-190, -187, -181,
and -278, and βArg-191, -188, -182, and 279 respectively).
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Figure 5. Protein alignment of the alpha (F-ATPase) and B (prokaryotic V-ATPase) subunits from “Candidatus
K. stuttgartiensis” to the E. coli F-ATP alpha subunit (b3734). Alpha subunits; kuste3793 (F-ATPase-1),
kuste4599 (F-ATPase-2) and kustc0578 (F-ATPase-3). B subunit; kuste3867 (V-ATPase-4). *: conserved
residues between all five subunits, ·: conserved residues between the four F-ATPase alpha subunits, R: the
αArg important for catalysis, signature motifs, inconsistencies in signature motifs. The first signature motif is the
Walker A motif (G/A-x(4)-GK-T/S), the second is the Walker B motif (R/K-x(6-8)-ZZZZ-D or ZZZZ-D;
Z = hydrophobic residue) and the third is the PROSITE subunit alpha/beta signature (PS00152; P-[SAP]-[LIV][DNH]-x(3)-S-x-S).
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Figure 6. Protein alignment of the beta (F-ATPase) and A (prokaryotic V-ATPase) subunits from “Candidatus
K. stuttgartiensis” to the E. coli F-ATP beta subunit (b3732). Beta subunits; kuste3795 (F-ATPase-1), kuste4592
(F-ATPase-2) and kustc0572 (F-ATPase-3). A subunit; kuste3866 (V-ATPase-4). *: conserved residues between
all five subunits, ·: conserved residues between the four F-ATPase beta subunits, K/E/R: the βLys, βGlu and
βArg important for catalysis, amino acids used in protein expression, signature motifs. The first signature motif
is the Walker A motif (G/A-x(4)-GK-T/S), the second is the Walker B motif (R/K-x(6-8)-ZZZZ-D or ZZZZ-D;
Z = hydrophobic residue) and the third is the PROSITE subunit alpha/beta signature (PS00152; P-[SAP]-[LIV][DNH]-x(3)-S-x-S).
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Sequence analysis of the proteolipids and catalytic subunits of the four ATPase gene clusters
indicated that, in theory, these four gene clusters should be capable of proton translocation
and catalysis, since all residues known to be important for either proton translocation or
catalysis are present. Further, the three F-ATPases are potentially capable of ATP synthesis.
The proteolipids contained two predicted transmembrane helices with one protonizable group
in or near helix 2, which would result in an ion/ATP ratio of four. Sequence analysis of
V-ATPase-4 proteolipid showed the presence of four predicted transmembrane helices but
only one protonizable group (helix 4). This would result in an ion/ATP ratio of two which
implies that this ATPase could only function as a proton pump at the expense of ATP. With
respect to gene cluster organization, F-ATPase-1 contained the complete set of genes known
to be part of the E. coli F-ATPase and therefore there is no reason why this gene cluster could
not encode for a functional ATPase. F-ATPase-2 and -3 lacked a gene encoding the delta
subunit that in F-ATPase connects the F1 and F0 static parts (Figure 1), though it is unknown
whether this would infer dysfunctionality. The V-ATpase-4 gene cluster contained both
catalytic subunits (B and A), the proteolipid (K), ion channel (I), rotor (E or D) and stator (E
or D), indicating that it could encode for a functional ATPase.
Expression of the catalytic ATPase beta and A subunits and antibody production
The expression and cellular location of the four ATPase gene clusters was investigated using
immunofluorescence and immunogold localization to further examine the postulated function
of the anammoxosome compartment. For this purpose, parts of the catalytic beta (F-ATPases)
or A (prokaryotic V-ATPase) subunits (Table 3 and Figure 6) were expressed in E. coli. After
purification, removal of the His-tag via cleavage at the enterokinase recognition site was
attempted. However, no proteins could be detected after enterokinase digestion in 2 M urea.
The dilution from 8 M (in which the purified proteins were dissolved) urea (a denaturant) to
2 M urea may have caused aggregation of the proteins. Thus it was decided not to remove the
His-tag. The (still His-tagged) purified proteins were used to raise polyclonal antibodies in
rabbit. The antisera were subsequently used in western blot analysis, immunofluorescence and
immunogold localization.
Western blot analysis
Western blot analysis was performed to investigate whether the antisera (anti-F-ATPase-1, -2,
-3, and anti-V-ATPase-4) bound to proteins of the expected sizes (Figure 7). However, in the
negative control (Figure 7; lane 11), where the blot was incubated with only the secondary
antibody, a pattern of bands was observed that was also observed on the blots incubated with
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the ATPase antisera and their pre-immune serum (Figure 7; lane 2-5, 7-10 and 13-14). These
bands were probably a result of the intrinsic peroxidase activity of the numerous anammox
cytochromes c on the blot. Therefore the detection method using peroxidase and
diaminobenzidine seems unsuitable for anammox proteins. Also, incubation with the positive
control, anti-HAO (Figure 7; lane 13), gave rise to a smear and specific bands (either
monomer; 58 kDa, or trimer; 183 kDa) could not be distinguished. However, there was one
antiserum, anti-F-ATPase-1, with a band at the expected size (52 kDa) that was absent in the
incubation with its pre-immune serum and in the negative control (Figure 7; lane 2, 3 and 11).
Incubation with the other antisera did not result in the appearance of a band at the expected
sizes (see arrows in Figure 7: α-F-ATPase-2; 51 kDa, α-F-ATPase-3; 50 kDa and
α-V-ATPase-4; 65 kDa).

Figure 7. Western blot analysis
of the antisera (and their preimmune sera) directed at the
catalytic beta (F-ATPase-1, -2,
and -3) or A (V-ATPase-4)
subunit of the four ATPase gene
clusters

found

in

the

“Candidatus K. stuttgartiensis”
genome. Lane 1, 6 and 12;
Marker (PageRulerTM Prestained
Protein Ladder Plus, Fermentas). Lane 11; incubation with only the secondary antibody. Lane 13; incubation
with the positive control anti-HAO and (lane 14) its pre-immune serum. Arrows; expected target size. Only antiF-ATPase-1 (lane 2) binds to a protein of the expected size (52 kDa) that is absent in the pre-immune serum
(lane 3) and negative control.

Immunofluorescence
Immunofluorescence was performed to check whether the antisera bound to “Candidatus K.
stuttgartiensis” cells. Several different immunofluorescence protocols were used to determine
the optimal conditions (Table 4 and Figure 8). In immunofluorescence method 1, cells were
chemically-fixed in either a 1:1 mixture of methanol:acetone (Figure 8A) or

2%

formaldehyde (Figure 8B-F). In immunofluorescence method 2, cells were high-pressure
frozen, freeze-substituted, rehydrated and cryosectioned (Figure 8G-M).
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`
Figure 8. Immunofluorescence analysis of the antisera directed at the catalytic beta (F-ATPase-1, -2, and -3) or
A (V-ATPase-4) subunit of the four ATPase gene clusters found in the “Candidatus K. stuttgartiensis” genome.
Antiserum directed at the anammox hydrazine/hydroxylamine oxidoreductase (HAO) was used as a positive
control. Immunofluorescence was applied to (A) methanol/acetone-fixed cells, (B-F) formaldehyde-fixed cells
and (G-M) rehydrated cryosections. Scale bars; 5 µm.
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Figure 8 (continued).
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Immunofluorescence analysis of anti-HAO on methanol/acetone-fixed cells (Figure
8A) showed that this fixation method was too harsh for the anammox cells. The anti-HAOCy3 signal was observed all over the well suggesting that the cells were not intact anymore.
Also the DAPI signal was vague and indistinct. Next, immunofluorescence analysis was
applied to formaldehyde-fixed cells (Figure 8B-F). With this method, mildly positive Cy3
signals were obtained for anti-F-ATPase-1 and -2, and strong positive Cy3 signals for
F-ATPase-3 and also for the positive control anti-HAO. Also, for these four antisera the
incubation with the pre-immune serum showed no Cy3 background when the same exposure
time as for the antiserum was used (data not shown). The donut-shaped Cy3 and moon-shaped
DAPI signals seemed to overlap for all four positives; i.e. the location of the Cy3 signal was
either intracytoplasmic membrane, riboplasm or anammoxosome membrane. For anti-VATPase-4 an exposure time of over 1000 ms was needed to visualize a Cy3 signal. However,
at this exposure time the pre-immune serum exhibited an equal or even brighter signal (data
not shown).
Table 4. Immunofluorescence analysis of the antisera directed at the catalytic beta (F-ATPase-1, -2, and -3) or
A (V-ATPase-4) subunit of the four ATPase gene clusters found in the “Candidatus K. stuttgartiensis” genome.
Antiserum directed at the anammox hydrazine/hydroxylamine oxidoreductase (HAO) was used as a positive
control. Immunofluorescence conditions were optimized for sample preparation [fixation in methanol/acetone
(1A), formaldehyde (1B) and cryosections via the rehydration method (2)] and optimal antiserum dilution. For
the different sample preparation methods, the optimal Cy3 exposure time in milliseconds (Exp) and target
location (Loc) were compared to determine the specificity (with relative density of labeling indicated in
brackets) of the different antisera. am; anammoxosome membrane, icm; intracytoplasmic membrane,
r; riboplasm. NP; not performed.
Antiserum

Optimal

1A

1A

1B

1B

2

2

Specific

dilution

Exp

Loc

Exp

Loc

Exp

Loc

binding

α-F-ATPase-1

1000

NP

NP

600

icm/r/am

500

icm/r/am

yes (+/0)

α-F-ATPase-2

1000

NP

NP

800

icm/r/am

500

icm/r/am

yes (+/0)

α-F-ATPase-3

500

NP

NP

400

icm/r/am

500

icm/r/am

yes (+)

α-V-ATPase-4

500

NP

NP

>1000

none

>1000

none

no (-)

α-HAO

500

200

everywhere

50

icm/r/am

100

am

yes (+++)

Finally, immunofluorescence analysis was applied to rehydrated cryosections (Figure 8G-M).
Also with this method, mildly positive Cy3 signals were obtained for anti-F-ATPase-1 and -2,
and strong positive Cy3 signals for F-ATPase-3 and anti-HAO. The location of the Cy3 signal
for the F-ATPases was the same as in the formaldehyde fixation though this time the signal
was less obvious and appeared more dot-like and not donut-shaped. Again, the incubation
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with the pre-immune serum showed no background at the same exposure time (Figure 8H).
The anti-HAO Cy3 signal was donut-shaped and seemed to be more on the inside of the DAPI
signal this time, suggesting its localization to the anammoxosome membrane. The results for
the anti-V-ATPase-4 were the same as in the formaldehyde fixation; again a very high
exposure time was needed for the visualization of a Cy3 signal at which the pre-immune
serum exhibited equal or higher Cy3 background (Figure 8K-L).
Optimization of the immunogold localization protocol
The western blot and immunofluorescence results were inconsistent with respect to which of
the four ATPase antisera worked or which of the ATPases were expressed. To investigate the
location of the ATPases, the immunogold localization method was optimized using the
positive control anti-HAO that had been successfully localized to the anammoxosome
compartment with immunolabeling previously (Lindsay et al 2001). The immunolabeling
protocol was optimized for sample preparation, pretreatment of the serum, pretreatment of the
sections, type of buffer and pH, type of blocking buffer and incubation time and serum
dilution and incubation time.
Different sample preparation methods were tested (Table 5). The morphology of the
anammox cells was best preserved when processed through high-pressure freezing and freezesubstitution. However, when the cells were embedded in resin this greatly reduced the amount
of labeling observed compared to cryosectioning. This was probably due to the better
preservation of the antibody epitopes in cryosectioning (Sitte et al 1989). However, when
processed through chemical fixation, anammox cells underwent severe damage (Figure 9B).
Their shape was very distorted (collapsed) with often leakage of cell material. To obtain the
optimal combination of good morphology and labeling, anammox cells were processed
through the recently published “rehydration method” (van Donselaar et al 2007), where cells
are first high-pressure frozen and freeze-substituted after which they are rehydrated and
cryosectioned. This indeed resulted in the best combination of morphology and labeling.
Though the results obtained did not differ too much for the different fixatives, when chemical
fixation was applied the best results (reasonable morphology, labeling but little nonspecific
labeling) were obtained with the combination of glutaraldehyde and paraformaldehyde
(Figure 9B) (either with or without acrolein). In the rehydration method, the best results were
obtained using glutaraldehyde and 1% water (Figure 9D). Both the addition of uranyl acetate
and 3% water resulted in distorted, white patches in the cytoplasm (Figure 9C) that were not
as profound in the glutaraldehyde and 1% water samples.
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Figure 9. The effect of different sample preparation methods on “Candidatus K. stuttgartiensis” morphology.
A. The best morphology is obtained when anammox cells are high-pressure frozen, freeze-substituted in acetone
containing 2% OsO4, 0.2% UA and 1% H2O and embedded in Epon resin (for detailed method see van Niftrik et
al 2007). B. Cryosectioned cell, chemically-fixed in 2% PFA and 0.2% GA. Anammox cells collapse upon
chemical fixation. C. Cryosectioned cell, processed via the rehydration method in acetone containing 0.5% GA,
0.1% UA and 1% H2O. Including UA in the rehydration method resulted in white patches in the cytoplasm.
D. Cryosectioned cell, processed via the rehydration method in acetone containing 0.5% GA and 0.1% H2O gave
rise to the best morphology for this method. GA; glutaraldehyde, UA; uranyl acetate, PFA; paraformaldehyde.
Scale bars: A-C; 500 nm, D; 200 nm.

The way the antisera and pre-immune sera were handled before immunogold labeling
had a great effect on the amount of nonspecific labeling. It was absolutely necessary to
centrifuge the crude sera before use and to store them at -80°C (instead of keeping them at
4°C), so as to reduce nonspecific labeling of the pre-immune serum (and antiserum) from 1030 to 0-5 nonspecific labels per cell. This is probably because we used the crude serum. The
content of the serum, which was often colored red indicating the presence of red blood cells,
interfered with the labeling procedure. By both centrifuging the serum and pre-storing it at 80°C the interference was apparently greatly reduced.

60

Chapter 2

To either enhance the accessibility of the antibody epitope or the binding of the
antisera to their target, three different (pre)treatments were tried: pretreatment of the sections
for five minutes with 1 mg/ml borohydride or for 20 minutes with 1 N HCl and incubation
with the (anti)serum at 37°C instead of room temperature. However, none of these methods
resulted in improved immunolabeling.
Table 5. The effect of different sample preparation methods on immunogold labeling of “Candidatus K.
stuttgartiensis” cells. Labeling (fifth column) refers to the amount of label observed in the cell including
nonspecific labeling as opposed to specific labeling (sixth column). AL; acrolein, GA; glutaraldehyde,
PFA; paraformaldehyde, UA; uranyl acetate. NP; not performed.
Sample preparation

Medium

Sections

Morphology

Labeling

Specific
labeling

HPF + cryosubstitution
Chemical fixation (A)

0.2% GA +

Lowicryl

+++

-

-

0.5% UA in acetone

HM20

0.1% GA + 4% PFA

cryosections

+

+

0

0.2% GA + 4% PFA

cryosections

+

+

0

8% PFA

cryosections

0

++

0

0.2% AL + 4% PFA

cryosections

+

++

0

0.2% AL + 4% PFA

cryosections

+

+

0

0.1% OsO4

cryosections

0

++

0

4% PFA

cryosections

0

+

NP

0.2% GA + 2% PFA

cryosections

++

+

+

1% AL + 2% PFA

cryosections

+

++

NP

0.5% GA + 1% H2O

cryosections

+++

+

++

cryosections

++

+

+

cryosections

+++

+

+

cryosections

++

+

+

+ 0.1% GA
Chemical fixation (B)

Rehydration method

in acetone
0.5% GA + 3% H2O
in acetone
0.5% GA +
0.1% UA + 1% H2O
in acetone
0.5% GA +
0.1% UA + 3% H2O
in acetone

The type of buffer used throughout the protocol and especially its pH did have an
effect on the immunolabeling. Buffers and pH levels tested were PHEM pH6.4 and 6.9 and
PBS pH7.4 and 8.0. The lower the pH, the more nonspecific labeling was observed in the
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pre-immune serum. The best labeling results were obtained using PBS pH7.4; at pH8.0 the
specific labeling was also reduced.
The immunolabeling protocol was also optimized for the type of blocking buffer used
and its incubation time. Blocking buffers tested were (in order from the blocking buffer that
resulted in the least nonspecific labeling to the one with the most); 2% skim milk powder, 1%
BSA (either with or without 0.3 M NaCl), 0.1% BSA-C, 0.5% BSA with 0.5% cold water fish
gelatin (CFG) and 0.1% BSA-C with 0.5% CFG. The blocking buffer incubation times that
were tested were; 3, 15 and 30 minutes. There was no nonspecific binding of the secondary
antibody (protein A-gold) to positively charged proteins because neither the addition of NaCl
or BSA-C had an effect on the amount of nonspecific labeling. Also, the incubation with only
the secondary antibody resulted in no nonspecific labeling. The best blocking buffer and time
were blocking for 15 minutes with either 2% skim milk powder (when there was much
nonspecific AND specific labeling) or 1% BSA (in cases where the specific labeling was
greatly reduced by blocking with skim milk powder).
Finally, the immunolabeling protocol was optimized for the serum dilutions and
incubation times. Serum dilutions tested were 3-, 10-, 20-, 30-, 40-, 80-, 100-, 160- and 300fold diluted. For all antisera, the 80-fold dilution gave the optimal combination of specific and
nonspecific labeling. As incubation time, 60 minutes was used because longer incubation did
not result in more specific labeling.
Immunogold localization
With the immunogold labeling method optimized, the location of the four ATPase gene
clusters identified in the “Candidatus K. stuttgartiensis” genome could be investigated.
However, only some initial pilot experiments were performed.
The positive control, the antiserum directed at the anammox hydrazine/hydroxylamine
oxidoreductase (HAO), exhibited high amounts of labeling almost exclusively in the
anammoxosome compartment (Figure 10B-D), as shown previously (Lindsay et al 2001). The
control treatment with the pre-immune serum showed, on average, three labels per cell
(Figure 10A). There was almost no difference between the incubation with anti-F-ATPase-1
(four labels per cell) and the control treatment with the pre-immune serum (three labels per
cell) (data not shown). The same was true for the incubation with anti-F-ATPase-3 (three
labels per cell) and its pre-immune serum (two labels per cell) (data not shown). Anti-FATPase-2 seemed to specifically label the cell division site with 18 labels per cell and all
division sites labeled when BSA-C with CFG was used as the blocking reagent (data not
shown). The pre-immune serum showed five nonspecific labels per cell under these
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conditions. When BSA was used as the blocking reagent (Figure 11A-B), the antiserum
showed 10 labels per cell and 60% of the division sites labeled in 50 cells inspected. In this
case the pre-immune serum had four nonspecific labels per cell. When skim milk powder was
used as the blocking reagent (Figure 11C-D), the antiserum showed two labels per cell with
33% of the division sites labeled in 50 cells inspected. The pre-immune serum showed one
nonspecific label per cell. Never, with any of the blocking reagents tested, was division ring
labeling observed with the pre-immune serum. The immunogold labeling of anti-V-ATPase-4
gave the same results as for the immunofluorescence; the pre-immune serum showed more
labeling (seven labels per cell) than the antiserum (four labels per cell) (data not shown).

Figure 10. Immunogold localization of the positive control, the antiserum directed at the anammox
hydrazine/hydroxylamine oxidoreductase (HAO), localizes HAO to the anammoxosome compartment in
“Candidatus K. stuttgartiensis” rehydrated cryosections. A. pre-immune serum HAO. Arrows indicate
nonspecific gold labels. B-D. anti-HAO. Scale bars: A and D; 200 nm, B and C; 500 nm.
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Figure 11. Immunogold localization of the antiserum directed at the catalytic beta subunit of the F-ATPase-2
gene cluster found in the genome localizes this ATPase to the cell division site in “Candidatus K. stuttgartiensis”
rehydrated cryosections. A. pre-immune serum F-ATPase-2 blocked with BSA. B. anti-F-ATPase-2 blocked
with BSA. C. pre-immune serum F-ATPase-2 blocked with skim milk powder. D. anti-F-ATPase-2 blocked with
skim milk powder. Arrows indicate cell division site labeling. Scale bars: A-C; 500 nm, D; 200 nm.

Comparing western blot analysis, immunofluorescence & immunolabeling results
Comparing the western blot analysis, immunofluorescence and immunogold localization
results, a definite conclusion concerning the specificity of the antisera and the location of the
antibody epitopes cannot be drawn (Table 6). The specificity of anti-HAO was very
convincing in both immunofluorescence and immunogold localization but the location within
the cell differed. In immunofluorescence, the signal was donut-shaped, that could at the most
be interpreted as anammoxosome membrane signal. In immunogold localization the antiserum
convincingly located HAO inside the anammoxosome. Anti-F-ATPase-1 was the only
antiserum with a convincing band in western blot analysis but both immunofluorescence and
immunogold localization were inconclusive. Anti-F-ATPase-2 was difficult to interpret in
immunofluorescence, though a donut-shaped signal could be observed. This is again
dissimilar from the immunogold localization that convincingly showed the antiserum binding
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at the cell division site. The anti-F-ATPase-3 signal was very convincing in
immunofluorescence but immunogold labeling was indecisive. Finally, the results for anti-VATPase-4 were conclusive for all three methods; the antiserum does not work (under these
conditions) or the antibody epitope is either altered by the preparation method or the enzyme
is not expressed.
Table 6. Comparison of western blot analysis, immunofluorescence and immunogold labeling results for the
antisera directed at the catalytic beta (F-ATPase-1, -2, and -3) or A (V-ATPase-4) subunit of the four ATPase
gene clusters found in the “Candidatus K. stuttgartiensis” genome. Antiserum directed at the anammox
hydrazine/hydroxylamine oxidoreductase (HAO) was used as a positive control. The three different methods
gave dissimilar results concerning the specificity and location of the antisera except for anti-V-ATPase-4.
Convincing hybridization (or lack thereof) is shown in bold type. a; anammoxosome, am; anammoxosome
membrane, icm; intracytoplasmic membrane, r; riboplasm.
Antiserum

