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Summary

Waterbodies such as lakes and ponds are fragile envi-
ronments affected by human influences. Suitable con-
ditions can result in massive growth of phototrophs,
commonly referred to as phytoplankton blooms. Such
events benefit heterotrophic bacteria able to use com-
pounds secreted by phototrophs or their biomass as
major nutrient source. One example of such bacteria
are Planctomycetes, which are abundant on the sur-
faces of marine macroscopic phototrophs; however,
less data are available on their ecological roles in

limnic environments. In this study, we followed a
cultivation-independent deep sequencing approach to
study the bacterial community composition during a
cyanobacterial bloom event in a municipal duck pond.
In addition to cyanobacteria, which caused the bloom
event, members of the phylum Planctomycetes were
significantly enriched in the cyanobacteria-attached
fraction compared to the free-living fraction. Separate
datasets based on isolated DNA and RNA point
towards considerable differences in the abundance
and activity of planctomycetal families, indicating dif-
ferent activity peaks of these families during the
cyanobacterial bloom. Motivated by the finding that
the sampling location harbours untapped bacterial
diversity, we included a complementary cultivation-
dependent approach and isolated and characterized
three novel limnic strains belonging to the phylum
Planctomycetes.

Introduction

Aquatic primary biomass production is influenced by
physical parameters, e.g. temperature, pH and light avail-
ability, and is coupled to availability of inorganic com-
pounds (serving as sources of nitrogen or phosphate or
as trace elements) (Duarte and Cebrián, 1996;
Boulion, 2004). Given the ubiquitous nature of carbon
dioxide (CO2), the combination of above-mentioned
parameters determines the overall rate of biomass pro-
duction by phototrophic organisms in aquatic environ-
ments. Consequentially, aquatic habitats are typically
categorized by the level of nutrients. Oceans are mostly
oligotrophic (i.e. low nutrient levels) (Platt et al., 1983),
whereas limnic environments are often eutrophic
(i.e. higher levels of nutrients) (Blindow et al., 1993).
Such differences have direct implications for growth of
heterotrophic (micro)organisms as secondary producers,
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which rely on biomass of primary producers as source of
carbon and energy. Due to the smaller size of limnic envi-
ronments (lakes, ponds, etc.), they are typically more
sensitive to seasonal variation and the impact of human
intervention is higher (Abrantes et al., 2006).
Under suitable conditions, availability of high levels of

nutrients and minerals can result in excessive growth of
phytoplankton, commonly referred to as algal blooms
(Backer et al., 2015). Such events are caused by mass
development of a limited number of species of algae or
cyanobacteria accumulating directly at or below the water
surface (Mohamed et al., 2003). Phytoplankton blooms
can provide beneficial conditions for heterotrophic bacteria,
which derive carbon and energy either from the algal bio-
mass itself or by degrading compounds secreted by algae.
One example of such bacteria are Planctomycetes, which
were isolated from different abiotic and biotic surfaces in
aquatic habitats (Bengtsson and Øvreås, 2010; Lage and
Bondoso, 2014; Boersma et al., 2019; Kallscheuer
et al., 2020). With relative abundances of up to 60%–85%,
members of the phylum Planctomycetes were shown to be
particularly frequent on surfaces of macroscopic photo-
trophs, such as kelp and seagrass, thus representing the
dominant bacterial phylum in certain habitats (Wiegand
et al., 2018; Kohn et al., 2020a). In this context, members
of the class Planctomycetia within the phylum
Planctomycetes were shown to perform a lifestyle switch,
in which a sessile mother cell divides to yield a motile flag-
ellated daughter cell, which in turn can attach to nearby
surfaces by formation of a dedicated holdfast structure
(Faria et al., 2018). The working hypothesis that
Planctomycetes obtain carbon and energy from photo-
trophs is supported by the capability to degrade complex
polysaccharides, e.g. the model compound dextran
(Boedeker et al., 2017), as well as by the high number of
putative carbohydrate-active enzymes encoded in their
genomes (Naumoff, 2014; Kallscheuer et al., 2019b). A
specialized morphology of several Planctomycetes, includ-
ing fibres originating from conspicuous crateriform struc-
tures and an extremely enlarged cytoplasmic space, is
probably functionally related to the uptake of entire poly-
saccharide molecules and their subsequent intracellular
degradation (Boedeker et al., 2017). This strategy can pro-
vide a decisive advantage compared to the use of exoen-
zymes for the purpose of compound degradation. An
exoenzyme-mediated degradation is associated with the
risk that degradation products are flushed away or taken
up by competing microorganisms occupying the same eco-
logical niches as Planctomycetes.
Hitherto, it has been shown that Planctomycetes are

frequently associated with micro- and macroalgae in
marine habitats (Wiegand et al., 2018), while only
a smaller number of strains has been isolated from
freshwater bodies (Hirsch and Müller, 1985; Bondoso

et al., 2011; Kohn et al., 2020b; Storesund et al., 2020).
Consequentially, only little is known about their role in
limnic environments.

In this study, we combined a cultivation-independent
sequencing-based approach with targeted, cultivation-
based methods to investigate bacterial community com-
positions during a phytoplankton bloom event in a duck
pond in Wolfenbuettel, Lower Saxony, Germany. Using
isolated DNA and RNA from two different sampling frac-
tions as starting material (the attached- and the free-living
fraction) allows to draw conclusions on the abundance
and activity of different bacterial phyla. Based on the data
obtained, we further analyzed the diversity in the phylum
Planctomycetes on family and genus level and isolated
and characterized three novel planctomycetal strains
using a recently developed cultivation platform targeting
members of this phylum.

Results and discussion

Two genera caused the cyanobacterial bloom event in
the duck pond in Wolfenbuettel in 2012

During summer 2012, several cases of algal blooms were
reported in Northern Germany, e.g., in the Binnenalster in
Hamburg, in the rivers Havel and Spree close to Berlin
and in the Greifswalder Bodden close to the island
Ruegen in the Baltic Sea (information retrieved from local
newspaper articles). We also observed a phytoplankton
bloom in the duck pond in Wolfenbuettel in the same year
and thus decided to analyze samples from this municipal
pond. The duck pond (official name: Stadtgraben; engl.
‘town moat’) is located in the center of the town
Wolfenbuettel, Lower Saxony, Germany (Fig. 1A), which
has approximately 53 000 inhabitants. The pond itself
has an area of approximately 20.000 m2 (length:
450–550 m, width: 40–50 m), a maximal depth of 4.5 m
and is inhabited by different fish and ducks. After
processing of obtained samples, isolation of DNA and
RNA and sequencing of the V3 region of 16S rRNA
(gene) amplicons, we first analyzed data for the collected
fractions (free-living fraction and attached fraction) on
phylum level. Not surprisingly, with 58% relative abun-
dance Cyanobacteria was the most abundant phylum in
the attached fraction (particle size greater than 2.7 μm),
however, only 1.1% of the sequences in the free-living
fraction (size between 0.22 and 2.7 μm) could be traced
back to this phylum (Fig. 1B). The phylum Cyanobacteria
was also highly active in the attached fraction as con-
firmed by 98% relative abundance in the RNA samples
(Fig. 1B). During a more detailed analysis of the
sequences in the entire dataset, it turned out that 62% of
the Cyanobacteria-derived sequences could be assigned
to the genus Snowella and 27% to the genus Microcystis
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(both family Microcystaceae). The residual 11% were
assigned to 24 additional cyanobacterial families with
individual abundances between 0.2% and 1.0%.
Sequence analysis yielded a maximal similarity of 99.4%
(a single mismatch in two of the obtained sequences over
a length of 167 nucleotides) to Snowella litoralis strain
0TU37S04 (Rajaniemi-Wacklin et al., 2006) (GenBank
acc. no. AJ781040). Members of the genus Snowella
were shown to occur in freshwater or in slightly brackish
biotopes, mainly in phytoplankton of large slightly eutro-
phic reservoirs (Guiry et al., 2014). While occurrence of
several species was suggested to be restricted to limited
areas, two species, S. litoralis and Snowella lacustris,
possess worldwide distribution (Elenkin, 1938). The
genus Microcystis contains species forming single cells
or colonies, which occur in moderately eutrophic freshwa-
ter and are known to cause heavy water blooms
(Lemmermann, 1910). During electron microscopic analy-
sis of samples from the duck pond, Snowella and

