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1. Introduction 

1.1 Historical overview and phylogenetic classification 

 

Planctomycetes were first discovered in 1924 (Figure I) and mistakenly described as 

aquatic fungi due to the observed spherical morphology and stalked cell structure 

(Gimesi, 1924). Based on the lack of adequate cultivation methods, the first 

representative was isolated almost 50 years later (Staley, 1973). During the following 

years, the number of novel cultivated Planctomycetes has been constantly increasing 

(Bauld & Staley, 1976, Schmidt, 1978, Franzmann & Skerman, 1984, Hirsch & Müller, 

1985, Strous et al., 1999, Spring et al., 2016). Planctomycetes are round or pear 

shaped and form rosettes, clusters, long chains or appear as single cells (Franzmann 

& Skerman, 1984, Hirsch & Müller, 1985, Schlesner et al., 2004, Kulichevskaya et al., 

2008).  

Phylogenetic analysis discovered the relationship between Chlamydia and  

Planctomycetes (Weisburg et al., 1986, Ward et al., 2000) and were later joined to a 

phylogenetic group called the PVC super-phylum, containing Planctomycetes, 

Verrucomicrobia, Chlamydiae, Lentisphaerae, Cand. Poribacteria, Cand. OP3 and 

Cand. division WWE2 (Wagner & Horn, 2006, Gupta et al., 2012). Planctomycetes are 

divided into Planctomycea and Phycisphaerae and are further divided into the orders 

Planctomycetales, Cand. Brocadiales, Phycisphaerales and Tepidisphaerales (Kohn 

et al., 2016).  

For many years Planctomycetes had been overlooked in the environment. While 

universal 16S rRNA eubacterial primers missed detecting the planctomycetal diversity, 

novel 16S rRNA primers improved their discovery (Vergin et al., 1998, Arnds et al., 

2010). Planctomycetes are ubiquitous and have been found to be either free-living or 

associated to eukaryotes in cultivation independent and dependent approaches all 

over the world. (Hirsch & Müller, 1985, Fuerst et al., 1997, Schlesner et al., 2004, Lage 

& Bondoso, 2011, Hollants et al., 2013, Yung et al., 2016, Mikaelyan et al., 2017, Peng 

et al., 2017). They have been described as often being associated with algae (Lage & 

Bondoso, 2011, Lage & Bondoso, 2014, Kim et al., 2016), while the highest abundance 

of Planctomycetes (51%-53%) in a bacterial community was found to be associated 

with the kelp Laminaria hyperborea (Bengtsson & Øvreås, 2010). In addition, 

Planctomycetes were detected in surface water (Pizzetti et al., 2011) after a 

cyanobacterial bloom (Cai et al., 2013), associated with dinoflagellates (Lage, 2013), 

on iron-precipitates (Storesund & Ovreas, 2013) and from the post larvae of giant tiger 

prawns (Fuerst et al., 1997). 
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1.2 Planctomycetal cell biology 

 

1.2.1 Planctomycetal stalk formation and crateriform structures 

 

Planctomycetes are unique in several respects and came to the attention of many 

researchers due to their unconventional appearance and rosette formation (Starr et al., 

1983). While some Planctomycetes lack a stalk (Franzmann & Skerman, 1984), others 

form a huge variety of appendices (Schlesner et al., 2004, Kulichevskaya et al., 2009). 

Some stalks appear filamentous (Hirsch & Müller, 1985) or even feather-like 

(Schlesner et al., 2004) while others form up to 700 nm thick and up to 15 µm long 

structures (Kulichevskaya et al., 2009). These thickened stalks show intracellular 

structures which were postulated to transfer vesicle-like bodies (Kulichevskaya et al., 

2009).  

 
Figure I: The first described planctomycete. Planctomyces békefii. Modified from Gimesi, 1924 

 

Besides the stalk formation with a holdfast structure, many Planctomycetes possess 

so-called crateriform structures scattered over the cellular surface (Starr et al., 1983, 

Jogler et al., 2011). Since the detection of Planctomycetes using universal 16S rRNA 

eubacteria primers was flawed for many years, these crateriform structures were one 

of the most important identification feature (Arnds et al., 2010). Two kinds of these 

structures could be recognized in the past (Starr et al., 1983), and were analyzed later 

in more detail (Jogler et al., 2011). While some Planctomycetes harbor only one type 

of crateriform structures (Franzmann & Skerman, 1984), others were described to 

possess smaller and bigger crateriform structures, located at the attachment pole or 

distributed all over the cell (Jogler et al., 2011). Appearing from these pits, short pili 

with a diameter of 5 to 6 nm or a stalk could be detected (Bauld & Staley, 1976, Starr 

et al., 1983, Jogler et al., 2011). However, the appearance of these structures seems 

to be highly variable (Bondoso et al., 2014) and might only occur in adult cells 

(Schlesner, 1989). 
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1.2.2 Planctomycetal cell division 

 

Besides the unconventional holdfast structure and the crateriform structures, the 

lifecycle-switch and the division by polar budding (Figure II) are additional hallmark 

traits for many Planctomycetes (Hirsch, 1972, Tekniepe et al., 1981). During 

reproduction of stalked Planctomycetes, the mother cell is attached with a holdfast 

structure and starts to increase in size (Hirsch, 1972). A small bud then appears at the 

opposite pole of the attachment side and forms an emerging daughter cell (Hirsch & 

Müller, 1985). During this budding process, the daughter cell can produce a flagellum 

to concur new areas or to become a stalked mother cell itself (Staley, 1973). However, 

the flagellum position seems to vary in different Planctomycetes (Schlesner & Hirsch, 

1984). This lifecycle-switch could be shown for stalked and un-stalked Planctomycetes 

(Hirsch & Müller, 1985, Giovannoni et al., 1987, Lee et al., 2009a). While most of the 

Planctomycetes divide by polar budding (Hirsch & Müller, 1985, Lee et al., 2009a) other 

Planctomycetes divide by binary fission. This includes the order Cand. Brocadiales and 

Phycisphaerales (Fukunaga et al., 2009, Kovaleva et al., 2015). 

  

 
Figure II: Cell cycle of a stalked planctomycete. Illustrations of the stalk formation and polar budding. 

 

Besides the huge variation in the mechanisms of cell division, all Planctomycetes lack 

the otherwise universal bacterial cell division gene filamenting temperature-sensitive 

mutant Z (ftsZ) (Pilhofer et al., 2008). Evidence indicates that Planctomycetes and 

even some Verrucomicrobia lack many genes known to be important for the cell 

division in other Gram-negative bacteria (Pilhofer et al., 2008, Jogler et al., 2012). 

These genes are mostly situated in the division and cell wall (dcw) operon in Gram-

negatives, including e.g.: ftsZ, ftsW, ftsQ and ftsA. For Planctomycetes many of these 

genes seem to be lost, or to be gained by other bacteria (Jogler et al., 2012). Due to 

the lack of these important cell division genes the mechanism behind the division is 

still poorly understood. However, for anammox Planctomycetes, a unique cell division 

gene kustd1438 could be detected (van Niftrik et al., 2009). The protein encoded by 

kustd1438 forms a cell division ring, accumulating in the division plane and is 



Introduction 

 

13 

 

hypothesized to substitute the function of FtsZ. A homologous counterpart of kust1438 

could not be found in any other Planctomycetes. Further studies aimed towards the 

localization of putative cell division genes, using comparative genomics. By comparing 

a core genome of all Planctomycetes against the genomes of Escherichia coli and 

Bacillus subtilis, various candidate proteins were found (Jogler et al., 2012).  

For the phylogenetically related Chlamydia (Weisburg et al., 1986, Ward et al., 2000) 

a variety in cell division similar to those of Planctomycetes has been shown in recent 

publications, revealing these intracellular bacteria to perform a cell division by polar 

budding and binary fission (Greub & Raoult, 2002, Abdelrahman et al., 2016). 

Chlamydia lack the universal cell division gene ftsZ (exception: Cand. Protochlamydia) 

(Pilhofer et al., 2008). However, recent studies found, that the rod shape-determining 

protein MreB might substitute the function of FtsZ in Chlamydia (Ouellette et al., 2012, 

Kemege et al., 2015), suggesting a cell division mechanism mediated by MreB, FtsK 

and Pbp2/3 (Penicillin-binding protein). Further studies detected a RodZ homologue 

(YfgA) in Chlamydia and suggested the affiliation of MreB, FtsI and the cytoskeleton 

protein RodZ (Ouellette et al., 2014). However, the cell division mechanism of 

Planctomycetes raises many questions regarding their different types of reproduction.  

 

1.2.3 The bacterial cell plan 

 

Besides the typical Gram-negative (Figure III a) and Gram-positive cell plan a huge 

variety of exceptions have been evolved (Murat et al., 2010). For Gram-positive 

bacteria the cell plan generally consists of a cytoplasm surrounded by a cytoplasmic 

membrane (Shockman & Barrett, 1983). This membrane is enclosed by a relatively 

thick peptidoglycan envelope to protect the cell from osmotic pressure. Anchored in 

these peptidoglycan layers or the cytoplasmic membrane, secondary cell wall 

polymers provide an additional barrier. These bacteria often possess a capsule or a 

surface layer (S-layer) (Ilk et al., 1999). Interestingly, a periplasmic space in Bacillus 

subtilis 168 was revealed (Matias & Beveridge, 2005) expanding the possible 

variations in Gram-positive bacteria.  

For Gram-negative bacteria (Figure III a), the cell plan differs (Silhavy et al., 2010). 

The cytoplasm is surrounded by a cytoplasmic membrane (CM) which is than enclosed 

with a thin peptidoglycan layer and an outer membrane (OM). This OM is composed 

of phospholipids and an outer layer of lipopolysaccharides (LPS). Internalized within 

the OM specific outer membrane proteins (OMP) are present (Costa et al., 2015), 

forming pores to enable specific molecules to diffuse through the OM. These OMPs 

admit e.g. sugars or small molecules under 600 Da to pass the OM (Nikaido, 2003). 

The periplasm, which is the intermembrane space between the CM and the OM, 
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provides an oxidative environment that is highly packed with proteins (Mullineaux et 

al., 2006). However, the periplasm were described to not contain ATP or GTP (Kojer 

& Riemer, 2014). This concept allows the cell to contain a physiological barrier 

separating the two different compartments producing a proton gradient generated at 

the cytoplasmic membrane (Ogawa & Lee, 1984). 

Besides these two general bacterial concepts, a high variety of unusual cell plans and 

additional compartments are known (Murat et al., 2010). For instance, invagination of 

the CM is a common mechanism in bacteria and can appear in different forms and 

functions. Magnetosomes, for example, were found in magnetotactic bacteria that 

consist of a lipid bilayer membrane surrounding a 50 nm Fe3O4 or Fe3S4 crystal 

(Bazylinski & Frankel, 2004). These compartments form long chains and are either 

orientated in separated closed vesicles (Magnetovibrio blakemorei MV-1) (Abreu et al., 

2013) or still connected with the CM as invaginations (Magnetospirillum magneticum 

AMB-1) (Komeili et al., 2006, Greene & Komeili, 2012). Mesosomes on the other hand, 

were first falsely described as separated organelles (Chapman & Hillier, 1953) but were 

later acknowledged as an unclosed invagination of the cytoplasmic membrane, formed 

by the effect of defensins or antibiotics (Friedrich et al., 2000, Santhana et al., 2007). 

Even more complex membrane invaginations were found in photosynthesis-associated 

organelles. Chromatophores and thylakoids are organelles, containing stacked 

membrane layers, which are linked or separated from the cytoplasmic membrane, 

respectively (Ting et al., 2007, Konorty et al., 2008). These membrane accumulations 

can be expanded over the whole cell and are surrounded by a bilayer membrane 

(Oelze & Drews, 1972, Konorty et al., 2008). However, chlorosomes, the third 

photosynthetic active organelles, are only surrounded by one protein rich single 

membrane layer. These compartments contain high numbers of bacteriochlorophyll, 

which are pinched-off the CM (Li et al., 2006). Besides membrane enclosed organelles, 

some compartments are separated by a protein layer from the surrounding 

environment. Gas vesicle e.g. are gas-filled protein structures containing a coil-α-β-β-

α-coil fold protein layer (Strunk et al., 2011). Other protein enclosed compartments are 

carboxysomes and micro-compartments (Fan et al., 2010). 
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1.2.4 Planctomycetal cell plan and compartmentalization 

 

The unique cell plan for Planctomycetes differs to the common concepts of 

Gram-negative bacteria (Franzmann & Skerman, 1984, Fuerst & Webb, 1991). While 

initially, Planctomycetes were described to possess a typical Gram-negative 

trilaminate morphology without a nuclear membrane or evidence of intracytoplasmic 

organelles (Staley, 1973, Bauld & Staley, 1976, Schmidt & Starr, 1980) the 

interpretation of their cell morphology was driven by the presence of two cytoplasmic 

membranes (König et al., 1984). The internal compartment was named pirellulosome, 

dividing the cell into the pirellulosome and the polar-cap region (Lindsay et al., 1997). 

In this context the DNA and RNA were described to be localized in the pirellulosome 

(Lindsay et al., 1997). Additionally, the presence of RNA in the polar-cap was described 

(Lindsay et al., 1997). Later the polar-cap was re-classified as the paryphoplasm for all 

known Planctomycetes, determining the cell plan of Pirellula marina, Isosphaera 

pallida, Cand. Brocadia anammoxidans and Gemmata obscuriglobus (Lindsay et al., 

2001). This interpretation of the cell plan was then expanded to at least 3 of 6 

subdivisions of the phylogenetical related Verrucomicrobia (Lee et al., 2009b). 

In addition, Cand. Brocadia anammoxidans was described to possess an additional 

organelle, the anammoxosome, which was introduced by Jetten et al., 1998, thus 

dividing the cell into the paryphoplasm, the pirellulosome and the anammoxosome. 

This anammoxosome was described to be the source of an anaerobic ammonium 

oxidation (anammox) reaction. This process is coupled to the anammoxosome 

membrane generating a protein motive force to produce ATP (Jetten et al., 1998, van 

Niftrik et al., 2008). This compartment was exclusively described for anammox 

Planctomycetes. 

However, a unique membrane organization of Gemmata obscuriglobus was described 

for 5% of the observed cells, detecting an intracellular membrane accumulation 

surrounding the DNA (Franzmann & Skerman, 1984). This membrane enclosed DNA 

was then further described as a membrane bound nucleoid or a nuclear body (Fuerst 

& Webb, 1991). This nuclear body showed a highly condensed DNA surrounded by a 

double membrane in thin sections of freeze substituted cells and by freeze fracture 

(Fuerst & Webb, 1991), pointing the Planctomycetes closer to a eukaryotic cell 

organization with a third DNA containing compartment for G. obscuriglobus 

(Figure III b). This proposed cell plan of G. obscuriglobus was challenged, suggesting 

that the double membrane network occurs from invaginations of the inter-cytoplasmic 

membrane forming unsealed compartments (Lieber et al., 2009). 
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Figure III: Schematic illustration of different cell plans. (a) A typical Gram-negative cell is surrounded by an outer membrane, a peptidoglycan layer and a cytoplasmic membrane. The 
nucleoid occupies a major portion of the cytoplasm and contains the DNA. (b) The typical planctomycetal cell is enclosed by a proteinaceous cell wall and is surrounded by an outer 
cytoplasmic membrane. The cell is divided into two compartments, a paryphoplasm and a pirellulosome. These compartments are separated with a second cytoplasmic membrane. For 
G. obscuriglobus an additional compartment was proposed, forming a membrane enclosed nucleoid similar to the eukaryotic nucleus. For anammox Planctomycetes an additional 
organelle the anammoxosome were described, a compartment responsible for the ammonium oxidation. Planctomycetes were described to perform an endocytosis-like uptake of 
macromolecules, proposing additional similarities to a eukaryotic cell. (c) A typical eukaryotic cell with different organelles and the ability to perform endocytosis. 
Modified from Boedeker et al., 2017. 
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The divergent interpretations of closed and unclosed compartments in 

G. obscuriglobus led to the accumulation of many contradicting publications (Fuerst & 

Sagulenko, 2011, Acehan et al., 2013, Santarella-Mellwig et al., 2013, Devos, 2014). 

The most recent showed 3D reconstructions which point towards a tubular network 

with a connected vesicular membrane organization in G. obscuriglobus (Acehan et al., 

2013) or a nuclear envelope and separated compartments (Sagulenko et al., 2014). 

Besides the unique membrane formations, various intercellular structures could be 

observed in Planctomycetes (Lage et al., 2013). The earlier mentioned 

anammoxosome was isolated, proving the presence of a distinct separated 

compartment in anammox-Planctomycetes (Neumann et al., 2014). Additionally, the 

anammoxosome was shown to harbor ATPases on the outer surface (van Niftrik et al., 

2010, Karlsson et al., 2014) and possess a filamentous microtubule structure showing 

a colocalization with the nitrite oxidoreductase on the inside (de Almeida et al., 2015). 

In addition, lipid or glycogen-like granules, and bacterial microtubule like structures 

were found in other Planctomycetes (Lage et al., 2013).  

 

1.2.5 Planctomycetal cell wall 

 

For many years, the composition of the outermost layer of a planctomycetal cell has 

been a subject of interpretation. In 1973, the cell wall was described as typical 

Gram-negative (Staley, 1973). About ten years later, König et al., 1984 proposed a 

proteinaceus cell wall due to the lack of peptidoglycan and its major components 

muramic and diaminopimelic-acid (König et al., 1984, Liesack et al., 1986, 

Stackebrandt et al., 1986). However, the finding of a unique LPS composition in 

Planctomycetes, pointing them closer to a Gram-negative cell envelope had not been 

acknowledged at that time (Kerger et al., 1988). Whereas Planctomycetes are resistant 

to β-lactam antibiotics (König et al., 1984, Cayrou et al., 2010), no β-lactamase activity 

has been detected in Planctomycetes and Chlamydia (Claus et al., 2000), supporting 

the idea of a peptidoglycan-free planctomycetal cell envelope. 

However, in 2012 a rather simple experiment of lysing Chlamydia and anammox 

Planctomycetes with lysozyme as well as the bioinformatic detection of outer 

membrane proteins re-opened the discussion about the composition of the 

planctomycetal cell envelope (Speth et al., 2012, Hu et al., 2013, Pilhofer et al., 2013). 

Meanwhile, the presence of peptidoglycan in the phylogenetic related Chlamydia could 

be verified (Pilhofer et al., 2013), showing the presence of an additional layer between 

the cytoplasmic membrane and the outer membrane, peptidoglycan containing sacculi 

and the visualization of peptidoglycan by D-alanin labelling.  
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For some anammox Planctomycetes an additional S-layer could be detected, providing 

an extra barrier on the outer surface (van Teeseling et al., 2014). The detected S-layer 

consists of six protein subunits within a hexagonal symmetry. This 160 kDa protein 

Kustd1514 does not have any homologues to a known protein and is localized at the 

outer rim of the cells (van Teeseling et al., 2014). In addition, this S-layer is highly 

glycosylated (van Teeseling et al., 2016). 

 

1.2.6 Membrane coat-like proteins and endocytosis-like uptake 

 

Another hallmark trait of Planctomycetes is the presence of membrane coat-like (MC) 

proteins. These proteins have been known to be involved in the vesicle formation and 

membrane shaping in the eukaryotic vesicle trafficking system (Matsuoka et al., 1998) 

(Figure III c). There they consist of an amino-terminal β-propeller domain and a 

carboxy-terminal stacked pair of α-helices (Devos et al., 2004). These proteins 

correspond to three classes of coated vesicles: clathrin coated vesicles, coat protein 

complex I and II (COPI & COPII) vesicles (Kirchhausen, 2001). In addition, they are 

known to be related to nuclear pores (Devos et al., 2004, Brohawn et al., 2008).  

However, in 2010 MC proteins were detected in Planctomycetes and other PVC 

bacteria (Santarella-Mellwig et al., 2010). Since MC proteins are hard to predict on a 

sequence-only based search, eukaryotic MC proteins were compared on protein 

structure level with proteomes of Bacteria and Archaea, detecting 83 MC proteins in 

the PVC super-phylum. For G. obscuriglobus eight MC homologues were found. One 

of these proteins gp4978 (WP_010038441.1) was shown to be significantly localized 

in the paryphoplasm or in close proximity to vesicle-like structures (Santarella-Mellwig 

et al., 2010). Accordingly, MC proteins were postulated to be important for the unique 

membrane invaginations and vesicle-like structure formation in Planctomycetes 

(Figure III b).  

The hypothesis of a vesicle mediated trafficking system in Planctomycetes was 

extended even more by showing an active uptake of GFP into the paryphoplasm of 

G. obscuriglobus (Lonhienne et al., 2010). This uptake was interpreted as a vesicle 

mediated uptake, since faint vesicle-like structures were shown to be co-localized with 

the internalized GFP (Fuerst & Sagulenko, 2010). These findings of a vesicle based 

uptake mechanism (Lonhienne et al., 2010) and the similarity of the planctomycetal 

and eukaryotic cell plan (Fuerst & Sagulenko, 2011) raised the idea that PVC bacteria 

might contributed significantly to the eukaryogenesis (Santarella-Mellwig et al., 2010). 

While two concepts of eukaryogenesis exist, the cell biology of Planctomycetes 

features only one of them (Fuerst & Sagulenko, 2011). One theory is the hydrogen 

hypothesis, describing the fusion of an archaeon and a bacterium (Martin & Müller, 
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1998). The other is based on the classical endosymbiosis hypothesis (Martin et al., 

2015), where a bacterium was incorporated by a eukaryotic ancestor with the ability to 

possess compartments and an endocytosis like uptake mechanism. Based on this, 

Planctomycetes were assigned a key role in eukaryotic evolution (Fuerst & Sagulenko, 

2011).      

 

1.3 Light microscopy 

 

In the 16th century the development of the first rudimentary microscope opened the 

path to a whole new world. 300 years later Antoine van Leeuwenhoek could visualize 

the first bacteria with a single lens microscope with 250 times magnification and 

approximately 1 µm resolution (Singer, 1914). In the following centuries, a wide variety 

of microscopes were developed. At that time, the resolution was hampered since the 

construction of precise lenses to focus the light proved to be difficult. This changed 

when Carl Zeiss and the glass maker Otto Schott together with the optical scientists 

Ernst Abbe combined their professions. They constructed the first light microscope 

which was ultimately not limited by the quality of the lenses but by the wavelength of 

the light itself (Volkmann, 1966). This phenomenon was described by Ernst Abbe, that 

the diffraction limit of light sent through a slit is based on the wavelength divided by 

two times the numerical aperture (Abbe, 1873), restricting the conventional light 

microscopy these days to a resolution of approximately 250 nm for an illuminated 

specimen.  

            𝑑 =
𝜆

2𝑁𝐴
 

 

Besides that, the visualization of biological specimen has been often poured by the low 

contrast. Therefore, Frits Zernike and Georges Nomarski invented phase contrast 

(Phaco) and differential interference contrast (DIC) to increase the contrast to visualize 

transparent objects without additional staining, respectively (Zernike, 1955, Bessis & 

Nomarski, 1960).  

Another milestone was the invention of fluorescence microscopy, where fluorophores 

are used to emit light after the excitation with a shorter wavelength. Therefore, small 

organic fluorescence dyes, labelled antibodies or fluorescence proteins can be used 

to label organelles, nucleic acids or specific proteins (Coons & Kaplan, 1950, James & 

Jope, 1978, Fishov & Woldringh, 1999, Margolin, 2000). Based on that, Lord Rayleigh 

demonstrated that the resolution to separate two punctate light sources is limited by 

1.22 times the wavelength divided by two times the numerical aperture (Rayleigh, 

1896), allowing a theoretical resolution of approximately 200 nm for blue light with a 

fluorescence microscope (Figure IV). 
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Since the theoretical resolution is altered by e.g. stray light, different techniques were 

developed to minimize or even eliminate this effect. Therefore, deconvolution 

algorithms were invented to detect light emerging only from the focal plane of a Z-Stack 

in widefield microscopes (McNally et al., 1999). Furthermore, confocal microscopes 

were developed shielding the detector with a pin-hole from scattered light, observing 

only a distinct spot of the specimen which is in focus (Davidovits & Egger, 1969). 

However, all these techniques were limited by rules pointed out by Ernst Abbe and 

Lord Rayleigh. 

 

 
Figure IV: Schematic drawing of the Rayleigh criterion. Illustration of the diffraction limit of light at different 
distances of illuminated fluorophores. Two points can be resolved if d ≥ the Rayleigh criterion. λ = wavelength. 
NA = numerical aperture.  
 

