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a  b  s  t  r  a  c  t

Planctomycetes  of the  family  Gemmataceae  are  characterized  by  large  genome  sizes  and  cosmopoli-
tan  distribution  in freshwater  and  terrestrial  environments  but  their  ecological  functions  remain  poorly
understood.  In  this  study,  we  characterized  a novel  representative  of this  family,  strain  PL17T,  which  was
isolated  from  a littoral  tundra  wetland  and  was  capable  of growth  on  xylan  and  cellulose.  Cells  of this
isolate  were  represented  by pink-pigmented  spheres  that multiplied  by budding  and  occurred  singly  or  in
short  chains  and  aggregates.  Strain  PL17T was  obligately  aerobic,  mildly  acidophilic  chemoorganotrophic
bacterium,  which  displayed  good  tolerance  of low  temperatures.  The  major  fatty  acids  were  C18:0, C16:1ω5,
and �OH-C16:1; the  major  polar  lipid  was  trimethylornithine.  The  genome  of strain  PL17T consisted  of  a
9.83  Mb  chromosome  and  a  24.69 kb plasmid.  The  G +  C contents  of  the  chromosomal  and  plasmid  DNA
were  67.4  and  62.3  mol%,  respectively.  Over  8900  potential  protein-coding  genes were  identified  in  the
genome  including  a putative  cellulase  that  contains  a domain  from  the  GH5  family  of glycoside  hydro-

T
lases.  The  genome  of  strain  PL17 contained  one  linked  and  one  unlinked  rRNA  operons  with  16S  rRNA
gene  sequences  displaying  94.5%  similarity  to  that  in  Gemmata  obscuriglobus  UQM2246T.  Based  on  the
results  of comparative  phenotypic,  chemotaxonomic  and  phylogenomic  analyses,  we propose  to clas-
sify strain  PL17T (= CECT  9407T = VKM  B-3467T)  as representing  a  novel  genus  and  species  of  the  family
Gemmataceae, Frigoriglobus  tundricola  gen.  nov.,  sp.  nov.

© 2020  The  Author(s).  Published  by  Elsevier  GmbH.  This  is an  open  access  article  under  the CC
ntroduction

Planctomycetes of the family Gemmataceae inhabit a wide vari-
ty of freshwater and terrestrial environments including lakes [39],
ivers [7], wetlands [12,18], and soils [8,46]. The first taxonomi-
ally characterized member of this family is Gemmata obscuriglobus,
hich was isolated from water collected from the surface waters of

aroon Dam, Queensland, Australia [14]. Representatives of three

ther described genera, i.e. Zavarzinella [21], Telmatocola [24], and
imbriiglobus [22] were isolated from Sphagnum-dominated boreal
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723-2020/© 2020 The Author(s). Published by Elsevier GmbH. This is an open access ar
d/4.0/).
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

wetlands. Finally, the genera Tuwongella [42] and Limnoglobus [23]
were described based on characterization of strains obtained from
freshwater lakes in Australia and Russia, respectively. The family
Gemmataceae belongs to the order Gemmatales [13] and accommo-
dates strictly aerobic, chemo-organotrophic planctomycetes with
spherical or ellipsoidal cells, which occur singly, in pairs, or are
assembled in large rosette-like clusters and dendriform-like struc-
tures [22]. Notably, all members of this family are characterized by
large genome sizes, which vary between 9.0 and 9.2 Mb in Gem-
mata species [1] and 12.3 Mb  in Fimbriiglobus ruber SP5T [40]. The
analysis of genome-encoded capabilities of these planctomycetes

reveals wide repertoires of carbohydrate-active enzymes, includ-
ing many unclassified putative glycoside hydrolases. This suggests
the presence of high glycolytic potential in these bacteria [23].
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https://doi.org/10.1016/j.syapm.2020.126129
http://www.sciencedirect.com/science/journal/07232020
http://www.elsevier.com/locate/syapm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.syapm.2020.126129&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dedysh@mail.ru
https://doi.org/10.1016/j.syapm.2020.126129
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


2  / Syste

i
p
l
o
c
s
a
r
c
t
i
r
r
s
a

r
i
s
s
o
d
b
b

M

S

l
A
l
d
t
K
p
w
S
c
P
o

M

m
w

P

G
i
c
3
a
M
a
c
a
a
r
i
o

 I.S. Kulichevskaya, A.A. Ivanova, D.G. Naumoff et al.

Until recently, the ecological functions of these microorgan-
sms remained poorly understood. The ability of Gemmataceae
lanctomycetes to utilize some polysaccharides, such as xylan,

aminarin, lichenin and starch, has been reported in several tax-
nomic descriptions of these bacteria [21–24]. The presence of
ellulolytic capabilities has only been demonstrated for Telmatocola
phagniphila [24], while the ability to degrade chitin and utilize it
s a source of nitrogen has only been reported for Fimbriiglobus
uber [40]. Additional evidence for the presence of hydrolytic
apabilities in members of the Gemmataceae was obtained in
he metatranscriptome-based study of planctomycetes involved
n biopolymer degradation in acidic peatlands [17]. Gemmata-
elated planctomycetes were one of the groups with increased 16S
RNA transcript pools in chitin-, xylan- and cellulose-amended peat
amples, thus suggesting occurrence of as yet undescribed Gemmat-
ceae planctomycetes with pronounced hydrolytic capabilities.

