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Characterization of the first cultured representative
of Verrucomicrobia subdivision 5 indicates the
proposal of a novel phylum
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The recently isolated strain L21-Fru-ABT represents moderately halophilic, obligately anaerobic and
saccharolytic bacteria that thrive in the suboxic transition zones of hypersaline microbial mats.
Phylogenetic analyses based on 16S rRNA genes, RpoB proteins and gene content indicated that
strain L21-Fru-ABT represents a novel species and genus affiliated with a distinct phylum-level
lineage originally designated Verrucomicrobia subdivision 5. A survey of environmental 16S rRNA
gene sequences revealed that members of this newly recognized phylum are wide-spread and
ecologically important in various anoxic environments ranging from hypersaline sediments to
wastewater and the intestine of animals. Characteristic phenotypic traits of the novel strain included
the formation of extracellular polymeric substances, a Gram-negative cell wall containing
peptidoglycan and the absence of odd-numbered cellular fatty acids. Unusual metabolic features
deduced from analysis of the genome sequence were the production of sucrose as osmoprotectant,
an atypical glycolytic pathway lacking pyruvate kinase and the synthesis of isoprenoids via
mevalonate. On the basis of the analyses of phenotypic, genomic and environmental data, it is
proposed that strain L21-Fru-ABT and related bacteria are specifically adapted to the utilization of
sulfated glycopolymers produced in microbial mats or biofilms.
The ISME Journal (2016) 10, 2801–2816; doi:10.1038/ismej.2016.84; published online 14 June 2016

Introduction

The bacterial phyla Planctomycetes, Verrucomicro-
bia, Chlamydiae, Lentisphaerae and Omnitrophica
form a monophyletic group in most phylogenetic
trees and thus probably share a common ancestor.
This assemblage is commonly referred to as the PVC
superphylum after the initial letters of the three most
well-known phyla. Originally, members of the
proposed phylum Poribacteria so far mainly found
in sponges (Fieseler et al., 2004) were also included
in this superphylum (Wagner and Horn, 2006).
However, recent phylogenetic analyses indicate that
Poribacteria form a separate lineage that does not

associate with representatives of the PVC super-
phylum (Gupta et al., 2012; Kamke et al., 2014). The
five currently recognized phyla of the PVC super-
phylum comprise several groups of bacteria with a
high relevance in basic research (for example,
Santarella-Mellwig et al., 2013; Jeske et al., 2015),
biotechnology (for example, Jetten et al., 2001)
and medicine (for example, Horn et al., 2004).
In addition, some environmental clades of the
Verrucomicrobia phylum can be of high ecological
significance, especially in soils where their abun-
dance can exceed 20% of the total bacterial commu-
nity (Bergmann et al., 2011).

Despite their importance in ecology, the portion of
culturable bacteria within the Verrucomicrobia is
quite low compared with the observed phylogenetic
breadth (Hugenholtz et al., 1998). In particular, a
group of 16S rRNA sequences tentatively defined as
subdivision 5 of Verrucomicrobia by Hugenholtz
et al. (1998) is still lacking a described species,
although cultivation-independent studies reported a
wide-spread and abundant occurrence in marine

Correspondence: S Spring, Department Microorganisms, Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell
Cultures, Inhoffenstr. 7B, Braunschweig 38124, Germany.
E-mail: ssp@dsmz.de
5Present address: School of Biology, Newcastle University,
Newcastle Upon Tyne, UK
Received 6 November 2015; revised 15 April 2016; accepted
21 April 2016; published online 14 June 2016

The ISME Journal (2016) 10, 2801–2816
© 2016 International Society for Microbial Ecology All rights reserved 1751-7362/16
www.nature.com/ismej

http://dx.doi.org/10.1038/ismej.2016.84
mailto:ssp@dsmz.de
http://www.nature.com/ismej


environments (Cardman et al., 2014) and the
intestinal tract of several vertebrates (Frey et al.,
2006; Steelman et al., 2012). The first pure culture
representing this phylogenetic group was recently
isolated from an anoxic cyanobacterial mat
sample retrieved from a hypersaline lake on the
Kiritimati Atoll (Spring et al., 2015). In this study,
we present a detailed description of the phenotypic
traits and complete genome sequence of the novel
strain L21-Fru-ABT that allows for the first time the
reconstruction of the metabolic potential and
lifestyle of a member of the tentatively defined
subdivision 5. On the basis of the description of
strain L21-Fru-ABT, the novel species and genus
Kiritimatiella glycovorans is proposed as well as
several novel taxa of higher ranks including the
novel phylum Kiritimatiellaeota comprising envir-
onmental sequences allocated previously to the
Verrucomicrobia subdivision 5.

Materials and methods

Strains and cultivation conditions
Strain L21-Fru-ABT was enriched from an anoxic
sample of a cyanobacterial mat obtained from the
hypersaline Lake 21 located on the atoll of Kiritimati
(Republic of Kiribati, Central Pacific) and deposited
in the Leibniz Institute German Collection of Micro-
organisms and Cell Cultures (DSMZ; Braunschweig,
Germany) and Japan Collection of Microorganisms
(JCM; Tsukuba, Japan) under the accession numbers
DSM 26986T and JCM 19195T, respectively.
A detailed description of the sample location was
provided previously (Schneider et al., 2013; Spring
et al., 2015) and further details on the methods for
the enrichment and isolation of this strain are given
by Spring et al. (2015). For the preparation of media
and incubation under anoxic conditions, the anae-
robe cultivation technique of Hungate (1950) with
the modifications introduced by Bryant (1972) was
used. The basal medium for the characterization of
strain L21-Fru-ABT contained per litre: 60.0 g NaCl,
6.0 g MgCl2 × 6 H2O, 1.5 g KCl, 1.0 g Na2SO4, 1.0 g
NH4Cl, 0.4 g CaCl2 × 2 H2O, 0.4 g K2HPO4, 10.0 ml
trace elements solution of DSMZ medium 141
(http://www.dsmz.de/microorganisms/medium/pdf/
DSMZ_Medium141.pdf), 0.5 mg resazurin, 10.0 ml
vitamins solution of DSMZ medium 141, 2.5 g
Na2CO3, 0.3 g Na2S×9 H2O and 0.3 g L-cysteine-
HCl ×H2O. The medium was prepared under 80% N2

and 20% CO2 gas mixture without the vitamins,
carbonate, sulfide and cysteine, which were added to
the medium after autoclaving from sterile anoxic
stock solutions. For routine cultivation, 1.0 g l− 1

D-glucose was used as substrate. The pH of the
completed medium was adjusted to 7.3–7.5 and the
standard incubation temperature was 28 °C.