Western blot

Immunofluorescence

Immunogold localization

Specific

Specific

hybridization

hybridization

HAO

unsure

yes (++)

icm/r/am

yes (++)

a

α-F-ATPase-1

yes

yes (+/0)

icm/r/am

unsure (0)

none

α-F-ATPase-2

no

yes (+/0)

icm/r/am

yes (+)

division site

α-F-ATPase-3

no

yes (+)

icm/r/am

unsure (0)

none

α-V-ATPase-4

no

no (-)

none

no (-)

none

Location

Specific

Location

hybridization
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DISCUSSION
To investigate the hypothesis that the anammoxosome compartment is used for the generation
of energy, the intracellular location of ATPases in the anammox bacterium “Candidatus
Kuenenia stuttgartiensis” was addressed in this study. If the anaerobic oxidation of
ammonium is indeed coupled to the anammoxosome membrane, and protons are translocated
from the riboplasm to the anammoxosome via the electron transport chain, this would result
in a proton motive force that could be used for the generation of ATP by membrane-bound
ATPases. The genome of the anammox bacterium “Candidatus K. stuttgartiensis” was
investigated for ATPase gene clusters. Four ATPase gene clusters were identified and
compared to known ATPase gene clusters. Parts of the catalytic subunits were expressed in E.
coli and used to raise antibodies in rabbits. The antisera were tested in western blot analysis,
immunofluorescence and immunogold localization for their specificity and epitope location.
The different methods gave dissimilar results concerning specificity and location and the
methods need further optimization. The preliminary localization of the four ATPase gene
clusters will be discussed in detail below after the discussion of some methodological caveats.
Western blot analysis
Western blot analysis using the colorimetric detection with monoclonal mouse anti-rabbit IgG
horseradish peroxidase and diaminobenzidine was problematic. Anammox cytochrome c
proteins constitute up to 30% of the total cell protein of anammox bacteria (Schalk et al 2000,
Cirpus et al 2005) and the genome of “Candidatus K. stuttgartiensis” encodes at least 59
different cytochrome c proteins (Strous et al 2006). This, together with the intrinsic capability
of cytochrome c proteins to perform the reduction of peroxides (peroxidase activity) (Braun &
Thöny-Meyer 2004), could account for the high background seen in the negative control
where the blot was incubated with only the secondary antibody (Figure 7; lane 11). Instead of
going into the tedious process of optimizing the detection of specific anammox proteins using
this colorimetric detection method (horseradish peroxidase conjugated secondary antibody),
we recommend using a different detection system. Alternative detection systems that could be
used are colorimetric or chemiluminescence detection using a different reporter enzyme
(alkaline phosphatase), detection using protein A-gold conjugates, and radioactive or
fluorescence detection (Kurien & Scofield 2006). The western blot procedure also has to be
optimized so that the positive control with anti-HAO gives clear bands of the expected sizes
(multiples of 58 kDa depending on the breaking of the covalent links between the three
subunits of this enzyme), as shown previously (Schalk et al 2000), instead of a smear (Figure
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7, lane 13). Care should be taken though that the enzyme migrates into the gel; Schalk et al
(2000) reported that it was necessary to remove the c-type haems from HAO with sulfonyl
chloride to prevent aggregate formation and clogging of HAO on top of the gel.
Fixation of anammox cells
Electron microscopic observations of chemically-fixed cells showed that the anammox cell
morphology was not properly preserved in standard chemical fixation. The cells had collapsed
(Figure 9B) and in some cases cell material had leaked out of the cells. Apparently the time
the chemicals take to penetrate into the anammox cells is too long to guarantee fixation in
their natural and healthy state. Only when high-pressure freezing and freeze-substitution were
used, were the anammox cells seemingly preserved in a life-like state (Figure 9A). Recently, a
new method was described, the rehydration method (van Donselaar et al 2007), that
combines the excellent immunolabeling properties of Tokuyasu cryosections and the
morphological preservation of high-pressure freezing and freeze-substitution. Anammox cells
processed through the rehydration method (Figure 9D) had nearly as good a morphological
preservation as those processed through high-pressure freezing, freeze-substitution and Epon
embedding. Also, the sections were excellent for immunolabeling as anti-HAO
immunolabeling resulted in a vast amount of anammoxosome labeling (Figure 10B). Thus we
recommend using the rehydration method for immunogold labeling of anammox cells.
However, in general, great care should be taken when interpreting results obtained with
chemically-fixed anammox cells since structural and distributional artifacts cannot be
excluded due to the short continuation of cellular processes, i.e. metabolic processes such as
autolysis, during chemical fixation.
Immunofluorescence
Immunofluorescence analysis with “Candidatus K. stuttgartiensis” cells showed that
methanol/acetone fixation was too harsh for these cells. After incubation with the positive
control, anti-HAO, the Cy3 signal was spread all over the well indicating that cell material
had leaked out of the cells. However, immunofluorescence analysis using either
formaldehyde-fixed or rehydrated cryosectioned cells did result in cell-specific Cy3 signals.
The Cy3 signal was brighter in the formaldehyde-fixed cells than in the rehydrated
cryosectioned cells. This could be caused by the fact that in the method using formaldehyde
fixation, whole cells are used and thus there is more antibody epitope present, while in the
rehydration method, 250 nm cryosections are used and thus there is less antibody epitope
present. However, there was one aspect of the immunofluorescence analysis that undermined
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the obtained results and for which no explanation is at hand. Immunofluorescence analysis
using the positive control, anti-HAO, resulted in a very bright, donut-shaped, signal (only 50100 ms exposure time). This did not match the specific and convincing localization of HAO
to the anammoxosome by immunogold localization (Figure 10 and Lindsay et al 2001). Even
when both immunofluorescence and immunogold localization were applied to cells processed
through the rehydration method, a donut-shaped Cy3 signal was obtained in
immunofluorescence (Figure 8M) and a very convincing anammoxosome signal in
immunogold localization (Figure 10). Thus, the donut-shaped Cy3 signal could not be a result
of distributional artifacts caused by chemical fixation. A low amount of riboplasm labeling
could be expected due to protein synthesis but not in these high amounts and not exclusively
in the riboplasm while immunogold localization revealed very little riboplasm labeling.
Although it is very difficult to deduce the exact location of the Cy3 signal at the
immunofluorescence resolution, there is a black spot within the donut-shaped anti-HAO Cy3
signal indicating the absence of label there. Since all antisera used in immunofluorescence
analysis so far seem to give rise to (partly) donut-shaped Cy3 signals, this method is
unreliable until these inconsistencies are resolved or a clear explanation becomes apparent. To
exclude optical illusion, deconvolution and confocal microscopy should be performed.
Immunogold localization
Most time was spent on the optimization of the immunogold labeling protocol itself using
anti-HAO and on the successful immunolabeling of the antisera discussed in Chapter 4. Only
a few pilot experiments were performed with the ATPase antisera on rehydrated cryosections.
Sample preparation had a substantial effect on the morphology (see above) and
immunolabeling of anammox cells. The best combination of good morphology and labeling
was obtained with the rehydration method (Table 5). Labeling on the morphologically well
preserved high-pressure frozen, freeze-substituted and resin-embedded sections showed
almost no specific labeling. Labeling on chemically-fixed cryosections showed collapse of the
cells and a lot of nonspecific labeling. Both the possibility of distributional artifacts and
nonspecific labeling made this method not suited for immunolabeling of anammox cells and
the different steps in the labeling protocol itself were optimized using rehydrated
cryosections.
Immunolabeling of anammox cells is a real challenge because anammox cells are
quite sticky for antisera in general. Even the negative control, an affinity-isolated rabbit antiinfluenza hemagglutinin, produced on average three nonspecific labels per cell with 1% BSA
as the blocking reagent after optimization of the method. The protocol must be optimized for
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each individual antiserum with respect to buffer and pH, serum dilution and incubation time
and blocking reagent and incubation time until the protocol results in a non-labeled preimmune serum. An important point is to store crude antisera at -80°C before use and also to
centrifuge them every time shortly before preparing the appropriate dilution. Affinity isolation
of the antibodies from the serum would probably partly reduce the amount of nonspecific
labeling, but not completely since the affinity-isolated negative control also still produced
nonspecific labeling after method optimization.
F-ATPase-1
F-ATPase-1 resembled most the typical F-ATPase from E. coli. It was almost in complete
syntheny with the exception of an unknown ORF between gene I and subunit a, and the
presence of two genes encoding proteolipid subunit c (Figure 3). Both proteolipids consisted
of two transmembrane helices and 1 protonizable group located in helix 2. Since a constant
number of 24 helices per enzyme is assumed (Müller et al 1999), it is likely that only one of
the genes encoding subunit c is functional encoding twelve proteolipid copies, i.e. twelve
protonizable groups. With twelve protonizable groups, the ion/ATP ratio for this enzyme is
four, which implies that it is capable of ATP synthesis. The sequence analysis of the
proteolipids and catalytic alpha and beta subunits indicated that, sequence-wise, these
subunits could be functional. There was no indication that the substitution of [DNH] by serine
(S) in the PROSITE signature of the alpha subunit should pose any problems for the catalytic
functionality of the subunit.
Anti-F-ATPase-1 was the only antiserum that gave conclusive results in western blot
analysis despite the background caused by the peroxidase-conjugated secondary antibody.
There was a clear band at the expected size - 52 kDa (Figure 7; lane 2). This indicated that the
F-ATPase-1 beta subunit, and thus very likely the F-ATPase-1 itself, is expressed in
“Candidatus K. stuttgartiensis”. Immunofluorescence indicated the possible binding of anti-FATPase-1 to “Candidatus K. stuttgartiensis” cells both in formaldehyde-fixed cells and to a
lesser extent in rehydrated cryosections (Figure 8B, G-H). The reason why the Cy3 signal (for
this antiserum and also for the other F-ATPases) was less clear in the rehydrated cryosections
could be that in these sections there is less antibody epitope available compared to whole
(formaldehyde-fixed) cells. The exact location of F-ATPase-1 could not be determined yet
because the first immunogold localization pilot runs did not reveal any specific binding of the
antiserum and the pre-immune serum still showed an equal amount of nonspecific labeling.
Nevertheless, sequence analysis, western blot analysis and immunofluorescence indicated that
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F-ATPase-1, a classical ATP synthase, could be functional in “Candidatus K. stuttgartiensis”.
Where the enzyme is located has yet to be determined.
F-ATPase-2
The gene cluster structure of F-ATPase-2 and F-ATPase-3 strongly resembled that of the
atypical M. barkeri F-ATPase (Figure 3) (Sumi et al 1997) and will be discussed together
here. These gene clusters lacked a gene encoding the delta subunit that in F-ATPase connects
the F1 and F0 static parts (Figure 1). Without this subunit the ATPase enzyme would probably
be less stable. Further, F-ATPase-3 did not contain the unknown ORF urf2 between gene I
and subunit a. These proteolipids were aligned to the E. coli proteolipid and the F-ATPase-2
proteolipid showed a substitution from arginine (R) to glutamine (Q) in the PROSITE subunit
c signature (Figure 4A). Both proteolipids contained two transmembrane helices and one
protonizable group, one or two amino acids upstream of helix 2. The total enzyme would
consist of 12 proteolipids and protonizable groups and would thus be capable of ATP
synthesis. The alignment of the alpha subunits showed that the Walker B motif consisted of
ZZZD and did not contain an arginine (R) or lysine (K) 6-8 amino acids downstream.
Alignment of the beta subunits also showed that all signature motifs and residues important
for catalysis were present. In M. barkeri it is doubtful whether this F-ATPase is functional
because the amino acid sequences of the genes are so deviated from the typical F-ATPase and
also because mRNA and protein products cannot be detected (Sumi et al 1997). A functional
F-ATPase in M. barkeri would be quite unusual anyway since all other Archaea (including M.
barkeri) have prokaryotic V-ATPases and not F-ATPases. It is striking that the genome of
“Candidatus K. stuttgartiensis” contains two gene clusters resembling the atypical F-ATPase
from an Archaeon that is not expected to be expressed as a functional ATPase.
Western blot analysis of anti-F-ATPase-2 did not result in specific hybridization but
immunofluorescence showed possible binding of the antiserum to anammox cells both in
formaldehyde-fixed cells and to a lesser extent in rehydrated cryosections (Figure 8C, I).
Surprisingly, anti-F-ATPase-2 was the only antiserum that gave convincing results in the first
immunogold localization pilot experiments. Its location was even more surprising; the
antiserum localized F-ATPase-2 to the cell division site (Figure 11). When blocking with the
weakest block for anammox cells, the combination of BSA-C and CFG, all division rings
were labeled (for more information concerning anammox cell division and cell division ring
see Chapter 4). However, there was also a lot of nonspecific labeling. Only when skim milk
powder was used did the pre-immune serum contain on average one label per cell, though the
division site labeling had also gone down to 33%. It could be that this specific ATPase,
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though possibly structurally different from the typical F-ATPase, is specifically expressed at
the division site to provide ATP during cell division.
F-ATPase-3
Western blot analysis of anti-F-ATPase-3 did not result in specific hybridization but a bright
and distinct Cy3 signal was obtained in immunofluorescence applied to formaldehyde-fixed
cells (Figure 8D) indicating the specific hybridization of anti-F-ATPase-3 to anammox cells.
This signal was brighter than the signal for F-ATPase-1 and -2, but also became less when
rehydrated cryosections were used instead of whole cells. The first immunogold labeling
experiments using anti-F-ATPase-3 did not show any specific binding of the antiserum and
the method needs to be optimized further with respect to buffer and pH, serum dilution and
incubation time and blocking reagent and incubation time to investigate the exact location of
F-ATPase-3, if it is indeed expressed.
V-ATPase-4
The gene cluster structure of V-ATPase-4 most resembled that of B. burgdorferi prokaryotic
V-ATPase with the exception of the presence of an unknown ORF in V-ATPase-4 between
subunit B and D (Figure 3). These two gene clusters, and also the chlamydial prokaryotic VATPase gene clusters (Lolkema et al 2003), do not contain homologues of subunits C and F
(part of the rotor), and G (part of the stator) (Figure 1C). The proteolipid, subunit K, was
aligned to the B. burgdorferi proteolipid (Figure 4B) and both contained a putative skewed
subunit c signature motif where, in V-ATPase-4, R-[NQ]-P was replaced by D-A-L. In
analogy to the V-ATPases of Borrelia and Chlamydia, the V-ATPase-4 proteolipid contained
four transmembrane helices and one protonizable group (located in helix 4). Assuming a
constant number of 24 helices, the proteolipid ring would contain six subunits K and thus six
protonizable groups. This results in an ion/ATP ratio of two, which is insufficient for ATP
synthesis. If expressed, this ATPase would probably function as a proton pump at the cost of
ATP and not the other way around. The alignment of the catalytic B subunit (homologous to
the F-ATPase alpha subunit) showed it did not contain any of the signature motifs (Figure 5)
but it did contain the arginine that plays an important role in catalysis. The alignment of the
catalytic A subunit (homologous to the F-ATPase beta subunit) showed that this subunit did
contain all three signature motifs and residues that play an important role in catalysis
(Figure 6).
Western blot analysis of anti-V-ATPase-4 did not reveal specific hybridization of the
antiserum to a protein of the expected size. Also in immunofluorescence and immunogold
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localization no specific hybridization was detected. In fact, the pre-immune serum showed
even higher amounts of labeling than the antiserum. This could imply that the antiserum does
not work (under these conditions) or that the antibody epitope is either altered by the
preparation method or the enzyme is not expressed.
In conclusion, which of the four ATPase gene clusters identified in the “Candidatus
K. stuttgartiensis” genome is or are functional has yet to be determined. Also the location of
the functional ATPases has to be further examined. The methods for western blot analysis,
immunofluorescence and immunogold localization still need further optimization. In
preliminary “Candidatus K. stuttgartiensis” proteomics data, in which expressed proteins are
detected, the F-ATPase-1 is detected at high coverage and V-ATPase-4 at very low coverage
(M. Strous, personal communication). The relative abundance of peptides of F-ATPase-1, the
typical ATP synthase, in the proteome is consistent with the western blot analysis of this
study. The failure to detect the V-ATPase-4 on western blots is consistent with the proteomic
data, both of which indicate that this complex may be difficult to detect by immunolabeling
since it is seemingly expressed at low levels. Interestingly, the expression of the putative
proton-pumping V-ATPase-4 suggests that somewhere in the cell protons are actively
pumped over a membrane. Further, though the F-ATPase-2 was not detected in the
preliminary proteomics data, this does not mean it is not expressed and the immunogold
localization showed its presence at the cell division site, possibly to specifically supply ATP
during cell division.
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ABSTRACT
Anaerobic ammonium oxidation (anammox) is an ecologically and industrially important
process and is performed by a clade of deeply branching Planctomycetes. Anammox bacteria
possess an intracytoplasmic membrane-bounded organelle, the anammoxosome, which is
vertically inherited to the daughter cells upon cell division. In the present study, the
ultrastructure of four different genera of anammox bacteria was compared with transmission
electron microscopy and electron tomography. “Candidatus Kuenenia stuttgartiensis”,
“Candidatus

Brocadia

fulgida”,

“Candidatus

Anammoxoglobus

propionicus”

and

“Candidatus Scalindua spp.” all shared a common anammox cell plan. Differences between
the four genera included cell size (from 800 to 1100 nm in diameter), presence or absence of
cytoplasmic particles and presence or absence of pili-like appendages. Furthermore, all four
genera contained glycogen granules as shown by histochemical staining. Cytochrome
peroxidase staining indicated that cytochrome c proteins were located inside the
anammoxosome. This provides further support for the hypothesis that this organelle is the
locus of anammox catabolism.
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INTRODUCTION
Bacteria performing anaerobic ammonium oxidation (anammox) are key players in the global
nitrogen cycle and have been applied in wastewater treatment for the removal of ammonium
(Kuypers et al 2003, Strous & Jetten 2004, Francis et al 2007). Anammox is the anaerobic
oxidation of ammonium with nitrite as the electron acceptor and dinitrogen gas as the product
(van de Graaf et al 1997). Anammox bacteria form a monophyletic group, or clade, deeply
branching inside the phylum Planctomycetes (Strous et al 1999, Schmid et al 2005 & 2007).
So far, four anammox genera have been described. “Candidatus Kuenenia” (Schmid et al
2000), “Candidatus Brocadia” (Strous et al 1999, Kuenen & Jetten 2001, Kartal et al 2004)
and “Candidatus Anammoxoglobus” (Kartal et al 2007A) have all been enriched from
activated sludge. Of these three anammox genera, “Candidatus Anammoxoglobus
propionicus” and “Candidatus Brocadia fulgida” have been shown to also be very efficient at
oxidizing small organic acids, such as propionate, acetate and formate, next to ammonium
(Kartal et al 2007A & 2007B). The fourth genus, “Candidatus Scalindua” (Kuypers et al
2003, Schmid et al 2003), has often been detected in natural habitats, especially in marine
sediments and oxygen minimum zones (Penton et al 2006, Schmid et al 2007, Woebken et al
2007).
As in all other Planctomycetes, the anammox bacteria have an ultrastructure atypical
for bacteria, with a compartmentalized cytoplasm and apparently no real periplasmic space
(Fuerst 1995). Based on transmission electron microscopic studies of “Candidatus Brocadia
anammoxidans”, the anammox cell plan was described as follows (Lindsay et al 2001, Strous
et al 2006). The cytoplasm is divided into three separate compartments bounded by individual
bilayer membranes (Figure 1). The innermost cytoplasmic compartment, the anammoxosome,
is bounded by the anammoxosome membrane, contains iron particles and tubule-like
structures (Lindsay et al 2001, van Niftrik et al 2004 & 2007) and occupies most of the
volume of the cell. The second cytoplasmic compartment, the riboplasm, contains ribosomes
and the nucleoid and is bounded on the outside by an intracytoplasmic membrane. The third
and outermost cytoplasmic compartment, the paryphoplasm, is bounded on the outside by the
cytoplasmic membrane. Outside the cytoplasmic membrane resides a peptidoglycan-less cell
wall with no outer membrane.
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Figure 1. Schematic drawing (left) representing the ultrastructure of anammox bacteria and the postulated
coupling of the anaerobic oxidation of ammonium to the anammoxosome membrane (right) for the build-up of a
proton motive force and subsequent ATP synthesis. Spheres; cytochrome c proteins. bc1; cytochrome bc1
complex, cyt; cytochrome, hao; hydrazine/hydroxylamine oxidoreductase, hh; hydrazine hydrolase, nir; nitrite
reductase, Q; coenzyme Q.