This study was  undertaken in order to characterize a novel rep-
esentative of the family Gemmataceae,  strain PL17T, which was
solated from a shallow littoral tundra wetland. Apart from the
tandard tests used in taxonomic studies and the genome analy-
is, we also examined the ability of strain PL17T to utilize a number
f key biopolymers, such as cellulose, chitin, xylan and pectin. We
emonstrate the presence of cellulose- and xylan-degrading capa-
ilities in this planctomycete and determine the genome-encoded
asis for these capabilities.

aterials and methods

ampling site and isolation procedure

Strain PL17T was isolated from water collected from a shallow
ittoral wetland in a forested tundra, Nadym region, Yamalo-Nenets
utonomous Okrug, Russia (N65◦35′03′′, E73◦04′20′′). The iso-

ate was obtained on medium M31  (modification of medium 31
escribed by Staley et al., 1992 [45]), solidified with 10 g phy-
agel (Sigma–Aldrich), and containing (per L distilled water): 0.1 g
H2PO4, 20 ml  Hutner’s basal salts, 1.0 g N-acetylglucosamine, 0.1 g
eptone, 0.1 g yeast extract, pH 5.8. After sterilization, the medium
as complemented with 5 ml  of 5% (w/v) glucose solution, 1 ml

taley’s vitamin solution [45], 0.2 g ampicillin (sodium salt). Suc-
essive re-streaking on solid medium M31  was used to purify strain
L17T, which was then routinely maintained on this medium with-
ut ampicillin and was sub-cultured at 2 month intervals.

icroscopic studies

Morphological observations and cell size measurements were
ade with a Zeiss Axioplan 2 microscope and Axiovision 4.2 soft-
are (Zeiss, Germany).

hysiological tests

Physiological tests were performed in liquid medium M31.
rowth of strain PL17T was monitored by nephelometry at 600 nm

n an Eppendorf BioPhotometer for 7–14 days under a variety of
onditions, with temperatures ranging from 4 to 37 ◦C, pH from
.8 to 8.0 and NaCl concentrations from 0% to 3.0% (w/v). Vari-
tions in the pH were achieved by using MES  (pH 4.0–6.5) and
OPS (pH 6.5–7.9) buffer systems. The pH range of 3–4 was

chieved by adjusting the medium pH with 0.5 M H2SO4. Organic
arbon utilization was determined using mineral medium M31  (N-
cetylglucosamine and peptone were omitted from the medium

nd the concentration of yeast extract was reduced to 0.005%). The
ange of potential growth substrates of strain PL17T was exam-
ned by replacing glucose in medium M31  with various other
rganic carbon sources in a concentration 0.05% (w/v); the pH being
matic and Applied Microbiology 43 (2020) 126129

adjusted to pH 5.8. The strain was  cultivated in 100 ml flasks con-
taining 10 ml  medium and was  incubated at 22 ◦C for 2–3 weeks on
a shaker. Control incubations were run in parallel under the same
conditions but without the organic carbon substrate.

Cellulolytic capabilities of strain PL17T were determined using
fibrous cellulose (0.05%, w/v) as a carbon source. Fibrous cellu-
lose was  prepared from Whatman filter paper as described earlier
[36]. Strain PL17T was grown under static conditions at 22 ◦C in
160 ml  serum bottles containing 20 ml  of liquid mineral medium
M31  with fibrous cellulose. Control incubations without cellulose
were run in parallel under the same conditions. All incubations
were performed in triplicate. After 30 days of incubation, the
culture suspensions were fixed with 4% (w/v) freshly prepared
para-formaldehyde solution as described by Dedysh et al., 2001
[11]. A combination of two Planctomycetes-specific Cy3-labeled
oligonucleotide probes PLA46 (5′-GACTTGCATGCCTAATCC-3′) and
PLA886 (5′-GCCTTGCGACCATACTCCC-3′) [34] was applied for
specific detection of cells on micro-fibrils of cellulose. The oligonu-
cleotide probes were purchased from Syntol (Moscow, Russia).
Hybridization was done on gelatin-coated (0.1%, w/v) and dried
Teflon-laminated slides (MAGV, Germany) with eight wells. The
fixed samples were applied to these wells, hybridized to the corre-
sponding fluorescent probes, stained with the universal DNA stain
4′,6-diamidino-2-phenylindole (DAPI, 1 �M)  and examined with a
Zeiss Axioplan 2 microscope (Zeiss, Jena, Germany) equipped with
the Zeiss Filters No 20 and 02 for Cy3-labeled probes and DAPI stain-
ing, respectively. Cell counting was performed on 100 randomly
chosen fields of view (FOV) for each test sample. The number of
target cells per ml  of culture suspension was determined from the
area of the sample spot, the FOV area, and the volume of the fixed
aliquot used for hybridization.