Driven by the question to overcome the diffraction limit of light, many novel and diverse 

super resolution light microscopic techniques were developed over the past years 

(Sydor et al., 2015). One technique is stimulated emission depletion (STED) a 

technique that uses two different lasers: one illuminating the specimen, the other 

suppressing the point spared function (PSF) of the illumination laser. Another 

technique, super resolution structured illumination microscopy (SR-SIM), is a wide field 

based approach, which uses a diffraction grating resolving in a Moirè pattern after 

decomposed by Fourier transformation (Gustafsson, 2000). The main idea behind this 

technique is, that the periodicity of a Moirè pattern results in a 50% better resolution 

after reconstructing the image from a series of different orientations and phases of the 

grating.  
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To visualize single molecules, another super resolution technique was developed: 

Stochastic optical reconstruction microscopy (STORM) is based on a blinking pattern 

of fluorophores and a subsequent imaging over time, which then gets merged to a 

single image (Rust et al., 2006). Due to a distinct on - off blinking pattern, single 

fluorophores can be monitored which are located closer than the detraction limit of 

light, thus allowing for the computing of the exact position of an individual fluorophore 

and improving the PSF. Subsequently thousands of detected single fluorescence 

signals are stochastically reconstructed to one final image. The initial idea to generate 

the blinking kinetic was based on two fluorophores, one labeling the specimen, the 

other distributed in the imaging buffer (Rust et al., 2006). The laser excites only the 

fluorophore in the imaging buffer, which then excites the second fluorophore, if in close 

proximity.  

Since the titration is highly complex, two different techniques emerged from this first 

idea: direct STORM (dSTORM) and photo activated localization microscopy PALM 

(Hess et al., 2006, Henriques & Mhlanga, 2009, Vaughan & Zhuang, 2011). While both 

techniques are based on detecting single fluorophores during the excitation phase, 

PALM uses photoactive fusion proteins which become activated by an additional laser 

(Hess et al., 2006). For dSTORM, fluorophores become reactivated by using a redox 

buffer system, supplying the bleached fluorophores with electrons to maintain the 

blinking kinetic (van de Linde et al., 2011). These super resolution microscopic 

techniques opened a whole new world of visualization possibilities, to generate and 

solve many of the upcoming questions especially in the field of microbiology.  
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1.4 Objectives of the work 

 

At the beginning of this study various contradicting observations regarding the 

planctomycetal cell plan, were highly discussed (Acehan et al., 2013, Sagulenko et al., 

2014). While recent publications (Speth et al., 2012, Mahat et al., 2015) and previous 

work (Master thesis: (Boedeker, 2014, Borchert, 2014)) pointed towards a 

Gram-negative cell plan, a final interpretation of the cell morphology and cell function 

for Planctomycetes was needed. However, a Gram-negative cell plan would raise 

doubts about the description of an endocytosis like uptake in Planctomycetes. These 

doubts were supported by widefield fluorescence microscopy indicated a potential 

overinterpretation within this uptake mechanism (Master thesis: (Boedeker, 2014)). 

Additionally, the unique FtsZ independent cell division by polar budding of 

Planctomycetes is rarely described. While previous work (Master thesis: (Borchert, 

2014)) and recent publications (Jogler et al., 2012) tried to reveal genes involved in the 

cell division of Planctomycetes, the mechanism behind their FtsZ independent cell 

division is still unknown. 

 

The aim of this study was to analyze the cell biology of Planctomycetes with novel 

microscopic techniques. Super resolution microscopy should be applied to achieve 

new insights in the cell organization and function of the planctomycetal cell plan. The 

ultimate goal was to reveal the true nature of the planctomycetal cell organization.  

Furthermore, the endocytosis of macromolecules should be analyzed by super 

resolution microscopy, proving or disproving a vesicle mediated endocytosis like 

uptake in Planctomycetes and giving more insight to a putative involvement of 

Planctomycetes in the eukaryogenesis.  

Lastly, the cell division of Planctomycetes should be analyzed and new insights about 

their cell cycle and cell division mechanism should be revealed. Especially, a putative 

similarity to the phylogenetic related Chlamydia regarding the cell division mechanism 

should be investigated. 
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2. Material and methods 

2.1 Lists 

 

2.1.1 List of strains 

 

Strain Reference 

Planctopirus limnophila DSM 3776 (Hirsch & Müller, 1985) 

Gemmata obscuriglobus DSM 5831 (Franzmann & Skerman, 1984) 

Rhodopirellula baltica DSM 10527 (Schlesner et al., 2004) 

Algisphaera agarilytica DSM 103725 (Yoon et al., 2014) 

Micrococcus luteus DSM20030 (Stackebrandt et al., 1995) 

Fuerstia marisgermanicae DSM 27554 (Kohn et al., 2016) 

Escherichia coli K12 (Blattner et al., 1997) 

L21-RPul-D3 Novel isolate 

FF011L Novel isolate 

Pan54 Novel isolate 

Pan44 

V22 

Pan216 

Mal15 

Novel isolate 

Novel isolate 

Novel isolate 

Novel isolate 

 

 

2.1.2 List of mutant strains 

 

Strain Mutation Description 

Planctopirus limnophila 

ΔPlim_1972 (Clone 6) 

 

Gene deletion plim_1972 (WP_013110233) was 

replaced with a Kanamycin resistance 

cassette (Boedeker et al., 2017). 

 

Planctopirus limnophila 

SCJ0036  

 

TN5 transposon 

mutant 

GFPmut2 along with a kanamycin 

resistance cassette and a GAPDH 

promoter (Boedeker et al., 2017). 
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2.1.3 List of media supplements 

 

Medium supplements Composition Concentration  

2x Artificial seawater  NaCl 46.94 g/l 

(ASW) Na2SO4 7.84 g/l 

 MgCl2 6H2O 21.28 g/l 

 CaCl2 2H2O 2.86 g/l 

 NaHCO3 0.384 g/l 

 KCl 1.384 g/l 

 KBr 0.192 g/l 

 H3BO3 0.052 g/l 

 SrCl2 6H2O 0.08 g/l 

 NaF 0.006 g/l 

2x Vitamin solution 

 

 

 

 

 

 

 

 

Biotin 

Folic acid 

Pyridoxine-HCl 

Riboflavin 

Thiamine-HCl 2H2O 

Nicotinamide 

D-Ca-pantothenate 

Vitamin B12 

P-aminobenzoic acid 

4 mg/l 

4 mg/l 

20 mg/l 

10 mg/l 

10 mg/l 

10 mg/l 

10 mg/l 

0.2 mg/l 

10 mg/l 

Trace element solution N(CH2COONa)3 H2O 

MnSO4 H2O 

FeSO4 7H2O 

Co(NO3)2 6H2O 

ZnCl2 

NiCl2 6H2O 

H2SeO3 

CuSO4 5H2O 

AlK(SO4)2 12H2O 

H3Bo3 

NaMoO4 2H2O 

1500 mg/l 

500 mg/l 

100 mg/l 

100 mg/l 

100 mg/l 

50 mg/l 

50 mg/l 

10 mg/l 

10 mg/l 

10 mg/l 

10 mg/l 
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Mineral salt solution Nitrilotriacetic acid 

MgSO4 7H2O 

CaCl2 2H2O 

Na2MoO4 2H2O 

FeSO4 7H2O 

Metal salt solution 

10 g/l 

29.70 g/l 

3.34 g/l 

12.67 mg/l 

99 mg/l 

50 ml/l 

Metal salt solution Na-EDTA 

ZnSO4 7H2O 

FeSO4 7H2O 

MnSO4 H2O 

CuSO4 5H2O 

Co(NO3)2 6H2O 

Na2B4O7 10H2O 

250 mg/l 

1.095 g/l 

0.5 g/l 

154 mg/l 

39.20 mg/l 

24.80 mg/l 

17.70 mg/l 

 

2.2 Cultivation and media compositions 

 

Planctopirus limnophila and Gemmata obscuriglobus cells were cultivated at 28°C 

at 90 rpm in M3 medium (1 g/l peptone, 1 g/l yeast extract, 1 g/l glucose, 5 ml vitamin 

solution (double concentrated) and 20 ml/l mineral salt solution buffered with 10 mM 

HEPES at pH 7.5). Planctopirus limnophila ΔPlim_1972 and Planctopirus 

limnophila SCJ0036 were cultivated in M3 medium with 30 µg/ml kanamycin and 

30 µg/ml chloramphenicol in a final concentration, if not mentioned otherwise. 

Algisphaera agarilytica and the strains Pan216 and Mal15 were cultivated in 

M1H NAG ASW (Jeske et al., 2016) (250 ml/l 2x artificial seawater, supplemented with 

0.25 g/l peptone, 0.25 g/l yeast extract, 20 ml/l mineral salts solution, 20 ml/l 5% (w/v) 

NAG solution, 10 ml/l 2.5% (w/v) glucose and 5 ml/l vitamin solution (double 

concentrated), 1 ml/l trace element solution and buffered with 10 mM HEPES at 

pH  8.0) at 28°C at 90 rpm. Rhodopirellula baltica was cultivated in M2 medium 

(1 g/l peptone, 1 g/l glucose, 10 ml vitamin solution (double concentrated), 250 ml 

double-concentrated artificial seawater and 20 ml/l mineral salt solution buffered with 

5mM Tris/HCl at pH 7.5) at 28°C at 90 rpm. Micrococcus luteus and Escherichia coli 

were cultivated at 37°C at 90 rpm in lysogeny broth (5 g/l yeast extract, 10 g/l trypton 

and 10 g/l NaCl at pH 7.0). 

The strain L21-RPul-D3 was provided and cultivated by Dr. Stefan Spring, DSMZ 

Braunschweig (Jeske et al., 2015). 
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2.2.1 Cultivation on solid media 

 

To cultivate bacteria on solid media, cells were spread on plates containing 12 g/l agar 

(Bacto) supplemented with 100 µg /ml carbenicillin and the corresponding medium:  

Fuerstia marisgermanicae: M2mod: 0.5 g/l peptone, 0.25 g/l glucose, 250 ml/l 

artificial seawater (ASW; double concentrated), 5 ml/l vitamin solution (double 

concentrated) and 20 ml/l mineral salt solution. The medium was buffered with 10 mM 

HEPES at pH 7.0.  

The strains FF011L, Pan54, Pan44, V22, and Pan216: M1H NAG ASW (double 

concentrated): 250 ml/l 2x artificial seawater, supplemented with 0.25 g/l peptone, 0.25 

g/l yeast extract, 20 ml/l mineral salts solution, 20 ml/l 5% (w/v) NAG solution, 10 ml/l 

2.5% (w/v) glucose and 5 ml/l vitamin solution (double concentrated), 1 ml/l trace 

element solution and buffered with 10 mM HEPES at pH 8.0. 

 

2.3 Wide field (WF) microscopy 

 

2.3.1 WF fluorescence and phase-contrast (Phaco) microscopy 

 

Samples were imaged on MatTek GlasBottom Microwell Dishes (35mm dish, 14mm 

microwell with No. 1.5 cover-glass P35G-1.5-14-C). Therefore, cells were re-

suspended in mounting medium (20 mM Tris pH 8.0, 0.5% N-propylgallate, 90% (v/v) 

glycerol) if not mentioned differently. To stabilize the cells, 1% agarose pads were 

placed on top of 2-3 µl sample suspension. To prevent evaporation, the agarose pads 

were sealed with an additional high-precision coverslip (LH24.1 Carl Roth GmbH) and 

grease (Vaseline, Lenhart Kosmetik).  

WF fluorescence and Phaco samples were imaged on a Nikon Eclipse Ti inverse 

microscope with DAPI (370/36–440/40), GFP (485/20-525/30) and Fm4-64 

(525/30-705/72) filters. Fluorescence z-stacks and bright field images were taken using 

a Nikon N Plan Apochromat λ x100/1.45 oil objective and the ORCA FLASH 4.0 

HAMMATSU or Nikon DS-Ri2 cameras. Images were processed using the NIS-

elements imaging software V4.2 and V4.3 (Nikon) while fluorescence z-stacks were 

processed with a 3D-Landweber deconvolution algorithm (z-step: 0.2 mm, spherical 

aberration: 0.2). 
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2.3.2 Live cell imaging on agarose pads 

 

G. obscuriglobus cells were immobilized on a 1% agarose–pad supplemented with M3 

medium. Cells were placed on a MatTek Glass Bottom Microwell Dishes (35 mm dish, 

14 mm micro well with No. 1.5 cover-glass P35G-1.5-14-C) and were sealed with 

grease (Vaseline, Lenhart Kosmetik) and a high precision coverslip (LH24.1 Carl Roth 

GmbH). Images were taken as described above, while the Nikon DS–Ri2 was used. 

Cell division was monitored up to 15h at 28°C. Images were aligned and analyzed 

using NIS-Elements software V4.3 (Nikon Instruments). 

 

2.3.3 Live cell imaging with the microfluidics system 

 

For time-lapse microscopy within a flow chamber, images were taken using the 

CellASIC® ONIX Microfluidic Platform (Merck Millipore). To remove PBS residues from 

the microfluidic platform, a constant flow of medium was provided for at least 5 min, at 

5 psi. Then, cells were introduced to the flow chamber by using a loading protocol 

(provided by CellASIC®). Cells were elastically trapped in the CellASIC® ONIX 

Microfluidic Plate B04 (Merck Millipore) and were supplied with a constant flow of liquid 

medium (2 psi). Bacterial growth was observed for up to 4 days. Images were aligned 

and analyzed using NIS-Elements software V4.3 (Nikon Instruments). 

 

2.4 Super resolution structured illumination microscopy (SR-SIM) 

 

SR-SIM were performed at the Max Planck Institute for Marine Microbiology (Bremen) 

in collaboration with Dr. Greta Reintjes and Prof. Dr. Rudolf Amann. Samples were 

placed on MatTek GlasBottom Microwell Dishes (35mm dish, 14mm micro well with 

No. 1.5 cover-glass P35G-1.7-14-C) and were visualized on a Zeiss LSM 780 with 

ELYRA PS.1 (Carl Zeiss AG) with 561, 488 and 405 nm lasers and BP 570–650, 

LP 750, BP 495–575, LP 750 and BP 420–480, LP 750 beam splitters. Z-Stack images 

were taken using a Plan-Apochromat x63/1.4 oil DIC M27 objective. Images were 

processed using the ZEN2011(Carl Zeiss AG) software and were post processed by 

the Amira 6.0 3D image analysis software (FEI). To verify the resolution of WF and 

SR-SIM in biological samples, intensity maxima of Fm4-64 or Nile Red stained 

membranes of 20 cells were compared using the Nikon Eclipse Ti and Zeiss LSM 780 

ELYRA, respectively. Furthermore, a GATTA-SIM 120B (GATTAquant) nanoruler, with 

a defined distance of 120 nm separated Alexa Fluor 488 fluorophores, was used to 

determine the resolution of the structured illumination microscope. 
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2.5 Direct stochastic optical reconstruction microscopy (dSTORM) 

 

For dSTORM, samples were placed on MatTek GlasBottom Microwell Dishes (35mm 

dish, 14mm micro well with No. 1.5 cover-glass P35G-1.7-14-C) and dSTORM images 

were acquired with a Nikon Eclipse Ti (Nikon GmbH) inverse microscope in ‘Sedat’ 

configuration, using a 647nm Fiber Laser and 405 nm Argon laser and a mercury vapor 

lamp and bright field LED. Differential interference contrast (DIC) was used for WF 

overlays. Micrographs were taken with the Nikon x100/1.49 Oil APO TIRF objective 

and an ANDOR iXon3 camera. Samples were re-suspended in dSTORM buffer I or II 

(Table 1 and 2) (Dempsey et al., 2011) and were processed as described before 

(2.3.1). A time series of 5,000-20,000 frames were recorded at 55 Hz at 300 mV 

excitation. Images were processed with NIS-Elements Imaging software 4.11 (Nikon 

GmbH) determine the minimum peak height according to the signal intensity. Drift 

correction was applied for all processed images. 

 

Table 1: dSTORM buffer I 

Composition Concentration and handling 

dSTORM buffer I 10 mM MEA (10 µl) 

50 mM BME (3.5 µl) 

2.5 mM PCA (25 μl) 

50 nM PCD (10 μl) 

2 mM COT (10 µl) 

75% Glycerol (750 µl) 

25% 10mM Tris-PBS (25 µl) 

166.5 µl ddH2O 

Cysteamine (MEA) 

 

1 M MEA (Sigma-Aldrich 30070) in 

ddH2O adjust pH to 8.0 using glacial 

acetic acid store at 4°C 

β-Mercaptoethanol (BME) 

 

14.3 M BME (Sigma-Aldrich M6250) 

store at 4°C 

Cyclooctatetraene (COT) 

 

200 mM COT (Sigma-Aldrich 138924) 

in DMSO 

Protocatechuic acid (PCA) 

 

100 mM PCA (Sigma-Aldrich 37580) in 

ddH2O  

adjust pH to 9.0 using KOH 

store at 4°C 
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Protocatechuic dioxygenase (PCD) 5 μM PCD (Sigma-Aldrich P8279) 

50 mM KCl 

1 mM EDTA 

50% Glycerol 

100 mM Tris-HCl (pH 8.0) 

store at -20°C in aliquots 

  

 

 

Table 2: dSTORM buffer II 

Composition Concentration and handling 

dSTORM buffer II 

 

 

Buffer B (620 µl) 

GLOX solution (7 µl) 

1M MEA (70 µl) 

Buffer B  50 mM Tris-HCI (pH 8.0)  

10 mM NaCl  

10% Glucose 

Buffer A  10 mM Tris-HCI (pH 8.0)  

50 mM NaCl 

GLOX solution 

 

14 mg Glucose Oxidase 

(G2133 Sigma-Aldrich) 

50 μl Catalase (17 mg/ml) 

(C40 Sigma-Aldrich) 

200 μl Buffer A 

 

Vortex to dissolve Glucose Oxidase 

Spin down 14,000 rpm 

Only use supernatant 

Store at 4°C for up to 2 weeks 

Cysteamine (MEA)  

 

77 mg MEA (Sigma-Aldrich 30070) 

1 ml 0.25 N HCl 

Store at 4°C for up to 1 month 
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2.6 Transmission electron microscopy (TEM) 

 

Images were taken in collaboration with Prof. Dr. Manfred Rohde at the Helmholtz 

Centre for Infection Research (Braunschweig) with a TEM 910 transmission electron 

microscope (Carl Zeiss AG) and in collaboration with Prof. Dr. Roberto Kolter at the 

Harvard Medical School EM Facility (Boston) with a JEOL 1200EX TEM. TEM 910 

images were recorded with a Slow-Scan CCD-Camera (ProScan, 1024 x 1024) and 

the ITEM-Software (Olympus Soft Imaging Solutions). For negative staining cells were 

air-dried after incubation with 0.1-2% (w/v) aqueous uranyl acetate, pH 5.0 on a thin 

carbon film, sublimated onto a freshly cleaved mica surface (Wittmann et al., 2014).   

 

2.6.1 Immunolabelling on ultrathin sections 

 

For immunogold labelling an exponential phase culture of G. obscuriglobus was 

pelleted and high pressure frozen using a Leica EM Pact (Leica). Frozen cells were 

freeze-substituted in 98% ethanol solution containing 2% water and 0.5% 

formaldehyde at -90°C for 50h followed by an increase in temperature to -50°C over a 

span of 12h. Later samples were brought to -30°C over a span of 8h, dwelling for 12h 

at -30°C. Samples were transferred into 100% ethanol at -30°C and were allowed to 

reach 7°C. Then, cells were embedded in LR White resin. After polymerization, 

ultrathin sections were cut with a diamond knife, collected with butvar-coated nickel 

grids and incubated with the rabbit, anti-Na+-F1F0-ATPase antibody (1:20 dilution, 

Table 3) overnight at 7°C. After washing with PBS, sections were placed onto drops of 

protein A-gold (1:75 dilution, 15 nm in size, Table 3) and were incubated for 1h at RT. 

Subsequently grids were washed with PBS containing 0.1% Tween 20, TE-buffer 

(20 mM Tris, 1 mM EDTA, pH 6.9) and distilled water, respectively. Samples were 

stained with 4% uranyl acetate for 1 min and were examined with the TEM 910 (Zeiss) 

as described above. Antibody labelling was verified by four independent labelling 

approaches. For quantification, three different researchers determined the gold particle 

localization of 10 micrographs. Gold particles were either assigned to the inner or outer 

membrane, or unspecific in or outside the cell. Localization efficiency was considered 

with a 22.5 nm ∅ discrepancy due to antibody size. Antibody localizations were kindly 

analyzed in cooperation with Prof. Dr. Manfred Rohde and Dr. Muriel van Teeseling. 
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2.6.2 High pressure freezing, freeze substitution and thin sectioning  

 

The protocol was performed as previous described (Jogler et al., 2011). Entire colonies 

of Fuerstia marisgermanicae and the strains FF011L, Pan54, Pan44, V22 and Pan216 

were scraped from agar plates to perform high pressure freezing in BSA with a Leica 

EM Pact-2 (Leica). Frozen cells were freeze-substituted in acetone with 2% osmium 

tetroxide at -80°C for 50h followed by an increase in temperature to -20°C over a span 

of 14h. Later samples were brought to +20°C over a span of 22h. Samples were 

washed three times in fresh acetone for 30 min followed by 10 min in 100% 

propylene oxide and embedding in TAAB Epon. Epon blocks were cut in 50 nm 

sections (Reichert Ultracut S) and were stained with 2% uranyl acetate and 0.2% lead 

citrate. Washed samples were than imaged using a JEOL 1200EX TEM microscope at 

80 kV. 

 

2.6.3 Stalk visualization 

 

To visualize the stalk formation of P. limnophila, cells were cultivated for 3 days in 

sealed 6 well-plates with M3 medium. To induce the attachment, coverslips were 

placed on the bottom of the wells or floating on the medium, stabilized by the surface 

tension and incubated for at least 24h. Coverslips were then washed twice to remove 

unattached bacteria with tap water and were subsequently analyzed by WF 

microscopy. TEM analysis of the stalk formation of P. limnophila was performed by Dr. 

Christian Jogler (Figure 24 c) at the Harvard Medical School EM Facility (Boston). 

 

2.7 Scanning electron microscopy (SEM) 

 

Scanning electron microscopy (SEM) was performed at the Helmholtz Centre for 

Infection Research (Braunschweig) as previously described (Rast et al., 2017). 

P. limnophila, the strain Pan216 and A. agarilytica cells were fixed in 1% formaldehyde 

in HEPES buffer (3 mM HEPES, 0.3 mM CaCl2, 0.3 mM MgCl2, 2.7 mM sucrose, pH 

6.9) for 1h on ice and were washed one time with HEPES buffer. Cover slips (12 mm) 

were coated with a poly-L-lysine solution (Sigma-Aldrich) for 10 min and were air-dried 

after washing with distilled water. 50 µl of the fixed bacteria solution were incubated 

for 10 min on a cover slip. The cover slip was fixed with 1% glutaraldehyde in TE buffer 

(20 mM TRIS, 1 mM EDTA, pH 6,9) for 5 min at RT and subsequently washed twice 

with TE–buffer. Samples were dehydrated in a graded series of acetone (10, 30, 50, 

70, 90, 100%) on ice for 10 min at each concentration. Afterwards samples were 

brought to RT and were transferred to fresh 100% acetone, followed by critical-point 
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drying with liquid CO2 using a CPD 300 (Leica). Dried samples were covered with a 

gold/palladium (80/20) film by sputter coating using a SCD 500 (Bal–Tec). Cells were 

analyzed by field emission scanning electron microscope (Zeiss Merlin) using the 

Everhart Thornley HESE2–detector and the in-lens SE–detector in a 25:75 ratios at an 

acceleration voltage of 5 kV. 

Cryo-SEM (Figure 26 d) was kindly performed by Dr. Rob Mesman and Dr. Laura van 

Niftrik at the Radboud University (Nijmegen). 

 

2.8 Staining of Planctomycetes 

 

Membranes of G. obscuriglobus, R. baltica, P. limnophila WT and P. limnophila 

SCJ0036 were stained with FM4–64/FM4-64FX ((N-(3-Triethylammoniumpropyl)-4-(6-

(4-(Diethylamino) Phenyl) Hexatrienyl) Pyridinium Dibromide, Thermo Fisher 

Scientific) or Nile Red (Sigma-Aldrich) at a final concentration of 3 µg/ml for 10 min at 

RT. In addition, DNA was stained by DAPI (4',6-diamidino-2-phenylindole, Thermo 

Fisher Scientific) at a final concentration of 1 µg/ml for 10 min at RT. Cells were washed 

with 1 ml tap water and centrifuged at 2500 x g for 1.5 min. Washing was repeated 

twice. For DiOC6(3) (Thermo Fisher Scientific) membrane potential staining of 

G. obscuriglobus, R. baltica and P. limnophila, cells were incubated at a final 

concentration of 5 µg/ml for 45 min at 28°C and were washed twice. Post staining, cells 

were analyzed using WF or SR-SIM as described above (2.3.1 & 2.4).  