The function of the anammoxosome has been hypothesized to be the production of
energy, analogous to the function of mitochondria in eukaryotes (Lindsay et al 2001, van
Niftrik et al 2004). In this hypothesis, energy from the anaerobic oxidation of ammonium is
conserved in the form of a proton motive force over the anammoxosome membrane. This
process has been postulated to be catalyzed by several cytochrome c proteins as shown in
Figure 1 (Strous et al 2006). Nitrite is first reduced to nitric oxide by a cytochrome c and
cytochrome d1 containing nitrite reductase (NirS). Nitric oxide and ammonium are then
assumed to be combined into hydrazine by hydrazine hydrolase and the latter is finally
oxidized to dinitrogen gas by a cytochrome c protein (a trimer of octahaem monomers);
hydrazine/hydroxylamine oxidoreductase (Schalk et al 2000, Shimamura et al 2007). The four
electrons derived from this oxidation are transferred first to soluble cytochrome c electron
carriers (Cirpus et al 2005, Huston et al 2007), then to ubiquinone, followed by the
cytochrome bc1 complex (complex III), then to other soluble cytochrome c electron carriers
and finally to nitrite reductase and hydrazine hydrolase. In theory, this results in the build-up
of a proton motive force that could be used to drive ATP synthesis. The immunogold
localization of one of the key enzymes (hydrazine/hydroxylamine oxidoreductase, see Figure
1) to the anammoxosome provided the first (and only) proof that the mechanism described in
Figure 1 might occur inside the anammoxosome (Lindsay et al 2001). However, the
anammoxosome membrane is predominantly in a curved configuration (van Niftrik et al
2007) and the function of this curvature could be to enlarge the membrane area available for
the membrane-associated catabolic process just described and thus to enlarge catabolic
activity.
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In this study we used transmission electron microscopy and electron tomography to
investigate whether the anammox cell plan was conserved in all four anammox genera
described so far; “Candidatus Kuenenia stuttgartiensis”, “Candidatus Brocadia fulgida”,
“Candidatus Anammoxoglobus propionicus” and “Candidatus Scalindua spp.”. Additional
ultrastructural features were also observed. In all genera, riboplasmic granules were identified
as glycogen by glycogen staining. “Candidatus Brocadia fulgida” and “Candidatus
Anammoxoglobus propionicus” contained additional riboplasmic particles of unknown
identity. Transmission electron microscopy showed the presence of anammox cells with pililike appendages among “Candidatus Scalindua spp.”. Finally, we used the intrinsic
peroxidase activity of cytochrome c to investigate the hypothesis that the anaerobic
ammonium oxidation takes place within the anammoxosome. Staining for peroxidase activity
occurred only inside the anammoxosome with profound accumulation of reaction product
along a 150 nm rim on the inside of the anammoxosome membrane. This provided further
indication that the anammoxosome functions as an energy-generating bacterial ‘organelle’.
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MATERIALS AND METHODS
Anammox enrichment cultures
Samples containing enrichment cultures of “Candidatus Kuenenia stuttgartiensis”,
“Candidatus Brocadia fulgida” (Kartal et al 2004 & 2007B), “Candidatus Anammoxoglobus
propionicus” (Kartal et al 2007A) and “Candidatus Scalindua spp.” (1:1 co-culture of two
“Candidatus Scalindua” species) (van de Vossenberg et al, submitted for publication) were
taken from continuous or sequencing batch reactors (Strous et al 1998).
Sample preparation for transmission electron microscopy (TEM)
Small aggregates of “Candidatus K. stuttgartiensis”, “Candidatus B. fulgida”, “Candidatus
A. propionicus” and “Candidatus Scalindua spp.” cells were transferred into a 100 µm cavity
of a planchette (3 mm, 0.1/0.2 mm depth, Engineering Office M. Wohlwend GmbH, CH-9466
Sennwald, Switzerland) containing 1-hexadecene (Studer 1989), closed with the flat side of a
lecithin-coated planchette (3 mm, 0.3 mm depth) and cryofixed by high-pressure freezing
(Leica EMHPF, Leica Microsystems, Vienna, Austria). Freeze-substitution was performed in
acetone containing 2% osmium tetroxide, 0.2% uranyl acetate and 1% H2O (Walther &
Ziegler 2002). Samples were kept at -90°C for 47 hours, brought to -60°C at 2ºC/hour, kept at
-60ºC for eight hours, brought to -30°C at 2ºC/hour and kept at -30ºC for eight hours in a
freeze-substitution unit (AFS, Leica Microsystems, Vienna, Austria). Uranyl acetate was
removed by washing the samples four times for 30 minutes in the AFS at -30ºC with acetone
containing 2% osmium tetroxide and 1% H2O. Fixation was then continued for one hour on
ice. Osmium tetroxide and H2O were removed by washing two times for 30 minutes on ice
with anhydrous acetone. Samples were gradually infiltrated with Epon resin (Mollenhauer
1964). Epon was polymerized for 72 hours at 60ºC.
Exception: The “Candidatus B. fulgida” sample used for Figure 3C and 3D and
Supplemental Material Movie S3.1-S3.2 was processed as described above with the following
changes. Cells were cryofixed by high-pressure freezing in a HPM010 HPF (BAL-TEC Inc.,
Balzers, Liechtenstein) and freeze-substituted in anhydrous acetone containing 2% osmium
tetroxide and 0.5% uranyl acetate. Samples were kept at -90ºC for 24 hours, -80ºC for 24
hours, brought to -45ºC at 2ºC/hour, kept at -45ºC for two hours, brought to 0ºC at 22.5º/hour
and brought to 20ºC at 10ºC/hour. Samples were washed four times for 20 minutes with
anhydrous acetone. Epon was polymerized for 24 hours at 60ºC.
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All sections were cut using a Reichert Ultracut E Microtome (Leica Microsystems,
Vienna, Austria). Ultra-thin (for TEM, ca. 70 nm) and semi-thin (for ET, 250-400 nm)
sections were collected on carbon-formvar-coated copper square 50 mesh grids.
Ultra-thin sections of Epon-embedded cells were post-stained with 20% uranyl acetate
in 70% methanol for four minutes and Reynolds’ lead citrate staining (Reynolds 1963) for two
minutes and investigated at 80-120 kV in a transmission electron microscope (Tecnai10 or
Tecnai12, FEI Company, Eindhoven, The Netherlands). Images were recorded using a CCD
camera (MegaView II, AnalySis).
Sample preparation for scanning electron microscopy
“Candidatus B. fulgida” and “Candidatus Scalindua spp.” cells were high-pressure frozen and
freeze-substituted as described above with the following exceptions. Freeze-substitution was
performed in anhydrous acetone containing 2% osmium tetroxide and 0.5% glutaraldehyde.
After freeze-substitution, fixation was continued on ice for one hour after which osmium
tetroxide and glutaraldehyde were removed by washing two times for 30 minutes on ice with
anhydrous acetone. The samples were critical point dried (CPD030, BAL-TEC Inc., Balzers,
Liechtenstein), mounted on specimen stubs, coated with 6 nm platinum-palladium using a
sputter coater (208HR, Cressington, Watford, England) and imaged in a scanning electron
microscope using an acceleration voltage of 10 kV (XL30 FEG, FEI Company, Eindhoven,
The Netherlands).
Electron tomography (ET)
Ten nanometer colloidal gold particles were applied to one surface of semi-thin sections of
high-pressure frozen, freeze-substituted and Epon-embedded “Candidatus K. stuttgartiensis”,
“Candidatus B. fulgida” and “Candidatus A. propionicus” cells, to function as fiducial
markers, by incubating sections on a protein A-10nm gold solution. The sections were poststained with 2% uranyl acetate in water for ten minutes. Specimens were placed in a high-tilt
specimen holder and dual axis datasets were recorded at 200 kV (Tecnai20 LaB6, FEI
Company, Eindhoven, The Netherlands) by either manually rotating the grid 90º (Fischione
2020 advanced tomography holder, Fischione Instruments, Pittsburgh, USA) or rotating the
grid 90º inside the microscope (Fischione rotation holder, Fischione Instruments, Pittsburgh,
USA). The angular tilt range was from -65º to 65º with an increment of 1º. Binned (2x2)
images (1024 x 1024 pixels) were recorded using a CCD camera (Temcam F214, TVIPS
GmbH, Gauting, Germany). Automated data acquisition of the tilt series was carried out using
Xplore 3D (FEI Company, Eindhoven, The Netherlands). Tomograms from each tilt axis were
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computed with the R-weighted back-projection algorithm and combined into one double tilt
tomogram using the IMOD software package (Kremer et al 1996). Double tilt tomograms
were analyzed and modeled with the IMOD software package. Features of interest were
contoured manually in serial optical slices extracted from the tomogram.
Polysaccharide (glycogen) stain (modified after Thiery 1967)
The glycogen stain was performed on four different anammox genera: “Candidatus K.
stuttgartiensis”, “Candidatus B. fulgida”, “Candidatus A. propionicus” and “Candidatus
Scalindua spp.”. Ultra-thin sections of high-pressure frozen, freeze-substituted and Eponembedded cells were collected on carbon-formvar-coated 100 mesh hexagonal golden grids.
All incubations and washing steps were performed on drops. Sections were incubated for 30
minutes with 1% periodic acid and washed for 60 minutes with water. Negative controls were
incubated with water instead of periodic acid. Sections were incubated overnight with 0.2%
thiocarbohydrazide in 20% acetic acid. Sections were washed with 10% acetic acid (two times
15 minutes), 5% acetic acid (two times five minutes), 2% acetic acid (five minutes) and water
(three times five minutes). Sections were incubated for 30 minutes with 1% silver albumin
and washed with water (three times five minutes). Finally, sections were incubated for five
minutes with 5% sodium thiosulfate and washed with water (three times five minutes). The
sections were investigated unstained.
Cytochrome peroxidase reaction (modified after Seligman et al 1968)
“Candidatus K. stuttgartiensis” cells were fixed for 30 minutes in 0.1 M cacodylate buffer
pH 7.2 containing 1.5% glutaraldehyde and 4% formaldehyde and washed with buffer. Cells
were incubated for 15 minutes with 2.5 mM diaminobenzidine tetrahydrochloride (DAB) and
0.02% H2O2 in 0.1 M cacodylate buffer pH 6.5 and washed with cold buffer pH 7.2
containing 0.15 M sucrose (to prevent the relocation of precipitates). Negative controls were
pre-incubated for 15 minutes with 0.01 M potassium cyanide in 0.1 M cacodylate buffer
pH 6.5 and then incubated with DAB and H2O2 in the presence of potassium cyanide. Cells
were post-fixed for 90 minutes in 2% osmium tetroxide at 4°C, washed with water and
embedded in 2% low melting point agarose. Cells were dehydrated in a graded ethanol series
(70, 80, 90, 96 and 100% ethanol) and then 100% propylene oxide and subsequently
embedded in Epon resin. Epon was polymerized for 48 hours at 60°C. Ultra-thin sections
were investigated unstained, post-stained for 1 minute with Reynolds’ lead citrate and poststained for 4 minutes with 20% uranyl acetate in 70% methanol and 2 minutes with Reynolds’
lead citrate.
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Energy Dispersive X-ray Analysis (TEM-EDX)
“Candidatus B. fulgida” cells were cryofixed by high-pressure freezing, freeze-substituted in
anhydrous acetone containing 2% osmium tetroxide and embedded in Epon resin as described
above. Semi-thin sections (~250 nm) were collected on carbon-formvar-coated nickel square
50 mesh grids and analyzed with TEM-EDX for their elemental composition. Spot
measurements were performed with the following settings: acceleration voltage 200 kV,
5 eV/17 µs, spot size 8, dwell time 60 seconds (Tecnai20FEG, FEI Company, Eindhoven, The
Netherlands) using ES vision software (Emispec Systems, Inc., Tempe, USA).
Comparing anammox cell and anammoxosome volume
To compare the four anammox genera with respect to size (diameter) and what percentage of
the cell was occupied by the anammoxosome compartment, the specific cell and
anammoxosome areas (nm2) were deducted from transmission electron micrographs using the
Scion Image Software (Scion Corporation, Frederick, USA).
Genome and sequence analysis
In the search for specific genes, protein sequences of known genes were blasted against the
“Candidatus

K.

stuttgartiensis”

genome

using

the

NCBI

blastp

program

(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). Putative homologs were subsequently aligned
to the known genes using the PIR pairwise alignment tool (http://pir.georgetown.edu/
pirwww/search/pairwise.shtml).
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RESULTS
The ultrastructure of the four anammox genera “Candidatus Kuenenia stuttgartiensis”,
“Candidatus

Brocadia

fulgida”,

“Candidatus

Anammoxoglobus

propionicus”

and

“Candidatus Scalindua spp.” was investigated and compared using transmission electron
microscopy. “Candidatus Kuenenia stuttgartiensis”, “Candidatus Brocadia fulgida” and
“Candidatus Anammoxoglobus propionicus” were also investigated using electron
tomography. It was observed that the anammox cell plan was conserved in all four anammox
genera (Figure 2 and 3, Supporting Material Movies S1-S3). The cytoplasm was divided into
three compartments separated by individual bilayer membranes. The cell wall was lined on
the inside by a membrane [the cytoplasmic membrane (consistent with data of Lindsay et al
2001)]. A second membrane (the intracytoplasmic membrane) separated the first and
outermost cytoplasmic compartment (the paryphoplasm; ‘p’ in Figure 2) from the second,
electron-dense, cytoplasmic compartment (the riboplasm; ‘r’ in Figure 2). A third membrane
was in a predominantly curved configuration and separated the riboplasm from the third and
largest, electron-light, cytoplasmic compartment (the anammoxosome; ‘a’ in Figure 2). All
four anammox genera contained iron particles (‘Fe’ in Figure 2, Supporting Material Movies
S1-S3 and Figure 3) and tubule-like structures in the anammoxosome (Lindsay et al 2001, van
Niftrik et al 2004 & 2007).
The cells of the genera “Candidatus Kuenenia stuttgartiensis” and “Candidatus
Brocadia fulgida” both had an average diameter of 800 nm with the anammoxosome
compartment occupying 61 ± 5 % of the cell volume. The “Candidatus Scalindua spp.” both
were slightly larger with an average cell diameter of 950 nm. However, the anammoxosome
compartment remained the same size as in “Candidatus Kuenenia stuttgartiensis” and
“Candidatus Brocadia fulgida”, resulting in the anammoxosome compartment occupying
51 ± 8 % of the cell volume in “Candidatus Scalindua spp.”. The genus “Candidatus
Anammoxoglobus propionicus” was the largest cell type, with a typical cell diameter of
1100 nm. In this genus, the anammoxosome was also relatively larger in size compared to that
in cells of the other genera and occupied on average 66 ± 6 % of the cell volume.
Figure 2 (right page). Transmission electron micrographs of high-pressure frozen, freeze-substituted and Eponembedded thin sections of four anammox genera. All cells are divided into three separate cytoplasmic
compartments by individual bilayer membranes; the paryphoplasm (p), riboplasm (r) and anammoxosome (a)
compartment. A. Dividing “Candidatus Kuenenia stuttgartiensis” cell. B. “Candidatus Anammoxoglobus
propionicus” cell. C, D. “Candidatus Brocadia fulgida” cells showing riboplasmic particles (pa). (D) Dividing
cell. E, F. Dividing “Candidatus Scalindua spp.” cells with (E) and without (F) pili-like appendages.
Micrographs further show glycogen (g) and intra-anammoxosome iron particles (Fe). Scale bars; 200 nm.
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Figure 3. Snapshots of electron tomography models showing the conserved anammox cell plan in three
anammox genera. A. “Candidatus Kuenenia stuttgartiensis” (Supporting Material Movie S1.1-1.2)
B. “Candidatus Anammoxoglobus propionicus” cell with riboplasmic particles and with the
anammoxosome compartment being divided or lying in a bent configuration in the cell (Supporting
Material Movie S2.1-2.2). C. “Candidatus Brocadia fulgida” with (D) riboplasmic particles (Supporting
Material Movie S3.1-3.2). Models show (from out- to inside); cell boundary (in red), intracytoplasmic
membrane (in yellow), riboplasmic particles (in purple), anammoxosome membrane (in pink), and
anammoxosome iron particles (in red).

In addition to the finding that the anammox cell plan established in previous studies
was conserved among the four anammox genera, we also observed as yet undescribed
ultrastructural features. The transmission electron microscopic study of the four anammox
genera showed numerous spherical, aggregated granules in all four genera (‘g’ in Figure 2).
These granules occurred only in the riboplasmic compartment and each had a diameter of
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approximately 55 nm. The granules were identified as polysaccharide (glycogen) storage
granules by performing a glycogen stain on thin sections of all anammox genera (Figure 4). In
this method, periodic acid breaks open the polysaccharide molecules after which
thiocarbohydrazide can attach. This complex is then stained black by the addition of silver
albumin. “Candidatus Kuenenia stuttgartiensis” cells especially stored large amounts of
glycogen (Figure 4A). The negative controls (Figure 4B), incubated with water instead of
periodic acid, showed no staining at all; instead the glycogen granules appeared bright white.
Analysis of the “Candidatus Kuenenia stuttgartiensis” genome revealed the presence of the
glycogen synthesis genes glgA (bacterial glycogen synthase, EC.2.4.1.21), glgB (glycogen
branching enzyme, EC.2.4.1.18) and glgC (glucose-1-phosphate adenylyltransferase,
EC.2.7.7.27) (Preiss et al 1983, Iglesias & Preiss 1992). Open reading frames were found
with 30-55% protein sequence identity to the full length Escherichia coli (Blattner et al 1997)
glycogen genes; one copy of glgA (kuste2463), one copy of glgB (kuste3063) and two copies
of glgC (kuste2466 and kustb0247). Glycolysis and gluconeogenesis were also completely
encoded in the genome of “Candidatus Kuenenia stuttgartiensis” (Strous et al 2006).
Another observation was that some “Candidatus Anammoxoglobus propionicus” and
“Candidatus Brocadia fulgida” cells contained additional particles in the riboplasmic
compartment (‘pa’ in Figure 2C-D and Figure 3B-D). The appearance of these particles was
different from the glycogen granules. The spherical and sometimes tubular particles were on
average 83 nm in diameter and the lining of these particles appeared more electron-dense than
the interior. This could mean that the particles were membrane-bounded, though their
electron-density prohibited a definite interpretation. Electron tomography suggested that these
particles were separate entities; no connections to any of the other membranes were observed
(Figure 3B-D and Supporting Material Movies S2 and S3). Energy dispersive X-ray analysis
was performed on “Candidatus Brocadia fulgida” cells (data not shown) and showed no
differences in elemental composition between the riboplasmic particles and the riboplasmic
compartment.
In the reactor sample containing a 1:1 co-culture of two “Candidatus Scalindua”
species (van de Vossenberg et al, submitted for publication) two morphotypes were observed:
one with pili-like appendages and one without (Figure 2E-F). When present, these appendages
were evenly spread over the whole cell surface and had an average length of 131 nm. The
“Candidatus Scalindua” cells without appendages had an irregular layer on the outside of the
cell wall (Figure 2F) that was not observed in the other genera examined.
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Figure 4. Transmission electron micrographs showing glycogen staining of high-pressure frozen, freezesubstituted and Epon-embedded thin sections of four anammox genera. All investigated anammox genera show
glycogen staining in the riboplasmic compartment. A, B. “Candidatus Kuenenia stuttgartiensis”. (B) Negative
control incubated with water instead of periodic acid. C. “Candidatus Anammoxoglobus propionicus”. D.
“Candidatus Brocadia fulgida”. E, F. “Candidatus Scalindua spp.” cells with (E) and without (F) pili-like
appendages. Scale bars; 200 nm.

“Candidatus Brocadia fulgida” and “Candidatus Scalindua spp.” were also
investigated using scanning electron microscopy (Figure 5). In the “Candidatus Scalindua
spp.” sample, again two morphotypes were observed, one with a similar appearance as
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“Candidatus Brocadia fulgida” (Figure 5B, dividing top cell), and one with irregular
appendages on the cell surface (Figure 5B, bottom cell).

Figure 5. Scanning electron micrographs of high-pressure frozen, freeze-substituted and critical point dried cells
of (A) “Candidatus Brocadia fulgida” and (B) “Candidatus Scalindua spp.”. One morphotype in the “Candidatus
Scalindua spp.” sample shows putative pili-like appendages (lower cell) while the other morphotype lacks them
(upper cell). Scale bars; 500 nm.

To further investigate the hypothesis that the anammoxosome compartment is the locus of all
catabolic reactions, a cytochrome peroxidase stain was performed on “Candidatus Kuenenia
stuttgartiensis” cells. This was done to investigate the location of the cytochrome c proteins
involved in the anaerobic oxidation of ammonium (Figure 1). The oxidation of
diaminobenzidine (DAB) resulted in the accumulation of an electron-dense product inside the
anammoxosome, especially along the inside of the anammoxosome membrane (Figure 6). The
staining was most intense up to, approximately, 150 nm from the anammoxosome membrane
and in membrane protrusions (Figure 6D). This indicated that anammox cytochrome c
proteins were predominantly located at or in close proximity to the inside of the
anammoxosome membrane. The intensity of the staining can be explained by the fact that
cytochrome c proteins constitute up to 30% of the total cell protein of anammox bacteria
(Schalk et al 2000, Cirpus et al 2005) and that the genome of “Candidatus Kuenenia
stuttgartiensis” encodes at least 59 different cytochrome c proteins (Strous et al 2006).
Staining was completely absent in the negative controls (Figure 6E-F), which were preincubated with KCN and then incubated with DAB and H2O2 in the presence of KCN. No
staining was observed in any other parts of the cell, including the paryphoplasm and the
outside of the anammoxosome membrane.
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Figure 6. Transmission electron micrographs of chemically-fixed and Epon-embedded thin sections of
“Candidatus Kuenenia stuttgartiensis” cells showing cytochrome peroxidase staining. A-D. Cytochrome
peroxidase staining is observed solely in the anammoxosome compartment. Intense staining occurs within close
proximity to the anammoxosome membrane, as outlined by the dashed lines (B), and in places where the
membrane is curved (D). E, F. Negative controls pre-incubated with KCN and incubated with DAB and H2O2 in
the presence of KCN. All sections were post-stained for 1 minute with Reynolds’ lead citrate. Scale bars; 200
nm.
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DISCUSSION
We used transmission electron microscopy and electron tomography to investigate whether
the anammox ultrastructure was conserved in species of all anammox genera described so far:
“Candidatus Kuenenia stuttgartiensis”, “Candidatus Brocadia fulgida”, “Candidatus
Anammoxoglobus propionicus” and “Candidatus Scalindua spp.”. All four anammox genera
shared a common cell plan, with the cytoplasm divided into three separate compartments by
individual bilayer membranes. The innermost anammoxosome compartment made up most of
the volume of the cell in all genera and was bounded by a predominantly curved membrane.
Furthermore, all genera contained the previously identified iron particles and tubule-like
structures (Lindsay et al 2001, van Niftrik et al 2004 & 2007). In addition to the cell plan,
further ultrastructural features were observed. All genera stored glycogen in their riboplasmic
compartment,

as

identified

by

glycogen

staining.

“Candidatus

Anammoxoglobus

propionicus” and “Candidatus Brocadia fulgida” also contained additional particles in their
riboplasm of unknown origin or identity, a feature not shared by the other two genera
examined. In the “Candidatus Scalindua spp.” sample, cells with pili-like appendages were
observed. Finally, the hypothesis that anaerobic ammonium oxidation is coupled to the
anammoxosome membrane for the generation of energy was strengthened by staining
“Candidatus Kuenenia stuttgartiensis” cells for cytochrome peroxidase. Staining occurred
exclusively inside the anammoxosome, especially in a 150 nm rim along the inside of the
anammoxosome membrane, indicating that the anammox cytochromes c are predominantly
located on the inside of this membrane. This is consistent with, and would be predicted by,
models of anammox physiology, which propose a central role for the anammoxosome and its
membrane.
Since their discovery in the 90s in a Gist-Brocades pilot plant (Kuenen & Jetten 2001),
anammox bacteria have been found in many different environments, such as marine suboxic
zones, coastal sediments, lakes and wastewater treatment plants (Schmid et al 2007). So far,
four anammox genera have been described with 16S rRNA gene sequence identities between
the species ranging between 87-99% (Schmid et al 2007). Despite this relatively large
phylogenetic distance, all anammox organisms belong to the same family, Anammoxaceae
(Jetten et al 2008), capable of performing anaerobic ammonium oxidation. The feature of a
differentiated cytoplasm is also shared by a phylogenetically larger group to which the
anammox bacteria belong; the phylum Planctomycetes. Most genus-level groups within the
Planctomycetes have different types of compartmentalization, for example Gemmata
obscuriglobus contains a nuclear body, an inner membrane-bounded compartment that
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contains the organism’s nucleoid (Lindsay et al 2001). This is reminiscent of the eukaryotic
nucleus. Although many have speculated about the evolutionary origin of the Planctomycetes
some recent analyses have proposed they evolved from a regular Gram-negative bacterium
(Strous et al 2006, Wagner & Horn 2006). The present study showed that the anammox
ultrastructure is conserved among all anammox genera known so far. Thus it is likely that the
function of the anammox cell plan is linked to a specific function in this group.
The hypothesis that the anammoxosome compartment is dedicated to the generation of
energy is supported by the cytochrome peroxidase stain that was performed on “Candidatus
Kuenenia stuttgartiensis” cells. Haem-c containing proteins, cytochromes, exhibit a wide
variety of biological functions (Chapman et al 1997). One of these functions is the reduction
of peroxides (peroxidase activity), which, among others, is performed by haem-c cytochromes
(Braun & Thöny-Meyer 2004). The anammox cytochromes proposed to be involved in the
anaerobic oxidation of ammonium to dinitrogen gas all contain haem-c groups and can thus
be stained by the diaminobenzidine method (Seligman et al 1968). This stain is not specific
for these cytochromes alone and will stain all other proteins with peroxidase activity as well.
Staining was only observed inside the anammoxosome and was most intense in curvatures
and in a 150 nm rim along the inside of the anammoxosome membrane. This suggests that the
anammox enzymes are indeed either attached to, or associated with, the anammoxosome
membrane and that they reside on the anammoxosome side of this membrane as was proposed
previously (Figure 1). The specific location of enzymes in places where the membrane was
curved further strengthens the idea of an energy-generating organelle, where the membrane is
folded to enhance catabolic activity. In bacteria, cytochromes with haem-c (such as
hydroxylamine oxidoreductase and nitrite reductase) have so far only been found in the
periplasmic space (for review see Averill 1996, Arp & Stein 2003). The absence of peroxidase
staining in the paryphoplasm compartment is consistent with the idea that this compartment is
a cytoplasmic and not a periplasmic compartment (Lindsay et al 2001). The absence of
staining in the paryphoplasm also supports the idea that the anammoxosome is a separate
entity and not a simple invagination of the paryphoplasm. If this were the case, staining is
expected to also occur inside the paryphoplasm. Other evidence that supports the status of the
anammoxosome as a separate compartment consists of (1) the successful purification of intact
anammoxosomes from anammox cells after lysis (Sinninghe Damsté et al 2002), (2) the
exclusive localization of hydrazine/hydroxylamine oxidoreductase to the anammoxosome
with immunogold labeling (Lindsay et al 2001), (3) the apparent absence of membrane-links
between the anammoxosome and the paryphoplasm as observed by electron tomography and
(4) the observed vertical inheritance of the anammoxosome during cell division (Chapter 4,
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van Niftrik et al, submitted for publication). Still, we cannot rule out that the biogenesis of
new anammoxosome matrix and membrane somehow proceeds via the paryphoplasm, i.e. via
vesicular transport.
If the anammoxosome is indeed a separate entity, the anaerobic ammonium oxidizers
must have an elaborate protein-targeting and translocation system. The cells would need at
least two targeting signals, one for the paryphoplasm/cell envelope and one for the
anammoxosome. The genome of “Candidatus Kuenenia stuttgartiensis” encodes well
conserved and non-redundant general secretion (sec) and twin-arginine (tat) translocation
pathways, as well as the signal recognition particle and type I and II signal peptidases (Strous
et al 2006). Strous et al (2006) suggested that tetratricopeptide repeat (TPR) proteins,
abundant in the “Candidatus Kuenenia stuttgartiensis” genome, might play a role in protein
targeting. TPR proteins are also involved in eukaryotic peroxisomal protein targeting.
All examined anammox genera were found to store glycogen in their riboplasmic
compartment. The exact role of glycogen in bacteria is not entirely clear, though evidence
indicates that glycogen functions as an energy- and carbon- storage compound, providing
energy and carbon for cell survival under stress or starvation (Iglesias & Preiss 1992). Also,
glycogen storage is linked to excess carbon and/or the lack of a required nutrient (especially
nitrogen) in the medium. In stationary phase Salmonella enteritidis cells, glycogen stores are
used for the formation of a biofilm (Bonafonte et al 2000). Anammox bacteria can also grow
in a dense biofilm (extracellular matrix can be seen in Figure 2A-D and Figure 4C). This
property is selected for during the enrichment of anammox bacteria in sequencing batch or
continuous reactors: single cells will be washed or pumped out of the reactor. Therefore, it
could be that anammox bacteria also store and use glycogen for biofilm formation. However,
the storage of glycogen is not likely to be triggered solely by biofilm formation since the
anammox cells in the predominantly single cell “Candidatus Scalindua spp.” culture also
stored glycogen, though to a lesser extent. It would be interesting to further investigate the
effect of the culture ‘phase’ (start up, steady state), medium (carbon, nutrients) and biofilm
versus single cells on anammox glycogen storage.
The nature of the riboplasmic particles that were observed in “Candidatus Brocadia
fulgida” and “Candidatus Anammoxoglobus propionicus” remains unclear. EDX analysis
showed no differences in elemental composition between the riboplasm and these particles.
This means there was no accumulation of a specific element as was the case for the
anammoxosomal iron particles (van Niftrik et al 2007). The riboplasmic particles also did not
stain in the glycogen stain and were ultrastructurally different from the glycogen granules. It
would be interesting to investigate if they represent another form of carbon- and energy97