Microcystis morphotypes could be observed (Fig. 2), pro-
viding additional support that the phytoplankton bloom
was primarily caused by members of these two genera.
Cells of S. litoralis strain 0TU37S04 are spherical and
have an average cell diameter of 3.1 μm (Rajaniemi-
Wacklin et al., 2006). Characteristic aggregates observed
during electron microscopy showed sizes of around
60 × 40 μm, which probably explains why cyanobacteria
were mainly observed in the attached fraction.

Cultivation-independent analysis of other bacterial phyla
in the duck pond samples

Municipal shallow waters, such as the investigated duck
pond, are fragile environments and subject to rapid shifts of
environmental conditions (also due to human influences).
The observed phytoplankton bloom is expected to lead to
an excess of biomass in the pond, thereby attracting micro-
organisms capable of degrading compounds secreted by
cyanobacteria or the cyanobacterial biomass itself. We
were curious to investigate the abundance and activity of
different non-cyanobacterial phyla in the samples and thus
compared the attached fraction (dominated by cyano-
bacteria) to the free-living fraction using our cultivation-
independent approach (Fig. 1B). In addition to cyano-
bacteria, Bacteroidetes (16%), Planctomycetes (13%) and
Proteobacteria (10%) turned out to be abundant phyla in
the attached fraction. Bacteroidetes and Proteobacteria
also showed a high abundance in the free-living fraction
(47% and 17%, respectively), while members of the phylum
Actinobacteria were nearly exclusively found in this fraction
(ranked second, 25%). Activities in the free-living fraction
(RNA samples) correlated to a large extent with the respec-
tive abundance of the observed phyla (Fig. 1B).

Members of the phylum Planctomycetes accounted for
2% of the bacterial diversity in the free-living fraction. The
observed difference for this phylum when comparing the
numbers of 13% in the attached fraction and 2% in the
free-living fraction) are probably related to the preference
of its members to attach to diverse biotic surfaces.
Planctomycetes were previously shown to reach maximal
relative abundances of 60%–85% on surfaces of kelp for-
ests on the Californian coast or on seagrass leaves in
the Mediterranean Sea (Wiegand et al., 2018; Kohn
et al., 2020a). The preference for attached growth is also
reflected by the results of our study when taking into
account that the phylum Planctomycetes was more than
six-fold enriched in the attached fraction compared to the
free-living fraction. While ranked third in the attached
fraction (DNA sample), an abundance of only 0.4% in the
RNA fraction suggests that attached planctomycetal
strains are present, but hardly active. In contrast,
planctomycetal strains were less abundant but more
active in the free-living fraction (Fig. 1B).

Fig 1. Sampling location (A) and results of the cultivation-
independent bacterial community analysis on phylum level (B). The
maps were obtained from OpenStreetMap. The cultivation-
independent analysis is based on the following numbers of obtained
sequences: 369 765 sequences (free-living fraction, DNA), 237 836
sequences (free-living fraction, RNA), 283 194 sequences (attached
fraction, DNA) and 653 048 sequences (attached fraction, RNA).
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In the attached fraction the phylum Planctomycetes
showed a similar abundance level (DNA fraction) as the
phylum Bacteroidetes (Fig. 1B). Among the abundant
phyla obtained in this fraction Bacteroidetes is thereby
also the most closely related phylum to Planctomycetes
apart from Verrucomicrobia (Castelle and Banfield,
2018). Most sequences obtained for the phylum Bacte-
roidetes could be traced back to the family Sap-
rospiraceae (order Chitinophagales), the env. OPS
17 clade (order Sphingobacteriales) and the genus
Fluviicola (family Crocinitomicaceae, order Fla-
vobacteriales). All three taxa are found in diverse aquatic
habitats (including stagnant freshwater) and several
described members were found to be involved in the
breakdown of polymeric organic compounds in the envi-
ronment, e.g. proteins (Xia et al., 2008), chitin and pepti-
doglycan (Eckert et al., 2013) or gelatin (O’Sullivan
et al., 2005). A similar catabolic potential as observed for
members of the phylum Bacteroidetes is also assumed
for the phylum Planctomycetes and was already demon-
strated for a small number of model strains earlier (Jeske
et al., 2016). The coexistence of members of both phyla
during the phytoplankton bloom is not unexpected and

the assumption that genes coding for catabolic enzymes
are exchanged by horizontal gene transfer is a plausible
hypothesis to be addressed in future studies.

Analysis of planctomycetal operational taxonomic units
on family and genus level

In our analysis using the SILVA database (reference ver-
sion 132), a total number of 66 734 operational taxonomic
units (OTUs) was obtained in the dataset, of which 3074
(4.6%) could be assigned to the phylum Planctomycetes,
which is currently subdivided into the three classes
Planctomycetia, Phycisphaerae and Candidatus
Brocadiae. The class Planctomycetia, which currently con-
tains the highest number of described species within the
phylum, is further subdivided into the orders Pirellulales,
Planctomycetales, Gemmatales and Isosphaerales with
the respective families Pirellulaceae, Planctomycetaceae,
Gemmataceae, and Isosphaeraceae (the order Pirellulales
contains more than one family, however, the recently
proposed families have not yet been implemented in the
Silva-based taxonomy). On class level, around 80% of
the identified Planctomycetes-OTUs fall within the class

Fig 2. Scanning electron micrographs of Snowella and Microcystis morphotypes. The respective scale bars are indicated in each of the individual
images.
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Planctomycetia, 14% in the class Phycisphaerae and
0.1% in the class Candidatus Brocadiae. An analysis on
family and genus level showed that 63% of the
Planctomycetes-derived OTUs can be assigned to the
family Pirellulaceae with the majority of sequences belong-
ing to the genus Rhodopirellula (Fig. 3). Within the families
Gemmataceae (11%), Planctomycetaceae (3%) and Iso-
sphaeraceae (2%), around 90% of the obtained
sequences belong to uncultivated genera, while the resid-
ual 10% could be assigned to described genera (Fig. 3).
When taking into account that only around 140 strains of
the phylum Planctomycetes have been characterized so
far, high numbers of strains belonging to uncultivated gen-
era are not unexpected. At the same time, the untapped
planctomycetal diversity also underlines that the here
investigated habitat is a valuable source for the isolation of
hitherto uncharacterized species.