 

2.8.1 Sucrose treatment 

 

To apply plasmolytic stress to P. limnophila SCJ0036, cells were treated with 30% 

sucrose for 3 min at RT. Subsequently 1% glutaraldehyde (final concentration) was 

added for 1h at RT and subsequently cells were washed twice with tap water. Cells 

without sucrose treatment served as negative control. Afterwards, samples were 

stained with Fm4-64FX and DAPI as described above (2.8).  
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2.9 Immunofluorescence microscopy 

 

For immunofluorescence microscopy 2 ml of an exponential-phase G. obscuriglobus 

culture were centrifuged at 2500 x g for 2 min. The supernatant was discarded and the 

cell pellet was re-suspended in fresh dissolved 3% paraformaldehyde (PFA). After 

incubation at 4°C over night (ON) or 1h at RT, cells were washed three times with 

phosphate buffered saline (PBS, pH 8.0). To increase the label efficiency, cells were 

re-suspended in 150 µl ice cold resuspension buffer (50 mM Tris HCL, 10 mM 

Na2EDTA 2H2O pH 8.0, 0.1 mg/ml), followed by 150 µl disruption buffer (200 mM 

NaOH, 1% SDS). The Sample was inverted gently five times and incubated for 15 min 

at RT. Subsequently, cells were washed three times with PBS and were dissolved in 

1 ml 1x blocking reagent (Roche). Cells were incubated for 2h at RT at 300 rpm 

(ThermoMix®). Afterwards, cells were incubated with the primary antibody (rabbit, anti-

Na+-F1F0-ATPase, Table 3) diluted 1:100 in 1x blocking buffer at 4°C, ON and were 

washed subsequently three times with PBST (Table 7). The sample was then 

incubated with a secondary antibody (goat Alexa-Fluor 647, anti-rabbit, Table 3) 

1:1000 diluted in PBST for 3h at RT in the dark. Finally, cells were washed three times 

with PBST and were imaged using WF microscopy or dSTORM as described above. 

Cells lacking the first antibody (rabbit, anti-Na+-F1F0-ATPase) were used as negative 

control. 

For the quantitative localization analysis, 50 labelled cells were separated into two 

parts; the outer rim (400 nm ∅) and the inner part. The intensity per area was 

determined using the ROI analysis function of the NIS elements 4.3 software (Nikon). 

Each area of interest was manually determined. 

 

Table 3: List of antibodies 

Target Produced in Provided by 

anti-Na+-F1F0-ATPase  rabbit (Brandt et al., 2013) 

anti-Plim_1972 rabbit COVANCE, Denver, USA 

anti-rabbit IgG, HRP (horseradish 

peroxidase) linked Antibody 

goat Cell Signalling Technologies 

anti-rabbit IgG (H+L), F(ab')2 

Fragment (Alexa Fluor ® 647 

Conjugate) 

goat Cell Signalling Technologies 

anti-rabbit IgG (H+L), EM 15 nm Gold goat BBInternational 
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2.10 Lysozyme assay  

 

To determine the susceptibility of Planctomycetes to lysozyme, P. limnophila, 

G. obscuriglobus, R. baltica and the strain L21-RPul-D3 were treated with lysozyme 

(10 mg/ml) supplemented with EDTA (20 mM) for up to 48h at 37°C at 300 rpm 

(ThermoMix®) (Jeske et al., 2015). To increase the osmotic pressure, P. limnophila 

and G. obscuriglobus cells were incubated with ddH2O, while R. baltica and the strain 

L21-RPul-D3 were incubated in tap water and artificial seawater, respectively. 

Corresponding cells, incubated in ddH2O, tap water and artificial seawater supplied 

with EDTA (20 mM) served as negative control. Samples were imaged using the Nikon 

Ti as described above (2.3.1) (Jeske et al., 2015). 

To determine the effect of lysozyme on planctomycetal murein sacculi, extracted 

sacculi of P. limnophila and G. obscuriglobus were treated with 100 mg/ml lysozyme 

in ddH2O for 2h at 37°C at 300 rpm (ThermoMix®). Sacculi in ddH2O without lysozyme 

served as negative control and were subject to negative staining (0.1-2% aqueous 

uranyl acetate). Images were taken with the TEM 910 as described above. Murein 

sacculi were extracted by Olga Jeske, DSMZ Braunschweig (Jeske et al., 2015).  

 

2.11 Macromolecule uptake experiment 

 

2.11.1 Macromolecule uptake at SR-SIM 

 

To induce the GFP uptake in G. obscuriglobus, an early stationary phase culture was 

incubated with a final concentration of 10 µg/ml GFP at 28°C for at least 60 min. After 

incubation, cells were stained with Nile Red and DAPI and were further analyzed using 

SR-SIM as described above. To visualize the uptake of fluorescein-labelled dextran 

(40 kDa, Thermo Fisher Scientific) or Alexa 647 labelled dextran (10 kDa, Thermo 

Fisher Scientific) G. obscuriglobus and P. limnophila cells were incubated in M3 

medium for at least 1h at 28°C at a final concentration of 5 mg/ml labelled dextran. 

After incubation cells were stained with Fm4-64/Nile Red and DAPI and were analyzed 

using SR-SIM as described above (2.4).  
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2.11.2 Macromolecule uptake at dSTORM 

 

For dSTORM experiments cells were incubated with 10 kDA Alexa-647-labelled 

dextran and were subsequently stained with DAPI. To determine the putative vesicle 

formation in Planctomycetes, SR-Tesseler was used for cluster analysis of the 

incorporated dextran in dSTORM micrographs. As negative control a 0.01% polylysine 

coated glass bottom dishes (MatTek) with Alexa-647-labelled dextran at a final 

concentration of 5 µg/ml was used. The SR-Tesseler method was used employing a 

minimum range of 40 nm and a minimum localization of 20 fluorophore detections. 

 

2.11.3 Macromolecule uptake at TEM 

 

For TEM uptake experiments 1 ml of P. limnophila or G. obscuriglobus cells of a biofilm 

producing culture were centrifuged at 2500 x g for 1.5 min. Subsequently cells were 

incubated with 100 µl of gold-labelled dextran (GP10-DX-20 or GP3-DX-20: Gold 

Nanoparticles, Dextran Coated, 10 nm / 3 nm, 20 ml) in 900 µl 10 mM Tris pH 7.5 for 

up to 4h at 28°C. Then, cells were washed two times in sterile tap water and were fixed 

with 1% formaldehyde for 1h at 4°C. To detect fibers of G. obscuriglobus using WF 

microscopy cells were imaged on a glass bottom dish (MatTek) using the Nikon Ti 

microscope. For the visualization of the attachment of gold-labelled dextran to the cells, 

cells were stained with 0.1-2% (w/v) aqueous uranyl acetate and were imaged with the 

TEM 910 (Zeiss) as described above (2.6). 

 

2.12 The effect of A22 on bacterial growth 

 

2.12.1 Growth curve experiments 

 

To determine the effect of A22 (S-(3,4-Dichlorobenzyl)isothiourea hydrochloride) on 

Planctomycetes, growth experiments were performed measuring the optical density of 

growing cultures at 600 nm (OD600nm). Therefore 0.5 ml of an early stationary phase 

culture of P. limnophila, G. obscuriglobus, R. baltica, the strain Pan216 or M. luteus 

were inoculated to 4.5 ml corresponding medium (as described above 2.2). A22 in a 

final concentration from 0 up to 250 µM was added. Samples were cultivated for up to 

5 days at the corresponding growth temperature and 90 rpm in the dark. Every growth 

condition was repeated at least in duplicates and each culture served as its own blank 

prior to inoculation. 
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2.12.2 Live cell imaging 

 

To visualize the effect of A22 to bacterial cells, the CellASIC® ONIX Microfluidic 

Platform (Merck Millipore) was used as described above (2.3.3). Cells were cultivated 

with corresponding medium and a final concentration of A22 from 0 up to 250 µM was 

added. The medium flow rate was adjusted to 2 psi and cells were observed up to 

3 days at the corresponding temperature. For the strain Pan216 cells were imaged 

after a preincubation for 24h due to a lag phase before the first division. After the 

incubation with A22 containing medium, cells were washed with fresh M1H NAG 

medium to remove A22 residues. For analysis, 20 dividing cells were observed for 

each condition (0, 25, 50, 100 µM A22). The length of the daughter cells was 

determined at the final point of budding using the NIS elements software. To verify the 

effect of A22, E. coli K12 was used as control culture. Cells were incubated on an 

agarose pad supplemented with LB medium. Cells were observed at 37°C with 

119.6 µM A22 and imaged for up to 5h.  

 

2.12.3 Phylogenetic analysis of MreB in Planctomycetes 

 

To analyze the presence of MreB (rod shape-determining protein MreB) in 

Planctomycetes, a putative MreB from P. limnophila (WP_013110875.1) and the 

experimental validated MreB in E. coli (WP_000913396.1) were compared against the 

taxa Planctomycetes (Taxid:112) using BLASTp in the NCBI database. Positive hits 

and additional reference sequences (Supplementary Table 2) were aligned using 

ClustalW. Neighbor-joining algorithm was performed with 1,000 bootstrap replicates. 

 

2.13 Planctomycetal live cycle under the effect of stileriacine A1 

 

To analyze the live cycle of budding of Planctomycetes, cells of the strain Mal15 were 

inoculated 1:10 in fresh medium (M1H NAG ASW) and were cultivated for 72h at 28°C 

at 80 rpm. Subsequently, cells were monitored during the cell division using the 

CellASIC® ONIX Microfluidic Platform (Merck Millipore). Elastically trapped cells were 

monitored for up to 36h at 28°C at 2x 1 psi and were either cultivated in M1H NAG 

ASW or treated with M1H NAG ASW supplemented with the isolated compound A1 

(stileriacine A1) in a physiological concentration of 0.1767 nM. This compound was 

isolated from the strain Mal15 and was kindly provided by Olga Jeske (DSMZ, 

Braunschweig). The physiological concentration was determined during compound 

extraction. To determine different states of cell division the cell cycle was divided into 

three phases. T0 describes the time until the first visible sign of division, the formation 
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of the bud. T1 is defined as the time from the first sign of budding up to the release of 

the daughter cell. T2 represents the time from releasing the daughter cell up to the next 

sign of budding. To determine T0 the times of three cells in three fields of view were 

compared. For T1 and T2 three successive divisions of three different cells in three 

fields of view were compared. All experiments were done in three biological replicates. 

 

2.14 Planctomycetal proteomics 

 

The membrane proteomes were performed with the kind help of Dr. Martin Kucklick 

and Prof. Dr. Susanne Engelmann from the TU-Braunschweig and HZI-Braunschweig. 

 

2.14.1 Membrane accumulation 

 

The membrane accumulation protocol was performed as described before (Boedeker 

et al., 2017). The cell pellet of an early stationary phase culture of P. limnophila 

(500 ml) was re-suspended in ice-cold MOPS buffer, containing one dissolved EDTA-

free protease inhibitor tablet (Roche). Cells were lysed by mechanical shearing (3x 

30 s 6.0 m/s; MP Biomedicals) using 0.1 mm glass beads (BioSpec). Cellular debris 

and unlyzed cells were sedimented by centrifugation (5000 x g, 20 min). Membranes 

were separated from the supernatant by centrifugation at 160,000 x g, for 1h at 4°C. 

The pellet was resuspended in 2 ml of 1 M sucrose in 20 mM MOPS buffer using a 

syringe with a needle. The membrane suspension was applied to the top of a isopycnic 

sucrose gradient (1 M, 1.5 M, 2 M, and 2.5 M) in MOPS buffer (Table 4) and was 

centrifuged at 200,000 x g for 24h at 12°C. Enriched membranes were collected from 

the gradient using a syringe with a needle, extracting the fraction from the side of the 

tube (Beckman Coulter 344322 TUBES, QS UC 5/8 X 3). The membrane suspension 

was washed with MOPS buffer, containing Complete EDTA free protease inhibitor 

(Roche), followed by centrifugation (100,000 x g, 1 h, 4°C). The membrane fraction 

was further treated with carbonate extraction (Fujiki et al., 1982), while the pellet was 

diluted in 5 ml ice-cold 100 mM NaCO3, pH 11 and incubated for 30 min on ice. The 

suspension was centrifuged (100,000 x g, 30 min) and the procedure was repeated 

twice followed by two washing steps with 5 ml ice-cold ddH2O. All steps were 

performed in the presence of Complete protease inhibitor (Roche). Following, the 

membrane fraction was subjected to Wessel-Flügge-Precipitation (Wessel & Flügge, 

1984), incubating the sample 1h at 4°C in ice-cold 4 ml methanol, 1 ml chloroform and 

3 ml water. Membrane fraction was centrifuged at 5,000 x g for 1h at 4°C and the upper 

layer was carefully removed. The protein precipitated at the interface was pelleted by 

centrifugation (13,000 x g, 15 min, 4°C) after resuspension in 400 µl ice-cold methanol. 
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The pellet was initially dried in a Speedvac (Eppendorf concentrator plus) for 8 min, 

followed by air-drying in an extractor hood. Finally, the membrane fraction was 

dissolved in 8 M urea and 2 M thiourea. Different amounts of protein extract were mixed 

with loading buffer and were separated using one dimensional SDS polyacrylamide gel 

electrophoresis (Toyofuku et al., 2012). Buffer and gel compositions are mentioned in 

Table 4. To determine the protein concentration, a low molecular weight standard 

(GE Healthcare) was added. Samples were separated in running buffer at 80 V for 

20 min followed by 100 V for 1.5h.  

Subsequently after sample separation, gels were stained with Colloidal Coomassie dye 

and were analyzed using AIDA software. Protein concentrations were determined 

using the LMW standard. Protein band intensities were compared to the BSA band at 

66 kDa (0.5 µg). Each lane was divided into eight subsamples, with similar protein 

amounts. Subsamples were cut in approximately 1 mm3 cubes and were decolorized 

(bleaching buffer) over night. Partly bleached gel parts were repeatedly washed with 

bleaching buffer until getting translucent. Following, samples were overlaid with 

acetonitrile and incubated for 5 min in 50 mM (NH4)HCO3 for dehydration. After a 

repeated washing step with acetonitrile, samples were incubated for 30 min at 60°C 

with DTT-solution and were washed with acetonitrile. Dehydrated gel cubes were 

incubated with IAA for 1h and were alternating treated with acetonitrile and 50 mM 

(NH4)HCO3 as described above. Finally, gel cubes were dried completely at RT and 

were subjected to trypsin digestions. The amount of trypsin was adjusted according to 

the protein concentration. Trypsin buffer was added stepwise, until the gel cubes were 

barely covered with buffer. Trypsin digestion was performed at 37°C at 50 rpm for 12h 

(Lassek et al., 2015).  

To extract the digested peptides, the supernatant was collected during the following 

steps. The samples were repeatedly dehydrated with acetonitrile followed by the 

incubation of formic acid. In the first step, the samples were rehydrated with 1% formic 

acid, followed by 10% formic acid. The collected supernatants were dried completely 

via Speedvac. To remove remaining salt from the sample ZipTips (Millipore) were used 

as described in the manufactures manual. Peptides from each subsample were solved 

in 3 % acetonitrile and 0.1 % formic acid and were centrifuged for 20 min at 

109,000 x g.  

The supernatant was analyzed by tandem mass spectrometry (LC-MS/MS) with a 

nanoAQUITY Ultra Performance Liquid Chromatography System (Waters Corporation) 

which was coupled to an LTQ Orbitrap Velos Pro mass spectrometer (Thermo Fisher 

Scientific). For details see (Boedeker et al., 2017). MS/MS data were analyzed using 

MaxQuant (Max Planck Institute of Biochemistry, www.maxquant.org, version 1.4.1.2) 

with the following parameters: peptide tolerance 5 ppm; a tolerance for fragment ions 

of 0.6 Da; variable modification:  
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methionine oxidation, fixed modification: carbamidomethylation; a maximum of three 

modifications per peptide was allowed; a minimum of 2 unique peptides per protein; 

fixed false discovery rate (FDR) of 1 %. The LC-MS/MS and the MaxQuant analysis 

was performed at the HZI (Braunschweig). All data were compared against a database 

containing all protein sequences of P. limnophila DSM 3776 extracted from the NCBI 

database at 07/21/2015 with a decoy mode of reverted sequences and common 

contaminants supplied by MaxQuant. Proteins were considerably reliable identified 

when they were identified in two biological replicates. 

 

Table 4: List of materials (membrane accumulation) 

Materials Composition Concentration 

and Quantities 

MOPS buffer MOPS (pH 8.0) 

NaCl 

20 mM 

200 mM 

Loading buffer (4x) Glycerol 

β- Mercaptoethanol 

SDS 

Bromophenol blue 

Tris 

ddH2O 

7.5 ml  

2.5 ml  

1.2 g 

200 µl  

0.4 g 

50 ml 

Stacking gel ddH2O 

30/8% Acrylamide/Bis-acrylamide 

1.5 M Tris-HCl (pH 6.8) 

10% SDS 

10 % APS 

TEMED 

2.975 ml 

0.67 ml 

1.25 ml 

50 µl 

50 µl   

5 µl 

Separating gel (12 %) ddH2O 

30/8% Acrylamide/Bis-acrylamide 

1.5 M Tris-HCl (pH 6.8) 

10% SDS 

10 % APS 

TEMED  

3.2 ml 

4 ml 

2.6 ml 

100µl 

100 µl 

10 µl 

Running buffer Tris/base 

glycine 

SDS 

25 mM 

200 mM 

0.1% 

Colloidal Coomassie dye Colloidal Coomassie Stock solution 

Methanol 

80% 

20% 
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Bleaching buffer  

(pH 7.8 - 8.1) 

Methanol 

20 mM (NH4)HCO4 

50% 

50% 

Trypsin buffer (pH 7.6) 

 

Tris/HCl  

CaCl2 2H2O 

50 mM 

1 mM 

 

2.14.2 Membrane shaving 

 

Membrane shaving was performed as previously described (Wolff et al., 2008). Cells 

of an early stationary phase culture of P. limnophila (500 ml) were harvested by 

centrifugation (8,000 x g) for 10 min at 4°C. Pellets were washed twice with ice-cold 

TBS (Table 5) containing EDTA-free protease inhibitor (Roche). Washed cell pellets 

were resuspended in lysis buffer and were mechanically cracked by FastPrep. 1 ml of 

cell pellet suspension was mixed with 500 µl 0.1 glass beads (BioSpec) and were 

disrupted three times at 30 s and 6.0 m/s (MP Biomedicals). 3 µl of Nuclease Mix 

(GE Healthcare) were added to the lysate and were incubated according to the 

manufactures manual. The cell debris and glass beads were removed by centrifugation 

and the supernatant was stored at -20°C. The crude protein extract was pelleted by 

centrifugation (100,000 x g, 1 h) and the supernatant containing cytosolic proteins were 

discarded. The membrane protein pellet was homogenized in 500 µl carbonate buffer 

(Table 5), the protein concentration was determined by Bradford protein assay (Roti®-

Nanoquant) and adjusted to 1 mg/ml. The extract was incubated 1h at 4°C on an 

overhead shaker, while every 15 min the sample was homogenized by pipetting three 

times with a syringe (0.8 x 120 mm). Afterwards solid urea (8 M final concentration) 

and TCEP stock solution (5 mM final concentration, Table 5) were added and 

incubated for 60 min at 30°C. Subsequently, IAA stock solution (10 mM final 

concentration) was added and incubated for 30 min at RT in the dark. To degrade 

unintended proteins, proteinase K was added in an enzyme to protein ratio of 1:50 and 

was incubated for 15h at 900 rpm and 37°C (ThermoMix®).  

After incubation one volume of 10 % acetonitrile in ice-cold ddH2O was added and 

proteins were pelleted by centrifugation at 100,000 x g for 1 h. The supernatant was 

discarded and the pellet was washed with 50 mM TEAB (Table 5) and was repeatedly 

centrifuged (100,000 x g, 1 h). The pellet was resuspended in 200 µl chymotryptic 

digestion buffer, adding chymotrypsin (enzyme to protein ratio of 1:50 - 1:100) and 

incubate at 30°C and 900 rpm for 6h. The digestion was stopped by adding HCl to 

reduce the pH below 2. After that, the sample was incubated for 45 min at 37°C, cooled 

on ice and centrifuged twice at 20,000 x g for 15 min. The clear supernatant was 

treated with ZipTips (Millipore) as described in the manual and was stored at -20°C 
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until LC-MS/MS analysis. The LC-MS/MS column was heated up to 60°C during 

peptide detection.  

MS/MS datasets were analyzed using MaxQuant (Max Planck Institute of 

Biochemistry, www.maxquant.org, version 1.4.1.2) with the following parameters: 

variable modifications: methionine oxidation, carbamidomethylation; fixed 

modification: no. a maximum of five modifications per peptide was allowed; a minimum 

of two unique peptides per protein; fixed false discovery rate of 1% for proteins, 

peptides and site decoy fraction. Maximum missed cleavages: 4, minimum peptide 

length: 6 AAs. All samples were compared against a database containing all protein 

sequences of P. limnophila DSM 3776 extracted from NCBI at 07/21/2015 with a decoy 

mode of reverted sequences and common contaminants supplied by MaxQuant. Match 

between runs: yes; matching time window: 2 min; alignment time window: 20 min. A 

protein was considerably reliable identified when it was identified in both biological 

replicates. Only chymotrypsin digested peptides were acknowledged due to the 

specific cutting pattern (WYFL). The LC-MS/MS and the MaxQuant analysis was 

performed at the HZI (Braunschweig). 

 

Table 5: List of materials (membrane shaving) 

Materials Composition Concentration 

and Quantities 

TBS (pH 8.0) MOPS (pH 8.0) 

CaCl2 

50 mM  

150 mM  

   

Carbonate buffer  

(pH 11.0) 

Na2CO3 

NaCl 

100 mM  

100 mM 

TCEP stock solution  

(pH 8.0) 

TCEP  

(Tris(2-carboxyethyl)phosphine) 

Tris-HCl 

500 mM 

 

200 mM 

IAA stock solution Iodoacetamide in ddH2O 500 mM 

Proteinase K dilution buffer  

(pH 8.0) 

 

Tris-HCl  

CaCl2 

50mM 

10 mM 

Chymotryptic digestion buffer 

(pH 7.8) 

TEAB 

CaCl2 

RapiGest™  

(SF Surfactant, Waters) 

50 mM 

10 mM 

0.5% 
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2.14.3 Proteome analysis 

 

Verified proteins were compared using PSI-BLAST in the NCBI database, against NR 

(Non-redundant protein sequences), excluding the taxa Planctomycetes 

(Taxid:203682). The analysis was performed with an expected threshold of 0.001 and 

5 iterations. For all blast results an e-value of 1e-6 and an identity of 30% or conserved 

domains were used as cut off. Additional structure predictions were done with HHpred 

(Hidden Markov Model Database: pdb 70_01Mar16 + SCOPe95_2.05; MSA 

generation Method: PSI-BLAST; with 3 iterations; 

http://toolkit.tuebingen.mpg.de/hhpred). The subcellular protein localization of 

P. limnophila (NC_014148.1), P. limnophila MA (membrane accumulation proteome) 

and P. limnophila MS (membrane shaving proteome) were determined using 

PSORTb 3.0 (http://www.psort.org/psortb/) with the Gram-negative option.  

 

2.15 Verification of Planctopirus limnophila ΔPlim_1972 (Clone 6) 

 

2.15.1 PCR based verification 

 

To verify the deletion of plim_1972 in Planctopirus limnophila ΔPlim_1972 (Clone 6) 

two different PCRs were performed (Table 6) to determine the replacement of 

plim_1972 with a kanamycin resistance cassette (Taq polymerase, Qiagen). 

