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14 h to ⫺20°C and finally brought to ⫹20°C over 22 h. Samples
were washed twice for 30 min in fresh acetone and then embedded in TAAB epon. Sections were cut at 50 nm and poststained with uranyl acetate and lead citrate, and subsequent
analysis was done with a Tecnai G2 Spirit Bio TWIN microscope. The life cycle of P. limnophilus involves the production
of two distinct cell types, somewhat reminiscent of the phylogenetically very distant Caulobacter crescentus. There are sessile cells with a holdfast (hs) and a noncellular stalk that allows
surface anchoring (Fig. 1A and B). The second cell type contains a single polar flagellum (Fig. 1C and D). Although these
findings had been preliminarily described before (4), negative
staining of whole cells points toward two types of crateriform
structures (large [LCS] and small [SCS]) on the cell surface of
P. limnophilus. Such structures are common among Planctomycetes and had been used for taxonomic purposes in the
past (10). Interestingly, our micrographs (Fig. 1C and D)
indicate that the putative LCS are distributed across the
entire cell, while putative SCS are limited to the pole where
the flagellum (FL) is located. The subcellular analysis in Fig.
2A shows what appears to be close to a typical Blastopirellula-type of cell organization (2), with a cytoplasmic membrane (CM) confining the paryphoplasm (Py) and an intracytoplasmic membrane (ICM) dividing it from the
pirellulosome (Pi). The ICM and CM both are about 6-nmwide lipid bilayers (see Fig. S3 in the supplemental material). Interestingly, different cells have different shapes of Py
and Pi. Serial sections of individual cells (see Fig. S1 in the
supplemental material) revealed that the shapes of Py and
Pi change along the z axis, and thus P. limnophilus subcellular structures are not rotationally symmetrical. In summary, the finding that P. limnophilus displays the characteristic subcellular compartmentalization of the Planctomycetes
provided us with the necessary impetus to develop genetic
tools for its manipulation. Such tools would make P. limnophilus relevant as a model for investigating the molecular
basis of planctomycete compartmentalization in general.
Development of a gene transfer system and transposon mutagenesis. We choose the Epicentre EZ-Tn5 R6K␥ori/Kan-2
Tnp transposome kit to develop our gene transfer protocol.

The Planctomycetes represent a remarkable clade within the
domain Bacteria. They display cellular features once thought to
be the sole domain of members of Eukarya. Some species have
elaborate membrane-enclosed compartments, at times resembling the eukaryotic nucleus, and the capability to carry out
endocytosis using membrane coat-like proteins (3, 6, 7, 9). In
addition, Planctomycetes are major players in the global nitrogen and carbon cycles and perform reactions such as the anaerobic oxidation of ammonium with the aid of subcellular
organelles known as anammoxosomes (6, 11, 13). Despite recent progress in revealing the complex subcellular structures of
several Planctomycetes, in-depth analyses of these unusual features have been hampered by the lack of genetic tools. Since
not all Planctomycetes are available as pure cultures and some
species have doubling times of up to 30 days (12), selecting an
appropriate model organism in which to develop a genetic
toolbox is essential. After analyzing several species (see Table
S1 in the supplemental material), we chose Planctomyces limnophilus to develop methods for gene transfer and mutagenesis. The key criteria for selecting this species were (i) it displays
one of the fastest growth rates among the cultured Planctomycetes (6 to 14 days to detect a colony), (ii) plasmids and bacteriophage have been described (5, 16, 15), and (iii) the genome sequence is available. However, the unusual cell biology
is a key hallmark of Planctomycetes, and little was known about
P. limnophilus in this regard (4, 6). Thus, we first set out to
perform cell biological analyses of this species using highpressure cryofixation, freeze substitution, and thin sectioning
in conjunction with transmission electron microscopy (TEM)
(6). Cryofixation of entire colonies scraped from agar plates
was performed with a Leica EM PACT-2 followed by freezesubstitution in acetone with 2% osmium tetroxide at ⫺80°C for
50 h. Afterward, the temperature was increased over a span of
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Planctomycetes represent a remarkable clade in the domain Bacteria because they play crucial roles in global
carbon and nitrogen cycles and display cellular structures that closely parallel those of eukaryotic cells. Studies
on Planctomycetes have been hampered by the lack of genetic tools, which we developed for Planctomyces
limnophilus.
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Unlike plasmids, which have host ranges that are often limited,
EZ-Tn5 insertion does not require any form of replication. In
addition, a comparable approach was recently employed to
demonstrate gene transfer into Verrucomicrobium spinosum,
which belongs to the same superphylum as P. limnophilus (1,
14). After determining that P. limnophilus was indeed sensitive
to kanamycin (see Fig. S2 in the supplemental material), fresh
electrocompetent cells were prepared by washing cells from
400 ml of a broth culture at an optical density at 600 nm
(OD600) of 0.4 (PYGV medium; http://www.dsmz.de
/microorganisms/media_list.php), containing about 4 ⫻ 108
cells, twice with equal volumes of ice-cold 10% glycerol. Cells
were resuspended in 400 l of washing buffer, and aliquots of
100 l were dispensed into 0.2-mm gapped electroporation
cuvettes along with 1 l of EZ-Tn5 solution and 1 l of TypeOne restriction inhibitor (Epicentre). Electroporation was performed with a Bio-Rad Gene Pulser Xcell (capacity [C], 25 F;
resistance [PC], 200 ⍀; voltage [V], 1.0 kV). Cells were immediately diluted in 1 ml PYGV medium and plated onto PYGV
agar supplemented with 30 g/ml kanamycin. After 14 days of
incubation at 30°C in the dark, 3.75 ⫻ 107 CFU/ml (⫾1.8 ⫻