Ultrastructure & function in four anammox genera

storage material, namely polyhydroxyalkanoates (PHA) (for review see Anderson & Dawes
1990). If so, it will probably be a property evolved by these specific anammox genera alone
since a search through the genome of “Candidatus Kuenenia stuttgartiensis” showed that it
does not contain any homologs to the PHA synthase gene, phaC, which is necessary for
synthesis of PHAs (Sheu et al 2000). This is also consistent with the absence of the particles
in “Candidatus Kuenenia stuttgartiensis”. If “Candidatus Brocadia fulgida” and “Candidatus
Anammoxoglobus propionicus” store PHAs, it is very likely that this is linked to their specific
property of being very efficient at co-oxidizing small organic acids (Kartal et al 2007A &
2007B): PHA, like glycogen, is known to be accumulated when a carbon source is provided in
excess, such as propionate, and a growth nutrient is limited (Ramsay et al 1990). A final
possibility is that the particles are really vesicles that are derived from the intracytoplasmic or
anammoxosome membrane; electron tomography never showed a connection with any of
these two membranes but such connections might occur only periodically.
In the sample containing two “Candidatus Scalindua” species, cells with pili-like
appendages were observed. Pili, also named fimbriae, are hairlike extensions from the
bacterial cell surface for adherence to the environment (Scott & Zahner 2006). There are
many different types of pili. The difference lies in the genes encoding the pili, and the
structure and morphogenesis of the pili. In general, there is a difference between pili of Grampositive and pili of Gram-negative bacteria. Gram-positive bacterial pili are composed of
subunits that are covalently linked by a sortase family transpeptidase while pili of Gramnegative bacteria are composed of subunits that are not covalently linked (Scott & Zahner
2006). The “Candidatus Scalindua” cells without pili-like appendages still had an irregular
layer on the outer side of the cell wall. This could mean that these cells had lost their pili-like
appendages instead of having had none at all. However, the possibility remains that the pililike appendages are not actual pili, but are instead composed of the extracellular polymeric
substance that anammox bacteria produce to attach to each other.
This research has shown that the anammox cell plan is conserved among the four
anammox genera known so far and suggests that the hypothesis that the anammoxosome
compartment is specifically used for energy generation is plausible. This supports the view
that these prokaryotes have indeed evolved a specialized membrane-bounded organelle, a
feature before only ascribed to eukaryotes. Further investigation of the pili-like appendages,
the identification of the riboplasmic particles in “Candidatus Brocadia fulgida” and
“Candidatus Anammoxoglobus propionicus” and a possible relationship between glycogen
(and possibly PHA) accumulation and anammox growth conditions should be productive for
new insights into how anammox cells function during their unique metabolism.
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Electron tomography movies
These QuickTime movies represent electron tomograms and models showing the conserved
cell plan of three genera of anammox bacteria. The models consist of (from out- to inside):
cell boundary (in red), intracytoplasmic membrane (in yellow), riboplasmic particles (in
purple), anammoxosome membrane (in pink) and anammoxosome iron particles (in red).
Movie S1.1 & S1.2
These movies show the electron tomography double tilt tomogram (S1.1) and model (S1.2) of
a “Candidatus Kuenenia stuttgartiensis” cell that has just been pinched off from the sister cell.
Movie S2.1 & S2.2
These movies show the electron tomography double tilt tomogram (S2.1) and model (S2.2) of
a “Candidatus Anammoxoglobus propionicus” cell with riboplasmic particles and with the
anammoxosome compartment being divided or lying in a bent configuration in the cell.
Movie S3.1 & S3.2
These movies show the electron tomography double tilt tomogram (S3.1) and model (S3.2) of
a “Candidatus Brocadia fulgida” cell with riboplasmic particles. The model is meant to
specifically demonstrate the riboplasmic particles. The resolution of this particular tomogram
was relatively low which resulted in a less accurate modelling of the intracytoplasmic and
anammoxosome membrane.
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ABSTRACT
Among bacteria cell division is performed by a highly conserved molecular machinery
assembled around the division ring protein and tubulin-analogue FtsZ. The related
Planctomycetes and Chlamydiae are the main exception to this rule. These bacteria lack ftsZ
and apparently divide by an unknown mechanism. Anammox bacteria are deep branching
Planctomycetes that oxidize ammonium anaerobically and so produce a significant part of the
atmosphere’s

dinitrogen

gas.

They

contain

a

unique

bacterial

“organelle”,

the

anammoxosome, which is the locus of anammox catabolism. While studying anammox cell
division and the biogenesis of the anammoxosome with electron tomography and transmission
electron microscopy, we noted that a division ring was present in dividing cells. The genome
of the anammox bacterium “Candidatus Kuenenia stuttgartiensis” does not encode ftsZ, but
genomic analysis indicated a possible novel division ring gene; kustd1438. Antibodies were
raised against two different parts of kustd1438 and immunogold labeling specifically
localized kustd1438 to the division ring. Electron tomography also revealed that the bacterial
organelle was vertically inherited to the daughter cells during cell division, which took 55
days to complete.
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INTRODUCTION
Cell division
In eukaryotes the cell cycle is divided into the following phases: G0, interphase (subdivided
into G1, S and G2), M and C (Nanninga 2001). The G0 phase is when cells are not dividing
or quiescent. From being quiescent they can go into the first subphase of the interphase (G1),
where they grow in size and start replenishing their ATP level. When this is achieved they
enter the S phase and use the acquired ATP for the replication of their DNA. They then need
another growth and ATP replenishing phase (G2) before they can segregate the chromosomes
and organelles into daughter cells; mitosis (M). After mitosis, cytokinesis (C) is the process
where the two daughter cells are physically split by the division of the cytoplasm. Roughly,
the G1 phase takes up 13% of the cell cycle, the S phase 42%, the G2 phase 13%, the M
phase 24% and the C phase 8%.
In prokaryotes the cell cycle is basically the same. Prokaryotes can also have a “G0”
or quiescent phase in which they are not dividing and sometimes also not metabolically active
(Lewis & Gattie 1991, Gray et al 2004). The default way in which a prokaryote divides is
binary fission. This has been studied extensively in Escherichia coli. In general, the G1 phase
is present in E. coli though its occurrence depends on the strain and the conditions. The S
phase is equivalent to the M phase because the chromosome moves to opposite sites of the
cell while being replicated. G2 is not present in E. coli but the process of cytokinesis (C)
splits the cell into two daughter cells. Roughly, the G1 phase takes up 13% of the cell cycle,
the S/M phase 54% and cytokinesis (C) 33% (Nanninga 2001). Cytokinesis in prokaryotes
can occur via septate or constrictive binary fission (Poindexter & Hagenzieker 1981). Besides
binary fission some prokaryotes divide by budding in a similar manner as is known for most
yeast (Whittenbury & Dow 1977, Fuerst 1995). Budding is different from binary fission in
that the cell divides asymmetrically; the daughter cell (i.e. ‘bud’) protrudes from the mother
cell. Recently it was shown that even though binary fission is a symmetrical division of the
cell, the resulting daughter cells are functionally asymmetrical (Stewart et al 2005). The
dividing cell renews itself predominantly at one pole and the daughter cell inheriting the “old
pole” has significantly lower fitness than the daughter inheriting the new pole.
The divisome
Cell division is perhaps one of the most complicated tasks in the life cycle of bacteria. It has
been studied most extensively in a number of model organisms, such as E. coli, where it is
performed and regulated by the divisome. The divisome is a multiprotein complex with the
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protein FtsZ as the key player (fts = filamentous temperature sensitive) (Dai & Lutkenhaus
1991). FtsZ is a tubulin homolog, which binds and hydrolyses GTP to assemble into
protofilaments (de Boer et al 1992, Raychaudhuri & Park 1992, Bramhill & Thompson 1994,
Mukherjee & Lutkenhaus 1994) and forms a ring structure at midcell that constricts to
separate the two daughter cells (Bi & Lutkenhaus 1991, Ma et al 1996). At least 14 other
proteins are recruited to the Z-ring to form the divisome and of these, ten are essential for cell
division (Table 1 and Figure 1) (Goehring & Beckwith 2005). The divisome proteins are
proposed to be recruited in a concerted mode of assembly (Goehring et al 2006) in the
following order of dependency [Essential cell division proteins are underlined, for review see
Nanninga (1998), Weiss (2004), Margolin (2005) and Vicente et al (2006)]:
FtsZ>FtsA/ZipA/ZapA>FtsE/FtsX>FtsK>FtsQ>FtsB/FtsL>FtsW>FtsI>FtsN>AmiC>EnvC
In this hierarchy, each protein requires all upstream proteins to localize. In the concerted
mode of assembly, the so-called FtsA-independent divisomal complex (FtsK, FtsQ, FtsB,
FtsL, FtsW and FtsI) is believed to assemble independently from the Z-ring complex and to
be recruited to midcell once the Z-ring complex is established (Goehring et al 2006, Vicente
& Rico 2006).
Table 1. Known (in bold = essential) E. coli cell division proteins (adapted from Goehring & Beckwith 2005).
Protein
FtsZ

Location
cytoplasm

FtsA

cytoplasm

ZipA
FtsK
FtsQ
FtsB
FtsL
FtsW
FtsI
FtsN
FtsE
FtsX
AmiC
EnvC
ZapA
MinC
MinD
MinE

membrane/cytoplasm
membrane/cytoplasm
membrane/periplasm
membrane/periplasm
membrane/periplasm
membrane
membrane/periplasm
membrane/periplasm
cytoplasm
membrane
periplasm
periplasm
cytoplasm
cytoplasm
(membrane)/cytoplasm
cytoplasm

SlmA

cytoplasm
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Function
Tubulin homolog, GTPase, formation of Z-ring at division site,
recruitment of other proteins to form the divisome
Actin-like ATPase, recruitment of other proteins to the divisome,
stabilizes Z-ring at membrane
Stabilizes Z-ring at membrane
Chromosome segregation
Unknown
Unknown
Unknown
SEDS family, recruits FtsI
Transpeptidase, septal peptidoglycan synthesis
Murein binding domain, function unknown
ATP binding protein, complexes with FtsX, ABC transporter
Complexes with FtsE, ABC transporter
Cell wall amidase, cell separation
Hydrolase/protease/peptidase
Binds to FtsZ, positive regulator of FtsZ polymerization
Inhibits Z-ring formation
ATPase, binds to the membrane, recruits and activates MinC
Localizes near midcell; binds to midcell MinD (preventing MinC from
binding) and triggers release of MinD from membrane making MinD
oscillate from pole to pole
Nucleoid occlusion
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Figure 1. The ten essential cell division proteins assemble into the divisome complex at the
cytoplasmic membrane (adapted from Goehring & Beckwith 2005). The FtsA-independent
complex is indicated by the dotted lines and is believed to assemble independently from the
Z-ring complex (ZipA, FtsA and FtsZ) and to be recruited to midcell once the Z-ring complex
is established (Goehring et al 2006, Vicente & Rico 2006).

Six of the divisome proteins are encoded in an operon, the division cell wall (dcw) gene
cluster (Carrión et al 1999), together with genes involved in peptidoglycan precursor
biosynthesis (see Figure 5A). FtsZ is the most abundant cell division protein, so the main
fraction of the divisome lies on the cytoplasmic side of the membrane (Pla et al 1991, Lu et al
1998). Despite its high abundance, the bacterial division ring itself was never observed
directly within cells (in vivo) at molecular resolution under the electron microscope (Margolin
2000, Vicente et al 2006), but recently cytoplasmic structures that could be interpreted as
cytoskeletal elements driving cell division have been described (Briegel et al 2006, Zuber et
al 2006).
Regulation of divisome placement
All locations in the cell are potential division sites but these are masked by the MinCD
inhibitor that, together with MinE, is encoded by the minB locus (Margolin 2000). MinCD
sweeps the cell from pole to pole inhibiting Z-ring formation. MinE on the other hand
negatively regulates MinCD and forms a ring structure near midcell. As long as the nucleoid
is not replicated and segregated, Z-ring formation is also inhibited at midcell (nucleoid
occlusion) (Woldringh et al 1991, Margolin 2000). Known nucleoid occlusion genes,
preventing Z-ring assembly when the nucleoid is not replicated yet, are slmA (E. coli) and noc
(Bacillus subtilis). Thus, Z-rings are kept from forming in polar nucleoid-free regions by
MinCD, while the nucleoid inhibits Z-ring assembly in the remainder of the cell. The nucleoid
veto is relieved at some point during nucleoid segregation. MinE then allows the Z-ring to
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assemble at midcell by repelling MinCD while MinCD still prevents Z-ring assembly at the
poles.
Planctomycetes lack essential cell division genes
The E. coli genes encoding for the divisome proteins are well conserved among bacteria but
not all of them are always present. This indicates that the machinery is flexible to some extent
(Vicente et al 2006). However, the absence of the ftsZ gene in some bacteria is remarkable
considering its prominent role in cell division. Planctomycetes and Chlamydiae are the only
phyla among bacteria with no obvious homolog for the otherwise ubiquitous cell division
gene ftsZ (Margolin 2005, Wagner & Horn 2006).
Anaerobic ammonium-oxidizing (anammox) bacteria perform an important process in
the global nitrogen cycle and so produce a large part of the atmosphere's dinitrogen gas
(Arrigo 2005). They are members of the phylum Planctomycetes, a group known to possess a
unique shared cell plan in which intracellular compartments are bounded by membranes
(Lindsay et al 2001, Fuerst 2005). In anammox bacteria a major compartment, the
anammoxosome (Figure 2A-B), is believed to be the locus of anammox catabolism (van
Niftrik et al 2004). This bacterial “organelle” is bounded by a single bilayer membrane mainly
consisting of unique cyclobutane-ring ladderane lipids (Sinninghe Damsté et al 2002).
Organelles and vacuoles are highly unusual among prokaryotes, indeed the absence of such
structures is one of their defining features. The biogenesis of organelles by bacteria is still
largely unexplored. How anammox bacteria divide is unknown altogether, apart from the fact
that it is a very slow process. The doubling time of these bacteria is in the order of weeks
(Strous et al 1998) rather than the minutes of model organisms such as E. coli.
In the present study we investigated cell and “organelle” division of two anammox
Planctomycetes using electron tomography and transmission electron microscopy. We show
that the bacterial organelle is passed on vertically to the daughter cells and that despite the
absence of ftsZ in the genome of the anammox bacterium “Candidatus Kuenenia
stuttgartiensis”, a division ring is present. The genome was searched, and a possible novel cell
division gene was identified. Antisera directed against the encoded protein showed that it was
indeed part of the division ring.
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MATERIALS AND METHODS
“Candidatus Kuenenia stuttgartiensis”
Samples containing an 80% enrichment culture of “Candidatus K. stuttgartiensis” were taken
from a two liter sequencing batch reactor or a 15 liter continuous reactor modified from
Strous et al (1998).
“Candidatus Brocadia fulgida”
Samples containing an 80% enrichment culture of “Candidatus B. fulgida” were taken from a
two liter sequencing batch reactor (Strous et al 1998).
Escherichia coli
E. coli K12 was grown in Luria-Bertani medium for five hours at 37°C while shaking.
Sample preparation for electron microscopy: high-pressure freezing, freeze-substitution
and Epon embedding
Small aggregates of “Candidatus K. stuttgartiensis” or E. coli cells were transferred into a
100 µm cavity of a planchette (3 mm, 0.1/0.2 mm depth, Engineering Office M. Wohlwend
GmbH, CH-9466 Sennwald, Switzerland) containing 1-hexadecene (Studer et al 1989), closed
with the flat side of a lecithin-coated planchette (3 mm, 0.3 mm depth) and cryofixed by highpressure freezing (Leica EMHPF, Leica Microsystems, Vienna, Austria). Freeze-substitution
was performed in acetone containing 2% osmium tetroxide, 0.2% uranyl acetate and 1% H2O
(Walther & Ziegler 2002). Samples were kept at -90°C for 47 hours, brought to -60°C at
2ºC/hour, kept at -60ºC for eight hours, brought to -30°C at 2ºC/hour and kept at -30ºC for
eight hours in a freeze-substitution unit (AFS, Leica Microsystems, Vienna, Austria). Uranyl
acetate was removed by washing the samples four times for 30 minutes in the AFS at -30ºC
with acetone containing 2% osmium tetroxide and 1% H2O. Fixation was then continued for
60 minutes on ice. Osmium tetroxide and H2O were removed by washing two times for 30
minutes on ice with anhydrous acetone. Samples were gradually infiltrated with Epon resin
(Mollenhauer 1964). Epon was polymerized for 72 hours at 60ºC.
Exception: Supporting Material Movies S1.1-S1.6: “Candidatus B. fulgida” cell
division phase 4 early. The sample was processed as described above with the following
changes. Cells were cryofixed by high-pressure freezing in a HPM010 HPF (BAL-TEC Inc.,
Balzers, Liechtenstein) and freeze-substituted in anhydrous acetone containing 2% osmium
tetroxide and 0.5% uranyl acetate. Samples were kept at -90ºC for 24 hours, -80ºC for 24
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hours, brought to -45ºC at 2ºC/hour, kept at -45ºC for two hours, brought to 0ºC at 22.5º/hour
and brought to 20ºC at 10ºC/hour. Samples were washed four times for 20 minutes with
anhydrous acetone. Epon was polymerized for 24 hours at 60ºC.
All sections were cut using a Reichert Ultracut E Microtome (Leica Microsystems,
Vienna, Austria). Ultra-thin (for transmission electron microscopy, ca. 80 nm) and semi-thin
(for electron tomography, 250-400 nm) sections were collected on formvar-carbon-coated
copper square 50 mesh grids.
Sample preparation for immunofluorescence & immunogold localization:
high-pressure freezing, freeze-substitution and cryosectioning (rehydration method)
(van Donselaar et al 2007)
“Candidatus K. stuttgartiensis” cells were cryofixed by high-pressure freezing and freezesubstituted in acetone containing 0.5% glutaraldehyde and 1% H2O as described above. After
freeze-substitution, fixation was continued for 60 minutes on ice. Samples were rehydrated in
a graded acetone series on ice: 95, 90, 80 and 70% acetone in water containing 0.5%
glutaraldehyde, then 50 and 30% acetone in PHEM buffer (60 mM Pipes, 25 mM Hepes,
10 mM EGTA, 2 mM MgCl2, pH 6.9) containing 0.5% glutaraldehyde, and finally 0.5%
glutaraldehyde in PHEM buffer. Samples were rinsed in PHEM buffer and embedded in 12%
gelatin in PHEM buffer. The gelatin-embedded cells were cut into small cubes (~1-2 mm3)
under the stereo microscope, infiltrated overnight at 4°C with 2.3 M sucrose in PHEM buffer
and frozen in liquid nitrogen.
Samples were cryosectioned using a cryoultramicrotome UC6/FC6 (Leica
Microsystems, Vienna, Austria). Cryosections (250 nm for immunofluorescence and 55 nm
for immunogold localization) were picked up with a drop of 1% methyl cellulose and 1.15 M
sucrose in PHEM buffer and transferred to silan-coated glass slides for immunofluorescence
and to formvar-carbon-coated copper hexagonal 100 mesh grids for immunogold localization.
Transmission Electron Microscopy
Ultra-thin sections of Epon-embedded cells were post-stained with 20% (w/v) uranyl acetate
in 70% (v/v) methanol/water for four minutes and Reynolds’ lead citrate staining (Reynolds
1963) for two minutes. Ultra-thin sections of Epon-embedded cells were investigated at 80120 kV and cryosections were investigated at 80 kV in a transmission electron microscope
(Tecnai12, FEI Company, Eindhoven, The Netherlands). Images were recorded using a CCD
camera (MegaView II, AnalySis).
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Electron Tomography
Ten nanometer colloidal gold particles were applied to one surface of semi-thin sections of
Epon-embedded cells, to function as fiducial markers, by incubating sections on a protein A10nm gold solution. The sections were post-stained with 2% uranyl acetate in water for ten
minutes. Specimens were placed in a high-tilt specimen holder and dual axis datasets were
recorded at 200 kV (Tecnai20 LaB6, FEI Company, Eindhoven, The Netherlands) by either
manually rotating the grid 90º (Fischione 2020 advanced tomography holder, Fischione
Instruments, Pittsburgh, USA) or rotating the grid 90º inside the microscope (Fischione
rotation holder, Fischione Instruments, Pittsburgh, USA). The angular tilt range was from -65º
to 65º with an increment of 1º. Binned (2x2) images (1024 x 1024 pixels) were recorded using
a CCD camera (Temcam F214, TVIPS GmbH, Gauting, Germany). Automated data
acquisition of the tilt series was carried out using Xplore 3D (FEI Company, Eindhoven, The
Netherlands). Tomograms from each tilt axis were computed with the R-weighted backprojection algorithm and combined into one double tilt tomogram using the IMOD software
package (Kremer et al 1996). Double tilt tomograms were analyzed and modeled with the
IMOD software package. Features of interest were contoured manually in serial optical slices
extracted from the tomogram. In instances where anammox membranes were not clearly
visible, the ever apparent difference in contrast still made it possible to draw in the contours
for the different compartments.
Antibody production
For the first antiserum, a peptide was synthesized based on the C-terminal part of “Candidatus
K. stuttgartiensis” open reading frame (ORF) kustd1438: cysteine + aa3638-aa3652
(CPEKIKITPSGQKTDA). This peptide was then conjugated to keyhole limpet hemocyanin
carrier and used in a three months immunization protocol to immunize a rabbit (Eurogentec
S.A., Seraing, Belgium). This was used as the primary antiserum (anti-kustd1438-1,
polyclonal, crude serum) in immunofluorescence and immunogold localization as described
below.
For the second antiserum, we expressed and purified the “Candidatus K.
stuttgartiensis” ORF kustd1438 region encoding the ATP/GTP binding site in E. coli as
described previously (Harhangi et al 2002), with the following changes. Two primers were
designed on the sequence; a forward primer on nucleotide position 7114 (GGA TCC TTT
TCA TCC G) and a reverse primer on nucleotide position 8487 (CTC GAG TGT CCC TGT
GGT AAA ACT C). For directional cloning, an XhoI restriction site was included in the
reverse primer, while the forward primer already contained a BamHI site. As an expression
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vector, pET30a (Novagen, Darmstadt, Germany) was used, and as the host, BL21 cells
(Novagen, Darmstadt, Germany). The heterologous expressed 464 aa protein was purified
using the nickel-nitrilotriacetic acid (Ni/NTA) protein purification system (Qiagen, Venlo,
The Netherlands) with an 8 M urea, 50 mM phosphate buffer with differing pH levels (5.5,
5.0, and 4.5). The identity of the expressed protein was verified by MALDI-TOF MS peptide
mass fingerprinting of a tryptic digest of the Ni-NTA purified protein (Harhangi et al 2002).
The protein was used in a three months immunization protocol to immunize a rabbit
(SEQLAB Sequencing Laboratories Göttingen GmbH, Göttingen, Germany). This was used
as the primary antiserum (anti-kustd1438-2, polyclonal, crude serum) in immunofluorescence
and immunogold localization as described below.
Dot blot analysis
The uncoupled synthetic peptide and the expressed protein were spotted (50 ng/spot) onto a
cellulose-nitrate membrane (Schleicher & Schuell GmbH, Dassel, Germany) and air dried.
The blot was incubated in blocking buffer; 5% skim milk powder in Tris-buffered saline
(TBS; 50 mM Tris, 137 mM NaCl, 2.7 mM KCl, pH 7.4) for one hour. The blot was washed
in TBS containing 0.05% Tween20 and incubated for 90 minutes with primary antiserum
(anti-kustd1438-1 or anti-kustd1438-2) diluted 500-fold in blocking buffer containing 0.05%
Tween20. The washing step was repeated as mentioned above, followed by incubation for one
hour with monoclonal mouse anti-rabbit IgG horseradish peroxidase conjugate (Sigma,
Zwijndrecht, The Netherlands) diluted 10.000-fold in blocking buffer containing 0.05%
Tween20. The blot was first washed in TBS containing 0.05% Tween20 and then in TBS
alone after which the blot was incubated with the color development solution (45 mM TrisHCl pH 7.6, 0.06% diaminobenzidine tetrahydrochloride dehydrate, 0.03% NiCl2 and 0.03%
H2O2) until color was visible. The blot was rinsed in TBS and water, air dried and scanned.
The following control treatments were performed; no primary antiserum and incubation with
the pre-immune serum instead of the primary antiserum. Also, we spotted the primary antisera
instead of the peptide or protein to test the secondary-primary antibody reaction and spotted
the secondary antibody to test for the color development reaction.
Immunofluorescence
Glass slides containing semi-thin cryosections of “Candidatus K. stuttgartiensis” cells were
washed first at 37°C and then at room temperature with Tris-buffered saline (TBS; 50 mM
Tris, 137 mM NaCl, 2.7 mM KCl, pH 7.4). The cryosections were incubated for five minutes
with TBS containing 1 mg/ml sodium borohydride and washed with TBS. Blocking was
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performed for 15 minutes with TBS containing 2% skim milk powder and the cryosections
were subsequently incubated for 60 minutes with the primary antiserum diluted 80-fold in
TBS containing 2% skim milk powder and washed with TBS containing 0.2% skim milk
powder. Cryosections were incubated for 45 minutes with the secondary antibody, Cy-3labeled sheep anti-rabbit IgG (Sigma, Zwijndrecht, The Netherlands), diluted 500-fold in TBS
containing 2% skim milk powder. Cryosections were washed with TBS and water.
Vectashield mounting medium with DAPI (Vector Laboratories Inc., Burlingame, USA) was
added and the cover slip was sealed with nail polish. Cryosections were investigated at 1.000x
magnification with a Zeiss Axioplan 2 imaging epifluorescence microscope (Carl Zeiss B.V.,
Sliedrecht, The Netherlands).
The following negative control treatments were performed: pre-immune serum instead
of primary antiserum, blocking buffer instead of primary antiserum and blocking buffer
instead of both primary antiserum and secondary antibody. As a positive control, cryosections
were incubated with rabbit anti-anammox hydrazine/hydroxylamine oxidoreductase (Schalk et
al 2000) as the primary antiserum.
Immunogold localization
Grids containing ultra-thin cryosections of “Candidatus K. stuttgartiensis” cells were washed
for 30 minutes at 37°C with phosphate-buffered saline (PBS; 0.1 M phosphate, 137 mM
NaCl, 2.7 mM KCl, pH 7.4), incubated for 10 minutes at room temperature on drops of PBS
containing 20 mM glycine and blocked for 15 minutes on drops of PBS containing 1% bovine
serum albumin (BSA) or 2% skim milk powder. After blocking, the grids were incubated for
60 minutes with the primary antiserum 80-fold diluted in PBS containing 1% BSA or 2%
skim milk powder and washed for 12 minutes on drops of PBS containing 0.1% BSA or 0.2%
skim milk powder. Grids were incubated for 20 minutes with the secondary antibody; protein
A coupled to 10 nm gold (PAG-10), 80-fold diluted in PBS containing 1% BSA or 2% skim
milk powder and washed for 14 minutes on drops of PBS. The cryosections on grids were
fixed for 5 minutes with PBS containing 1% glutaraldehyde and washed for 10 minutes on
drops of water.
Cryosections were post-stained for five minutes with 2% uranyl acetate in 0.15 M
oxalic acid pH 7.4 and embedded for five minutes in 1.8% methyl cellulose containing 0.4%
aqueous uranyl acetate on ice after which they were air dried.
Several control treatments were performed. As a positive control, grids were incubated
with rabbit anti-anammox hydrazine/hydroxylamine oxidoreductase (Schalk et al 2000) as the
primary antiserum. Negative controls were: incubation with pre-immune serum instead of
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primary antiserum, incubation with affinity-isolated rabbit anti-influenza hemagglutinin
(anti-HA, H6908, Sigma, Zwijndrecht, The Netherlands) as a primary antiserum, and
incubation with blocking buffer instead of primary antiserum.
Alignments
In the search for possible ftsZ homologs or substitutes, the PIR pairwise alignment tool
(http://pir.georgetown.edu/pirwww/search/pairwise.shtml) was used.
Reactor doubling time
The reactor doubling time was determined with the anammox biomass yield (Strous et al
1998) (0.07 C-mol/mol NH4+), ammonium consumption (0.19 mmol ammonium/min) and
total protein content (19 grams). The ammonium consumption was calculated by assuming
that per 1.32 nitrite, 1 ammonium is consumed (Strous et al 1998) and the total protein
content was measured with the Biuret protein determination (Stickland 1951).
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RESULTS
Anammox cell division phases and division ring
Electron tomography together with transmission electron microscopy was used to study cell
division in two anammox Planctomycetes; “Candidatus K. stuttgartiensis” and “Candidatus
Brocadia fulgida”. Both organisms were observed to divide by constrictive binary fission,
since no septum was visible (Figure 2). This was unexpected because all other
Planctomycetes reproduce by budding (Fuerst 1995). During this process, the intracellular
anammoxosome compartment was vertically inherited to the daughter cells (Figure 2). The
first sign of cell division was the appearance of the division ring in the outermost cytoplasmic
compartment, the paryphoplasm (Figure 2C), followed by a slight invagination of the cell wall
(Figure 2D) (Supporting Material Movies S3.1-S3.2). The cell then doubled in size by
elongation of the two poles (Figure 2E), during which the anammoxosome also became
slightly invaginated. After elongation, the constriction continued until the cells were almost
entirely pinched off (Figure 2F) (Supporting Material Movies S1.1-S1.6 and S2.1-S2.2). In
this way the anammoxosome was divided equally among the daughter cells. Membrane-links
between the anammoxosome and paryphoplasm compartment were never observed at any
phase of cell division. This indicates that the anammoxosome is indeed a true separate
compartment.
In all phases of cell division, a division ring was clearly visible as a bracket-shaped,
electron-dense structure in the paryphoplasm. The 2D appearance of this structure was
comparable to that of the putative Enterococcus gallinarum FtsZ protein (Zuber et al 2006),
and to that of the eukaryotic organelles chloroplast (plastid) and mitochondrion, where
division is performed by ring complexes consisting of FtsZ, plastid-dividing or
mitochondrion-dividing apparatus and dynamin rings (Miyagishima et al 2003). The ring was
situated at a constant distance of 5-6 nm from the cytoplasmic membrane suggesting its
association with this membrane. The width of the ring (longest side in transsection) increased
significantly during the different cell division phases: from on average 27 nm (phase 1), to
42 nm (phase 2), to 52 nm (phase 3), to 111 nm (phase 4). The thickness of the ring (shortest
side in transsection) also increased significantly from on average 5 nm (phase 1), to 6 nm
(phase 2), to 8 nm (phase 3), to 9 nm (phase 4). Three-dimensional modeling of the presently
observed structure in anammox cells indicated that it was a continuous ring (Figure 3), unlike
the discontinuous, ring-like bundle recently observed in Caulobacter crescentus (Briegel et al
2006). The contrast of the paryphoplasm and the varying way the ring was sectioned resulted
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Figure 2 (left page). Diagram explaining anammox ultrastructure and transmission electron micrographs of
high-pressure frozen, freeze-substituted and Epon-embedded cells showing anammox cell division phases in
“Candidatus K. stuttgartiensis”. A. Schematic representation of a non-dividing, single cell. The cell plan is
defined to be divided into three cytoplasmic compartments separated by single bilayer membranes (Lindsay et al
2001, Fuerst 2005). The outer cytoplasmic compartment, the paryphoplasm, is defined on its outer side by the
cytoplasmic membrane and cell wall and on the inner side by the intracytoplasmic membrane. The second
cytoplasmic compartment, the riboplasm, contains ribosomes and the nucleoid. The third and innermost
cytoplasmic compartment, the anammoxosome, is free of ribosomes, packed with tubule-like structures and ironrich particles (van Niftrik et al 2007), and bounded by the anammoxosome membrane. B. Non-dividing cell.
C. Phase 1: appearance of division ring (arrows and inset). D. Phase 2: invagination of cell wall. E. Phase 3:
doubling in cell size. F. Phase 4: constriction. Arrows; division ring, Scale bars; 500 nm.