Strain PL17T was  tested for growth under anaerobic conditions
in anaerobic jars by using AnaeroGen anaerobic system envelopes
(Oxoid). Analyzes of enzymatic profiles, oxidase test, gelatin and
urease hydrolysis were made with API ZYM and API 20NE kits
(bioMérieux). Catalase test was carried out using the standard
method [15]. Susceptibility to antibiotics was determined on solid
M31  medium using discs (Oxoid) containing the following antibi-
otics: ampicillin (10 �g), gentamycin (10 �g), kanamycin (30 �g),
neomycin (10 �g), novobiocin (30 �g), streptomycin (10 �g), chlo-
ramphenicol (30 �g), rifampicin (10 �g), tetracycline (10 �g) and
lincomycin (10 �g). Growth of PL17T and occurrence of growth
inhibition zones around these discs were assessed after 4 weeks
of incubation at 22 ◦C. Only the inhibition zones exceeding 2 mm
were taken into account.

Lipid analyses

For lipid analysis, cells of PL17T and Gemmata obscuriglobus DSM
5831T were grown in parallel in liquid M31  medium and harvested
in the late exponential growth phase. Fatty acids were analyzed
after acid hydrolysis of whole cells, following procedure described
elsewhere [44]. The main intact polar lipids (IPLs) in PL17T were
analyzed using procedures reported previously [29].

Genome sequencing, annotation and analysis

For genome analysis, cells of strain PL17T were grown in liquid
M31  medium with 0.5% glucose and harvested after two weeks of
incubation at 22 ◦C. Genomic DNA was  isolated from strain PL17T

using the PowerSoil DNA isolation kit (Mo  Bio Laboratories Inc.,
Carlsbad, CA). The sequencing library for Illumina sequencing was

prepared using the TruSeq nano DNA library prep kit (Illumina,
USA) following the manufacturer’s instructions. The sequencing of
this library on the Illumina MiSeq platform using Miseq Reagent Kit
v3 (600 cycles) sequencing reagents generated 1,502,025 paired-
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Fig. 2. Specific detection of cells of strain PL17T grown on liquid medium with
ig. 1. (a) Phase-contrast image of cells of strain PL17 grown for 14 days on solid
edium M31with glucose (a) and on liquid medium with xylan (b). Black arrows

oint to xylan micro-particles. Bars, 10 �m.

nd reads with an average length of 289 nt (0.869 Gb in total).
rimer sequences were removed from the Illumina reads using
utadapt v.1.17 [28] with the default settings, and low quality
ead ends were trimmed using Sickle v.1.33 (option q = 30) (https://
ithub.com/najoshi/sickle). For Nanopore sequencing the library
as prepared using the 1D ligation sequencing kit (SQK-LSK108,
xford Nanopore, UK). Sequencing of this library in an R9.4 flow cell

FLO-MIN106) using MinION device yielded 580,793 reads with a
otal length of 3.82 Gb. Hybrid assembly of Illumina and Nanopore
eads was performed using Unicycler v. 0.4.8[47]. Two  circular con-
igs of 9,832,708 bp and 24,691 bp were obtained.

Gene search and annotation were performed using the RAST
erver [35], followed by manual correction. Subsequent inspec-
ion was done in PROKKA package [43], RNAMMER [25], BLAST+
9], and ARAGORN [26]. Annotation with PROKKA was  performed
gainst the UNIPROT database [2]. The analysis of strain PL17T

enome sequence using the Kyoto Encyclopedia of Genes and
enomes (KEGG) was performed applying GhostKOALA tool [19].
he DNA–DNA hybridization values between the genome of strain
L17T and the genomes of phylogenetically related planctomycetes
ere estimated using formula 2 of the Genome-to-Genome-
istance-Calculator [4,5]. The average nucleotide identity (ANI)
alues were determined using ANI calculator (http://enve-omics.
e.gatech.edu/ani/). The average amino acid identity (AAI) between

he selected genomes was calculated using the aai.rb script from
he enveomics collection [41]. Signal peptides were predicted using
ignal P v. 5.0 for Gram-negative bacteria (http://www.cbs.dtu.dk/
ervices/SignalP/).
fibrous cellulose for 30 days by FISH: phase-contrast image (a); epifluorescent
micrographs of in situ hybridizations with Cy3-labeled probes PLA46 and PLA886
(b);  DAPI stained cells (c). Bar, 10 �m.

The annotated chromosome and plasmid sequences of strain
PL17T have been deposited in GenBank under the accession num-
bers CP053452 and CP053453, respectively.

Search for cellulase-encoding genes and subsequent phylogenetic
analysis

Two  full-length representatives from each of the fifteen (GH5,
GH6, GH7, GH8, GH9, GH10, GH12, GH26, GH44, GH45, GH48,
GH51, GH74, GH124 and GH148) cellulase-containing CAZy fam-
ilies [27], as well as the unclassified cellulase from Ruminococcus
flavefaciens (GenPept, AAA26468.1), were used as queries for

the BLAST search. Planctomycetal or experimentally-characterized
bacterial proteins were preferred if available. At the next stage
the obtained PL17T proteins were used as queries for the BLAST
search, all revealed proteins were analyzed by PSI Protein Clas-
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Fig. 3. 16S rRNA gene-based maximum parsimony tree showing the phylogenetic position of strain PL17T in relation to other members of the family Gemmataceae (I) and
s laceae
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ome  members of the families Isosphaeraceae (II), Planctomycetaceae (III) and Pirellu
re  included in the tree. The number of identical 16S rRNA gene copies is shown 

