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AfﬁCl_e history: The family Rhizobiaceae includes many genera of soil bacteria, often isolated for their association with
Received 30 June 2019 plants. Herein, we investigate the genomic diversity of a group of Rhizobium species and unclassified
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whole-genome similarity and core genome phylogeny, we show that this group corresponds to the genus
Pseudorhizobium. We thus reclassify Rhizobium halotolerans, R. marinum, R. flavum and R. endolithicum
as P. halotolerans sp. nov., P. marinum comb. nov., P. flavtum comb. nov. and P. endolithicum comb.
nov., respectively, and show that P. pelagicum is a synonym of P. marinum. We also delineate a new
chemolithoautotroph species, P. banfieldiae sp. nov., whose type strain is NT-26" (=DSM 106348™ = CFBP
8663T). This genome-based classification was supported by a chemotaxonomic comparison, with increas-
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Ecological specialization ing taxonomic resolution provided by fatty acid, protein and metabolic profiles. In addition, we used a
Phylogenomics phylogenetic approach to infer scenarios of duplication, horizontal transfer and loss for all genes in
Pangenome analysis the Pseudorhizobium pangenome. We thus identify the key functions associated with the diversification

of each species and higher clades, shedding light on the mechanisms of adaptation to their respective
ecological niches. Respiratory proteins acquired at the origin of Pseudorhizobium were combined with
clade-specific genes to enable different strategies for detoxification and nutrition in harsh, nutrient-poor

environments.
© 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Bacteria of the family Rhizobiaceae (Alphaproteobacteria) are
usually soil-borne and found in association with plant roots, where
they mostly rely on a saprophytic lifestyle degrading soil organic
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biotic or pathogenic relationship with a specific host plant, with
the ability to switch to these lifestyles being determined by the
presence of adaptive megaplasmids in the bacterium [8,19,74].

Itis more unusual to isolate Rhizobiaceae strains from an arsenic-
containing rock in a sub-surface environment mostly devoid of
organic matter such as the Granites goldmine in the Northern
Territory, Australia [53]. Rock samples from this mine containing
arsenopyrite (AsFeS) were used to enrich for and isolate organisms
(designated NT-25 and NT-26) capable of using arsenite (oxidation
state +3, i.e. As(Ill)) as the electron donor coupling its oxidation to
arsenate (As(V)) with oxygen and using carbon dioxide as the sole
carbon source [53]. 16S rRNA gene sequence analysis revealed that
these strains were very closely related and likely belonging to the
same species in the family Rhizobiaceae; they were provisionally
named Rhizobium sp. [53]. However, recent advances in multi-locus
sequence analysis (MLSA) and genome sequencing led to the recog-
nition of the polyphyly of the genus Rhizobium. Subsequently, the
taxonomy of Rhizobiaceae was largely revised, with many Rhizo-
bium species being reclassified in newly created genera, including
Neorhizobium, Pararhizobium, Allorhizobium and Pseudorhizobium
[25,41,42,44] suggesting that the taxonomic status of NT-25 and
NT-26 should be re-examined.

The strains NT-25 and NT-26 can withstand very high levels of
arsenic (greater than 20 mM arsenite and 0.5 M arsenate), thanks to
functions encoded notably by the aio, ars and phn/pst genes, which
are for most located on an accessory 322-kb megaplasmid distantly
related to symbiotic plasmids of rhizobia [1]. In addition, these
strains can gain energy from the oxidation of arsenite, a function
encoded by the aio operon, with the mechanism in NT-26 studied in
detail [4,5,14,51,52,54,71]. Comparative genomics showed that this
operon formed a stable genetic unit found sporadically in a diverse
set of bacteria, with the most closely related sequences found in
members of the Rhizobiaceae [1,2].

Having identified the genetic features allowing NT-25 and NT-
26 to live in harsh environments, we sought to investigate if this
combination of adaptive determinants were only present in these
ecologically specialized strains, or if they were the trademark of
a wider taxononomic group. We thus searched organisms closely
related to NT-25/NT-26 based on their 16S rRNA sequence. Their
closest relative, strain TCK [15], was selected for its ability to oxi-
dize sulphur compounds, including hydrogen sulphide, sulphite
and thiosulphate, a phenotype shared by NT-25 and NT-26 [1].
Other close relatives were strikingly all isolated from polluted
environments: R. sp. strain Khangiran2 from a soil contaminated
with petroleum, R. sp. strain Q54 from an arsenic-contaminated
paddy soil; R. flavum strain YW14 from organophosphorus
insecticide-contaminated soil [20] and R. halotolerans AB21 from
soil contaminated with the detergent chloroethylene [16]. Inter-
estingly, several pathways mediating resistance to these toxic
compounds or relating to their metabolism rely on the cellular
respiration machinery, including oxidative degradation of noxious
organic compounds, or the oxidation of arsenite. The more distantly
related species R. endolithicum has the peculiar ability to live within
a rock matrix [46], whereas the even more distant relatives Pseu-
dorhizobium pelagicum and R. marinum live in open sea waters, a
quite unusual feature within the Rhizobiaceae [25,37]. The environ-
ments these organisms were isolated from suggest bacteria in this
group have a special ability to live in habitats that are chemically
harsh and depleted in organic nutrients.

