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Abstract The current taxonomy of the order Xan-
thomonadales is highly problematic and no compre-
hensive phylogenomic studies have been completed
that include the most divergent members within the
order. In this work, we have completed a phyloge-
nomic analysis of a wide range of genomes, five of
which were sequenced for the first time for this work,
representing the vast majority of the diversity within
the order Xanthomonadales. Using comparative geno-
mic techniques, we have identified a large number of
conserved signature inserts/deletions (CSIs) that are
specifically found in different groups of related
organisms, at different taxonomic levels, within the
order. Our phylogenetic analyses do not support a
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monophyletic grouping of the members of the order
Xanthomonadales and no CSIs were identified which
are uniquely shared by all sequenced species within
this order. However, our work has identified 10 CSIs
which are specific to all members of the family
Xanthomonadaceae and an additional 10 and 11 CSIs
that are specific to one of two phylogenetically well-
defined clades within the family Xanthomonadaceae.
On the basis of the identified CSIs and the results of
phylogenomic analyses, we propose a new taxonomic
framework for the order Xanthomonadales. In this
proposal, the families Algiphilaceae and Solimonad-
aceae (Nevskiaceae), which do not branch with the
other members of the order Xanthomonadales, are
transferred into the order Nevskiales ord. nov. The
remaining members of the order Xanthomonadales are
divided into two families: the family Xanthomonad-
aceae, containing the genus Xanthomonas and its
closest relatives, and a new family, Rhodanobacter-
aceae fam. nov., containing the genus Rhodanobacter
and its closest relatives. Additionally, we have also
emended descriptions of the order Lysobacterales, the
family Lysobacteraceae, and the family Nevskiaceae
to indicate that they are earlier synonyms of the order
Xanthomonadales, the family Xanthomonadaceae,
and the family Solimonadaceae, respectively.
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Introduction

The order Xanthomonadales is an early diverging
group of bacteria within the class Gammaproteobac-
teria (Cutino-Jimenez et al. 2010; Williams et al. 2010;
Naushad and Gupta 2013). The order Xanthomona-
dales currently contains 5 families (viz. Algiphilaceae,
Nevskiaceae, Sinobacteraceae, Solimonadaceae, and
Xanthomonadaceae) which contain 30 genera encom-
passing a large number of species that possess a diverse
range of phenotypic and biochemical characteristics
(Saddler and Bradbury 2005a; Parte 2013). The
members of this order include a number of major plant
pathogens that have significant economic and agricul-
tural impact. Members of the genera Xylella and
Xanthomonas, in particular, are major phytopathogens
which cause a wide variety of serious diseases in more
than 400 agriculturally important plants including
tomatoes, bananas, citrus plants, rice, and coffee plants
(da Silva et al. 2002; Van Sluys et al. 2003; Lee et al.
2005; Chatterjee et al. 2008; Salzberg et al. 2008; Ryan
et al. 2011). The order also contains the genus
Stenotrophomonas which harbours a number of
increasingly important multidrug resistant opportunis-
tic pathogens that are responsible for hospital-acquired
infections in immunodeficient patients (Crossman
et al. 2008; Looney et al. 2009). Despite the important
plant and human pathogens present within this order,
the taxonomy of this group is highly problematic and
no comprehensive phylogenetic studies have been
completed that focus specifically on the interrelation-
ships of the different members within the order
Xanthomonadales (Gao et al. 2009; Cutino-Jimenez
et al. 2010; Williams et al. 2010; Naushad and Gupta
2013; Tindall 2014b).

The current taxonomy of the order Xanthomona-
dales is largely based on 16S rRNA sequence analysis
(Saddler and Bradbury 2005a; Gutierrez et al. 2012;
Losey et al. 2013). However, the 16S rRNA gene
sequence has shown limited ability to resolve the
branching and relationships of organisms within the
order Xanthomonadales (Zhou et al. 2008; Cutino-
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Jimenez et al. 2010; Yilmaz et al. 2013). Phylogenetic
trees based on the 16S rRNA gene sequence often do
not resolve a monophyletic cluster of all Xanthomo-
nadales; the most divergent members of the order
often branch separately from the majority of the
species within the group (Yilmaz et al. 2013). Apart
from the 16S rRNA sequence, no biochemical,
morphological or physiological characteristics are
known which distinguish the order Xanthomonadales
from all other bacteria or the families and major
phylogenetic clusters within the order from each other
(Saddler and Bradbury 2005a; Gutierrez et al. 2012;
Losey et al. 2013). Thus, it is of interest to identify
shared characteristics that can clearly elucidate the
evolutionary relationships within this highly diverse
group of organisms and form the basis for a coherent
taxonomic framework of the order.

Whole genome sequences for members of the order
Xanthomonadales provide a rich resource for the
discovery of molecular characteristics which are
unique to evolutionarily related organisms (Gao et al.
2009; Cutino-Jimenez et al. 2010; Naushad and Gupta
2013). One useful type of shared molecular character-
istic that has been a focus of recent research are
Conserved Signature Indels (CSIs), which are inser-
tions/deletions uniquely present in protein sequences
from a group of evolutionarily related organisms
(Gupta 2010; Gao and Gupta 2012b; Gupta and Lali
2013; Gupta et al. 2013; Gupta 2014). Due to the
specificity of CSIs for particular groups of bacteria,
they represent molecular synapomorphies (markers of
common evolutionary decent) which can be used to
identify and demarcate specific bacterial groups in
clear molecular terms (Gupta 1998, 2010). We have
previously carried out comparative genomic analysis
of a limited number of members from the order
Xanthomonadales in which we identified a large
number of CSIs in diverse proteins that were uniquely
present in all analyzed members of the order or a
subgroup of the Xanthomonadales (Naushad and
Gupta 2013). In this work, we have extended these
studies, by carrying out detailed phylogenomic and
comparative genomic analyses on a greatly expanded
dataset on members of the order Xanthomonadales
which includes 43 genomes from the NCBI, JGI, and
EzBioCloud genome databases and 5 additional Xan-
thomonadales genomes, which we have sequenced de
novo, representing 2 families, 20 genera, and 42 named
species. Our analyses have identified no phylogenetic
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support for a monophyletic grouping of all sequenced
members the order Xanthomonadales and no CSIs
were identified which are uniquely shared by all
sequenced species within the order Xanthomonadales
suggesting that the order Xanthomonadales does not
represent a single monophyletic lineage. Additionally,
we have identified 31 CSIs which are either specific to
the family Xanthomonadaceae or to one of its
subgroups which demarcate these groups in molecular
terms. On the basis of the identified CSIs and the results
of phylogenomic analyses, we propose a new taxo-
nomic framework for the order Xanthomonadales. In
this proposal, the families Algiphilaceae and Solimo-
nadaceae (Nevskiaceae), which do not branch with the
other members of the order Xanthomonadales, are
transferred into the order Nevskiales ord. nov, along
with their closest evolutionary neighbour, the family
Salinisphaeraceae fam. nov. The remaining members
of the order Xanthomonadales are divided into two
families: the family Xanthomonadaceae, containing
the genus Xanthomonas and its closest relatives, and a
new family, Rhodanobacteraceae fam. nov., contain-
ing the genus Rhodanobacter and its closest relatives.
Lastly, the descriptions of the order Lysobacterales,
the family Lysobacteraceae, and the family Nevskia-
ceae are emended to indicate that they are earlier
synonyms of the order Xanthomonadales, the family
Xanthomonadaceae, and the families Solimonadaceae
and Sinobacteraceae, respectively.

Methods
DNA extraction and genome sequencing

Five Xanthomonadales isolates were sequenced de novo
in this study; Dyella japonica DSM 163017 (Genbank
accession number JPLAO0000000), Luteibacter rhizo-
vicinus DSM 16549" (JPLB00000000), Thermomonas
brevis DSM 154227 (JPLC00000000), Xanthomonas
hyacinthi DSM 19077" (JPLD00000000), and Xantho-
monas pisi DSM 18956" (JPLEO0O000000). The isolates
were obtained from the German Collection of Micro-
organisms and Cell Cultures (Leibniz-Institut DSMZ).
The isolates were grown for 24 h under the growth
conditions described in Supplemental Table 1. Geno-
mic DNA was extracted using a CTAB based DNA
extraction methodology (Wilson 1987) with specific
modifications for Xanthomonadales described by

Jaufeerally-Fakim and Dookun (2000). The DNA
samples were diluted to 0.2 ng/pl and standard
Illumina multiplex libraries were generated using
the Nextera XT DNA Sample Prep Kit. The fragment
size distribution of each library was verified using the
Agilent High Sensitivity DNA Kit. Sequencing was
performed using an Illumina HiSeq 2000 and 150 bp
paired end reads were generated. Genomes were
assembled using CLC Genomics Workbench 7.0.4
with default de novo assembly parameters and
trimmed for contamination using the UniVec vector
database (Build 8.0) (Table 1).

