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ogous to the mitochondria of eukaryotes. This review will 
discuss the anammox cell plan in detail, with the main focus 
on the anammoxosome. The identity of the anammoxo-
some as a prokaryotic organelle and the importance of this 
organelle for anammox bacteria are discussed as well as 
challenges these bacteria face by having three independent 
cell compartments. 
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 Introduction 

 The concept of a cell organelle is historically not very 
clearly defined. From the name it is evident that what an 
organ is to a body, an organelle is to a cell. An organelle 
is thus a distinct structure having a distinct function in a 
cell. The debate centers, however, around what encloses 
an organelle. Does an organelle have to be enclosed by a 
lipid bilayer membrane, or is a protein shell sufficient? Or 
do we also classify macromolecular complexes without 
additional enclosing structures as organelles? Although 
interpretations and definitions differ, the following strict 
definition is often applied: an organelle is a membrane-
enclosed cell compartment that has a distinct structure, 
macromolecular composition and function [Alberts et 
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 Abstract 

 Anammox bacteria convert ammonium and nitrite to dini-
trogen gas under anaerobic conditions to obtain their en-
ergy for growth. The anammox reaction was deemed impos-
sible until its discovery in the early 1990s. Now, anammox 
bacteria are recognized as major players in the global nitro-
gen cycle and estimated to be responsible for up to 50% of 
the nitrogen in the air that we breathe. In addition, anam-
mox bacteria are extremely valuable for wastewater treat-
ment where they are applied for the removal of ammonium. 
Besides their importance in industry and the environment, 
anammox bacteria defy some basic biological concepts. 
Whereas most other bacteria have only one cell compart-
ment, the cytoplasm, anammox bacteria have three inde-
pendent cell compartments bounded by bilayer mem-
branes, from out- to inside; the paryphoplasm, riboplasm 
and anammoxosome. The anammoxosome is the largest 
compartment of the anammox cell and is proposed to be 
dedicated to energy conservation. As such it would be anal-
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al., 2002]. For a long time, organelles, especially in terms 
of the strict definition (being enclosed by membranes and 
having a specific cellular function), were thought to be 
exclusively limited to eukaryotes. The prevailing idea was 
that prokaryotes have a relatively simple internal cellular 
organization in which organelles have no place. However, 
with the years it became clear that some bacteria do have 
quite complicated internal structures. Outstanding ex-
amples are the intracytoplasmic membrane systems in 
bacteria belonging to, among others, the Cyanobacteria 
and Proteobacteria. Most often these membrane systems 
provide an enlarged membrane surface for key enzymes 
or protein complexes involved in the metabolism of the 
cell. Examples are the photosystems of phototrophic bac-
teria [Cohen-Bazire et al., 1964], key enzymes of nitrify-
ing bacteria [Fiencke and Bock, 2006; Murray and Wat-
son, 1965; Watson, 1971; Watson and Mandel, 1971] and 
the particulate methane monooxygenase enzyme of 
methanotrophic bacteria [Hanson and Hanson, 1996; Op 
den Camp et al., 2009] that are all embedded in intracy-
toplasmic membrane systems. In Beggiatoaceae and  Thi-
omargarita , cells feature an extensive membrane-en-
closed vacuole [Jannasch et al., 1989]. In one of these
sulfide-oxidizing bacteria, an electron transport chain 
coupled to an ATP synthase is located on the vacuolar 
membrane [Beutler et al., 2012]. Magnetosomes present 
in Gram-negative magnetotactic bacteria consist of mem-
brane vesicles which provide optimal conditions for the 
formation of magnetic crystals [Faivre and Schüler, 2008]. 
Since both the vacuoles in the sulfide-oxidizing bacteria 
and the magnetosomes are membrane enclosed and have 
a specific composition and function, both classify as or-
ganelles following the above-mentioned definition.

  Other microorganisms that have a complex internal 
cellular organization are the Planctomycetes. These bac-
teria have (at least) two membrane-bounded cell com-
partments [Lindsay et al., 1997, 2001]. From an early 
stage on, the outermost membrane in Planctomycetes has 
been defined as a cytoplasmic membrane, thus giving the 
membrane underneath the status of intracytoplasmic 
membrane. The Planctomycetes outermost compart-
ment (bounded by the cytoplasmic membrane) was 
named paryphoplasm and the innermost compartment 
(bounded by the intracytoplasmic membrane) riboplasm. 
The riboplasm contains the ribosomes and DNA of the 
cell. Recent bioinformatics studies showed that biomark-
ers for the synthesis of an outer membrane and for outer 
membrane-specific β-barrel shaped proteins are present 
in the genomes of all studied Planctomycetes [Speth et al., 
2012]. This finding fuels the existing discussion about the 

identity of the outermost membrane and compartment in 
Planctomycetes. Regardless of the identity of the outer-
most membrane of Planctomycetes, the cell wall of these 
organisms seems to be different from the canonical bacte-
rial cell wall. Based on experiments on multiple Plancto-
mycetes, it is hypothesized that the typical planctomycete 
cell wall is mainly built up of proteins and lacks peptido-
glycan [König et al., 1984, Liesack et al., 1986]. In the 
Planctomycetes  Gemmata  and anammox bacteria an ad-
ditional, third compartment is present besides the ribo-
plasm and paryphoplasm. In  Gemmata , this innermost 
compartment contains the fine-structured condensed 
nucleoid and is bounded by a double bilayer membrane 
[Fuerst and Webb, 1991; Yee et al., 2012]. Therefore, the 
compartment, called the nuclear body, might be analo-
gous to the eukaryotic nucleus. The additional, third 
compartment in anammox bacteria is called the anam-
moxosome and is free from DNA and ribosomes. The 
anammoxosome is enclosed by a single bilayer mem-
brane, called the anammoxosome membrane. The anam-
moxosome has a crucial role in the energy conservation 
of the relatively recently discovered anammox bacteria 
and, therefore, might be analogous to the eukaryotic mi-
tochondria.

