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classification has proved to be difficult, not least when taxonomic decisions rested
heavily on interpretation of poorly resolved 16S rRNA gene trees and a limited number
of phenotypic features. Here, draft genome sequences of a greatly enlarged collection
of genomes of more than 1,000 Bacteroidetes and outgroup type strains were used
to infer phylogenetic trees from genome-scale data using the principles drawn from
phylogenetic systematics. The majority of taxa were found to be monophyletic but several
orders, families and genera, including taxa proposed long ago such as Bacteroides,
Cytophaga, and Flavobacterium but also quite recent taxa, as well as a few species
were shown to be in need of revision. According proposals are made for the recognition
of new orders, families and genera, as well as the transfer of a variety of species to other
genera. In addition, emended descriptions are given for many species mainly involving
information on DNA G+C content and (approximate) genome size, both of which can
be considered valuable taxonomic markers. We detected many incongruities when
comparing the results of the present study with existing classifications, which appear to
be caused by insufficiently resolved 16S rRNA gene trees or incomplete taxon sampling.
The few significant incongruities found between 16S rRNA gene and whole genome trees
underline the pitfalls inherent in phylogenies based upon single gene sequences and the
impediment in using ordinary bootstrapping in phylogenomic studies, particularly when
combined with too narrow gene selections. While a significant degree of phylogenetic
conservation was detected in all phenotypic characters investigated, the overall fit to the
tree varied considerably, which is one of the probable causes of misclassifications in the
past, much like the use of plesiomorphic character states as diagnostic features.

Keywords: G+C content, genome size, genome BLAST distance phylogeny, chemotaxonomy, morphology,
phylogenetic systematics, phylogenomics
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INTRODUCTION

The Bacteroidetes constitute a cosmopolitan phylum that inhabits
a broad array of habitats on Earth. One of the key members
of the microbiota of animals belongs to this phylum, as they
occur especially in the gastrointestinal tract and the oral cavity as
commensal microorganisms (Moore et al., 1994; Thomas et al.,
2011). Bacteroidetes colonize a variety of other natural habitats
such as soils, sediments, sea water and freshwater (Thomas et al.,
2011), and some even tolerate extreme environmental conditions
(Anders et al., 2014). This is reflected in the great metabolic
diversity of the phylum, which includes aerobes (Bernardet,
2011a; Nakagawa, 2011a; Hahnke R. L. et al.,, 2016) as well as
anaerobes (Thomas et al., 2011), even though Bacteroidetes are
generally chemoorganoheterotrophs. Some strains are known
as pathogens, particularly of fish (Bernardet and Grimont,
1989; Bernardet et al, 1996). Many Bacteroidetes produce
pigments, particularly carotenoids (Goodwin, 1980; Sowmya
and Sachindra, 2016) and flexirubin-like pigments (Reichenbach
et al., 1974, 1980); in some cases proteorhodopsin has been
observed (Gonzélez et al., 2008; Yoshizawa et al., 2012). The cell
shape ranges from short rods to long filaments (Saputra et al.,
2015; Hahnke R. L. et al,, 2016); longer cells are often flexible,
including curved or helical shapes (Eder et al., 2015; Shakeela
et al., 2015a). Spherical degenerative forms called “spheroblasts”
are known from Flavobacterium (Bernardet and Bowman, 2006).
Many Bacteroidetes are motile and, if so, display motility by
a special form of gliding (McBride and Zhu, 2013; Nan et al,,
2014; McBride and Nakane, 2015; Nan, 2017). Their isoprenoid
quinones are menaquinones, usually unsaturated ones, with
varying chain lengths (Collins and Jones, 1981). Striking
features of Bacteroidetes are their specialized carbohydrate
decomposition machineries, oligosaccharide uptake systems, and
storage features that enables them to play a key role in the
decomposition of particulate organic matter (Martens et al.,
2009; Sonnenburg et al., 2010; Dodd et al., 2011; Fischbach and
Sonnenburg, 2011; Thomas et al., 2011; Reintjes et al., 2017;
Mathieu et al., 2018).

