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membrane proteins widespread in nitrogen-fixing bacteria

Francesca M. Marassi
Sanford Burnham Medical Research Institute, 10901 North Torrey Pines Road, La Jolla, CA
92037, USA

Abstract

The Mycobacterium tuberculosis membrane protein Rv0899 confers adaptation of the bacterium
to acidic environments. Due to strong sequence homology of its C-terminus to bacterial OmpA-
like domains, Rv0899 has been proposed to constitute an outer membrane porin of M.
tuberculosis. However, OmpA-like domains are widespread in a wide variety of bacterial proteins
with different functions. Furthermore, the three-dimensional structure of Rv0899 does not contain
a transmembrane B-barrel, and recent evidence demonstrates that it does not have porin activity.
Instead, the rv0899 gene is part of an operon (rv0899-rv0901) that is required for fast ammonia
secretion, pH neutralization and growth of M. tuberculosis in acidic environments. The
mechanism whereby these functions are accomplished is not known. To gain further functional
insights, a targeted search of the genomic databases was performed for proteins with sequence
similarity beyond the OmpA-like C-terminus. The results presented here, show that Rv0899-like
proteins are widespread in bacteria with functions in nitrogen metabolism, adaptation to nutrient
poor environments, and/or establishing symbiosis with the host organism, and appear to form a
protein family. These findings suggest that M. tuberculosis Rv0899 may also assist similar
processes and lend further support to its role in ammonia secretion and M. tuberculosis adaptation
to the host environment.
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INTRODUCTION

The genome of Mycobacterium tuberculosis H37Rv contains several stress response genes,
which contribute to pathogenicity. Among these, rv0899 encodes a 326-residue membrane
protein (Rv0899) that is involved in conferring adaptation of M. tuberculosis to acidic
environments.2:3 The rv0899 gene and its two neighbors rv0900 and rv0901, also encoding
predicted membrane proteins, are found in pathogenic mycobacteria associated with
tuberculosis (M. tuberculosis, M. bovis) and other diseases (M. marinum, M. ulcerans, M.
kansasii), but are absent from non-pathogenic mycobacteria, suggesting that they may be
important for pathogenicity and, thus, may be attractive candidates for the development of
chemotherapeutic agents.

Rv0899 contains three independently structured domains.* The N-terminus (~ residues 1—
80) includes a membrane-anchoring sequence of 20 hydrophobic amino acids (~ residues

"Address correspondence to: Francesca M. Marassi, Sanford Burnham Medical Research Institute 10901 North Torrey Pines Road La
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28-50) that is required for membrane translocation but is not cleaved.® The central region (~
residues 81-195) contains two consecutive repeats of the BON (Bacterial OsmY and
Nodulation) domain (pfam04972), a conserved, putative lipid binding sequence found in
some bacterial osmotic shock protection proteins, secretins, haemolysins, channels, and
nodulation specificity proteins.® Finally, the C-terminus (residues 196-326) contains an
OmpA-like domain (pfam00691), a periplasmic peptidoglycan-binding structure found in
several types of bacterial membrane proteins, including in the C-terminus of the outer
membrane protein OmpA from E. coli.

Owing to its strong homology with E. coli OmpA, Rv0899 was originally annotated as
OmpATD in the published genome sequence of M. tuberculosis and was proposed to be an
outer membrane porin.2>7-9 However, the three-dimensional structure shows that Rv0899
does not form a membrane-spanning B-barrel and, thus, is not compatible with porin
function.#10 Recent studies also show that Rv0899 is not a porin, but rather, that it is
encoded by an operon (also known as ammonia release facilitator, arf, operon), which
includes rv0899, rv0900 and rv0901, and which is required for fast ammonia secretion, rapid
pH neutralization and growth of M. tuberculosis in acidic environments.3 However, the
mechanism whereby Rv0899, Rv0900, and Rv0901 contribute to this function is not known.