107) could be detected on control plates without antibiotic,
indicating that about 40% of cells survived electroporation.
Colonies on kanamycin-containing plates arose only when the
mixtures had contained EZ-Tn5; not a single colony was observed in the mixtures without DNA. In general, up to 1.5 ⫻
103 transformants were obtained per microgram of DNA using
108 cells. Thus, transformation efficiency is by far lower than
average Escherichia coli performance (107 CFU/g DNA and
better). From three independent transformations, we picked
10 random colonies and used those cells to inoculate fresh
liquid medium. To verify Tn5 integration, DNA was isolated
using the Qiagen DNeasy blood and tissue kit, and Tn5 insertion sites within the genome were analyzed by modified arbitrary PCR (8). We used primer ARB1 (8) and CJ318 (5⬘-CA
GACCGTTCCGTGGCAAAGCAAA-3⬘) for the first PCR
(95°C for 5 min; 6 rounds of 95°C for 30 s, 30°C for 30 s, and
72°C for 1 min and 30 s; and 30 rounds of 95°C for 30 s, 45°C
for 30 s, 72°C for 2 min, and 72°C for 4 min), while oligonucleotides ARB2 (8) and CJ319 (5⬘-ACCTACAACAAAGCTC
TCATCAACC-3⬘) were used for the second PCR (95°C for 1
min and 30 rounds of 95°C for 30 s, 50°C for 30 s, 72°C for 2
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FIG. 1. TEM analysis of negative-stained P. limnophilus cells in either sessile (A and B) or swarmer (C and D) state of the life cycle, which is
similar to yet distinct from that previously reported (12a). (A) The holdfast substance (hs) is positioned at the end of the multifiber stalk (st) and
attaches cells to a surface. Attachment is further supported by fibrous structures (fi). (B) High-resolution micrographs of the stalk attachment at
the cell pole and of the holdfast structure. (C) Swarmer cell with flagellum (fl) and so-called large crateriform structures (lcs) dispersed all over
the cell surface. Further magnification (D) reveals in addition small crateriform structures (scs) at the pole of the cell, where the flagellar hook
(flh) is attached.
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min, and a final elongation at 72°C for 4 min). The DNA
sequence of purified PCR products (Qiagen MiniElut gel extraction kit) revealed nine insertion sites within the genome, as
shown in Fig. 3 and Table 1. Thus, mutagenesis was effective as

evidenced by disruption of the genes listed in Table 1. While
chromosomal insertions showed some regional selectivity, no
significant regional bias among the nine different disrupted
genes was found (Fig. 3, Table 1). Interestingly neither the
ICM nor the condensed nucleoid as described in the present
study formed a barrier for gene transfer and chromosomal
integration. This is the first report of gene transfer and mutagenesis of a Planctomycetes thus far, and it opens the door to
in-depth genetic analyses of this bacterium, such as generation

TABLE 1. Predicted functions of genes in the P. limnophilus
genome that have been disrupted by Tn5 transposon
insertions of 10 representative analyzed mutantsa

FIG. 3. P. limnophilus genome map with highlighted positions of
Tn5 transposon insertions as revealed by modified arbitrary PCR. The
distribution appears random, although the sample number of nine
does not allow statistical analysis.

Mutant
no.

Disrupted
gene

Predicted function of
disrupted gene

1
2
3
4
5
6
7
8
9
10

Plim_2159
Plim_2165
Plim_1621
Plim_3595
Plim_4202
Plim_3308
Plim_0300
ND
Plim_2177
Plim_0649

SppA (signal peptide peptidase)
Hypothetical protein
Putative thioredoxin-like protein
Hypothetical protein
Tetratricopeptide (TPR)
Heme-binding protein
Hypothetical proteinb
ND
Acriflavine resistance protein A
Phosphoglycerate mutase

a
Gene functions were annotated by five iterations of ⌿-BLAST against the
NCBI database. ND, not determined.
b
A Planctomycetes-specific protein.
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FIG. 2. TEM analysis of thin sections from P. limnophilus cells revealed an intracytoplasmic membrane (ICM) that divides the cytoplasm into a
paryphoplasm (Py) and a pirellulosome (Pi). Within the ICM of the Pi, the nucleoid is not covered by a further membrane but is always condensed, while
the size and organization of Py and Pi differ between individual cells (A to C). (A⬘ to C⬘) Colors of cell compartments are false (for illustration only).

VOL. 77, 2011

PLANCTOMYCES LIMNOPHILUS AS A MODEL ORGANISM

of defined deletion mutants or expression of green fluorescent
protein (GFP) fusion proteins.
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