The phylum Bacteroidetes is subdivided into the classes
Bacteroidia,  Chitinophagia,  Cytophagia,  Flavobacteriia,
Saprospiria, and Sphingobacteriia, some of which emerged
only in the most recent taxonomic studies on the group
(Hahnke R. L. et al., 2016; Munoz et al., 2016). The taxonomic
history of the phylum is indeed somehow convoluted. The
name Bacteroidaeota was recently suggested for the phylum
in the course of a proposal to include the rank phylum in the
International Code of Nomenclature of Prokaryotes (Oren
et al., 2015; Whitman et al., 2018). Yet the name Bacteroidetes
is not much older (Krieg et al., 2010a) since beforehand these
organisms had been referred to as “Cytophaga-Flavobacteria-
Bacteroides group” (Woese, 1987; Paster et al., 1994). The early
classification of the bacteria now placed in Bacteroidetes was
mainly based on morphological, metabolic, and physiological
properties. Genera such as Flavobacterium (class Flavobacteriia),
Cytophaga, and Flexibacter were differentiated by presence or
absence of gliding motility (Bernardet et al., 1996); Cytophaga
and Flexibacter, which are now assigned to the class Cytophagia,

were also delineated based on cell morphology, G+C content
and habitat (Reichenbach, 1989). Anaerobic representatives of
the class Bacteroidia, which form an important part of the flora
of the gastrointestinal tract of animals (Thomas et al., 2011),
can be differentiated from aerobic groups such as the classes
Flavobacteriia and Cytophagia (Bernardet, 2011a; Nakagawa,
2011a; Hahnke R. L. et al., 2016) and only relatively recently were
recognized as belonging to the same phylum, as based on 16S
rRNA gene sequencing (Weisburg et al., 1985; Paster et al., 1994).
Anaerobic and aerobic Bacteroidetes are still targeted by distinct
subcommittees of the International Committee on Systematics
of Prokaryotes (Bernardet et al.,, 2002; Olsen and Shah, 2008).
Whereas, some Bacteroidetes are halotolerant (Lau et al., 2006a)
or thermotolerant (Albuquerque et al., 2011), those originally
described as halophilic or thermophilic Bacteroidetes are now
placed in other phyla (Hahnke R. L. et al., 2016; Munoz et al,,
2016). Known from phylogenetic analyses as close relatives of
the phylum Chlorobi, Bacteroidetes were recently suggested to
belong to the “Bacteroidaeota-Rhodothermaeota-Balneolaeota-
Chlorobaeota superphylum” (Hahnke R. L. et al., 2016), following
a proposal to use the ending -aeota for the names of phyla in
microbial taxonomy (Oren et al., 2015). If adhering to the
simplification of the suffix to -ota (Whitman et al., 2018),
this superphylum would need to be called “Bacteroidota-
Rhodothermota-Balneolota-Chlorobiota superphylum.”

As in other groups of Bacteria and Archaea, advances
in molecular systematics led to the view that taxonomic
classification should be based on the integrated use of genotypic
and phenotypic data (Wayne et al., 1987; Stackebrandt, 1992),
an approach known as polyphasic taxonomy (Colwell, 1970;
Vandamme et al., 1996; Gillis et al., 2005; Kdmpfer and Glaeser,
2012). In particular, 16S rRNA gene sequences have been
routinely applied to infer phylogenetic trees or in conjunction
with simpler approaches such as pairwise distance or similarities
(Meier-Kolthoft et al.,, 2013b; Kim and Chun, 2014; Yarza
and Munoz, 2014). However, trees based on a few thousand
nucleotides such as those based on a single phylogenetic marker
(1,400-1,500 nucleotides in the case of the 16S rRNA gene),
or even a few concatenated housekeeping genes throughout the
technique named Multi-Locus Sequence Analysis (Glaeser and
Kémpfer, 2015), tend to have branches with low bootstrap values
(Klenk and Goker, 2010). A significant proportion of the current
taxonomic classification may thus be lacking statistical evidence
(Klenk and Goker, 2010; Hahnke R. L. et al., 2016; Montero-
Calasanz et al., 2017; Nouioui et al., 2018). Moreover, while
integrating phenotypic information is part of the polyphasic
approach, the phenotype is rarely used in a manner that
could provide independent evidence because it is not normally
separately analyzed but only screened for “diagnostic” features
of (often unsupported) groups seen in 16S rRNA gene trees
(Montero-Calasanz et al., 2017). The principles of phylogenetic
systematics instead insist on monophyletic taxa, which implies
that they must be based on apomorphic (derived) character
states and not merely on “diagnostic” ones (Hennig, 1965; Wiley
and Lieberman, 2011; Montero-Calasanz et al., 2017; Nouioui
et al., 2018). Thus, the question arises which taxa proposed by
polyphasic taxonomy are actually monophyletic.
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Indeed, given the rapid and ongoing progress in sequencing
technologies (Mavromatis et al., 2012), classifications based on
whole genome sequences and associated bioinformatic tools can
exploit millions of characters and thereby provide a step change
in reliability, as evidenced by high average bootstrap support in
phylogenomic trees (Breider et al., 2014; Meier-Kolthoff et al.,
2014a). Yet the ordinary bootstrap is not necessarily the most
reliable approach when dealing with supermatrices potentially
comprised of genes with distinct evolutionary histories (Siddall,
2010; Simon et al., 2017). The taxonomic classification of
Bacteroidetes has recently been revised based on the 16S and
23S rRNA genes in conjunction with 29 orthologous protein
sequences (Munoz et al., 2016), which resulted in the proposal of
several new taxa within Bacteroidetes as well as the new phylum
Rhodothermaeota. A number of additional Bacteroidales families
have been proposed in a recent phylogenomic study (Ormerod
etal., 2016), whereas genome sequences from phase I of the One
Thousand Microbial Genomes (KMG) project (Mukherjee et al.,
2017) were used in an initial study covering the entire phylum
(Hahnke R. L. et al., 2016). Again, reclassifications resulted at
all levels of the taxonomic hierarchy. Additionally, it was shown
that DNA G+C composition values directly calculated from
genome sequences have a significantly better fit to the phylogeny
than the experimentally determined ones cited in many species
descriptions (Hahnke R. L. et al., 2016). This is in line with the
observation that within-species variation is at most 1% when
G+C content is calculated from genome sequences (Meier-
Kolthoff et al., 2014c) and that previous reports in the literature
that the variation in G+C content within bacterial species is at
most 3 mol% (Mesbah et al., 1989) or even 5% (Rossello-Mora
and Amann, 2001) can be attributed to experimental error in
traditional methods (Mesbah et al., 1989; Moreira et al., 2011).