  Before anammox bacteria were discovered, it had long 
been hypothesized that the biological nitrogen cycle as it 
was known until the early 1990s was not yet complete. In 
1977, it was predicted from thermodynamic calculations 
that microorganisms should be able to make a living on 
the anaerobic oxidation of ammonium with nitrate or ni-
trite to dinitrogen gas [Broda, 1977]. It took the research 
community until 1995 to find evidence that this reaction 
indeed takes place as a microbial process [van de Graaf et 
al., 1995]. The responsible bacteria were called anammox 
(anaerobic ammonium oxidation) bacteria, which were 
identified as belonging to the phylum of Planctomycetes 
[Strous et al., 1999a]. At present five different ‘ Candida-
tus ’ genera of anammox bacteria are known, clustering 
together in a distinct monophylogenetic group of the or-
der Brocadiales [Jetten et al., 2010], deeply branching in-
side the phylum Planctomycetes:  Anammoxoglobus  [Kar-
tal et al., 2007b],  Brocadia  [Strous et al., 1999a],  Jettenia  
[Quan et al., 2008],  Kuenenia  [Schmid et al., 2001] and 
 Scalindua  [Kuypers et al., 2003]. All genera have a ‘ Can-
didatus’  status, since so far it has not been possible to 
grow anammox bacteria in pure culture. Up to now, 
anammox bacteria can only be cultured in bioreactors as 
enrichment cultures ranging from 80 to 95% anammox 
bacteria [van der Star et al., 2008]. Anammox bacteria are 
coccoid bacteria with an average diameter ranging be-
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tween 800 and 1100 nm [van Niftrik et al., 2008a] ( fig. 1 ; 
 2 c). They can tolerate temperatures between –2   °   C and 
43   °   C [Jetten et al., 2009] and pH values between 6.7 and 
8.3 [Strous et al., 1999b], but are most often cultured at 
33   °   C and a pH of 7.3 [Kartal et al., 2011a]. Anammox 
bacteria grow very slowly: they divide only once every 
week (single cells) or 2 weeks (aggregated cells) under op-
timal conditions [van Niftrik and Jetten, 2012].

  After the initial enrichment of anammox bacteria, de-
tection methods became available that could identify 
anammox bacteria in natural environments [Jetten et al., 
2009]. It was found that anammox bacteria are prevalent 
in wastewater treatment plants and in marine environ-
ments (especially in so-called oceanic oxygen minimum 
zones), but can also be present in soil [Hu et al., 2011]. 
The anammox bacteria that are associated with ma-
rine environments mostly belong to the genus  Scalindua  
[Byrne et al., 2009; Jetten et al., 2009] and their environ-
mental role in this habitat is supposed to be extensive. 
Anammox bacteria are estimated to be responsible for up 
to 50% of the global present day nitrogen losses from the 
oceans [Brandes et al., 2007]. This makes anammox bac-
teria major players in the global nitrogen cycle.

  Anammox bacteria are not only of importance in na-
ture, but can also be applied in the wastewater treatment 
industry. Applying anammox bacteria in wastewater 
treatment for the purpose of nitrogen removal can render 

clear advantages compared to conventional methods. In 
the case of anammox bacteria, the energy needed to aerate 
the tanks can be saved and no additional carbon source 
needs to be added [Kartal et al., 2010]. Depending on the 
composition of the wastewater, additional bacteria are 
used in concert with anammox bacteria to clean the 
wastewater [Jetten et al., 2009]. Sometimes aeration is 
necessary in some phases of the wastewater treatment to 
facilitate the other bacteria. After anammox bacteria were 
first applied for wastewater treatment on an industrial 
scale in 2002 in Rotterdam [van der Star et al., 2007], mul-
tiple other facilities have been set up successfully in both 
Europe and China.

  Although anammox bacteria are important and inter-
esting from the applied and environmental point of view, 
in this review we will focus on the fascinating cell biology 
of anammox bacteria. Anammox bacteria have three in-
dependent, bilayer membranes giving rise to three inde-
pendent cell compartments ( fig. 1 ). The innermost anam-
mox membrane encloses the anammoxosome compart-
ment, next, the middle anammox membrane encloses the 
riboplasm compartment and finally, the outermost anam-
mox membrane encloses the paryphoplasm compart-
ment. This review will look in more detail at the cell plan 
of anammox bacteria and will especially focus on the 
anammoxosome and whether this compartment is a true 
prokaryotic organelle.

Cell wall and cytoplasmic membrane

Paryphoplasm

Intracytoplasmic membrane

Riboplasm

Anammoxosome membrane

Anammoxosome

  Fig. 1.  Transmission electron micrograph and schematic drawing of the cell plan of anammox bacteria.  Inset  
Transsectioned tubule-like structures, black arrows indicate iron-rich particles and white arrows indicate glyco-
gen storage granules. Scale bar = 200 nm. 
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  Cell Wall, Paryphoplasm, Cell Division and Cell 

Appendages 

 Historically, two main types of bacterial cell wall orga-
nizations are distinguished: the Gram-positive and the 
Gram-negative type. In the case of Gram-positive bacte-
ria, the cell is encircled by the cytoplasmic membrane and 
covered by a thick layer (30–100 nm) [Silhavy et al., 2010] 
of peptidoglycan. This peptidoglycan is proposed to con-
tribute to the integrity and, in some cases, the shape of the 
cell [van Heijenoort, 2001]. In the Gram-negative cell 
wall, the layer of peptidoglycan is thinner (maximally 12 
nm) [Vollmer and Höltje, 2004] and surrounded by an 
additional membrane. The area in between the cytoplas-
mic and the additional ‘outer membrane’ is called peri-
plasm. As opposed to the symmetrical phospholipid cy-
toplasmic membrane, the outer membrane is an asym-
metric lipid bilayer consisting of phospholipids as the 
inner layer and lipopolysaccharides as an outer layer. The 
outer membrane is further characterized by the presence 
of outer membrane proteins (OMPs), also called porins, 

having a β-barrel shape that have a central pore that is 
thought to facilitate (more or less controlled) passive 
transport through the membrane. 