Comparison of abundance and activity of
Planctomycetes in the attached fraction

The data obtained for the attached fraction yielded a rela-
tive abundance of 12.7% for members of the phylum
Planctomycetes (isolated DNA, Fig. 1). However, isolated

RNA of this fraction only led to 0.37% of the obtained
sequences, which we could trace back to this phylum.
Such numbers indicate that attached-living planctomycete
strains are quite abundant during the phytoplankton bloom,
but hardly active. We thus analyzed in more detail which
families are abundant and which are among the active
ones. Analysis of abundance values showed that the
attached fraction was dominated by Pirellulaceae (89.0%
of Planctomycete-derived sequences), whereas the fami-
lies Planctomycetaceae, Gemmataceae, Isosphaeraceae
and the class Phycisphaerae only represented minor frac-
tions with relative abundances between 1.6% and 3.7%
(Fig. 4). In the case that activities of planctomycetal strains
present in the attached fraction correlate with their abun-
dance, a similar distribution pattern should also be
expected for sequence numbers obtained from isolated
RNA. Evaluation of the activity data, however, led to a
completely different picture. Nearly half of the
planctomycete-derived sequences in the RNA samples
(50.6%) could be assigned to the class Phycisphaerae
(Fig. 4). Despite high abundance of the family
Pirellulaceae, only every 10th sequence of planctomycetal
origin could be traced back to this family in the dataset
obtained from isolated RNA. For the other families,

Fig 3. Analysis of obtained operational taxonomic units (OTUs) of the phylum Planctomycetes in the entire dataset. The percentages shown for
the classes and families are based on the total number of planctomycete OTUs of 3074 (=100%). Percentages shown in the grey boxes refer to
the OTUs of the individual families (=100%). Families belonging to different orders in the class Planctomycetia are shown in different shades
of blue.
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abundance and activity levels were comparable (Fig. 4).
Strains of uncultured clades accounted for 33% of the
sequences in the RNA samples originating from
Planctomycetes (24% belonging to clade OM190 and 9%
to clade vadin HA49).
The data suggest that Pirellulaceae is the most abun-

dant planctomycetal family in the attached fraction, but
hardly active, while members of the class Phycisphaerae
are less abundant, but highly active. This might be
explained by different lifestyles followed by strains belong-
ing to the family Pirellulaceae and the class
Phycisphaerae, a hypothesis that requires additional atten-
tion in future studies. A striking difference when comparing
members of the two phylogenetically distinct groups is their
genome size. Strains of the class Phycisphaerae charac-
terized so far have rather small genomes of 3.1–4.3 Mb
(Fukunaga et al., 2009; Pradel et al., 2020), whereas
Pirellulaceae have considerably larger genomes of
6–10 Mb (Clum et al., 2009; Peeters et al., 2020).
Planctomycetes are believed to degrade compounds
released by (dying) phototrophs or the biomass itself,
which then serve as nutrient source. For Pirellulaceae, this
hypothesis is supported by the presence of large numbers
of carbohydrate-active enzymes (Gade et al., 2005;
Wegner et al., 2013), in turn requiring larger genomes. In
contrast, smaller genomes of Phycisphaerae point towards
smaller numbers of encoded catabolic enzymes and a less

complex metabolism. Relatively high abundance, but low
activity of the family Pirellulaceae may indicate that such
strains are in a waiting position and only become active
when cyanobacterial biomass starts to decay. High abun-
dance or even dominance of Pirellulaceae during algal
blooms is in line with previously published results (Morris
et al., 2006; Cai et al., 2013). The recent discovery of the
brominated aromatic compound 3,5-dibromo-p-anisic acid
produced by a Planctomycete and potentially acting as
algicide points towards a metabolic link between
Planctomycetes and phototrophs (Panter et al., 2019).
Despite the smaller genomes and a suggested lower ver-
satility for degradation of algal compounds, Phycisphaerae
strains were also isolated from algal surfaces (Fukunaga
et al., 2009; Yoon et al., 2014). Low abundance and high
activity of Phycisphaerae at the time point of sampling thus
might indicate that different classes in the phylum
Planctomycetes benefit from phytoplankton blooms at dif-
ferent life stages of the phototroph. Analysis of shifts in the
bacterial community composition and clarification of our
working hypothesis, however, requires a time-resolved
study based on samples taken at different stages of phyto-
plankton blooms. Despite the ‘snapshot’ character of the
here presented study, the dataset is a promising starting
point for future studies.

Characterization of three novel Planctomycetes isolated
from the duck pond

Based on the high number of sequences from
uncultivated Planctomycete strains in the dataset, we
considered the chosen sampling location an attractive
source for the isolation and characterization of novel
planctomycetal species. Hence, we also included a
cultivation-dependent approach complementary to the
cultivation-independent analysis and describe the charac-
terization of three novel strains designated ETA_A1T,
ETA_A8T and I41T, which could be assigned to the phy-
lum Planctomycetes after initial sequencing of the 16S
rRNA gene. For the three isolates, we analyzed their phy-
logenetic positions in more detail and investigated mor-
phological, physiological and genomic chracteristics.

Phylogenetically, the novel strains belong to three dif-
ferent families. In phylogenetic trees based on 16S rRNA
gene sequences and multilocus sequence analysis
(MLSA), strain ETA_A1T clusters with members of the
familiy Gemmataceae, strain ETA_A8T within the family
Pirellulaceae and strain I41T within the recently intro-
duced family Lacipirellulaceae (Fig. 5 and Supporting
Information Fig. S1). Strain ETA_A1T shows a 16S rRNA
gene sequence similarity of <90.4% to characterized
members of the family Gemmataceae, which is below the
proposed genus threshold of 94.5% and suggests delin-
eation of the strain from known genera in this family

Fig 4. Analysis of abundance and activity of members of the phylum
Planctomycetes in the attached fraction. The analysis is based on
the obtained sequences assigned to the phylum Planctomycetes,
distributed among the shown classes/families. The following num-
bers of sequences were obtained: 36 093 sequences (12.7% of all
obtained sequences in the sample; isolated DNA), 2423 sequences
(0.37% of all obtained sequences in the sample; cDNA from iso-
lated RNA).
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(Supporting Information Fig. S2). A maximal average
nucleotide identity (ANI) of 73.3% obtained during com-
parison of strain ETA_A1T with strains belonging to the
genus Gemmata and type strains of other genera
ensures that the strain is not a member of a character-
ized species (species threshold 95%, Supporting Infor-
mation Fig. S2) (Kim et al., 2014). To consolidate the
results suggested by 16S rRNA gene sequence similarity
and ANI, we took additional phylogenetic markers into
account. Comparison of strain ETA_A1T with character-
ized members of the genus Gemmata yielded minimal
average amino acid identity (AAI) values of 62.8% and

percentage of conserved proteins (POCP) values of
56.8%. While the AAI is within the genus threshold range
of 60%–80% (Konstantinidis and Tiedje, 2005), POCP is
slightly above the genus threshold of 50% (Qin
et al., 2014). Taken together, two out of three markers
support delineation from the genus Gemmata and all
other known genera in the family Gemmataceae
(Supporting Information Fig. S2). Hence, we propose to
assign the strain to a novel genus within this family.