Despite the recent progress, coverage of Bacteroidetes type
strains with genome sequences was far from complete in
the cited studies, and many taxonomic questions remained
unanswered. This is problematic particularly since taxonomic
classification is not an end in itself but affects all other
biological disciplines, in particular ecology, including the
ecology of Bacteroidetes (Hahnke R. L. et al., 2016). Moreover,
in contrast to the G+C content (Hahnke R. L. et al., 2016)
genome size has been minimally investigated as taxonomic
marker. In a recent study on the phylum Actinobacteria
genome sized appeared to work reasonably well as marker
albeit less well than the G+C content (Nouioui et al.,
2018). Likewise, it has not yet systematically been explored
how well the phenotypic markers traditionally used in
Bacteroidetes taxonomy actually fit to trees inferred from
genome-scale data. In fact, phylogenetic conservation needs
not even be measurable in features traditionally used in
microbial taxonomy, but the same holds for genomic features,
including individual alignment positions in individual genes
(Carro et al., 2018).

Expanding our previous study on Bacteroidetes (Hahnke
R. L. et al, 2016) and in analogy to our study on the phylum
Actinobacteria (Nouioui et al, 2018), we here use genome
sequences from phase II of the KMG project augmented with
publicly available ones generated by third parties, yielding

a phylogenomic dataset covering more than 1,000 type-
strains of Bacteroidetes and outgroup taxa. A comprehensive
collection of type-strain 16S rRNA gene sequences from
the literature was used to further complement these data.
Genome-scale phylogenetic trees were constructed to address
the following questions: (i) to what extent are phylogenies
calculated from whole genome sequences still in conflict with
the current classification of Bacteroidetes and with their 16S
(or 23S) rRNA gene phylogenies? (ii) Which taxa need to
be revised because they are evidently non-monophyletic?
(iii) What are historical causes for the establishment of
these non-monophyletic taxa? (iv) Which taxon descriptions
should be modified because of inaccurate or missing G+C
values? and (v) How do standard phenotypic markers,
G+C values and genome sizes of Bacteroidetes relate to
their phylogeny and to which degree can they serve as a
taxonomic markers?