  Like all other Planctomycetes, anammox bacteria are 
proposed to lack both peptidoglycan and a typical outer 
membrane as present in Gram-negative bacteria. No pep-
tidoglycan has ever been observed in any of the anammox 
species on transmission electron micrographs when ex-
amined after cryofixation and freeze substitution or via 
classical chemical fixation [van Niftrik et al., 2008a, b]. 
The vulnerability of anammox cells to osmotic collapse 
under both hypotonic and hypertonic conditions [Lind-
say et al., 2001; van de Graaf et al., 1996] could be used as 
another indication for the absence of a structure such as 
peptidoglycan in the cell wall that increases cellular integ-
rity. Because of the apparent lack of peptidoglycan, the 
cell wall of anammox bacteria would classify as neither 
Gram-negative nor Gram-positive. However, the genome 
of ‘ Candidatus  Kuenenia stuttgartiensis’ (from now on 
referred to as  K. stuttgartiensis ) encodes a partial pathway 
for peptidoglycan biosynthesis [Strous et al., 2006] and 

a b c

d

  Fig. 2.  Transmission electron micrographs of anammox bacteria.  
a  High-pressure frozen, freeze-substituted and Epon-embedded  
Scalindua  spp. cell showing pili-like cell appendages. Scale bar = 
200 nm.  b  High-pressure frozen, freeze-substituted and Epon-em-
bedded  K. stuttgartiensis  cell going through cell division; the arrow 

indicates tubule-like structures [modified from Neumann et al., in 
press]. Scale bar = 200 nm.  c  Scanning electron micrograph of 
high-pressure frozen, freeze-substituted and critical point dried 
cells of  B. fulgida . Scale bar = 1 μm. Insets ( d ) originating from 
panel  b : the cell division ring in the paryphoplasm.  
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anammox bacteria might thus be able to produce a gly-
can-less polypeptide substituting for the canonical pepti-
doglycan polymer. In summary, with regard to peptido-
glycan, the anammox cell wall does not contain a typical 
peptidoglycan layer but whether anammox bacteria do or 
do not have an atypical form of peptidoglycan – a glycan-
less polypeptide – remains a topic for future study. In ad-
dition, the question arises whether the outermost anam-
mox membrane both in structure and function most re-
sembles a cytoplasmic or an outer membrane. When the 
genome of  K. stuttgartiensis  became available, multiple 
genes normally associated with an outer membrane were 
detected [Strous et al., 2006]. A complete TonB system 
and several multidrug exporters were predicted. Both 
complexes have dedicated components that are known to 
associate with the cytoplasmic and the outer membrane 
as well as with the periplasm of Gram-negative bacteria. 
In addition, multiple open reading frames homologous to 
OMPs were present. Recent studies using available ge-
nomic and proteomic data of the anammox bacteria
 K. stuttgartiensis  and ‘ Candidatus  Scalindua profunda’ 
(from now on referred to as  S. profunda ) have also found 
evidence for the presence of the lipid A moiety insertion 
complex, leading to the asymmetric membrane setup typ-
ical for outer membranes [Speth et al., 2012]. It was also 
predicted that the machinery responsible for inserting 
OMPs into the membrane is present. This might indicate 
that the outermost membrane of anammox bacteria 
shows some similarities to the outer membrane of Gram-
negative bacteria. However, the detection of an ATPase 
on the outermost membrane [van Niftrik et al., 2010] sug-
gests that the outermost membrane of anammox bacteria 
is not a typical outer membrane. A functional ATPase is 
supposed to transduce energy between a proton motive 
force over the membrane and ATP molecules. An outer 
membrane with β-barrel OMPs, however, is generally not 
believed to be able to sustain a proton motive force. On 
the other hand, the function of the proteins predicted to 
be OMPs has not been verified in anammox bacteria. It 
is, therefore, uncertain if they function in forming mem-
brane pores. If the outer membrane-like genes are not 
functional as such in anammox bacteria, they might not 
be true homologs but only similar in structure and not 
function. In any case, it is key to investigate the cellular 
location of these genes in order to understand the struc-
ture and function of the outermost anammox membrane. 

  Many questions remain as to the contents and func-
tion of the paryphoplasm. The paryphoplasm has been 
defined as a cytoplasmic compartment [Lindsay et al., 
2001]. Indeed, the apparent absence of cytochrome  c  pro-

teins in this compartment [van Niftrik et al., 2008a] indi-
cates that it is not a typical periplasm of Gram-negative 
bacteria. In electron micrographs of anammox bacteria, 
the paryphoplasm is recognized as the outermost com-
partment that has the smallest breadth, on average
31 ± 8 nm ( fig. 1 ). Nonetheless the volume of the pary-
phoplasm is on average 21% of the total cell volume in  K. 
stuttgartiensis  [Neumann et al., in press]. The parypho-
plasm is further characterized by a low electron density 
and the shortage of apparent structural detail ( fig.  1 ). 
Both ribosomes and DNA are absent, though indications 
for the presence of RNA in this compartment exist [Lind-
say et al., 2001]. One notable exception, however, is the 
cell division ring that is clearly visible in the parypho-
plasm of dividing anammox bacteria ( fig. 2 b, d) [van Nif-
trik et al., 2009]. In the vast majority of bacterial species, 
as in some Archaea, plastids and mitochondria, (cell) di-
vision centers around the protein FtsZ which forms the 
cell division ring [Margolin, 2005]. In anammox bacteria, 
however, the cell division ring is not based on FtsZ, but 
proposed to be associated with the protein kustd1438, as 
shown by immunogold localization [van Niftrik et al., 
2009]. Kustd1438 was shown by sequence analysis to be a 
large structural protein with a predicted ATP/GTP bind-
ing site and associated synergy loops involved in GTPase 
activity. The putative GTPase activity might be involved 
in the polymerization of kustd1438 monomers into a 
ring-like structure, in analogy to FtsZ which also assem-
bles into a ring driven by GTP hydrolysis [van Niftrik et 
al., 2009]. As mentioned before, anammox bacteria divide 
by constrictive binary fission as opposed to other known 
Planctomycetes that divide by budding [Fuerst, 1995]. 
The first phase in the constrictive binary fission cell divi-
sion as seen in anammox bacteria is characterized by the 
appearance of the cell division ring in the paryphoplasm, 
after which the cell wall invaginates slightly. This is fol-
lowed by a doubling in size of the cell, elongating both the 
cell and the anammoxosome within. Finally, a constric-
tion takes place that divides the cell into two daughter 
cells which both have an anammoxosome of approxi-
mately equal size. 

  So far, cell appendages have only been observed in the 
genus Scalindua ( fig. 2 a). These appendages are described 
as pili-like appendages having a length of approximately 
130 nm [van de Vossenberg et al., 2008; van Niftrik et al., 
2008a]. Although no other cell appendages have been de-
scribed in the other anammox bacteria, multiple genes 
involved in biosynthesis and movement of flagella and 
pili were identified in the genome of  K. stuttgartiensis  
[Strous et al., 2006]. Future research will have to show
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if these genes are redundant, or if  K. stuttgartiensis  is
also able to form cell appendages under certain circum-
stances.