Therefore, cells out of 1 ml exponentially growing culture of the wild type (WT) and the 

mutant strain were harvested by centrifugation (2,500 x g, 2 min). First, the flank 

regions of the gene plim_1972 were used to amplify either the plim_1972 gene 

resulting in a 3,628 bp PCR product or the kanamycin resistance gene with a PCR 

product of about 1,100 bp. Second, the presence of the kanamycin resistance was 

validated using gene specific primers, resulting in a 1,000 bp PCR product. These 

experiments were done in collaboration with Patrick Rast (DSMZ, Braunschweig).  
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Table 6: PCR reagents and realization 

Composition Quantities 

PCR H2O 

CL-Buffer 

dNTPs 

Primer forward 

Primer reverse 

Taq polymerase 

Template 

 

17.88 µl 

2.5 µl 

0.5 µl 

2 µl 

2 µl 

0.125 µl 

5 µl 

 

Flank PCR primer: 

CJ787_Forward: 5’-CGA AAC CGC TTG AAG ATG A-3’ 

CJ788_Reverse: 5’-AAT ACA CAC CCA TGT GTT GTT GC-3’ 

 

 

 

36x 

 

{ 

95°C 5 min 

94°C 30 s 

56°C 15 s 

72°C 90 s 

72°C 7 min 

Kanamycin PCR primer: 

CJ326a_Forward: 5’-GCG GTT TTA TGG ACA GCA AG-3’ 

CJ327a_Reverse: 5’-GCG ACA CGG AAA TGT TGA AT-3’  

 
 

36x 
    

{ 

95°C 5 min 

94°C 30 s 

54°C 15 s 

72°C 90 s 

72°C 7 min 

 

 

2.15.2 SDS-Page and Western Blot based verification 

 

In order to validate the deletion of plim_1972 in P. limnophila ΔPlim_1972 (Clone 6) on 

protein level, 1 ml of an exponentially growing culture of WT and mutant cell were 

harvested by centrifugation (2500 x g, 2 min). Cell pellets were dissolved in 95 µl 

Laemmli-buffer (Sigma) and 5 μl β-Mercaptoethanol. Samples were heated up to 99°C 

for 5 min and a corresponding volume was loaded to the SDS-PAGE. The stacking 

and separating gel were prepared as described in Table 7. Samples were separated 

in 1x SDS running buffer at 80 V for 20 min followed by 100 V for 1.5h.  

A PVDF membrane (Carl Roth) was equilibrated for 10 s in methanol followed by a 

washing step in ddH2O. Subsequently the membrane and the separating gel were 

incubated in transfer buffer for 10 min (Table 7). A stack of Whatman-paper, gel, PVDF 

membrane and Whatman-paper was blotted in a tank blotter (Biorad) for 2.5h at 90 V 

at 4°C. After that, the membrane was blocked with skim milk powder (1 g / 100 ml) 

over night at RT. The antibody (Table 3) anti-Plim_1972 IgG (rabbit, COVANCE) was 

added in a dilution of 1:1000 for 1h at RT. The membrane was washed tree times with 
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PBST and was subject to the second antibody (rabbit-HRP; Cell Signaling 

Technologies, Table 3) in a dilution of 1:500 for 1h at RT. The peroxide - horseradish 

peroxidase reaction (Lumi-light, Roche) was detected by using the photo imager LAS-

3000 (Fujifilm).  

 

Table 7: List of materials (SDS-Page) 

Materials Composition Concentration 

and Quantities 

Stacking gel ddH2O  

30% Acrylamide 

1.5 M Tris-HCl (pH 6.8) 

20% SDS 

10 % APS 

TEMED 

2.5 ml  

1 ml 

1.25 ml 

25 µl 

50 µl 

5 µl 

Separating gel (12 %) ddH2O  

30% Acrylamide 

1.5 M Tris-HCl (pH 6.8) 

20% SDS 

10 % APS 

TEMED 

2.09 ml  

4 ml 

3.75 ml 

50 µl 

100 µl 

10 µl 

Running buffer (10x) Tris/base 

Glycine 

SDS 

25 mM 

192 mM 

0.1% 

Transfer buffer Tris/base 

Glycine 

Methanol 

25 mM 

192 mM 

20% 

PBS-Tween (PBST) PBS 

Tween 20 

1x  

1% 
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2.15.3 Phenotypic analysis of P. limnophila ΔPlim1972 

 

To compare the dextran uptake of P. limnophila WT and the mutant P. limnophila 

ΔPlim1972, respectively 10 ml cells were inoculated in 20 ml M3 medium without 

corresponding antibiotics and were incubated for 6 days at 28°C and 90 rpm. These 

cultures were divided into triplicates, diluted (1:3) with fresh M3 medium (lacking 

antibiotics) and were incubated for 6 days at 28°C and 90 rpm. Afterwards, cells were 

incubated with a final concentration of 1 µg/ml dextran (10 kDa) for 1.5h. Subsequently, 

cells were additionally stained with DAPI and analyzed by WF microscopy after three 

washing steps of tap water. For quantification, three different fields of view for each 

replicate were analyzed (15,556 WT and 19,502 mutant cells). Unlabeled cells and 

cells treated with 50 mM carbonyl cyanide m-chlorophenylhydrazone (CCCP) served 

as control. Counting of cells was done in collaboration with Patrick Rast (DSMZ, 

Braunschweig). 

 

 



Results 

 

46 

 

3. Results 

3.1 The diversity of the planctomycetal cell plan 

 

The planctomycetal cell plan is highly diverse. To extend our understanding of the 

planctomycetal cell biology novel isolates were analyzed to describe some of their 

differences. High pressure frozen and freeze substituted novel Planctomycetes were 

subject to thin-sectioning and TEM analysis. Sections showed unique membrane 

invaginations of the inner cytoplasmic membrane, forming an extended network of the 

paryphoplasm (Figure 1 a-c). Whereas some cells showed long branches of 

membrane invagination (Figure 1 a, b), others revealed a more complex membrane 

network (Figure 1 c) or even the appearance of different compartments in the form of 

roundish structures (Figure 1 d). Interestingly the arrangement of dark spots 

(Ribosomes) aligned to the membrane invaginations could be observed (Figure 1 b). 

In addition to the membrane invaginations, elongated ultra-structures could be 

observed spanning a filament like structure across the cell of the strain V22 

(Figure 1 e). Furthermore, sections of the polar cap revealed a detailed view on the 

crateriform structures. These structures appear in a tube-like form, spanning from the 

inner to the outer cytoplasmic membrane and continue at the outside of the cell. Even 

parts with more electron dense spots could be observed in distinct intervals 

(Figure 1 f).  

Besides the high variation in the cell morphology of Planctomycetes, the cell plan of a 

specific planctomycete Gemmata obscuriglobus was subject to different interpretations 

about its cell structure. While some interpreted the unusual membrane formation as a 

tubular network (Santarella-Mellwig et al., 2013), others described a 

compartmentalized cell plan (Sagulenko et al., 2014). To address these points and to 

get an unbiased observation of the membrane formation of G. obscuriglobus, high 

pressure frozen and freeze substituted and thin-sectioned cells were analyzed via 

TEM. The overview of various G. obscuriglobus cells revealed two areas with different 

electron densities within the cells (Figure 2 a). These darker rounded areas were 

described as the pirellulosome (Lindsay et al., 1997), while the lighter parts depicted 

the paryphoplasm (Lindsay et al., 2001). After the observation of over a hundred 

sectioned cells, the vast majority of cells appeared with a highly diverse membrane 

organization, with elongated and rounded areas of the pirellulosome (Figure 2 a, b). 

However, only a few cells were observed with a unique membrane structure 

surrounding the nucleoid (Figure 2 c). This structure appears to be embraced by a 

double membrane enclosing the highly-condensed DNA within the pirellulosome.  
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Figure 1: Subcellular organization and ultra-structures of various novel Planctomycetes. High pressure frozen 
and freeze substituted cells of (a) Fuerstia marisgermanicae (b, e) and the strains Typ7 (c), Pan54 (d), Pan44 (f) 
and V22 were subject to thin-sectioning and TEM analysis. (a, b, c) Sections show unique membrane 
invaginations of the inner cytoplasmic membrane (black arrows), forming an extended network of the 
paryphoplasm. (b) Ribosomal arrangement can be observed along the invaginated membrane (white arrow 
heads). The nucleoid (N) appears highly condensed. (d) The strain Pan44 seems to show additional 
compartments, revealing vesicular like structures (asterisk) in addition to the main compartment (white arrow). 
(e) Elongated ultra-structures could be found in the strain V22 across the entire bacterial cell. (f) Sections of the 
polar cap show a detailed view of crateriform structures. These structures appear to be linked with the inner and 
outer cytoplasmic membrane and continue at the outside of the cell (black arrow head). Scale bar 100 nm. 

 



Results 

 

48 

 

 
Figure 2: Subcellular organization of Gemmata obscuriglobus. High pressure frozen and freeze substituted cells 
were subject to thin-sectioning and TEM analysis. (a) Overview of various G. obscuriglobus cells reveal the high 
variety of the inner cell organization. (b) Vesicular membrane network with membrane invaginations (black 
arrow head). (c) G.  obscuriglobus cell with membrane enclosed nucleus-like structure (white arrow head). The 
nucleoid (N) appears highly condensed. Scale bar 500 nm. 
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3.2 The planctomycetal membrane organization 

 

For many years, the analysis of the planctomycetal cell morphology was addressed by 

observation. Due to the lack of genetic tools for many years (Jogler et al., 2011), proper 

markers to distinguish between the different compartments were limited. However, 

after the development of the first genetic modification in Planctomycetes, new ways 

were opened into the understanding of their complex cell plan (Jogler et al., 2011). To 

analyze the planctomycetal membrane organization in more detail, a constitutive GFP-

expressing strain Planctopirus limnophila SCJ0036 was used to distinguish between 

the two compartments, the pirellulosome and the paryphoplasm. GFP-expressing cells 

were stained with DAPI (DNA) and FM4-64 (membrane) and analyzed by WF 

microscopy. The overview showed a high variety in the red fluorescence signal 

(Figure 3 a) and representative cells were depicted in more detail (Figure 3 b-d). After 

the analysis of 1838 stained cells, two different membrane staining patterns could be 

differentiated (Figure 3 e).  

 

 
Figure 3: Membrane organization of Planctopirus limnophila. (a) Overview of cytosolic GFP-expressing 
P. limnophila cells (green) with Fm4-64 membrane (red) and DAPI DNA (blue) staining. Employing wide field 
microscopy 1838 cells in 10 fields of view (fov) were analyzed detecting two distinct phenotypes. (e) While 27.6% 
of the cells appear with a typical Gram-negative membrane organization (b), 72.4% differ (c, d). These divergent 
cells show additional red foci accumulating in the cell and depicting an overlay of the green and red signal (c, d). 
(b-d) Line profiles of fluorescence intensity was plotted to visualize membrane organization. While cells with a 
Gram-negative membrane organization show one maxima on each side of the cell (b, black arrow heads), cells 
with internal red foci show enlarged or additional maxima (c, d, red arrow heads). The GFP signal never overlaps 
with the side maxima (green and black arrow heads), while it does show a colocalization with the additional 
maxima (red and green arrow heads). Scale bar 1 µm and 5 µm for overview. 
Modified from Boedeker et al., 2017. 
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A moiety of 27.6% of the observed cells (Type I) displayed a membrane staining on 

the outer rim of the cell (Figure 3 b) also indicated by the black arrow heads in the 

intensity plot. For these cells the GFP signal localized within the cells, framed by the 

FM4-64 signal. The DNA staining signal of P. limnophila cells was always condensed 

(Figure 3 a-d). In contrast to that, 72.4% of the observed cells (Type II) varied from the 

previous described membrane staining pattern (Figure 3 c, d). These cells comprise 

additional red foci in the middle of the cells or attached to its outer rim. This could also 

be shown by the red arrow heads in the intensity plot indicating the additional intensity 

maxima within the cell. The GFP signal appears surrounded by the membrane staining. 

However, cells appear yellow at regions where the GFP and FM4-64 signal overlap 

(Figure 3 c, d). This becomes even clearer in the intensity plots, where the green 

fluorescence signal gets slightly suppressed or overlaid, indicated by the green arrow 

heads (Figure 3 c, d).  

 

 
Figure 4: Plasmolytic stress increases membrane invaginations of P. limnophila. Overview of cytosolic GFP-
expressing P. limnophila cells (green) with Fm4-64 membrane (red) and DAPI DNA (blue) staining. (a) Treated 
cells show an enlarged area inside of the cell with no fluorescence single. The green signal only appears on the 
poles of the cells and is surrounded by the red fluorescence signal. Some poles show a blue fluorescence signal. 
(c) Untreated cells depict a common distribution of GFP expression and staining within the cell. (b) In treated 
cells line profiles of a representative cell show a distinct separation of the two maxima of the green fluorescence 
signal. (d) Untreated cells show one centered green fluorescence signal maximum. Scale bar 5 µm. 
Modified from Boedeker et al., 2017. 
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Whereas the resolution of the wide field fluorescence microscopy is limited by the 

diffraction limit of light, structures smaller than 200 - 250 nm cannot be resolved (Abbe, 

1873, Rayleigh, 1896). Therefore P. limnophila SCJ0036 cells were treated with 30% 

sucrose to generate a plasmolytic effect (Figure 4 a, b). Untreated cells served as 

negative control (Figure 4 c, d). For treated cells, the GFP signal localized at the poles 

of the cell, surrounded by the membrane staining. However, parts lacking the GFP 

localization appeared highly enlarged and the inner cytoplasmic membrane was 

stained by FM4-64 (Figure 4 a). This also was observed though an intensity blot of a 

representative cell, where two GFP maxima were observed in comparison to untreated 

cells. These GFP maxima overlay with the FM4-64 and the DAPI signal (Figure 4 b).  

To observe the membrane formation of unaffected cells in more detail, super-resolution 

structured illumination microscopy (SR-SIM) was applied. Therefore, cells imaged with 

WF microscopy were compared to cells analyzed by SR-SIM (Figure 5).  

 

 
Figure 5: Super-resolution structured illumination microscopy (SR-SIM) resolves membrane invaginations in 
P. limnophila. GFP-expressing P. limnophila cells (green) with Fm4-64 / Nile Red membrane (red) and DAPI DNA 
(blue) staining were either imaged using wide flied (WF) microscopy or SR-SIM. Representative cells without (a) 
or with invaginations (b, c) were compared. While WF microscopy overlays (b) and (c) show overlaps (yellow) of 
the GFP (green) and the membrane (red) signals, SR-SIM reveal fine lines emerging from the outer rim of the 
cells. SR-SIM resolves such overlaps as invaginations of the innermost membrane into the cytoplasm as 
schematically illustrated in the model. Scale bar 1 µm. Modified from Boedeker et al., 2017. 

 

While P. limnophila SCJ0036 cells stained with FM4-64 / Nile Red and DAPI showed 

a similar result for Type I cells (Figure 5 a), Type II cells showed a more detailed 

staining pattern (Figure 5 b, c). SR-SIM revealed fine lines of the Nile Red staining in 

the middle of the cell, rising from the outer rim of the cell (Figure 5 b). In addition, round 

structures linked to the outer rim of the cell could be observed (Figure 5 c). 

Interestingly, for some cells the GFP signal seems to lack at that part, where the 

membrane accumulation appeared on the inside of the cell (Figure 5 b), while others 

showed GFP signals located inside the ring like structure (Figure 5 c).  

 



Results 

 

52 

 

In addition, the membrane organization for two other planctomycetal model organisms 

was analyzed. Similar experiments were performed with G. obscuriglobus and 

Rhodopirellula baltica (Figure 6). Employing WF microscopy, cells stained with FM4-

64 and DAPI showed a membrane staining of the outer rim as well as interior 

structures. The DNA appeared highly condensed. However, SR-SIM revealed more 

details of the membrane organization, showing a network of membrane accumulation 

in the middle of the cell (Figure 6 a, b) and a resolved polar cap region for R. baltica 

cells (Figure 6 c, d).  

 

 
Figure 6: SR-SIM resolves membrane organization in G. obscuriglobus and Rhodopirellula baltica. Fm4-64 / Nile 
Red (red) and DAPI (blue) stained G. obscuriglobus and R. baltica cells were either imaged using WF microscopy 
or SR-SIM. Representative cells with different morphotypes were illustrated. (a-d) While WF microscopy overlays 
show blurry signals and red foci inside the cell, SR-SIM reveals fine lines emerging from the outer rim of the cells, 
as schematically illustrated in the model. Scale bar 1 µm. Modified from Boedeker et al., 2017. 

 

Since SR-SIM was described as having doubled the resolution of conventional WF 

fluorescence microscopy (Allen et al., 2014), the resolution of SR-SIM was verified 

under experimental conditions. Therefore, the width of the FM4-64 / Nile Red signal of 

the outer and inner cytoplasmic membrane of P. limnophila SCJ0036 cells were 

compared (Figure 7 a-c). While analyzing 20 cells, the width of 442 +/- 68 nm for WF 

and 225 +/- 44 nm for SR-SIM could be determined for the membrane staining peaks 

in the intensity plot. Furthermore, a nanoruler (GATTA-SIM 120B) with a precise 

120 nm fluorophore distance was used to determine the resolution of SR-SIM. 

However, overlapping signals and not completely resolved spots indicate a resolution 

> 120 nm (Figure 7 d). 
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Figure 7: Experimental control of SR-SIM performance. To determine resolution differences of WF microscopy 
and SR-SIM, images of representative GFP-expressing P. limnophila cells were compared. The fluorescence signal 
width of outer and inner membrane was determined by the Fm4-64 / Nile Red signal peaks in the intensity plots 
(a) of 20 cells (WF: 442 +/- 68 nm and SR-SIM: 225 +/- 44 nm). Representative line profiles are shown in (b) and 
(c) demonstrating a roughly doubled resolution for SR-SIM compared to WF microscopy. (d) The overview of SR-
SIM micrograph shows multiple DNA origamis (GATTA-SIM 120B) with a precise distance of 120 nm, separating 
two Alexa Fluor 488 fluorophores. Overlapping signals indicate a resolution > 120 nm (d, magnification, white 
arrowheads). Scale bar 5 µm and 0.1 µm (inlet). Modified from Boedeker et al., 2017. 

 

Taken together, membrane staining could be visualized inside of Planctomycetes, 

which was resolved as membrane accumulations emerging from the outer rim of the 

cell using SR-SIM - indicating membrane invaginations. In addition, two separated 

compartments were found, one accumulating the expressed GFP while the other is 

highly flexible under osmotic pressure.  
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3.3 The outer cell envelope of Planctomycetes 

 

Planctomycetes were described to possess a proteinatious cell wall (König et al., 1984) 

and two cytoplasmic membranes (Fuerst & Webb, 1991). However, bioinformatic 

predictions detected putative outer membrane proteins in Planctomycetes (Speth et 

al., 2012). To analyze the protein composition of the membranes, two different 

proteome based approaches were performed. At first, the localization of the annotated 

proteome of P. limnophila NC_014148.1 (4204 proteins) was analyzed. Employing 

PSORTb 3.0 (Yu et al., 2010) 1589 cytoplasmic, 761 cytoplasmic membrane, 46 

extracellular, 24 outer membrane, 73 periplasmic and 1711 proteins of unknown 

function were detected (Figure 8 a, d).  

To verify expressed membrane proteins, two different proteomic approaches were 

performed enriching the number of membrane proteins. First membrane shaving was 

applied, degrading all proteins not enclosed by a membrane (Wolff et al., 2008). Based 

on that, 165 proteins were analyzed using PSORTb 3.0 after LC-MC/MS detection. 

Protein localizations were classified in 16 cytoplasmic, 126 cytoplasmic membrane, 1 

extracellular, 1 outer membrane, 1 periplasmic and 20 of unknown function 

(Figure 8 b, e). Interestingly, one protein with an outer membrane localization was 

found (Table 8). In addition, three F0F1 ATP synthase proteins consisting of either α or 

β subunits were found based on blastp and InterPro (Finn et al., 2017) analysis 

(Table 8). These proteins were predicted (PSROTb 3.0) to be localized in the 

cytoplasm or within the cytoplasmic membrane.  

 

Table 8: Proteome analysis (membrane shaving) 
List of ATP synthases and a OMP identified within the membrane shaving proteome. Localization prediction was achieved 
with PSORTb 3.0 

 
Accession number Annotation PSORTb 3.0 localization 

WP_013108457.1 ATP synthase subunit α cytoplasm 

WP_013108459.1 ATP synthase subunit β cytoplasm 

WP_013108453.1 ATP synthase subunit α cytoplasmic membrane 

WP_013110622.1 BamA/TamA-like domain outer membrane 

   

 

To enhance the number of putative outer membrane proteins, in Planctomycetes, a 

second approach using a membrane accumulation protocol was performed. Based on 

that, 1818 proteins were detected by LC-MC/MS analysis. The localization was 

determined by PSORTb 3.0 detecting 971 cytoplasmic, 366 cytoplasmic membrane, 

24 extracellular, 24 outer membrane, 34 periplasmic and 399 proteins of unknown 

function (Figure 8 c, f). 
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16 of these proteins were related to the secretion and transport system (Figure 9). 

Whereas most of the proteins of the Sec-secretion pathway were present, only some 

proteins were found to be covered in the Type I and Type II secretion system. However, 

the outer membrane proteins (OMP) TolC and GspD could be verified by LC-MS/MS 

analysis (Table 9). 

 

 
 
Figure 8: Membrane proteomes of P. limnophila. (a) Schematic drawing of a Gram-negative membrane system 
including secretion systems and various proteins according to the KEGG database. (b) Schematic drawing of 
P. limnophila membrane system after applying the membrane shaving protocol. (c) Schematic drawing of 
P. limnophila membrane system after applying the membrane accumulation protocol. (d) PSORTb 3.0 membrane 
proteome prediction of P. limnophila NC_014148.1, reveal the presence of 1711 proteins of unknown function, 
1589 cytoplasmic, 761 cytoplasmic membrane, 46 extracellular, 24 outer membrane and 73 periplasmic proteins. 
(e) Membrane shaving proteome localization (PSORTb 3.0) of P. limnophila, show 20 proteins of unknown 
function, 16 cytoplasmic, 126 cytoplasmic membrane, 1 extracellular, 1 outer membrane and 1 periplasmic 
proteins. (f) Membrane accumulation proteome localization (PSORTb 3.0) of P. limnophila, show 399 proteins of 
unknown function, 971 cytoplasmic, 366 cytoplasmic membrane, 24 extracellular, 24 outer membrane and 34 
periplasmic proteins. Modified from Boedeker et al., 2017. 
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Table 9: Proteome analysis (membrane accumulation) 
List of typical Gram-negative proteins identified within the membrane accumulation proteome. Localization prediction was 
achieved with PSORTb 3.0 

 

Accession number Annotation PSORTb 3.0 localization 

ADG68672.1 Putative TolC Outer membrane 

ADG69500.1 GspD Outer membrane 

ADG66639.1 Type II/III ss homologue Outer membrane 

ADG67415.1 Beta barrel transporter Outer membrane 

ADG68191.1 BamA Outer membrane 
ADG68627.1 Beta barrel transporter Outer membrane 
ADG69297.1 TolC homologue Outer membrane 
ADG69651.1 CpaC Outer membrane 
ADG65956.1 LptD Outer membrane 
ADG66250.1 Putative fimbrial subunit Outer membrane 
ADG66422.1 Hypothetical protein Outer membrane 
ADG66532.1 Hypothetical protein Outer membrane 
ADG67744.1 OMPT Outer membrane 
ADG68522.1 Carboxylase Outer membrane 
ADG68596.1 Cytochrome C Outer membrane 
ADG67045.1 Hypothetical protein Outer membrane 
ADG67290.1 Hypothetical protein Outer membrane 
ADG67378.1 Glycanotransferase Outer membrane 
ADG69934.1 Hypothetical protein Outer membrane 
ADG67060.1 Sulfatase Outer membrane 
ADG67760.1 BamB Outer membrane 
ADG69252.1 OMPA Outer membrane 
ADG69913.1 Porin Outer membrane 
ADG69212.1 Esterase Outer membrane 
ADG66736.1 Porin Cytoplasm 
ADG69997.1 GspE/PilB Cytoplasm 
ADG67874.1 ClpV/VasG/ClpB Cytoplasm 
ADG68194.1 SecA Cytoplasm 
ADG69980.1 FtsY Cytoplasm 
ADG66008.1 GspF/PilC/PulF Cytoplasmic membrane 
ADG69480.1 PpkA Cytoplasmic membrane 
ADG67183.1 SecD/F Cytoplasmic membrane 
ADG66345.1 SecY Cytoplasmic membrane 
ADG67540.1 YidC Cytoplasmic membrane 
ADG68547.1 TatA Cytoplasmic membrane 
ADG68503.1 TatC Cytoplasmic membrane 
ADG66306.1 Cell adhesion Extracellular 
ADG67429.1 HlyD Periplasm 
ADG69451.1 GspK/ PulK Periplasm 
ADG66488.1 Putative Secretin Unknown 
ADG70027.1 Fha1 Unknown 
ADG67044.1 TolC homologue Unknown 
ADG67856.1 OMP Unknown 
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Figure 9: Proteome analysis of proteins corresponding to the Gram-negative bacterial secretion system. 
(a) Schematic drawing of proteins involved in the Gram-negative bacterial secretion system, according to the 
KEGG database. (a, b) Proteins detected in P. limnophila by membrane accumulation protocol were labeled in 
pink. Many proteins of the Sec secretion pathway could be verified, as well as putative outer membrane proteins 
TolC and GspD. Modified from Boedeker et al., 2017. 
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Besides the bioinformatic prediction of OMPs (Speth et al., 2012), a decreased cell 

growth of anammox Planctomycetes were described under the influence of lysozyme 

(Hu et al., 2013) indicating a putative presence of peptidoglycan. Therefore, various 

Planctomycetes were tested for their perceptibility of lysozyme by the hydrolysis of the 

β-1,4-linkages between MurNAc and GlcNAc (Johnson et al., 1968). After lysozyme 

treatment, cells lost their cell integrity and cell shape or lysed completely 

(Figure 10 e-h). Untreated cells served as negative control (Figure 10 a-d).  