For comparative analyses of the cellular fatty acid
patterns and diagnostic diamino acids of peptidogly-
can, the following strains were obtained from the

Leibniz Institute DSMZ: Escherichia coli DSM 498,
Opitutus terrae DSM 11246T, Victivallis vadensis
DSM 14823T, Akkermansia muciniphila DSM
22959T, Spirochaeta dissipatitropha DSM 23605T

and Oligosphaera ethanolica DSM 24202T. For
cultivation of these strains, the medium recipes
and incubation conditions indicated in the catalog
of the Leibniz Institute DSMZ (http://www.dsmz.de/
catalogues/catalogue-microorganisms.html) were used.
Single compounds were obtained from Sigma-
Aldrich (Taufkirchen, Germany) and complex nutri-
ents from BD Biosciences (Heidelberg, Germany).

Genome sequencing and analyses
Genomic DNA was isolated form a stationary culture
of L21-Fru-ABT using the Jetflex Genomic DNA
Purification Kit (GENOMED, Cat. no. 600100; Löhne,
Germany) according to the protocol provided by the
manufacturer with the modifications described
previously (Ben Hania et al., 2015). The complete
genome sequence was determined using a combina-
tion of two genomic libraries of which one was
prepared for sequencing with the PacBio RSII
(Pacific Biosciences, Menlo Park, CA, USA) and the
other for the Illumina MiSeq platform (Illumina, San
Diego, CA, USA). The SMRTbell template library
was prepared and sequenced according to the
instructions from Pacific Biosciences following the
Procedure & Checklist ‘Greater than 10 kb Template
Preparation and Sequencing’ applying C2 chemistry.
In total, five SMRT cells were run, taking 120min
movies. Illumina sequencing was performed on a
MiSeq platform with 2× 150 cycles. The paired-end
library contained inserts of an average insert size of
500 bp and delivered 1.8 million reads.

A draft long read genome assembly named
L21-Fru-AB-SP4_HGAP_5SC_std_np was created
using the ‘RS_HGAP_Assembly.1’ protocol included
in SMRTPortal version 2.1.1 including all five
SMRT cells applying parameters described pre-
viously (Ben Hania et al., 2015), but not allowing
partial alignments. Finally, one chromosomal contig
could be obtained, which was trimmed, circularized
and adjusted to dnaA as first gene. A total coverage
of 265× has been calculated within the long read
assembly process. DNA base modifications analysis
was performed by ‘RS_Modification_and_Motif_
Analysis.1’ protocol with default settings. Quality
check of the final consensus sequences regarding
overall coverage as well as SNPs was performed
using IGV (Thorvaldsdóttir et al., 2013) after map-
ping of Illumina short read data onto the draft
genome using BWA (Li and Durbin, 2009).

Genome annotation was primarily done using
PROKKA version 1.8 (Seemann, 2014). The anno-
tated genome was then compared with results
provided by the RAST server (Overbeek et al.,
2014). In cases where automatic annotation by RAST
and PROKKA led to aberrant results, the function
prediction of PROKKA was checked and eventually
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corrected manually by using BLASTP to search for
similar proteins in the UniProtKB database (http://
www.uniprot.org/blast/). Additional gene prediction
analyses and functional annotation was performed
within the Integrated Microbial Genomes—Expert
Review (IMG-ER) platform (Markowitz et al., 2009).
Genomic islands were localized with the SIGI-HMM
program (Waack et al., 2006) of the IslandViewer 3
(Dhillon et al., 2015). The annotated complete
genome sequence of L21-Fru-ABT was deposited in
GenBank with the accession no. CP010904. The
version described in this paper is the first version,
CP010904.1.

Phylogenetic analyses
Comparative sequence analyses of almost complete
16S rRNA gene sequences or full-length protein
sequences of the RNA polymerase beta subunit
(RpoB) were used to determine the phylogenetic
position of strain L21-Fru-ABT and related bacteria
within the PVC superphylum. The 16S rRNA gene
sequence of strain L21-Fru-ABT was determined
previously (Spring et al., 2015) and deposited in
the GenBank/EMBL/DDBJ databases under the
accession number KC665948. The 16S rRNA
sequence of L21-Fru-ABT was added to the align-
ment of the SILVA database (Quast et al., 2013; SSU
Ref NR 99 release 119) using the integrated aligner of
the ARB software package (Ludwig et al., 2004). On
the basis of the curated guide tree included in the
SSU Ref NR 99 database, a comprehensive data set of
reference sequences representing major clades of the
PVC superphylum were selected. Thereafter, remain-
ing alignment errors revealed by visual inspection
were corrected manually. Protein sequences were
obtained from the GenBank or Uniprot databases and
aligned using the MUSCLE algorithm (Edgar, 2004)
implemented in the ARB package.

Phylogenetic trees based on aligned data sets of
nucleotide or amino acid sequences were recon-
structed using programs implemented in the
ARB software package. When the ARB neighbor-
joining program was used, phylogenetic distances
were calculated with the corrections of Felsenstein
or Jukes-Cantor for nucleotide sequences or with
PAM for amino acid sequences. Maximum like-
lihood trees were reconstructed using RAxML
(version 7.7.2) with the GTRGAMMA model for
DNA and PROTCATLGF for protein data under the
rapid bootstrap analysis algorithm. The robustness of
the tree topologies was evaluated by performing
1000 rounds of bootstrap replicates.

Estimates of the phylogenetic diversity within the
proposed Kiritimatiellaeota phylum and the related
phyla Verrucomicrobia and Lentisphaerae were
deduced applying the similarity option of the ARB
distance matrix program. For the Kiritimatiellaeota
phylum, a data set containing 16S rRNA gene
sequences included in the guide tree of the SILVA
119 SSU Ref NR 99 data set and affiliated with

subdivision 5, except sequences tagged as being
of low quality were used. In a second more
stringent calculation, sequences that were labeled
as unclassified by two independent taxonomic
frameworks (RDP and Greengenes) were also
excluded from the data set. For the calculations of
sequence identity values within the Verrucomicro-
bia and Lentisphaerae (except subdivision 5), all
sequences assigned to these phyla in the SILVA 119
SSU Ref NR 99 data set were used.

The environmental distribution of members of the
proposed phylum Kiritimatiellaeota was deduced
from the source of isolation given for environmental
clone sequences affiliated with subdivision 5 in the
SILVA 119 SSU Ref NR 99 data set. Sequences with a
different classification in taxonomic frameworks
provided by RDP (Wang et al., 2007) or Greengenes
(McDonald et al., 2012) were excluded from the
analyses, because this may indicate an erroneous
affiliation of these sequences to subdivision 5 in the
SILVA database. A list of all used 16S rRNA
gene sequences is presented in the Supplementary
Table S1.

Determination of phenotypic traits and biochemical
analyses
The shape and size of cells grown to stationary phase
was observed with an AxioScope.A1 phase contrast
microscope (Carl Zeiss, Jena, Germany) equipped
with an AxioCam MRc digital camera controlled by
the software Axio Vision version 4.8. Samples for
electron microscopy were prepared according to the
protocols described in Wittmann et al. (2014).