  Riboplasm 

 The riboplasm contains ribosomes, DNA and RNA 
[Lindsay et al., 2001] and thus corresponds most to the 
standard bacterial cytoplasm. It is the location where 
transcription and translation take place and anammox 
bacteria therefore face the challenge of sorting proteins to 
the different compartments and membranes in the cell. 
Many prokaryotes use the twin-arginine-translocation 
(Tat) and secretory (Sec) pathways to transport proteins 
over the cytoplasmic membrane [Berks et al., 2005]. Both 
translocation systems are detected in the genome of  K. 
stuttgartiensis  [Strous et al., 2006]. Bioinformatics ap-
proaches were used to predict that the Tat system is lo-
cated exclusively in the anammoxosome membrane, thus 
transporting proteins from the riboplasm to the anam-
moxosome [Medema et al., 2010]. The Sec-translocation 
system is predicted to be located on both the anammoxo-
some and intracytoplasmic membrane, facilitating trans-
port of proteins towards the anammoxosome on the one 
hand and towards the paryphoplasm on the other hand. 
Although amino-terminal signal peptides are detected in 
many anammox genes, it is proposed that neither the 
amino- nor the carboxyl-terminus of the proteins plays a 
role in designating the protein to its proper intracellular 
location [Medema et al., 2010]. Instead, it has been spec-
ulated that the anammox protein sorting mechanism re-
lies on chaperones to specifically target proteins towards 
their correct destination in the anammox cell. These 
chaperones might recognize proteins on other properties 
than a signal peptide.

  As already mentioned, the DNA of anammox bacteria 
is located inside the riboplasm. It is observed as a more or 
less contrasted fibrillar nucleoid. In micrographs the nu-
cleoid is seen in close proximity to the anammoxosome 
membrane, to which it might be associated. Another 
compound present in the riboplasm of anammox bacteria 
is glycogen, which is found in storage granules ( fig.  1 ) 
[van Niftrik et al., 2008a]. In general, it is thought that the 
storage of glycogen is a response to a lack of certain nu-
trients (most notably nitrogen) in the medium, while car-
bon is in excess [Preiss, 1984]. The glycogen could be used 
as a carbon and energy source in times of stress or pos-
sibly to form biofilms [Bonafonte et al., 2000]. The glyco-
gen is thought to be made from glucose monomers by the 

enzymes encoded by the glgABC genes identified in the 
genome of  K. stuttgartiensis  [van Niftrik et al., 2008a]. 
The glucose monomers are expected to be made by the 
gluconeogenesis pathway that is also encoded in the ge-
nome [Strous et al., 2006]. This pathway starts off with 
acetyl-CoA that is thought to be produced from two mol-
ecules of carbon dioxide that are reduced and coupled to 
a molecule of coenzyme A during carbon fixation via the 
acetyl-CoA (Wood-Ljungdal) pathway [Jetten et al., 2009; 
Schouten et al., 2004; Strous et al., 2006]. The two mole-
cules of carbon dioxide follow a different route in the 
pathway, called the eastern and western branch [Ragsdale 
and Pierce, 2008]. Carbon monoxide dehydrogenase is 
the first enzyme in the western branch and catalyzes the 
reduction of carbon dioxide to carbon monoxide. For-
mate dehydrogenase is the first enzyme in the eastern 
branch and catalyzes the reduction of carbon dioxide to 
formate. The activity of these two crucial enzymes was 
demonstrated in cell-free extracts of  K. stuttgartiensis  
[Strous et al., 2006], but the location of these enzymes in 
the anammox cell has not been investigated.

  In two anammox species, ‘ Candidatus  Brocadia ful-
gida’ and ‘ Candidatus  Anammoxoglobus propionicus’ 
(from now on referred to as  B. fulgida  and  A. propionicus , 
respectively), an additional structure has been observed 
in the riboplasm: spherical to tubular particles with an 
average size of 55 nm [van Niftrik et al. 2008a]. These par-
ticles might be polyhydroxyalkanoates or polyphosphate 
storage. 

  Anammoxosome 

 The innermost and largest compartment of the anam-
mox cell is called the anammoxosome. It is present in all 
members of the order Brocadiales known to date, i.e. all 
bacteria capable of anaerobically oxidizing ammonium 
[Fuerst and Sagulenko, 2011; van Niftrik et al., 2008a]. A 
comparable structure has not been observed in any other 
prokaryotic organism. The anammoxosome is the salient 
feature of the cell when observed by transmission electron 
microscopy ( fig. 1 ), as it takes up a large part of the total 
cellular volume (51–66%) [van Niftrik et al., 2008a]. It is 
regarded as an independent compartment since mem-
brane links with the other cellular membranes have never 
been detected during extensive electron (tomographic) 
microscopic investigations [van Niftrik et al., 2009] and 
it was shown that it can be isolated from the cell [Sin-
ninghe Damsté et al., 2002]. Accordingly, the anammox-
osome has never been observed to form de novo by mem-
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brane invagination, but is divided by binary fission to-
gether with the other compartments of the anammox cell. 
During cell division ( fig. 2 b), the anammoxosome elon-
gates together with the rest of the cell and is divided 
equally upon constriction of the two daughter cells by the 
cell division ring [van Niftrik et al., 2009]. 

  Defining Features: A Curved Membrane, Tubule-Like 
Structures and Iron-Particles 
 The anammoxosome membrane is almost always in a 