MATERIALS AND METHODS

A total number of 1,040 Bacteroidetes and outgroup type-strain
genome sequences and annotations (Supplementary Table 1)
were taken from an earlier study (Hahnke R. L. et al., 2016)
and augmented with additional ones collected from GenBank but
mainly with genome sequences obtained de novo in the course of
the KMG project phase IT (Mukherjee et al., 2017) and annotated
and deposited in the Integrated Microbial Genomes platform
(Chen et al, 2019) and in the Type-Strain Genome Server
database (Meier-Kolthoft and Goker, 2019). All newly generated
KMG sequences underwent standard quality control at DSMZ for
DNA extraction and at JGI for genome sequencing documented
on the respective web pages and yielded <100 contigs. All
genome sequences had <500 contigs and matched the 16S rRNA
gene reference database described below. Structural annotation
at JGI and DSMZ was done using Prodigal v. 2.6.2 (Hyatt
et al,, 2010). These annotated genome sequences were processed
further as in our previous study using the high-throughput
version of the Genome BLAST Distance Phylogeny (GBDP)
approach in conjunction with BLAST+ v2.2.30 in blastp mode
(Auch et al., 2006; Camacho et al., 2009; Meier-Kolthoff et al.,
2014a) and FastME v 2.1.6.1 using the improved neighbor-
joining algorithm BioNJ for obtaining starting trees followed
by branch swapping under the balanced minimum evolution
criterion (Desper and Gascuel, 2004) using the subtree-pruning-
and-regrafting algorithm (Desper and Gascuel, 2006; Lefort
et al., 2015). One hundred pseudo-bootstrap replicates (Meier-
Kolthoff et al.,, 2013a, 2014a) were used to obtain branch-
support values for these genome-scale phylogenies. Trees were
visualized using Interactive Tree Of Life (Letunic and Bork, 2011)
in conjunction with the script deposited at https://github.com/
mgoeker/table2itol. The choice of outgroup taxa was based on
previous results (Hahnke R. L. et al., 2016) but now yielded a
broader sampling of species. Species and subspecies boundaries
were explored using digital DNA:DNA hybridization (dDDH)
as implemented in the Genome-To-Genome Distance Calculator
(GGDC) version 2.1 (Meier-Kolthoff et al., 2013a) and in the
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Type (Strain) Genome Server (Meier-Kolthoft and Géker, 2019).
The features of all genome sequences that entered these analyses
are provided in Supplementary Table 1.

A comprehensive set of aligned, near full-length 16S rRNA
gene sequences was generated by augmenting the previous
collection (Hahnke R. L. et al, 2016) with sequences from
more recent species descriptions. The taxonomic affiliation of
genomes was checked using RNAmmer version 1.2 (Lagesen
et al.,, 2007) to extract 16S rRNA gene sequences, which where
compared with the 16S rRNA gene reference database using
BLAST and phylogenetic trees. Non-matching genome sequences
were discarded from further analyses. A comprehensive sequence
alignment was generated using MAFFT version 7.271 with the
“localpair” option (Katoh et al., 2005), using either the sequences
extracted from the genome sequences or the previously published
16S rRNA gene sequences, depending on the length and number
of ambiguous bases. Trees were inferred from the alignment with
RAXML (Stamatakis, 2014) version 8.2.12 under the maximum-
likelihood (ML) criterion and with TNT (Goloboff et al., 2008)
version Dec. 2017 under the maximum-parsimony (MP). In
addition to unconstrained, comprehensive 16S rRNA gene trees
(UCT), constrained comprehensive trees (CCT) were inferred
with ML and MP using the bipartitions of the GBDP tree with
>95% support as backbone constraint, as previously described
(Hahnke R. L. et al,, 2016). The purpose of the constraint, which
enforces the monophyly of the well-supported groups from the
GBDP, is to inject information from the phylogenomic analysis
into the 16S rRNA gene analyses, which cover more organisms
but fewer characters. Finally, unconstrained 16S rRNA gene
trees reduced to genome-sequenced strains (URT) were inferred,
as well as unconstrained 23S (i.e., large subunit) rRNA gene
trees (ULT).

The previously collected hierarchical taxonomic classification
of ingroup and outgroup taxa (Hahnke R. L. et al, 2016)
was augmented by screening the taxonomic literature. As in
the previous study, taxa were analyzed to determine whether
they were monophyletic, paraphyletic or polyphyletic (Farris,
1974; Wood, 1994). Taxa non-monophyletic according to the
GBDP tree were tested for evidence for their monophyly in the
UCT, ULT, URT, and the 16S rRNA gene trees, if any, in the
original publication.