Phylogenetic sequence analysis

Phylogenetic analysis was performed on a concate-
nated sequence alignment of 15 highly conserved
housekeeping proteins (viz. dimethyladenosine trans-
ferase, alanyl-tRNA synthetase, arginyl-tRNA syn-
thetase, chaperone protein DnakK, signal recognition
particle-docking protein FtsY, chaperonin GroL, DNA
gyrase subunit A, DNA gyrase subunit B, ATP-
dependent DNA helicase UvrD, valyl-tRNA synthe-
tase, Isoleucyl-tRNA synthetase, DNA polymerase I,
SecA, RpoB, and RpoC) which have been widely used
for phylogenetic analysis (Kyrpides et al. 1999;
Charlebois and Doolittle 2004; Ciccarelli et al.
2006). Sequences for these proteins were obtained
from the NCBI and JGI-IMG genome databases for
strains of all Xanthomonadales and a representative
selection of outgroup Gammaproteobacteria (which
included members from the orders Aeromonadales,
Alteromonadales, Cardiobacteriales, Chromatiales,
“Enterobacteriales”, Legionellales, Methylococcales,
Oceanospirillales, Pasteurellales, Pseudomonadales,
“Salinisphaerales™, Thiotrichales, and “Vibrionales™)
and Betaproteobacteria. Sequences for these proteins
were also obtained from the five Xanthomonadales
genomes which we have sequenced in this work and
the genome of Riemerella anatipestifer, which was
used to root the tree. Multiple sequence alignments for
these proteins were created using Clustal_X 1.83
(Jeanmougin et al. 1998) and concatenated into a
single alignment file. Poorly aligned regions from this
alignment file were removed using Gblocks 0.92
(Castresana 2000). The resulting alignment, which
contained 6995 aligned amino acids, was used for
phylogenetic analysis. The maximum-likelihood tree
based on 100 bootstrap replicates of this alignment
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Table 1 Characteristics of the Xanthomonadales genomes used for phylogenetic analysis

Organism Accession # Genome G—C % Genome source

size (Mb)
Arenimonas composti TR7-09 AUFFO1 3.16 70.8 DOE-JGI
Arenimonas oryziterrae DSM 21050 ATVDO1 3.09 65.6 DOE-JGI
Dyella ginsengisoli LA-4 AMSFO01 4.55 67.7 Shanghai Jiao Tong University
Frateuria aurantia DSM 6220 CP003350 3.60 63.4 DOE-JGI
Hydrocarboniphaga effusa AP103 AKGDO1 5.19 65.2 Chonbuk National University
Ignatzschineria larvae DSM 13226 AZODO1 2.46 40.4 DOE-JGI
Luteimonas mephitis DSM 12574 AULNO1 342 68.5 DOE-JGI
Lysobacter antibioticus HS124 CAQPO1 5.14 69.0 OARDC
Lysobacter defluvii DSM 18482 AUHTO1 2.72 70.3 DOE-JGI
Nevskia ramosa DSM 11499 ATVIOI1 4.52 64.4 DOE-JGI
Pseudoxanthomonas sp. GW?2 ALIPO1 3.35 71.4 Shanghai Jiao Tong University
Pseudoxanthomonas spadix BD-a59 CP003093 345 67.7 Lee et al. (2012)
Pseudoxanthomonas suwonensis 11-1 CP002446 342 70.2 DOE-JGI
Rhodanobacter denitrificans 2APBS1 CP003470 4.23 67.5 Kostka et al. (2012)
Rhodanobacter fulvus Jip2 AJXUO1 3.88 65.6 Im et al. (2004)
Rhodanobacter sp. 115 AJXS01 4.24 64.7 Kostka et al. (2012)
Rhodanobacter spathiphylli B39 AJXTO1 391 66.5 De Clercq et al. (2006)
Rhodanobacter thiooxydans LCS2 AJXWO01 4.09 67.2 Lee et al. (2007)
Rudaea cellulosilytica DSM 22992 ARJQO1 4.34 63.6 DOE-JGI
Silanimonas lenta DSM 16282 AUBDO1 2.65 71.1 DOE-JGI
Singularimonas variicoloris DSM 15731 ARNMO1 4.12 69.1 DOE-JGI
Solimonas flavus DSM 18980 AUFVO01 4.46 68.9 DOE-JGI
Stenotrophomonas maltophilia K279a AM743169 4.85 66.3 ICV
Stenotrophomonas sp. SKA14 ACDVO1 5.02 66.4 Crossman et al. (2008)
Wohlfahrtiimonas chitiniclastica DSM 18708 AQXDO01 1.99 44.1 DOE-JGI
Xanthomonas albilineans GPE PC73 FP565176 3.85 62.9 Pieretti et al. (2009)
Xanthomonas arboricola MAFF 301420 BAVCO01 5.00 65.3 NIFTS
Xanthomonas axonopodis 12-2 AJJO01 5.27 64.4 Kasetsart University
Xanthomonas campestris 8004 CP000050 5.15 65.0 Qian et al. (2005)
Xanthomonas citri Aw12879 CP003778 5.40 64.7 Jalan et al. (2013)
Xanthomonas fragariae LMG 25863 AJRZ01 4.18 62.2 ILVO
Xanthomonas fuscans 4834-R FO681494 5.09 64.7 Darrasse et al. (2013)
Xanthomonas gardneri ATCC 19865 AEQXO01 5.53 63.7 University of Florida
Xanthomonas oryzae KACC 10331 AEO013598 4.94 63.7 Lee et al. (2005)
Xanthomonas perforans 91-118 AEQWO1 5.26 65.0 University of Florida
Xanthomonas sacchari NCPPB 4393 AGDBO01 4.90 69.0 Studholme et al. (2011)
Xanthomonas translucens ART-Xtg29 ANGGO1 4.10 68.6 ART
Xanthomonas vasicola NCPPB 1326 AKBKO1 4.95 63.3 Studholme et al. (2011)
Xanthomonas vesicatoria ATCC 35937 AEQVO01 5.53 64.1 University of Florida
Xylella fastidiosa 9a5c AE003849 2.73 52.6 Meidanis et al. (2002)
Xylella fastidiosa Ann-1 AAAMO4 2.73 52.0 DOE-JGI
Xylella fastidiosa M12 CP000941 2.48 51.9 Chen et al. (2010)
Xylella fastidiosa Temecula 1 AE009442 2.52 51.8 Van Sluys et al. (2003)

Genomic information was collected from: http://www.ncbi.nlm.nih.gov/genomes/

DOE-JGI Genome sequenced by the United States Department of Energy Joint Genome Institute, OARDC genome sequenced by the
Ohio Agricultural Research and Development Center, JCV genome sequenced by the J. Craig Venter Institute, NIFTS genome
sequenced by the National Agriculture and Food Research Organization Institute of Fruit Tree Science, ILVO genome sequenced by
the Institute for Agricultural and Fisheries Research, ART genome sequenced by the Research Station Agroscope Reckenholz-
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was constructed using MEGA 5.2 (Tamura et al. 2011)
employing the Whelan and Goldman substitution
model.

A 16S rRNA gene sequence based phylogenetic
tree was also created based on 197 sequences that
included representative strains of all cultured Xantho-
monadales genera. 16S rRNA gene sequences larger
than 1,200 bp were obtained for all strains used in our
concatenated protein based phylogenetic tree and all
type strains classified under the order Xanthomona-
dales in the Ribosomal Database Project (Cole et al.
2014). A maximum-likelihood tree based on these
sequences was created using 100 bootstrap replicates
of the 16S rRNA sequence alignments in MEGA 5.2
(Tamura et al. 2011) employing the General Time-
Reversible (Tavaré 1986) substitution model.

Identification and assessment of specificity
of conserved signature indels

Identification of CSlIs that are commonly shared by
members of the Xanthomonadaceae was carried out as
described by Naushad and Gupta (2013). Briefly, for
the identification of CSIs, BLASTp searches were
performed on each protein in the genome of Rhoda-
nobacter fulvus Jip2. These searches were performed
using the default BLAST parameters against all
available sequences in the GenBank non-redundant
database. For those proteins for which high scoring
homologs (E values < le °) were present in other
species from the Xanthomonadales, multiple sequence
alignments were created using the Clustal_X 1.83
program (Jeanmougin et al. 1998). These alignments
were visually inspected for the presence of insertions
or deletions that were flanked on both sides by at least
5-6 conserved amino acid residues in the neighbour-
ing 30—40 amino acids. Indels that were not flanked by
conserved regions were not further considered, as they
do not provide useful molecular markers. To assess the
specificity of the indels we identified here and to
reassess the specificity of the indels identified in our
previous work, we carried out detailed BLASTp and
tBLASTn searches against both the NCBI and JGI-
IMG genome databases using as query short sequence
segments containing the indel and the flanking con-
served regions (60-100 amino acids long). Local
tBLASTn searches were also completed on the indel
containing regions for genomes of Xanthomonadales
organisms missing from the NCBI and JGI-IMG

genome databases. To ensure that the identified
signatures are only present in Xanthomonadales
homologues, the 250 BLAST hits with the highest
similarity to the query sequence were examined for the
presence or absence of these CSIs. Signature files were
created and formatted using the programs Sig_Create
and Sig_Style (accessible from Gleans.net) as
described by Gupta (2014). In this work, we report
the results of CSIs that are specific for different groups
within the Xanthomonadales and where similar CSIs
were not observed in any other bacteria in the top 250
BLAST hits. Due to space constraints, the sequence
alignment files presented here contain sequence
information for a limited number of species within
the order Xanthomonadales and a representative
selection of outgroup species. However, in each case,
all members of the order and outgroups exhibited
similar sequence characteristics to the representatives.