curved state ( fig. 1 ) and in some cases even forms deep 
invaginations into the anammoxosome. The advantage 
of a curved membrane configuration is that it increases 
the surface available for membrane-associated enzymat-
ic reactions in order to enhance the metabolic rate of the 
organism as was already discussed in the introduction 
with regard to the intracytoplasmic membrane systems. 
Other prominent examples for the enhancement of cata-
bolic reactions by membrane curvature are the mito-
chondria in eukaryotes. The inner mitochondrial mem-
brane forms a highly dynamic network of invaginations 
called cristae that increase the surface available for the 
respiratory electron transport chain [Mannella, 2006]. 
The mechanism responsible for the curvature of the 
anammoxosome membrane is presently unknown. It 
might originate from a hypotonic condition inside of the 
anammoxosome relative to the riboplasm of the cell, 
which would lead to the movement of water out of the 
anammoxosome in order to establish osmotic equilibri-
um. Another possibility is the bending of the anammox-
osome membrane by integral membrane proteins. There 
have been reports that clusters formed by several differ-
ent proteins can have a significant effect on membrane 
curvature [McMahon and Gallop, 2005]. Intriguingly, it 
has been shown that mitochondrial F 1 F 0  ATPase dimers 
induce curvatures in membranes due to size differences 
of the protein subunits inside and outside of the mem-
brane [Dudkina et al., 2005; Minauro-Sanmiguel et al., 
2005]. An F-type ATPase was seen to be localized on the 
anammoxosome membrane by immunogold localiza-
tion [van Niftrik et al., 2010] and therefore this property 
of ATPases might also aid in the establishment of the 
curvature of this membrane. However, the extent of the 
local bend conferred to a membrane appears to differ be-
tween ATPases from different species and it remains to 
be investigated whether and to what degree ATPases in 
anammox bacteria exhibit the same bending properties. 
Alternatively, distinctive lipid headgroups or acyl chains 
in the anammoxosome membrane could influence its 
curvature or a cytoskeleton structure or other structural 

proteins could form a scaffold by which the membrane is 
forced into shape [McMahon and Gallop, 2005]. In fact, 
in electron micrographs of anammox cells one of the de-
fining features of the anammoxosome is the presence of 
structures resembling tubuli ( fig. 1 ,  2 b) [Lindsay et al., 
2001; van Niftrik et al., 2004]. All in all, how the anam-
moxosome membrane establishes its curved configura-
tion remains to be investigated. 

  The tubule-like structures present in the anammoxo-
some appear to consist of three identical units that form 
a hexagonal structure in cross sections, and have an aver-
age width of 9.4 nm [van Niftrik et al., 2008b].These 
structures are often seen to form parallel clusters and to 
stretch over the entire length of the anammoxosome 
( fig. 1 ,  2 b). The function of these structures is unknown. 
A cytoskeletal role, which might include the maintenance 
of the anammoxosome membrane curvature and assis-
tance in the division of the entire organelle, seems plau-
sible. The structures might also consist of other, highly 
abundant, ordered proteins involved in the metabolic 
processes of the cell. Asides from the tubular structures, 
other characteristic structures that are usually found in-
side of the anammoxosome are electron-dense particles 
with a diameter of 16–25 nm ( fig. 1 ) [van Niftrik et al., 
2008b]. These were shown by energy dispersive x-ray 
(TEM – EDX) analysis in combination with transmission 
electron microscopy to be especially enriched in iron and 
hypothesized to function as iron-storage particles. It is 
known that anammox bacteria require iron for the syn-
thesis of the multitude of heme-containing enzymes in-
volved in their metabolism. Furthermore, some anam-
mox species are also known to be capable of using iron as 
an alternative electron acceptor or energy source, sug-
gesting two possible roles for these putative iron reserves 
[Strous et al., 2006]. In addition, it is possible that the 
iron-rich particles are bacterioferritins, as the genome of 
 K. stuttgartiensis  contains two possible candidate genes 
with 32–48% sequence identity to the bacterioferritin 
protein Bfr from  Escherichia coli . In aerobic organisms 
these heme-containing proteins are thought to function 
as storage for iron [Carrondo, 2003]. The role of bacte-
rioferritins in anaerobic bacteria is not yet fully under-
stood, but thought to be part of a defense system against 
oxygen stress. In the presence of oxygen, ferrous iron 
causes deleterious oxidative damage through the produc-
tion of reactive oxygen species (Fenton reaction) 
[Figueiredo et al., 2012]. It remains to be investigated 
whether the iron-rich particles inside of the anammoxo-
some are bacterioferritins or not, and if so, whether they 
have a similar oxygen detoxification function.
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  Specialized Membranes 
 The membranes of the anammox cell contain unusual 

lipids, which have not been found in other organisms to 
date and therefore appear to be unique for anammox bac-
teria. The anammoxosome membrane is particularly en-
riched in these so-called ladderane lipids (53% of total 
lipids from enriched isolated anammoxosomes com-
pared to 34% of total lipids from intact cells) [Sinninghe 
Damsté et al., 2002]. The name of the lipids is derived 
from the ladder-like structure of their fatty acid chains. 
The latter are composed of one of two different ring sys-
tems consisting of linearly concatenated cyclobutane 
moieties. The first ring system contains five of these moi-
eties and the second one three, which are fused to a cyclo-
hexane ring [Boumann et al., 2006; Sinninghe Damsté et 
al., 2002, 2004]. They are linked to their polar headgroups 
via a glycerol backbone by either ester or ether bonds. The 
occurrence of both types of bonds in a single organism is 
extremely rare. Ether-linked fatty acids are usually found 
in Archaea, whereas ester bonds typically occur in both 
Bacteria and Eukarya. The polar headgroups of the lad-
derane lipids consist primarily of phosphocholine, phos-
phoethanolamine and phosphoglycerol, as found in a 
study on the lipid composition of four genera of anam-
mox bacteria [Boumann et al., 2006; Rattray et al., 2008]. 
The structure of the ladderane fatty acid tails was essen-
tially alike in these genera, except for  A. propionicus , 
which possessed two novel ladderane fatty acids. The 
coupling of ladderane fatty acids to the polar headgroups 
appeared to be random, with no preferences for combina-
tions between particular hydrophobic tails and hydro-
philic headgroups. It is not yet known how the ladderane 
fatty acids are synthesized. Polyunsaturated fatty acids 
might be used as precursors and could produce ladder-
anes via polycyclisation or SAM radical cascading. Alter-
natively, a comparative genomic study of  K. stuttgartien-
sis  suggested that anammox bacteria might be able to syn-
thesize ladderanes via a novel, presently unknown 
pathway encoded in an extended lipid biosynthesis gene 
cluster [Rattray et al., 2009]. In addition to ladderanes, all 
anammox bacteria also synthesize hopanoids, which are 
thought to be present in all membranes of the cell [Sin-
ninghe Damsté et al., 2004, Rattray et al., 2008]. These 
pentacyclic isoprenoid lipids are membrane rigidifiers 
and, until their discovery in the anaerobic anammox bac-
teria, were seen as biomarkers for aerobic bacteria [Rohm-
er et al., 1984]. The experimental detection of hopanoids 
in all known anammox genera was corroborated by ge-
nomic data from  K. stuttgartiensis , which was found
to encode squalene hopene cyclase, a key enzyme in 