Figure 3. Snapshot of electron tomography
model showing cell boundary (in red) and
continuous division ring (in yellow) at the
anammox division site (simplified model from
Supporting Material Movie S1 “Candidatus
B. fulgida” cell division phase 4).

in variation of clarity of the ring in different tomograms. In some tomograms the ring
structure was visible but less distinct (Supporting Material Movies S2.1 and S3.1) and in these
one might question the continuity of the ring structure. In other tomograms with greater
contrast the ring structure was clearly continuous (Figure 3, Supporting Material Movie S1.3)
and also in thin sections of dividing cells the ring was always observed. Therefore, we
modeled the structure as a continuous ring here (Supporting Material Movies S2.2 and S3.2),
even though the occurrence of small gaps could not always be excluded. In tomograms and
thin sections of single, non-dividing cells the ring was completely absent.
E. coli division ring
It was investigated whether the E. coli FtsZ ring was visible using this specific sample
preparation method in both transmission electron microscopy and electron tomography. In
thin sections investigated with transmission electron microscopy occasionally electron-dense
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bracket-like structures were seen (Figure 4) but electron tomography showed no sign of the
FtsZ ring.

Figure 4. A-B. Transmission
electron micrographs of highpressure

frozen,

freeze-sub-

stituted and Epon-embedded
dividing E. coli cells with
electron dense structures at the
division site (circles). Scale
bars; 200 nm.

Anammox cell cycle time span
The estimated time that a prokaryotic cell spends in the G1, S/M and C phase of the cell cycle
(13%, 55% and 32% respectively) is compiled from the study of cell cycles that take less than
an hour to complete. It was interesting to see if they would also apply to a bacterium with a
very long cell cycle. The average duration of a cell cycle is, by definition, equal to the
doubling time of the culture, which for “Candidatus K. stuttgartiensis” was estimated to be 66
days. The percentage of this time that was spent in the cell division phase C was estimated
from the proportion of cells that were observed to be dividing on electron micrographs. In
total 369 anammox cells observed on thin sections were classified in dividing (phase C) or
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non-dividing (all other phases) cells. The dividing cells made up 51% of the population and
non-dividing cells 49%. However, electron tomography showed that this approach
underestimated the number of dividing cells; a cell that appeared to be non-dividing could still
be dividing in the third dimension. Of nine anammox cells that were classified as nondividing (in 2D) six appeared to be dividing in the third dimension when visualized by
electron tomography. This would imply that roughly 84% of the anammox population was in
phase C, compared to 32% for E. coli. In light of the extreme length of the cell cycle, this was
an unexpected result: it indicated that the process shown in Figure 2 takes 55 days to
complete.
Anammox divisome genes
In the search for possible candidates for genes encoding divisome proteins, the recently
published “Candidatus K. stuttgartiensis” genome (Strous et al 2006) was investigated for all
15 known cell division genes (Figure 5). Of the 15 E. coli divisome genes, putative homologs
to eight were found with sequence identities ranging between 20-43%. The genes ftsL, ftsI,
ftsW and ftsQ were part of a putative dcw operon as in E. coli (Blattner et al 1997) (Figure
5A-B). Other putative orthologues of divisome genes, not organized in operons, were ftsK,
ftsB, ftsX and ftsE (Figure 5C-D). Of the 10 known essential cell division genes, the so-called
FtsA-independent divisomal complex (ftsK, ftsQ, ftsB, ftsL, ftsW and ftsI) was complete.
Clear homologs of genes encoding the Z-ring complex itself (ftsZ, ftsA and zipA) and
ftsN were not found in the “Candidatus K. stuttgartiensis” genome. More sensitive searches
with the PROSITE and PFAM ftsZ and tubulin signature domains were also negative. The
genome of “Candidatus K. stuttgartiensis” (an environmental genome) is estimated to be 98%
complete so it is still possible that ftsZ was missing from the assembly. However, all related
bacteria with finished genomes certainly lack ftsZ and the “Candidatus K. stuttgartiensis” dcw
operon certainly does not encode it, so it is highly likely that “Candidatus K. stuttgartiensis”
lacks ftsZ.
The search for a novel division ring protein
In search for a protein that might substitute for the function of FtsZ, we focused on ORFs
containing a GTP binding site and/or sequence identity to ftsZ. One ORF (kustd1438, NCBI
accession number CAJ72183) in particular drew attention (Figure 5E). This ORF codes for a
3690 amino acids (aa) long protein that, within its sequence, harbors five stretches (300 aa
long) each with about 20% identity to the near full length E. coli ftsZ protein sequence (383
aa). ORF kustd1438 does not contain the FtsZ protein signatures 1 and 2 (PROSITE PS01134
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and PS01135), the latter of which contains the GTP-binding region (Díaz et al 2001) (also
called tubulin signature motif or T3 loop). However, the ORF does contain an alternative
ATP/GTP binding site (P loop), two synergy loops [also called T7 loop, involved in GTPase
activity (Dai et al 1994)] and a signal peptide (Figure 5E), consistent with its localization in
the paryphoplasm, the outermost cytoplasmic compartment of the Planctomycete cell.

Figure 5. Comparison between “Candidatus K. stuttgartiensis” (Strous et al 2006) and E. coli K-12
MG1655 (Blattner et al 1997) cell division genes. A. E. coli dcw operon (NCBI accession numbers
NP_414623-NP_414638). B. “Candidatus K. stuttgartiensis” dcw operon (NCBI accession numbers
CAJ73119-CAJ73133) with percent identities to E. coli genes. C. Other E. coli divisome genes (NCBI
accession numbers NP_415410, NP_416907, NP_417228, NP_417294, NP_417386, NP_417919,
NP_417920, NP_418070, and NP_418368 respectively). D. Other “Candidatus K. stuttgartiensis”
divisome genes (NCBI accession numbers CAJ75021, CAJ72236, CAJ73638, and CAJ73639
respectively) with percent identities to E. coli genes. E. “Candidatus K. stuttgartiensis” putative cell
division ring protein (ORF kustd1438, NCBI accession number CAJ72183) showing regions with
similarity to ftsZ, signal peptide, ATP/GTP binding site, synergy loops, polymorphic membrane
protein signatures specific for the Planctomycetes, Verrucomicrobia and Chlamydiae protein family,
staphylocoagulase repeats, bacterial neuraminidase repeats and antiserum targets.
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The protein belongs to a divergent family that evolved within the Planctomycetes,
Verrucomicrobia and Chlamydiae line of descent (Wagner & Horn 2006), and includes the
well known chlamydial polymorphic membrane proteins (PMP). Although structurally quite
different from all other bacterial ftsZ genes, kustd1438 is the only ORF within the
“Candidatus K. stuttgartiensis” genome with an ATP/GTP binding site and sequence identity
to ftsZ and we therefore considered it to be the best candidate in the search for a novel
division ring protein. It should be noted that the gene is not homologous to ftsZ, as discussed
below.
Figure 6. The affinity and specificity of the produced antisera for their target was confirmed
by dot blot analysis. A. 50 ng synthetic peptide incubated with anti-kustd1438-1. B. 50 ng
synthetic peptide incubated with the anti-kustd1438-1 pre-immune serum. C. 50 ng expressed
protein incubated with anti-kustd1438-2. D. 50 ng expressed protein incubated with the anti-kustd1438-2 preimmune serum.

Figure 7. Immunofluorescence analysis of high-pressure frozen, freeze-substituted and cryosectioned
“Candidatus K. stuttgartiensis” cells showing the binding of two antisera directed against different parts of the
putative cell division ring protein kustd1438. A-D. Sectioned cells treated with anti-kustd1438-2. This antiserum
targets 464 aa of ORF kustd1438 that were heterologously expressed in E. coli. E-H. Sectioned cells treated with
anti-kustd1438-1. This antiserum is directed against a synthetic peptide designed on ORF kustd1438. The antikustd1438-2 Cy3 signal is much more abundant than the anti-kustd1438-1 Cy3 signal and has less nonspecific
background. (A,E) phase contrast, (B,F) DAPI, (C,G) Cy3, (D,H) DAPI + Cy3.

We used immunogold localization to investigate whether ORF kustd1438 could
indeed be involved in “Candidatus K. stuttgartiensis” cell division. For this purpose, we
raised antibodies in rabbits against two different parts of ORF kustd1438. For the first
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antiserum, anti-kustd1438-1, we designed a 15 aa synthetic peptide based on the C-terminal
part of the sequence (Figure 5E). For the second antiserum, anti-kustd1438-2, we expressed
464 aa (including the ATP/GTP binding site) of ORF kustd1438 (Figure 5E) in E. coli. The
identity of the heterologously expressed protein was verified by MALDI-TOF MS peptide
mass fingerprinting of a tryptic digest of the Ni-NTA purified protein (5 peptides, total
coverage 33%) and the affinity and specificity of the produced antisera for their target was
confirmed by dot blot analysis (Figure 6) and immunofluorescence analysis (Figure 7).
Immunofluorescence showed that kustd1438 was expressed in “Candidatus K. stuttgartiensis”
cells and that anti-kustd1438-2 reacted much more strongly with the cells than antikustd1438-1 and with much less background.
In immunogold localization with 2% skim milk powder as the blocking reagent, antikustd1438-2 unambiguously located the protein to the division ring (Figure 8A-E). After
incubation with the antiserum, 54% of the division rings were labeled in 50 dividing cells
inspected and very few non-division ring labels were observed (Figure 8E). Incubation with
the pre-immune serum resulted in no labeling at all. Anti-kustd1438-1 also located the protein
to the division ring but not as convincingly as anti-kustd1438-2. In this case, no labeling was
observed with 2% skim milk powder as the blocking reagent. With 1% BSA (a weaker
blocking reagent), 20% of the division rings were labeled in 50 dividing cells inspected
(Figure 8F). Some none-division ring labeling was also observed but the amount was not
significant compared to the negative control (affinity-isolated rabbit anti-hemagglutinin)
which produced on average three nonspecific labels per cell with 1% BSA as the blocking
reagent. The other negative controls, incubation with the pre-immune serum and incubation
with only the secondary antibody, showed no labeling.

Figure 8 (right page). Transmission electron micrographs of high-pressure frozen, freeze-substituted and
cryosectioned “Candidatus K. stuttgartiensis” cells showing immunogold labeling of two antisera directed
against the “Candidatus K. stuttgartiensis” putative cell division ring protein kustd1438. Both antisera localize
kustd1438 to the division ring. A-E. Sectioned cells blocked with 2% skim milk powder and treated with antikustd1438-2. This antiserum targets 464 aa of ORF kustd1438 that were heterologously expressed in E. coli.
F. Sectioned cells blocked with 1% BSA and treated with anti-kustd1438-1. This antiserum is directed against a
synthetic peptide designed on ORF kustd1438. Scale bars; 250 nm.
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Detailed analysis of the sequence of kustd1438 showed that it was not homologous to
either ftsZ or to the PMPs. It appeared that the sequence identity was mainly caused by a
shared skewed amino acid composition. In kustd1438, alanine (10.5%), glycine (11.7%),
serine (10.4%) and threonine (19%) together comprise over 50% of the amino acid
composition, similar to the PMPs. In E. coli ftsZ, alanine (12.3%) and glycine (11%) are also
the dominant amino acids. The effect of the amino acid composition was apparent when the
amino acid sequence of kustd1438 was reversed in silico and subsequently realigned with E.
coli ftsZ; the reversed kustd1438 was still 20% identical to E. coli ftsZ. PFAM searches that
are less sensitive to amino acid composition showed that the three canonical PMP domains
(PF02415, PF07548 and the autotransporter PF03797) as well as the two tubulin/FtsZ
domains (PF00091 and PF03953) were not present in kustd1438. Even more refined searches
based on sequence context analysis (Coin et al 2003) showed that kustd1438 did actually
contain three PF02415 PMP repeats as well as four staphylocoagulase repeats (PF04022).
Three bacterial neuraminidase repeats or Asp-boxes (PF02012) completed the domain
inventory, along with the other features of kustd1438 (signal peptide and ATP/GTP binding
site and associated synergy loops) mentioned previously.
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DISCUSSION
Anammox cell and “organelle” division were investigated using electron tomography and
transmission electron microscopy. A division ring was present in dividing anammox cells and
the anammoxosome compartment was divided equally among the two daughter cells upon cell
division. The genome of “Candidatus K. stuttgartiensis” was investigated for cell division
genes and found to contain the FtsA-independent complex while the Z-ring complex, which
includes the division ring gene ftsZ, was absent. Further genome analysis identified a putative
novel division ring gene; ORF kustd1438. Antibodies were raised against two different parts
of kustd1438 and these two antisera were tested in dot blot analysis and immunofluorescence
for their affinity and specificity. Immunogold labeling located kustd1438 to the division ring.
Anammox cell division and division ring
Transmission electron microscopy and electron tomography both clearly showed the presence
of a division ring in dividing anammox cells. The location of the cell division ring in the
outermost anammox compartment, the paryphoplasm, suggests that this compartment is
indeed a cytoplasmic compartment and not a periplasmic space. If the outermost compartment
were a periplasmic space, this would imply that the anammox division ring was located in the
periplasm where normally the FtsA-independent complex resides (Figure 1). To investigate
whether the successful visualization of the anammox division ring was a result of the specific
sample preparation method used, the same method was applied to E. coli cells. The E. coli
division ring has never been observed under the electron microscope and we wanted to
investigate whether it might be visible in thin sections or electron tomography with this
specific preparation method. The electron-dense cytoplasm packed with ribosomes made it
difficult to investigate E. coli for the appearance of the FtsZ ring. In thin sections, electron
dense structures were occasionally observed at the division site but not in electron
tomography. Perhaps when E. coli is grown under substrate-limiting conditions so that there
are less ribosomes, the FtsZ ring might be visible with electron tomography. However, care
must be taken to ensure that the cell’s ATP levels are still sufficient to prevent the
disintegration of the FtsZ ring (Rueda et al 2003).
Anammox divisome genes
After observing the anammox division ring, it was investigated whether the typical divisome
genes were encoded by the “Candidatus K. stuttgartiensis” genome. However, how cell
division is performed and regulated in “Candidatus K. stuttgartiensis” is not clear from the
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genome. The absence of ftsZ is striking considering the clear presence of a division ring. It
seems unlikely that cell division is performed and regulated by the cell division proteins that
are present in the genome alone. In anammox the FtsA-independent divisomal complex (ftsK,
ftsQ, ftsB, ftsL, ftsW and ftsI), reported to be able to assemble independently from the FtsZ
complex, is complete (Goehring et al 2006) and what is missing is the Z-ring complex (ftsZ,
ftsA and zipA) and ftsN. The FtsA-independent complex contains the periplasmic connector
and peptidoglycan factory (Vicente & Rico 2006). FtsL, FtsB and FtsQ are proteins of
unknown function that form a complex (Buddelmeijer & Beckwith 2004). FtsW recruits the
transpeptidase FtsI, which is thought to be involved in peptidoglycan synthesis (Mercer &
Weiss 2002). FtsK is believed to be involved in chromosome segregation (Liu et al 1998, Yu
et al 1998). Besides these essential cell division genes, FtsE and FtsX are also present in the
genome. They form an ABC transporter-like gene cluster of unknown function (de Leeuw et
al 1999). Also present in the anammox dcw operon is the cytoplasmic mraW (Carrión et al
1999), present in all genomes sequenced up to date and hypothesized by Vicente et al (2006)
to possibly be the only universal bacterial cell division gene. With respect to the absence of
the Z-ring complex and FtsN; FtsA and ZipA are both believed to stabilize the Z-ring to the
membrane so in the absence of FtsZ their presence must not be needed. This also applies for
ZapA, also known to interact with FtsZ. The function of FtsN is not known. The visualization
of a division ring in the slowly growing anammox bacteria that spend the majority of their life
cycle in cytokinesis showed that, although of the essential cell division genes only the FtsAindependent complex is present in the genome, it is likely that there is a functional FtsZ
substitute that recruits this complex and forms a ring structure at the site of cell division. The
genome was investigated for such a substitute and searches for ORFs with sequence identity
to ftsZ and/or a GTP-binding site indicated ORF kustd1438 as a likely candidate.
The putative novel division ring protein: ORF kustd1438
After identifying kustd1438 as a possible novel division ring gene, antibodies were raised
against two different parts of the ORF. The antisera were tested in dot blot analysis and
immunofluorescence experiments. Western blot analysis was problematic because of the
problems concerning anammox proteins and the horseradish peroxidase-conjugated secondary
antibody (discussed in Chapter 2). Immunofluorescence showed that kustd1438 was
expressed in anammox cells but that the exact location of the Cy3 signal could not be
deducted (also discussed in Chapter 2). However, immunogold localization showed that ORF
kustd1438 is part of the “Candidatus K. stuttgartiensis” divisome complex and, on basis of
sequence analysis, might substitute for the function of FtsZ. Sequence analysis indicated that
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kustd1438 is a large structural protein with predicted ATP/GTP hydrolysis activity and thus
potentially capable of effecting supramolecular motion. Further, kustd1438 is a divergent
member of the PMP family but no homologous genes are presently in the databases and the
protein is not evolutionary related to FtsZ. Two lines of evidence suggest that there are also
large differences between kustd1438 and FtsZ. Firstly, the domain organization of kustd1438
is completely different. Secondly, the observed surface area of the division ring increased (see
Figure 2) as the diameter of the ring decreased during constriction. This was also observed for
the outer plastid-dividing and mitochondrion-dividing rings (Miyagishima et al 1999), while
in the FtsZ case an increase in surface area as the ring constricts is not apparent considering
its dynamic nature with continuous assembly and disassembly of protofilaments (Stricker et al
2002).
It is tempting to speculate about a role in cell division of similar proteins in related
bacteria that divide via a presently unknown mechanism. The Chlamydiae and
Planctomycetes and the more distantly related Verrucomicrobia all possess genes similar to
kustd1438. However, these genes are not homologous and a general role for this protein
family in cell division is presently not apparent. With the recently detected divergent
homologs of FtsZ in some members of the phylum Verrucomicrobia (Pilhofer et al 2007, Yee
et al 2007) and only a limited set of shared orthologous signature genes (Strous et al 2006) we
might arrive at the opposite conclusion: that in this lineage there is no common theme in cell
division.
The postulated common ancestor of these bacteria (Strous et al 2006) has given rise to
amazingly