Results
Phylogenetic analysis

The current understanding of the evolutionary rela-
tionships of the Xanthomonadales is based largely on
analyses of the 16S rRNA gene (Saddler and Bradbury
2005a; Gutierrez et al. 2012; Losey et al. 2013). In past
studies, the 16S rRNA gene sequence has shown
limited ability to resolve some of the phylogenetic
relationships of organisms within the order Xantho-
monadales (Zhou et al. 2008; Yilmaz et al. 2013).
Phylogenetic trees based on multiple conserved genes/
proteins have been shown to provide greater resolving
power than those based on any single gene or protein
(Rokas et al. 2003; Wu et al. 2009). Thus, we have
constructed a highly resolved phylogenetic tree of the
Xanthomonadales based on a concatenated set of 15
housekeeping and ribosomal proteins (Fig. 1). In this
concatenated protein based phylogenetic tree a major-
ity of the members of the Xanthomonadales formed a
well-supported monophyletic clade which branched as
an outgroup of the other members of the Gammapro-
teobacteria. The members of the order Xanthomona-
dales formed two distinct and well-supported main
monophyletic clades: one clade consisting of members
of the family Xanthomonadaceae and another clade
consisting of the family Solimonadaceae (including
the genera Nevskia and Hydrocarboniphaga) and the
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species Salinisphaera shabanensis, a member of the
family “Salinisphaeraceae”. The Xanthomonada-
ceae clade contained two smaller clades that were
well-supported by bootstrap analysis. The first of
these clades, contained the genera Xanthomonas,
Xylella, Stenotrophomonas, Lutimonas, Lysobacter
and their relatives (Clade 1) while the second clade
contained the genera Rudaea, Dylella, Luteibacter,
Rhodanobacter and Frateuria (Clade 2). Two mem-
bers of the Xanthomonadales, Wohlfahrtiimonas
chitiniclastica and Ignatzschineria larvae, branched
separately from the rest of the order, in a well-
supported clade with members of the order Cardio-
bacteriales, another early diverging group within the
class Gammaproteobacteria.

We have also produced a phylogenetic tree based
on the 16S rRNA gene which contains representative
species of Xanthomonadales that encompass all of the
currently named genera (Fig. 2). The 16S rRNA based
phylogenetic tree exhibited broadly similar branching
to our concatenated protein based phylogenetic tree. In
the 16S rRNA gene tree, the families Xanthomonad-
aceae and Solimonadaceae did not form a monophy-
letic clade and were separated by a large number of
organisms. The family Xanthomonadaceae was
divided into two well-supported clades which were
analogous to the clades found in our concatenated
protein based phylogenetic tree (Clades 1 and 2). In
the 16S rRNA gene tree, the family Solimonadaceae
(including the genera Nevskia, Hydrocarboniphaga,
and Alkanibacter) branched with the family Algiphil-
aceae, another disparate group within the Xanthomo-
nadales, and the genus Steroidobacter, which is
currently recognized as a member of the Xanthomo-
nadaceae. As in our concatenated protein based
phylogenetic tree, Solimonadaceae and the other
disparate members of the Xanthomonadales showed
an association with the members of the genus Salin-
isphaera, the sole members of the family “Salinisph-
aeraceae”. Additionally, in the 16S rRNA based
phylogenetic tree, the genera Wohlfahrtiimonas and
Ignatzschineria, which branched with the order Car-
diobacteriales in our concatenated protein based
phylogenetic tree, formed a weakly supported mono-
phyletic group with the other members of the family
Xanthomonadaceae. However, Wohlfahrtiimonas and
Ignatzschineria were well separated from the other
Xanthomonadaceae by a long branch.

@ Springer

Conserved signature indels

CSIs that are restricted to a group of related species are
a novel class of molecular marker with high utility for
evolutionary studies (Gupta 1998; Rokas and Holland
2000; Gupta 2010; Gao and Gupta 2012a; Gupta
2014). Recently, CSIs have been used to define novel
taxonomic groups and to propose important taxonomic
changes for various groups of bacteria (viz. Spiro-
chaetes, Aquificae, Neisseriales, and Bacillus) at
different taxonomic ranks (Adeolu and Gupta 2013;
Bhandari et al. 2013; Gupta and Lali 2013; Gupta et al.
2013). We have recently reported a comparative
genomic analysis on a limited number of members
of the order Xanthomonadales in which we identified a
large number of CSIs in diverse proteins that were
uniquely present in all available members of the order
or different phylogenetic groups within the order and
absent in homologs from all other bacterial groups
(Naushad and Gupta 2013). However, the genomes
analyzed in our previous study were all from members
of one family within the Xanthomonadales, the family
Xanthomonadaceae, and did not include any of the
more divergent species within the order whose phy-
logenetic placement is less clear. In this work, we have
reassessed the specificity of these previously identified
CSIs for a large number of additional Xanthomona-
dales, including five strains which we have sequenced,
de novo, covering a vast majority of the diversity
within the order and thereby have identified 31 CSIs
which are either specific to the family Xanthomonad-
aceae or to one of its subgroups and absent in all other
sequenced bacterial groups.

Of the 31 CSIs described in this work, none were
present in all members of the order Xanthomonadales.
All of the CSIs identified in our previous study of the
Xanthomonadales (Naushad and Gupta 2013) were
found to be specific to only the family Xanthomonad-
aceae or one of its subgroups. Of the 31 CSIs
identified, 10 were uniquely found in all or most
members of the Xanthomonadaceae, except Wo-
hifahrtiimonas and Ignatzschineria, and absent in
organisms from all other sequenced bacterial groups.
One example of a CSI uniquely present in members of
the Xanthomonadace is shown in Fig. 3. In the
example, an 18 aa insertion in a conserved region of
glutaminyl t-RNA synthetase is uniquely present in all
members of the Xanthomonadace, except
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Fig. 1 A maximum-
likelihood phylogenetic tree
of the order
Xanthomonadales, other
Gammaproteobacteria, and
Betaproteobacteria based
on the concatenated amino
acid sequences of 25
conserved proteins.
Bootstrap values are shown
at branch nodes. The major
groups within the order
Xanthomonadales as well as
the related taxa,
Salinisphaeraceae and
Cardiobacteriales, are
indicated

4 —l— Salinisphaera shabanensis E1L3A ] Salinisphaeraceae
100

— Nevskia ramosa DSM 11499

oof Xanthomonas citri Aw12879

99t Xanthomonas fuscans 4834-R
100t Xanthomonas axonopodis 12-2
Xanthomonas perforans 91-118
Xanthomonas oryzae KACC 10331
Xanthomonas vasicola NCPPB 1326
Xanthomonas fragariae LMG 25863
Xanthomonas gardneri ATCC 19865
Xanthomonas arboricola MAFF 301420
Xanthomonas campestris 8004
Xanthomonas vesicatoria ATCC 35937
Xanthomonas pisi DSM 18956
Xylella fastidiosa 9a5¢c
Xylella fastidiosa M12
100 Xylella fastidiosa Temecula 1
100L Xylella fastidiosa Ann-1
Pseudomonas geniculata N1
Stenotrophomonas sp. SKA14
Stenotrophomonas maltophilia K279a
Thermomonas brevis DSM 15422
Xanthomonas albilineans GPE PC73
Xanthomonas sacchari NCPPB 4393
Xanthomonas translucens ART-Xtg29
Xanthomonas hyacinthi DSM 19077
Pseudoxanthomonas spadix BD-a59
Pseudoxanthomonas suwonensis 11-1
Pseudoxanthomonas sp. GW2
Luteimonas mephitis DSM 12574
Lysobacter defluvii DSM 18482
Lysobacter antibioticus HS124
Silanimonas lenta DSM 16282
Arenimonas oryziterrae DSM 21050
Arenimonas composti TR7-09
Rudaea cellulosilytica DSM 22992
Luteibacter rhizovicinus DSM 16549
Frateuria aurantia DSM 6220
Dyella japonica DSM 16301
Dyella ginsengisoli LA-4
Rhodanobacter sp. 115
Rhodanobacter fulvus Jip2
Rhodanobacter denitrificans 2APBS1
Rhodanobacter thiooxydans LCS2
Rhodanobacter spathiphylli B39

Clade 1

seaoBpRUOWOYIUBX

sejepeuowoyuex

Clade 2

Wohlfahrtiimonas and Ignatzschineria, but it is not
found in sequences from any other bacterial group.
Sequence information for the 9 other CSIs specific for
all members of the Xanthomonadace, except Wo-
hifahrtiimonas and Ignatzschineria are presented in
Supplemental Figs. 1-9 and a summary of all 10
Xanthomonadace specific CSIs is presented in
Table 2A. Our analyses have also identified 10 CSIs
which were found to be unique molecular character-
istics of most members of Clade 1 of the