hopanoid biosynthesis [Strous et al., 2006]. The hopanoids 
are thought to maintain the balance between rigidity and 
fluidity of the membranes in the anammox cell. This 
might be necessary, for ladderane lipids are special not 
only in their structure and synthesis, but have also been 
hypothesized to be unique in their properties. Molecular 
modeling suggested that the structure of the hydrocarbon 
tails restricts the rotational freedom of the lipids, confer-
ring a membrane with a higher density than convention-
al biomembranes [Sinninghe Damsté et al., 2002]. This 
concept was supported not only by experimental evi-
dence using mixtures of isolated ladderane lipids [Bou-
mann et al., 2009], but also by the impermeability of the 
anammoxosome membrane to fluorophores. These 
small, polar compounds readily pass conventional bio-
membranes, but are held back by the ladderane-contain-
ing anammoxosome membrane [Sinninghe Damsté et al., 
2002]. 

  The Function of the Anammoxosome 
 All available evidence indicates that the anammoxo-

some harbors the energy metabolism of the anammox cell 
( fig. 3 ) and is therefore analogous to mitochondria in eu-
karyotic organisms. The catabolic reactions leading to the 
production of dinitrogen gas from ammonium and ni-
trite take place inside of the anammoxosome. The pres-
ence of an electron transport chain in the anammoxo-
some membrane is thought to lead to the establishment 
of a proton motive force over this membrane, which can 
be used for the generation of ATP by ATPases. The pres-
ence of ladderane lipids in the anammoxosome mem-
brane is one of the arguments for this hypothesis. The 
high density and resulting low permeability of the ladder-
ane-containing membrane is thought to be an adaption 
to the lifestyle of anammox bacteria. Their low growth 
rate is probably the result of a very slow metabolism, 
which in turn leads to a low rate of proton pumping over 
the anammoxosome membrane. However, the passive 
diffusion rate of protons over a biomembrane is relative-
ly constant. It has been calculated that the proton trans-
location by the anammox reaction would be unable to 
keep up with the dissipation of the proton motive force 
by diffusion over a conventional membrane, making the 
restriction of diffusion paramount for the viability of 
anammox bacteria. The diffusion of volatile intermedi-
ates of the anammox metabolism, i.e. hydrazine and ni-
tric oxide, could further aggravate the loss of energy [van 
Niftrik et al., 2004]. Since the intermediate hydrazine is 
also a highly reactive and mutagenic compound, it is 
probably necessary to restrict its diffusion as much as 
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possible in order to avoid damage to the DNA of the cell. 
The initial evidence for the role of the anammoxosome in 
energy conservation, however, came from immunogold 
labeling studies using an antibody targeting a purified 
protein that resembles hydroxylamine oxidoreductase 
(HAO) from aerobic ammonium oxidizers. Ten homo-
logs of HAO-like proteins are present in the genome of  K. 
stuttgartiensis  and it is thought that at least one of these 
homologs holds a central role in the anammox reaction 
by converting the intermediate hydrazine to dinitrogen 
gas. The HAO-like protein was localized exclusively in-
side the anammoxosome, which led to the extensive la-
beling of the entire anammoxosome matrix [Jetten et al., 
2009; Lindsay et al., 2001]. By the same technique it was 
shown that an F-type ATPase is present on the anam-
moxosome membrane and the outermost membrane of 
the cell [van Niftrik et al., 2010]. The finding of ATPases 
on the anammoxosome membrane is in agreement with 
the hypothesized proton motive force over the anam-
moxosome membrane, which is supposed to be used for 
energy conservation by the ATPases. An additional piece 
of evidence in favor of a central role for the anammoxo-
some in energy conservation was the localization of cyto-
chrome c proteins by cytochrome peroxidase staining. 
Proteome and transcriptome data from  K. stuttgartiensis  
suggest that the different partial reactions in the anaero-
bic oxidation of ammonium are facilitated by a range of 
cytochrome c-containing proteins [Kartal et al., 2011b]. 
These were shown by the cytochrome stain to be restrict-
ed to the anammoxosome and especially concentrated at 
a rim of approximately 150 nm along the anammoxo-
some membrane [van Niftrik et al., 2008a]. 

  The Energy Metabolism 
 The current model of the anammox reaction is based 

on genomic, transcriptomic and proteomic data as well as 
physiological experiments [Kartal et al., 2007a, b, 2008, 
2011b; Strous et al., 2006; van de Vossenberg et al., 2008]. 
The anaerobic oxidation of ammonium using nitrite as 
electron acceptor is thought to proceed in three main 
steps and produces dinitrogen gas as end product (equa-
tion 4;  fig. 3 ):

  NO 2  –  + 2H +  + e –  = NO + H 2 O (1)
  NO + NH 4  +  + 2H +  + 3e –  = N 2 H 4  + H 2 O (2)
  N 2 H 4  = N 2  + 4H +  + 4e –  (3)
  Total reaction: 
  NH 4  +  + NO 2  –  = N 2  + 2H 2 O (4)

  In the first step (equation 1) nitrite is reduced to nitric 
oxide (NO) most probably by a cd 1  nitrite::nitric oxide 
reductase (NirS). The involvement of NO as an interme-

diate has been recently confirmed by inhibitor studies 
[Kartal et al., 2011b]. These results ultimately confuted 
that hydroxylamine has an important role as intermedi-
ate, which had been hypothesized initially after the dis-
covery of the anammox bacteria. The second step of the 
anammox reaction is the condensation of NO with am-
monium, producing hydrazine (equation 2). Hydrazine 
has already been introduced above as a highly reactive 
compound. Its role as an intermediate in a biological re-
action seems to be unique for anammox bacteria, since it 
has not been found in any other living organism. The en-
zyme catalyzing this reaction, tentatively named hydra-
zine synthase (HZS), is therefore a novel enzyme with no 
homologs in any nonanammox species [Kartal et al., 
2011b]. Its hydrazine oxidizing activity has been demon-
strated in a coupled assay together with hydrazine dehy-
drogenase (HDH), making it the only enzyme besides the 
NO reductase of denitrifying bacteria capable of forging 
an N-N bond. The last step (equation 3) is catalyzed by 
the HAO-like HDH. This enzyme oxidizes hydrazine and 
is inhibited by the presence of hydroxylamine. As men-
tioned above, anammox bacteria possess multiple HAO-
like proteins, but only one of those has been demonstrat-
ed to be capable of using hydrazine as a substrate at sig-
nificant conversion rates [Kartal et al., 2011b]. In the 
same study it was shown that another homolog of the 
HAO-like proteins was capable of using hydroxylamine 
as substrate, which was converted into NO by the enzyme. 
It is hypothesized that this is a kind of detoxification 
mechanism, removing the inhibitory compound hydrox-
ylamine from the cell and simultaneously producing the 
intermediate NO, which can be used for energy conserva-
tion. 