The cellular fatty acid pattern of strain L21-Fru-ABT

was determined from cells grown at 28 °C to
early stationary phase in basal medium containing
1.0 g l− 1 D-glucose as carbon source. For comparison,
cellular fatty acid patterns were obtained from
related type strains that were cultured as indicated
in the catalog of the Leibniz Institute DSMZ (see
above). The preparation and extraction of fatty acid
methyl esters from biomass and their subsequent
separation and identification by gas chromatography
was performed as described elsewhere (Miller, 1982;
Kaksonen et al., 2006). Extraction and analyses of
respiratory lipoquinones and polar lipids were
carried out according to previously published pro-
tocols (Tindall, 1990; Tindall et al., 2007). Diagnostic
diamino acids of the cell wall peptidoglycan were
detected in hydrolysates of whole cells by using the
gas chromatographic/mass spectrometric method
described by Jeske et al. (2015). Samples of lyophi-
lized biomass were supplemented with a defined
amount of norleucine serving as internal standard for
the quantification of diagnostic diamino acid deri-
vatives on the basis of Total-Ion Current Chromato-
grams. The diamino acid derivatives were identified
by their retention times approved by those of
ornithine and 2,6-diaminopimelic acid derivatives
obtained from authentic standards (Sigma O2250
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and ALDRICH 33240, respectively) as well as by
Extracted Ion Chromatograms based on characteris-
tic mass spectrometric fragment ions.

The determination of growth parameters and
physiological characteristics was performed accord-
ing to the methods reported previously (Spring et al.,
2013; Ben Hania et al., 2015). Non-gaseous fermenta-
tion products (alcohols, volatile and non-volatile
fatty acids) were determined upon growth of strain
L21-Fru-ABT in basal medium with 5mM glucose as
substrate using gas chromatography according to
published protocols (Holdemann et al., 1977; Steer
et al., 2001). Formate was quantified by a colori-
metric assay (Lang and Lang, 1972).

Results and discussion

Source, enrichment and isolation of strain L21-Fru-ABT

Strain L21-Fru-ABT was obtained from a several
centimetres thick photosynthetically active lami-
nated microbial mat covering the bottom of the
shallow hypersaline Lake 21 on the Kiritimati Atoll
(Central Pacific). A unique characteristic of this
cyanobacterial mat was a zone of disintegration
observed at the transition between the photosynthe-
tically active upper layer and a deep zone that
remains permanently dark and anoxic. At this
intermediate zone, the dense gelatinous mat turned
into a flaked mucous layer that contained large
evaporitic calcium sulfate deposits (gypsum aggre-
gates). It was supposed that this transition zone
represents the surface layer of an ancient microbial
mat after being overgrown by the recent cyanobac-
terial mat (Spring et al., 2015). Anoxic samples of the
Lake 21 microbial mat were used to inoculate
various cultivation media for the enrichment of
anaerobic saccharolytic bacteria that presumably
have a major role in the observed disintegration
process within the suboxic zone. From an enrich-
ment culture containing fructose as substrate and
supplemented with the antibiotic penicillin G to
prevent growth of Gram-positive bacteria, strain
L21-Fru-ABT could be isolated by applying the
dilution-to-extinction technique. In support of a
possible participation of this strain in the degrada-
tion of the mat matrix, 16S rRNA gene sequences
with a high similarity to the sequence of L21-Fru-
ABT were only retrieved from a distinct layer of the
zone that was mainly affected by decay and disin-
tegration (Spring et al., 2015).

Phylogenetic placement within the PVC superphylum
and environmental distribution of related bacteria
The coherent cluster of environmental sequences
comprising strain L21-Fru-ABT was originally
defined as subdivision 5 of the Verrucomicrobia
phylum by Hugenholtz et al. (1998). This tradition-
ally used affiliation was recently questioned by the
distributors of the ARB SILVA database release 119,
who assigned sequences representing subdivision 5

to the Lentisphaerae phylum (Yilmaz et al., 2014,
2016). Owing to these conflicting results, a further
detailed analysis of the phylogenetic placement of
subdivision 5 within the PVC superphylum seems to
be required.

On the basis of the SILVA 119 SSU Ref NR 99
database, almost complete 16S rRNA gene sequences
were selected that represent all recognized classes
within the PVC superphylum and the major phylo-
genetic lineages of the subdivision 5. This data set
was then used for thorough phylogenetic analyses
applying maximum likelihood, maximum parsi-
mony and distance algorithms. The representative
16S rRNA gene tree shown in Figure 1 confirms the
placement of strain L21-Fru-ABT within the
sequence cluster commonly referred to as subdivi-
sion 5. However, there is no recognizable association
with the Lentisphaerae phylum thereby contradict-
ing the assignment made in the SILVA 119 database.
Despite a moderate bootstrap support for the affilia-
tion of subdivision 5 with the Verrucomicrobia, a
stable bifurcation has to be noted that separates this
group from the other major clades representing the
Verrucomicrobia phylum, which on the other hand
cluster together with high bootstrap support.
Furthermore, the apparent phylogenetic depth of
subdivision 5 has a similar level compared with the
divergence observed in the branch comprising the
remaining clades of the Verrucomicrobia phylum.
Thus, it is likely that the group of sequences
previously recognized as the Verrucomicrobia sub-
division 5 represents a separate phylum.

Additional phylogenetic analyses based on a more
comprehensive data set of 16S rRNA genes or RpoB
proteins as alternative phylogenetic marker are
presented in the Supplementary Material S1. In
summary, it could be clearly shown that members
of the subdivision 5 cannot be reliably associated
with Verrucomicrobia or Lentisphaerae, but instead
represent a sister lineage loosely associated with
both phyla (Supplementary Figure S1). In a recent
study by Yarza et al. (2014), taxonomic thresholds
based on sequence identity values were suggested,
which were deduced from an analysis of available
16S rRNA gene sequences of established taxa
belonging to various ranks. For classes, the proposed
thresholds for median and minimum sequence
identity values were 86.35% and 80.38%, respec-
tively, and accordingly for phyla 83.68% and
77.43%, respectively. The analysis of 915 high
quality 16S rRNA gene sequences assigned to
subdivision 5 in the SILVA 119 SSU Ref NR 99 data
set revealed an average identity value of 82.3% and a
minimum sequence identity of 69.4%. Even after
restricting the data set to 836 sequences, which were
correctly classified in RDP and/or Greengenes, the
respective values were 82.7% and 72.4%, thereby
confirming the taxonomic rank of a phylum. We
determined for comparison also average and mini-
mum sequence identities for related phyla and
obtained values of 81.5% and 65.5%, respectively,
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for the Verrucomicrobia and 83.1% and 72.7%,
respectively, for Lentisphaerae (except subdivision 5).
Note that the minimum sequence identity value of
65.5% obtained for Verrucomicrobia may indicate
that this phylum is currently not well defined,
because the sequence identity value of sequences
allocated to one phylum should be above 75.0%
(Yarza et al., 2014).