different

lifestyles,

from

obligate

intracellular

parasites

to

the

chemolithoautotrophic anammox bacteria. In the latter case, the slowness of cell division
combined with the need to transfer an intracellular compartment to the daughter cells has
apparently led to the evolution of a unique division apparatus. The present study shows that
the compartment, the anammoxosome, is vertically inherited to the daughter cells. Nowhere,
on either hundreds of thin sections or on electron tomograms collected at different stages of
the cell cycle, was a direct membrane-link observed between the anammoxosome membrane
and the surrounding intracytoplasmic membrane. In a previous study we showed that
anammoxosomes could be separated intact from gently lysed cells (Sinninghe Damsté et al
2002). Because membrane topology is never preserved completely, it is impossible to entirely
rule out the possibility that the anammoxosome membrane is not somehow derived from the
intracytoplasmic membrane, like in the case of magnetosomes or the intracytoplasmic
membranes of phototrophic bacteria. However, all results so far consistently indicate that the
anammoxosome, the source of much of the atmosphere's dinitrogen gas, is really a separate
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entity, a true bacterial organelle. Its evolutionary origin is unknown, but phagocytosis of a
bacterial symbiont is certainly not a straightforward explanation in this case.
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Electron tomography movies
These QuickTime movies show the division ring in electron tomography raw data sets,
tomograms and models of different cell division phases in two anammox bacteria. In the
models, red represents the cell boundary, green the division ring, yellow separates the
cytoplasmic

paryphoplasm

and

riboplasm

compartments

and

pink

encloses

the

anammoxosome. It is best not to enlarge the QuickTime window, to prevent loss of
resolution.
Movie S1.1
This movie shows the electron tomography raw data set of cell division phase 4 (constriction)
of the anammox bacterium “Candidatus Brocadia fulgida”.
Movie S1.2
This movie shows the double tilt tomogram of cell division phase 4 (constriction) of the
anammox bacterium “Candidatus Brocadia fulgida”.
Movie S1.3
This movie shows the double tilt tomogram zoomed in on the division ring of cell division
phase 4 (constriction) of the anammox bacterium “Candidatus Brocadia fulgida”.
Movie S1.4
This movie shows the double tilt tomogram and model of cell division phase 4 (constriction)
of the anammox bacterium “Candidatus Brocadia fulgida”.
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Movie S1.5
This movie shows the electron tomography model of cell division phase 4 (constriction) of the
anammox bacterium “Candidatus Brocadia fulgida” with the division ring surrounding the
riboplasm and anammoxosome compartment.
Movie S1.6
This movie shows the electron tomography model of cell division phase 4 (constriction) of the
anammox bacterium “Candidatus Brocadia fulgida” with the division ring lining the inside of
the cell boundary.
Movie S2.1
This movie shows the double tilt tomogram of cell division phase 4 (constriction) of the
anammox bacterium “Candidatus Kuenenia stuttgartiensis”.
Movie S2.2
This movie shows the electron tomography model of cell division phase 4 (constriction) of the
anammox bacterium “Candidatus Kuenenia stuttgartiensis”. It starts with showing the model
on top of the tomogram and then zooms in on the model and more specifically the division
ring.
Movie S3.1
This movie shows the double tilt tomogram of cell division phase 2 (invagination of cell wall)
of the anammox bacterium “Candidatus Kuenenia stuttgartiensis”.
Movie S3.2
This movie shows the electron tomography model of cell division phase 2 (invagination of
cell wall) of the anammox bacterium “Candidatus Kuenenia stuttgartiensis” focused on the
division ring.
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ABSTRACT
Anammox bacteria have unique intracellular membranes that divide their cytoplasm into three
separate compartments. The largest and innermost cytoplasmic compartment, the
anammoxosome, is hypothesized to be the locus of all catabolic reactions in the anammox
metabolism. Electron tomography showed that the anammoxosome and its membrane were
highly folded. This finding was confirmed by a transmission electron microscopy study using
different sample preparation methods. Further, in this study electron-dense particles were
observed and electron tomography showed that they were confined to the anammoxosome
compartment. Energy dispersive X-ray analysis revealed that these particles contained iron.
The functional significance of a highly folded anammoxosome membrane and intracellular
iron storage particles are discussed in relation to their possible function in energy generation.
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INTRODUCTION
The anaerobic ammonium-oxidizing (anammox) bacteria belong to a phylum with many
unusual properties: the Planctomycetes. Unlike most other bacteria, species within this
phylum lack peptidoglycan and have a proteinaceous cell wall (König et al 1984, Liesack et al
1986, Strous et al 2006). Further, all known Planctomycetes have a compartmentalized
cytoplasm (Fuerst 1995). The organization of their cell envelope is very different from other
bacteria (Lindsay et al 2001, Strous et al 2006); there are two membranes on the inner side of
the cell wall and no outer membrane (Figure 1). Of these two Planctomycete membranes, the
outermost is closely apposed to the inside of the cell wall. This membrane has been defined as
the cytoplasmic membrane based on the finding of RNA on its inner side by RNase-gold
labeling (Lindsay et al 1997 & 2001). The second membrane is therefore defined as an
intracytoplasmic membrane. In the anammox case, a third and final membrane surrounds an
anammoxosome; a bacterial “organelle” or vacuole without ribosomes. The anammox
cytoplasm is thus divided into three separate compartments bounded by individual bilayer
membranes. This gives rise to the following cell plan (Figure 1, and see also Figure 4A):
proteinaceous and peptidoglycan-less cell wall, cytoplasmic membrane, paryphoplasm
compartment, intracytoplasmic membrane, ribosome- and nucleoid- containing riboplasm
compartment, anammoxosome membrane and anammoxosome compartment.

Figure 1. Schematic drawing comparing the Gram-negative cell plan (left) and anammox bacteria cell
plan (right).

In addition to the cell plan, the anammox membrane lipids are also atypical.
Anammox bacteria contain a combination of ether-linked (typical of the Archaea) and esterlinked (typical of the Bacteria and Eukarya) membrane lipids. Further, the bulk of the fatty
acids and ethers contain ladderane moieties (linearly concatenated cyclobutane rings)
(Sinninghe Damsté et al 2002 & 2005). The structure of the ladderane membrane lipids is
unique in nature and has so far only been found in anammox bacteria.
Anammox bacteria perform anaerobic ammonium oxidation, only recently discovered
to be a biologically mediated process (van de Graaf et al 1995). Anammox bacteria are
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valuable for wastewater treatment and they were also discovered to be a major source of
dinitrogen gas at the global scale (Kuypers et al 2003, Dalsgaard et al 2005). In the anammox
reaction (Figure 2), ammonium is converted to dinitrogen gas with the highly toxic “rocket
fuel” hydrazine (N2H4) as one of the intermediates (van de Graaf et al 1997, Schalk et al 1998
& 2000, Strous et al 1998). Most likely, nitric oxide (NO) is also involved (Strous et al 2006).
Figure 2 shows several enzymes with iron-containing haem groups thought to be involved in
the ammonium catabolism. It was proposed previously that these enzymes are mainly located
on the anammoxosome membrane and inside the anammoxosome (Lindsay et al 2001, van
Niftrik et al 2004). The electron transport chain linked to the catabolic activity would then be
able to translocate protons from the riboplasm to the anammoxosome. The anammoxosome
membrane would thus be dedicated to the generation of a proton motive force that would in
turn be used to synthesize ATP.

Figure

2.

Postulated

model

for

catabolic anammox reactions. Haemcontaining enzymes are shown in grey.
bc1; cytochrome bc1 complex, cyt;
cytochrome,

hao;

hydroxylamine

oxidoreductase,

hydrazine
reductase,
a;

hydrolase,
Q;

hydrazine/
nir;

co-enzyme

anammoxosome

hh;

nitrite
Q.

compartment,

r; riboplasm compartment. Adapted
from Strous et al (2006).

Anammox enrichment cultures contain about 80% anammox bacteria and are grown in
bioreactors with very effective biomass retention (Strous et al 1998). Their extremely long
generation time is one of the reasons why they cannot be grown with standard microbial
cultivation methods: they divide only once every two weeks under optimal conditions. So far,
it has not been possible to grow anammox bacteria in pure culture. They can however be
physically purified from the enrichment culture using density gradient centrifugation (Strous
et al 1999) and subsequently used in further experiments. For electron microscopic studies
such isolation is not necessary because these bacteria are easily recognized under the electron
microscope by their unique structures.
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Here, we used electron tomography and transmission electron microscopy to study the
ultrastructure of the anammoxosome compartment and its membrane in two anammox
species: “Candidatus Kuenenia stuttgartiensis” and “Candidatus Brocadia fulgida”. It was
observed that the anammoxosome membrane was mainly in a curved configuration, even
when different sample preparation methods were used. Further, this study revealed electrondense particles that were confined to the anammoxosome compartment. Energy dispersive Xray analysis showed that these particles contained iron. The functional significance of a
curved anammoxosome membrane and intra-anammoxosome iron storage are discussed.
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MATERIALS AND METHODS
“Candidatus Kuenenia stuttgartiensis”
Samples containing an 80% enrichment culture of “Candidatus K. stuttgartiensis” were taken
from a 15 liter continuous reactor modified from Strous et al (1998).
“Candidatus Brocadia fulgida”
Samples containing an 80% enrichment culture of “Candidatus B. fulgida” were taken from a
two liter sequencing batch reactor (Strous et al 1998).
Sample preparation for electron microscopy: high-pressure freezing, freeze-substitution
and Epon embedding
Small aggregates of “Candidatus K. stuttgartiensis” and “Candidatus B. fulgida” cells were
transferred into the 100 µm cavity of a planchette (3 mm, 0.1/0.2 mm depth, Engineering
Office M. Wohlwend GmbH, CH-9466 Sennwald, Switzerland) containing 1-hexadecene
(Studer et al 1989), closed with the flat side of a lecithin-coated planchette (3 mm, 0.3 mm
depth) and cryofixed by high-pressure freezing (Leica EMHPF, Leica Microsystems, Vienna,
Austria, now Wohlwend). Freeze-substitution was performed in acetone containing 2%
osmium tetroxide, 0.2% uranyl acetate and 1% H2O (Walther & Ziegler 2002) or anhydrous
acetone containing 2% osmium tetroxide. Samples were kept at -90°C for 47 hours, brought
to -60°C at 2ºC/hour, kept at -60ºC for eight hours, brought to -30°C at 2ºC/hour and kept at
-30ºC for eight hours in a freeze-substitution unit (AFS, Leica Microsystems, Vienna,
Austria).
Uranyl acetate was removed by washing the samples four times for 30 minutes in the
AFS at -30ºC and once for 60 minutes on ice with acetone containing 2% osmium tetroxide
and 1% H2O. Osmium tetroxide and H2O were removed by washing two times for 30 minutes
on ice with anhydrous acetone.
The 2% osmium tetroxide in anhydrous acetone samples were placed on ice for 60
minutes and then washed two times for 30 minutes on ice with anhydrous acetone.
Samples were gradually infiltrated with Epon resin (Mollenhauer 1964). Epon was
polymerized for 72 hours at 60ºC. Samples were sectioned as described below.
Sample preparation for electron microscopy: chemical fixation and Epon embedding
“Candidatus K. stuttgartiensis” cells were fixed for 30 minutes in 1.5% glutaraldehyde and
4% formaldehyde in 0.1 M sodium cacodylate trihydrate buffer pH 7.2 and post-fixed for 90
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minutes in 2% osmium tetroxide at 4°C. Samples were embedded in low melting point
agarose and dehydrated in a graded ethanol series (70, 80, 90, 96 and 100% ethanol) and then
in 100% propylene oxide. Samples were gradually infiltrated with Epon resin. Epon was
polymerized for 72 hours at 60ºC. Samples were sectioned as described below.
Sectioning Epon-embedded cells
Sections of Epon-embedded cells were cut using a Reichert Ultracut E Microtome (Leica
Microsystems, Vienna, Austria). Ultra-thin (for transmission electron microscopy, ca. 80 nm)
and semi-thin (for electron tomography, 200-400 nm) sections were collected on formvarcarbon-coated copper square 50 mesh grids. Ultra-thin sections of Epon-embedded cells were
post-stained with 20% (w/v) uranyl acetate in 70% (v/v) methanol for 4 minutes and
Reynolds’ lead citrate staining (Reynolds 1963) for two minutes.
Sample preparation for electron microscopy: chemical fixation and cryosectioning
(Tokuyasu 1973)
“Candidatus K. stuttgartiensis” cells were fixed for 24 hours in 2% formaldehyde and 0.2%
glutaraldehyde in 0.1 M phosphate buffer pH 7.2 and subsequently embedded in 12% gelatin
in phosphate buffer. The gelatin-embedded cells were cut into small cubes (~1-2 mm3) under
the stereo microscope, infiltrated overnight at 4°C with 2.3 M sucrose in phosphate buffer and
frozen in liquid nitrogen. Samples were cryosectioned as described below.
Sample preparation for electron microscopy: high-pressure freezing, freeze-substitution
and cryosectioning (rehydration method) (van Donselaar et al 2007)
“Candidatus K. stuttgartiensis” cells were cryofixed by high-pressure freezing and freezesubstituted in acetone containing 0.5% glutaraldehyde, 0.1% uranyl acetate and 1% H2O as
described above. Uranyl acetate was removed by washing four times for 30 minutes in the
AFS at -30°C and once for 60 minutes on ice with acetone containing 0.5% glutaraldehyde
and 1% H2O. Samples were rehydrated in a graded acetone series on ice: 95, 90, 80 and 70%
acetone in water containing 0.5% glutaraldehyde, then 50 and 30% acetone in PHEM buffer
(60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM MgCl2, pH 6.9) containing 0.5%
glutaraldehyde, and finally 0.5% glutaraldehyde in PHEM buffer. Samples were embedded in
12% gelatin in PHEM buffer. The gelatin-embedded cells were cut into small cubes (~1-2
mm3) under the stereo microscope, infiltrated overnight at 4°C with 2.3 M sucrose in PHEM
buffer and frozen in liquid nitrogen. Samples were cryosectioned as described below.
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Cryosectioning
Samples were cryosectioned using a cryoultramicrotome UC6/FC6 (Leica Microsystems,
Vienna, Austria). Cryosections were picked up with a drop of 1% methyl cellulose and
1.15 M sucrose in PHEM buffer and transferred to formvar-carbon-coated copper hexagonal
100 mesh grids. Cryosections were washed on drops of PHEM buffer for 60 minutes at 37°C
and for ten minutes on drops of water at room temperature. Cryosections were post-stained
with 2% uranyl acetate in 0.15 M oxalic acid pH 7.4 at room temperature and embedded in
1.8% methyl cellulose containing 0.4% aqueous uranyl acetate on ice after which they were
air dried.
Transmission Electron Microscopy (TEM)
All sections were investigated at 80 kV in a transmission electron microscope (Tecnai10 or
Tecnai12, FEI Company, Eindhoven, The Netherlands). Images (1280 x 1024 pixels) were
recorded using a CCD camera (MegaView II, AnalySis) and saved in 8 bit format.
Electron Tomography (ET)
Ten nanometer colloidal gold particles were applied to one surface of semi-thin sections (200400 nm) of Epon-embedded cells, to function as fiducial markers, by incubating sections on a
protein A-10nm gold solution. The sections were post-stained with 2% uranyl acetate in water
for ten minutes. Specimens were placed in a high-tilt specimen holder and dual axis datasets
were recorded at 200 kV (Tecnai20 LaB6, FEI Company, Eindhoven, The Netherlands) by
either manually rotating the grid 90º (Fischione 2020 advanced tomography holder, Fischione
Instruments, Pittsburgh, USA) or rotating the grid 90º inside the microscope (Fischione
rotation holder, Fischione Instruments, Pittsburgh, USA). The angular tilt range was from -65º
to 65º with an increment of 1º. Binned (2x2) images (1024 x 1024 pixels) were recorded using
a CCD camera (Temcam F214, TVIPS GmbH, Gauting, Germany). Automated data
acquisition of the tilt series was carried out using Xplore 3D (FEI Company, Eindhoven, The
Netherlands). Tomograms from each tilt axis were computed with the R-weighted backprojection algorithm and combined into one double tilt tomogram using the IMOD software
package (Kremer et al 1996). Double tilt tomograms were analyzed and modeled with the
IMOD software package. Features of interest were contoured manually in serial optical slices
extracted from the tomogram.

148

Chapter 5

Energy Dispersive X-ray Analysis (TEM-EDX)
“Candidatus B. fulgida” cells were cryofixed by high-pressure freezing, freeze-substituted in
anhydrous acetone containing 2% osmium tetroxide and embedded in Epon resin as described
above. Semi-thin sections (~250 nm) were collected on formvar-carbon-coated nickel square
50 mesh grids and analyzed with TEM-EDX for their elemental composition. Spot
measurements were performed in the different cell compartments and in different cells with
the following settings: acceleration voltage 200 kV, 5 eV/17 µs, spot size 8, dwell time 60
seconds (Tecnai20FEG, FEI Company, Eindhoven, The Netherlands) using ES vision
software (Emispec Systems, Inc., Tempe, USA). Images were taken in the high-angle annular
dark-field (HAADF)-mode.
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RESULTS
Ultrastructural study of the anammoxosome compartment in anammox bacteria
Three-dimensional imaging of the anammoxosome compartment using electron tomography
revealed that the majority of the anammoxosome bilayer membrane is in a curved
configuration (Figure 3, Supporting Material Movie S1.1-1.3 and S2.1-2.3). In some instances
there were also deep tubular protrusions of the anammoxosome membrane into the inner part
of the anammoxosome (Figure 3B, Supporting Material Movie S2.1-2.3).

Figure 3. Snapshots of “Candidatus K. stuttgartiensis” electron tomography models showing the curved
anammoxosome membrane and iron particles inside the anammoxosome. A. dividing anammox cell (Supporting
Material Movie S1.1-1.3). B. single cell with deep protrusions of the anammoxosome membrane into the
anammoxosome (Supporting Material Movie S2.1-2.3). Models show (from out- to inside) cell boundary (in
transparent red), intracytoplasmic membrane (in transparent yellow), anammoxosome membrane (in pink) and
anammoxosome particles (in red).

The anammoxosome membrane was also in a curved configuration when visualized in
TEM of thin sections. Four different ways of sample preparation were used to see whether
this would change the appearance of the anammoxosome membrane; high-pressure freezing,
freeze-substitution and Epon embedding (Figure 4), chemical fixation and Epon embedding
(Figure 5A-B), chemical fixation and cryosectioning (Figure 5C) and high-pressure freezing,
freeze-substitution and cryosectioning (Figure 5D). All four sample preparation methods
showed cells with predominantly curved anammoxosome membranes. The anammoxosome
membrane curvature was irregular and in some cases the membrane was partly curved and
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Figure 4. Transmission electron micrographs of high-pressure frozen, freeze-substituted and Eponembedded

anammox

cells

showing

the

predominantly

curved

anammoxosome

membrane,

anammoxosome particles (smaller arrows) and tubule-like structures (larger arrows). A-B. “Candidatus
K. stuttgartiensis” cells with curved (A) and oval (B) anammoxosome membrane, cw; cell wall, cm;
cytoplasmic membrane, pa; paryphoplasm, icm; intracytoplasmic membrane, ri; riboplasm, am;
anammoxosome membrane, a; anammoxosome. C-D. “Candidatus B. fulgida” cells with curved (C) and
partly curved, partly oval (D) anammoxosome membrane. E-F. “Candidatus K. stuttgartiensis” cell
showing transectioned tubule-like structures. Scale bars (A-E); 200 nm, (F); 100 nm.
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partly straight (Figure 4D). Though straight regions of the anammoxosome membrane were
also observed in non-dividing cells, they were seen most when a cell was dividing. When
being divided among the two daughter cells the anammoxosome was often observed to be
stretched straight on one side, while the other side remained in the curved configuration.
Occasionally, a completely oval anammoxosome was observed (Figure 4B).

Figure 5. Transmission electron micrographs of chemically-fixed and Epon-embedded (A-B), chemically-fixed
and cryosectioned (C) and high-pressure frozen, freeze-substituted and cryosectioned (D) “Candidatus K.
stuttgartiensis” cells showing curved anammoxosome membranes. Scale bars; 200 nm.