  Electron Flow 
 Hydrazine is a powerful reductant and its oxidation 

releases four electrons with a high reducing power. These 
are consumed by the reduction of nitrite and the conden-
sation of NO with ammonium. The electrons are pro-
posed to be shuttled through an electron transport chain 
that is thought to consist of soluble cytochrome c-con-
taining proteins as intermediate electron carriers, mem-
brane-bound ubiquinone and a membrane-bound bc1 
complex (complex III) that facilitates the translocation of 
protons over the anammoxosome membrane ( fig.  3 ). 
The transport of protons across the membrane is pre-
sumed to acidify the anammoxosome matrix and to es-
tablish a proton motive force, which could be used to 
drive ATP synthesis by ATPases located on the anam-
moxosome membrane [Kartal et al., 2011b; van Niftrik 
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et al., 2010]. In this hypothesis the hydrophobic proton-
translocating part of the ATPases would be oriented to-
wards the inside of the anammoxosome and the hydro-
philic ATPase head would be inside the riboplasm where 
ATP is synthesized. It is not yet known how this ATP is 
transported through the cell to reach both the inside of 
the paryphoplasm and of the anammoxosome in order 
to facilitate reactions requiring the input of energy in 
those compartments.

  The Energy for Carbon Fixation 
 The electron flow in the catabolism of anammox bac-

teria is cyclic; the last step (the oxidation of hydrazine) 
feeds the electrons towards the first two steps, which are 
used to produce hydrazine ( fig. 3 ). However, the fixation 
of carbon also requires electrons. The Wood-Ljungdahl 
pathway in particular requires the input of electrons with 
a high reducing power. These are probably derived from 
the oxidation of hydrazine and are thought to be shuttled 
towards the reduction of carbon dioxide in the riboplasm 
via quinone or NADH [Jetten et al., 2009]. The electrons 
invested in carbon fixation must then be replenished to 
ensure that there are sufficient electrons for the reduction 
of nitrite and the subsequent production of hydrazine 
from NO and ammonium. These electrons probably 
come from the oxidation of nitrite to nitrate, which is why 
the growth of anammox bacteria is always accompanied 
by the production of small amounts of nitrate [Strous et 
al., 1999b]. Since the electrons derived from nitrite oxida-
tion have a relatively low reducing power, they are thought 
to be pumped to a lower redox potential, i.e. acquire a 
higher reducing power, by the investment of energy in 
reverse electron transport before they can be used in the 
catabolic reactions. 

  Anammox Bacteria Are Generalists 
 In the course of several physiological studies it has 

emerged that anammox bacteria are not limited to the use 
of the substrates ammonium and nitrite. They are in fact 
generalists and can utilize a range of both inorganic and 
organic substrates for growth. The genome of  K. stutt-
gartiensis  already indicated that anammox bacteria are 
capable of more than the anaerobic oxidation of ammo-
nium. They possess a range of amino acid and organic 
acid transporters in addition to more than 200 genes in-
volved in respiration, which is more than commonly 
found in a bacterial species [Strous et al., 2006]. Experi-
mental evidence now also exists for the use of iron and 
manganese oxides as electron acceptors instead of nitrite 
when  K. stuttgartiensis  and  Scalindua  spp. are grown on 
formate. Formate is just one of the several organic com-
pounds that have been shown to be oxidized by anammox 
bacteria; additionally, propionate and acetate are also 
used as an energy source by  K. stuttgartiensis ,  Scalindua  
spp.,  A. propionicus  and  Brocadia  spp. Furthermore,  B. 
fulgida  can oxidize methylamines and  K. stuttgartiensis  
can use ferrous iron as electron donor [Kartal et al., 2007b, 
2008; Strous et al., 2006; van de Vossenberg et al., 2008]. 
Anammox bacteria are also capable of producing their 
own ammonium from nitrate. The latter is reduced to 
ammonium via nitrite in a six-electron reduction with 
organic acids serving as the electron donor [Kartal et al., 
2007a]. This process is known as the dissimilatory reduc-
tion of nitrate to ammonium (DNRA) and enables anam-
mox bacteria to thrive in ammonium-limited systems. 
However, the genome of  K. stuttgartiensis  does not en-
code for homologs of the enzyme NrfA, which is known 
to facilitate the reaction in other bacteria performing 
DNRA. It is therefore thought that anammox bacteria 
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  Fig. 3.  Model for anammox energy metab-
olism. The process of anaerobic ammoni-
um oxidation is coupled to the anammoxo-
some membrane resulting in a proton mo-
tive force and subsequent ATP synthesis in 
anammox bacteria. NirS = Nitrite reduc-
tase; cyt = cytochrome; bc1 = cytochrome 
bc1 complex; Q = coenzyme Q. [Modified 
from van Niftrik et al., 2008a.]                 
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have evolved DNRA independently from other known 
species, producing ammonium from nitrate either by a 
novel pathway or at least by an enzyme unrelated to NrfA.