In the case of a significant conflict (i.e., high support values
for contradicting bipartitions, with >95% support considered as
high) between trees or low support in the GBDP tree, additional
phylogenomic analyses of selected taxa were conducted. To this
end, MCL (Markov Chain Clustering) version 14-137 (Enright
et al., 2002) under default settings and an e-value filter of
10~ was used to the reciprocal best hits from GBDP/BLAST
in analogy to OrthoMCL (Li et al., 2003). The resulting
sets of orthologous proteins were aligned with MAFFT and
concatenated to form a supermatrix after discarding the few
clusters that still contained more than a single protein for at least
one genome. Comprehensive supermatrices were compiled from
all the orthologs that occurred in at least four genomes, whereas
core-genome supermatices were constructed for the orthologs
that occurred in all of the genomes. Supermatrices were analyzed
with TNT, and with RAXML under the “PROTCATLGF” model,

in conjunction with 100 partition bootstrap replicates, i.e., by
sampling (with replacement) not the single alignment positions
but entire orthologs (Siddall, 2010; Simon et al., 2017; Nouioui
et al, 2018). Shimodaira-Hasegawa (SH) paired-site tests as
implemented in RAXML were conducted with accordingly
reduced 16S rRNA gene alignments in such cases using the
supermatrix ML trees as constraint to assess whether these tests
also indicated a significant (@« = 0.01) conflict between 16S
rRNA gene and genome-scale data. When it was of interest,
supermatrices where also subjected to ordinary bootstrapping
as implemented in RAXML, as were single genes selected from
these supermatrices.

G+C content values and genome sizes are trivial to calculate
(Hahnke R. L. et al., 2016; Nouioui et al., 2018). Additionally,
selected phenotypic features relevant for the taxonomic
classification of Bacteroidetes were as comprehensively as
possible collected from the taxonomic literature: average cell
length, average cell width, motility by gliding, absence or
presence of carotenoids, absence or presence of flexirubin-like
pigments, average number of isoprene residues of the major
menaquinones (MK), and relationship to oxygen. To this
end, a recently published collection of phenotypic data from
taxonomic publications (Barberan et al., 2017) was corrected and
augmented. To avoid circular reasoning, missing features of a
species were only inferred from features of its genus when species
and genus were described in the same publication or when the
species description had explicitly been declared as adding to
the features of the genus. The reported relationships to oxygen
were checked against the cultivation conditions used for KMG at
DSMZ and where necessary augmented. Oxygen conditions were
coded as ordered multi-state character: (1) strictly anaerobic,
(2) facultatively aerobic, (3) facultatively anaerobic, (4) strictly
aerobic; microaerophilic was treated like missing data. Among
all coding options tested, this yielded the highest fit to the
tree (Supplementary Table 1); the second best option was to
code microaerophilic and strictly aerobic as the same character
state. MK percentages would be more informative than just
statements about being “major” but mostly only the latter are
provided in the literature. Phylogenetic conservation of selected
phenotypic and genomic characters with respect to the GBDP
tree (reduced to represent each set of equivalent strains by only
a single genome) was evaluated using a tip-permutation test in
conjunction with the calculation of maximum-parsimony scores
with TNT as previously described (Simon et al., 2017; Carro
et al., 2018) and 10,000 permutations. While more sophisticated
tests of phylogenetic conservation are available particularly for
continuous characters, this approach eases the comparison of
discrete and continuous characters as TNT deals with both.
TNT input files were generated with opm (Vaas et al., 2013).
The proportion of times the score of a permuted tree was at
least as low as the score of the original tree yielded the p-value.
Maximum-parsimony retention indices (Farris, 1989; Wiley
and Lieberman, 2011) were calculated to further differentiate
between the fit of each character to the tree.

Unambiguously non-monophyletic taxa according to the
genome-scale analyses were screened for published phenotypic
evidence of their monophyly. Published evidence was judged as
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inconclusive when based on probably homoplastic characters
or on probable plesiomorphic character states. Importantly,
“diagnostic” features alone are insufficient in phylogenetic
systematics, as plesiomorphies might well be diagnostic
but just for paraphyletic groups (Hennig, 1965; Wiley and
Lieberman, 2011; Montero-Calasanz et al., 2017; Nouioui
et al., 2018). Finally, taxonomic consequences were proposed
to fix all obviously non-monophyletic taxa by new taxon
delineations sufficiently supported by the CCT, ie., not
hindered by the uncertain phylogenetic placement of taxa
whose genome sequences were not available at the time
of writing.

RESULTS

The presentation of the results of this study is organized as
follows. After a brief overview on the figures and tables the
outcome of the tests for the phylogenetic conservation are
illustrated. Next, the phylogenetic results for the outgroup taxa
and certain phylogenetically deviating Bacteroidetes are described
and put in the context of their current taxonomic classification.
Finally, the hierarchical classification of the phylum Bacteroidetes
itself, arranged according to the six classes in which it is
currently subdivided, is compared to the phylogenomic trees.
These sections motivate the need for a variety of reclassifications,
whereas the actual taxonomic consequences are listed at the end
of the Discussion chapter.