 

 
Figure 10: Lysozyme treatment of various Planctomycetes indicate the presence of peptidoglycan. Phase 
contrast micrographs of untreated (a-d) and lysozyme treated (e-h) Planctomycetes. (a, e) P. limnophila, (b, f) G. 
obscuriglobus, (c, g) R. baltica, (d, h) the strain L21-RPul-D3. Scale bar 5 µm.  
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Figure 11: Lysozyme treatment of P. limnophila and G. obscuriglobus reveals sacculi degradation. TEM 
micrographs of negative stained peptidoglycan containing sacculi. Untreated (a, b) and lysozyme treated (c, d) 
sacculi of (a, c) P. limnophila and (b, d) G. obscuriglobus show the degradation by lysozyme treatment. Scale bar 
200 nm. 

 

In addition, cell wall sacculi extracted from P. limnophila and G. obscuriglobus were 

treated with lysozyme and led to a degradation of the typical Gram-negative sacculi 

structure (Figure 11 c, d). Untreated sacculi were used as control (Figure 11 a, b).  

Thus, Planctomycetes possess outer membrane proteins and are decomposable by 

lysozyme, indicating the presence of peptidoglycan. 
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3.4 The inner cytoplasmic membrane of Planctomycetes 

 

Due to the unconventional membrane organization of two postulated cytoplasmic 

membranes (Fuerst & Webb, 1991), the adenosine triphosphate (ATP) production 

using a proton gradient should be localized at the outer most membrane. However, the 

presence of OMP was predicted for Planctomycetes (Speth et al., 2012), raising 

questions about the localization of the ATP production machinery. While previous 

analyses of the ATPase localizations were only described for anammox 

Planctomycetes (van Niftrik et al., 2010, Karlsson et al., 2014), these Planctomycetes 

possess an additional compartment the anammoxosome, generating an internal proton 

gradient (van Niftrik et al., 2004). Nevertheless, the formation of the proton gradient 

and ATPase localization in anammoxosome lacking Planctomycetes was unclear.  

 
Figure 12: Visualization of the membrane potential in various Planctomycetes. P. limnophila (a-d), 
G. obscuriglobus (e+h) and R. baltica (i+l) were stained with FM4-64 (red, a, e, i), DiOC6(3) (green, b, f, j) and 
DAPI (blue, c, g, k). The green signals show an accumulation at the inner part of the cells (b, f, j), while the overlay 
with the red signal indicates a colocalization visualized by the yellow parts (d, h, l). This indicates that the inner 
membrane is energized. Scale bar 2 µm. 

 

To address that, membrane potential localization was analyzed using the 3,3'-

Dihexyloxacarbocyanine iodide (DiOC6(3)) dye. This lipophilic dye accumulates 

preferably at a proton gradient and was used to determine the membrane potential in 
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mitochondria (Tedeschi, 1974). P. limnophila, G. obscuriglobus and R. baltica cells 

were stained with FM4-64, DiOC6(3) and DAPI (Figure 12). While the FM4-64 

membrane staining intercalates with the outer and inner membrane of Planctomycetes 

(Figure 12 a, e, i), the membrane potential dye accumulates preferably on the inside 

of the cells (Figure 12 b, f, j). However, the FM4-64 and DiOC6(3) fluorescence signal 

seem to overlay at the internal structures, indicated by the yellow color in the overlay 

(Figure 12, d, h, l).  

 

 
Figure 13: Wide field ATPase localization in G. obscuriglobus. (a) overlay of an immunofluorescence ATPase 
localization using WF microscopy. Anti-Na+-F1F0-ATPase antibody (red) with the corresponding phase contrast 
overlay of G. obscuriglobus cells. Scale bar 2 µm. (b, c) Quantification of the ATPase localization. (b) Schematic 
visualization of the analyzed areas of the cell; outer rim (0.4 µm) and inner part of the cell. (c) Comparing the 
intensity per area of the inner and outer part of 50 representative cells in 5 fields of view 39.21 % of the 
fluorescence signal locates in the outer rim and 60.79% in the inner part of the cell. T-test, n= 50, P= 0.0001, 95% 
confidence interval. Modified from Boedeker et al., 2017. 
 

Furthermore, the ATPase localization was determined using an anti-Na+-F1F0-ATPase 

antibody visualized by an Alexa-647-labelled second antibody (Table 3) by employing 

WF microscopy and direct stochastic optical reconstruction microscopy (dSTORM) 

illumination (Figure 13, 14). G. obscuriglobus cells were analyzed showing internal 

fluorescence signals as red foci scattered over the cell (Figure 13 a). To determine the 

signal localization within the cells, cells were separated into two parts. The outer rim 

includes a ring of 0.4 µm, while the inner part represents the interior part of the cell 

(Figure 13 b). Analyzing the intensity per area of 50 representative cells, only 39.21% 

of the detected signals were accruing from the outer surface of the cells, while 60.79% 

of the detected signals were localized on the inside (Figure 13 c). 
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Figure 14: dSTORM ATPase localization in G. obscuriglobus. (a) overlay of an immunofluorescence ATPase 
localization using dSTORM. Anti-Na+-F1F0-ATPase antibody (red) and DAPI (blue) with the corresponding phase 
contrast overlay of G. obscuriglobus cells. White arrow heads indicate fine structures within the cells. Scale bar 
5 µm. 

 

To increase the resolution of the ATPase localization, samples were additionally 

stained with DAPI and were analyzed by dSTORM (Figure 14). Whereas some cells 

showed a rather diffuse signal, originated from various parts inside the cell, other cells 

showed fine structures (white arrow heads). These structures appear to omit parts in 

the cell and even surround the nucleoid (blue). However, signals clearly do not 

originate from the outer surface of the cell. 
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Figure 15: Immunogold ATPase localization in G. obscuriglobus. (a) immunogold ATPase localization of high 
pressure frozen and freeze-substituted G. obscuriglobus cells. Gold particles were categorized according to its 
localization; inner membrane (red circles), outer membrane (green circles), non-specific in cell (blue circles and 
non-specific outside of the cell (black circles). Colored circles indicate the localization variance due to the 
antibody size (22.5 nm ∅). Scale bar 0.5 µm. (b) Quantitative analysis of 10 images in three separate experiments, 
counted by three independent scientists. A significant difference in ATPase localization between the inner 
membrane to the background (p= 0.0001), to the outer membrane (p= 0.0001) and to unspecific signals inside 
the cells (p= 0.0001) could be shown. T-test, n= 10, 95% confidence interval. 

Modified from Boedeker et al., 2017. 

 

In addition, the ATPase localization was verified using immunogold labelling 

(anti-Na+-F1F0-ATPase) on high pressure frozen and freeze substituted 

G. obscuriglobus cells (Figure 15). To determine the localization, gold particles were 

classified in four groups: Outer membrane (green, OM), inner membrane (red, IM), 

background (black) and unspecific in cell (blue) (Figure 15 a). While some localizations 

represent unspecific binding, or were attached to only superficial cut cells (blue and 

black dots), the vast majority of the localizations was linked to membranes within the 

cells (red or green dots). Analyzing the localization of 10 fields of view, a significantly 

higher amount of gold particles was found associated with the inner most membrane 

(40.5%) than with the outer most membrane (26.5%, T-test: P= 0.0001) (Figure 15 b).  

Thus, the proton gradient and ATPase localization of anammoxosome lacking 

Planctomycetes was mainly detected inside the cells and not on the outer surface. 
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3.5 The endocytosis like uptake of Planctomycetes 

 

For Planctomycetes an endocytosis-like uptake of macromolecules was described to 

employ membrane coat like (MC) proteins for vesicle formation (Lonhienne et al., 2010, 

Santarella-Mellwig et al., 2010). To analyze the vesicle formation and the involvement 

of MC proteins in this uncommon uptake mechanism, previous experiments 

(Lonhienne et al., 2010) were revisited using super-resolution light microscopy.  

G. obscuriglobus cells were incubated with GFP and were stained with Nile Red and 

DAPI (Figure 16). While the membrane and DNA staining showed a similar pattern as 

described above (Figure 6 a, b), the GFP signal was detected in a thin ring like structure 

on the outer rim and fine lines on the inside of the cells (Figure 16). However, Nile Red 

and GFP signals showed a colocalization in the overlay (Figure 16 d). To elucidate the 

three-dimensional (3D) distribution of the GFP in the cell, an Amira 6.0 3D 

reconstruction was generated indicating a diverse membrane network (Figure 16 f). In 

addition, the GFP signal appeared to be localized within the Nile Red signal 

(Figure 16 h), forming a ring like distribution on the outer surface of the cell. However, 

some GFP localized inside the cell, in a linked structure originating from the outer rim. 

This becomes even clearer in the movie, visualizing the GFP distribution in 

G. obscuriglobus (Movie 1). 

 

 
Figure 16: SR-SIM localization of GFP uptake in G. obscuriglobus. (a-d) SR-SIM of G. obscuriglobus cells stained 
with DAPI (blue, a), Nile Red (red, b) and incorporated GFP (green, c). Multiple invaginations of the inner 
cytoplasmic membrane are visible, while the DNA is highly condensed. (d) The overlay clearly shows a 
colocalization of the red and green signal. Amira 6.0 3D volume reconstruction (e-h) reveals the interior GFP 
signal surrounded by the Nile Red signal (h). Scale bar 1 µm. Modified from Boedeker et al., 2017. 
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Since GFP is no physiological relevant compound for Planctomycetes, further uptake 

experiments were performed using fluorescein-labelled dextran (30 kDa). Stained cells 

showed a similar fluorescence pattern as described for the GFP uptake (Figure 17). 

While the Nile Red and dextran fluorescence signal showed a colocalization, the 3D 

reconstruction indicates the uptake of dextran within the membrane stained areas 

(Figure 17 d, h and Movie 2). For the dextran localization, smaller and bigger foci could 

be detected. 

 

 
Figure 17: SR-SIM localization of incorporated fluorescence-labelled dextran in G. obscuriglobus. (a-d) SR-SIM 
of G. obscuriglobus cells stained with DAPI (blue, a), Nile Red (red, b) and incorporated dextran-Alexa-488 
(green, c). Multiple invaginations of the inner cytoplasmic membrane are visible, while the DNA is highly 
condensed. (d) The overlay clearly shows a colocalization of the red and green signal. Amira 6.0 3D volume 
reconstruction (e-h) reveals the interior dextran signal surrounded by the Nile Red signal (h). Scale bar 1 µm. 
Modified from Boedeker et al., 2017. 
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Similar results were obtained for P. limnophila cells (Figure 18). Labelled dextran was 

mostly situated in some enlarged foci within the cell (Figure 18 c). However, a thin layer 

of dextran could be detected on the outer rim of the cell colocalizing with the membrane 

staining (Figure 18 d, h and Movie 3).  

 

 
Figure 18: SR-SIM localization of incorporated fluorescence-labelled dextran in P. limnophila. (a-d) SR-SIM of 
P. limnophila cells stained with DAPI (blue, a), Nile Red (red, b) and incorporated dextran-Alexa-488 (green, c). 
An invagination of the inner cytoplasmic membrane is visible, while the DNA is highly condensed. The overlay 
shows a colocalization of the red and green signal (d). Amira 6.0 3D volume reconstruction (e-h) reveals the 
interior dextran signal within the enlarged paryphoplasm (h). Scale bar 1 µm. 
Modified from Boedeker et al., 2017. 
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In a second approach, the localization of dextran in Planctomycetes was analyzed in 

more detail. G. obscuriglobus and P. limnophila cells were fed with Alexa-647-labelled 

dextran (10 kDa) and were analyzed by dSTORM. Overview micrographs revealed the 

localization in a ring like organization inside the cell (Figure 19). While some cells 

showed a slide defuse ring pattern, others showed distinct notches within these 

structures (Figure 19 b). For P. limnophila some cells revealed increased areas of 

dextran accumulation, whereas for all cells a ring like structure of labelled dextran was 

visualized (Figure 19 d).  

 
Figure 19: dSTORM localization of incorporated fluorescence labelled dextran in G. obscuriglobus and 
P. limnophila. (a-d) dSTORM of G. obscuriglobus and P. limnophila cells with incorporated Dextran-Alexa-647 
(red) with the corresponding phase contrast overlay (a, c). The overlays show a localization of the red signal in a 
ring like formation on the outer rim of the cells. Scale bar 10 µm. Modified from Boedeker et al., 2017. 
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To analyze, if the incorporations were linked to a 50 - 200 nm sized vesicular mediated 

uptake mechanism, a cluster prediction (SR-Tesseler (Levet et al., 2015)) was 

performed detecting clusters with a minimum range of 40 nm (Figure 20 - 22). Whereas 

the white areas visualized the dextran signal, the green color showed the clustering of 

dextran molecules in close proximity to each other. For G. obscuriglobus cells, the 

fluorescence signal was distributed in a ring like arrangement, as described above.  

 

 
Figure 20: dSTORM cluster prediction of fluorescence labelled dextran in G. obscuriglobus. SR-Tesseler dSTORM 
cluster prediction of G. obscuriglobus cells (Figure 19 b) with incorporated Dextran-Alexa-647. Only Clusters were 
visualized > 40 nm (green) to detect putative vesicular like structures (SR-Tesseler, minimum 20 detections). 
Detected clusters appear in a ring like formation. Modified from Boedeker et al., 2017. 

 

 

 

 

 



Results 

 

69 

 

A few clusters appeared in small dots but the vast majority were linked in big areas of 

continuous clusters (Figure 20). A similar result was observed for P. limnophila. Here, 

the clusters appeared in smaller foci showing some bigger areas with accumulated 

dextran in the cell (Figure 21). However, no dedicated clusters indicated vesicle 

formation in a size of 50 - 200 nm. As negative control, Alexa 647 labelled dextran was 

spotted on a polylysine layer and were analyzed with the SR-Tesseler tool. No clusters 

could be observed, showing an almost homogenous distribution of the dextran 

(Figure 22).  

 

 
Figure 21: dSTORM cluster prediction of fluorescence labelled dextran in P. limnophila. SR-Tesseler dSTORM 
cluster prediction of P. limnophila cells (Figure 19 d) with incorporated Dextran-Alexa-647. Only Clusters were 
visualized > 40 nm (green) to detect putative vesicular like structures (SR-Tesseler, minimum 20 detections). 
Detected clusters appear in linked formations or small foci. Modified from Boedeker et al., 2017. 
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Figure 22: dSTORM cluster prediction of fluorescence labelled dextran on a polylysine-layer. SR-Tesseler 
dSTORM cluster prediction of Dextran-Alexa-647 imaged on a polylysine layer. No clusters could be detected 
> 40 nm (SR-Tesseler, minimum 20 detections). Modified from Boedeker et al., 2017. 

 

Due to the speculated involvement of MC proteins in the uptake mechanism of 

Planctomycetes, a P. limnophila ΔPlim_1972 deletion mutant was created (Boedeker 

et al., 2017). Here the Clone 6 was verified, on a genomic and proteomic perspective 

(Figure 23 a-c). The replacement of the plim_1972 with a kanamycin resistance 

cassette was verified by two different PCRs. First, primers were chosen to detect the 

flanking area of the plim_1972 gene. The WT showed a band with 3,628 bp while the 

deletion mutant showed a 1,100 bp fragment (Figure 23 b). Second, the presence of 

the kanamycin resistance cassette (1 kb size) within the P. limnophila ΔPlim_1972 

deletion mutant was verified (Figure 23 b). In addition, the deletion of Plim_1972 was 

confirmed on protein level using SDS-PAGE and western blot analysis.  
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Therefore, an anti-Plim_1972 (COVANCE, Table 3) antibody was used to detect the 

specific protein. Only the WT showed a protein band detected by the antibody 

(Figure 23 c). Phenotypic differences in the P. limnophila ΔPlim_1972 deletion mutant 

and WT cells were compared in their uptake capability for fluorescence-labelled 

dextran. The positive uptake of cells was analyzed in three independent experiments 

comparing cells with and without a positive fluorescence signal (Figure 23 d, e). 

Unstained cells served as background control. After analyzing 15,556 WT and 

19,502 mutant cells, no significant difference could be detected (T-test, P= 0.21) 

(Figure 23 f).  

 

 
Figure 23: Dextran uptake is independent from Plim_1972 in P. limnophila. (a-b) P. limnophila Δ Plim_1972 was 
validated by two different primer sets. Flanking primers shall amplify a 3.628 kb fragment in the WT, while the 
kanamycin-resistance primer set should not show any product. For Δ Plim_1972, the flanking PCR should result 
in a 1.1 kb fragment, while the kanamycin-resistance primer set should generate a 1 kb amplificant. 
(c) Immunoblot analysis of P. limnophila WT and the Δ Plim_1972 mutant. The antibody, raised against Plim_1972 
reveals a protein band with around 120 kDa in the WT, while the mutant shows no respective band. (d-e) The 
uptake of macromolecules was compared between P. limnophila WT and ΔPlim_1972 cells, incubated with Alexa-
647-labelled 10 kDa dextran (red). Scale bar 10 µm. (f) The analysis of 15,556 WT and 19,502 mutant cells in 
three independent experiments showed no significant difference in the uptake of dextran in P. limnophila. T-test, 
n>15,000, P= 0.21, standard deviation. Modified from Boedeker et al., 2017. 
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Thus, these results show evidence of an uptake of macromolecules into the 

paryphoplasm, while no vesicle mediated uptake could be observed and the deletion 

of the MC protein Plim_1972 did not influence the uptake of dextran.  

However, to analyze how macromolecules get incorporated in to Planctomycetes, the 

cell surface was investigated by WF microscopy, scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM). While P. limnophila harbors crateriform 

structures in different sizes (Figure 24 a) (Jogler et al., 2011) its risen fibers and stalk 

structures are poorly understood. For P. limnophila, the bigger crateriform structures 

give rise to 12 nm appendages (Figure 24 b), while the smaller crateriform structures, 

form the stalk (6 nm fiber) at the pole of the cell (Figure 24 c, e). Nevertheless, for 

G. obscuriglobus only one type of fibers could be visualized (Figure 24 d).  

 

 
Figure 24: Crateriform structures and its appendices in Planctomycetes. (a-c) Different appendices were 
revealed on P. limnophila cells by TEM analysis. Besides the flagellum with a diameter of approximately 22 nm 
(arrow), bigger (arrow head) and smaller (asterisk) crateriform structures could be located on the cell surface. 
While the bigger crateriform structures are distributed over the cell surface (a) forming pili with ⌀ 12 nm, (b) the 
smaller crateriform structures (a, c) are only located on the pole. (c) These give rise to the stalk, showing smaller 
pili with ⌀ 6 nm. Scale bar 0.2 µm. (c) TEM micrograph was kindly provided by Dr. Christian Jogler. (d, e) Both 
structures could be also visualized using phase contrast light microscopy; (d) G. obscuriglobus cells with fibers 
after the incubation with gold-labelled dextran and (e) the stalk of P. limnophila. Scale bar 0.5 µm. 
Modified from Boedeker et al., 2017.  
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Feeding experiments with gold labelled dextran revealed a colocalization of the 

gold particles with the bigger fibers associated with the large crateriform structures in 

G. obscuriglobus and P. limnophila. These fibers were found to surround the cell or 

form long bundles that can reach a length over 2 µm (Figure 25, white arrow head). 

However, gold-labeled dextran attaches to fibers, emerging from the large crateriform 

structures. 

 

 
Figure 25: G. obscuriglobus and P. limnophila possess fibers that attach to gold-labelled dextran. (a-d) TEM 
analysis revealed that G. obscuriglobus and P. limnophila cells bind gold labelled dextran (arrow heads) with their 
fibers emerging from the bigger crateriform structures. (c, d) These fibers form huge bundles and can reach in 
size over 1 µm. Scale bar 0.5 µm. Modified from Boedeker et al., 2017. 

 
 

 



Results 

 

74 

 

3.6 The planctomycetal cell division 

 

The cell division of Planctomycetes is highly diverse (Rivas-Marin et al., 2016). Within 

the phylum Planctomycetes (Figure 26 a) two completely different cell division 

mechanisms were found (Hirsch & Müller, 1985, Fukunaga et al., 2009). Most of the 

cultivated strains divide by polar budding (Figure 26 b), while others perform binary 

fission (Figure 26 e, d). To illustrate the high diversity, representative Planctomycetes 

were analyzed by SEM or cryo-SEM (Figure 26 b-d).  

 

 
 

Figure 26: Diversity of cell division within the phylum Planctomycetes. (a) Schematic visualizing of a 16s-based 
phylogenetic tree of the two types of cell division in Planctomycetes: Budding (Planctomycetales) and 
binary fission (Phycisphaerales & Anammox-Planctomycetes). (b) SEM analysis of P. limnophila show the polar 
budding. (c) SEM and (d) cryo-SEM micrograph of Algisphaera agarilytica and Cand. Kuenenia stuttgartiensis 
(black arrow head), demonstrate the cell division by binary fission, respectively. (d) Cryo-SEM micrograph was 
kindly provided by Dr. Rob Mesman and Dr. Laura van Niftrik. Scale bar 0.2 µm. 
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For budding Planctomycetes, mother cells produce a smaller daughter cell at the pole 

of the cell shown here for P. limnophila (Figure 26 b). Algisphaera agarilytica and 

Cand. Kuenenia stuttgartiensis on the other hand, divide by binary fission at the center 

of the mother cell, forming two equal cells (Figure 26 c, d). To analyze the polar budding 

in more detail, P. limnophila and G. obscuriglobus cells were observed by WF 

time-lapse microscopy (Figure 27). For P. limnophila, the mother cell formed a small 

bud at the elongated pole of the cell. The daughter cell appeared as a small round 

structure that elongated and increased in size over a period of 3h (Figure 27 a). 

G. obscuriglobus cells divide slightly different. First the daughter cell was formed at the 

pole of the mother cell. After that formation, internal movement could be observed until 

the bud detached in a period of around 6h (Figure 27 b). 

 

 
 

Figure 27: Time-lapse visualization of the budding process in Planctomycetes. (a) Time series over 3h 
(8 representative images) of the polar budding of P. limnophila show the formation of the daughter cell at the 
elongated side of the cell. (b) Time series over 6h (8 representative images) of the polar budding of 
G. obscuriglobus, visualize the bud formation and some internal variation during daughter-cell formation. 
Scale bar 1 µm. 
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Planctomycetes were described to be talented producers of secondary metabolites 

(Jeske et al., 2013, Jeske et al., 2016). To analyses the effect of stileriacine, a novel 

compound isolated from the recently new cultivated strain Mal15, the planctomycetal 

cell cycle were analyzed in more detail. Therefore, cells were observed by time-lapse 

microscopy. The cell cycle was separated into three phases: T0= attachment 

T1= bud formation T2= gap T3= reproduction cycle (Figure 28 a). For T0 27 cells were 

analyzed during their attachment showing a mean attachment time of 375.56 min. For 

T1 and T2 27 cells were analyzed over three consecutive reproduction cycles to 

determine the bud formation time and gap phase of 116.04 min and 132.72 min, 

respectively. T3 was determined with 248.76 min (Figure 28 b). In addition, changes in 

the live cycle were observed under the influence of stileriacine (compound A1), which 

was previously isolated from the strain Mal15 (Jeske et al. personal communication).  

By adding compound A1 in a physiological concentration to the growing culture, the 

attachment phase could be decreased significantly by 65.46 min (Figure 28 b). 