The separate evolution of strain L21-Fru-ABT and
members of the Verrucomicrobia phylum is also
supported by an analysis of the phylogenetic
distribution of genes in genomes of several repre-
sentatives of the PVC superphylum. Figure 2 shows
that the percentage of positive BLAST hits of
assigned L21-Fru-ABT proteins with protein-coding
genes of members of the Verrucomicrobia is below
10% and thus in the range obtained with members of
other phyla, whereas strains representing the estab-
lished five main lineages of Verrucomicrobia dis-
played values of 40% or above. Consequently, it
seems justified to establish a novel phylum for
members of the so far only tentatively defined

subdivision 5, which is named Kiritimatiellaeota
referring to the geographical origin of the first
cultured strain, the atoll of Kiritimati in the Central
Pacific.

The evolutionary divergence between members of
the Verrucomicrobia and the proposed Kiritimatiel-
laeota phylum is also reflected in a different habitat
preference, thereby confirming the postulated ecolo-
gical coherence of high taxonomic ranks (Philippot
et al., 2010). The majority of representatives of the
subdivisions 1, 2, 3, 4 and 6 of the Verrucomicrobia
phylum inhabit soil, freshwater or marine environ-
ments and are expected to have a metabolism
adapted to aerobic or microaerophilic conditions
(Hedlund, 2011). In contrast, as shown in Figure 3,
members of the Kiritimatiellaeota phylum occupy
predominantly niches characterized by anoxic con-
ditions, like the intestine of animals, wastewater or
hypersaline sediments, whereas only few represen-
tatives were detected in soil or the water column of
marine and freshwater habitats. Strain L21-Fru-ABT

could be assigned to the R76-B128 clade, which

Figure 1 Phylogenetic placement of K. glycovorans L21-Fru-ABT within the PVC superphylum based on almost complete 16S rRNA gene
sequences. The tree topology was reconstructed under the maximum likelihood criterion and rooted using the 16S rRNA gene sequence of
Escherichia coli K12 (AKVX01000001, not shown). Names in quotation represent taxa that are not yet validly published. Support of a
distinct branching by bootstrap analyses is indicated by symbols. Black dots at a distinct node indicate that bootstrap values of 95% or
above (percentages of 1000 resamplings) were obtained with three different reconstruction methods, while gray dots indicate that values of
95% or above were obtained with only two reconstruction methods. White dots indicate that bootstrap values of 75% or above were
obtained with at least one reconstruction method. In such cases, the values of 75% or above are given from left to right for the maximum
likelihood, maximum parsimony and neighbor-joining method. Polygons represent clades of several sequences. Scale bar, 0.10 changes
per nucleotide position.
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occurs mainly in hypersaline and marine sediments.
A further detailed analysis of the environmental
distribution of members of distinct clades of the
proposed Kiritimatiellaeota phylum is presented in
the Supplementary Material S1.

General features of the genome
The genome of strain L21-Fru-ABT is represented by
one circular chromosome that has a total length of
2 949 723 bp and a G+C content of 63.31 mol%. High
proportions of genes assigned to COG functional
categories are involved in the transport and metabo-
lism of carbohydrates (129) and amino acids (128),
while the metabolism of nucleotides (54) and lipids
(52) has a minor role. A general preference for the
metabolism of carbohydrates appears to be a typical
characteristic of free-living and chemoheterotrophic
members of the PVC superphylum, which are often
specialized on the degradation of recalcitrant poly-
saccharides and glycopolymers (for example,
Glöckner et al., 2003; Martinez-Garcia et al., 2012).
The genome is further characterized by a prevalence
of transposase genes (75) and tentative genomic
islands (12), which could reflect an increased
flexibility of the genome structure caused by a recent
genetic isolation of this strain following the adapta-
tion to hypersaline mats. A further detailed analysis
of the genome sequence is presented in the

Supplementary Material S2. In addition, a list of
manually annotated genes used to deduce molecular
or phenotypic traits of strain L21-Fru-ABT is avail-
able in the Supplementary Table S2.

Morphological and biochemical traits
Cells of strain L21-Fru-ABT had a regular spherical
shape, a size of 1–2 μm, were non-motile and divided
by binary fission; sometimes, larger cells of up to
3 μm diameter were observed. No colonies were
formed on agar plates incubated in anaerobic jars or
under aerobic conditions, which could explain why
similar strains were not isolated earlier by the
frequently used plating of environmental samples.
In liquid medium, aggregates comprising several
hundreds of cells were formed at the beginning of the
growth phase or under conditions of nutrient
limitation (Figure 4a). In most cases, the center of
aggregates consisted of diffuse material, most likely
extracellular polymeric substances, to which the
cells were attached. The production of exopolymers
is also indicated by scanning electron micrographs of
liquid culture samples, which show the interconnec-
tion of cells by a fibrillary network that became
apparent upon fixation and dehydration of the

Figure 2 Phylogenetic composition of the genomes of K.
glycovorans L21-Fru-ABT and several representative members of
the PVC superphylum. The bar chart is based on original data
retrieved form the IMG/ER server and displays percentages of
protein-coding genes with a positive BLAST hit in genomes of a
distinct phylum. The threshold was set to 30% or more sequence
identity. Unassigned proteins were not included in the calculation
of the phylogenetic distribution. Separate values are only shown
for phyla that had 10% or more hits with at least one sample. The
following strains and genome sequences were used (IMG Genome
IDs in parentheses): Verrucomicrobium spinosum DSM 4136T

(641736179); ‘Chthoniobacter flavus’ Ellin428 (642791618); ‘Pedo-
sphaera parvula’ Ellin514 (645058870); ‘Ca. Methylacidiphilum
infernorum’ V4 (642555138); Opitutus terrae PB90-1T

(641522643); K. glycovorans L21-Fru-ABT (2606217195); Lenti-
sphaera araneosa HTCC2155T (640963040); Planctopirus limno-
phila DSM 3776T (646564559).

Figure 3 Environmental distribution and habitat-specific phylo-
genetic structure of the proposed Kiritimatiellaeota phylum.
(a) Pie chart diagram illustrating the relative proportions of
environmental sources of 913 distinct 16S rRNA clone sequences
according to the SILVA 119 SSU Ref NR 99 database. A list of the
used 16S rRNA gene sequences is available in Supplementary
Table S1. (b) Phylogenetic tree of the same set of sequences
reconstructed with the ARB neighbor-joining program using the
sequence of Verrucomicrobium spinosum DSM 4136T as outgroup
(NR_026266, not shown). Phylogenetic distances were calculated
with the correction of Felsenstein as implemented in the ARB
neighbor-joining program. Sequences of distinct clades are
collapsed to polygons and the number of sequences comprising
a clade is shown within the corresponding polygon. The
environmental distribution of sequences assigned to a distinct
clade is shown as pie chart next to the respective polygon. The
prevailing source of the sequences is reflected by the colors of the
polygons. Scale bar, 10% estimated sequence divergence.
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sample (Figure 4b). The formation of spores was not
observed and no sporulation genes were annotated
in the genome sequence. Cellular reserve materials
stored in granules were not directly observed or
identified using microscopic methods, but based on
the annotated genome sequence, it can be deduced
that in this strain, inorganic polyphosphates and
glycogen are stored as carbon and energy reserve
(see Supplementary Material S2). In stained thin
sections of cells, often distinct electron-dense
regions became apparent by transmission electron
microscopy (Figure 4c), which could indicate a
DNA-containing nucleoid. No further compartmen-
talization of the cytoplasm or intracytoplasmic

membrane invaginations could be detected. Cells
stained Gram-negative and cell walls visualized
by electron microscopy had a structure typical of
Gram-negative bacteria comprising an outer mem-
brane, a periplasmic space and a cytoplasmic
membrane (Figure 4d). A canonical Gram-negative
cell plan is also supported by a large number of
genes encoding putative enzymes involved in pepti-
doglycan and lipopolysaccharide synthesis as well
as a cell division complex comprising FtsZ (see
Supplementary Material S2).