The C-terminus of Rv0899 adopts the typical o/p structure of peptidoglycan-binding
domains in the OmpA-like superfamily, reflecting association with the peptidoglycan layer.
However, thea/B fold of the central domain, with three parallel/antiparallel a-helices packed
against a six-stranded parallel/antiparallel B-sheet, was unprecedented in the Protein Data
Bank (PDB) and, thus, provided limited insights about function.

A simple BLAST (Basic Local Alignment Search Tool) search of the protein databases for
sequences similar to Rv0899 also provides little insights about the function of the central
domain, because it is dominated by hits with strong homology to the C-terminus, but little
homology to the rest of the protein. This reflects the strong sequence conservation and
ubiquitous nature of bacterial OmpA-like domains, which are widespread in outer
membrane proteins (e.g. OmpA inserts in the outer membrane as a p-barrel), as well as outer
membrane lipoproteins (e.g. Pal is bound to the outer membrane through a lipid anchor), and
inner membrane proteins (e.g. MotB inserts in the inner membrane through a
transmembrane helix).1112 In contrast, the central BON-containing domain of Rv0899 has
only weak similarity to database sequences. Thus, matches to this region are obscured by
numerous, much more pronounced matches to the OmpA-like region. Furthermore,
performing the BLAST search with individual domains as query (i.e. only BON or only
OmpA-like) yields sequences with homology primarily restricted to the specific query
region, obscuring sequences that cover the entire length of Rv0899.

To overcome this problem and gain further insights about the potential function of Rv0899,
a detailed iterative search of the NCBI (National Center for Biotechnology Information)
database was performed to identify other Rv0899-like proteins with homology spanning the
entire Rv0899 sequence, including the transmembrane, BON and OmpA-like domains. This
analysis uncovers a family of Rv0899-like proteins in bacteria with functions in nitrogen
metabolism, adaptation to nutrient poor environments, and/or establishing symbiosis with
the host organism.

METHODS

A PSI-BLAST (Position-Specific Iterated BLAST) search of the NCBI (National Center for
Biotechnology Information) database was performed using the parameter “Max Matches in a
Query Range”, which is useful in cases where many strong matches to one region of a query
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sequence may prevent BLAST from presenting weaker matches to another region.13 In each
PSI-BLAST iteration, the hits were visually inspected to remove false positives by retaining
only those having sequence matches across at least 70% of the Rv0899 sequence length.
After seven cycles the search converged to yield 39 hits with E values <1030 (Table 1).

To test the validity of the results, a similar PSI-BLAST search was conducted in revers,
starting from individual, randomly selected hits in Table 1 rather than from Rv0899. Indeed,
when the search was initiated from hit sequences selected from each of the identified
bacterial classes (NCBI RefSeq: YP_481018; YP_003798208; YP_001832327;
YP_001944835; YP_001714238), Rv0899 as well as the other hit sequences were readily
identified. The results were further validated by performing a BLAST search using the
UniProtKB/SwissProt Databases, and manually selecting for hits with matches across at
least 70% of the Rv0899 sequence length, to include both central (BON) and C-terminal
(OmpA-like) domains. Finally, the hit sequences were analyzed for the presence of
conserved domains using the NCBI Conserved Domains Database,14 and transmembrane
regions were identified using TMHMM.1®

ClustalW and manual editing, performed with the program Jalview, were used to generate
the final sequence alignment.16:17 The aligned sequences (Figures 1, S1) were further
examined for correct alignment by generating homology-based structural models, using
SWISS-MODEL,18-20 with the template coordinates of the BON domain of Rv0899 (PDB:
2KSM). A neighbour-joining phylogeny tree was generated with the aligned Rv0899 family
sequences using the neighbor-joining method, with the NCBI BLAST Tree View and
Archaeopteryx programs (Figure 2).21:22 Alignments in FASTA format are provided as
supporting information (Supporting Data S1-S3).