Inside the anammoxosome, tubule-like structures (Lindsay et al 2001, van Niftrik et al
2004) were clearly visible (Figure 4, larger arrows). On close inspection, these structures
seemed to be hexagonal in shape when transectioned (Figure 4F) and constructed of three
identical units. Each separate unit, i.e. the electron-dense parts of the hexagonal-shaped
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structures, had a width, on average, of 9.4 nm and together formed long tubule-like structures
which were at times arranged in packed arrays that could stretch the full length of the
anammoxosome. In addition to the tubule-like structures, a second striking observation was
the presence of condensed, electron-dense particles (Figure 4, smaller arrows). Electron
tomography showed that these particles were confined to the anammoxosome compartment
(Supporting Material Movie S1.1-1.3 and S2.1-2.3). The electron-density of the particles was
enhanced when osmium tetroxide was used as a fixative. The number of anammoxosome
particles varied among cells; in some cells there was only one and in others there were as
many as twenty. The particles ranged in diameter from 16 to 25 nm and within the particles
the electron-density was heterogeneous.
TEM-EDX analysis of the anammox compartments and particles
To decipher the nature of the electron-dense anammoxosome particles, energy dispersive Xray analysis in combination with TEM (TEM-EDX) was performed on “Candidatus B.
fulgida” cells. EDX analysis is semi-quantitative for samples that are not flat, polished and
homogenous and has limited sensitivity for low-Z elements, but is an excellent tool to
decipher the elemental composition and ratios of organic material (Zierold 1997). Several
point measurements were performed in the following compartments and particles:
anammoxosome particles, anammoxosome, riboplasm, paryphoplasm and the section outside
the cells. All compartments contained the following typical biological elements; carbon,
oxygen, phosphorus, sulfur and chlorine. The TEM-EDX measurements also revealed other
elements that can be explained by the procedure or sample preparation, namely; silicon (grid
storage box or vacuum grease), nickel (nickel grids), and osmium (OsO4 used in the sample
preparation). The anammoxosome particles showed elevated levels of iron and phosphorus
(Figure 6 and 7) compared to the other compartments. Iron was almost below detection limit
in all the other compartments. Also, the anammoxosome particles as well as the section
outside the cells both contained calcium and fluorine which were below detection limit in all
other compartments. Further, the TEM-EDX analysis showed some other differences in
elemental composition between the different compartments and particles (Figure 7).
Phosphorus, present in all other compartments, was below detection limit in the paryphoplasm
and the paryphoplasm and riboplasm showed elevated levels of chlorine.
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Figure 6. TEM-EDX HAADF detector point measurements (red circles in panes on the right) in
“Candidatus B. fulgida” cells. A. anammoxosome particle measurement showing elevated iron and
phosphorus peak. B. anammoxosome measurement. Scale bars; 100 nm.
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DISCUSSION
Three-dimensional analysis of the anammoxosome, the intracellular membrane-bounded
compartment of anammox bacteria, revealed that the majority of its membrane was in a
curved configuration. Although the extent to which the entire anammoxosome membrane was
curved and the occurrence of deep tubular protrusions could only be extracted from the 3D
images of the anammox cells, the finding of a curved anammoxosome membrane was
confirmed with a TEM study of the anammoxosome after different sample preparation
methods. Further, electron tomography showed the observed electron-dense particles to be
confined to the interior of the anammoxosome compartment and TEM-EDX analysis revealed
these to contain iron.
Why would anammox bacteria keep their anammoxosome membrane in a curved
configuration?
There are two main advantages of a curved membrane (McMahon and Gallop 2005). Proteins
can bind selectively on curvature and thus create a microenvironment on the membrane
leading to preferential localization of ion channels in protrusions. As well as creating a
microenvironment, a curved membrane increases the membrane surface and subsequently
maximizes the amount of membrane available for use by membrane-bound metabolic
processes. This last point is especially true for the mitochondrial cristae (for review see
Mannella 2006) and is also extremely interesting in the anammoxosome case. The
anammoxosome is hypothesized to be the site where all catabolic processes of the anammox
metabolism take place, most likely on the inside of the membrane. The anammoxosome
would thus have a similar function as the mitochondrion. In the hypothesis, the
anammoxosome membrane is energized by the translocation of protons to the
anammoxosome and a proton motive force is created that drives ATP synthesis. Therefore, it
is highly possible that the anammox bacteria actively enlarge the area of the anammoxosome
membrane, by curvature of the membrane, to enhance their metabolic activity (i.e. rate).
How the anammoxosome membrane is folded is unclear. If an active folding
mechanism is absent, the anammoxosome must be hypotonic with the osmotic pressure
folding its membrane inward to reach osmotic equilibrium. However, there are different ways
to actively bend a membrane (McMahon & Gallop 2005): changes in lipid composition,
influence of integral membrane proteins, cytoskeletal proteins and microtubule motor activity.
Filamentous structures that might perform motor activity were observed but a relationship
with membrane curvature was not apparent.
156

Chapter 5

Why do anammox bacteria store iron in their anammoxosome?
The conclusion that can be drawn from the TEM-EDX analysis is that the electron-dense
anammoxosome particles contain iron. The genome of the anammox bacterium “Candidatus
K. stuttgartiensis” (Strous et al 2006) was examined for known iron storage genes. Two genes
were found, kuste3640 and kuste4480, with 32-48% protein sequence identity to the
Escherichia coli bacterioferritin protein Bfr. The haem-containing bacterioferritins, like the
haem-free ferritins, are iron storage proteins. They can solubilize and store iron(III) in the
form of an inorganic mineral (Andrews 1998). However, the physiological role of
bacterioferritin is not entirely clear (Andrews et al 2003). In aerobic organisms
bacterioferritins might detoxify as well as store iron at the same time, which is especially
important for these organisms. In the presence of oxygen, iron(II) is both scarce and toxic; the
predominant form of iron is the insoluble iron(III) while iron(II) reacts with oxygengenerating toxic free radicals in the “Fenton” reaction. In anaerobes, detoxification is
presumably less important and the function of bacterioferritin is less well understood.
Bacterioferritins form a spherical protein complex, consisting of 24 subunits and up to
12 haem groups, of approximately 12 nm in diameter with a large hollow centre that has the
capacity to store at least 2000 iron atoms in the form of ferric-hydroxyphosphate (Andrews et
al 1989, Andrews 1998). Phosphate at the core surface is important for the binding of iron(II)
ions and is involved in the internal electron-transfer reactions (Watt et al 1992, Aitken-Rogers
et al 2004). Isolated iron(III) mineral cores from bacterioferritins show an iron-to-phosphate
ratio in the range of 1-2.2 (Watt et al 1992, Aitken-Rogers et al 2004). In our case, the
anammoxosome particles have elevated levels of phosphorus compared to the other cell
compartments, with an iron-to-phosphorus ratio of 0.83. So it is possible that phosphate is a
significant component of the iron complex here as well. Though the ratios of the other
elements do not seem to be in favor of another form of iron, other complexes cannot be ruled
out. The anammoxosome particles, 16 to 25 nm in diameter, are somewhat larger than the
typical bacterioferritins which are 12 nm in diameter. Their appearance in electron
microscopy is also different from other known iron storage material, for example, the
bacterioferritins in E. coli (Yariv et al 1981), the iron particles in Mycoplasma capricolum
(Bauminger et al 1980), or the iron particles in Shewanella putrefaciens (Glasauer et al
2007). The anammox particles differ in size (slightly bigger than the first two and smaller
than the last), their shape is more rounded and distinct, and the particles are not segregated at
or associated with a membrane like in M. capricolum and S. putrefaciens. Also unlike S.
putrefaciens, where the iron particles are formed during anaerobic dissimilatory iron
reduction, or M. capricolum, where the iron particles are formed upon growth in iron-enriched
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medium, the anammox particles were always present; both in the two different anammox
species and at different cell cycle stages. Never in 3D was a cell observed without the iron
particles. The heterogeneity in electron-density and varying iron levels of the particles could
possibly reflect a large protein with an iron core. The “Candidatus K. stuttgartiensis” genome
was also examined for either of the two electron carriers that are hypothesized to act as Bfrspecific reductases in the mobilization of iron from Bfr; Bfd (Bfr-associated ferredoxin)
(Andrews et al 2003) and Rd-2 (rubredoxin-type 2) (da Costa et al 2001). But the
“Candidatus K. stuttgartiensis” genome contained only type 1 rubredoxins (kustc0323,
kustc1169 and kustd2038) and no Bfd. The presence of bacterioferritin genes in the
“Candidatus K. stuttgartiensis” genome could indicate that the iron particles in the
anammoxosome compartment, observed with electron tomography and identified with TEMEDX, are indeed bacterioferritins.
Only speculations can be made about the functional significance of these
anammoxosome iron particles. One explanation could be that the anammox iron storage is
linked to iron respiration (Strous et al 2006). Though anammox bacteria are capable of iron
respiration, the energy is mainly generated through anaerobic ammonium oxidation with
nitrite. Another possibility is that iron storage in anammox bacteria is a preconditioned
response to iron scarcity in the environment. Iron storage is often induced when its
availability is scarce (Andrews 1998). The anammox medium contains 6.25 mg/l iron sulfate,
of which the anammox bacteria use only half (M. Strous, unpublished results), so it is unlikely
that the anammox bacteria are grown under iron-limiting conditions. However, anammox
bacteria do produce a large amount of haem-containing enzymes (>20% [w/w] of total cell
protein) so it could very well be that this organism scavenges and stores iron to have an
excess supply of iron for future haem synthesis. The location of the iron storage is consistent
with the postulated location of the anammox haem proteins (also inside the anammoxosome,
see Chapter 3), if iron would be inserted into the protohaem inside the anammoxosome. In
this way the iron particles would serve as an iron storage facility for the haem-containing
enzymes that are involved in the electron transport chain or they might represent aggregated
iron-rich proteins themselves.
The anammoxosome membrane curvature fits the hypothesis that the membranebounded anammoxosome compartment is used as an energy generator. The other aspects of
the anammoxosome described in this study, the iron particles and tubule-like structures,
remain a puzzle to be solved. All in all, this bacterial “organelle” is truly unique in its kind
and is very fascinating from an evolutionary perspective.
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Electron tomography movies
These QuickTime movies represent electron tomography raw data sets, tomograms and
models of the anammox bacterium “Candidatus Kuenenia stuttgartiensis” showing the curved
anammoxosome membrane and iron particles inside the anammoxosome. The models consist
of (from out- to inside): cell wall (in red), intracytoplasmic membrane (in yellow),
anammoxosome membrane (in pink) and anammoxosome particles (in red).
Movie S1.1-S1.3
These movies show the electron tomography raw data set (S1.1), double tilt tomogram (S1.2)
and model (S1.3) of a dividing “Candidatus K. stuttgartiensis” cell.
Movie S2.1-S2.3
These movies show the electron tomography raw data set (S2.1), double tilt tomogram (S2.2)
and model (S2.3) of a single “Candidatus K. stuttgartiensis” cell with deep protrusions of the
anammoxosome membrane into the anammoxosome.
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The history of anammox research
From the 1940s to 1970s several sources proposed that the nitrogen cycle contained more
reactions than known at that time and that a bacterium was missing from nature that could
oxidize ammonium, with nitrate or nitrite, to dinitrogen gas anaerobically (Hamm &
Thompson 1941, Richards 1965, Broda 1977). This proposal was based on thermodynamical
calculations and field observations of far less accumulation of ammonium in anoxic water
bodies than expected from Redfield stoichiometry. The prediction was verified in the early
1990s when ammonium was found to be converted to dinitrogen gas at the expense of nitrate
in an anoxic fluidized bed bioreactor at the Gist-Brocades yeast factory in The Netherlands.
The Delft University of Technology took up the challenge and started to investigate the
microbes inhabiting the bioreactor. Only a few years later the bacteria responsible for the
anaerobic ammonium oxidation (anammox) were enriched and identified (van de Graaf et al
1995, Strous et al 1999). However, what no one could have predicted was that besides being
the missing link in the nitrogen cycle, these bacteria would also defy other microbiological
concepts. They do not conform to the typical characteristics of Bacteria but instead share
features with all three domains of life, Bacteria, Archaea and Eukaryotes, making them
extremely interesting from the perspective of evolution.
The anammox bacteria deviate on a number of points from the textbook description of
Bacteria. Like Eukaryotes, they possess a differentiated cytoplasm, with different membranebounded compartments, a feature shared with the other genera of the phylum Planctomycetes
and a number of other bacteria. Also, like the organelles of Eukaryotes, it is believed that the
innermost membrane-bounded anammox compartment, the anammoxosome, is dedicated to a
specific function inside the cell. Although there is some debate about the organization of the
anammox cell envelope, it does not seem to resemble that of either Gram-negative or Grampositive bacteria, being proposed to lack an outer membrane and to be devoid of
peptidoglycan (Lindsay et al 2001). These two properties are shared with the domain Archaea
(Zolghadr et al 2007). However, the “Candidatus Kuenenia stuttgartiensis” genome (Strous et
al 2006) revealed several characteristics that do suggest the presence of a Gram-negative-like
cell wall with an outer membrane and periplasmic space. Besides cell wall organization,
anammox membrane lipids contain a combination of fatty acids that are ester-linked (typical
of the Bacteria and Eukarya) and ether-linked (typical of the Archaea) to the glycerol unit.
They also contain a variety of unconventional membrane lipids that are so far unique in
nature; cyclobutane ring-containing ladderane lipids (Sinninghe Damsté et al 2002).
The unique features of the anammox process and the bacteria responsible for it have
been the incentive to start several research projects since their discovery. Theories concerning
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the functional significance of compartmentalization in these anammox bacteria suggest the
existence of a dedicated compartment, the anammoxosome, used to generate a proton motive
force for the synthesis of ATP. Providing further experimental evidence for this hypothesis
could give more insight into how this bacterium, and its ‘organelle’, functions. Further, it
would provide a background for speculation about their place in the early evolution and
divergence between the domains Bacteria, Eukarya and Archaea. Since while anammox
organisms belong to the domain Bacteria they share many features with the other two
domains.

Figure 1. Overall aim, main objectives and conclusions that can be drawn from the research presented in this
thesis.

The overall aim of the research presented in this thesis was to investigate anammox
cell biology. The research had two main objectives: providing further evidence for the
specific function of the anammoxosome compartment in energy metabolism (Chapter 2 and 3)
and investigating whether the anammoxosome is a separate compartment without membranelinks to the intracytoplasmic membrane (Chapter 4 and 5). The investigation of these two
objectives could answer whether the anammoxosome conforms to the organelle definition; a
separate, membrane-bounded subunit with a specific function inside the cell. Conclusions that
167

General discussion

can be drawn from the separate chapters are depicted in Figure 1 and those that have
implications for either of the two main objectives are also discussed in more detail below.
The anammoxosome and energy metabolism
The hypothesis that the anammox reaction takes place inside the anammoxosome
compartment was based on the immunogold localization of one of the key enzymes of this
process,

hydrazine/hydroxylamine

oxidoreductase

(HAO),

to

the

anammoxosome

compartment (Lindsay et al 2001). This localization was reproduced in this research after
optimization of the immunolabeling procedure (Chapter 2) and convincingly supported the
previous findings. The HAO antiserum that was used was raised against a purified HAO-like
enzyme from “Candidatus Brocadia sp.”. The N-terminal amino acid sequences of different
trypsin or V8 protease generated peptide fragments of this HAO-like protein (Schalk et al
2000) resembled most the HAO-like open reading frame kustc1061 from “Candidatus K.
stuttgartiensis”. This leaves no doubt that the anammoxosome contains HAO. However, the
question remains whether this protein acts together with proteins of the electron transport
chain to actively translocate protons across the anammoxosome membrane to the
anammoxosome. Protons could then flow back to the riboplasm along the proton gradient
through ATPases, which convert the energy stored in this gradient to ATP. To address this
point, immunolocalization of the anammox ATPases was started (Chapter 2). The genome
was analyzed for ATPase gene clusters, four putative clusters were found, and parts of the
catalytic subunits were expressed in Escherichia coli, in order to be used in antibody
production.

The

resulting

four

antisera

were

used

in

western

blot

analysis,

immunofluorescence and immunogold localization pilot experiments but methodological
caveats were encountered that still need to be overcome. Thus, the location of the anammox
ATPases still remains to be determined. However, other aspects of this research presented
additional evidence for the postulated hypothesis. The cytochrome c peroxidase stain
performed in Chapter 3 stained the inside of the anammoxosome compartment, with intense
staining along a 150 nm rim on the inside of the anammoxosome membrane. This indicates
that anammox cytochromes c are predominantly located in this area, which is in good
accordance with the hypothesis that the cytochromes involved in the electron transport chain
are located on the inside of the anammoxosome membrane. Another indication that the
anammoxosome is indeed used for energy metabolism is the ultrastructural study of the
anammoxosome compartment in Chapter 5. It was observed that the anammoxosome
membrane is highly folded. This curvature may be used to increase the membrane surface
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available for the enzymes involved in catabolism, as holds for the mitochondrial inner
membrane (cristae).
In conclusion, the results presented in this thesis support the hypothesis that the
anammoxosome compartment is used for energy generation. The immunogold localization of
an anammox ATPase to the anammoxosome membrane would complete this investigation.
The anammoxosome as a true bacterial organelle
Apart from whether the anammoxosome compartment has a specific cellular function, it can
be questioned whether this compartment is a true separate compartment, i.e. that there are no
membrane-links between the anammoxosome membrane and the intracytoplasmic membrane.
If this were the case the anammox cell plan would be comparable to that of the planctomycete
Isosphaera, with the anammoxosome being part of the paryphoplasm compartment. Prior to
this research, the status of the anammoxosome as a separate compartment was based upon the
absence of membrane-links in thin sections as seen under the electron microscope (Lindsay et
al 2001) and the successful isolation of intact anammoxosomes from anammox cells
(Sinninghe Damsté et al 2002). The research presented in this thesis provided further support
for the previously defined anammox cell plan (Lindsay et al 2001). The anammox
ultrastructure was investigated with both transmission electron microscopy and electron
tomography (Chapter 3, 4 and 5) and both methods never revealed clear membrane-links
between the anammoxosome and intracytoplasmic membrane. Also, the anammoxosome
compartment was vertically inherited to the daughter cells upon cell division (Chapter 4). The
apparent absence of cytochrome c proteins from the paryphoplasm (Chapter 3) also supports
the absence of membrane-links between this compartment and the anammoxosome
compartment. In conclusion, these results are supportive of the anammoxosome being a
separate membrane-bounded compartment.
The anammox cell envelope
Some of the results obtained in this research can also be used for the continuing discussion on
the anammox cell envelope organization. In analogy to the other Planctomycetes, the
anammox cell envelope has been defined as having a proteinaceous cell wall without
peptidoglycan and without outer membrane. In Planctomycetes, the cytoplasmic membrane
has been defined as such based on the finding of RNA in the outermost, paryphoplasm
compartment (Lindsay et al 1997 & 2001). However, no biochemical analysis has been
performed on the anammox cell envelope and although RNase-gold labeling indicated the
presence of RNA in the paryphoplasm compartment no conclusions can be drawn from this
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considering the narrow anammox paryphoplasm region and the length of the antibody
complex (R. Webb, personal communication). However, electron microscopic observations
suggest that the anammox cell envelope organization is the same as that of the other
Planctomycetes. The “Candidatus K. stuttgartiensis” genome on the other hand seems to
indicate otherwise. In the genome, characteristics typical of a Gram-negative cell wall have
been found: the presence of porins, the TonB system, multidrug exporters (including outer
membrane components) and a nearly complete peptidoglycan operon (Strous et al 2006). The
peptidoglycan operon would in theory be able to crosslink peptides but without the sugar
backbone. These characteristics, if not functional, could be remainders of the evolutionary
ancestor of anammox bacteria, which would then be a Gram-negative bacterium.
The research presented in this thesis provides indirect evidence for the paryphoplasm
being a cytoplasmic compartment with the cytoplasmic membrane on its outer side. The
anammox division ring is situated in the paryphoplasm compartment at a constant 5 nm from
the outermost membrane. Considering that in Escherichia coli the division ring is situated in
the cytoplasm where it is attached to the inner side of the cytoplasmic membrane by FtsA and
zipA (Chapter 4) the most straightforward explanation would be that the anammox division
ring is also situated in the cytoplasm (paryphoplasm) on the inner side of the cytoplasmic
membrane (outermost anammox membrane). Also, the apparent absence of cytochrome c
proteins in the paryphoplasm as indicated by cytochrome peroxidase staining (Chapter 3)
supports the notion that it is a cytoplasmic compartment. On the other hand, this does not
necessarily imply that cytochrome c proteins are completely absent from the paryphoplasm
compartment; they could be below the detection limit of the cytochrome peroxidase stain. The
status of the anammox cell envelope needs further investigation, such as biochemical or X-ray
photoelectron spectroscopy analysis of different components [i.e. lipids (fatty acids),
carbohydrates (polysaccharides, sugar components of peptidoglycan; muramic acid and
glucosamine) and proteins (peptides, amino acids)] to come to definite conclusions.
In conclusion, the research presented in this thesis supports the status of the anammoxosome
as a true bacterial organelle that is the locus of energy metabolism. However, one could
wonder whether energy generation is the sole function of the anammoxosome or that it
perhaps has multiple cellular functions. Firstly, the expression and location of the anammox
ATPases should be further investigated. In addition, it would be very interesting to investigate
whether the proton-translocating pyrophosphatase [V-PPase; encoded in the genome
(kustd1836) and expressed in the proteome] is located on the anammoxosome membrane
where it could actively acidify this compartment. Also, modeling a complete anammox cell
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using cryoelectron tomography - where the sample is preserved in a near native, hydrated
state - or modeling serial thick sections of a complete cell with electron tomography would be
useful to completely exclude the presence of membrane-links between the anammoxosome
membrane and the intracytoplasmic membrane. Further, much is to be gained from the
developing electron microscopy field. It could be attempted to determine the location of a
specific tracer element using energy dispersive X-ray analysis (EDX) to gain further insight
into anammox biochemistry or to follow the transport and location of a specific element in
time-series observations using nanometer-scale, secondary ion mass spectroscopy
(NanoSIMS). Further, specific macromolecules could be studied using single particle analysis
(as opposed to using X-ray crystallography), cryoelectron microscopy and atomic force
microscopy. If the anammoxosome isolation method (Sinninghe Damsté et al 2002) could be
optimized to produce a higher percentage of anammoxosome recovery then all of the above
techniques could be applied to the anammoxosome alone and aspects such as studying
membrane permeability, proton motive force and pH, visualization of ATPases in the
anammoxosome membrane and biochemical analysis become possible.
From an evolutionary perspective, the implication of bacterial organelles with specific cellular
functions is food for thought. Using ribosomal RNA phylogeny, it has been suggested that the
Planctomycetes are an ancient lineage situated at the root of the Bacterial tree (Brochier &
Philippe 2002). On the other hand, others have argued that the number of nucleotide positions
used in this phylogenetic analysis is too low to support this conclusion and that the bacterial
ancestor is a hyperthermophile (Di Giulio 2003). Here, the Planctomycetes are not placed at
the root but at the third branch of divergence in the domain of the Bacteria. From the
sequencing of the complete genome of some of the Planctomycetes it appears that the
evolutionary relationship of this phylum is indeed not straightforward. Though the genome of
the planctomycete Gemmata obscuriglobus revealed eukaryotic signature proteins (Staley et
al 2005), the genome of “Candidatus K. stuttgartiensis” indicated that anammox bacteria are
more related to the Chlamydiae, obligate intracellular parasites, than to Eukaryotes and might
have evolved from a Gram-negative bacterium (Strous et al 2006). So the question remains;
are