A gas chromatographic/mass spectrometric analy-
sis of whole-cell hydrolysates of strain L21-Fru-ABT

revealed the presence of ornithine (Orn) and

Figure 4 Shape and ultrastructure of cells of K. glycovorans L21-Fru-ABT. (a) Phase contrast micrograph of an aggregate formed by
cells upon cultivation in liquid medium. (b) Scanning electron micrograph of a fixed sample of cells grown in liquid medium showing
the formation of extracellular polymeric substances. (c) Transmission electron micrograph of a negatively stained thin section showing
a condensed dark region probably representing the nucleoid. (d) Enlarged view of the rectangular area marked in (c). Arrows
mark characteristic features of a Gram-negative cell envelope: outer membrane (om), periplasmic space (ps) and cytoplasmic
membrane (cm).
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2,6-diaminopimelic acid (Dap) as diagnostic diamino
acids of peptidoglycan. Interestingly, Orn could
be also identified in whole-cell hydrolysates of
Victivallis vadensis and Oligosphaera ethanolica,
two representatives of the Lentisphaerae phylum
(Supplementary Material S3). It is noteworthy that
this would represent the first report about the
detection of peptidoglycan with Orn as the diagnos-
tic diamino acid in bacteria with a Gram-negative
type of cell wall that do not belong to the
Spirochaetaceae. However, it cannot be excluded
that Orn could have been extracted from certain
aminolipids or other cell components instead of
peptidoglycan, because only whole-cell hydrolysates
were analyzed. Further details about the chemotaxo-
nomic characterization of strain L21-Fru-ABT includ-
ing its polar lipid and cellular fatty acid composition
are presented in the Supplementary Material S3 and
the formal species description at the end of
this paper.

The genome of strain L21-Fru-ABT contained no
genes involved in the production of respiratory
lipoquinones, cytochromes or terminal oxidases.

Accordingly, biochemical tests for the presence of
respiratory lipoquinones, oxidase and catalase were
negative. The absence of elements of a membrane-
bound electron transport chain indicates a strictly
anaerobic and fermentative type of metabolism.

Physiology of growth
Determination of the optimal growth conditions
characterized strain L21-Fru-ABT as a mesophilic,
neutrophilic and moderate halophilic bacterium
thereby reflecting an adaptation to hypersaline lakes,
the environment from which it was isolated
(Table 1). Under optimal growth conditions in
complex medium, the mean generation time was
22 h. Strain L21-Fru-ABT was quite aerotolerant and
could proliferate in the presence of oxygen while
reducing the medium, which may be an important
trait for growth in cyanobacterial mats known to
produce excess oxygen by daylight. However,
growth in the presence of oxygen was not stable
and ceased after the second transfer in aerobic
medium, which was probably because of the

Table 1 Differential traits of K. glycovorans L21-Fru-ABT and phenotypically similar type strains representing distinct classes of the phyla
Verrucomicrobia and Lentisphaerae

Characteristica 1b 2 3 4 5

Isolation source Hypersaline microbial mat Human gut Soil Human gut Sewage sludge
Cell shape Spherical Ovoid Spherical Spherical Spherical
Cell size (μm) 1.0–2.0 0.6–1.0 0.4–0.6 0.5–1.3 0.7–1.5
Motility − − + − −
Genome size (Mb) 2.95 2.66 5.96 4.58 ND
DNA G+C content (mol%) 63.3 55.8 65.3 59.5 61.1
Major cellular fatty acids
(415% of total)c

i-C14:0, C18:0 C18:1, ai-C15:0 ai-C15:0, i-C14:0,
C15:0

ai-C15:0, i-C14:0, i-
C16:0

ai-C15:0, i-C16:0,
ai-C17:0

Temp. for growth (°C)
Range 20–40 20–40 10–37 20–40 25–40
Optimum 28 37 28 37 37

NaCl conc. for growth (g l−1)
Range 20–180 ND 0–30 ND 0–10
Optimum 60–70 o10 o10 o10 o10

pH for growth
Range 6.5–8.0 5.5–8.0 5.5–9.0 5.0–7.5 6.5–7.5
Optimum 7.5 6.5 7.5–8.0 6.5 7.0

Yeast extract requirement − − − + −
Oligotrophic + − + − +
Nitrate reduction − ND + − −
Substrate utilization
Starch − ND + − −
Cellobiose − − + + −
Galactose − − + + +
Maltose − − + + −
Sucrose − ND + + +
Fructose − − + + −
Xylose + − − + +

Major non-gaseous fermentation
products

Ethanol, acetate Acetate, propionate,
ethanol

Propionate,
acetate

Ethanol, acetate Ethanol, acetate

Abbreviations: i and ai indicate iso- and anteiso-branched fatty acids, respectively; +, positive; − , negative; ND, no data available.
aAll strains are obligately anaerobic and have the ability to ferment glucose.
bNumbers refer to the following strains (taxonomic class in parenthesis): 1, L21-Fru-ABT (Kiritimatiellae); 2, Akkermansia muciniphila DSM
22959T (Verrucomicrobiae); 3, Opitutus terrae DSM 11246T (Opitutae); 4, Victivallis vadensis DSM 14823T (Lentisphaeria); 5, Oligosphaera
ethanolica DSM 24202T (Oligosphaeria). Data for strains other than L21-Fru-ABT were taken from the literature (Chin et al., 2001; Derrien et al.,
2004; Zoetendal et al., 2003; Qiu et al., 2013).
cCellular fatty acid data for all strains were obtained in this study.
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accumulation of oxidative damage caused by reac-
tive oxygen species or the inhibition of oxygen-
sensitive enzymes involved in central metabolic
pathways.

On the basis of the annotated genome sequence, it
can be predicted that in strain L21-Fru-ABT, glycine
betaine and sucrose represent the main osmoprotec-
tants to balance changes of extracellular salt
concentrations (see Supplementary Material S2).
The reserve polymer glycogen could be used to keep
glucose available as precursor for sucrose synthesis.
Interestingly, it has been assumed originally that
cyanobacteria and proteobacteria represent the only
prokaryotes that produce sucrose as compatible
solute, but with the increase of available genome
sequences, genes involved in the production of
sucrose were also detected in members of the phyla
Deferribacteres, Chrysiogenetes, Firmicutes and
Ignavibacteriae (Diricks et al., 2015). In this study,
genes of the key enzymes sucrose synthase and
sucrose-6 F-phosphate phosphohydrolase were
detected for the first time in a member of the PVC
superphylum.