The GBDP tree is shown in Figures 1-8; Figure 1 provides
an overview whereas Figures 2-8 display specific sections of the
same tree in greater details. Phenotypic information for groups
of taxa whose taxonomic classification is treated in detail below
is summarized in Supplementary Table 1. This supplementary
table also includes the complete list of genome sequences used in
this study as well as additional dDDH values for pairs of strains of
interest. Additional phylogenetic trees, including the GBDP tree
in a single figure and with phenotypic annotation, are found in
Supplementary Data Sheet 1.

Most of the Bacteroidetes and outgroup taxa appeared
to be monophyletic in the GBDP tree, mainly with high
bootstrap support. For instance, with the exception of few
deviating Bacteroides species that did not even appear to
phylogenetically belong to the phylum, all six classes were
shown as monophyletic with strong support. However, other
taxa seemed to be in need of a taxonomic revision because
they appeared as paraphyletic or polyphyletic. For instance, most
genera appeared as monophyletic, usually with high support. In
some cases, however, genera were shown as non-monophyletic,
as exemplified by Algibacter (Nedashkovskaya et al., 2004b,
2007¢; Park et al., 2013d; Shakeela et al., 2015b) Flaviramulus
(Einen and Qvreés, 2006; Zhang Y. et al., 2013), Maribacter
(Nedashkovskaya et al., 2004a, 2010a; Barbeyron et al., 2008;
Lo et al, 2013; Weerawongwiwat et al., 2013; Hu et al., 2015;
Jackson et al., 2015), and Tamlana (Lee, 2007; Jeong et al,
2013b). In most of these cases, 165 rRNA gene sequence
analyses (Supplementary Data Sheet 1) already revealed the
same taxonomic problems albeit often with lower support for

certain clades. All discrepancies are described below assorted by
phylum or class. Where non-monophyletic taxa depicted in a
figure, “core” marks the clade that contains the respective type.

While Tables1, 2 show the results on phylogenetic
conservation, Table 3 provides dDDH values (Meier-Kolthoff
et al., 2013a; Meier-Kolthoff and Gaoker, 2019) of selected pairs
of strains. Some dDDH values between pairs of species were
found to be higher than 70%, the current accepted threshold to
differentiate among species (Wayne et al., 1987). In turn, some of
these were lower than 79%, the threshold defined to differentiate
among subspecies (Meier-Kolthoff et al., 2014b). All of the pairs
of genome sequences of deposits considered to represent the
same type strain were found to have dDDH similarities of 99.0%
or above with the exception of Bacteroides faecis (Kim M.-S. et al.,
2010), B. ovatus (Eggerth and Gagnon, 1932; Hahnke R. L. et al.,
2016), B. stercoris (Johnson et al., 1986), B. uniformis (Eggerth
and Gagnon, 1932; Hahnke R. L. et al., 2016), Filimonas lacunae
(Shiratori et al., 2009; Leandro et al., 2013), Flavobacterium
akiainvivens (Kuo et al., 2013), F. chilense (Kampfer et al.,
2012b), F. johnsoniae, Polaribacter dokdonensis (Yoon et al,
2006), Prevotella scopos and Thermophagus xiamenensis (Gao
etal., 2013), whose dDDH values ranged between 89.6 and 98.9%
dDDH, results which may account for the separation of each pair
of these strains.

Phylogenetic Conservation of Genomic

and Phenotypic Markers of Interest
Table 1 shows the p-values obtained by the tip-permutation test
and the retention values of selected genomic and phenotypic
features. All investigated characters showed a significant
phylogenetic conservation (¢ = 0.001) but the fit of each
character to the tree as indicated by the retention index
varied considerably. The relatively high correspondence between
G+C content and phylogeny comes as no surprise (Hahnke
R. L. et al, 2016), while the occurrence of phylogenetic
conservation of genome size can easily be spotted in the
GBDP tree (Figures1-8, Supplementary Data Sheet 1). For
instance, genera with uniformly rather small genomes include
Capnocytophaga (2.7 + 0.2 Mbp), Porphyromonas (2.2 £ 0.2
Mbp), and Prevotella (3.0 £ 0.3 Mbp) whereas Dyadobacter (7.1
=+ 1.3 Mbp), Niastella (9.1 &+ 0.7 Mbp), and Spirosoma (7.3 £
1.0 Mbp) are genera with uniformly relatively large genomes.
Within Flavobacterium genome size apparently increased within
a certain subclade. In contrast, within the clade corresponding
to core Bacteroides, i.e., the clade containing the type species,
genome size (4.9 = 1.1 Mbp) appeared to change rapidly in
evolutionary terms relative to the moderate average size.
Morphology showed a significant but low conservation. In
the case of cell length a certain degree of inertia was visible
in the tendency to filamentous cells in related groups such
as Eisenibacter and Microscilla or the genus Marivirga while
elongated cells also occurred in taxa dispersed through the
phylogeny such as Chitinophaga filiformis and Chryseobacterium
solincola (Supplementary Data Sheet 1). Cell width showed a
slightly higher retention index (Table 1); there was an obvious
tendency for broader cells in groups such as Bacteroides
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slightly differ.