The second isolate, strain ETA_A8T, is a member of
the family Pirellulaceae (Fig. 5 and Supporting Informa-
tion Fig. S1) and all phylogenetic markers suggest

Fig 5. Maximum likelihood phylogenetic tree based on 16S rRNA gene sequences. Methodologies used for tree assembly are provided in the
Experimental procedures sections. Bootstrap values obtained after 1000 resamplings are shown at each node in %. Three strains from the
Planctomycetes-Verrucomicrobia-Chlamydiae (PVC) superphylum outside of the phylum Planctomycetes served as outgroup.
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Pirellula staleyi as its current closest relative (Supporting
Information Fig. S3). While similarity of the 16S rRNA
gene sequence (93.7%) and AAI (59.4%) are below the
respective genus threshold, POCP (55.3%) is slightly
above the proposed threshold. For the family
Pirellulaceae, a 1200 bp partial sequence of the gene
rpoB coding for the β-subunit of RNA polymerase is also
applicable as phylogenetic marker (Bondoso
et al., 2013). Comparison of the partial rpoB sequence of
strain ETA_A8T with P. staleyi yielded a similarity of
83.6%, which is above the proposed genus threshold
range of 75.5%–78% (Kallscheuer et al., 2019b). Two out
of four phylogenetic markers support delineation of strain
ETA_A8T from the genus Pirellula and one could argu-
ment both in favour and against placing the novel strain
in a novel genus. However, assignment of strain
ETA_A8T to the genus Pirellula would imply to disregard
the genus threshold for 16S rRNA gene sequence simi-
larity, although it has proven to be highly reliable in previ-
ous studies. Thus, we concluded to delineate strain
ETA_A8T from the genus Pirellula and all other described
genera in the family Pirellulaceae and propose to place it
in a novel genus.
Our third isolate, strain I41T, clusters with the recently

described species Lacipirellula parvula in both phyloge-
netic trees (Dedysh et al., 2019a) (Fig. 5 and Supporting
Information Fig. S1). Analysis of phylogenetic markers is
in line with delineation of the novel strain from the spe-
cies L. parvula, but not from the genus Lacipirellula.
Although the 16S rRNA gene sequence similarity of
99.1% obtained during comparison of strain I41T with
L. parvula PX69T is slightly above the proposed species
threshold of 98.7% (Stackebrandt and Ebers, 2006), an
ANI of 78.1% and AAI of 78.4% far below the species
threshold of 95% (Kim et al., 2014) clearly support delin-
eation of the novel isolate from the species L. parvula
(Supporting Information Fig. S4).
Next, we also analyzed basic morphological, physio-

logical and genomic features of the three novel isolates
(Figs. 6 and 7, Supporting Information Fig. S5) and used
this data for a comparison of strains ETA_A1T, ETA_A8T

and I41T with the current closest relatives, namely
G. obscuriglobus, P. staleyi and L. parvula, respectively
(Table 1). Strain ETA_A1T showed significant similarities
to G. obscuriglobus, e.g. with regard to cell size and divi-
sion, temperature optimum and range (pH range and
optimum have not been analyzed for G. obscuriglobus)
and colony pigmentation. Both, strain ETA_A1T and
G. obscuriglobus, display conspicuous crateriform struc-
tures and fimbriae, but lack a stalk and a holdfast struc-
ture. Under optimal conditions during laboratory-scale
cultivation in M1H NAG medium, strain ETA_A1T showed
a maximal growth rate of 0.021 h−1, which corres-
ponds to a generation time of 33 h. Differences to

G. obscuriglobus were mainly found during comparison
of the genomes. With a size of 9.0 Mb, the genome of
G. obscuriglobus is 15% larger than that of strain
ETA_A1T, whereas the G + C content of G.
obscuriglobus is slightly lower (67.4% vs. 71.3%).
Between 43% and 48% of the putative protein-coding
genes in the two genomes are of unknown function.

More pronounced morphological differences were
observed during comparison of strain ETA_A8T with
P. staleyi. Cells of strain ETA_A8T are slightly larger and
have a more elongated cell shape. While P. staleyi har-
bours a holdfast-structure and crateriform structures at one
of the cell poles, these structures were not observed in
case of strain ETA_A8T. Both strains form white colonies.
Optimal growth of strain ETA_A8T (μmax = 0.034 h−1, gen-
eration time of 20 h) was observed at 30�C and pH 8.0,
while no data was available for P. staleyi. Comparison on
genome level revealed a highly similar G + C content of
57%–58%, but a considerable difference in the genome
size. Strain ETA_A8T (genome size of 9.0 Mb) harbours a
much larger genome than P. staleyi (6.2 Mb). However,
the relative number of putative proteins with unknown func-
tion is higher in P. staleyi (55%) than in strain
ETA_A8T(45%).

The current closest relative of strain I41T is the recently
described facultative anaerobic L. parvula PX69T isolated
from a boreal lake (Dedysh et al., 2019a). Our phyloge-
netic analysis suggests that strain I41T is a novel species
within the recently described genus Lacipirellula, thus
significant similarities between the two strains are not
unexpected, e.g. in the case of cell size, morphology and
colony pigmentation. However, L. parvula harbours cra-
teriform structures and a holdfast structure, which we
could not observe for strain I41T. Instead, strain I41T pro-
duces a dense network of matrix or fimbriae. The strain
reached a maximal growth rate of 0.016 h−1 and thus
generation times of 43 h in M1H NAG medium. On the
genome level, we observed a highly similar genome size
and G + C content of 6.8–6.9 Mb and 61%–62%, respec-
tively. In strain I41T, the genomic information is distrib-
uted among a chromosome of 6 777 282 bp and a
53.7 kb plasmid. Astonishingly, 66% of the overall num-
ber of proteins encoded by L. parvula are of unknown
function, a considerably higher number compared to typi-
cal numbers of 40%–55% observed in Planctomycetes
including strain I41T (47%).

Taken together, based on the phylogenetic analysis
and supported by differences in morphological, physio-
logical or genomic features, we conclude that the three
strains ETA_A1T, ETA_A8T and I41T represent three
novel species belonging to two novel genera and the
chracterized genus Lacipirellula. The genus and species
protologues are provided below. We propose the names
Urbifossiella limnaea gen. nov, sp. nov., Anatilimnocola
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aggregata gen. nov., sp. nov. and Lacipirellula
limnantheis sp. nov. for the strains ETA_A1T, ETA_A8T

and I41T, respectively. All three strains belong to the
class Planctomycetia, which is in line with the observed
abundance of members of this class during analysis of
the planctomycete-derived sequences in the cultivation-
independent approach. We also checked for presence of
the 16S rRNA gene sequences of the three novel isolates
in the dataset. In case of strain ETA_A8T, we found the
exact sequence of the V3 region, whereas a minimum of
three and four mismatches in the V3 regions was
observed for strain ETA_A1T and I41T, respectively.