The determined substrate utilization spectrum of
strain L21-Fru-ABT was quite narrow and comprised
mainly monosaccharides, whereas amino acids,
carboxylic acids or alcohols were not utilized. The
main non-gaseous end products of glucose fermenta-
tion were identified as ethanol (1–2mM), acetate
(o1mM) and lactate (traces). The total amount of
produced fermentation products was quite low and
indicates that only a small amount of glucose was
metabolized during growth. Production of biomass
and fermentation products could not be increased by
using higher concentrations of glucose (above 5mM),
which indicates a metabolism adapted to oligo-
trophic growth conditions. The gas that accumulated
in the headspace of cultures during growth of this
strain was most likely hydrogen, which may be

produced by two distinct bifurcating cytoplasmic
iron-only hydrogenases encoded at adjacent sites of
the genome (Supplementary Table S2).

Despite the low number of utilized carbon sources,
the genome of strain L21-Fru-ABT encodes an array
of 66 glycoside hydrolases and 56 sulfatases, which
may indicate that various sulfated glycopolymers are
utilized as food source by this strain. An alternative
function of sulfatases would represent the utilization
of sulfated compounds as sources of sulfur as
described by Kertesz (2000). However, the numbers
of genes annotated as sulfatases in genomes of
members of the phylum Verrucomicrobia show in
general a positive correlation with the salinity of the
preferred habitat and thus tend to be higher in
environments characterized by large amounts of free
sulfate (Figure 5). This finding is in line with the
general belief that sulfatases are required for the
degradation and subsequent utilization of sulfated
glycopolymers as carbon source in marine strains of
Planctomycetes (Glöckner et al., 2003; Wegner et al.,
2013). Compared with marine strains of the phylum
Verrucomicrobia, the genome sequence of strain
L21-Fru-ABT revealed an expansion of sulfatase
genes in proportion to the genome size, which could
indicate a specialization on the utilization of sulfated
exopolymers. Although the tested commercially
available sulfated glycopolymers did not allow stable
growth of this strain under laboratory conditions, a
plethora of alternative sulfated compounds can be
found in hypersaline microbial mats and may
represent suitable substrates for growth.

It is well known, for example, that halophilic
cyanobacteria produce sulfated exopolysaccharides
(De Philippis et al., 1998) and are able to replace
membrane-bound phospholipids with sulfoglycoli-
pids like sulfoquinovosyldiacylglycerol, especially
under conditions of phosphate limitation (Van Mooy
et al., 2009). Furthermore, sulfated glycoproteins that

Figure 5 Habitat dependence of the prevalence of sulfatase genes in the genomes of K. glycovorans L21-Fru-ABT and other saccharolytic
strains belonging to the Verrucomicrobia. For each strain, the number of sulfatase genes and their frequency in the respective genome is
shown. The preferred habitats of the analyzed strains are symbolized by the colors of the dots. The size of the dots correlates with the
genome size in mega base pairs (Mb). Broken lines mark distinct clusters of strains preferring the same environment.
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may represent an essential component of the extra-
cellular polymeric substance matrix in distinct zones
of the mat could represent a suitable nutrient source.
Interestingly, genes of several hydrolytic enzymes
that have been associated with the degradation of
O-linked oligosaccharides of the sulfated glycoprotein
mucin (Tailford et al., 2015) were detected in the
genome of strain L21-Fru-ABT, including neuramini-
dase (L21SP4_01677), α-L-fucosidase (L21SP4_01318),
and a combined sulfatase and α-N-acetylglucosami-
nidase (L21SP4_01423). A list of all glycoside
hydrolase families identified in strain L21-Fru-ABT

by the CAZy database (Lombard et al., 2014) is
shown in Supplementary Table S3. Members of
families GH78 and GH106, which are mainly active
as α-L-rhamnosidases, seem to be dominating in this
strain. This could indicate that bioactive compounds
containing L-rhamnose represent the main target for
degradation. Several studies have demonstrated that
exopolymers containing rhamnose have an impor-
tant function for the establishment and maintenance
of bacterial biofilms (for example, Davey et al., 2003;
Michael et al., 2016). Consequently, a specific
degradation of such glycopolymers by strain
L21-Fru-ABT could contribute to the disintegration
of the mat matrix observed in the decaying zone of
the mat. In addition, rhamnose has been identified as
a main component of the sulfated polysaccharide
mucilage secreted by marine diatoms (Passow,
2002). However, stable growth with L-rhamnose as
substrate could not be demonstrated in laboratory
experiments, although all necessary genes for its
uptake and catabolism were present in the genome
(Supplementary Table S2). In general, it was
observed that growth of this strain with certain
carbon sources (for example, galactose, fucoidan,
carrageenan, mucin) was unstable and ceased upon
the second transfer, which could indicate that the
enzymes required for the utilization of these sub-
strates were expressed only transiently. An alter-
native explanation would be that in the natural
environment, a consortium of diverse strains parti-
cipates in the breakdown of complex recalcitrant
compounds and strain L21-Fru-ABT is specialized
only on a few distinct steps of the degradation
process, which leads to nutrient limitation in axenic
culture.

More than 50% of the glycoside hydrolases
identified by the CAZy database and 35% of the
predicted sulfatases are tagged with signal peptides
that guide their integration into a cell membrane
or export into the periplasmic or extracellular
space, where they could degrade large or insoluble
biopolymers that cannot be transported into the cell.
On the basis of the genome sequence, several
transport systems for the membrane translocation
and secretion of proteins could be identified,
including the Sec preprotein-translocation pathway,
the twin-arginine translocation mechanism and a
type II secretion system (see SupplementaryMaterial S2).
It is known that polymer-degrading members of

the Bacteroidetes use TonB-dependent receptors for
the transport of partially degraded polysaccharides
into the periplasm (Kabisch et al., 2014), probably to
avoid exploitation of released sugar monomers by
microbial competitors (‘cheaters’). However, no
genes encoding such uptake systems were detected
in strain L21-Fru-ABT.