700} Hydrocarboniphaga effusa AP103
I—Eﬁi1 [ Solimonas flavus DSM 18980
0L Singularimonas variicoloris DSM 15731

Solimonadaceae

Other Gammaproteobacteria

Wohlfahrtiimonas chitiniclastica DSM 18708
Ignatzschineria larvae DSM 13226
Cardiobacterium valvarum F0432

Dichelobacter nodosus VCS1703A :| Cardiobacteriales
Dichelobacter nodosus

:| Xanthomonadales

Betaproteobacteria

Xanthomonadaceae. Two examples of such CSIs are
presented in Fig. 4. One CSI, a 4 aa insert in DNA
polymerase III subunit alpha, is present in all members
of Clade 1 of the Xanthomonadaceae except Silani-
monas lenta (Fig. 4a), while the other CSI, a 4 aa
insert in the protein protoheme IX farnesyltransferase,
is uniquely present in all members of Clade 1 of the
Xanthomonadaceae except the early branching genera
Arenimonas and Silanimonas (Fig. 4b). Sequence
information for the other identified CSIs specific to
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Fig. 2 A maximum-
likelihood tree based on the
16S rRNA gene sequences
of representative strains of
all named Xanthomonadales
species. Bootstrap values are
shown at branch nodes. The
major groups within the
order Xanthomonadales as
well as the related taxon,
Salinisphaeraceae, are
indicated

87 Aquimonas voraii GPTSA 20
————  Pseudofulvimonas gallinarii Sa15
3 Fqumonas soli LMG 19981

Xanthomonas

Stentrophomonas

Xylella
Pseduoxanthomonas Clade 1
—< Pseudoxanthomonas Clade 2
Lysobacter panaciterrae Gsoil 068
Luteimonas aquatica RIB1-20
Luteimonas

Clade 1

Lysobacter

Lysobacter ximonensis XM415
Lysobacter ximonensis XM415
Lysobacter dokdonensis DS-58
Thermomonas
—— Arenimonas

Silanimonas lenta 25-4 AY557615
Silanimonas mangrovi AK13
———————— Rudaea cellulosilytica KIS3-4

I————2 e Dokdonella

67

eeoORpPRUOWOYIUEX

8y Luteibacter

Silanimonas lenta 25-4

Dyella terrae JS14-6

99 Frateuria aurantia IFO3245
Frateuria aurantia DSM 6220
Dyella koreensis BB4

Dyella marensis CS5-B2

Dyella soli JS12-10

Dyella ginsengisoli Gsoil 3046

Dyella thiooxydans ATSB10
Frateuria terrea VA24

Clade 2

Rhodanobacter

— Wohlfahmlmonas chitiniclastica S5

99— Ignatzschineria larvae L1/68 n

55 Betaproteobacteria

9 Salinisphaera shabanensis E1L3A

9Qﬂalinisphaera dokdonensis CL-ES53 Salinisphaeraceae
Salinisphaera hydrothermalis EPR70

Steroidobacter denitrificans FS

19

Algiphilus aromaticivorans DG1253 ] Algiphilaceae

9g Singularimonas variicoloris MN 28
Solimonas flavus CW-KD 4

—

005

the members of Clade 1 of the Xanthomonadaceae are
presented in Supplemental Figs. 10-17 and summa-
rized in Table 2B.

Our analyses have also identified 11 CSIs that were
specifically found in diverse proteins from members of
Clade 2 of the Xanthomonadaceae, 7 of which were
uniquely found in all members of Clade 2 of the
Xanthomonadaceae except the early branching genus
Rudaea. An example of a CSI specifically found in all
members of Clade 2 of the Xanthomonadaceae is

@ Springer

7 Solimonas soli DCY12

Fontimonas thermophila HA-01
Alkanibacter difficilis MN 154.3

Hydrocarboniphaga effusa AP103
Hydrocarboniphaga daqingensis B2-9
Nevskia terrae KIS13-15

Nevskia ramosa Soe1

Nevskia soli GR15-1

22508PRUOWIIOS

T< Other Gammaproteobacteria

shown in Fig. 5a. In this CSI a 1 aa insert in the
protein uridylyltransferase is shown to be found in all
members of Clade 2 of the Xanthomonadaceae and
absent in all other Xanthomonadales and all other
bacterial groups. Another CSI, a 4 aa insert in the
protein  CDP-diacylglycerol-glycerol-3-phosphate
3-phosphatidyltransferase, specifically found in all
members of Clade 2 of the Xanthomonadaceae
except Rudaea cellulosilytica is shown in Fig. 5b.
Sequence information for the other identified CSIs
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Stenotrophomonas maltophilia 194364460
Stenotrophomonas sp. SKA14 254523719
Xanthomonas campestris 78046486
Xanthomonas fuscans 294625781
Xanthomonas oryzae 58583336
Xanthomonas albilineans 285017264
Xanthomonas gardneri 325920345
Xanthomonas perforans 325926040
Xanthomonas axonopodis 346723807
Xylella fastidiosa 15837939
Pseudoxanthomonas suwonensis 319787996
Pseudoxanthomonas spadix 357416774
Rhodanobacter sp. 2APBS1 352080123
Xanthomonas pisi JPLEOO
Xanthomonas hyacinthi JPLDOO
Thermomonas brevis JPLCOO
Xanthomonadaceae{ Dyella japonica JPLAOO
Arenimonas composti 523394924
Arenimonas oryziterrae 522808861
Dyella ginsengisoli LA-4 120505241
Frateuria aurantia DSM 6220 67690769
Lysobacter defluvii DSM 18482 122664278
Luteimonas mephitis DSM 12574 523385596
Lysobacter sp. URHA0019 523393487
Pseudomonas geniculata N1 76548067
Pseudoxanthomonas sp. GW2 94469818
Rhodanobacter fulvus Jip2 85996071
Rhodanobacter spathiphylli 85992558
Rhodanobacter thiooxydans 86005701
Rudaea cellulosilytica 156692964
Silanimonas lenta DSM 16282 523618237
Thermomonas fusca DSM 15424 523400086
Ignatzschineria larvae 567127911
Wohlfahrtiimonas chitiniclastica 444508282
Alcanivorax borkumensis 110834068
Citrobacter koseri 157146716
Cronobacter sakazakii 156934818
Dickeya dadantii 307130068
Enhydrobacter aerosaccus 257455275
Escherichia coli 188493455
Hahella chejuensis 83644973
Klebsiella pneumoniae 206579102
Marinobacter algicola 149376717
Methylophaga thiooxidans 254492646
. Moraxella catarrhalis 296112885
Other Bacter1a< Pseudomonas putida 26989623
Salmonella enterica 161504156
Teredinibacter turnerae 254785974
Vibrio furnissii 260769071
Yersinia aldovae 238758009
Lutiella nitroferrum 224825707
Chromobacterium violaceum 34497197
Neisseria meningitidis 254672914
Rhodopseudomonas palustris 90423952
Bradyrhizobium japonicum 27379948
Afipia sp. 1NLS2 299134985

239
CTLEFEDHRPLYDWCVDNVDF

---------- F---V-E-TSV

<----Q-N-R----VL--ITI
<----Q-N-R----VL--ITI
--VL--ISI
--V--K-G-
<-VL--ITI

<-c--Q-N-R----VL--ITI
----- A------E-FIE-LPV
<----Q-N-R----VL--ITI
<----Q-N-R----VL--ISI
-------------- VL--1ISI
S VL--1ISI
--VL--IPA
------------ E-LL-KLPV

AHDDALTQPLVDAGLPRE
-GHPE-L---L-K-----
-GHPE-L---L-K-----
VGHPE-L---L-K-----
-GHPD-L- - -LAK-----
-AHPE-L---L-K-----
-GHPE-L---L-K-----
-GHPE-L---L-K-=---
PNNSH-LK- -L-K-F-Q-
-GHPE-LE- - -AK---- -
“GHP--L---L-K---L-
PNHPE -W-SV-A- - -EAK
-GHPE-L---L-K-----
“GHPE-L---L-Q-----

VNHPE-W-H-REG-FRT-
-A-PE-YA- - -A- -FGVP
GGHPE-W- - - -E- - -KT

PNHPE -W- - - - - - - - ETK
VGHPE-W-G-AQ- - - - TA
PNSPE-LA- -LAK-Y-N-
-NSPE-LA--LAR---N-
VNYAE-LK--L-K-F---
-GHPE-LE--KAK---1I-
PNHPE -W- = <L - = - - Ta
PNHPQ-W- - -LA- -M-TQ
PDHPE -W-SV-A- - -EAK