omposed of five 16S rRNA gene sequences from anammox planctomycetes (AF375

ifier [31] in order to detect proteins, which are deposited in
he CAZy database. The most similar sequences were selected
ased on the BLAST search results. Closely related proteins of
trains from the same species and species from the same genus
xcept of those from planctomycetes were not used. Multiple
equence alignment was prepared manually using the program
ioEdit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) on the
asis of BLAST pairwise alignments [30]. After removing of the
ost variable regions, the multiple sequence alignment was  used

o implement classical phylogenetic inference programs, using
ither maximum parsimony (MP) or distance (NJ) methods. Pro-
rams PROTPARS and NEIGHBOR from the PHYLIP package (http://
volution.gs.washington.edu/phylip.html) were used. Moreover,
rograms SEQBOOT, PROTPARS, and CONSENSE and programs SEQ-
OOT, PROTDIST, NEIGHBOR, and CONSENSE were successively
sed to derive confidence limits, estimated by 1000 bootstrap repli-
ates, for each node in the maximum parsimony and distance
ree, respectively. The program TreeView Win32 (http://taxonomy.
oology.gla.ac.uk/rod/treeview.html) was used for drawing the
rees.

hylogenomic analysis
The Genome Taxonomy Database toolkit (GTDB-Tk) [37], release
4-RS89 (https://github.com/Ecogenomics/GTDB-Tk) was used to

dentify the 120 single-copy, phylogenetically informative bacte-
ial marker genes used in the GTDB classification system in the
 (IV). All 16S rRNA gene copies revealed in the genomes of the family Gemmataceae
enthesis. Bar, 0.1 substitutions per nucleotide position. The root (not shown) was
F375995, AY254883, AY257181, and AY254882).

genome of strain PL17T. These were used to construct a multiple
alignment of concatenated single-copy gene sequences, compris-
ing those from PL17T and phylogenetically related planctomycetes.
The multiple alignment built in GTDB-Tk was used to construct a
phylogenetic tree in PhyML v. 3.3 [16] with default parameters.

Results and discussion

Cell morphology and physiology

Mature cells of strain PL17T were spherical and varied in size
from 1.8 to 2.6 �m.  Cells occurred singly, in pairs, in short chains
or in shapeless aggregates and reproduced by budding (Fig. 1a).
The buds separated from the mother cells were highly motile. This
cell morphology is characteristic for planctomycetes of the fam-
ily Gemmataceae [22]. On phytagel-solidified M31  medium, strain
PL17T formed small (1–3 mm  in diameter), light-pink-pigmented,
round colonies. Liquid cultures displayed light-pink turbidity.

Strain PL17T grew in the temperature range of 4–28 ◦C, with an
optimum at 15–22 ◦C. The specific growth rate displayed by strain
PL17T at 10 ◦C (� = 0.02 h−1; Td = 35 h) did not differ substantially
from that observed at 22 ◦C (� = 0.03 h−1; Td = 21 h). Slower but con-

sistent growth was also detected at 4 ◦C (� = 0.009 h−1; Td = 76 h). In
contrast to all previously described Gemmataceae planctomycetes,
strain PL17T did not grow at >28 ◦C. This planctomycete, therefore,
is a psychrotolerant bacterium capable of growth at low temper-
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ig. 4. Phylogenomic tree inferred from the concatenation of 120 single-copy, phy
train  PL17T. The tree was  reconstructed using the Genome Taxonomy Database to
oints obtained in maximum-likelihood analysis were determined by bootstrap a
hown) was  composed of 14 genomes of members of the Candidate division Poriba

tures (4–10 ◦C), characteristic of tundra ecosystems during the
ummer season. The pH range for growth was pH 4.2–6.8, with an
ptimum at pH 5.0–5.5. Growth was completely inhibited at NaCl
oncentrations above 0.5% (w/v).

Strain PL17T is an obligately aerobic chemoorganotroph.
t was not capable of growth under anoxic conditions. The
referred growth substrates were various sugars, including N-
cetylglucosamine, and some polymeric substances, such as
rabinogalactan, dextrin, chondroitin sulfate, laminarin, locust
ean gum, gelatin, lichenin, pullulan, starch, and xanthan (see the
pecies description). Good growth was observed on xylan (Fig. 1b).
rganic acids and alcohols were not utilized. Casein, chitosan, chitin
nd pectin were not hydrolyzed. Similar to another representa-
ive of the family Gemmataceae, Telmatocola sphagniphila SP2T [24],
train PL17T displayed cellulolytic potential. Microscopic exam-
nation of the culture after 30 days of incubation with fibrous
ellulose revealed numerous cells of strain PL17T being attached
o micro-fibers of cellulose (Fig. 2). Cell counting revealed a sub-
tantial increase by two orders of magnitude in cell abundance
etween the incubation start (8.16 ± 1.43 × 107 cells ml−1) and 30
ays of incubation with cellulose (1.32 ± 0.14 × 109 cells ml−1). By
ontrast, no increase in cell abundance was observed in control
ncubations without cellulose (cell density after 30 days of incuba-
ion was 8.78 ± 1.52 × 107 cells ml−1).