the

Planctomycetes

a

relatively

new

phylum

that

either

evolved

their

compartmentalization separately from the Eukaryotes or acquired it from them via lateral
gene transfer? Or is the last universal common ancestor (LUCA) eukaryotic-like and are the
Planctomycetes the last examples to survive (as discussed by Fuerst 2005) before evolution
proceeded to the less complex but perhaps more efficient prokaryotic cell types? The answer
might be found in the ongoing evolutionary genomic projects of members of the
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Planctomycetes, Verrucomicrobia and Chlamydiae (PVC) superphylum (Wagner & Horn
2006). Also, with the rapidly developing field of functional genomics/transcriptomics [the
study of the gene products (messenger RNAs) that are transcribed from the genome] and
proteomics (the study of the proteins that are expressed by the genome), we might be able to
go beyond the genome to study the evolutionary relationships of functional genes with
evolutionary value, for example those in common with Chlamydiae or Eukaryotes. The study
of the evolution of the transcriptome and proteome might help to unravel the evolutionary
background of the members of this enigmatic group of Bacteria.
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Anammox bacteria perform anaerobic ammonium oxidation to dinitrogen gas and belong to
the phylum Planctomycetes. Whereas most Prokaryotes consist of one compartment, the
cytoplasm bounded by the cytoplasmic membrane and cell wall, the species within this
phylum are compartmentalized by intracellular membranes. In the anammox case,
compartmentalization results in the cytoplasm being divided into three compartments
surrounded by individual bilayer membranes. The anammox cell plan thus consists of (from
out- to inside): the paryphoplasm, the riboplasm (containing the ribosomes and the nucleoid)
and the anammoxosome. The innermost compartment, the anammoxosome, has been
speculated to be the locus of anammox catabolism. This hypothesis is based upon the
immunogold localization of one of the key enzymes of the anammox reaction,
hydrazine/hydroxylamine oxidoreductase, to the anammoxosome. In the hypothesis, the
anammoxosome membrane is energized by the translocation of protons to the
anammoxosome. This creates a proton motive force that could then be used to drive ATP
synthesis by anammoxosome membrane-bound ATPases. To investigate whether the
anammoxosome is a true bacterial organelle, the research presented in this thesis focused on
two main objectives: to further investigate the specific function of the anammoxosome
compartment in energy metabolism (Chapter 2 and 3) and to investigate whether the
anammoxosome is a separate compartment without membrane links to the intracytoplasmic
membrane (Chapter 4 and 5).
In Chapter 2 the intracellular location of ATPases was investigated in anammox bacteria.
Firstly, the genome of the anammox bacterium “Candidatus Kuenenia stuttgartiensis” was
investigated for the presence of ATPases. Four ATPase gene clusters were found; a typical FATPase (1), two atypical F-ATPases (2 and 3) and a prokaryotic V-ATPase (4). Parts of the
catalytic subunits of all four gene clusters were expressed in Escherichia coli and used to raise
antibodies in rabbits. These four antisera were used for western blot analysis and localization
experiments to investigate which of the ATPase gene clusters were expressed and where the
ATPases were located in the anammox cell. Preliminary results showed that anti-F-ATPase-1
specifically hybridized to a protein of the expected size in western blot analysis, anti-FATPase-2 was localized to the cell division site as indicated by immunogold localization and
anti-F-ATPase-3 gave a specific signal in immunofluorescence analysis. All three methods
did not show hybridization for anti-V-ATPase-4. Methodological issues for the application of
western blot analysis, immunofluorescence and immunogold localization to anammox
bacteria are discussed and at present it is still unknown whether any of the four ATPases
encoded by the genome are located on the anammoxosome membrane.
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In Chapter 3 the location of cytochrome c proteins, involved in anammox catabolism, was
investigated using cytochrome peroxidase staining. Staining for cytochrome peroxidase was
observed inside the anammoxosome, with intense staining along a 150 nm rim on the inside
of the anammoxosome membrane. This provided further support for the hypothesis that the
anammoxosome is the locus of anammox catabolism. Also, the ultrastructure of four different
genera of anammox bacteria was compared with transmission electron microscopy and
electron tomography. “Candidatus Kuenenia stuttgartiensis”, “Candidatus Brocadia fulgida”,
“Candidatus Anammoxoglobus propionicus” and “Candidatus Scalindua spp.” all shared a
common anammox cell plan. Differences between the four genera included cell size (from
800 to 1100 nm in diameter), presence or absence of riboplasmic particles and presence or
absence of pili-like appendages. Furthermore, all four genera contained glycogen granules as
shown by histochemical staining.
In Chapter 4 anammox cell division and the biogenesis of the anammoxosome was studied
with electron tomography and transmission electron microscopy. Even though the genome of
the anammox bacterium “Candidatus K. stuttgartiensis” does not encode for the ubiquitous
cell division ring protein FtsZ, a division ring was observed in dividing anammox cells.
Genomic analysis indicated a possible novel division ring gene; ‘kustd1438’. Antibodies were
raised against two different parts of kustd1438 and immunogold labeling, using these two
antisera, showed that kustd1438 was indeed part of the division ring. Electron tomography
further revealed that the anammoxosome was vertically inherited to the daughter cells during
cell division, which took 55 days to complete. The vertical inheritance of the anammoxosome
together with the absence of membrane links between the anammoxosome membrane and the
intracytoplasmic membrane indicated that the anammoxosome is indeed a separate
compartment and not an invagination of the intracytoplasmic membrane.
In Chapter 5 the ultrastructure of the anammoxosome was studied in more detail. Electron
tomography showed that the anammoxosome and its membrane were highly folded. This
finding was confirmed by a transmission electron microscopy study using different sample
preparation methods. Further, in this study electron-dense particles were observed and
electron tomography showed that they were confined to the anammoxosome compartment.
Energy dispersive X-ray analysis revealed that these particles contained iron. It is discussed
whether the functional significance of a highly folded anammoxosome membrane could be to
enlarge the area available for catabolic processes and to thus enhance metabolic activity.
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In Chapter 6 the results described in this thesis are reviewed and discussed with respect to
their implications for the two main objectives: is the anammoxosome used for the generation
of energy and is it a separate compartment? The results obtained support both the hypothesis
that the anammoxosome compartment is indeed the place where the anammox catabolism
takes place and that there is no connection between the anammoxosome membrane and the
intracytoplasmic membrane. This suggests that anammox bacteria have evolved a true
bacterial organelle with a similar function as the eukaryotic mitochondrion: energy
metabolism.
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Celbiologie van anaerobe ammonium-oxiderende bacteriën

Anammox bacteriën zijn in staat anaeroob ammonium te oxideren tot stikstofgas en behoren
tot het phylum van de Planctomyceten. Alle soorten die tot dit phylum behoren hebben
meerdere compartimenten binnen de cel door de aanwezigheid van intracellulaire membranen.
Dit is in tegenstelling tot de meeste andere Prokaryoten, die slechts één enkel compartiment
hebben; het cytoplasma gebonden door het cytoplasmatische membraan en de celwand. Bij
anammox bacteriën verdelen de intracellulaire membranen de cel in drie compartimenten.
Hierdoor ziet de anammox cel er als volgt uit (van buiten naar binnen): het paryphoplasma,
het riboplasma (dat de ribosomen en het DNA bevat) en het anammoxosoom. De hypothese is
dat het binnenste compartiment, het anammoxosoom, de plek is waar de energiehuishouding
van de cel plaatsvindt (het katabolisme). Dit is gebaseerd op de immunogoudlokalisatie van
één

van

de

enzymen

van

de

anammox

reactie

in

het

anammoxosoom:

hydrazine/hydroxylamine-oxidoreductase. De hypothese stelt dat het membraan van het
anammoxosoom geladen wordt door de verplaatsing van protonen naar het anammoxosoom.
Dit resulteert in een proton-drijvende-kracht die gebruikt kan worden voor de synthese van
ATP door ATPases die zich in het membraan van het anammoxosoom zouden bevinden. Om
te onderzoeken of het anammoxosoom daadwerkelijk een bacterieel organel is, heeft het
onderzoek dat beschreven staat in dit proefschrift zich gericht op twee hoofdzaken: het verder
onderzoeken van de specifieke functie van het anammoxosoom in het energiemetabolisme
(Hoofdstuk 2 en 3) en onderzoeken of het anammoxosoom echt een afzonderlijk
compartiment is zonder membraanverbindingen naar het intracytoplasmatische membraan
(Hoofdstuk 4 en 5).
In Hoofdstuk 2 werd de intracellulaire locatie van ATPases in anammox bacteriën onderzocht.
Hiertoe werd eerst bekeken hoeveel en welke ATPases voorkwamen in het genoom van de
anammox bacterie “Candidatus Kuenenia stuttgartiensis”. Vier ATPase genclusters werden
gevonden; één typische F-ATPase (1), twee atypische F-ATPases (2 en 3) en één
prokaryotische V-ATPase (4). De katalytische subunits van alle vier de ATPase genclusters
werden gedeeltelijk tot expressie gebracht in de bacterie Escherichia coli en gebruikt voor de
productie van antilichamen in konijnen. Deze antisera werden gebruikt in western blot
analyses en lokalisatie-experimenten om te onderzoeken welke van de genclusters tot
expressie kwamen en waar zij waren gelokaliseerd in de anammox cel. Voorlopige resultaten
lieten zien dat anti-F-ATPase-1 specifiek bond aan een eiwit van de verwachtte grootte in
western blot analyses, dat anti-F-ATPase-2 bond op de plaats waar cellen aan het delen waren
in immunogoudlokalisatie en dat anti-F-ATPase-3 een specifiek signaal gaf in
immunofluorescentie analyse. Alle drie de methoden gaven geen specifieke signalen voor
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bediscussieerd en tot op heden is het onbekend of een van de vier in het genoom gevonden
ATPases zich in het membraan van het anammoxosoom bevindt.
In Hoofdstuk 3 werd de locatie van cytochroom c eiwitten, betrokken bij het katabolisme van
anammox bacteriën, onderzocht met een cytochroom-peroxidasekleuring. Cytochroomperoxidasekleuring werd waargenomen in het anammoxosoom, met een intense verkleuring
van een 150 nm brede rand langs de binnenkant van het membraan van het anammoxosoom.
Dit onderbouwt de hypothese dat bij anammox bacteriën het katabolisme plaatsvindt in het
anammoxosoom. Ook werd de ultrastructuur van de vier verschillende anammox genera
vergeleken met transmissie-elektronenmicroscopie en elektronentomografie. “Candidatus
Kuenenia stuttgartiensis”, “Candidatus Brocadia fulgida”, “Candidatus Anammoxoglobus
propionicus” en “Candidatus Scalindua spp.” deelden allen hetzelfde anammox bouwplan.
Verschillen tussen de vier genera waren celgrootte (van 800 tot 1100 nm in diameter), aan- of
afwezigheid van bolvormige structuren in het riboplasma en aan- of afwezigheid van piliachtige structuren aan de buitenkant van de celwand. Verder liet een histochemische kleuring
zien dat alle genera glycogeenkorrels bevatten.
In Hoofdstuk 4 werd de anammoxosoom- en celdeling van anammox bacteriën bestudeerd
met elektronentomografie en transmissie-elektronenmicroscopie. Er werd een delingsring
geobserveerd in delende anammox cellen, terwijl het alomtegenwoordige celdelingsring-gen
ftsZ niet in het genoom van de anammox bacterie “Candidatus Kuenenia stuttgartiensis”
aanwezig is. Genoomanalyses brachten een mogelijk nieuw delingsring-gen naar voren;
‘kustd1438’. Er werden antilichamen opgewekt tegen verschillende delen van kustd1438 en
immunogoudlokalisatie liet zien dat kustd1438 inderdaad deel uitmaakte van de delingsring.
Elektronentomografie toonde verder aan dat het anammoxosoom evenredig verdeeld werd
over de dochtercellen tijdens de celdeling, een proces wat in totaal 55 dagen duurde. Deze
observatie, samen met de afwezigheid van membraanverbindingen tussen het membraan van
het anammoxosoom en het intracytoplasmatische membraan, wijst aan dat het
anammoxosoom inderdaad een afzonderlijk compartiment is en niet een instulping van het
intracytoplasmatische membraan.
In Hoofdstuk 5 werd de ultrastructuur van het anammoxosoom in meer detail bestudeerd.
Elektronentomografie liet zien dat het anammoxosoom en het membraan sterk gegolfd waren.
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Deze bevinding werd bevestigd door een transmissie-elektronenmicroscopische studie waarin
gebruik werd gemaakt van verschillende fixatiemethoden. Verder werden in deze studie
electronendichte deeltjes gezien en elektronentomografie toonde aan dat deze alleen in het
anammoxosoom voorkwamen. Energie dispersieve X-ray analyse liet zien dat deze structuren
ijzer bevatten. Er wordt verder bediscussieerd of de sterke golving van het membraan van het
anammoxosoom, oppervlaktevergrooting voor katabole processen tot functie zou kunnen
hebben om zo de metabole activiteit te verhogen.
In Hoofdstuk 6 worden de resultaten die beschreven staan in dit proefschrift samengevat en
bediscussieerd met betrekking tot hun implicaties voor de twee hoofdzaken van het
onderzoek: wordt het anammoxosoom gebruikt om energie te genereren en is het een
afzonderlijk compartiment? De verkregen resultaten ondersteunen zowel de hypothese dat het
anammoxosoom de plek is waar het katabolisme van anammox bacteriën plaatsvindt als dat er
geen verbinding is tussen het membraan van het anammoxosoom en het intracytoplasmatische
membraan. Dit impliceert dat anammox bacteriën een echt bacterieel organel hebben
ontwikkeld

met

energiemetabolisme.
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DANKWOORD
Ik heb me al zo vaak verheugd op het schrijven van het dankwoord van mijn proefschrift,
maar nu het moment daar is, weet ik niet waar ik moet beginnen. Er zijn zoveel mensen die
een belangrijke rol gespeeld hebben tijdens mijn promotieonderzoek, zowel op
wetenschappelijk als op persoonlijk gebied, dat het nu bijna onmogelijk lijkt dat ik dat in een
paar bladzijden kan omschrijven!
Het begon eigenlijk allemaal bij twee leraren van mijn middelbare school. Mijn leraar
scheikunde, Meneer Langedijk, en mijn leraar biologie, Meneer Schrauwen. Deze twee
personen hebben in mij als eerste de interesse voor de bèta-wetenschap opgewekt,
geïnspireerd en gestimuleerd. Later werd die fakkel op de universiteit - tegen wil en dank overgenomen door met name universitair hoofddocent microbiologie Chris van der Drift. Hij
was er dan ook indirect verantwoordelijk voor, dat ik koos voor een “snuffelstage” bij de
afdeling microbiologie. Het waren Matthé Wagemaker (mijn begeleider bij de snuffelstage
microbiologie) en Raymond Hulzink (mijn begeleider bij de eerste langere stage
plantenfysiologie) die als promovendi met hun goede begeleiding en grondige aanpak van
onderzoek mij deden beslissen, dat ik na mijn studie ook een promotieonderzoek wilde gaan
doen. Na die eerste snuffelstage bij microbiologie was het Huub Op den Camp die ervoor
zorgde dat ik ook zou afstuderen in de microbiologie. Hem wil ik ervoor bedanken dat hij het
vertrouwen in mij had om mij het voorstel te doen af te studeren bij de afdeling microbiologie
en een deel van die afstudeerstage in Brisbane (Australië) door te brengen. En daarna begon
het allemaal pas echt...
Prof. Gijs Kuenen en Prof. Mike Jetten wil ik bedanken voor de kans dit promotieonderzoek
te doen ondanks dat er op het moment van mijn aanstelling geen promotieonderzoeksvoorstel
voor handen lag. Mijn begeleider Marc Strous wil ik bedanken voor de vrijheid die hij mij
gegeven heeft tijdens mijn onderzoek en voor alle ideeën met betrekking tot nieuwe
onderzoekslijnen of methoden. Hij was het die met het briljante idee kwam eens in Utrecht op
bezoek te gaan om te kijken of elektronentomografie niet een waardevolle bijdrage zou zijn
voor mijn project! En dat was het – zonder mijn Utrecht-bezoeken zou dit proefschrift niet
zijn wat het is geworden! Daarvoor natuurlijk ook mijn dank aan Prof. Arie Verkleij die mij
als gastonderzoeker toegang verleende tot zijn lab.
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But before I went to the Utrecht lab to do electron tomography I first visited John Fuerst’s lab
at the University of Queensland (Australia) for a second time. I would really like to thank
John Fuerst for the opportunity to work as a guest researcher in his lab and for the hospitality,
concern and stimulating discussions during both of my stays there. Of course Rick Webb was
also of invaluable help during these visits. Although he is one of the busiest people I know, he
always found the time to help me with experiments and he was the first to show me the world
of wonder of the electron microscope. On both a scientific and personal level I have Margaret
Butler to thank for all her help, time and friendship during my Australia visits. She and her
family took me on numerous sightseeing trips, made sure I had plenty of things to do during
my free time there and made me feel right at home in tropical Brisbane. Besides that,
Margaret was also a big help to me in the lab and I am very happy that she has now gone
“overseas” herself to join me here in the microbiology department as a post-doc. She is also
the first to completely have read this thesis from front to back – as she offered to proofread it
and check for spelling mistakes – a very big thank you for that!
Mijn oversteek naar Utrecht was nooit zo’n succes geworden zonder de hulp van Elly van
Donselaar, Willie Geerts en Bruno Humbel. Bruno, jouw invalshoek vanuit een meer
chemische kant was erg verhelderend voor de interpretatie van mijn resultaten. En daarbuiten
kan natuurlijk niemand de high-pressure freezer bedienen zoals jij! Willie, jij hebt me de fijne
kneepjes van de tomografie geleerd en was een hele fijne en geduldige begeleider. Zelfs toen
tijdens een tomografie-opname grid en ringen van de nieuwe houder in de microscoop vielen
kon je daar nog om lachen! Elly, hoeveel jij mij geholpen hebt, kan ik niet eens in woorden
uitdrukken. Jij was echt mijn steun en toeverlaat en ook mijn voorbeeld. Elk lab zou iemand
als jou in dienst moeten hebben! Jouw nauwkeurigheid, zorgvuldigheid en oerdegelijke
aanpak van onderzoek is iets waar iedereen van zou kunnen leren en wat elk lab wanhopig
nodig heeft. Daarbuiten was het altijd erg gezellig kletsen over vakanties en tuinen – de
verschillende donaties van jou voor onze tuin zullen er in ieder geval voor zorgen dat ik mijn
samenwerking met jou nooit vergeet! Ook wil ik graag de andere inwoners van het Utrechtlab bedanken, met name Alya, Bram, Chris, Cveta, Daniëlle, Elsa, Fons, Hans, Jan Andries,
Karin, Lianne, Liesbeth, Marco, Matthia, Misjaël (super bedankt voor het maken van Figuur 7
in de inleiding!), Montse, Nuria, Pim, Theo, Wally en Prof. Geus.
En natuurlijk zijn er op de afdeling microbiologie in Nijmegen ook een groot aantal zeer
bijzondere personen (geweest). In eerste plaats natuurlijk Suzanne Haaijer. Suzanne, al binnen
korte tijd werden wij zeer goede vriendinnen en waren vrijwel onafscheidelijk op het lab. Het
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is dan ook niet voor niets dat sommige van onze collega’s mij nog steeds steevast met
“Suzanne” aanspreken! Onze dagelijkse ‘rondjes park’ tijdens lunchtijd - waarbij wij niet
alleen onze neus maar ook altijd ons hart konden luchten - waren en zijn voor mij van
onnoemelijke waarde! Ook Karin Verwegen heeft een speciaal plekje in mijn hart veroverd.
Karin, ik vind het heel jammer dat je niet meer bij ons op het lab werkt maar gelukkig zijn we
toch goede vriendinnen gebleven! Datzelfde geldt voor Ashna Raghoebarsing. Ashna, jij bent
één van de meest attente mensen die ik ken en onze lange telefoongesprekken op
zondagmiddag zou ik niet willen missen! En dan is er natuurlijk nog Katinka van de PasSchoonen - wie kan er niet met haar opschieten - altijd vrolijk, altijd een luisterend oor, en
ook altijd een bord eten voor je klaar (bij haar thuis) om de tijd tot celloles te overbruggen. En
verder wil ik natuurlijk ook alle andere – oude en nieuwe – collega’s die ik nog niet genoemd
heb bedanken voor de gezelligheid en behulpzaamheid op het lab: Arjan, Bas, Bart L, Boran,
Didem, Erwin, Evelien, Francisca, Harry (bedankt voor de hulp bij het moleculaire werk!),
Ingo, Irina B, Irina C, Jack, Jan, Jayne, John (bedankt voor alle ICT ondersteuning!),
Katharina, Linda, Marcel, Marianne, Marjan, Markus, Nardy, Nico, Olav, Peter, Ronald,
Theo, Willem, Wim en Wouter. En natuurlijk bedankt aan alle studenten die door de jaren
heen het lab hebben verwelkomd met hun enthousiasme en gezelligheid. Ook wil ik Liesbeth
Pierson, Geert-Jan Janssen en Mieke Wolters-Arts bedanken voor hun hulp bij microscopiezaken in Nijmegen. Daarnaast wil ik ook alle studenten die ik begeleid heb tijdens het
eerstejaars-praktikum microbiologie, altijd een zeer welkome afwisseling van mijn werk,
bedanken voor hun inzet en het plezier dat we samen gehad hebben! Dan nog een zeer
speciaal dank-je-wel voor mijn “eigen” studenten Freek Rooijakkers en Marij van Helden die
erg hard hebben gewerkt en beiden hebben bevestigd hoe verschrikkelijk leuk het is om
mensen te begeleiden in hun onderzoek.
Ik wil ook mijn vader en moeder, Wil en Mieke, bedanken voor hun vertrouwen, steun en
geloof in mij. Zij hebben mij de juiste fundering gegeven om dit te bereiken en hebben mij
zowel emotioneel als financieel gesteund wanneer dat nodig was. Mijn broer Walter en zijn
vriendin Paula wil ik bedanken voor de gezelligheid buiten werktijd tijdens deze afgelopen 5
jaar. Daarnaast wil ik Paula - docente Spaans – ook bedanken voor haar didactische adviezen
als ik weer eens praktikum of eerste werkcolleges had. Ook de rest van mijn familie en
vrienden wil ik bedanken voor de interesse en steun tijdens de afgelopen jaren.
En dan natuurlijk Bram. Op jou kon ik altijd rekenen. Als ik het even niet meer zag zitten
(bijvoorbeeld na het grid-in-de-microscoop-incident) stapte je zonder twijfel in de auto en
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kwam me halen in Utrecht of in Nijmegen of waar dan ook om me weer op te beuren. Jij was
degene die echt probeerde te begrijpen waar mijn onderzoek over ging en nog steeds moet ik
zo erg lachen als ik denk aan die keer dat ik voor jou een presentatie oefende en dat jij daarna
- met wat improvisatie - de presentatie voor mij ging doen! Jij slaagde er altijd in om mij de
positieve kant van dingen in te laten zien. Je hebt mij oneindig gestimuleerd en zonder jou
was het oneindig veel moeilijker geweest. Als ik lange dagen had stond er altijd “pasti-diBrammi” voor me klaar. Jij maakt er geen enkel probleem van dat zaken als een huis kopen
nog in de wacht moeten staan door de onzekerheden van een carrière in de wetenschap. Je
hebt me afgeremd als de balans teveel doorsloeg naar werken, werken, en nog eens werken en
ook wanneer er beslissingen genomen moesten worden was jij het die de prioriteiten duidelijk
had, jij houdt mij in balans. Bedankt voor alles!
En natuurlijk iedereen die ik eventueel vergeten ben bij naam te noemen....bedankt!
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(atheneum level) at the Titus Brandsma Lyceum in Oss and from 19982002 she studied biology at the Radboud University (RU) in Nijmegen.
During this period she performed research projects at the Department of
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zij cum laude voor haar doctoraalexamen en ontving zij de ‘van Nieuwenhovenprijs’ als beste
afstudeerder van haar jaar. In november 2002 startte zij haar promotieonderzoek waarvan de
resultaten beschreven staan in dit proefschrift. Hierbij was zij van 2002-2004 aangesteld aan
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de Radboud Universiteit Nijmegen (onder begeleiding van Prof. Mike Jetten en Dr. Marc
Strous). Tijdens haar promotieonderzoek voerde zij elektronenmicroscopie uit als gastonderzoeker op de afdeling ‘Microbiology & Parasitology’ (University of Queensland,
Australië) in samenwerking met Dr. John Fuerst en Rick Webb en op de afdeling Moleculaire
Celbiologie

(Universiteit

Utrecht)

in

samenwerking

met

Dr.

Willie

Geerts
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van de Radboud Universiteit Nijmegen van dat jaar. Vanaf december 2007 is zij als post-doc
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