RESULTS AND DISCUSSION
Identification of the Rv0899 protein family

The resulting hits share homology across the single transmembrane domain, the central
BON domain, as well as the C-terminal OmpA-like domain (Figures 1, S1). They span a
variety of bacterial species in GC-rich Gram-positive actinobacteria as well as Gram-
negative bacteria and proteobacteria (Figure 2). Phylogenetic analysis suggests that they
may have descended from a common ancestor and, therefore, that they can be viewed as
orthologous members of the same protein family.

Although Rv0899 is predicted to be an outer membrane protein,3:5.7:9.23.24 jts topology with
respect to the mycobacterial cell envelope is not known. Within each bacterial genus, the
hydrophobic amino acid sequence of the transmembrane (TM) region is highly conserved.
For all species, the average pairwise identity of the sequences to M. tuberculosis Rv0899 is
32%. In all sequences, with the exception of Stenotrophomonas, the transmembrane region
is preceded by up to three positively charged Arg residues, which could facilitate insertion
across the outer bacterial membrane (as in the Wza translocon?®), or across the inner
membrane with the N-terminus exposed to the cytoplasm, according to the “positive inside
rule”.26 The transmembrane region is followed by a 30- to 80-residue sequence, rich in Gly
and Pro, with similarity that is limited to within each genus.

Sequence conservation in the central region of the proteins begins at the start of g1 (L81 of
M. tuberculosis Rv0899), the first B-strand in the BBapappaf structure of the central
domain. In this structure, the first BON domain (BON1) spans p1-p2-al-p3 while the
second (BON2) spansa2-p4-p5-a3-p6. BON1 and BONZ2 share both a similar ppaf topology
(except for an additional N-terminal a-helix in BONZ2) as well as significant amino acid
sequence homology, with other previously described BON domain sequences.® Overall, in
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this region, the average pairwise identity of the sequences to M. tuberculosis Rv0899 is
28%. The most prominent difference is that the loop connecting 4 to B5 is much longer
(~50-residue) in the Rv0899-like proteins from a-proteobacteria compared to all other
proteins, where it is only a short hairpin.

The BON domain is characterized by a conserved glycine and several conserved
hydrophobic residues.® In all of the Rv0899 family proteins, the characteristic Gly is fully
conserved in both BON1 (G95 at the end of B2) and BON2 (G164 at the end of B5), with the
exception of sequences from Kribbella and Frankia where the BON1 Gly is replaced by
Ala, a conservative difference that preserves the small size of the side-chain at this position.
Sequence alignment further indicates that acidic residues preceding ol and a3 and following
B3 and B4 are conserved, as are basic residues situated at the start of a1 and a3, and several
hydrophobic residues throughout the sequences.

Mapping these conserved residues (or conserved residue types) onto the structure of Rv0899
(Figure 3) shows that most hydrophobic side-chains and a few polar side-chains (e.g. D122;
N190) are buried in the core of the protein where the three a-helices contact the B-sheet. In
contrast, several polar or charged side chains are exposed on the molecular surface,
suggesting that they could play a functional role beyond maintaining the protein’s structural
integrity. For example, the conserved P98-D99-E100 triplet and D127-P128 pair are situated
in two spatially proximal, loops, and give rise to a surface-exposed acidic patch.
Furthermore, 1121, E156, T159, Q123, protrude from the p-sheet and have surface exposed
side-chains, as do A104, A105, and A178 on helices a1 and a3. Finally, K103 and M107 in
al, and K172 in a3, protrude from each of the sides of the structure and are surface-exposed.
In all of the identified Rv0899 family sequences, the central BON-containing domain is
connected to the OmpA-like C-terminus by a stretch of about 10 to 80 amino acids that are
only conserved within each bacterial order.