Strain PL17T was resistant to ampicillin, chloramphenicol, lin-
omycin, novobiocin and streptomycin, but sensitive to gentamicin,
anamycin, neomycin, rifampicin and tetracycline.

enome characteristics and phylogenetic analysis
The genome of strain PL17T consists of a 9,832,702 bp chromo-
ome and a circular plasmid of 24,691 bp. The G + C content of the
hromosomal DNA is 67.4 mol% and the corresponding value for
etically informative bacterial marker genes showing the phylogenetic position of
(Parks et al., 2018 [37]), release 04-RS89. The significance levels of interior branch
s (100 data re-samplings). Bootstrap values of over 70% are shown. The root (not
. Bar, 0.2 substitutions per amino acid position.

the plasmid is 62.3 mol%. A total of 8,923 potential protein-coding
genes and 83 tRNA genes were predicted. The genome harbors one
rRNA operon with a canonical gene order (16S–23S–5S) and no
tRNA genes between the 16S and 23S rRNA genes, and an “unlinked”
operon with 16S rRNA gene located distantly from a 23S-5S rRNA
gene pair. The presence of unlinked rRNA operons in many bac-
teria including Gemmata species has recently been reviewed [6].
The linked and unlinked 16S rRNA gene copies in strain PL17T were
identical and were most similar to that of Gemmata obscuriglobus
UQM2246T, showing 94.5% sequence identity (Fig. 3).

The phylogenomic analysis confirmed that strain PL17T is most
closely related to members of the genus Gemmata (Fig. 4). Fol-
lowing the proposed minimal standards for the use of genome
data for the taxonomy of prokaryotes [10], we determined both
the overall genome similarity and the average nucleotide identity
(ANI) between strain PL17T and Gemmata obscuriglobus UQM2246T.
Strain PL17T shared 22.4 ± 2.5% overall genome similarity with
Gemmata obscuriglobus UQM2246T, while the ANI value calculated
for the genomes of these planctomycetes was  80%. The average
amino acid sequence identity (AAI) between the PL17T genome and
the genomes of G. obscuriglobus and G. massiliana,  was  in the range
of 69–71%, a value slightly above the recently proposed AAI thresh-
old for members of the same genus (65% AAI; Konstantinidis et al.,
2017 [20]). However, taking into account the < 95% identity of 16S
rRNA sequences of strain PL17T and known members of the genus
Gemmata (Fig. 3), PL17T should be considered as a member of a
novel genus within the family Gemmataceae.

Fatty acid and lipid composition
The major fatty acids (FA) detected in strain PL17T were C16:1ω5c
and C18:0 (Table 1). Notably, the C16:1ω5c FA, which is one of
the most abundant FAs in strain PL17T, Gemmata obscuriglobus
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Table  1
Fatty acids and hydrocarbons (%; normalized on their sum) present in the acid
hydrolysate of cell material of strain PL17T (1) in comparison to those in Gemmata
obscuriglobus DSM 5831T (2). Only fatty acids comprising ≥0.5% of the total are
shown. Major components (>5%) are given in bold type face.

Fatty acids 1 2

C14:0 1.1
anteisoC15:0 2.1
C16:1ω5  10.3 16.1
C16:0 1.1 1.2
isoC17:0 0.8
anteisoC17:0 0.9
C17:0 1.1
C18:1ω9  0.6 0.8
C18:1ω7  1.9 1.6
C18:1ω5  0.9 1.5
C18:0 47.9 48.3
isoC19:0 1.5
anteisoC19:0 0.6
C19:0 0.5 1.4
C20:0 5.3 2.1

Hydroxy-fatty acids
iso-�OH-C15:0a 1.2
�OH-C16:1a 12.9 1.7
iso-�OH-C17:1a 5.1
anteiso-�OH-C17:1a 1.3
iso-�OH-C17:0a 1.4
�OH-C18:1a 4.0
ωOH-C24 2.8
(ω-1)OH-C28:1 1.3
(ω-1)OH-C28:0 1.5
(ω-1)OH-C30:1 0.8

Sterols
Parkeol 0.9 1.7

Hydrocarbons
n-C31:9 7.8 6.0

IPLs
PG  +
OL  + +
DMO  +
PC ++

U
S
F
T
P
r
c
h
T
s
p
d
c
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l
(
m
o
s
s

G

o

Fig. 5. The maximum parsimony phylogenetic tree of the studied subfamily of the
glycoside hydrolase family GH5. Statistical significance of tree nodes was  assessed
by  bootstrap analysis; the number of supporting pseudoreplicas out of 1000 is indi-
cated at each node. For each of seven stable clusters, bootstrap support is indicated
inside the triangle and the number of proteins is indicated near the triangle. Phylo-
genetic affiliation of proteins is indicated by colors. Organism names are indicated
for  members of the Planctomycetes only. MG,  planctomycetal metagenomes. Com-
TMO  +++ +++

a Mainly present as lyso-ornithine lipids.