HERPE-LK--T-R---N-
-GNPE-LE- - -AK- - -K-

295
AAKPRQIEFSRLNINYT

EQ--H-Y-----SLQ-A
TTT---Y--A---L---

EKE-H-Y--A---V-HI
PVH---Y------LE--
DCH-Q----A---L---

PS--H-Y--A---LT--
PSH- - -Y--A---MT--

Fig. 3 A partial sequence alignment of the protein Glutaminyl
t-RNA synthetase, showing a CSI (boxed) that is uniquely
present in all members of the order Xanthomonadales. Sequence
information for only representative Xanthomonadales and a
limited number other bacteria is shown here. However, unless
otherwise indicated, similar CSIs were present in all members of
the indicated group and not detected in any other bacterial

specific to the members of Clade 2 of the Xantho-
monadaceae are presented in Supplemental
Figs. 18-26 and summarized in Table 2C and D.
Our analyses have not identified any CSIs uniquely
found in all of the disparate members of the
Xanthomonadales or uniquely shared by the genera
Wohlfahrtiimonas and Ignatzschineria and the rest of
the Xanthomonadaceae.

species in the top 250 BLAST hits. The dashes (-) in the
alignments indicate identity with the residue in the top sequence.
GenBank identification (GI) numbers for each sequence are
indicated in the second column. Sequence information for 10
other CSIs that are specific for all sequenced Xanthomonadales
is provided in Supplemental Figs. 1-9 and Table 2A

Discussion

The current phylogeny of the order Xanthomonadales
is based largely on the analysis of 16S rRNA gene
sequences (Saddler and Bradbury 2005a; Gutierrez
et al. 2012; Losey et al. 2013). However, the 16S
rRNA gene based phylogenies exhibit limited support
for a single monophyletic clade consisting of all
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Table 2 Conserved signature indels that are specific for different groups of Xanthomonadales

Protein name GI number Figure number Indel size Indel position
A: CSIs Specific for Xanthomonadales (Lysobacterales)
Glutaminyl t-RNA synthetase 194364460 Figure 3 18 aa ins 239-295
GTP-binding protein 58580596 Sup. Fig. 1 4 aa ins 303-350
Queuine tRNA-ribosyltransferase 194365393 Sup. Fig. 2 1 aa ins 289-339
Lipoyl synthase 58583575 Sup. Fig. 3 2 aa ins 156-209
Lysyl-tRNA synthetase 194365604 Sup. Fig. 4 3 aa ins 34-85
Dihydroorotate dehydrogenase 71275790 Sup. Fig. 5 7 aa ins 164-213
Carbamoyl phosphate synthase large subunit 166711938 Sup. Fig. 6 1 aa ins 403-457
Aspartate aminotransferase 28197970 Sup. Fig. 7 1 aa del 316-354
DNA polymerase 1 194367713 Sup. Fig. 8 1 aa del 28-65
DNA topoisomerase IV subunit B 84624476 Sup. Fig. 9 1 aa del 282-326
B: CSIs Specific for Xanthomonadaceae (Lysobacteriaceae)
DNA polymerase III subunit alpha 77747494 Figure 4a 4 aa ins 522-576
Uroporphyrinogen decarboxylase 294625972 Sup. Fig. 10 5 aa ins 295-340
DNA polymerase I 21244827 Sup. Fig. 11 1 aa ins 136-180
Coproporphyrinogen III oxidase 194367710 Sup. Fig. 12 1 aa del 166-215
tRNA isopentenyltransferase 194365248 Sup. Fig. 13 5 aa ins 219-256
Protoheme IX farnesyltransferase 15837961 Figure 4b 4 aa ins 150-192
Ribose-5-phosphate isomerase A 194367055 Sup. Fig. 14 1 aa ins 127-169
Aspartyl-tRNA synthetase 194366904 Sup. Fig. 15 4 aa del 343-391
2-oxoglutarate dehydrogenase E1 194366403 Sup. Fig. 16 1 aa del 782-830
Asparagine synthetase B 194365058 Sup. Fig. 17 2 aa ins 98-132
C: CSIs Specific for Rhodanobacteriaceae
Uridylyltransferase 495713257 Figure 5a 1 aa ins 272-310
Xanthomonadin exporter protein 383315419 Sup. Fig. 18 1 aa del 171-196
Signal peptidase 494142978 Sup. Fig. 19 24 aa ins 111-165
Tryptophan synthase subunit alpha 383316227 Sup. Fig. 20 1 aa del 121-157
D: CSIs Specific for all Rhodanobacteriaceae except Rudaea
CDP-diacylglycerol-glycerol-3-phosphate 469817908 Figure 5b 4 aa ins 63-120
3-phosphatidyltransferase
Protease tldD 495491439 Sup. Fig. 21 1 aa del 75-126
S-adenosylmethionine decarboxylase 383315616 Sup. Fig. 22 2 aa del 71-123
DEAD/DEAH box helicase 494777343 Sup. Fig. 23 1 aa ins 720-756
FOF1 ATP synthase subunit gamma 495082201 Sup. Fig. 24 17 aa ins 177-230
Proline aminopeptidase P II 469819587 Sup. Fig. 25 1 aa del 135-178
Glycosyl transferase 469816683 Sup. Fig. 26 2 aa del 101-140

members of the Xanthomonadales (Yilmaz et al. 2013;
Fig. 2). The current taxonomy of the order Xantho-
monadales is not concordant with 16S rRNA gene
based phylogenies of the members of the order and the
nomenclature of the order Xanthomonadales and a
majority of the family names within this order are
problematic and not in accordance with the

@ Springer

International Code of Nomenclature of Bacteria (Oren
2010; Yilmaz et al. 2013; Tindall 2014a, b). However,
apart from the 16S rRNA gene, no reliable morpho-
logical, biochemical, or molecular characteristics are
known that are specifically shared by all members of
this order or its distinct subgroups and can be used for
their demarcation and classification (Saddler and
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(A) 576
Xylella fastidiosa 9a5c 77747494 TRNAGKHAGGVVIAPNPLTEFCPLFAEH| DENG|R GKNPVTQFDKNDVEEVGLVKFD
Xylella fastidiosa Temeculat 28198096 ----
Xanthomonas oryzae 353462904 --D-
Xanthomonas vesicatoria 325916626 --D-
Xanthomonas perforans 325929585 --D-
Xanthomonas gardneri 325923963 --G-
Xanthomonas albilineans 285018805 -VDH
Stenotrophomonas maltophilia 194365029 .-
Pseudoxanthomonas suwonensis 319787804 -HD-
(jla(le 1 Pseudoxanthomonas spadix 357417821 --GT
Thermomonas brevis JPLCOO ----
Xanthomonadaceae Xanthomonas pisi JPLEOO
Arenimonas composti TR7-09 523394931  ------e-ca-a--- T---D-S----DP|PAKD
Luteimonas mephitis DSM 12574 523385536 -GD-
Lysobacter antibioticus HS124 122664038 -GE-
Lysobacter defluvii DSM 18482 523398461  --------------- S--8D------- D|AGD-
Lysobacter sp. URHA0019 523393487 --G-|-
Pseudomonas geniculata N1 76553601 ----JL --- -
Pseudoxanthomonas sp. GW2 94467962 -HD-|L --- -
Thermomonas fusca DSM 15424 523400077 -HGT|L ---- -
Arenimonas oryziterrae DSM 21050 522808861 VGK- |ETA-SV------D---AI- -
Silanimonas lenta DSM 16282 523618063 G --GA------D---AI- -
Luteibacter rhizovicinus JPLBOO S -EGV---Y--D---A-- -
Dyella japonica JPLAOO ---V -G-K-----A--YC-P G -AGV---Y--D---A -
Frateuria aurantia DSM 6220 67687183 ---V-- -T---D-A--YC-P G -GGV---Y--D---A-- -
Other Hydrocarboniphaga effusa AP103 86085933 --GV-V----- I-cevo--- DYA--LC-P G -AGMRS- - -MK---SI------
Nevskia ramosa DSM 11499 522808954 --GV-I--------- L----YT-M-C-A G -AGLR----MK-C-T-------
Xanthomonadales \ Rhodanobacter fulvus Jip2 85995647 -T---D-A--YC-P G
Rudaea cellulosilytica DSM 22992 156686772  -------c--eoa-- SA--D-A--YS-G G
Wohlfahrtiimonas chitiniclastica 161494878 -KSV-R------- S-TTI-D-S--YC-E G
Ignatzschineria larvae 567127880 SKSV-R--------- TK--D-S--YC-E G SAAL---Y--D-I-AA--
Singularimonas variicoloris DSM 15731 158180126 ---K--SDYT-MYC-A G -AGMR----MK-L-SA------
Escherichia coli 19548812 --------------- TKI-D-A--YCDE E
()tller Iiacteria Klebsiella pneumoniae 262044745 - -TKI-D-A--YCDE Q
Salmonella enterica 161504650 - -TKI-D-A--YCDE E
Serratia odorifera 293394718  ---------e----- TKI-D-A--YCDA E
B) 150 192
Xylella fastidiosa 15837961 GAMPPMLGWAAVTGLSTAADW[ INAS| LLVAIIFVWTPPHFWALA
Xanthomonas campestris 21233252 ce-e] ---L--- I--- ---
Xanthomonas vesicatoria 325918187 .- I--L---1--- --
Xanthomonas perforans 325928849 el ---L---I- --
Xanthomonas albilineans 285017221 AY--| ---L-- --
Pseudoxanthomonas suwonensis 319785801 QH-L| ---L-- --
Pseudoxanthomonas spadix 357418726 GHSL| ---L-- --
Stenotrophomonas maltophilia 194364097 AYS-| ---L
(:1 d. 1 Xanthomonas hyacinthi JPLDOO AY--| ---L
ade Thermomonas brevis JPLCOO Avs-| ---L
Xanthomonadaceae Luteimonas mephitis DSM 12574 523385588 AY-W ---L
Lysobacter antibioticus HS124 122662215 AH-L| ---L
Pseudomonas geniculata N1 76551341 AYS-| ---L
Pseudoxanthomonas sp. GW2 94466339 QH-L| ---L
Lysobacter sp. URHAQ019 523393470 AHSL| ---L
Thermomonas fusca DSM 15424 523400087 AH-L| ---L
Xanthomonas pisi JPLEOO ----| I--L
Arenimonas oryziterrae DSM 21050 522808861 --A--V-- - -THHYEYAL --FL
Arenimonas composti TR7-09 523394912 --A--L-- -K-WPAGVTF ---L--
Silanimonas lenta DSM 16282 523618040 --A--L------K-WPEGVPF ---L--
Luteibacter rhizovicinus JPLBOO --A------T----SLHPYAL Q-LL--
Dyella japonica JPLAOO --I--V---T----ALHPFAL Q-CL--
Frateuria aurantia DSM 6220 67691289 --A--V---T----SLHPFAL Q-CL--
()tller Hydrocarboniphaga effusa AP103 86079555 --A--V---V-A--ELH-HSL I-FL---I--vcvcvvev--
Lysobacter defluvii DSM 18482 523398456 --A--A---V----TLDPHAL B R R T
Xanthomonadales Nevskia ramosa DSM 11499 522808968 -
Rhodanobacter thiooxydans LCS2 86006548 --I--V---T----ALHPYAL Q-CL----vcvncnncnnn
Rudaea cellulosilytica DSM 22992 156690708 --A--L---T----HLHPHA- e R L
Singularimonas variicoloris DSM 15731 158175891 --A--L---V-I--EIH-HAL I-Fe-eelevcnnnnnn-
Wohlfahrtiimonas chitiniclastica 161494572 --V--LV-YV-LK-QLDMTVV C-FI-FST-QIA-SY-I-
Rickettsiella grylli 160871949 --T--L---T----NIDSEGL
Shewanella baltica 126172401 -----L---T---NEFHGHAL
Other Bacteria{ Vibrio alginolyticus 91227004 -e---L---T----QLH-NA-
Anaplasma phagocytophilum 88607088 --F--VI--TS---IPSIESL
Burkholderia ambifaria 116352945 ----- A-eeemee- AVPGDA-