 

 

 

 

Figure 28: The effect of stileriacine on the cell cycle of the budding planctomycetal strain Mal15. (a) Schematic 
drawing of the cell cycle of stalked Planctomycetes, illustrate the (T0) attachment, (T1) bud formation, (T2) 
gap phase and (T3) reproduction time. (b) Analysis of three fields of view in three independent experiments show 
a mean attachment time (T0) of 375.56 min, a mean bud formation time (T1) of 116.04 min and a mean gap phase 
time (T2) of 132.72 min for untreated cells. Cells incubated with the novel isolated secondary metabolite 
compound A1 show a significantly lowered mean attachment time (T0) of 310.00 min. Paired T-test, T0 n= 27, T1 
n= 81, T2 n= 81, P= 0.0001, 95% confidence interval. 
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The mechanism behind the cell division of Planctomycetes is still unknown. While all 

Planctomycetes lack the tubulin homologue FtsZ which is essential for the cell division 

of most bacteria (Pilhofer et al., 2008), only some Planctomycetes possess the actin-

homologue MreB (Rivas-Marin et al., 2016). Since MreB was postulated to play a 

crucial role in the cell division of the phylogenetically related Chlamydia (Ouellette et 

al., 2012, Kemege et al., 2015), a similar role could be present in Planctomycetes. 

Thus, the MreB homologues of Escherichia coli and P. limnophila were used to find 

putative MreB proteins in other Planctomycetes by blastp analysis. Positive hits, found 

in the taxon Planctomycetes, were extended by known Hsp70 homologues (MreB, 

DnaK and Exopolyphosphatases) from other bacteria and were computed by a 

ClustlaW alignment. Subsequently a maximum-likelihood tree with 1000 bootstraps 

was predicted comparing all proteins in a phylogenetic relationship (Figure 29). Based 

on the phylogenetic tree, all analyzed Planctomycetes dividing by binary fission 

possess MreB. However, for the budding Planctomycetes only for 

Rubinisphaera brasiliensis, Gimesia maris, Schlesneria paludicola, P. limnophila and 

Blastopirellula marina a MreB homologue were found. All other proteins with a MreB 

similarity cluster with Exopolyphosphatases or DnaK, showing no universal distribution 

of MreB among Planctomycetes.  

 
 

Figure 29: Phylogenetic analysis of the presence of MreB in Planctomycetes (maximum-likelihood). 
Phylogenetic analysis was based on a blastp analysis comparing proteins similar to MreB in all free available 
planctomycetal genomes and some corresponding bacteria. MreB homologues were found in all anammox 
Planctomycetes (orange) as well as in the Phycisphaerales (yellow). For the Planctomycetales (pink) only five 
strains could be found possessing MreB, others only share homologues to Exopolyphosphatases or DnaK.  
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To determine the function of MreB in Planctomycetes, time-lapse growth experiments 

with S-(3,4-Dichlorobenzyl)isothiourea hydrochloride (A22) were performed. A22 is 

known to alter the cell division of bacteria (Takacs et al., 2010), causing cell 

deformation and cell death (Movie 4). Here the effect of A22 on MreB-lacking (-MreB) 

and possessing Planctomycetes (+MreB) were compared. As a representative of MreB 

possessing Planctomycetes, P. limnophila cells were treated with 100 µM A22 during 

cell division. While untreated cells performed a typical cell division by polar budding 

(Figure 30 a), treated cells showed no elongation of the daughter cell and an earlier 

detachment after 2h (Figure 30 b).  

In addition, cells stopped dividing after the first attempts producing the daughter cell 

(Movie 5). For -MreB Planctomycetes, R. baltica cells were observed under the effect 

of 100 µM A22. While untreated cells divide unaltered (Figure 30 c), treated cells 

showed a stop in cell division (Figure 30 d). However, cells resumed dividing after 

washing the cells with fresh medium (Movie 6). By comparing the effect of different 

A22 concentrations (0, 25, 50, 100 µM) of P. limnophila (+MreB) (Figure 30 e) and 

R. baltica (-MreB) (Figure 30 f) a constant decrease in the elongation of daughter cells 

during the budding processes could be detected (Figure 30 e, f and Table 10). By 

comparing 20 daughter cell formations, significant differences in the cell length could 

be observed (Figure 30 e, f). 

 

Table 10: Mean size of A22 treated daughter cells  

A22  0 µM 25 µM 50 µM 100 µM 

P. limnophila 1.98 µm 1.83 µm 1.61 µm 1.03 µm 

R. baltica 1.87 µm 1.73 µm 1.59 µm n.d. 
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Figure 30: The effect of A22 on MreB-lacking and possessing Planctomycetes by time-lapse microscopy. 
(a) Time series over 3h (8 representative images) of the polar budding of P. limnophila, show the formation of 
the daughter cell at the elongated side of the cell. (b) Time series over 2h (8 representative images) of a A22 
(100 µM) treated P. limnophila cell (+MreB). Show an abortion of the budding process and no elongation of the 
daughter cell. (c) Time series over 2h (8 representative images) of the polar budding of R. baltica, show the 
formation of the elongated daughter cell at the polar side of the cell. (d) Time series over 2h (8 representative 
images) of a A22 (100 µM) treated R. baltica cell (-MreB), show no daughter cell formation. Scale bar 1 µm. 
(e, f) Quantitative size analysis of the released daughter cells during cell division. The effect on (e) P. limnophila 
and (f) R. baltica with 0, 25, 50 and 100 µM A22, respectively. The increase in A22 concentration results in a 
significant decrease in bud size. (e) from left to right: P= 0.0151, P= 0.0009, P= 0.0001. (f) from left to right: 
P= 0.0088, P= 0.0039. T-test, n= 20, 95% confidence interval. Modified from Peeters SH, 2016 (Master thesis 
internship). 
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Figure 31: The effect of A22 on planctomycetal cell growth. (a-c) Growth experiments with different A22 
concentrations: 0, 5, 25, 50, 100 and 250 µM. (a) The effect of A22 on P. limnophila (+MreB), (b) R. baltica (-MreB) 
and (c) G. obscuriglobus (-MreB). (a, b) Show a decreased growth for the elongated planctomycetes at a 
concentration of approximately 25 µM, but not for the spherical planctomycete (c). (a, b) Higher concentrations 
(100 & 250 µM) stop the cell growth completely, while (c) G. obscuriglobus only get effected at 250 µM. Standard 
deviation, n= 2. 
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To further understand the influence of A22 on Planctomycetes, growth experiments 

were realized. Therefore, different A22 concentrations were used (0, 5, 25, 50, 100, 

250 µM) to compare the effect on elongated (+/-MreB) Planctomycetes with the 

spherical planctomycete G. obscuriglobus (-MreB). While both elongated 

Planctomycetes (Figure 31 a, b) showed a similar effect, the spherical planctomycete 

G. obscuriglobus differed (Figure 31 c). For P. limnophila and R. baltica a concentration 

of 50 µM A22 showed a defect in growth, whereas P. limnophila cells appeared slightly 

more effected. However, for G. obscuriglobus only a concentration of 250 µM A22 

showed a decrease in cell growth (Figure 31 c).  

 
 

Figure 32: The effect of A22 on the cell growth of Micrococcus luteus. (a) A schematic drawing of a typical cell 
cycle of the cell division by binary fission. (b) The effect of A22 on M. luteus (-MreB) at different concentrations: 
0, 100 and 200 µM, show an increased defect in cell growth at higher concentrations. Standard deviation, n= 2. 
(c, d) Time series over 1h (8 representative images) of a A22 (200 µM) treated and untreated M. luteus cell, 
respectively. (c) Shows a decreased cell division rate for the A22 treated cells. Scale bar 2 µm. 

 

In a further approach, the effect of A22 to another spherical bacterium (-MreB) 

Micrococcus luteus (cell division by binary fission; Figure 32 a) were tested at different 

A22 concentrations (0, 100, 200 µM). In growth experiments a decreased growth could 

be observed (Figure 32 b). Whereas cells treated with 100 µM A22 showed a minimal 

effect, 200 µM A22 aggravated the growth more distinctly. By comparing the effect at 

time-lapse experiments, cells showed a decreased division speed under the effect of 

A22. Untreated cells divided almost twice in 1h (Figure 32 d), while cells treated with 

200 µM A22 performed only one division (Figure 32 c and Movie 7). 
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For Planctomycetes two forms of cell division were described thus far. Besides the cell 

division by binary fission, cells divide by polar budding as well. However, a novel 

planctomycete could be isolated in Panarea, a volcanic island near Italy which differs 

from the common mechanism of cell division (Figure 33). By using time-lapse 

microscopy cells of the strain Pan216 were observed during cell division, showing a 

budding mechanism on the elongated side of the cell (Figure 33 a). This could also be 

shown by SEM, where the daughter cell is attached through a thin membrane bridge 

to the mother cell (Figure 33 b). Interestingly, the daughter cell appears to stay 

attached to the mother cell and internal changes can be observed during bud formation 

(Figure 33 a). Nevertheless, based on 16s phylogenetic analysis, the strain Pan216 

was placed in the order Planctomycetales (Pers. Com. Mareike Jogler), close to the 

families Isosphaeraceae and Gemmataceae (Figure 33 c) (Kulichevskaya et al., 2017).  
 

 

 

 

Figure 33: Lateral budding as a novel mechanism of cell division in Planctomycetes. (a) Time series over 3h 
(8 representative images) of the lateral budding mechanism of the strain Pan216, visualize the daughter cell 
formation and some internal arrangement at mid-cell during cell division. Scale bar 1 µm. (b) SEM analysis of the 
strain Pan216 show the lateral budding in more detail. Scale bar 0.2 µm. (c) Schematic drawing of a 16s-based 
phylogenetic tree place the strain Pan216 between the Planctomycetales and Phycisphaerales.   
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Figure 34: Morphological characteristics of the strain Pan216. (a) SEM overview of the strain Pan216 show 
oblong shaped cells. (b) TEM image of the flagellated (black arrowhead) strain Pan216. (c) SEM image of the 
surface reveal an unusual cell envelope. (d) TEM image of the outer surface of the strain Pan216 show an 
additional structure (white arrowhead) surrounding the cell. (e) Thin section of a high pressure frozen and 
freeze-substituted cell. The inlet shows a detailed view of the membrane organization, visualizing the cytoplasm 
(CP), inner membrane (IM), periplasm (PP), outer membrane (OM) and a putative surface layer (S, white 
arrowhead). Scale bars a, b 1 µm, c, d, e 0.1 µm. 
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To investigate the strain Pan216 in more detail, cells were characterized using TEM 

and SEM analysis (Figure 34). Cells of the strain Pan216 appeared oblong and form 

no rosettes (Figure 34 a). They were flagellated and highly motile (Figure 34 b). On 

their outer surface, an almost regular structure could be observed by SEM, which 

appeared to be an additional surface layer in TEM (Figure 34 c, d). Thin sections of 

high pressure frozen and freeze substituted cells clearly revealed a typical 

Gram-negative cell plan, with an additional surface layer (Figure 34 e, “S”).  

 

 
 

Figure 35: The effect of A22 on the strain Pan216 and G. obscuriglobus. (a, b) Growth experiment with different 
A22 concentrations: 0, 36.8, 73.6, 110.5, 147.3 µM. (a) The effect of A22 on G. obscuriglobus (-MreB) and (b) the 
strain Pan216 (-MreB). (a) Shows only a minimal effect of A22 to G. obscuriglobus, while a concentration of 
approximately 36.8 µM A22 affected the growth of the strain Pan216 (b). For higher concentrations 
(73.6 - 147.3 µM) the growth stopped compactly. Standard deviation, n= 2. 
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To compare the effect of A22 of the novel planctomycetal strain Pan216 with its relative 

G. obscuriglobus, cells were treated with different A22 concentrations (0, 36.8, 73.6, 

110.5 and 147.3 µM). Whereas G. obscuriglobus cells showed no drastic effect 

(Figure 35 a), cells of the strain Pan216 stopped growing at concentrations above 

73.6 µM A22 (Figure 35 b). However, after the substitution of A22 with a fresh medium, 

cells recovered and started to divide (Movie 8). 

 

Taken together, Planctomycetes showed a high variety of different types of cell 

division, which might be based on an even more complex mechanism/s. While 

elongated Planctomycetes showed a drastic effect by A22, spherical cells seem to be 

more resistant. However, MreB might play an important role in the cell division of 

Planctomycetes.  
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4. Discussion 

4.1 The planctomycetal cell structure 

 

The cell plan of Gram-negative bacteria contains of two separated compartments, the 

periplasm and the cytoplasm. However, Planctomycetes were described to differ 

(Lindsay et al., 1997, Fuerst & Sagulenko, 2011), possessing two cytoplasmic 

membranes and an additional cytosolic compartment containing the nucleoid 

(Figure III b). These two compartments were named pirellulosome and paryphoplasm 

(Lindsay et al., 1997). While Planctomycetes harbor an interspecies diverse membrane 

organization (van Niftrik et al., 2004, Kulichevskaya et al., 2009, Acehan et al., 2013, 

Lage et al., 2013, Kohn et al., 2016), earlier publications may have considered a 

putative misinterpretation of their cell plan (Watson & Waterbury, 1971, Franzmann & 

Skerman, 1984). This raised assumption has become true, developing two 

controversial interpretations over the past 15 years about the membrane organization 

in Planctomycetes - one describing additional compartments and vesicular structures 

(Sagulenko et al., 2014) and the other showing a tubular vascular network of 

invaginating membranes (Acehan et al., 2013). 

 

4.1.1 The controversial interpretations of putative compartments 

 

To understand the development of these different interpretations, the planctomycetal 

variety was pointed out by thin sections of novel isolated Planctomycetes (Figure 1). 

While the phylum Planctomycetes is limited to a small number of isolates (Kohn et al., 

2016) an increase in the description of novel strains is highly required to improve the 

understanding of these bacteria. Whereas in some thin sections the paryphoplasm 

appeared to be connected, other indicates the presence of separated compartments 

(Figure 1). Putative additional compartments manifest with a similar electron density 

as the DNA containing compartment, indicating a related composition (Figure 1 c). 

Similar results were obtained for Gemmata obscuriglobus, revealing a diverse 

membrane organization within the cell (Figure 2). By analyzing more than a hundred 

of different sections, only a few cells could be detected with a nuclear-like structure 

surrounding the DNA with a double membrane (Figure 2). This observation is in line 

with previous observations, describing around 5% of the cells within this unique 

morphological state (Franzmann & Skerman, 1984). However, the provided data is 

limited to 2D thin sections, revealing only a slice of the observed cells. Putative 

connections of the compartments in different layers of the cell cannot be visualized. 

Such an interpretation of thin sections, led for instance to the description of 
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mesosomes (Chapman & Hillier, 1953) which were later acknowledged as an unclosed 

invagination of the cytoplasmic membrane (Santhana et al., 2007). 

To solve this issue, different approaches of analyzing 3D reconstructions of various 

thin sections were performed in the past. By using cryo-electron tomography (CET) of 

frozen-hydrated sections stacks, membrane accumulation within the cell and the 

nuclear body were interpreted to emanate from the inner cytoplasmic membrane 

forming unsealed compartments (Lieber et al., 2009) and a tubular vascular network 

of a linked compartment (Acehan et al., 2013). Though, an additional approach 

revealed closed compartments within G. obscuriglobus (Sagulenko et al., 2014). This 

technique has however disadvantages and might produce artifacts during processing 

which alter the true appearance of the cells (Al-Amoudi et al., 2005). These artifacts 

may have led to the different observations.  

An artifact free membrane organization of P. limnophila was realized, revealing linked 

invaginations of the inner cytoplasmic membrane by CET of frozen-hydrated and 

focused ion beam (FIB) milled cells (Boedeker et al., 2017). Therefore, the membrane 

accumulation within Planctomycetes is formed by the invagination of the inner 

cytoplasmic membrane and creates a tubular network within the cell. Similar results 

were previously reported for the phylogenetically related Chlamydia (Nans et al., 

2014). These observations are in line with previous publications detecting the presence 

of ribosomes and FtsK in the pirellulosome and the nuclear body (Lindsay et al., 2001, 

Sagulenko et al., 2014) indicating a similar function of this proposed compartments.  

In addition, a recent publication suggested the presence of nuclear pores within the 

nuclear body of G. obscuriglobus (Sagulenko et al., 2017). While different membrane 

fractions were analyzed, one of these fractions revealed the presence of pore-like 

structures. However, within all fractions pili and outer membrane proteins were found, 

indicating a putative cross-contamination. Moreover, these pore-like structures were 

found in the fraction with the highest amount of outer membrane proteins. Therefore, 

the described pore-like structures are more likely to resemble a putative OMP, as 

shown for the crateriform structures which are distributed on the outer surface of 

Planctomycetes (Figure 24). These crateriform structures were also described to be 

linked with the inner and outer cytoplasmic membrane, pointing towards the presence 

of transmembrane proteins in both membranes (Figure 1 f) (Boedeker et al., 2017). 

Thus, the rare morphological observation of a membrane enclosed nucleoid in 

G. obscuriglobus (Franzmann & Skerman, 1984, Fuerst & Webb, 1991) might be 

caused by DNA segregation and bud formation during cell division (Lee et al., 2009a) 

and might not resemble a nuclear body with nuclear pores as previously suggested 

(Sagulenko et al., 2017).  
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4.1.2 The planctomycetal cell plan at a light microscopy perspective 

 

To distinguish between the pirellulosome and the paryphoplasm in Planctomycetes, 

constitutive GFPmut2 expressing Planctopirus limnophila cells revealed two different 

morphotypes (Figure 3). While for planctomycetes, the type 1 staining pattern 

(Figure 3 b) were described before, no internal FM4-64 staining was described so far 

(Lindsay et al., 2001). FM4-64 (N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) 

Phenyl) Hexatrienyl) is a lyophilic dye that preferably stains the cytoplasmic membrane 

in Gram-negative bacteria and cannot cross a lipid bilayer (Fishov & Woldringh, 1999, 

Sharp & Pogliano, 1999).  

However, in this work cells were observed showing membrane staining accruing from 

the center of the cell (Figure 3 c, d, type 2 staining pattern). This observation 

contradicts with previous interpretations of the presence of two cytoplasmic 

membranes (Lindsay et al., 2001). In addition, 72.4% of the stained cells showed 

additional membrane accumulation inside the cell, pointing towards a common 

morphotype in P. limnophila (Figure 3 e). On the other hand, the GFP signal located at 

the center of the cells, and overlapped with parts of the membrane staining. 

However, colocalizing areas of the GFP and Fm4-64 signal (Figure 3 c, green arrow 

head) showed an increase in the red fluorescence signal and a corresponding 

decrease in the GFP signal, indicating the influence of two separated compartments, 

the paryphoplasm and the pirellulosome (Boedeker et al., 2017). Nevertheless, the 

resolution of these observations is limited by the technological condition of widefield 

(WF) microscopy, restricting the resolution to around 200 nm (Abbe, 1873, Rayleigh, 

1896). Structures smaller than the diffraction limit of light cannot be resolved.  

To improve the resolution of the unresolved internal membrane staining foci, cells were 

subject to plasmolytic stress (Figure 4). P. limnophila cells treated with 30 % sucrose 

showed a similar effect to treated Escherichia coli cells, revealing plasmolytic bays 

inside the bacterial cells (Boedeker et al., 2017). Similar results were obtained under 

my supervision in previous work (Master thesis: (Borchert, 2014)) and by plasmolytic 

stressed P. marina cells, after cryo-fixation and TEM analysis (Lindsay et al., 1995). 

However, this increased fluorescence lacking bays (invaginations) almost filled half the 

size of the cell, while areas containing the GFP and DAPI signal decrease significantly 

in comparison to untreated P. limnophila and E. coli cells (Boedeker et al., 2017). Due 

to the plasmolytic stress, the inner cytoplasmic membrane was distinguishable from 

the outer cytoplasmic membrane, revealing the perceptibility of the outer cytoplasmic 

membrane by FM4-64 and resolving the invaginations of the inner cytoplasmic 

membrane (Figure 4 a). Interestingly, the outer most membrane of P. limnophila cells 

appeared less intensively stained, similar as described for E. coli (Fishov & Woldringh, 

1999).  
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This shows clearly, that the inner cytoplasmic membrane and the paryphoplasm form 

huge invaginations and show a similar reaction to plasmolytic stress and staining 

pattern as described for Gram-negative bacteria (Boedeker et al., 2017).  

Besides, intensity plots of plasmolytic stressed P. limnophila cells showed a 

co-localization of the DAPI and GFP intensity maxima, indicating a GFP localization in 

the pirellulosome (Figure 4 b). However, based on a Tat (Twin Arginine Translocation) 

secretion system, GFPmut2 gets transferred into the periplasmic space in 

Gram-negative bacteria (Dammeyer & Tinnefeld, 2012). For anammox 

Planctomycetes the presences of Sec (secretory) and Tat pathway are enclosed in the 

genome of Cand. K. stuttgartiensis (Strous et al., 2006) suggesting a transport towards 

their different compartments (Medema et al., 2010). However, in this work proteomic 

analysis and bioinfomatic predictions (Boedeker et al., 2017) of P. limnophilia revealed 

the lack of TatB, a key component in the Tat secretion system (Figure 9). TatB 

stabilizes the TatC complex and a deletion of tatB in E. coli sufficiently blocks the export 

of endogenous Tat substrates (Sargent et al., 1999). Hence, the lack of TatB in P. 

limnophila might affect the export of GFPmut2 into the paryphoplasm. Thus, expressed 

GFPmut2 accumulates in the pirellulosome, becoming a marker for that compartment. 

  

To resolve the membrane organization in Planctomycetes under physiological 

conditions, GFP expressing P. limnophila cells, were analyzed by super-resolution 

structured illumination microscopy (SR-SIM). While the membrane staining in WF 

illumination showed unresolved red foci, SR-SIM roughly doubles the resolution 

(Figure 7) and allows to distinguish between the different membranes (Figure 5) similar 

as described for osmotic stressed cells (Figure 4). Membrane invagination could be 

observed, showing no overlay with the GFP signal (Figure 5 b) visualizing the 

pirellulosome (GFP) and the paryphoplasm as separated compartments. Other cells 

showed a green signal surrounded by invaginations exposing a linked pirellulosome 

(Figure 5 c). Furthermore, G. obscuriglobus and Rhodopirellula baltica cells showed a 

similar staining pattern (Figure 6) - detecting an internal membrane system emerging 

from the outer rim of the cell. 

These SR-SIM observations are in line with the CET of P. limnophila cells presenting 

a linked pirellulosome, with highly variable invaginations (Boedeker et al., 2017). 

Furthermore, the internal membrane staining of SR-SIM resembles the description of 

a tubular membrane network of invaginations formed by the inner cytoplasmic 

membrane in G. obscuriglobus (Lieber et al., 2009, Acehan et al., 2013). The increased 

surface area of the invaginations might help to raise the number of membrane bound 

proteins or to align ribosomes as described above (Figure 1 b). Furthermore, cells 

might better react to osmotic pressure, like salt stress or high polysaccharide 

concentrations.  
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While planctomycetal communities are known to grow after a cyanobacterial bloom 

(Cai et al., 2013) these enlarged periplasmic space might solve as a flexible storage 

unit for macromolecules, appearing in a limited timeframe. Interestingly a complex cell 

plan has no impact as protection on horizontal gene transfer (Pinos et al., 2016).  

 

4.1.3 The pirellulosome might be a cytoplasm 

 

In the past, the pirellulosome was determined to be different to the cytoplasm. 

Therefore, four points were raised to separate the pirellulosome from the cytoplasm 

(Lindsay et al., 2001). At first, plasmolysis causes a retraction of the inner cytoplasmic 

membrane from the cell wall. Second, the paryphoplasm was described to contain RNA 

separating this compartment from a typical periplasm. Third, freeze-fracture revealed 

a typical cytoplasmic membrane. Fourth, the cell is enclosed by an additional 

cytoplasmic membrane. 

However, when plasmolysis is applied on P. limnophila cells, the inner cytoplasmic 

membrane is contracted (Figure 4) similar to E. coli cells, expanding the periplasm and 

revealing areas of membrane adhesion (Koch & Pinette, 1987, Boedeker et al., 2017). 

Therefore, osmotic pressure effects the pirellulosome similar as it was described for 

the cytoplasm in Gram-negative bacteria. This effect might be reduced in 

G. obscuriglobus, due to the high number of invaginations and its complex morphology 

(Lindsay et al., 2001).  

Furthermore, the pirellulosome and the paryphoplasm were described to contain RNA 

(Lindsay et al., 2001). However, Lindsay et al., 2001 described the immunogold 

localization of RNA with a total amount of 137 gold particles; 122 in the pirellulosome, 

11 in the paryphoplasm and 4 in the background. The interpretation might be caused 

by under sampling and raised doubts about a convincing localization of RNA in the 

paryphoplasm, in comparison to the background and the pirellulosome. Nevertheless, 

if there is a minor amount of RNA present in the paryphoplasm, these small amounts 

might be used for intercellular communication as described for E. coli (Ghosal et al., 

2015). In addition to that, the protein FtsK and the presence of ribosomes were 

exclusively found in the pirellulosome (Lindsay et al., 2001, Sagulenko et al., 2014) 

indicating a similar function as a typical cytoplasm in Gram-negative bacteria.  