QM2246T, Zavarzinella formosa A10T, Telmatocola sphagniphila
P2T, and Tuwongella immobilis MBLW1T [21,24,42], is absent in
imbriiglobus ruber SP5T and Limnoglobus roseus PX52T [22,23].
he fatty acid �OH-C16 comprised 12.9% of total FAs in strain
L17T and was also present in the acid hydrolysate of Limnoglobus
oseus PX52T (11.6%), Fimbriiglobus ruber SP5T (8.2%) and Telmato-
ola sphagniphila SP2T (4.9%). The �OH-fatty acids are derived from
ydrolysis of intact polar ornithine lipids and differ in composition.
rimethylornithine was the major component of the IPL profile of
train PL17T (Table 1), although minor amounts of dimethylphos-
hatidylethanolamine, mono- and dimethylornithine were also
etected. The presence of polyunsaturated hydrocarbon n-C31:9 is
haracteristic for all members of this family. Parkeol, an unusual
30 sterol, is present as well (Table 1). Biosynthesis of parkeol

s confirmed by the presence of a small operon encoding squa-
ene monooxygenase and 2,3-oxidosqualene cyclase in the genome
GenPept, QJX00199.1 and QJX00198.1). Parkeol is very uncom-

on in bacteria and has previously only been reported in Gemmata
bscuriglobus DSMZ 5831 [38]. This chemotaxonomical trait of
train PL17T confirms its close relationship with other Gemmata
pecies.
enome-encoded metabolism and cell biology

All genes encoding metabolic pathways common for chemo-
rganotrophic bacteria, such as glycolysis, the citrate cycle, the
position of the outgroup is indicated. Four very stable clusters identified by the
NJ-analysis are defined by brown rectangles.

pentose-phosphate pathway, and oxidative phosphorylation were
present in the genome of strain PL17T. This planctomycete has the
genomic potential for synthesis of all amino acids. The number of
ABC transporters based on PROKKA predictions is 20. Also, one
fructose-type sugar-specific subunit of phospho-transferase sys-
tem could be found in PL17T. All genes essential for chemotaxis,
including cheA, cheB, cheR, cheC, cheY and cheW, were identified in
the genome of strain PL17T. The high number of identified genes
responsible for flagellar assembly (24 genes) agrees well with the
fact that strain PL17T produces motile swarmer cells.

Genomic determinants of cellulolytic and xylanolytic capabilities

Homology analysis of all proteins potentially encoded in the
genome of strain PL17T was performed in order to select only
the proteins from fifteen CAZy families (see the corresponding
list of families in Methods) containing at least one enzyme with
experimentally characterized cellulase activity (EC 3.2.1.4; [48]).
Three proteins falling in the GH5 (GenPept, QJX00361.1), GH10
(QJX00392.1), and GH74 (QJW93300.1) families of glycoside hydro-
lases were identified. All three proteins were predicted to contain
an N-terminal signal peptide indicating their export and extracel-
lular operation.

The GH10 family of glycoside hydrolases includes mainly endo-
�-xylanases (EC 3.2.1.8 and 3.2.1.32) and few cellulases only [27].
The identified protein (GenPept, QJX00392.1) has a high similarity
with three proteins represented in the GH10 family list at the CAZy
database: QGJ72167.1 (E-value = 4e–87), QDV27060.1 (3e−60), and
AQT68668.1 (3e−48). However, many other hits correspond to
so-called NC list which includes proteins not yet assigned to a
family. Usually proteins from this list show only a distant similar-

ity to experimentally characterized glycoside hydrolases. Multiple
sequence alignment of the identified protein (QJX00392.1) and its
closest homologues from other planctomycetes revealed that both
catalytically essential Glu residues (nucleophile and proton donor)
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Table  2
Major characteristics that distinguish strain PL17T, Gemmata obscuriglobus DSM 5831T [14,21], Limnoglobus roseus PX52T [23], Fimbriiglobus ruber SP5T [22], Telmatocola
sphagniphila SP2T [24], Zavarzinella formosa A10T [21] and Tuwongella immobilis MBLW1T [42].

Characteristic PL17T G. obscuriglobus L. roseus F. ruber T. sphagniphila Z. formosa T. immobilis

Cell shape Spherical Spherical to
ovoid

Spherical Spherical Spherical Ellipsoidal Spherical

Cell  size (�m) 1.8–2.6 1.4–3.0 × 1.4–3.0 1.6–2.3 1.6–2.8 × 1.4–2.8 1.2–2.0 2.5–3.2 × 2.0–2.5 2.2–3.1
Motile swarm cells + + + − − + −
Rosette formation − − − − + + −
Stalk  formation − − + − + + −
Colony color Pink Rose Pink Dark pink to

red
Pink Pink Pink

Salinity tolerance <0.5% <0.6% <0.5% <0.1% <0.1% <0.6% <0.4%
pH  growth range 4.2–6.8 7.8–8.8 5.0–7.5 4.0–6.8 4.0–7.0 3.8–7.2 6.0–10.5
pH  optimum 5.0–5.5 ND 6.5 5.5–6.0 5.0–5.5 5.5–6.0 7.5–8.0
Temperature range, ◦C 4–28 16–35 10–30 10–30 10–30 10–30 20–40
Temperature optimum, ◦C 15–22 ND 20–25 20–25 20–26 20–25 32–36
Major fatty acids 18:0, �OH-