Amino acid conservation in the OmpA-like domain is very strong across all identified
sequences, with an average pairwise identity of each sequence to M. tuberculosis Rv0899 of
40%. The sequence conservation and the three-dimensional structures of several OmpA-like
domains from different organisms have been described.2’-2% They all share a common,
basic, o/p fold with a four-stranded p-sheet, three core a-helices, and one or two additional
a-helices. The OmpA-like domain of M. tuberculosis Rv0899 has the basic afapapap
topology of Pal,28 and the high sequence similarity (with little or no alignment gaps) of all
Rv0899-family proteins in this region indicates that they all adopt the same fold. The
structure of Rv0899 is stabilized by a disulfide bond (C208-C250) linking the N-terminus of
al to the C-terminus of a2. This disulfide bond appears to be conserved in the sequences
from mycobacteria, from Kribbella, and from a-proteobacteria, which all have two Cys
residues at similar positions. Furthermore, several amino acids have been shown to play an
important role in mediating the association of OmpA-like domains with peptidoglycan.28
These residues are highly conserved in the sequences of Rv0899 from M. tuberculosis
(F225, D228, T261, D262, R277, R319) and from all other bacteria.

Identification of Rv0900- and Rv0901-like proteins in other bacteria

The M. tuberculosis genes rv0899-rv0901 were recently identified as components of an
operon that is required for facilitating ammonia release when the bacterium encounters an
acidic environment.3 Proteins encoded by genes in the same configuration are also found in
the other pathogenic mycobacteria, and the Kribbella gene (Kfla4948) encoding the
Rv0899-like protein is adjacent to two genes encoding Rv0900-like (Kfla4949) and Rv0901-
like (Kfla4950) proteins (Table 2; Figure 4). Interestingly, similar genes organized in a
similar configuration, neighbouring their rv0899-like counterpart, appear to be also present
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in a-proteobacteria (Table 2; Additional Files 2 and 3) suggesting that this operon is also
conserved in other species.

Rv0899 family members in actinobacteria

In actinobacteria, Rv0899 orthologs are found in four pathogenic mycobacteria, as well as in
Frankia, a nitrogen-fixing symbiont, and Kribbella, a soil bacterium. Actinobacteria,
including mycobacteria, are widely distributed in both aquatic and terrestrial environments,
especially in soil, where they play an important role in recycling biomaterials by
decomposition and humus formation (recently reviewed3%). Notably, while M. tuberculosis
has never been isolated from other environments than humans, M. ulcerans, which causes a
devastating necrotic disease of the skin, has also been isolated from soil, and has been
proposed to exist in symbiosis with certain tropical plants.31-33 Frankia alni establishes
nitrogen-fixing symbiosis with certain non-leguminous plants enabling them to grow in soils
where nitrogen is the limiting factor (forest clearings, mine wastes, sand dunes, glacial
moraines).

Rv0899 family members in gram-negative bacteria and proteobacteria

Rv0899-like proteins are also found in gram-negative a-proteobacteria that are plant-
associated (Bradyrhizobium), animal-associated (Afipia), or free-living (Nitrobacter
hamburgensis; Beijerinckia indica; Oligotropha carboxidovorans; Rhodopseudomonas).
These bacteria display very high metabolic versatility and are capable of using light, CO»,
CO, organic (including aromatics) or inorganic compounds as energy sources. Among them,
Bradyrhizobium japonicum is an agriculturally important No-fixing legume symbiont, which
colonizes root nodules resembling those induced by Frankia Alni. Furthermore, Nitrobacter
hamburgensis and the closely related bacterium C. Nitrospira defluvii are nitrite-oxidizing
organisms that play an important role in the global nitrogen cycle. They are found in marine,
freshwater, and terrestrial habitats, often in association with ammonia-oxidizing bacteria and
are also important for the removal of nitrogen in wastewater treatment plants. The nitrite
oxidoreductase enzyme, involved in nitrite oxidation, can also reduce nitrate to nitrite in the
absence of oxygen, allowing Nitrobacter sp. to grow anaerobically.