Besides that, freeze-fraction micrographs of P. limnophila (Boedeker et al., 2017) 

showed similarities to the cytoplasmic membrane of E. coli. While the pirellulosome 

seems to be contracted at a certain extend (Lindsay et al., 2001, Boedeker et al., 

2017), the structure resembles the appearance of the Gram-negative cytoplasmic 

membrane (van Gool & Nanninga, 1971).  
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In general, all these observations were led by the discovery of a peptidoglycan free cell 

envelope (König et al., 1984, Liesack et al., 1986) concluding a second cytoplasmic 

membrane, surrounding the cell. However, earlier described internal staining patterns 

(Figure 5, 6) indicate a perceptibility of the outer most membrane in Planctomycetes. 

In addition, recent publications presented bioinformatic predictions of outer membrane 

proteins (OMP) in Planctomycetes (Speth et al., 2012) challenging the concept of the 

planctomycetal cell wall and their proposed cell plan.  

Therefore, the presence of an additional outer cytoplasmic membrane, a 

paryphoplasm and a pirellulosome is unlikely.  

 

4.1.4 The outermost membrane in Planctomycetes possess OMPs 

 

While the interpretation of the planctomycetal cell plan was basically driven by the role 

of the outermost and inner membrane (König et al., 1984), the function and 

composition of both membranes were analyzed in this study.  

In a first approach, a PSORTb 3.0 based protein localization was predicted for the 

annotated proteins of P. limnophila NC_014148.1, revealing the presence of 24 OMP 

encoded in the genome. According to the PSROTb database Gram-negative bacteria 

harbor an average of 34.8 OMP (Peabody et al., 2016). However, Planctomycetes 

possess unique crateriform structures on the outer surface (Figure 24) (Jogler et al., 

2011), which might substitute the number of conventional OMPs. For P. limnophila only 

proteins located within the cytoplasmic membrane (CM) were found by using the 

membrane shaving protocol (Figure 8 e). However, one OMP (BamA / TamA-like 

domain) could be detected - a beta-barrel protein that is integrated within the outer 

membrane by the beta-barrel assembly machinery (Dunstan et al., 2015).  

In addition, 3 ATP synthase subunits were verified, being either located in the 

cytoplasm (CP) or at the CM according to the PSORTb prediction (Table 8). These 

ATP synthases consists of an α and β subunit of a F1F0 ATPase. These results are in 

line with a previous bioinformatic detection of two ATPase in R. baltica strains, 

predicting the presence of two Na+ driven ATPases (Paparoditis et al., 2014). Whereas 

this data resembles the lack of OM, Ex and PP proteins, the used membrane shaving 

protocol were developed for Gram-positive bacteria, which lack an outer membrane 

(Wolff et al., 2008). While the membrane shaving protocol applies a harsh treatment, 

proteins inserted in the OM might be easier degraded. Due to the different lipid 

compositions of the CM of Gram-positive and the OM of Gram-negative bacteria 

(Silhavy et al., 2010), the number of detected OMPs might be altered.  

Proteins detected by the membrane accumulation protocol revealed the presence of 

various OMPs (Figure 8 f and Table 9). While 16 of the detected proteins are related 
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to the Gram-negative secretion system, 11 proteins were predicted previously by other 

authors (Speth et al., 2012). No complete secretion system was found (Figure 9) but 

typical purine homologues (e.g. TolC and GspD) of the secretion system I and II were 

identified by bioinformatic predictions (Boedeker et al., 2017) and proteomic analysis 

(Figure 9 and Table 9). These observations are in line with the detection of OMPs and 

transmembrane beta barrel proteins in the proteome of G. obscuriglobus (Sagulenko 

et al., 2017) and the prediction of SecA proteins in some Planctomycetes (Kamneva et 

al., 2015). Furthermore, many proteins with a Sec leader sequence were located in the 

anammoxosome (de Almeida et al., 2015), indicating a use of a Sec secretion system 

in anammox Planctomycetes. 

 

Thus, Planctomycetes possess an outer membrane containing various OMPs and a 

partial secretion systems similar to Gram-negative bacteria. Furthermore, the 

membrane shaving protocol could be shown to be suitable to selectively enrich CM 

proteins from P. limnophila.  

 

4.1.5 The planctomycetal cell wall contains of peptidoglycan 

 

To ensure stability to osmotic pressure, most free-living bacteria were described to 

possess peptidoglycan. For some members of the PVC super-phylum 

(Planctomycetes, Verrucomicrobia and Chlamydia) a lack of peptidoglycan was 

described (König et al., 1984, Fox et al., 1990, Yoon, 2011). For Planctomycetes, it 

was postulated that peptidoglycan was substituted by a proteinatious cell wall (König 

et al., 1984, Liesack et al., 1986). However, a disruption of the typical cell morphology 

of Planctomycetes by lysozyme could be shown (Figure 10 e-h), revealing a loss of 

cell integrity due to osmotic pressure. Furthermore, the presence and decomposition 

of peptidoglycan containing sacculi (Jeske et al., 2015) by lysozyme (Figure 11 c, d) 

could be demonstrated as well. These results are in line with recent studies 

demonstrating a growth degradation of anammox Planctomycetes by lysozyme (Hu et 

al., 2013). Further results provided by others prove that Planctomycetes do possess a 

peptidoglycan layer (Jeske et al., 2015, van Teeseling et al., 2015) and the presence 

of lipidA in G. obscuriglobus (Mahat et al., 2015). In addition to that, the presence of 

peptidoglycan in all PVC bacteria were acknowledged (Pilhofer et al., 2013, Liechti et 

al., 2014), postulating that all free-living bacteria possess peptidoglycan (Rast et al., 

2017).  

Accordingly, this work summarizes that Planctomycetes do possess an outer 

membrane, a peptidoglycan layer and lipidA, revealing a Gram-negative cell envelope.  
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4.1.6 The proton motive force at the inner cytoplasmic membrane 

 

Since Planctomycetes possess homologues to Gram-negative OMPs 

(Figure 9, Table 9), the maintenance of the main membrane potential generated at the 

OM is difficult to envision. While the proton motive force in Gram-negative bacteria is 

described to be located at the CM, a low membrane potential across the OM of 17 to 

31 mV could be detected (Stock et al., 1977). However, recent studies that analyzed 

the ATPase localization in anammox Planctomycetes showed the presence of 

ATPases located to either all three membranes (van Niftrik et al., 2010) or solely to the 

anammoxosome membrane (Karlsson et al., 2014), indicating a proton motive force 

generated at all three membranes. 

In this study, the localization of the proton gradient was visualized for three 

representatives of the Planctomycetales at their internal membranes (Figure 12). 

Membrane staining overlays, Pearson’s correlation and Mander’s overlaps indicated a 

colocalization of the membrane staining and the proton gradient (Boedeker et al., 

2017). However, the CM was mainly energized, contradicting the presence of the main 

proton gradient at the outer surface of the cell. Similar fluorescence pattern could be 

observed for G. obscuriglobus. However, the capability of the dye to visualize the 

membrane potential was not acknowledged (Lee et al., 2009a). 

ATPase localizations in G. obscuriglobus further supported the observation of an 

energized CM (Figure 13-15). WF images showed a diverse pattern of internal signals, 

revealing a significant higher amount of ATPases located inside the cell, and not on 

the outer rim (Figure 13). This was further verified by direct stochastic optical 

reconstruction microscopy (dSTORM), detecting internal structures at the ATPase 

localization surrounding the nucleoid (Figure 14). Similar observations were done in 

previous work under my supervision (Master thesis: (Borchert, 2014)). Otherwise, the 

ATPase localization at the outer membrane would resemble a similar fluorescence 

pattern as described for of the Archaeon Ignicoccus hospitalis, showing an exclusive 

localization of ATPases on the outer surface (Kuper et al., 2010). While the treatment 

of the immunofluorescence protocol might alter the cell structure, thin sections were 

analyzed by immunogold labeling, revealing similar results (Figure 15). A significant 

higher amount of ATPase localizations was found with the CM than with the OM. 

However, localizations of ATPases were found on the outer surface of the cell. 
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Whereas the antibody was raised to detect the β-subunit of a Na+-F1F0-ATPase a 

similar detection pattern was observed before with a β‐subunit antibody F-ATPase-1 

of Cand. K. stuttgartiensis in anammox Planctomycetes (van Niftrik et al., 2010). This 

indicates the presence of at least a partial ATPase containing a β‐subunit in the outer 

membrane of Planctomycetes. An ATPase localization at the outer membrane of a 

Gram-negative bacterium might be inefficient to produce a proton motive force (Stock 

et al., 1977). However, the presence of two Na+-F1F0-ATPase were described in 

R. baltica, indicating a putative separated function (Paparoditis et al., 2014). 

 

 

 

Figure V: The Gram-negative cell plan of Planctomycetes. The planctomycetal cell is enclosed by an outer 
membrane with a peptidoglycan layer. The cell is divided into two compartments, the cytoplasm and the 
periplasm. These compartments are separated with a cytoplasmic membrane. No additional cytosolic 
compartments are present (expect the anammoxosome of anammox Planctomycetes). The proton motive force 
is mainly located at the cytoplasmic membrane and the cytoplasmic membrane forms various invaginations 
leaving a highly dynamic periplasmic space. Modified from Boedeker et al., 2017. 
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For anammox Planctomycetes four scenarios of the meaningfulness of ATPases 

located at the outer membrane were discussed recently (van Teeseling, 2016), 

pointing out scenarios where ATP gets released into the periplasm or across the OM. 

As described, these scenarios of a fully functional ATPase located at the OM appear 

unlikely. However, since a minimal proton gradient was described across the outer 

membrane (Stock et al., 1977), a limited production of ATP might be possible. The 

produced ATP would be released out of the cell, and might function as a signal 

molecule or would be directly metabolized by an acceptor protein. However, a more 

likely scenario was elucidated, describing a partial ATPase to be transferred by 

so-called moonlighting, that might play a role as receptors for ATP analogs (Vantourout 

et al., 2010, van Teeseling, 2016).  

 

Consequently, Planctomycetes possess a Gram-negative cell plan (Figure V) 

(Boedeker et al., 2017). They harbor an outer membrane with OMPs and lipidA (Mahat 

et al., 2015). They are braced by a peptidoglycan cell wall (Jeske et al., 2015, van 

Teeseling et al., 2015) and generate their main proton gradient at the cytoplasmic 

membrane. They act like Gram-negative bacteria under osmotic pressure and form a 

highly dynamic periplasmic space. Therefore, the pirellulosome and paryphoplasm are 

renamed as cytoplasm and periplasm, respectively.  
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4.2 The uptake of macromolecules 

 

4.2.1 The endocytosis-like uptake 

 

For a eukaryotic cell, the uptake of nutrients via endocytosis is a common mechanism 

to incorporate macromolecules (Figure II c). These uptake mechanisms are mediated 

by so called membrane coat-like (MC) proteins. MC proteins are involved in the 

formation and maintenance of vesicles forming a cage like structure, surrounding the 

vesicle. Interestingly, structure based homologs of the eukaryotic proteins were found 

in members of the PVC super-phylum (Santarella-Mellwig et al., 2010). Based on that, 

a vesicle mediated uptake of macromolecules was described for the planctomycete 

G. obscuriglobus (Lonhienne et al., 2010). Especially the uptake of GFP caused many 

attention, pointing Planctomycetes in the position to be involved in the eukaryogenesis 

(Fuerst & Sagulenko, 2011). These descriptions were based on a planctomycetal cell 

plan with two cytoplasmic membranes.  

However, Planctomycetes possess an OM and peptidoglycan, challenging the 

existence of a vesicular incorporation on the outer surface of the cell. While the 

formation of outer membrane vesicle e.g. as decoy, secretion system or virulence 

factor were described for Gram-negative bacteria (McBroom et al., 2006, Ghosal et al., 

2015, Lynch & Alegado, 2017), the invagination of vesicle might be challenging (Jeske 

et al., 2015, Boedeker et al., 2017). Due to the presence of peptidoglycan (Jeske et 

al., 2015) and lipidA (Mahat et al., 2015) at the cell envelope, vesicles might be 

sterically hindered during invagination. In addition, a vesicle formation would need ATP 

or GTP to perform a clathrin-based endocytosis (McMahon & Boucrot, 2011). 

However, the OM of Planctomycetes harbor OMPs and crateriform structures 

(Figure 9, 24 a) these would suppress the formation of a proton motive force, as 

discussed above. Therefore, an invagination of the OM forming internal vesicles 

appears challenging.  

 

To address a putative endocytosis like uptake in Planctomycetes, feeding experiments 

were analyzed by super-resolution microscopy (Figure 16-19). Using SR-SIM the 

localization of GFP was detected within the enlarged periplasmic space, revealing a 

linked distribution enclosed by membrane invaginations. A similar distribution of 

fluorescein labelled dextran could be shown in G. obscuriglobus and P. limnophila. 

These observations are in line with previous WF micrographs and with immunogold 

labelling of incorporated GFP in thin sections of G. obscuriglobus (Fuerst & Sagulenko, 

2010, Lonhienne et al., 2010). Further analysis using dSTORM, to visualize the uptake 

of dextran in the cell, showed a similar distribution, detecting no vesicle dependent 
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uptake (Figure 19). This was further underlined by cluster predictions showing no 

separated vesicles but a homogeneous distribution within the periplasmic space 

(Figure 20-22).  

In addition, CET of P.  limnophila failed to detect any closed 50-200 nm vesicles 

(Boedeker et al., 2017) but revealed linked membrane invaginations of the cytoplasmic 

membrane similar as described before in G. obscuriglobus (Acehan et al., 2013). 

These rounded membrane invaginations might be misinterpreted as vesicular 

structures (Boedeker et al., 2017). Moreover, demonstrated vesicles described by 

Lonhienne et al 2010 appear loose and not well shaped. However, the described GFP 

localization was clearly labeled within the periplasm and detected vesicles were 

recognized by an MC-antibody (Lonhienne et al., 2010). This antibody was described 

to localize within the periplasm and the cytoplasmic membrane (Santarella-Mellwig et 

al., 2010). If the vesicles are formed at the OM, these should resemble the features of 

an OM and should not show a MC-antibody localization, labelling only the CM.  

These observations are in accordance with an unaltered uptake efficiency of the 

ΔPlim_1972 mutant, lacking the homologue of the postulated MC protein of 

G. obscuriglobus. Therefore, the uptake of dextran is not influenced by Plim_1972. 

However, other MC-like proteins might be involved in the uptake mechanism of 

macromolecules in Planctomycetes (Boedeker et al., 2017).  

 

Taken together, Planctomycetes do not possess a vesicle mediated uptake 

mechanism, but store incorporated macromolecules within their highly dynamic 

periplasmic space. 

 

4.2.2 A putative fiber mediated uptake mechanism in Planctomycetes 

 

Planctomycetes were described to utilize different polysaccharides (Jeske et al., 2013) 

using carbohydrate transporter (Paparoditis et al., 2014). While OMPs are known to 

incorporate molecules up to a size of 600 Da, the uptake of bigger macromolecules is 

limited (Nikaido, 2003). Therefore, macromolecules would require extracellular 

degradation which would alter the GFP fluorescence (Boedeker et al., 2017). However, 

Planctomycetes were described as selfish polysaccharide degraders, internalizing 

polysaccharides in there periplasm to mask them from cheating bacteria (Reintjes et 

al., 2017). Whereas Bacteroidetes perform a SUS-like (starch utilization system) 

uptake mechanism, Planctomycetes might perform an analogues mechanism (Reintjes 

et al., 2017). However, no evidence of proteins homologues to the SUS-like uptake 

was found in Planctomycetes (pers. Com. Olga Jeske). 

 



Discussion 

 

98 

 

 
Figure VI: The macromolecule uptake of Planctomycetes. Macromolecules were found to be located within the 
highly dynamic periplasmic space or to be attached to the fibrous structures emanating from the crateriform 
structures. These macromolecules might be internalized by a novel uptake mechanism using the crateriform 
structures and emerging fibers as a fishing rod. Modified from Boedeker et al., 2017. 

 

Therefore, Planctomycetes might internalize macromolecules with a different 

mechanism, using crateriform structures and their associated fibers (Boedeker et al., 

2017). Thin sections (Figure 1 f) and CET (Boedeker et al., 2017) revealed linked 

structures connecting the CM and the OM, releasing long fibers (Figure 24 b, d, 25). A 

higher density of these linked structures appeared in zones of membrane adhesion, 

revealing invaginations only at sides with a lower amount of crateriform structures 

(Boedeker et al., 2017). This might explain the unusual appearance during plasmolytic 

stress and the difference from common membrane adhesion in Gram-negative 

bacteria (Bayer, 1991).  

To internalize macromolecules, these fibers attached to polysaccharides (Figure 25) 

and might be depolymerized, pulling the attached molecules in the periplasmic space. 

Therefore, Planctomycetes might represent a bacterial angler, releasing fibers to 

attach to surfaces and to fish for macromolecules (Figure VI). 
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4.3 The planctomycetal cell division 

 

The cell division of Planctomycetes was shown to be highly diverse (Jogler et al., 2012, 

Rivas-Marin et al., 2016). While some Planctomycetes divide by binary fission, others 

divide by budding (Figure 26). However, the mechanism behind the two types of 

reproduction is mostly unknown. All Planctomycetes lack the otherwise universal cell 

division protein FtsZ (Pilhofer et al., 2008) and only little is known about additional 

proteins which might play an important role during cell division (Rivas-Marin et al., 

2016).  

 

4.3.1 The unconventional budding process of Planctomycetes 

 

The reproduction by budding is one of the alternatives to the high variety of different 

modes of growth and has been reported for many other bacteria (Howell & Brown, 

2016). While budding Planctomycetes were described to reproduce at their cell pole 

(Hirsch & Müller, 1985, Lee et al., 2009a), the novel strain Pan216, isolated from the 

hot lake in Panarea, revealed an unconventional budding mechanism. This strain 

forms the daughter cell at the elongated side of the cell (Figure 33) pointing towards a 

different mechanism to determine the division side. While e.g. in Streptomyces, the 

proteins Scy and DivIVA mediate the determination of the budding side (Holmes et al., 

2013), no homologues could be found in all budding Planctomycetes so far 

(Supplementary Table 1).  

To determine the differences during the budding process of elongated and spherical 

cells, different Planctomycetes were analyzed and distinctions in the final part of the 

division could be observed. While elongated daughter cells of P. limnophila detach 

directly after reaching a specific size, spherical cells of G. obscuriglobus stay attached 

(Figure 27). Within this extended attachment, internal changes and the DNA transfer 

from the mother to the daughter cell take place as previously described (Lee et al., 

2009a). Interestingly, similar observations were described for the strain Pan216 

showing an extended attachment to the mother cell and revealing internal changes in 

the final reproduction step (Figure 27 b and 33). In addition the strain Pan216 is 

phylogenetically related to G. obscuriglobus and shares the lack of a stalk (Figure 34)  

(Franzmann & Skerman, 1984). Therefore, this process might also describe a typical 

morphological event in this group or even describe a difference in cell division of 

stalked and un-stalked Planctomycetes. However, this needs to be further 

investigated. 
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While the cell cycle of G. obscuriglobus was analyzed some years ago (Lee et al., 

2009a), the division of stalked Planctomycetes had been briefly described in the past 

(Tekniepe et al., 1981).  

In this work, the detailed analysis of the daughter cell formation of the stalked 

planctomycetal strain Mal15 was realized using time-lapse microscopy within a 

microfluidic chamber (Figure 28). Here, the cell division time of the strain Mal15 was 

determined with 4.1h, contradicting the previous description of the cell division time for 

a stalked planctomycete (Tekniepe et al., 1981). While the budding phase appeared 

similar, the gap phase was described to be 2-3 times slower. Interestingly, for the strain 

Mal15 the duration of the bud formation and the gap phase was similar, indicating a 

complex preparation for the stalked budding process in Planctomycetes.  

However, differences in the cell division speed could be accrued due to different media 

compositions, temperatures, or due to the feeding batch cultivation within the 

microfluidic chamber. In addition, previous observations in P. limnophila described an 

increase in cell size before the initial budding (Master thesis: (Borchert, 2014)). This 

increased size was shown to be lowered during bud formation (Movie 5) and resembles 

nearly the same size as the gained amount of cell diameter before the budding process 

of the mother cell (Master thesis: (Borchert, 2014)). Therefore, an increased cell size 

might be necessary to start the budding process, or to produce an increased amount 

of cell wall components, that might be transferred to the emerging daughter cell. In 

addition, the increase in cell size could also be linked to internal membrane 

accumulation and invaginations, as discussed above (4.1.1).  

However, since no synchronization of the planctomycetal life cycle was described so 

far, a detailed investigation of the morphological stages within the cell cycle is highly 

difficult. Nevertheless, Planctomycetes were described to be talented producers of 

secondary metabolites (Jeske et al., 2013). While some bacteria use these compounds 

as a defense mechanism, producing various antibiotics (Demain & Fang, 2000), others 

use secondary metabolites as quorum sensing molecule to communicate with their 

relatives (Miller & Bassler, 2001).  

 

In this work, a trigger for the stalk and putative biofilm formation of a novel compound 

stileriacine was verified to alter the cell division of the strain Mal15. The attachment 

time of cells treated with stileriacine was significantly lower than for untreated cells 

(Figure 28), indicating an effect as putative quorum sensing signals to induce stalk or 

biofilm formation. This type of a putative novel quorum sensing signal might be an 

important factor to understand the cell cycle of Planctomycetes and could help to 

generate a synchronized population as developed for the stalked bacterium 

Caulobacter crescentus (Evinger & Agabian, 1977). 
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4.3.2 MreB mediated cell division in Planctomycetes 

 

While most bacteria share a cell division mediated by the tubulin homologue FtsZ 

(Margolin, 2005), Chlamydia were suggested to focus on the actin homologue MreB 

as an alternative (Ouellette et al., 2012). Since Chlamydia share similar morphological 

features to Planctomycetes, as the presence of two types of cell division - binary fission 

and budding (Abdelrahman et al., 2016) and the ability to invaginate the cytoplasmic 

membrane (Nans et al., 2014), their cell division mediated by MreB might reveal 

similarities to the cell division mechanism of Planctomycetes. In this study, the 

presence of MreB in Planctomycetes was verified by phylogenetic analysis, of all 

genome sequenced Planctomycetes that divide by binary fission (Figure 29). Due to 

this observation, an important role of MreB during the cell division by binary fission 

might be speculated in Planctomycetes.  

However, for budding Planctomycetes only a few strains possess MreB, including the 

strains Rubinisphaera brasiliensis, Gimesia maris, Schlesneria paludicola, 

P. limnophila and Blastopirellula marina. All these species comprise an elongated cell 

shape. No MreB homologues could be found for the family Rhodopirellula or e.g. the 

family Gemmataceae, representing elongated and spherical cells, respectively. These 

observations are in line with a recent publication summarizing the presence of genes 

involved in the cell division process of members of the PVC super-phylum (Rivas-Marin 

et al., 2016).  

Further observations were done by Stijn Peters within a Master thesis internship 

revealing the presence of three different gene sets in the phylum Planctomycetes 

(Figure VII). This different gene sets were described to separate the Planctomycetes 

dividing by binary fission or budding. Furthermore, a differentiation between the 

budding Planctomycetes could be made, revealing species containing of e.g. MreB or 

other proteins known to be involved in the cell division of e.g. Chlamydia (Rivas-Marin 

et al., 2016). This data suggested that the mechanism of the budding process varies 

clearly within the order Planctomycetales. 
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Figure VII: Cell division gene sets of Planctomycetes. The Venn diagram contains the names and numbers of 
genes, that were found to be present in Planctomycetes. A distinct difference of the gene sets of Type B and 
Type A budding Planctomycetes could be distinguished, describing MreB containing and lacking strains, 
respectively. Modified from Peeters SH, 2016 (Master thesis internship) 
 

As already mentioned, the presence of MreB was examined in both budding and binary 

fission performing Planctomycetes. To investigate the role of MreB during cell division 

in Planctomycetes, the inhibitor A22 was used, that is known to change the MreB 

polymerization and protofilament interaction in other bacteria (Bean et al., 2009). While 

E. coli cells get morphologically affected by A22, revealing a deformation of the cell 

structure (Movie 4), the effect of A22 to Cand. K. stuttgartiensis, a MreB-containing 

Planctomycete, dividing by binary fission, caused a decrease in growth experiments 

and an induction of blebs located at the outer membrane (Master thesis internship: 

(Peeters, 2016)).  

However, the effect of A22 to the budding planctomycete P. limnophila differs 

(Figure 30), showing no deformation of the mother cell during cell division. 