FIGURE 1 | distances to least and most distant leave, respectively. The total number (#) of leaves per collapsed clade is shown within the triangles. The legend
indicates the symbols and colors used in all subsequent figures, which show details of all clades of interest. These clades are composed of the following phyla: CLF,
Chlamydiae-Lentisphaerae-Fibrobacteres clade; DGPV, Deinococcus-Thermus-Gemmatimonadetes-Planctomycetes-Verrucomicrobia clade; RBC,
Rhodothermaeota-Balneolaeota-Chlorobi clade. These clades are weakly supported and annotated for display purposes only; they are not suggested as reliable
groupings. Figures 2-8 show specific sections of the same tree in greater detail; while the underlying topology is exactly the same, the ordering of the clades may

but there are also many isolated occurrences of cells with
a width above average (Supplementary Data Sheet1). The
almost as well-sampled character “gliding motility” showed a
retention index comparable to the one of cell width. While
absent in almost all outgroup taxa, motility by gliding has
a rather scattered occurrence in the phylum Bacteroidetes
(Supplementary Data Sheet 1). Relationship to oxygen showed
a considerably higher retention index, which probably mainly
reflected the concentration of strictly anaerobic strains in
certain outgroup taxa such as the phylum Chlorobi and certain
subgroups of the class Bacteroidia; additionally, Bacteroidia did
not contain any strict aerobes (Supplementary Data Sheet 1).

As for chemotaxonomy, presence or absence of carotenoids
showed a higher retention index but while many Bacteroidetes
were described as pigmented, it was only rarely explicitly reported
whether or not the contained pigments were carotenoids
(Supplementary Data Sheet 1), which renders it difficult to
attribute the apparent conservation to presence or absence in
specific groups. Presence or absence of flexirubins was more
frequently reported and obtained a somewhat higher retention
index, which may in part be attributable to the complete lack of
flexirubins in the outgroup taxa (Supplementary Data Sheet 1).

The average number of isoprene residues of the major
menaquinones was even more frequently reported and achieved
the highest retention index of all characters investigated.
The distribution of the character states over the phylogeny
indicated that this outcome reflected the occurrence of
longer isoprenoid chains in some outgroup phyla but also in
specific subgroups of the class Bacteroidia, including Alistipes,
Bacteroides, Parabacteroides, and Prevotella, as well as usually
shorter isoprenoid chains in the class Flavobacteriia (Table 2,
Supplementary Data Sheet 1). The GBDP tree (Figures 1-8)
indicated that neither Flavobacteriia nor Bacteroidia separated
first from the other classes of Bacteroidetes, which was confirmed
by supermatrix analyses (Supplementary Data Sheet 1).
Accordingly, the plesiomorphic state is most likely the
occurrence of seven isoprene residues in the major menaquinone,
whereas a reduction to six is an apomorphy of Flavobacteriia
and an increase to ten and more is an apomorphy of certain
subgroups of Bacteroidia (Table 2).

Deviating Bacteroidetes

Four species classified in Bacteroides were phylogenetically
neither placed within the phylum Bacteroidetes nor any of
the chosen outgroup phyla, B. coagulans, B. galacturonicus, B.
pectinophilus, and B. xylanolyticus (Figures 1, 2); they were thus
used to root the tree. Additional 16S rRNA gene and GBDP
analyses confirmed the placement of these species at distinct
positions within Eubacteriales (Supplementary Data Sheet 1).

This order within the phylum Firmicutes is perhaps more widely
known as Clostridiales but as long as Eubacterium is included
in the order, it is of relevance that Eubacteriales has priority
(Gerritsen et al., 2014). The four deviant Bacteroides species
are comparatively old and were originally proposed based on
phenotypic features with an emphasis on physiology while
sequencing the 16S rRNA gene or any other genetic marker could
not yet be carried through at that time. Unlike Eubacteriales,
these Bacteroides species were described as Gram-negative. Gram
staining can however change with the age of cultures in some
Eubacteriales (Bryant and Small, 1956) and it is not always
evident from the literature whether the staining reactions were
actually conducted or inferred from general properties of the
genus Bacteroides.