Description of Urbifossiella gen. nov.

Ur.bi.fos.si.el’la. L. fem. n. urbs a town, city; L. fem.
n. fossa a moat, ditch; N.L. fem. n. Urbifossiella a bacte-
rium isolated from a town moat.

Cells have a cell envelope architecture resembling that
of Gram-negative bacteria, are spherical, occur as single

cells or in larger aggregates and reproduce by budding.
The entire cell surface is covered with crateriform struc-
tures, but cells lack a stalk or holdfast structure. Cells are
heterotrophic, aerobic, mesophilic and neutrophilic. Pink
to red colonies are formed. The genus belongs to the
family Gemmataceae, order Gemmatales, class
Planctomycetia, phylum Planctomycetes. The type spe-
cies is Urbifossiella limnaea.

Description of Urbifossiella limnaea sp. nov.

lim.nae’a. N.L. fem. adj. limnaea (from Gr. fem. adj.
limnaia) living in limnic waters; corresponding to the ori-
gin of the strain from limnic waters.

In addition to the genus characteristics cells have a size
of 1.8 � 0.2 μm, are round grain rice-shaped and form
matrix or fibre covering the entire cell surface. Cells of the
species are able to grow over a temperature range of
15–30�C with optimal growth at 24�C and at pH 5.5–9.0
(optimum at pH 7.5). The G + C content is 71%. The type

Fig 6. Light microscopic photographs and cell size plots of the isolates. The cell sizes were determined by manually measuring at least 100 cells
or by applying a semi-automated object count tool. The scale bar is indicated in each of the individual pictures.
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strain is ETA_A1T (= DSM 103724T = LMG 29796T) and
was isolated during an algal bloom in a duck pond in
Wolfenbuettel, Germany in April 2014.

Description of Anatilimnocola gen. nov.

A.na.ti.lim.no’co.la. L. fem. n. anas, duck; Gr. fem.
n. limne, water, ditch; L. suff. cola, an inhabitant, dweller;
N.L. fem. n. Anatilimnocola an inhabitant of a duck pond.
Cells with a Gram-negative cell envelope. Have an

elongated shape, occur as rosettes, single cells or in
larger aggregates and reproduce by polar budding.

Crateriform structures, stalk and holdfast structure are
not observed. Cells are heterotrophic, aerobic and meso-
philic. White colonies are formed. The genus belongs to
the family Pirellulaceae, order Pirellulales, class
Planctomycetia, phylum Planctomycetes. The type spe-
cies is Anatilimnocola aggregata.

Description of Anatilimnocola aggregata sp. nov.

ag.gre.ga’ta. N.L. fem. adj. aggregata aggregated;
corresponding to the characteristic of the cells to form
aggregates.

Fig 7. Electron micrographs of the novel isolates. Separate scale bars are indicated in each of the individual pictures.
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In addition to the genus characteristics, cells have a
size of 2.0 � 0.3 × 1.4 � 0.2 μm, form an extracellular
matrix or fimbriae, and show optimal growth at 30�C and
pH 8.0. Growth over a range of 15–33�C and
pH 5.0–10.0 was observed. The genome has a G + C
content of 57.8%. The type strain is ETA_A8T (= LMG
29142T= STH00947T; the STH number refers to the Jena
Microbial Resource Collection JMRC) and was isolated
during an algal bloom in a duck pond in Wolfenbuettel,
Germany in April 2014.

Description of Lacipirellula limnantheis sp. nov.

limn.an’the.is. Gr. fem. n. limne a lake, pond; Gr. neut.
n. anthos, antheos, a flower, blossom; N.L. gen.
n. limnantheis of a lake bloom.

Cells are pear-shaped with a size of 1.3 � 0.3 ×
0.7 � 0.1 μm. Crateriform structures, stalk and holdfast

structure are not observed. Produce extracellular matrix
or fimbriae. Cells are heterotrophic, aerobic, mesophilic
and neutrophilic. Growth is observed at 22–33�C (opti-
mum 30�C) and pH 5.0–9.0 (optimum 7.0). Colonies lack
pigmentation. The type strain is I41T (= DSM 100603
T = LMG 29127T, synonyms: Isolat 41, isolat41) and was
isolated during an algal bloom in a duck pond in
Wolfenbuettel, Germany in August 2012.

Conclusion

In this study, we performed a differentiated analysis of
the bacterial community composition in a municipal
duck pond during a cyanobacterial bloom. Separate
datasets were generated based on the cyanobacteria-
associated attached fraction and the free-living fraction
as well as by separate analysis of 16S rRNA (gene)
sequences from isolated DNA (abundance) and RNA

Table 1. Comparison of phenotypic and genomic features of the novel isolates and their current closest relatives. The genome analysis is based
on GenBank accession numbers for the novel isolates given in the Experimental procedures section and acc. no. CP042911 (Gemmata
obscuriglobus), CP001848 (Pirellula staleyi) and AP021861 (Lacipirellula parvula). ’Giant genes’ refers to genes >15 kb. Abbreviations: n.o. not
observed, n.d. not determined.

Strain ETA_A1T
Gemmata

obscuriglobus ETA_A8T
Pirellula
staleyi I41T

Lacipirellula
parvula

Phenotypic features
Length × width (μm) 1.8 ± 0.2

(diameter)
1.4–3.0 2.0 ± 0.3 ×

1.4 ± 0.2
1.0–1.5 ×

0.9–1.0
1.3 ± 0.3

× 0.7 ± 0.1
0.9–1.4 ×

0.5–0.9
Shape Spherical Spherical to pear

shaped
Round grain rice

shaped
Drop to pear

shaped
Pear shaped Ellipsoidal

Colony colour Pink to red Rose White White White White
Temperature range

(optimum) (�C)
15–30 (24) 16–35 (24) 15–33 (30) n.d. 22–33 (30) 10–30 (20–25)

pH range (optimum) 5.5–9.0 (7.5) n.d. 5.0–10.0 (8.0) n.d. 5.0–9.0 (7.0) 5.0–7.5 (6.5)
Aggregates Yes Yes Yes Yes Yes Yes
Division mode Budding Budding Budding Budding Budding Budding
Dimorphic life cycle n.o. Yes Yes n.d. n.o. Yes
Relation to oxygen Aerobic Aerobic Aerobic Strictly

aerobic
Aerobic Facultatively

anaerobic
Flagella n.o. Yes n.o. Yes n.o. Yes
Crateriform structures Overall Yes n.o. Yes, at one

pole
n.o. Yes, polar

Fimbriae Overall matrix
or fibre

Yes Overall matrix
or fibre

n.d. Matrix or fibre n.d.