Fig. 4 Partial sequence alignments of a DNA polymerase III
subunit alpha showing a 4 amino acid insertion (boxed)
identified in all members of Clade 1 of the Xanthomonadaceae
except Silanimonas lenta b the protein Protoheme IX farnesyl-
transferase showing a 4 amino acid insertion (boxed) identified
in all members of Clade 1 of the Xanthomonadaceae except the
genera Arenimonas and Silanimonas. Due to space constraints,

sequence information for only representative Xanthomonadales
and a limited number other bacteria is shown here, but similar
CSIs were present in all members of the indicated group and not
detected in any other bacterial species in the top 250 BLAST
hits. Sequence information for other CSIs showing similar group
specificities are presented in Supplemental Figs. 10-17 and
summarized in Tables 2B
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(A) 272 310
Rhodanobacter thiooxydans 495713257 RPEERLLFDYQRALAARLGFED HAKNLGVEQFMQGYYR
Rhodanobacter spathiphylli 495079651 “Acmmmeeeeaaa T [
Rhodanobacter fulvus 494140181 —---meieeeie oo CEecemmmm e
Clade 2 Frateuria aurantia DSM 6220 383316038 ~ ------eee-eee-- R----Q-|-| -88--------- s-Fa
Xanthomonadaceae | Luteibacter rhizovicinus JPLBOO Acemmnns TR N
Dyella japonica 518293586 A B
Dyella ginsengisoli 516031220 ------------ G----M--V- T
Rudaea cellulosilytica 517802728 ------------ L--E---YT- - SFF-
Pseudomonas geniculata 498172148 ~ ------ R----KT----vv--- D-E----- KM---F--
Pseudoxanthomonas suwonensis 1 319786517 ------ G----KL--E---LQ- DDHS-A--KM---F--
Pseudoxanthomonas spadix BD-a5 357417896 ------ R----KT------ YV- APGS-A---M---F--
Stenotrophomonas maltophilia 518166739 ~  ------ R----KT------v-- D-E----- KM---F--
Xanthomonas albilineans GPE PC 285018784 @ ------ R----K---Q-M--S- DPES----KM--RF- -
Xanthomonas arboricola 515422355  ------ G----KT--E----A- DPES- - - -KM- -RF- -
()tller Xanthomonas campestris 498066202 ------ R----KT--E----A- DLES----KM--RF--
Xanthomonas citri 489580900 @ ------ R----KT--E----A- DPES- - - -KM- -RF - -
Xanthomonadales | Xanthomonas fragariae 488899669  ------ R----KT--E----A-  DPES----KM--RF-C
Xanthomonas fuscans 495238094 ------ R----KT--E----A- DRES- - - -KM- -RF - -
Xanthomonas gardneri 493496239  ------ R----KT--Q----A- DPES- - - -KM- -RF - -
Xanthomonas sacchari 498029871 ------ R----K---Q----8- DPES----KM--RF- -
Xanthomonas translucens 489574065  ------ R----KT--Q----S- D-ES----KM--RF--
Xanthomonas vasicola 515682730 ------ R----KT--E----A- DLES- - --KM--RF--
Xanthomonas vesicatoria 492834303  ------ R----KT--Q----A- DPES- - - -KM- -RF - -
Arenimonas oryziterrae 551349586 -R----V--H-KT---LM-LK- EDD--A---M---FF-
Alcanivorax borkumensis SK2 110834002 -N-N----- H--Q--D---H-N SSA--A--H--KDF- -
Allochromatium vinosum DSM 180 288941756 -H-D-------- T--HQF--S- GEN--A------ Q---
Halomonas elongata DSM 2581 307546396 -A-D----- H--TI-ELF-YH-  TPER-A----- KR- - -
Lamprocystis purpurea 521992457 -R-D----v--- T--QQF--S- G-H--------- Q---
()ﬂner I3acteria Marinobacter algicola 494259660 -N-N----- H----- QM- -YK- EG-R----LM--S---
Methylococcus capsulatus 515933933 -C-D---vv--- E--GLF-YRG ETS-EV--G---D-F-
Microbulbifer agarilyticus 497818808 c-------e--- E--REF-YK-  NDTH-A----- HT---
Nitrosococcus halophilus Nc 4 292492486 -K-D------- I---KQ--YRA  QGPH-A---L-KD---
Pseudomonas luteola 518194226 -H--RI-GL--Y-- SDAK-A--R---K---
Thiocapsa marina 494356537 -R-D----E---T-GTQF----  GPN--A------ Q---
(B) 63
Rhodanobacter fulvus PL-Y.TV -2 1T IR — I-
Rhodanobacter spathiphylli 495084116 ~  c-ee-eceieeaaaaas A-men-]-- V|
Rhodanobacter thiooxydans 495711867 ccmmmmmmmmmemimiee e e
(jla(le 2 Frateuria aurantia DSM 6220 383316505 cccecceceeceeieeaa- V-QA-----]--
Xanthomonadaceae)\byella ginsengisoli 516031815 ~  =-c--e-eocona- | HRD-
Dyella japonica 518296514 -ee-eeeeeeeeeeeeeeaaa- T-----]-- -
Luteibacter rhizovicinus JPLBOO eeeeeeeeeeeea Q--P---
Rudaea cellulosilytica 517804130 ---ceeeeeeeeeeeeaaaa- QENPTPL
Arenimonas oryziterrae 551350476 @ ---e------- A-T-A--IV-QA-PTA-
Pseudoxanthomonas spadix BD-a5 357417482 ~  --------------- A---1-QG-PTP-
Pseudoxanthomonas suwonensis 1 319786927 -------e-e----- A---1-QG-PTP-
Stenotrophomonas maltophilia 518013162 -------e-a-a-a- A---1-QG-PTA-
Xanthomonas albilineans GPE PC 285018579 --A---1-QG-PTP-
Xanthomonas arboricola 515424762 --A---I-QG-PTP-
Xanthomonas campestris pv. rap 384428017 --A---I-QG-PTP-
Other Xanthomonas citri 489587073 --A---1-QG-PTP-
Xanlhomonadales Xanthomonas fragariae 488890265 --A---1-QG-PTP-
Xanthomonas gardneri 493496165 - ------------ A---1-QG-PTP-
Xanthomonas oryzae 518130033 ---eem--eeee--- A---1-QG-PTP-
Xanthomonas translucens 489568315 ~  --e--ee-eee-a-- A---1-QG-PTP-
Xanthomonas vesicatoria 492841728  -e--ee-eo-a-- A---1-QG-PTP-
Xylella fastidiosa 9a5c 15838901 ce---eeee----- IA---I1-QG-PTPS
Xylella fastidiosa M12 170730447 ~  cee-eeeee--a- IA---1-QG-PTPS
Xylella fastidiosa Temeculal 28199211  eeeeee-a-aa.- IA---1-0G-PTPS
Alcanivorax borkumensis SK2 110834167 ----------- I---A-VM--QV-ATA-
Kangiella aquimarina 517453740 @ ce-e-eee-ee--- I--I----REGSL-
Marinobacter aquaeolei VT8 120554120  ---------e----- A-AV-I-EYSAVL
Other Bacteria{ Nitrosococcus halophilus Nc 4 292493087  ce-eeeeeeeea- V-A-I--LQ--PSIP
Photobacterium angustum 491510754 R E TA-V-V--HYHSV-
Piscirickettsia salmonis 510840400 @ ----------- I---A-V---STFASA-
Pseudomonas syringae 489459092 - -e--ee-aee-aa- A-V---QA-ANL-
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«Fig. 5 Partial sequence alignments of a the protein Uridylyl-
transferase showing a 1 amino acid insertion (boxed) identified in
all members of Clade 2 of the Xanthomonadaceae b the protein
CDP-diacylglycerol—glycerol-3-phosphate 3-phosphatidyltrans-
ferase showing a 4 amino acid insertion (boxed) identified in all
members of Clade 2 of the Xanthomonadaceae except the early
branching genus Rudaea. Sequence information for only
representative Xanthomonadales and a limited number other
bacteria is shown here, but similar CSIs were not detected in any
other bacterial species in the top 250 BLAST hits. Sequence
information for the other CSIs specific to the Clade 2
Xanthomonadaceae are presented in Supplemental Figs. 18-26
and summarized in Table 2C and D