A large number of Rv0899-like proteins are found in B-proteobacteria, including in
Dechloromonas aromatica, a bacterium used for bioremediation that can oxidize aromatic
hydrocarbon compounds in the absence of oxygen, in the N,-fixing, root-nodule-forming,
plant symbionts: Ralstonia solanacearum, Cupriavidus taiwanensis, and Herbaspirillum
seropedicae, and in several Burkholderia, a diverse and important species of bacteria, which
includes: human and animal pathogens (e.g. members of the B. pseudomallei group and of
the B. cepacia complex), plant pathogens (e.g. B. glumae causes seedling rot and panicle
blight of rice), as well as plant growth-promoting species of biotechnological interest (e.g. B.
phytofirmans). These bacteria are extremely adaptable to diverse environments, and are
capable of degrading water and soil pollutants as well as fixing atmospheric nitrogen.

Among Burkholderia containing Rv0899-like proteins, at least three are N,-fixing, root-
nodule- forming, plant symbionts (B. phytofirmans; B. glumae; B. graminis). Members of
the B. pseudomallei group include B. mallei, the etiologic agent of glanders, a painful and
incapacitating disease, where rapid-onset pneumonia, bacteremia (spread of the organism
through the blood), pustules, and death are common outcomes. Because B. mallei is highly
infectious as an aerosol, it is regarded as a potential biological weapon.34:35 B. mallei is an
obligate mammalian parasite; in contrast, B. pseudomallei and B. thailandensis are human
and animal pathogens as well as environmental soil inhabitants. Members of the B. cepacia
complex are commonly found in soil, but are all opportunistic pathogens, especially in cystic
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fibrosis patients where they colonize the major airways, leading to debilitating pulmonary
infection and death.36

In y-proteobacteria, Rv0899 family members are found in two closely related members of
Acinetobacter, in Stenotrophomonas and in Xanthomonas. Acinetobacter radioresistens and
Acinetobacter baumannii are aquatic bacteria commonly isolated from hospital
environments and hospitalized patients. Although they have low virulence, they can cause
infection in the blood or in organs with a high fluid content, such as the lungs or urinary
tract. Stenotrophomonas are found in varied environmental settings, particularly in close
association with plants, and play major roles in the nitrogen as well as sulfur cycles. The
Rv0899-containing species, Stenotrophomonas sp. SKA14, is a nitrogen-fixing bacterium
from the Baltic Sea. Xanthomonas oryzae is a major pathogen of rice plants that enters rice
leaves through water pores or wounds, and causes bacterial blight.3”

Finally, more distant orthologs of Rv0899 are found in the gram-negative e-proteobacteria,
Campylobacterales bacterium and Arcobacter butzleri. The first is an anaerobic
chemolithotrophic bacterium that plays an important role in dark, anaerobic CO, fixation
and nitrate reduction at marine oxic-anoxic transition zones. The second is a close relative of
established human pathogens, such as Helicobacter pylori, that are found primarily in
livestock and marine environments and can cause gastroenteritis and bacteremia in humans.

CONCLUSIONS

The identification of Rv0899-like proteins in organisms with related life-styles suggests the
existence of a protein family defined by Rv0899. Protein families typically share common
functionality and structure, thus, functional and structural analysis of the Rv0899-like
proteins is needed to confirm whether they constitute a family. Nevertheless, several
observations indicate that this is indeed the case. The central domain of Rv0899 adopts a
fold that was previously unprecedented in the database and homology modelling indicates
that this fold is shared by the other family members. Furthermore, at least some of the
rv0899-like genes are found next to rv0900- and rv0901-like genes in the same operon. The
presence of similar sequence, structure and genetic context, strongly suggests the existence
of a common family.