  A Prokaryotic, Energy-Conserving ‘Cell Organelle’ 
 Having discussed the different compartments of 

anammox bacteria in detail, it is appropriate to come back 
to the main question of this review: is the anammoxo-
some a true (prokaryotic) organelle? In the introduction 
we proposed the following definition of an organelle: ‘a 
membrane-enclosed compartment in a cell that has a dis-
tinct structure, macromolecular composition and func-
tion’. To answer the question of whether the anammoxo-
some is an organelle, the multiple facets of this definition 
have to be taken into account. It immediately becomes 
clear that the anammoxosome is membrane-enclosed, as 
seen in transmission electron micrographs. This has been 
confirmed by the enrichment of intact isolated anam-
moxosomes, of which the membranes were analyzed for 
their lipid composition [Sinninghe Damsté et al., 2002]. 
The fact that anammoxosomes can be isolated from the 
cells also shows that it is a distinct, independent compart-
ment. The inability to visualize membrane links with oth-
er anammox membranes in the numerous micrographs 
investigated and three-dimensional electron tomography 
models of anammox cells also support this claim. Elec-
tron micrographs and tomograms clearly show the dis-
tinct structure of the anammoxosome that is different 
from the rest of the cell. The anammoxosome is usually 
more electron-light than the surrounding riboplasm and 
shows a curved border. Although the macromolecular 
composition of the anammoxosome has not been studied 
in extensive detail, immunogold localization has shown 
multiple enzymes to be present inside the anammoxo-
some that are not (or very scarcely) found in other com-
partments. In addition to the HAO-like enzyme [Lindsay 
et al., 2001] and kuste2860/2861 as components of the 
HZS enzyme [Karlsson et al., 2009], at least the great ma-
jority of cytochrome c-containing proteins were shown to 
be located exclusively in the anammoxosome [van Niftrik 
et al., 2008a]. The previously discussed tubule-like struc-
tures are additional macromolecular structures that are 
exclusively seen in the anammoxosome. The function of 
the anammoxosome is extensively discussed above. It can 
be summarized as harboring the energy metabolism of 
the cell by being the location for the anammox reaction, 
which is proposed to be coupled to the establishment of a 
proton motive force and subsequent ATP synthesis by 
membrane-bound ATPases. Taking all this together, it 
seems safe to conclude that the anammoxosome is a true 

organelle: a separate membrane enclosed compartment 
with a distinct composition and a specific cellular func-
tion. Of course, future research will attempt to further 
substantiate this claim and for this it would be very useful 
to be able to work with isolated anammoxosomes. In this 
way it could, for example, be determined whether or not 
the anammoxosome alone can perform the anammox re-
action and produce ATP. 

  One might ask why anammox bacteria need an organ-
elle in their cell, since this is a feature that most prokary-
otes lack. One hypothesis is that the cell plan of anammox 
bacteria might actually be a remnant of a last universal 
common ancestor, and that therefore this question is not 
valid [Fuerst, 2005]. In that case, in which the Planctomy-
cetes are interpreted as branching deep in the phyloge-
netic tree of life, other prokaryotes lost this complicated 
cell plan through reductive evolution. Although these 
speculations cannot be disproven at the moment, the 
conception that the anammox cell plan is close to that of 
the last universal common ancestor, and that the posses-
sion of an organelle would have been the default state for 
prokaryotes, is controversial. Another hypothesis is that 
the anammoxosome is an addition to the simpler stan-
dard cell plan of prokaryotes. If this is true, an explanation 
should exist for why anammox bacteria need such a com-
partment. According to our present knowledge, the main 
function of the anammoxosome for the anammox bacte-
rium is that it is the location where the anammox reaction 
takes place. Why would the bacterium need an addition-
al compartment for this? Are there any reasons that make 
it beneficial not to let the anammox reaction take place in 
either the riboplasm or the paryphoplasm? A first reason 
why it might be important for anammox bacteria to sepa-
rate the anammox reaction from their riboplasm is the 
already discussed high reactivity of hydrazine. Due to its 
mutagenic nature, one could imagine that keeping hydra-
zine in the same compartment as the DNA might pose 
problems. If the outermost membrane does have OMPs 
(porins) that could facilitate passive diffusion, it would be 
understandable that the anammox reaction does not take 
place in the paryphoplasm. All enzymes and intermedi-
ates would then be located in the paryphoplasm. How-
ever, intermediates and substrates might leak out of the 
cell over the outermost membrane through OMPs. Since 
anammox bacteria are already very slow growers, leaking 
of intermediates (in the case that the anammox reaction 
takes place in the paryphoplasm) and especially a con-
tinuous dissipation of the proton motive force (in case the 
protons would be translocated from the riboplasm to the 
paryphoplasm) over the membrane could lead to a loss of 
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viability. As already discussed before, leaking of protons 
over a conventional cytoplasmic membrane has been 
proposed to exceed the rate of the proton translocation by 
the anammox reaction. This is presumably the reason 
why the anammoxosome membrane contains ladderane 
lipids, which are hypothesized to contribute to a tighter, 
more leak-proof membrane. In that scenario, it might be 
an advantage to have an additional membrane that has as 
a main function to facilitate parts of the anammox reac-
tion that need to be associated with a membrane. Maybe 
such a membrane can be more enriched in ladderane lip-
ids than for instance a cytoplasmic membrane. The prop-
er functioning of a cytoplasmic membrane might be in-
compatible with a high percentage of ladderane lipids, for 
example since these lipids are strained and are thought to 
make the membrane dense and quite impermeable [Sin-
ninghe Damsté et al., 2002]. These characteristics are 
probably advantageous for an anammoxosome mem-
brane, but maybe not for a cytoplasmic membrane. Sepa-
rating membrane tasks gives more freedom in the opti-
mization of either membrane. 

  Obviously, further investigation of the anammoxo-
some and the other anammox compartments and mem-
branes could give additional hints or evidence towards 
better understanding of the necessity of an anammoxo-
some. Many questions are still open concerning various 
aspects of anammox cell biology. What is the composi-
tion of the anammox cell wall and what is the function of 
the paryphoplasm? In addition, it would be very interest-
ing to investigate how the curvature of the anammoxo-
some membrane is obtained. Do the tubule-like struc-
tures observed in the anammoxosome contribute to the 

curvature? Or are they involved in cell division of anam-
mox bacteria and specifically in dividing the anammoxo-
some evenly over the two daughter cells? In fact, how is 
cell division organized with such a complicated cell plan? 
Another topic of interest is to localize all enzymes that are 
associated with the anammox reaction and to find out 
which of them are membrane-associated. In addition, are 
the anammoxosome iron particles in some way related to 
the anammox reaction or do they indeed defend the cell 
against oxygen stress? The transport of substrates to-
wards the anammoxosome and transport of proteins
towards the different compartments are also very inter-
esting topics for future research. Another interesting 
question, that will be very difficult to answer, is the evo-
lutionary origin of the anammoxosome. Did it invaginate 
from another membrane? Further research into the iden-
tity of the outermost membrane and intracytoplasmic 
membrane are also necessary for a better understanding 
of the cell biology of anammox bacteria. All these future 
studies should lead to a better understanding of this ex-
ceptional bacterium and its unique intracellular organi-
zation.
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