Bradbury 2005a; Gutierrez et al. 2012; Losey et al.
2013). In this work, we have completed a robust
phylogenetic analysis of the order Xanthomonadales
and have utilized comparative genomic techniques to
identify large numbers of novel molecular markers of
common evolutionary decent (CSIs) shared by sub-
groups within the Xanthomonadales. The CSIs iden-
tified in this work both supplement gene based
phylogenies and demarcate the groups within the
Xanthomonadales in more definitive molecular terms.
A summary diagram of the identified CSIs and the
species in which they are found is shown in Fig. 6.
The results of phylogenetic analyses presented here
do not support a monophyletic grouping of the
members of the order Xanthomonadales and no CSI
was identified that is uniquely shared by all members
of this order. In phylogenetic trees, members of the
order Xanthomonadales formed two main clades, one
grouping together most of the members from the
family Xanthomonadaceae, whereas the other clade
was comprised of members from the families Algi-
philaceae (containing the genus Algiphilus) and
Solimonadaceae (containing the genera Fontimonas,
Singularimonas and Solimonas) and genera related to
these two families (viz. Alkanibacter, Hydrocarbon-
iphaga, Nevskia and Steroidobacter). The lack of any
identified CSIs or a consistent phylogenetic relation-
ship between these two clades suggests that they may
represent distinct evolutionary lineages within the
Gammaproteobacteria. Additionally, in both our
concatenated protein tree and the 16S rRNA gene
tree, members of the clade containing Algiphilaceae
and Solimonadaceae families consistently grouped
with the members of the genus Salinisphaera, the sole
members of the family “Salinisphaeraceae”, suggest-
ing that the species from these groups may share a
common ancestor exclusive of the Xanthomonadaceae

and other Gammaproteobacteria. The genera Wo-
hlfahrtiimonas and Ignatzschineria branch distinctly
from the Xanthomonadales in a clade with members of
the order Cardiobacteriales in our concatenated
protein based phylogenetic tree and show limited
phylogenetic association with the other members of
the Xanthomonadales in our 16S rRNA tree. Due to
this inconsistent branching, further research will be
required to accurately assess the phylogenetic place-
ment of the genera Wohlfahrtiimonas and Ignatzs-
chineria, but the available data suggests that they do
not belong to the order Xanthomonadales sensu
stricto.

Our work has identified 10 CSIs that support a
monophyletic grouping of a majority of the members
of the order Xanthomonadales that are currently part
of the family Xanthomonadaceae. These CSIs were
initially identified in our earlier comparative genomic
study (Naushad and Gupta 2013) and the sequence
information for them was updated in the present work
for a large number of additional Xanthomonadales,
including 5 genomes which were sequenced, de novo,
for this study. Our earlier work identified 13 CSIs
which were specific to this group (Naushad and Gupta
2013). Of these, all but 3 CSIs were found to be still
specific to the whole group, while the remaining three
CSIs were found to be specific for subsets of this large
group. The observed specificity of the previously
identified CSIs for a distinct bacterial group despite a
large increase in the number of analyzed genomes
strongly indicate that they constitute reliable molec-
ular characteristics with predictive ability for distin-
guishing and demarcation of evolutionarily related
bacterial groups.

Our work also provides strong molecular and
phylogenetic support for the existence of two distinct
clades within the Xanthomonadaceae: One clade
consists of the genera Xanthomonas, Xylella, Steno-
trophomonas, Lutimonas, Lysobacter and their rela-
tives (Clade 1), whereas the other clade groups
together members of the genera Rudaea, Dylella,
Lutibacter, Rhodanobacter and their relatives (Clade
2). The members of these monophyletic clades branch
distinctly from each other with strong bootstrap
support in both the concatenated protein tree as well
as in the 16S rRNA gene trees. Importantly, Clade 1
and Clade 2 are also supported by 10 and 11 identified
CSlIs, respectively, which serve to clearly distinguish
them from each other and every other bacterial group
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Fig. 6 A summary of the Xanthomonas*
evolutionary relationships Xyella*
of the Xanthomonadales Stentroph .
entropnomonas
genera based upon 10 Csls specific for P *
phylogenetic analyses and Xanthomonadaceae Pseudoxanthomonas Xanthomonadaceae | @
the identified CSIs. Genera (Table 28) Luteimonas* ~ ; s
¢ (Lysobacteriaceae) S
with genome sequenced Lysobacter* 3
members are indicated with Thermomonas* S
asterisks (*). The Areni . 2
distribution of the identified — renimonas. 2
specificior H H
CSIs and the proposed all Xanthomonadales Silanimonas = r =
reclassification of (Table 24) Rhodanobacter* §
taxonomic groups are Dyella* S
indicated. The genera Frateuria* S
Wohlfahrtiimonas and Luteibacter* g
Ignatzschineria do not i L Rhodanobacteriaceae| 2
branch with the members of Fulvimonas .FE
the order Xanthomonadales Psuedofulvimonas S
and hence are regarded as Agquimonas
order incertae sedis. The Dokdonella
families Sinobacteraceae Rudaea*
and Solimonadaceae are . = =
synonymous; however, only ] — Nevskia
the name ofthe fanily P Hycrocarboniphaga*
Solimonadaceae is shown (Table 2C and Table 2D) Alkanibacter Solimonadaceae!
here ('). The placement of Solimonas* (Nevskiaceae) $
the genus Steroidobacter . . S
8 . Singularimonas* - S
within the family . %
Solimonadaceae Forytm?onas Algiphilaceae o
(Nevskiaceae) is tentative Algiphilus Solimonadaceae® <
until a more detailed Steroidobacter } (Nevskiaceae)?
phylogenetic analysis can be Salinisphaera* } Salinisphaeraceae

completed for this genus ) 1/

H *
- Wohlfahrtiimonas Order Incertae sedis

in molecular terms. This evidence suggests that the
Clade 1 and Clade 2 represent two phylogenetically
and molecularly distinguishable evolutionary
lineages.

Taxonomic implications

Based on the branching of the members of the order
Xanthomonadales in the concatenated protein and 16S
rRNA gene trees and the large number of identified
molecular markers (CSIs) that are specific for this
group of bacteria, the following main inferences
regarding the phylogeny of the Xanthomonadales
can be derived.