Core metabolism and regulation
The obtained genome sequence of strain L21-Fru-
ABT allowed for the first time a reconstruction of the
central metabolism of a member of a phylum-level
lineage of bacteria previously recognized as Verru-
comicrobia subdivision 5. Routes of main metabolic
pathways can be proposed based on the annotation
of genes listed in the Supplementary Table S2. All
enzymes for the oxidation of glucose to pyruvate by
the Embden–Meyerhof–Parnas pathway (glycolysis)
were present. However, no gene for pyruvate kinase
that catalyzes the irreversible formation of pyruvate
and ATP from phosphoenolpyruvate and ADP could
be detected, although it was present in all other
available genomes of members of the phyla Verru-
comicrobia and Lentisphaerae. Instead, in L21-Fru-
ABT, the enzyme pyruvate phosphate dikinase
(L21SP4_01945) is probably used and catalyzes a
reversible reaction that depends on AMP and dipho-
sphate for the synthesis of ATP from phosphoenol-
pyruvate. Interestingly, it has been previously
reported that in some anaerobic unicellular eukar-
yotes and Clostridium symbiosum, pyruvate phos-
phate dikinase catalyzes the terminal step of
glycolysis and functions primarily in the direction
of ATP synthesis (Reeves, 1971). The advantage
of using pyruvate phosphate dikinase instead of
pyruvate kinase is an increase of the ATP yield
of glycolysis, especially in combination with
the enzymes pyrophosphate-fructose 6-phosphate
1-phosphotransferase and adenylate kinase (Chastain
et al., 2011), which are both encoded in the genome
of L21-Fru-ABT and make use of the energy-rich
compound pyrophosphate. As illustrated in the
pathway diagram in Supplementary Material S2,
this atypical and probably ancient glycolytic path-
way yields five instead of two mol ATP per mol
glucose and may be therefore of special value in
anaerobic, energy-limited environments.

In addition to substrate-level phosphorylation,
strain L21-Fru-ABT is probably capable of using a
chemiosmotic mechanism for the production of ATP.
An electrochemical gradient may be generated for
example by a membrane-bound RNF complex and
then used by a proton- or Na+-translocating V-type
ATP-synthase (see Supplementary Material S2).
Prediction of the preferred ion for building up an
electrochemical gradient is still difficult by means of
bioinformatic analyses, but based on the environ-
mental growth conditions of this strain (anoxic and
hypersaline), we speculate that Na+ may be used as
coupling ion for ATP synthesis, because in such
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habitats, sodium gradients have some advantages
against using a proton-motive force (Mulkidjanian
et al., 2008; Spring et al., 2010).

Strain L21-Fru-ABT is able to grow in mineral
medium with glucose as the sole substrate and
therefore should have the genetic inventory to
produce all necessary enzymes for the biosynthesis
of its cellular compounds. Interestingly, isopentenyl
pyrophosphate as precursor for isoprenoid synthesis
is produced in strain L21-Fru-ABT via the mevalo-
nate pathway with acetyl-CoA as starting material.
Apart from the obligate intracellular chlamydial
species Waddlia chondrophila (Bertelli et al.,
2010), this strain represents so far only the second
known member of the PVC phylum, which seems
to use this pathway. All other genome-sequenced
representatives of the phyla Verrucomicrobia,
Lentisphaerae and Planctomycetes have the methy-
lerythritol pathway for isoprenoid synthesis. Phylo-
genetic analyses of enzymes of the mevalonate
pathway in members of the PVC superphylum are
shown in the Supplementary Material S2. Interest-
ingly, it turned out that the enzymes of strain
L21-Fru-ABT and Waddlia chondrophila do not
share the same evolutionary history, but can
be affiliated with proteins of Proteobacteria and
Spirochaetes, respectively. Therefore, a potential
influence of lateral gene transfer events in the
evolution of the mevalonate pathway in these
species cannot be excluded.

The regulation of central metabolic pathways in
strain L21-Fru-ABT is possibly controlled by a
phosphorylation cascade that resembles a rudimen-
tary phosphotransferase system for the group trans-
location of sugars (see Supplementary Material S2).
In the proposed global regulatory network, the
central metabolites phosphoenolpyruvate and
pyruvate could be used to sense the availability of
a suitable carbon source and phosphate. The inferred
metabolic state of the cell would then be signaled to
proteins controlling important cellular processes like
the homeostasis of pH and sodium.

On the basis of the results of the genome analysis
of strain L21-Fru-ABT, a metabolic model is pro-
posed and presented in Figure 6.

Concluding remarks and classification
Characterization of the first cultured representative
of the Verrucomicrobia subdivision 5 unveiled the
lifestyle of an anaerobic saccharolytic bacterium that
thrives in the suboxic zone of photosynthetically
active laminated mats. Specific adaptations of strain
L21-Fru-ABT to hypersaline cyanobacterial mats
include a high oxygen and salinity tolerance as well
as a diversified genomic inventory of glycoside
hydrolases and sulfatases required for the degrada-
tion of recalcitrant sulfated glycopolymers. A general
preference of members of subdivision 5 for anoxic
environments at liquid–solid interfaces, which are
often characterized by the formation of biofilms (for

example, saline sediments) or mucous layers (animal
intestine), could indicate that foraging on sulfated
glycopolymers produced in such habitats is a key
metabolic feature preserved in most members of this
evolutionary lineage. In this regard, it is noteworthy
that so far, members of subdivision 5 were not
detected in the feces of humans or mice despite their
prevalence in the intestine of other vertebrates, like
for instance wild gorillas (Frey et al., 2006) or horses
(Costa et al., 2015). It is tempting to speculate that
this distribution pattern could be the result of a
competition with other gut bacteria for the
same ecological niche. If this is true, members of
subdivision 5 could have been displaced in the
colon of humans and mice by mucin-degrading
Akkermansia species, which are efficiently coloniz-
ing the large intestine of both hosts (Donaldson
et al., 2016).

On the basis of its determined phylogenetic
position, strain L21-Fru-ABT represents a novel
species and genus affiliated with a phylum-level
lineage previously recognized as Verrucomicrobia
subdivision 5. The results of the phylogenetic
analyses were supported by comparative genome
analyses, which revealed several distinguishing
features of strain L21-Fru-ABT that were not present
in the available genomes of bacteria representing
neighboring phyla. Further differential phenotypic
traits of strain L21-Fru-ABT to representatives of
related phyla are summarized in Table 1. Formal
descriptions of the proposed novel species and taxa
of higher ranks follow below.

Description of Kiritimatiella gen. nov.
Kiritimatiella (Ki.ri.ti.ma.ti.el´la. N.L. fem. dim. n.
Kiritimatiella, pertaining to the Kiritimati Atoll, the
geographical origin of the type strain of the type
species).

Free-living, non-motile and non-sporeforming
coccoid cells that divide by binary fission. Intra-
cellular membranes are not formed. Gram-negative
type of cell wall with a peptidoglycan layer.
Major cellular fatty acids are iso-C14:0 and C18:0.
Odd-numbered cellular fatty acids, respiratory lipo-
quinones or cytochromes are not formed. Tests for
catalase and oxidase are negative. Nitrate is not
reduced. Obligately anaerobic, moderately halophi-
lic, mesophilic and neutrophilic. Strictly fermenta-
tive metabolism with sugars as preferred substrates.
Yeast extract or vitamins are not required for
growth.

The type species is Kiritimatiella glycovorans.