The most striking finding of this analysis is that Rv0899-like proteins are present
predominantly in bacteria that specialize in nitrogen fixation or metabolism, adaptation to
nutrient poor environments, and/or establishing symbiosis with the host organism,
suggesting that Rv0899 of M. tuberculosis may also assist similar processes. Free-living
bacteria generally induce nitrogen fixation only under nitrogen stress, while symbiotic
bacteria convert atmospheric N, to ammonia to satisfy the needs of the host.38 The bacteria
penetrate plant root cells, and induce the formation of nodules, which differentiate into
spherical, thick-walled vesicles, formed by the plant’s plasma membrane, that provide a
protective oxygen-free environment for the organism where reductive N, fixation takes
place. These vesicles act as a physical barrier between the symbiotic partners and it is
tempting to draw analogy to the granulomas observed in M. tuberculosis infection.

Interestingly, M. tuberculosis is known to generate substantial quantities of ammonia, which
inhibits phagosome fusion in infected macrophages,3° and expression of the Rv0899-
Rv0901 proteins was shown to significantly accelerate ammonia secretion conferring
adaptation of M. tuberculosis to acidic environments.3 The discovery of Rv0899 family
proteins, and of at least some Rv0900- and Rv0901-like proteins, in bacteria active in
nitrogen fixation or nitrogen metabolism lends further support to the hypothesis that Rv0899
an its operon are involved in promoting resistance of M. tuberculosis to the host
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environment by facilitating the release of ammonia. Finally the strong signal of the OmpA-
like domain shared by all Rv0899-like proteins underscores the importance of examining the
association of Rv0899 with peptidoglycan in the mycobacterial cell envelope. Most
antibiotics developed for M. tuberculosis target the cell envelope, therefore identifying its
components and understanding how they interact to provide a mechanically strong, highly
impermeable barrier, that also maintains communication with the outside world, is important
for identifying new drug targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Amino acid sequence alignment for Rv0899 family proteins
Alignment is shown for representative sequences from each species. Fully conserved
residues (single letter), conserved hydrophobic residues (e), and conserved polar residues
(o) are marked above the sequences. Secondary structure is derived from the structure of M.
tuberculosis Rv0899. Conserved regions include a transmembrane domain (TM), two BON
domains (pfam04972) and one OmpA-like domain (pfam00691). Alignments were rendered
with ClustalX coloring using Jalview.1” Sequences are grouped by organism class: (A)
actinobacteria; (N) nitrospira; (o)) a-proteobacteria; () B-proteobacteria; (y) v-
proteobacteria; (€) e-proteobacteria.
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Figure 2. Neighbour-joining phylogeny tree for the aligned Rv0899 family proteins

The tree was generated with the ClustalW aligned sequences using the neighbor-joining
method,?! using the NCBI BLAST Tree View and Archaeopteryx?2 programs. The scale bar
represents mean residue difference.
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Figure 3. Amino acid conservation in the three-dimensional structure of the BON domain region
of M. tuberculosis Rv0899

Residues that are fully conserved in all Rv0899 family proteins are colored red; residues
with surface-exposed side chains are labeled. The molecular structure was rendered with
PyMol.*0 Amino acid numbering is according to the sequence of M. tuberculosis Rv0899.
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Figure 4. Amino acid sequence alignment of Rv0900 and Rv0901 orthologs from Mycobacterium

and Kribbella species

Alignments are shown for (a) Rv0900 and (b) Rv0901 sequences. Fully conserved residues
(single letter), conserved hydrophobic residues (e), and conserved polar residues (o), are
marked above the sequences. Secondary structures are derived from the structure of M.
tuberculosis Rv0899. Alignments were rendered with ClustalX coloring using Jalview.1’

Proteins. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Marassi

Table 1

Proteins in the Rv0899 family listed by taxonomic groups.