(1) The order presently designated as Xanthomo-
nadales contains 2 highly divergent phyloge-
netic groups, one made up of the members of
the family Xanthomonadaceae and the other

@ Springer

__Ignatzschineria*

made up of the members of the families
Algiphilaceae, Solimonadaceae, and
“Salinisphaeraceae”

(2) The family presently designated as Xanthomo-
nadaceae, which harbours a majority of the
members from the order Xanthomonadales, also
contains 2 distinct and distinguishable phylo-
genetic groups, one consisting of the genera
Xanthomonas, Xylella, Stenotrophomonas,
Lutimonas, Lysobacter and their relatives
(Clade 1) and another clade consisting of the
genera Rudaea, Dylella, Lutibacter, Rhodanob-
acter and their relatives (Clade 2)

Thus, the current taxonomy of the order Xantho-
monadales does not accurately reflect the evolutionary
histories of its members which exhibit enormous
genetic diversity. In order to alleviate the taxonomic
incongruences within the order Xanthomonadales, we



Antonie van Leeuwenhoek (2015) 107:467-485

481

propose that the families Algiphilaceae (containing
the genus Algiphilus) and Solimonadaceae (or Nev-
skiaceae) (containing the genera Fontimonas, Singu-
larimonas and Solimonas) and genera related to these
two families (viz. Alkanibacter, Hydrocarboniphaga,
Nevskia and Steroidobacter), which do not branch
with the other members of the order Xanthomona-
dales, be placed within a novel order, Nevskiales ord.
nov., along with their closest evolutionary relatives,
the members of the family Salinisphaeraceae fam.
nov. Further, to recognize the presence of two distinct
groups within the family presently designated as
Xanthomonadaceae, the members of this family
should be divided into two families: the family
Xanthomonadaceae (containing the genera Arenimon-
as, Luteimonas, Lysobacter, Metallibacterium, Pan-
acagrimonas, Pseudoxanthomonas, Silanimonas,
Stenotrophomonas, Thermomonas, Xanthomonas,
and Xylella) and a novel family, Rhodanobacteraceae
fam. nov. (containing the genera Aquimonas, Chia-
yiivirga, Dokdonella, Dyella, Frateuria, Fulvimonas,
Luteibacter, Pseudofulvimonas, Rhodanobacter, and
Rudaea). The remaining two genera, Wohlfahrtiimon-
as and Ignatzschineria, whose taxonomic affiliation to
the above two orders is not supported should be
regarded as order incertae sedis.

Additionally, the present proposal also serves to
help rectify several problems associated with the
nomenclature of the order Xanthomonadales, the
family Xanthomonadaceae, and the family Solimo-
nadaceae (Tindall 2014b). It has been noted previ-
ously (Oren 2010; Tindall 2014a, b) that the names of
these taxa are later synonyms for the order Lysobac-
terales, the family Lysobacteraceae, and the family
Nevskiaceae, respectively. In recognition of these
nomenclatural concerns, we are providing emended
descriptions of the order Lysobacterales, the family
Lysobacteraceae, and the family Nevskiaceae, which
indicate that they are earlier synonyms of the order
Xanthomonadales, the family Xanthomonadaceae,
and the family Solimonadaceae, respectively.
Descriptions of Rhodanobacteraceae fam. nov., Nev-
skiales ord. nov., and Salinisphaeraceae fam. nov. and
emended descriptions of the order Lysobacterales
(Xanthomonadales), the family Lysobacteraceae
(Xanthomonadaceae), and the family Nevskiaceae
(Solimonadaceae) are provided below.

Emended description of the order
Lysobacterales Christensen and Cook (1978)
(Approved Lists 1980)

Synonym: Xanthomonadales Saddler and Bradbury
(2005a, b).

The order contains two families, Lysobactera-
ceae and Rhodanobacteraceae. Organisms are rods,
0.2-1.8 pm in diameter and 0.8-70 um in length.
Cells are both motile and non-motile. Organisms are
aerobic, or facultatively anaerobic. Organisms are
chemoorganotrophic and non-spore-forming. Organ-
isms within this order may be either positive or
negative in both oxidase and catalase tests. The G + C
content of the DNA is 42-75 (mol%).The type genus
of the order is Lysobacter Christensen and Cook
(1978) (Approved Lists 1980) (Skerman et al. 1980)
emend. Park et al. (2008).

Organisms from this order are distinguished from
all other bacteria examined to date by 10 conserved
signature indels in Glutaminyl t-RNA synthetase,
GTP-binding protein, Queuine tRNA-ribosyltransfer-
ase, Lipoyl synthase, Lysyl-tRNA synthetase, Dihy-
droorotate dehydrogenase, Carbamoyl phosphate
synthase large subunit, Aspartate aminotransferase,
DNA polymerase I, and DNA topoisomerase IV
subunit B (Tables 2A).

Emended description of the family
Lysobacteraceae Christensen and Cook (1978)
(Approved Lists 1980)

Synonym: Xanthomonadaceae Saddler and Bradbury
(20054, b).

The family contains twelve genera, Arenimonas,
Luteimonas, Lysobacter, Metallibacterium, Panacag-
rimonas, Pseudoxanthomonas, Silanimonas, Steno-
trophomonas, Thermomonas, Xanthomonas and
Xylella. Organisms are rods, 0.2—-1.8 pm in diameter
and 0.8-70 pum in length. Cells are both motile and
non-motile. Organisms are aerobic, or facultatively
anaerobic. Organisms are chemoorganotrophic and
non-spore-forming. Organisms within this family may
be either positive or negative in both oxidase and
catalase tests. The G+4-C content of the DNA is 42-70
(mol%). The type genus of the family is Lysobacter
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Christensen and Cook (1978) (Approved Lists 1980)
emend. Park et al. (2008).

Organisms from this order are distinguished from
all other bacteria examined to date by 10 conserved
signature indels in DNA polymerase III subunit alpha,
Uroporphyrinogen decarboxylase, DNA polymerase I,
Coproporphyrinogen III oxidase, tRNA isopentenyl-
transferase, Protoheme IX farnesyltransferase,
Ribose-5-phosphate isomerase A, Aspartyl-tRNA
synthetase, 2-oxoglutarate dehydrogenase El, and
Asparagine synthetase B (Tables 2B).

Description of Rhodanobacteraceae fam. nov

Rhodanobacteraceae (Rho.da.no.bac.ter.a,ce’ae N.L.
masc. n. Rhodanobacter type genus of the family; -
aceae ending to denote a family; N.L. fem. pl. n.
Rhodanobacteraceae the family whose nomenclatural
type is the genus Rhodanobacter).

The family contains nine genera, Aquimonas,
Dokdonella, Dyella, Frateuria, Fulvimonas, Luteib-
acter, Pseudofulvimonas, Rhodanobacter and Rudaea.
Organisms are rods, 0.3-0.5 um in diameter and
1-4.5 pm in length. Cells are both motile and non-
motile. Organisms are aerobic, chemoorganotrophic,
and non-spore-forming. Organisms within this family
may be either positive or negative in both oxidase and
catalase tests. The G 4 C content of the DNA is 62-75
(mol%). The type genus of the family is Rhodanob-
acter Nalin et al. (1999).

Organisms from this order are distinguished from
all other bacteria examined to date by 11 conserved
signature indels in Uridylyltransferase, a xanthomon-
adin exporter protein, a signal peptidase, Tryptophan
synthase subunit alpha, CDP-diacylglycerol—glycerol-
3-phosphate 3-phosphatidyltransferase, Protease tldD,
S-adenosylmethionine decarboxylase, DEAD/DEAH
box helicase, FOF1 ATP synthase subunit gamma,
Proline aminopeptidase P II, and Glycosyl transferase
(Table 2C, D).

Description of Nevskiales ord. nov
Nevskiales (Nev.ski.a’les. N.L. fem. n. Nevskia type
genus of the order; -ales ending to denote an order;

N.L. fem. pl. n. Nevskiales the order whose nomen-
clatural type is the genus Nevskia).

@ Springer

The order contains three families, Algiphilaceae,
Salinisphaeraceae, and Nevskiaceae. Organisms are
rods and cocci, 0.6—-1.3 um in diameter and 0.4-2 pm
in length. Cells are non-motile or motile by means of a
one or more polar flagella. Organisms are aerobic, or
facultatively anaerobic. Organisms are chemoorgano-
trophic and non-spore-forming. Oxidase and catalase
positive. The G+C content of the DNA is 60-68
(mol%). The type genus of the order is Nevskia
Famintzin 1892 (Approved Lists 1980).

Emended Description of the family
Nevskiaceae Henrici and Johnson 1935 (Approved
Lists 1980)

Synonyms: Sinobacteraceae Zhou et al. (2008),
Solimonadaceae Losey et al. (2013).

The family contains six genera, Alkanibacter,
Fontimonas, Hydrocarboniphaga, Nevskia, Solimonas
and Steroidobacter.' Organisms are rods, 0.6-0.85 pum
in diameter and 0.9-2 pm in length. Cells are non-
motile or motile by means of a single polar flagellum.
Organisms are aerobic, or facultatively anaerobic.
Organisms are chemoorganotrophic and non-spore-
forming. Oxidase and catalase positive. The G + C
content of the DNA is 60—65 (mol%). The type genus
of the family is Nevskia Famintzin 1892 (Approved
Lists 1980).

Description of Salinisphaeraceae fam. nov

Salinisphaeraceae (Sa.li.ni.sphae.ra.ce’ae. N.L. fem.
n. Salinisphaera type genus of the family; -aceae
ending to denote a family; N.L. fem. pl. n. Salinisph-
aeraceae the family whose nomenclatural type is the
genus Salinisphaera).

The family contains one genus, Salinisphaera,
which is also the type genus of the family. The
description of the family is the same as that of the

' The genus Steroidobacter does not branch monophyletically
with the other members of the family Nevskiaceae in 16S rRNA
gene based phylogenies. However, Steroidobacter is clearly
distinct from the order Xanthomonadales and family Xantho-
monadaceae in which it was previously placed. Its placement
within the family Nevskiaceae is tentative until more detailed
phylogenetic analysis can be completed for this genus.
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genus Salinisphaera Antunes et al. (2003) emend.
Shimane et al. (2013).
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