Stalk n.o. No n.o. No n.o. No
Holdfast structure n.o. No n.o. Yes n.o. Yes
Genomic features
Genome size (bp) 7 795 793 8 999 201 9 007 740 6 196 199 6 830 976 6 922 258
Plasmids No No No No 1 No
G + C content (%) 71.3 67.4 57.8 57.5 62.0 ± 3.0 61.7
Completeness (%) 94.83 94.83 100 98.28 96.55 96.55
Contamination (%) 5.17 6.03 5.17 0 3.45 3.45
Total genes 6369 7600 7134 4767 5623 5665
Genes per Mb 817 845 792 769 823 818
Protein-coding genes 6237 7465 7033 4705 5526 5581
Hypothetical proteins 2705 3608 3178 2601 2604 3702
Protein-coding genes per Mb 800 830 781 759 807 806
Coding density (%) 89.7 84.2 88.0 86.2 83.5 84.6
Giant genes 2 1 2 1 0 1
tRNAs 97 98 76 49 85 73
16S rRNA genes 2 5 1 1 1 1
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(activity). Analysis of the data showed that
Planctomycetes were six-fold enriched in the attached
fraction, which is in line with their suspected lifestyle on
surfaces of phototrophs. Although the attached fraction
was dominated by members of the family Pirellulaceae
(class Planctomycetia), these strains were barely
active. Instead, Phycisphaerae only showed minor
abundance but turned out to be the most active class
within the phylum. A time-resolved analysis is required
to investigate whether different classes of the phylum
Planctomycetes indeed show activity at different stages
of the cyanobacterial bloom. Although of speculative
nature at this early stage, we nevertheless would like to
include the following working hypothesis: Given that
known members of the class Planctomycetia have
larger genomes than members of the class
Phycisphaerae, they might harbour larger numbers of
catabolic enzymes required for the breakdown of com-
plex polysaccharides, of which the biomass of the pho-
totroph is composed. This would imply that such strains
become active at a later stage, at which the
cyanobacterial biomass starts to decay. In contrast, due
to smaller genomes Phycisphaerae probably lack an
extensive enzymatic machinery needed for breakdown
of biomass of the phototroph and might instead be well-
adapted to use compounds secreted by vital and meta-
bolically active phototrophs. If such a scenario is true,
the activity peaks of Phycisphaerae and the phototroph
would fall together, while the activity peak of the ‘tal-
ented’ degraders of the biomass of phototophs is
shifted to a later stage (death phase of the phototroph).

Experimental procedures

Sampling and differential filtration

Three 300 ml surface freshwater samples were taken in
a 2 m radius in a duck pond (Stadtgraben
Wolfenbuettel, Germany, 52.161 N 10.544 E) during a
phytoplankton bloom event on 30 August 2012. The
three samples were filtered through a single borosilicate
glass microfiber filter (GF/D, 47 mm, Whatman), which
retains particles greater than 2.7 μm, e.g. phytoplankton
and attached-living microorganisms. Subsequently, the
filtrate obtained from the first filtration step was filtered
through a 0.22 μm pore diameter Isopore polycarbonate
membrane filter (47 mm, Millipore Merck) to obtain the
free-living bacterial fraction. Both filters were stored at
−20�C until DNA and RNA extraction. Strain I41T was
isolated from an additional water sample taken from the
duck pond on 30 August 2012, while strains ETA_A1T

and ETA_8T were obtained from a second sampling on
4 April 2014.

DNA extraction from filters

Genomic DNA from borosilicate glass microfiber and
polycarbonate filters was extracted using a modified
method based on previously published protocols
(Fuhrman et al., 1988; Marschall et al., 2010). First, the
half of each filter was cut into pieces using sterile scal-
pels and transferred to a 15 ml reaction tube. In the next
step, 3 ml STE buffer [10 mM Tris hydrochloride (pH 8.0),
1 mM EDTA, 100 mM NaCl] with 1% (w/v) sodium dode-
cyl sulfate (SDS) was added to each tube and samples
were boiled for 10 min. During boiling, samples were
vortexted every 2 min. Subsequently, the buffer was
removed by pipetting and collected in a separate 15 ml
reaction tube. The remaining filter sections were mixed
with 1.5 ml TE buffer (10 mM Tris hydrochloride, pH 8.0
and 1 mM EDTA) and boiled again for 10 min. TE buffer
was then removed by pipetting and pooled with the col-
lected STE buffer. Filter sections were discarded and the
collected buffer pools were mixed with 4 ml phenol:chlo-
roform:isoamylalcohol (25:24:1, v/v/v) and samples were
incubated for 5 min at room temperature with shaking.
Tubes were then centrifuged for 20 min at 4000g and the
upper phase was re-extracted with 4 ml of chloroform,
followed by 5 min incubation at room temperature with
shaking. Again, the aqueous phase was collected after
centrifugation for 20 min at 4000g and DNA was precipi-
tated with 0.6 volumes of isopropanol at −20�C overnight.
The DNA was pelleted by centrifugation (4000g, 4�C,
30 min). DNA pellets were washed twice with 70% (v/v)
ice-cold ethanol, dried and resuspended in 50 μl PCR-
grade H2O. DNA concentrations were determined using
the Qubit dsDNA BR Assay Kit and a Qubit 2.0 Fluorom-
eter (Life Technologies GmbH). A DNA concentration of
18 ng μl−1 (glass microfiber filter) and 11 ng μl−1 (polycar-
bonate membrane filter), each in a volume of 50 μl H2O,
was obtained.

RNA extraction and cDNA synthesis

Total RNA from the second half of the borosilicate glass
microfiber and polycarbonate filters was extracted using
a modified version of a previously published protocol
(Eichler et al., 2008; Marschall et al., 2010). Filter strips
were combined with 0.5 g sterile glass beads (0.5 mm
diameter, BioSpec Products), 600 μl of extraction buffer
[50 mM sodium acetate, 10 mM EDTA, 0.1% (v/v) diethyl
pyrocarbonate (DEPC), pH 4.2; 1% (w/v) N-lauroyl-
sarcosine; sodium salt was added after autoclaving] and
600 μl of acidic phenol (Roti-aqua-Phenol, Roth). Filter
sections were disrupted by bead-beating with a
FastPrep-24 Instrument (MP Biomedicals) at maximum
speed for 1 min and immediately placed on ice. Tubes
were then centrifuged at 15 000g for 30 min at 4�C. After
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centrifugation, the aqueous phase was collected and 0.1
volumes of 3 M sodium acetate solution (pH 5.2) and
1 volume of chloroform were added. Samples were
vortexed and centrifuged for 10 min at 15 000g and 4�C.
Afterwards, the chloroform extraction was repeated and
the aqueous phase was collected. RNA was precipitated
with 1 volume of isopropanol at −20�C overnight and was
pelleted by centrifugation at 15 000g for 30 min at 4�C.
RNA pellets were washed twice with 70% (v/v) ethanol
diluted with DEPC-treated distilled water, air-dried and
resuspended in 50 μl DEPC-treated water. DNase I
(Thermo Scientific) was used to remove contaminating
DNA. Each reaction contained a maximum of 400 ng
RNA, 2 μl 10x reaction buffer with MgCl2, 2 μl DNase I
(RNase-free) and was filled up to a total volume of 20 μl
with DEPC-treated sterile water. Tubes were incubated at
37�C for 1 h followed by addition of 2 μl EDTA (RNase-
free, Thermo Scientific) and further incubation at 65�C for
10 min. After digestion of DNA, RNA was pooled and
purified using the RNeasy MinElute Cleanup Kit (Qiagen)
following the manufacturer’s recommendation. Determi-
nation of the total RNA concentration was performed
using a NanoDrop-1000 Spectrophotometer (PeqLab).
RNA concentrations of 141 ng μl−1 (glass microfiber filter)
and 17 ng μl−1 (polycarbonate membrane filter) were
obtained (each in a total volume of 14 μl). Purified RNA
was stored at −80�C until cDNA synthesis. An amount of
70 ng of purified RNA derived from either the glass micro-
fiber or the polycarbonate filters was used for cDNA syn-
thesis with the GoScript Reverse Transcription System
(Promega) according to the manufacturer’s description
with random hexamer primers and 3 mM MgCl2. As a
control, one assay for each RNA sample was prepared
without reverse transcriptase to detect internal DNA con-
tamination. A second control assay was prepared without
template RNA to exclude external DNA contaminations in
subsequent PCR reactions. After synthesis, cDNA from
both types of filters was stored at −20�C until further
analysis.