Nevertheless, a significant decrease in daughter cell size during rising A22 

concentrations could be shown within this work by time-lapse microscopy, indicating 

an important function of MreB during bud formation. While untreated daughter cells 

elongated after the first bulge, treated cells (100 mM A22) remained as small spheres 

(Figure 30 b Table 10). As MreB is known to arrange the peptidoglycan synthesis in 

Gram-negative bacteria (White & Gober, 2012), the limitation of MreB polymerization 

in P. limnophila might cause a loss in daughter cell growth and abortion of the budding 

process. While A22 treated cells (100 mM A22) mostly stopped after the first division, 

A22 might also alter the chromosome segregation. These interpretations are in line 
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with previous publications detecting a stop in cell growth (Ouellette et al., 2012) and 

the presence of small spherical aberrant bodies (lacking peptidoglycan) in A22 treated 

Chlamydia samples (Liechti et al., 2016). This point towards a related effect of A22 in 

Chlamydia and Planctomycetes.  

Therefore, A22 might disintegrate the peptidoglycan formation in the emerging 

planctomycetal daughter cell, resulting in a peptidoglycan free bud (100 mM A22). 

While peptidoglycan is important for the cell to withstand the osmotic pressure (Vollmer 

& Holtje, 2004), a disruption of the peptidoglycan mesh, might be the reason for the 

appearance of spherical daughter cell after A22 treatment. Interestingly a related 

observation were done by imp4213 E. coli cells, with a defect in the LPS biosynthesis, 

after a treatment with vancomycin (Huang et al., 2008). There, cells started to bulge 

on the side as a cause of peptidoglycan disorder and the osmotic pressure.  

While the MreB-containing planctomycete P. limnophila showed an effect at lower 

concentrations of A22 (100 mM), the spherical MreB-lacking strain G. obscuriglobus 

was only effected at higher A22 concentrations (250 mM). However, this concertation 

(250 mM) resembles a cytotoxic value which was determined by a MreB deletion 

mutant in E. coli and other A22 treated bacteria (Takacs et al., 2010). As an additional 

control, the MreB-lacking spherical cells of M. luteus showed a similar growth defect 

after A22 treatment (Figure 32). The treatment of high concentrations of A22 (200 mM) 

showed no drastic morphological changes but a decreased cell division speed.  

Thus, a toxic effect of the high concentrated A22 might be the cause for the limited cell 

growth in G. obscuriglobus and M. luteus (Figure 31). Due to the big size of 

G. obscuriglobus (Franzmann & Skerman, 1984) an analysis, with the microfluidic 

chamber was restricted to monitor the effect of different A22 concentration. 

Nevertheless, an involvement of MreB in the cell division of G. obscuriglobus seems 

questionable. 

To investigate a visible morphological effect of A22 to MreB-lacking Planctomycetes 

the smaller and elongated cells of R. baltica and the novel strain Pan216 were subject 

to time-lapse microscopy (Figure 30 and Movie 6, 8). Surprisingly, a decrease in size 

of the emerging daughter cells were observed for R. baltica during rising A22 

concentrations (Figure 30), similar as described for P. limnophila (Figure 30, Table 10). 

While both strains fall in an arrested state, cells recovered after removing A22 

(Movie 6, 8) as described for P. limnophila and the Chlamydia (Ouellette et al., 2012). 

In addition, cells of the strain Pan216 showed spherical detached daughter cells during 

washing (Movie 8), while for R. baltica no spherical cells were observed. This might 

indicate, that a specific amount of A22 is needed to result in an abortion during cell 

division, or to fall into an arrested state stopping the budding process.  

These observations were also in line with a decreased cell growth observed within 

growth experiments at different A22 concentrations (Figure 31 and 35).  
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Thus, elongated MreB-lacking Planctomycetes are affected by a similar concentration 

of A22 as described for the elongated MreB-containing P. limnophila, indicating no 

cytotoxic effect of A22, as discussed for the high concentrations used for the inhibition 

of G. obscuriglobus (Figure 31 and 35). Whereas, A22 binds to the nucleotide-binding 

pocket of MreB, interacting especially with the MreB residues E131 and T155 (Bean et 

al., 2009), a specific binding is needed to induce a similar morphological effect of 

MreB-containing and lacking Planctomycetes. These residues appear to be crucial for 

the effect of A22 to the cell, since homologues of MreB lacking E131 and T155 showed 

an A22 resistance (Gitai et al., 2005). However, no suitable MreB homologues were 

verified during this analysis, raising speculations about a putative unknown actin 

homologue for R. baltica and the strain Pan216 responsible for the elongation of the 

daughter cells. 

 

Taken together, MreB or putative A22 affected homologues or other so far unknown 

proteins are important for the elongation of daughter cells during the budding process 

of elongated Planctomycetes. While interacting with these proteins, A22 might detain 

the formation of peptidoglycan, resulting in an abortion of the cell division due to 

osmotic pressure. In addition, mother cells get stuck in an arrested state, pointing 

towards an additional function for MreB within the cell division. Thus, homologies in 

the cell division mechanism of Chlamydia and MreB-containing Planctomycetes could 

be demonstrated within this work. This might enable Planctomycetes to become a 

model organism to study the cell division of pathogenic Chlamydia. Thereby, 

Planctomycetes could be used as putative drug targets or to test novel antibiotics in a 

nonpathogenic environment.  
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4.3.3 From budding to binary fission 

 

As discussed, cell division of Planctomycetes is highly diverse and to raise a general 

model about their cell division mechanism might be challenging at this point of 

research. While for anammox Planctomycetes a substitution of FtsZ by kustd1438 was 

suggested, no homologues were found in other Planctomycetes (van Niftrik et al., 

2009). Nevertheless, an uncommon high number of giant genes were described for 

Planctomycetes, speculating about a putative involvement in cell shape maintenance 

or subcellular organization (Kohn et al., 2016). In addition, MreB might play a primary 

role during cell division of some Planctomycetes (4.3.2) as it was described for 

Chlamydia (Ouellette et al., 2012).  

However, questions about the evolutionary direction and the loss or gain of otherwise 

essential cell division proteins during evolution were raised in the past (Jogler et al., 

2012, Rivas-Marin et al., 2016). As already described in this work (Figure 26), cells 

within the phylum Planctomycetes divide by two different mechanisms. Nevertheless, 

within the budding mechanism elongated and spherical Planctomycetes appear to 

differ.  

In addition, besides the polar budding, a novel lateral budding mechanism was 

revealed in this study (Figure 33). Whereas, no transitional form between budding and 

binary fission was found so far, its potential presence were discussed in a latest 

publication (Rivas-Marin et al., 2016). In this study, the strain Pan216 was introduced, 

which might help to understand the development of the cell division in Planctomycetes. 

This strain was described to be phylogenetically placed between the Planctomycetes 

dividing by budding or by binary fission (Figure 33 c). Additionally, the strain contains 

morphological features which were also described in other Planctomycetes. A putative 

surface layer (Figure 34) which within the Phylum was only detected for anammox 

Planctomycetes (van Teeseling et al., 2014) could be shown as the outer most barrier 

of the strain Pan216. Furthermore, a similar effect of A22 could be shown in 

comparison to other elongated Planctomycetes (Figure 35 and Movie 8). In addition, 

the extended attachment of the daughter cell and additional internal transfer during cell 

division (Figure 33) was otherwise described for G. obscuriglobus (Lee et al., 2009a). 

  

Thus, the strain Pan216 might function as a transitional form between Planctomycetes 

dividing by budding and by binary fission. Nevertheless, a comparative genomic 

analysis between these different types of cell division might reveal genes which are 

involved in the cell division or in the positioning of the cell division machinery to help 

to enclose the diverse cell division of Planctomycetes. This novel type of budding could 

also be the first hind to determine the point of mid-cell, as it was described for MapZ in 

Streptococcus pneumoniae (Fleurie et al., 2014).  



Summary 

 

106 

 

5 Summary 

 

Planctomycetes are exceptional bacteria, which comprise a huge variety of peerless 

cell biological features. While Planctomycetes were described to be a link between pro 

and eukaryotes, this study reveals them as Gram-negative bacteria. They possess an 

outer membrane with typical outer membrane proteins and proteins partially involved 

in the Sec and Tat secretion system. Planctomycetes are braced by a peptidoglycan 

containing cell wall to withstand osmotic pressure and they generate their main proton 

motive force at the cytoplasmic membrane. While Planctomycetes in general resemble 

the canonical Gram-negative cell plan, they comprise in contrast a highly dynamic, 

sometimes highly enlarged periplasmic space resulting from variable invaginations of 

the cytoplasmic membrane.  

Employing super resolution microscopy, this study disproved the endocytosis like 

uptake in Planctomycetes and the involvement of the membrane coat-like protein 

Plim1972 in the uptake mechanism of macromolecules. The lack of this eukaryotic 

hallmark trait highly questions the role of Planctomycetes in eukaryogenesis Thus, 

Planctomycetes are not the missing link between pro and eukaryotes.  

However, within their unusually enlarged periplasm, Planctomycetes can store high 

molecular polysaccharides. These polysaccharides might be internalized by a novel 

uptake mechanism, linked to the crateriform structures, and their appearing fibres. With 

these fibres, Planctomycetes might act as a prokaryotic angler, fishing 

macromolecules from their environment.  

In addition, new insights of the planctomycetal cell division were made, revealing the 

influence of the actin homologue MreB. While in elongated Planctomycetes MreB or 

other A22 effected proteins appear to be important during chromosome segregation 

and cell elongation, spherical Planctomycetes might not rely on these proteins during 

cell division. Furthermore, homologies in the cell division mechanism between 

Chlamydia and MreB-containing Planctomycetes were hypothesized. 

Thus, Planctomycetes might be suitable model organisms to study the cell division and 

to develop novel treatment methods against pathogenic Chlamydia.  

Moreover, a novel strain Pan216 was introduced within this study, which performs a 

so far unseen cell division by lateral budding. This strain might give new insights about 

the development of the budding mechanism in the phylum Planctomycetes. 
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Figure VIII: The old and new cell plan of Planctomycetes. (a) The outdated planctomycetal cell plan (Figure III b). (b) Recent work and this thesis confirmed the view of a planctomycetal 
Gram-negative cell architecture (Figure V) and a misinterpretation of an endocytosis-like uptake in Planctomycetes (Figure VI). Novel aspects are highlighted in red. Modified from 
Boedeker et al., 2017. 
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6 Outlook 

 

Within this work, new insides about the planctomycetal cell biology were obtained. 

While many assumptions about their unique cell biology were disproven during this 

study, Planctomycetes are still fascinating bacteria. Due to the discovery of a rather 

typical Gram-negative cell plan, other usual features moved into focus and raise further 

questions that should be investigated.  

 

- The presence of ATPases located at the outer membrane of Planctomycetes 

should be investigated in more detail by analyzing different membrane fractions 

in a proteomic approach. 

- The function of membrane coat-like proteins in Planctomycetes should be 

analyzed by localization studies using e.g. protein fusions and correlative 

microscopy. 

- The crateriform structures should be elucidated by cryo-electron tomography. 

- The structure and protein composition of the emerging fibers and pili should be 

analyzed by cryo-electron tomography and proteomics. 

- The potentially novel uptake mechanism of macromolecules by Planctomycetes 

should be investigated in more detail. 

- Different types of cell division should be further classified. A complete 

documentation of the differences within the phylum might help to understand 

the development of various types of cell division. 

- The MreB localization and peptidoglycan formation during cell division and cell 

elongation should be visualized by e.g. protein fusions or HCC-amino-D-alanine 

(HADA) labeling. 

- The influence of A22 to elongated MreB-lacking Planctomycetes should be 

further investigated. 

- Differences within the cell division by budding and by binary fission should be 

compared to the novel strain Pan216 by comparative genomics, to reveal a 

putative link between the different mechanisms. 
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Movies 

 

Movie 1: SR-SIM localization of GFP in Gemmata obscuriglobus. Amira 6.0 3D volume 

reconstruction of SR-SIM micrograph of a G. obscuriglobus cell stained with DAPI (blue), Nile Red (red) 

and incorporated GFP (green). Multiple invaginations of the inner cytoplasmic membrane are visible, 

while the DNA is highly condensed and the GFP signal is located between the red layers. Modified 

from Boedeker et al., 2017. 

 

Movie 2: SR-SIM localization of fluorescence labelled dextran in G. obscuriglobus. Amira 6.0 3D 

volume reconstruction of SR-SIM micrograph of G. obscuriglobus cells stained with DAPI (blue), Nile 

Red (red) and incorporated dextran (green). Huge invaginations of the inner cytoplasmic membrane are 

visible and the green dextran signal is located between the red layers. Modified from Boedeker et al., 

2017. 

 

Movie 3: SR-SIM localization of fluorescence labelled dextran in Planctopirus limnophila. Amira 

6.0 3D volume reconstruction of SR-SIM micrograph of a P. limnophila cell stained with DAPI (blue), 

Nile Red (red) and incorporated dextran (green). The green dextran signal is located mostly inside the 

cell within the enlarged paryphoplasm. Modified from Boedeker et al., 2017. 

 

Movie 4: The effect of A22 on Escherichia coli cells. Cells were imaged on an agarose pad 

supplemented with LB medium. Cells get blurry and deformed under the effect of A22. Some cells lyse, 

while other keep dividing in an unusual form. Modified from Peeters SH, 2016 (Master thesis 

internship). 

 

Movie 5: The effect of A22 on Planctopirus limnophila cells. Cells show the cell division by polar 

budding.  During the budding process, the mother cell increases in size and shrinks during daughter cell 

formation. The appearing daughter cell swims away. After 20h of cell division 100 µM A22 were supplied 

to the culture stopping an elongation of the daughter cell. While some mother cells produce shortened 

cells, others stop dividing. Modified from Peeters SH, 2016 (Master thesis internship). 

 

Movie 6: The effect of A22 on Rhodopirellula baltica cells. Cells were incubated with 100 µM A22.  

No division could be observed while treated with A22. After 15h of incubation cells were washed with 

fresh M2 medium. Consequently, cells start immediately to divide in a conventional way. 

 

Movie 7: The effect of A22 on Micrococcus luteus cells. Cells were incubated with 200 µM A22.  A 

slowdown in cell division speed could be observed while treated with A22. After 20h of incubation cells 

were washed with fresh LB medium. Consequently, cells start immediately to divide much faster. 

 

Movie 8: The effect of A22 on the strain Pan216. After a pre-incubation with M1H NAG ASW for 24h 

(not imaged), cells were incubated with 147 µM A22. No sign of division was observed during this time. 

After 9h of incubation cells were washed with fresh M1H NAG ASW medium. Consequently, cells try 

immediately to divide. While most cells show an ejection of internal material, few cells divid in an 

unaltered way. 
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Supplementary Tables 

Supplementary Table 1: Blastp analysis of genes involved in the budding process of Streptomyces found in 
Planctomycetes (Taxid:112) 

DivIVA  WP_003976738.1 Collagen triple helix repeat (20 copies) [Pirellula sp. SH-Sr6A]  

Query cover: 61% E value: 2.0 Ident: 33% AMV35251.1 

Scy WP_011030220.1 No significant similarity found 

 

Supplementary Table 2: List of proteins used for ClustalW alignment 

AMV18631.1 Exopolyphosphatase [Planctomyces sp. SH-PL14] 

AMV19016.1 Chaperone protein DnaK [Planctomyces sp. SH-PL14] 

AMV26039.1 Chaperone protein DnaK [Gemmata sp. SH-PL17] 

AMV29044.1 Chaperone protein HscA [Gemmata sp. SH-PL17] 

AMV29141.1 Chaperone protein DnaK [Gemmata sp. SH-PL17] 

AMV32809.1 Chaperone protein DnaK [Pirellula sp. SH-Sr6A] 

AMV32890.1 Exopolyphosphatase [Pirellula sp. SH-Sr6A] 

AMV34811.1 Chaperone protein DnaK [Pirellula sp. SH-Sr6A] 

AMV36958.1 Chaperone protein DnaK [Planctomyces sp. SH-PL62] 

AMV39096.1 Chaperone protein DnaK [Planctomyces sp. SH-PL62] 

BAM03612.1 rod shape-determining protein MreB [Phycisphaera mikurensis NBRC 102666] 

CAJ72643.1 strongly similar to cell shape-determining protein [Candidatus Kuenenia stuttgartiensis] 

CAJ73244.1 strongly similar to chaperone protein DnaK (heat shock protein 70) [Candidatus Kuenenia stuttgartiensis] 

CCG92006.1 rod shape-determining protein [Methylacidiphilum fumariolicum SolV] 

EDL56830.1 DnaK protein [Gimesia maris DSM 8797] 

EDL58129.1 exopolyphosphatase [Gimesia maris DSM 8797] 

EGF24687.1 molecular chaperone-like protein [Rhodopirellula baltica WH47] 

EMI54837.1 heat-shock chaperone protein [Rhodopirellula sallentina SM41] 

GAB61767.1 cell shape determining protein MreB [Candidatus Jettenia caeni] 

GAT32046.1 rod shape-determining protein MreB [Terrimicrobium sacchariphilum] 

KHE90311.1 molecular chaperone DnaK [Candidatus Scalindua brodae] 

KHE90586.1 cell shape-determining protein [Candidatus Scalindua brodae] 

KHE91254.1 molecular chaperone DnaK [Candidatus Scalindua brodae] 

KJJ85932.1 rod shape-determining protein mreB [Candidatus Omnitrophus magneticus] 

KKO18707.1 molecular chaperone DnaK [Candidatus Brocadia fulgida] 

KKO20678.1 cell shape determining protein MreB [Candidatus Brocadia fulgida] 

KPJ56241.1 molecular chaperone DnaK [Planctomycetes bacterium DG_58] 

KPJ63326.1 molecular chaperone DnaK [Planctomycetes bacterium DG_23] 

KPJ73381.1 molecular chaperone DnaK [Planctomycetes bacterium DG_20] 

KPK44518.1 molecular chaperone DnaK [Phycisphaerae bacterium SG8_4] 

KPK65225.1 molecular chaperone DnaK [Planctomycetes bacterium SM23_32] 

KPK82459.1 molecular chaperone DnaK [Phycisphaerae bacterium SM23_33] 

OAI52123.1 molecular chaperone DnaK [Planctomyces sp. SCGC AG-212-M04] 

P0A9X4.1 RecName: Full=Rod shape-determining protein MreB 

WP_002649119.1 rod shape-determining protein [Gimesia maris] 

WP_002652986.1 molecular chaperone DnaK [Blastopirellula marina] 

WP_002653007.1 Ppx/GppA phosphatase [Blastopirellula marina] 

WP_002654505.1 molecular chaperone DnaK [Blastopirellula marina] 

WP_002655517.1 rod shape-determining protein [Blastopirellula marina] 

WP_007222065.1 molecular chaperone DnaK [Candidatus Jettenia caeni] 

WP_007325926.1 molecular chaperone HscC [Rhodopirellula baltica] 

WP_007326035.1 molecular chaperone DnaK [Rhodopirellula baltica] 

WP_007329914.1 exopolyphosphatase [Rhodopirellula baltica] 

WP_007330561.1 molecular chaperone Hsp70 [Rhodopirellula baltica] 

WP_007331550.1 exopolyphosphatase [Rhodopirellula baltica] 

WP_007332488.1 molecular chaperone HscC [Rhodopirellula baltica] 

WP_007336666.1 molecular chaperone HscC [Rhodopirellula baltica] 

WP_007337531.1 hypothetical protein [Rhodopirellula baltica] 

WP_007414759.1 rod shape-determining protein [Pedosphaera parvula] 
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WP_008655643.1 molecular chaperone HscC [Rhodopirellula europaea] 

WP_008656841.1 exopolyphosphatase [Rhodopirellula europaea] 

WP_008658096.1 molecular chaperone DnaK [Rhodopirellula europaea] 

WP_008661135.1 molecular chaperone DnaK [Rhodopirellula europaea] 

WP_008663298.1 heat-shock protein [Rhodopirellula europaea] 

WP_008670872.1 molecular chaperone HscC [Rhodopirellula europaea] 

WP_008671081.1 molecular chaperone DnaK [Rhodopirellula europaea] 

WP_008687813.1 molecular chaperone DnaK [Rhodopirellula sallentina] 

WP_008687969.1 exopolyphosphatase [Rhodopirellula sallentina] 

WP_008694382.1 molecular chaperone DnaK [Rhodopirellula maiorica] 

WP_008694463.1 molecular chaperone-like protein [Rhodopirellula maiorica] 

WP_009094530.1 molecular chaperone DnaK [Rhodopirellula sp. SWK7] 

WP_009099425.1 molecular chaperone-like protein [Rhodopirellula sp. SWK7] 

WP_009101508.1 exopolyphosphatase [Rhodopirellula sp. SWK7] 

WP_010039613.1 molecular chaperone DnaK [Gemmata obscuriglobus] 

WP_010044127.1 heat-shock protein 70 [Gemmata obscuriglobus] 

WP_010047570.1 molecular chaperone DnaK [Gemmata obscuriglobus] 

WP_010581878.1 molecular chaperone DnaK [Schlesneria paludicola] 

WP_010586802.1 exopolyphosphatase [Schlesneria paludicola] 

WP_011120598.1 molecular chaperone DnaK [Rhodopirellula baltica] 

WP_011122146.1 molecular chaperone DnaK [Rhodopirellula baltica] 

WP_011123565.1 exopolyphosphatase [Rhodopirellula baltica] 

WP_012419593.1 MULTISPECIES: rod shape-determining protein [Akkermansia] 

WP_012909790.1 molecular chaperone DnaK [Pirellula staleyi] 

WP_012910889.1 molecular chaperone DnaK [Pirellula staleyi] 

WP_012912473.1 exopolyphosphatase [Pirellula staleyi] 

WP_013108903.1 molecular chaperone DnaK [Planctopirus limnophila] 

WP_013110306.1 molecular chaperone DnaK [Planctopirus limnophila] 

WP_013110660.1 exopolyphosphatase [Planctopirus limnophila] 

WP_013110875.1 rod shape-determining protein [Planctopirus limnophila] 

WP_013563589.1 molecular chaperone DnaK [Isosphaera pallida] 

WP_013564722.1 molecular chaperone DnaK [Isosphaera pallida] 

WP_013629000.1 exopolyphosphatase [Rubinisphaera brasiliensis] 

WP_013630838.1 rod shape-determining protein [Rubinisphaera brasiliensis] 

WP_013631074.1 molecular chaperone DnaK [Rubinisphaera brasiliensis] 

WP_014436609.1 molecular chaperone DnaK [Phycisphaera mikurensis] 

WP_015245035.1 molecular chaperone DnaK [Singulisphaera acidiphila] 

WP_015246481.1 molecular chaperone DnaK [Singulisphaera acidiphila] 

WP_015246901.1 molecular chaperone DnaK [Singulisphaera acidiphila] 

WP_018969829.1 rod shape-determining protein [Rubritalea marina] 

WP_020468396.1 hypothetical protein [Zavarzinella formosa] 

WP_020469087.1 hypothetical protein [Zavarzinella formosa] 

WP_020473866.1 molecular chaperone DnaK [Zavarzinella formosa] 

WP_029246782.1 rod shape-determining protein [Schlesneria paludicola] 

WP_029247074.1 molecular chaperone DnaK [Schlesneria paludicola] 

WP_037229739.1 molecular chaperone Hsp70, partial [Rhodopirellula baltica] 

WP_039721088.1 rod shape-determining protein [Methylacidiphilum kamchatkense] 

WP_040543556.1 rod shape-determining protein [Candidatus Jettenia caeni] 

WP_043584778.1 rod shape-determining protein [Diplosphaera colitermitum] 

WP_044239060.1 exopolyphosphatase [Gimesia maris] 

WP_044302834.1 molecular chaperone Hsp70 [Rhodopirellula sallentina] 

WP_045086835.1 rod shape-determining protein [Methylacidiphilum fumariolicum] 

WP_047812815.1 molecular chaperone Hsp70 [Rhodopirellula islandica] 

WP_047816294.1 molecular chaperone HscC [Rhodopirellula islandica] 

WP_047817389.1 molecular chaperone DnaK [Rhodopirellula islandica] 

WP_048810514.1 rod shape-determining protein [Methylacidiphilum infernorum] 

WP_052557064.1 molecular chaperone DnaK [Gemmata sp. IIL30] 

WP_052557219.1 molecular chaperone DnaK [Gemmata sp. IIL30] 

WP_052562937.1 rod shape-determining protein [Candidatus Brocadia sinica] 

WP_052564700.1 molecular chaperone DnaK [Candidatus Brocadia sinica] 
WP_053230235.1 rod shape-determining protein [Phycisphaera mikurensis] 
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