C16:1,16:1ω5c,
18:0, 16:1ω5c 18:1ω7c, 18:0,

�OH-C16:0
20:1ω9c, 16:0 16:1ω5c,

18:1ω5c, 18:0
18:1ω5c,16:1ω5c,
18:0

16:1ω5c, 16:0,
18:0

Oxidase test − − − − − + +
Catalase test + + + + + + −
Urease test + − − − − − +

Carbon  sources
Sucrose + + + + + + −
Xylose  + + + + + + −
Lactose + + + + − +
Mannose + + + + + − ND
Sorbose − − − − − + ND
Raffinose − − + + + + ND
N-acetylglucosamine + + + + + (<0.01%) + +
Xylose  + + + + + + −
Pyruvate − − − + − + ND
Chondroitin sulfate + + − − − + ND
Xylan  + ND + + + + ND
Pectin  − + − − − + ND
Cellulose + − − − + − ND
Carboxymethylcellulose + − − − + − ND

Enzymatic activities
�-Galactosidase − + − − − − ND
Cystine arylamidase − − − − + +
Valine  arylamidase + − + + + +
N-acetyl-�-glucosaminidase + + − + w +
�-Mannosidase − + − + − −
DNA  G + C content, mol% 67.4* 64–67* 65.6* 64.2* 58.5 59* 58.1*

N

a
t

x
f
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o
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i
V
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s
a
n

t
t
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o
Q
G
A
A
o

D, not determined.
* Data are based on genome sequence analysis.

re absent, suggesting that this group of planctomycetal GH10 pro-
eins does not have any enzymatic activity [32,33].

The GH74 family of glycoside hydrolases includes mainly
yloglucanases (EC 3.2.1.151); the only known cellulase is
rom Thermotoga maritima (GenPept, AAD35393.1). The identi-
ed protein (QJW93300.1) has a low similarity with proteins
f the GH74 family: AFY66524.1 (E-value = 5e–13), APO44368.1
2e−09), AFY32698.1 (4e−09), AEY66994.1 (9e−09). However, it
s closely related (E-value = 0.0) to two proteins from the NC list:
IP00677.1 and QHL87682.1. Comparison of the identified protein

QJW93300.1) and the T. maritima cellulase showed only 26% of
equence identity. These results suggest that the identified GH10
nd GH74 proteins (QJX00392.1 and QJW93300.1), most likely, do
ot have the cellulase activity.

The GH5 family of glycoside hydrolases includes experimen-
ally characterized proteins with 28 types of enzymatic activities;
he cellulase activity is one of the most represented. This fam-
ly is divided into 56 subfamilies with more specific spectrum
f enzymatic activities [3,27]. The identified protein (GenPept,
JX00361.1) has rather high similarity with many proteins from the

H5 family: QDT14146.1 (E-value = 3e–30), QIF03557.1 (1e−29),
DY59301.1 (2e−29), QDV66387.1 (8e−29), QDU93996.1 (1e−28),
MV22357.1 (8e−28), QDU27947.1 (3e−27), etc. However, none
f these proteins are included into any subfamily at the CAZy
database. These proteins, therefore, compose a new subfamily,
which does not include any experimentally characterized mem-
bers. The identified protein (QJX00361.1) consists of three domains:
the N-terminal catalytic TIM-barrel-type GH5 domain (PF00150),
the internal Ig-like-fold domain (PF16640), and the C-terminal �-
propeller-fold VCBS-like domain (similar to PF13517). Phylogenetic
analysis of the GH5 domains from the identified protein and its
closest homologues demonstrated that planctomycetal proteins
do not form a single cluster. They are more or less randomly dis-
tributed at the phylogenetic tree (Fig. 5). The protein from PL17T

is the most divergent representative of a distinct cluster which
has 99.7% and 100% of bootstrap support at MP-  and NJ-tree,
respectively. This cluster contains mainly representatives of three
poorly studied bacterial phyla: Verrucomicrobia, Planctomycetes,
and Lentisphaerae.  Several other phyla, such as Abditibacteriota,
Armatimonadetes,  Calditrichaeota,  Bacteroidetes, and Proteobacteria,
are significantly less represented. The tree topology suggests that
several lateral gene transfers between Planctomycetes and Verru-
comicrobia occurred during the evolution.

The above described protein (QJW93300.1) from the GH74

family may  potentially be responsible for the observed ability of
strain PL17T to hydrolyse xylan. Short xylo-oligomers, produced
through hydrolysis of xylan by xylanases, could be cleaved into
monomeric xylose by signal-peptide containing �-xylosidase of
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Table  3
Descriptions of Frigoriglobus gen. nov. and Frigoriglobus tundricola sp. nov.