Whole genome amplification

In order to generate higher quantities of genomic DNA
necessary for Illumina multiplex sequencing, whole
genome amplification (WGA) was applied using gDNA
extracted from glass microfiber and polycarbonate filters
as templates. The Illustra GenomiPhi V2 DNA Amplifica-
tion Kit (GE Healthcare) was employed. For each amplifi-
cation reaction, 1 ng of extracted DNA was used and
three independent reactions were pooled to reduce sto-
chastic amplification bias. To remove remaining amplifi-
cation reagents from previous WGA reactions, pooled
samples (60 μl total volume), mixed with 0.1 volumes of
3 M sodium acetate (pH 5.2), were purified by

precipitation with 2.5 volumes of ethanol (96%,
p.a. quality). Samples were inverted gently and incubated
for 5 min at −20�C to allow precipitation. DNA was pel-
leted by centrifugation at 15 000g for 30 min at 4�C and
washed twice with 150 μl ice cold ethanol by centrifuga-
tion for 15 min at 15 000g and 4�C. Pellets were then
dried for 15 min at room temperature and resuspended in
PCR-grade H2O. Dissolution of DNA was performed for
10 min at 50�C under continuous agitation. The concen-
tration of DNA was measured with the Qubit Fluorometer
(Life Technologies GmbH). DNA concentrations of
27 ng μl−1 (glass microfiber filter sample, in a volume of
30 μl H2O) and 24 ng μl−1 (polycarbonate membrane fil-
ter, in a volume of 25 μl H2O) were obtained after WGA.

Barcoded PCR of variable region V3 of 16S rRNA genes
for Illumina deep sequencing

Amplification of the V3 variable region of the bacterial
16S ribosomal RNA gene for deep sequencing analysis
was performed by a modified procedure based on previ-
ously published protocols (Bartram et al., 2011; Caporaso
et al., 2011). For genomic DNA templates, a first PCR
was performed using 5 pmol of the primers uni341F (5’-
CCT ACG GGW GGC WGC AG-3’) and uni515R (5’-
CCG CGG CTG CTG GCA C-3’). Each 50 μl reaction
contained 500 ng of WGA-amplified genomic DNA and
1 unit of Phusion High-Fidelity DNA polymerase (New
England Biolabs) with the provided 1x Phusion GC-buffer
and dNTPs. PCR conditions included an initial denatur-
ation step at 94�C for 7 min, followed by 10 cycles of
94�C for 1 min, 63�C for 1 min and 72�C for 1 min. Final
elongation was performed at 72�C for 7 min.

In a second PCR, modified primers were used
(Table 2). The V3_F forward primer was used in all reac-
tions, but unique barcoded reverse primers were used for
different samples. For genomic DNA derived from the
glass microfiber filters the reverse primer V3R_57 and for
the polycarbonate filter primer V3R_58 was included.
Each PCR contained 10 pmol of each primer and 10 μl
PCR amplificate from the first PCR reaction. The PCR
conditions were the same as stated above with two modi-
fications: the annealing temperature was increased to
65�C and 15 cycles were used. Per sample, five PCR
reactions were pooled and used in metaphor gel
electrophoresis.

RNA samples were amplified immediately after cDNA
synthesis using 10 pmol of each barcoded reverse primer
V3R_59 (glass microfiber filters) or V3R_60 (polycarbon-
ate filters) in combination with the forward primer V3_F.
For the PCR, an initial denaturation at 94�C for 3 min
was followed by 15 cycles of 94�C for 15 s, 59�C for 15 s
and 72�C for 15 s. Final elongation was performed at
72�C for 7 min. Per sample, two PCR reactions were
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amplified and pooled. PCR amplicons were run on a met-
aphor agarose gel and cleaned up by gel extraction as
described below.

Gel electrophoresis and purification of barcoded PCR
products for Illumina deep sequencing

Analytical gels for Illumina multiplex sequencing tem-
plates were prepared at a concentration of 2% (w/v)
high-resolution agarose (MetaPhor agarose, Lonza),
adequate for the separation of small PCR products from
resulting primer dimers. Gels were run in TAE buffer at
120 V for 150 min at 4�C and stained with SYBR Gold
nucleic acid gel stain (Life Technologies) following the
manufacturer’s recommendations. DNA was visualized
on a UV transilluminator equipped with a blue-light con-
verter plate (Intas). DNA fragments of the desired band
size were precisely excised using a clean scalpel and
were extracted with the NucleoSpin Gel and PCR
Clean-up kit (Macherey-Nagel). The 100 μl purified
V3 amplicon of each filter, containing ~20 ng μl−1

amplicon each, were used for Illumina multiplex deep
sequencing.

Illumina deep sequencing

V3 amplicon sequencing data (100 bp paired-end
reads) obtained from Illumina multiplex sequencing
(Miseq Analyser) was further processed. Raw sequenc-
ing data files were decompressed and raw sequences
were trimmed to a value of 100 bp. Sequencing data
were pre-processed by eliminating primer dimers, using
the DimerFilter.jar script, based on a FASTQC-Adapter
detection algorithm derived from the FASTQC program
(Andrews, 2010). Subsequently, forward and reverse
reads were joined using the program Fastq-join
(Aronesty, 2013). All data were checked for chimeric
sequences using the program Uchime (Edgar
et al., 2011). The results for the dataset generated in
this study are shown in Table 3.