Description of Kiritimatiella glycovorans sp. nov.
Kiritimatiella glycovorans (gly.co.vo´rans. N.L. pref.
glyco- from Gr. adj. glukus sweet, referring to
glucose; L. part. adj. vorans eating, devouring; N.L.
part. adj. glycovorans eating glucose) shows the
following characteristics in addition to those given
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for the genus. Most cells have a diameter of 1–2 μm;
sometimes formation of aggregates with a size of up
to 100 μm can be observed. Optimal conditions for
growth are 28 °C, pH 7.5 and a salinity of 60–70 g l− 1.
The following substrates support stable growth:
D-glucose, N-acetylglucosamine, D-mannose and
D-xylose. The following compounds were tested,
but not utilized under laboratory conditions: Tryp-
tone, Casamino acids, yeast extract, mucin; L-ala-
nine, L-isoleucine, L-glutamic acid; acetate, acrylate,
benzoate, butyrate, citrate, fumarate, DL-lactate,
DL-malate, 3-phenylpropionate, propionate, pyruvate,

succinate; butanol, ethanol, glycerol, D-mannitol,
methanol, propanol; sodium alginate, carrageenan,
chitin, chondroitin sulfate, dextran (M.W. 170000),
fucoidan, pullulan, starch, xanthan gum; L-arabinose,
D-cellobiose, D-fructose, L-fucose, D-galactose, lactose,
D-maltose, D-melibiose, L-rhamnose, D-ribose, sucrose
and trehalose. The non-gaseous end products
resulting from D-glucose fermentation are ethanol,
acetate and lactate (traces). Ammonium was the only
used nitrogen source, while nitrate, nitrite, urea,
L-glutamic acid or molecular nitrogen were not
utilized. The polar lipid composition is

Figure 6 Overview of the proposed central metabolism of K. glycovorans L21-Fru-ABT. The shown cartoon represents a summary of the
information deduced from analysis of the genome sequence and is based on the manual annotated genes listed in Supplementary Table S2.
Functional proteins are grouped in four sectors according to their role in metabolism. Distinct enzymes are distinguished by different
colors that correspond with their assumed functions. The color code for the respective sectors is as follows. Nutrient uptake: turquoise,
permease; red, ABC-type transporter; purple, NTP-dependent permease; yellow, outer membrane receptor; orange, outer membrane
transport energization complex; green, TRAP-type C4-dicarboxylate transporter. Secretion and resistance: orange, twin-arginine
translocation (TAT) complex; yellow, type II secretion system; red, Sec translocation complex; green, Wzx/Wzy-dependent biopolymer
export complex; purple, TolC-dependent multidrug-resistance efflux pump; turquoise, permease. Stress response: green, NADH-quinone
reductase; red, ABC-type transporter; turquoise, permease; purple, cation:proton antiporter. Central metabolism and regulation: red,
V-type ATP-synthase; green, RNF complex; purple, membrane-bound adenylate-cyclase; turquoise, iron-only bifurcating hydrogenase.
R-Fe3+, ferric iron siderophore complex; DC, dicarboxylic acid; NAG, N-acetylglucosamine; AA, amino acid; DPG, 1,3-diphosphoglycerate;
PEP, phosphoenolpyruvate; Fd, ferredoxin.
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characterized by high amounts of phosphatidylgly-
cerol, minor amounts of an unidentified phospho-
lipid, two distinct glycolipids, an aminolipid
and small amounts of phosphoglycolipids. In
addition to the major fatty acids listed in the
description of the genus, significant amounts of
iso-C18:0, C12:0, C16:0 3OH, C20:0 and C16:0 are present,
while anteiso-C15:0 is not detected. Susceptible
to the antibiotics D-cycloserine, chloramphenicol
A and tetracycline (each at 10 mg l − 1). Ampicillin,
carbenicillin, penicillin G and gentamicin are
tolerated at least in concentrations up to
100 mg l − 1, while kanamycin A is tolerated up to
1000 mg l − 1. The DNA G+C content of the type
strain is 63.3 mol%.

The type strain is L21-Fru-ABT ( =DSM 26986T =
JCM 19195T), isolated from the suboxic zone of a
hypersaline microbial mat at the littoral zone of Lake
21, Kiritimati, Republic of Kiribati.

Description of Kiritimatiellaceae fam. nov.
Kiritimatiellaceae (Ki.ri.ti.ma.ti.el.la.ce´ae. N.L. fem.
dim. n. Kiritimatiella, type genus of the family;
suff. -aceae, ending to denote a family; N.L. fem.
pl. n. Kiritimatiellaceae, the Kiritimatiella family).

The family encompasses mainly bacteria found in
hypersaline and anoxic environments. Cells divide
by binary fission, do not form intracellular mem-
branes and have a cell wall of the Gram-negative type
that contains peptidoglycan.

The affiliation of novel species to this family
depends on the phylogenetic position, which should
be determined on the basis of comparative sequence
analyses of 16S rRNA and/or rpoB genes. The 16S
rRNA sequence identity values of newly described
strains affiliated with this family should be above
86.5% to the type strain of the type species
Kiritimatiella glycovorans, which represents the
threshold recommended by Yarza et al. (2014) for
the definition of families.

The type genus of the family is Kiritimatiella.

Description of Kiritimatiellales ord. nov.
Kiritimatiellales (Ki.ri.ti.ma.ti.el.la´les. N.L. fem.
dim. n. Kiritimatiella, type genus of the order;
suff. -ales, ending to denote an order; N.L. fem. pl.
n. Kiritimatiellales, the Kiritimatiella order).

Cells divide by binary fission, do not form
intracellular membranes and have a cell wall of the
Gram-negative type that contains peptidoglycan.

The affiliation of novel species to this order
depends on the phylogenetic position, which should
be determined on the basis of comparative sequence
analyses of 16S rRNA and rpoB genes. The 16S rRNA
sequence identity values of newly described strains
affiliated with this order should be above 82.0% to
the type strain of the type species Kiritimatiella
glycovorans, which represents the threshold

recommended by Yarza et al. (2014) for the defini-
tion of orders.

The type genus of the order is Kiritimatiella.

Description of Kiritimatiellae classis nov.
Kiritimatiellae (Ki.ri.ti.ma.ti.el´lae. N.L. fem. dim. n.
Kiritimatiella, type genus of the type order of the
class; N.L. fem. pl. n. Kiritimatiellae, the class of the
order Kiritimatiellales).

The description is the same as for the order, except
that a 16S rRNA gene sequence identity value of
78.5% to the type strain of the type species
Kiritimatiella glycovorans should be used as thresh-
old for the affiliation of strains to this class.

The type order of the class is Kiritimatiellales.

Description of Kiritimatiellaeota phyl. nov.
Kiritimatiellaeota (Ki.ri.ti.ma.ti.el´lae´ota. N.L. fem.
dim. n. Ki.ri.ti.ma.ti.el´lae, type class of the phylum;
suff. -aeota, ending to denote a phylum; N.L. fem. pl.
n. Kiritimatiellaeota, the phylum of the class
Kiritimatiellae).

Members of this phylum form a stable lineage
that is separate from the Verrucomicrobia and
Lentisphaerae phyla. The group of phylotypes
representing this phylum and the encountered
phylogenetic depth corresponds to the Verrucomi-
crobia subdivision 5 as originally defined by
Hugenholtz et al. (1998). The main phenotypic
characteristics are as given for the order.

The type class of the phylum is Kiritimatiellae.
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