Page 14

CLASS
ORDER
GENUS
SPECIES ORGANISM GENE NCBI RefSeq
ACTINOBACTERIA
Actinomycetales
Mycobacteriaceae
Mycobacterium tuberculosis H37Rv Rv0899 NP_215414
Mycobacterium ulcerans Agy99 MUL_0252 YP_904461
Mycobacterium
Mycobacterium marinum M MMAR_4637 YP_001852895

Nocardioidaceae
Kribbella

Frankiaceae

Mycobacterium kansasii ATCC 12478

Kribbella flavida DSM 17836

Frankia sp. Ccl3
Frankia sp. EAN1pec

MkanA1_010100023014

Kfla_4948

Francci3_1913
Franeanl_2246

ZP_04750863

YP_003382763

YP_481018
YP_001506587

Frankia
Frankia sp. Eullc FraEullc_4798 YP_004018658
Frankia alni ACN14a FRAALA4505 YP_714692
NITROSPIRA
Nitrospirales
Nitrospiraceae
Nitrospira Candidatus Nitrospira defluvii NIDE2575 YP_003798208
0-PROTEOBACTERIA
Rhizobiales
Beijerinckiaceae
Beijerinckia Beijerinckia indica subsp. indica ATCC 9039  Bind_1196 YP_001832327
Bradyrhizobiaceae
Nitrobacter Nitrobacter hamburgensis X14 Nham_0631 YP_575979
Bradyrhizobium Bradyrhizobium japonicum USDA 110 blr1084 NP_767724
Oligotropha Oligotropha carboxidovorans OM5 OCAR_4642 YP_002287650
Rhodopseudomonas Rhodopseudomonas palustris CGA009 RPA4784 NP_950118
Afipia Afipia sp. INLS2 AfiDRAFT_2335 ZP_07027206

B-PROTEOBACTERIA

Rhodocyclales
Rhodocyclaceae
Dechloromonas
Burkholderiales

Oxalobacteraceae

Dechloromonas aromatica RCB

Daro_2186
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CLASS
ORDER
GENUS
SPECIES ORGANISM GENE NCBI RefSeq
Herbaspirillum Herbaspirillum seropedicae SmR1 Hsero_4029 YP_003777408
Cupriavidus Cupriavidus taiwanensis RALTA_B1027 YP_002007692
Ralstonia solanacearum GMI11000 RS01947 NP_522322

Burkholderiaceae

Burkholderia (cepacia complex)

Burkholderia

Burkholderia (pseudomallei group)

Burkholderia multivorans ATCC 17616
Burkholderia vietnamiensis G4
Burkholderia sp. 383

Burkholderia cenocepacia J2315
Burkholderia dolosa AUO158
Burkholderia ambifaria
Burkholderia glumae BGR1
Burkholderia graminis C4D1M
Burkholderia phytofirmans PsIN
Burkholderia thailandensis TXDOH
Burkholderia pseudomallei K96243
Burkholderia oklahomensis C6786
Burkholderia mallei ATCC 23344

BMULJ_00324
Bcep1808_0469
Bcep18194_A3573
BCALO0349
BDAG_02659
BamMC406_0418
bglu_1g03970
BgramDRAFT_6351
Bphyt 4921
BthaT_010100033018
BPSL3099
BokIC_010100016479
BMAZ2828

YP_001944835
YP_001118316
YP_367818
YP_002229515
ZP_04946714
YP_001807131
YP_002910300
ZP_02887541
YP_001888655
ZP_02375888
YP_109694
ZP_02364314
YP_104341

y-PROTEOBACTERIA

Pseudomonadales

Moraxellaceae

Acinetobacter

Xanthomonadales
Xanthomonadaceae
Xanthomonas

Stenotrophomonas

Acinetobacter radioresistens SK82

Acinetobacter baumannii AYE

Xanthomonas oryzae pv. oryzae KACC10331
Stenotrophomonas sp. SKA14

ACIRA0001_2398
ABAYE2406

X003515
SSKA14_3746

ZP_05359661
YP_001714238

YP_202154
ZP_05136662

e-PROTEOBACTERIA

Campylobacterales
Campylobacteraceae

Acrobacter

Campylobacterales bacterium GD1

Arcobacter butzleri RM4018

CBGD1_825
Abu_0025

ZP_05070558
YP_001488979
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