Analysis using the SILVAngs analysis pipeline

Analysis of the multifasta files obtained after the chimera-
check was performed using the web-based SILVAngs
(Quast et al., 2013) analysis pipeline. Files were
uploaded as suggested in the SILVAngs user-guide and
data were processed by the SILVAngs software
according to the protocol, including aligment with the
SINA aligner (Pruesse et al., 2012). During the process,
a de-replication step, eliminating 100% identical reads by
only processing the longest read, as well as operational
taxonomic unit (OTU) definition and clustering was per-
formed (Li and Godzik, 2006). OTUs were classified by a
local BLAST search using BLASTn version 2.2.3.0+ with
default parameters in accordance with the non-redundant
version of the SILVA SSU database, reference version
132. Classification of defined OTUs was visualized using
the implemented software tool Krona (Ondov
et al., 2011). For the entire dataset, the SILVAngs analy-
sis yielded 66 734 unique sequences (14 sequences
rejected), which cover a length between 105 and 194 bp
with an average length of 176 bp. The sequences led to
63 094 OTUs (94.55%), 3353 clustered sequences
(5.02%) and 273 replicates (0.41%). A number of 65 237
(97.76%) corresponds to classified sequences, for the
other 1483 (2.22%) no relative could be identified.

Isolation of novel planctomycetal strains and cultivation

For the isolation of strains ETA_A1T and ETA_A8T M1H
NAG medium with artificial freshwater (AFW) was pre-
pared as described (Wiegand et al., 2020). About 20 μl of
homogenized surface freshwater from the duck pond in
Wolfenbuettel was plated on M1H NAG AFW plates sup-
plemented with 8 g l−1 gellan gum, 200 mg l−1 ampicillin,
100 mg l−1 carbenicillin and 20 mg l−1 cycloheximide,
which were then incubated at 18�C for 6 weeks. For the
isolation of strain I41T, M1H NAG medium without AFW
was used and the plates were supplemented with
2000 mg l−1 carbenicillin and 20 mg l−1 cycloheximide.
All strains were maintained in liquid M1H NAG medium.
In order to verify that obtained strains are members of

Table 2. Primers used for barcoded Illumina Sequencing.

Primer name Sequence (5’–3’)

V3_F aatgatacggcgaccaccgagatctacactctttccctacacgacgctcttccgatctCCTACGGGWGGCWGCAG
V3R_57 caagcagaagacggcatacgagatAGTCATgtgactggagttcagacgtgtgctcttccgatctCCGCGGCTGCTGGCAC
V3R_58 caagcagaagacggcatacgagatAGAAGTgtgactggagttcagacgtgtgctcttccgatctCCGCGGCTGCTGGCAC
V3R_59 caagcagaagacggcatacgagatCTTATGgtgactggagttcagacgtgtgctcttccgatctCCGCGGCTGCTGGCAC
V3R_60 caagcagaagacggcatacgagatCTAGAAgtgactggagttcagacgtgtgctcttccgatctCCGCGGCTGCTGGCAC

Lowercase letters denote adapter sequences necessary for binding to the flow cell, underlined lowercase letters are binding sites for the Illumina
sequencing primers, bold uppercase letters highlight the index sequences and regular uppercase letters correspond to the V3 region primers uni
341F and uni 515R.
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the phylum Planctomycetes, the 16S rRNA gene was
amplified by colony-PCR and sequenced as previously
described (Rast et al., 2017).

Determination of pH and temperature optimum

Cultivations for determination of the pH optimum were
performed in M1H NAG medium. A buffer concentration
of 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) was used for cultivations at pH 7–8.
For cultivation at pH 5–6, HEPES was replaced by
100 mM 2-(N-morpholino)ethanesulfonic acid (MES),
whereas 100 mM N-cyclohexyl-2-aminoethanesulfonic
acid (CHES) served as a buffering agent at pH 9–10.
Cultivations for determination of the pH optimum were
performed at 28�C. Cultivations for determination of the
temperature optimum were performed in standard M1H
NAG medium at pH 7.5. Growth was analyzed by mea-
suring optical densities at 600 nm (OD600). For the calcu-
lation of growth rates, the natural logarithm of average
OD600 values from biological triplicates was plotted
against the cultivation time. The slope of the linear range
of the plot (at least five data points) was used as maximal
growth rate μmax.

Microscopy protocols

Phase contrast and field emission scanning electron
microscopy were performed as previously described
(Boersma et al., 2019).

Genome information

The genome sequences of the novel strains ETA_A1T

and ETA_A8T are available from GenBank under acces-
sion numbers CP036273 and CP036274, respectively.
Sequence information for strain I41T can be found under
accession numbers CP036339 (chromosome) and
CP036340 (plasmid pI41_1). The 16S rRNA gene
sequences are available under accession numbers
MK559972 (ETA_A1T), MK559973 (ETA_A8T) and
MK554526 (I41T). Genome sequencing is part of a previ-
ously published study (Wiegand et al., 2020). Gene

prediction, protein annotation and determination of num-
bers of hypothetical or uncharacterized proteins were
performed with Prokka v.1.11.

Phylogenetic analysis

The 16S rRNA gene sequence-based phylogeny was
computed for the novel isolates, the type strains of all
described planctomycetal species (assessed in May
2020) and all isolates recently published and described
(Boersma et al., 2019; Dedysh et al., 2019b; Dedysh
et al., 2019a; Kallscheuer et al., 2019a; Kallscheuer
et al., 2019b; Kohn et al., 2020b; Kallscheuer
et al., 2020; Rensink et al., 2020). The 16S rRNA gene
sequences were aligned with SINA (Pruesse
et al., 2012) and the phylogenetic inference was calcu-
lated with RAxML (Stamatakis, 2014) with a maximum
likelihood approach with 1000 bootstraps, nucleotide
substitution model GTR, gamma distributed rate varia-
tion and estimation of proportion of invariable sites
(GTRGAMMAI option). For the multilocus sequence
analysis (MLSA), the unique single-copy core genome
of the analyzed genomes was determined with
proteinortho5 (Lechner et al., 2011) with the ‘selfblast’
option enabled. The protein sequences of the resulting
orthologous groups were aligned using MUSCLE
v.3.8.31 (Edgar, 2004). After clipping, partially aligned
C- and N-terminal regions and poorly aligned internal
regions were filtered using Gblocks (Castresana,
2000). The final alignment was concatenated and clus-
tered using FastTree (Price et al., 2009). The average
nucleotide identity (ANI) was calculated using
OrthoANI (Lee et al., 2016). The average amino acid
identity (AAI) was calculated using the aai.rb script of
the enveomics collection (Rodriguez-R and
Konstantinidis, 2016) and the percentage of conserved
proteins (POCP) was calculated as described (Qin
et al., 2014). The rpoB nucleotide sequences were
taken from publicly available planctomycetal genome
annotations and the sequence identities were deter-
mined as described (Bondoso et al., 2013). Alignment
and matrix calculation were performed with Clustal
Omega (Sievers et al., 2011).

Table 3. Key aspects of V3 amplicon samples derived from glass microfiber and polycarbonate filters, representing particle-associated or free-
living bacteria, respectively.

Sample Raw reads Reads without primer dimers Joined reads Reads after chimera check

gDNA, glass microfiber filter 352 275 342 950 288 578 283 194
gDNA, polycarbonate filter 498 110 479 263 401 647 369 765
RNA, glass microfiber filter 791 028 788 278 659 445 653 048
RNA, polycarbonate filter 280 676 278 273 249 953 237 836
Total number of reads 1 922 089 1 888 764 1 599 623 1 543 843

Data were preprocessed employing the V3 amplicon data pipeline protocol (Bunk and Kaul, DSMZ, Brunswick).

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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