Genus name Frigoriglobus
Species name Frigoriglobus tundricola
Genus status gen. nov
Genus etymology Fri.go.ri.glo′bus. L. neut. n. frigus, -oris,

cold; N.L. masc. n. globus,  a ball; N.L.
masc. n. Frigoriglobus a ball growing in
the cold

Type species of the genus Frigoriglobus tundricola
Specific epithet – tundricola
Species status – sp. nov.
Species etymology – tun.dri′co.la. N.L. fem. n. tundra tundra, a cold treeless region; L. suffix -cola (from L. masc.

or  fem. n. incola)  inhabitant, dweller; N.L. masc. n. tundricola tundra inhabitant
Description of the new taxon

and diagnostic traits
Spherical cells that occur singly, in
pairs, in short chains or in shapeless
aggregates. Reproduce by budding.
Daughter cells are motile.
Chemoheterotrophic aerobes.
Moderately acidophilic and
psychrotolerant. Sensitive to NaCl. The
major fatty acids are C16:1ω5, C18:0,
�OH-C16:1; the major polar lipid is
trimethylornithine; a characteristic
lipid is parkeol. The genus is a member
of the phylum Planctomycetes, class
Planctomycetia, order Gemmatales,
family Gemmataceae.

Colonies are pink. Mature spherical cells are 1. 8–2.6 �m in diameter. Catalase and urease
–  positive, cytochrome oxidase – negative. Dissimilatory nitrate reduction and glucose
fermentation are negative. Do not produce indole from triptophane. Carbon sources
include cellobiose, glucose, galactose, fructose, lactose, leucrose, maltose, mannose,
melibiose, ribose, sucrose, trehalose, xylose, salicin and N-acetylglucosamine. Capable of
hydrolyzing aesculin, arabinogalactan, chondroitin sulfate, dextrin, laminarin, lichenan,
locust bean gum, starch, xanthan gum, xylan and gelatin. Possess weak cellulolytic
potential and capable of slow growth on carboxymethylcellulose and fibrous cellulose.
Cannot utilize melizitose, raffinose, rhamnose, sorbose, fucose, glycerol, gluconate,
methanol, ethanol, galacturonate, acetate, benzoate, caproate, citrate, formate,
formaldehyde, fumarate, glutarate, galacturonate, lactate, malate, succinate, pyruvate,
propionate, tartrate, adonitol, dulcitol, mannitol, sorbitol, alanine, arginine, asparagine,
aspartate, cysteine, cystine, glutamine, glycine, histidine, isoleucine, leucine, lysine,
methionine, norleucine, ornithine, phenylalanine, proline, serine, threonine, tryptophan,
tyrosine and valine. Cannot hydrolyze casein, chitosan, chitin and pectin. Shows the
following enzyme activities: alkaline and acid phosphatase, esterase, esterase lipase,
leucyne arylamidase, valine arylamidase, phosphohydrolase, �-glucosidase,
N-acetyl-�-glucosaminidase, �-glucosidase, �-galactosidase (API ZYM test). The following
enzyme activities are not present: lipase, trypsin, chymotrypsin, cystine arylamidase,
�-galactosidase, �-glucuronidase, �-fucosidase and �-mannosidase. Resistant to
ampicillin, chloramphenicol, lincomycin, novobiocin and streptomycin, but sensitive to
gentamicin, kanamycin, neomycin, rifampicin and tetracycline. Growth occurs at pH
4.2–6.8 (optimum, pH 5.0–5.5) and at temperatures between 4 and 28 ◦C (optimum
15–22 ◦C). NaCl inhibits growth at concentrations above 0.5% (w/v). The G + C content of
the  DNA is 67.4 mol%

Country of origin – Russian Federation
Region of origin – Nadym region, Yamalo-Nenets Autonomous Okrug
Date  of isolation – 20/07/2016
Source of isolation – Shallow littoral wetland in a forested tundra
Sampling date – 21/07/2015
Latitude – 65◦35′03′′N
Longitude – 73◦04′20′′E
Genome accession number – GenBank: CP053452 (chromosome) and CP053453 (plasmid)
Genome status – Complete
Genome size – 9.83
GC  mol% – 67.4
Number of strains in study – 1
Information related to the – Not applicable
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tomycetes species exhibiting two variants. Stand. Genomic Sci. 10, 120, http://
dx.doi.org/10.1186/s40793-015-0103-0.

[2] Apweiler, R., Bairoch, A., Bougueleret, L., Altairac, S., Amendolia, V., Auchincloss,
Nagoya Protocol
Designation of the type strain – PL17
Strain collection numbers – CEC

H39 family (GenPept, QJW93461.1). Xylose probably is imported
nto the cell via ABC-type transporters and further metabolized
ia the isomerase pathway, as suggested by the presence of genes
ncoding xylose isomerase and xylulose kinase, which convert
ylose to xylulose-5-P. The presence of xylulose 5-phosphate
hosphoketolase suggests that xylulose-5-P could than enter the
hosphoketolase pathway usually employed by heterolactic acid
acteria for fermentation.

Overall, the presence of several dozen of putative glycoside
ydrolases of unknown functions is consistent with a broad range
f polysaccharides that could support the growth of strain PL17T.

In summary, strain PL17T is phylogenetically (Figs. 3 and 4) and
henotypically (Table 2) distinct from other described members
f the family Gemmataceae, i.e., members of the genera Gemmata,
imnoglobus, Fimbriiglobus, Zavarzinella, Telmatocola and Tuwon-
ella. We,  therefore, propose to classify it as representing a novel
enus and species of planctomycetes, Frigoriglobus tundricola gen.

ov., sp. nov. Descriptions of these novel genus and species are
iven in Table 3.
T = VKM B-3467T
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