In the 16S rRNA gene tree specifically inferred to resolve
its position (Supplementary Data Sheet1), B. coagulans
(Eggerth and Gagnon, 1932) formed a strongly supported
clade together with Ezakiella peruensis (Patel et al, 2015);
this clade in turn appeared as sister group of Fenollaria
(Pagnier et al, 2014) with almost equally strong support.
While a genome sequence of Ezakiella was not available at the
time of writing, the Eubacteriales GBDP tree confirmed the
sister-group relationship between Fenollaria and B. coagulans
(Supplementary Data Sheet 1). E. peruensis and B. coagulans
share a 16S rRNA gene similarity of 96.15%, which indicates
they do not belong to the same species (Meier-Kolthoff et al.,
2013b) but may well be placed in the same genus, which
is the taxonomically most conservative solution and not
precluded by their scarcely recorded phenotypic features
(Supplementary Table 1).

B. pectinophilus (Jensen and Canale-Parola, 1986) shows a
comparatively isolated position within the Eubacteriales 16S
rRNA gene tree with no obvious affiliation to an existing genus
(Supplementary Data Sheet 1). In the Eubacteriales GBDP tree
it formed the sister group of a clade comprising Lachnospira
multipara (Bryant and Small, 1956) and the apparently
taxonomically misplaced Eubacterium eligens (Holdeman and
Moore, 1974) and Lactobacillus rogosae (Holdeman and Moore,
1974); this clade in turn appeared as sister group of Coprococcus
eutactus (Holdeman and Moore, 1974). Additional genera only
represented in the 16S rRNA gene tree that could potentially
form a clade together with B. pectinophilus were monotypic
and did not display a particularly high similarity to B.
pectinophilus (Supplementary Data Sheet 1). We conclude that
B. pectinophilus is best assigned to a genus of its own. However,
since the type strain of B. pectinophilus appears to have been
deposited in a single culture collection only, a new combination
for this species name cannot currently be validly published
(Parker et al., 2015).
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FIGURE 2 | First part of the GBDP tree shown in Figure 1, focusing on misplaced Bacteroides species, on taxa outside the phylum Bacteroidetes and on the class
Saprospiria. Tip labels with gray background indicate type species of genera, colors, and symbols to the right of the tips indicate, from left to right, phylum, class,
order, and family; for details and abbreviations (see Figure 1). The blue color gradient right indicates the G+C content as calculated from the genome sequences,
followed by black bars indicating the (approximate) genome size in base pairs.

As shown in Table 3, B. galacturonicus (Jensen and Canale-
Parola, 1986), which was isolated together with B. pectinophilus
from the human intestinal tract, should be regarded as a
later heterotypic synonym of Lactobacillus rogosae. However,
L. rogosae itself appeared taxonomically misplaced and much

like Eubacterium eligens should better be placed in Lachnospira
(Bryant and Small, 1956) according to the Eubacteriales 16S
rRNA gene and GBDP trees (Supplementary Data Sheet 1). The
scarcely recorded phenotypic features (Supplementary Table 1)
do not preclude this taxonomic solution, which is also more
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FIGURE 3 | Second part of the GBDP tree shown in Figure 1, focusing on the class Cytophagia. Tip labels with gray background indicate type species of genera,
colors, and symbols to the right of the tips indicate, from left to right, phylum, class, order, and family; for details and abbreviations (see Figure 1). The blue color
gradient right indicates the G+C content as calculated from the genome sequences, followed by black bars indicating the (approximate) genome size in base pairs.
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FIGURE 4 | Third part of the GBDP tree shown in Figure 1, focusing on the classes Chitinophagia and Sphingobacteriia. Tip labels with gray background indicate
type species of genera, colors, and symbols to the right of the tips indicate, from left to right, phylum, class, order, and family; for details and abbreviations (see
Figure 1). The blue color gradient right indicates the G+C content as calculated from the genome sequences, followed by black bars indicating the (approximate)
genome size in base pairs.
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FIGURE 5 | Fourth part of the GBDP tree shown in Figure 1, focusing on the class Bacteroidia. Tip labels with gray background indicate type species of genera,
colors, and symbols to the right of the tips indicate, from left to right, phylum, class, order, and family; for details and abbreviations (see Figure 1). The blue color
gradient right indicates the G+C content as calculated from the genome sequences, followed by black bars indicating the (approximate) genome size in base pairs.
CCS, Cyto