We sequenced the genomes of all known bacterial isolates
closely related to Rhizobium sp. NT-26, resulting in eight com-
plete or almost complete genome sequences. We complemented
our dataset with all currently available complete or near-complete
genome data for the bacterial families Rhizobiaceae and (clos-
est relative) Aurantimonadaceae. We used this extensive dataset
to compute a robust phylogenomic tree covering a broad taxo-
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nomic scope, which led us to the delineation of a new species,
Pseudorhizobium banfieldiae sp. nov., and the reclassification of
four species into the genus Pseudorhizobium. Using a phyloge-
netic framework, we analysed the distribution and history of all
pangenome genes in this genus, and revealed key genetic innova-
tions along its diversification history. Crucially, a large repertoire
of respiratory chain proteins was acquired by the ancestor of
Pseudorhizobium and later expanded in descendant lineages. The
diversification of Pseudorhizobium species was then marked by
their respective acquisition of unique metabolic pathways, pro-
viding each species with some specific detoxification mechanisms.
Finally, we predicted and experimentally tested phenotypic traits
that characterize and distinguish the studied species, providing at
least one new diagnostic phenotype (inhibition of growth of P. ban-
fieldiae by the azo dye Congo Red).

Methods
DNA extraction, genome sequencing and genome assembly

Two independent projects were conducted at University
College London (UCL; London, UK) in collaboration with the
Earlham Institute (Norwich, UK) and at the Leibniz Institute-
DSMZ (Braunschweig, Germany) for the genome sequencing
of strains Rhizobium sp. NT-25 (=DSM 106347) [53], R. flavum
YW14T (=DSM 1021347 =CCTCC AB2013042T=KACC 17222T)
[20], R sp. Q54 (=DSM 106353), R. sp. TCK (=DSM 13828)
[15] and Khangiran2 (=DSM 106339=IBRC-M 11174). In addi-
tion, strains R. halotolerans AB21T (=DSM 1050417 =KEMC
224-056"=]JCM 17536") [16], R. endolithicum JC140T (=DSM
1049727 =KCTC32077T =CCUG64352T =MTCC11723T =HAMBI
24477) [46] and R. sp. P007 [ 18] were sequenced only at the DSMZ.

For long-read sequencing, cells were cultured at UCL until
stationary phase in a minimal-salts medium (MSM) containing
0.08% yeast extract (YE) at 28°C [53]. Genomic DNA was extracted
using the Wizard DNA Purification kit (Promega, Madison, Wis-
consin) according to the manufacturer’s instructions. Quality of
the genomic DNA was assessed as described in the Supple-
mentary Methods. DNA libraries were prepared for sequencing
at the Earlham Institute on the PacBio RSII platform using C4-
P6 chemistry with one SMRT cell per genome. This generated
82-174 x 103 long reads per genome (mean: 139 x 103), represent-
ing 0.332-1.26 x 10° bp (mean: 0.982 x 10?). Illumina short-read
sequencing and short read-only genome assembly was conducted
at the DSMZ, as previously described [73]. Hybrid assembly of short
and long reads was performed using the Unicycler software (ver-
sion 0.4.2, bold mode) [72], relying on the programs SPAdes [3] for
prior short read assembly, miniasm [35] and Racon [69] for prior
long-read assembly and Pilon [68] for polishing of the consensus
sequence.

Unless specified otherwise, the following bioinformatic analy-
ses were conducted using the Pantagruel pipeline under the default
settings as described previously [31] and on the program webpage
http://github.com/flass/pantagruel/. This pipeline is designed for
the analysis of bacterial pangenomes, including the inference of a
species tree, gene trees, and the detection of horizontal gene trans-
fers (HGT) through species tree/gene tree reconciliations [64]. A
more detailed description of genomic datasets and bioinformatic
analyses is given in Supplementary methods.

Genomic dataset

We used Prokka [56] as part of Pantagruel (task 0) to anno-
tate the new genomes sequences, using a reference database of
annotated proteins from the Rhizobium/Agrobacterium group (see
Sup. Methods and list of reference genomes at https://doi.org/10.
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6084/m9.figshare.13118405). We complemented our set of eight
new genomes with a dataset of 563 publicly available bacterial
genomes obtained from the NCBI RefSeq Assembly database that
cover the alphaproteobacterial families Rhizobiaceae and (sister
group) Aurantimonadaceae, for a total of 571 genomes (dataset
‘571Rhizob’).

Reference species trees

From the 571Rhizob genome dataset, we define the pseudo-
core genome (thereafter referred as pCGs71) as the set of genes
occurring only in a single copy and present in at least 561 out of
the 571 genomes (98%). The pCGs71 gene set includes 155 loci, for
which protein alignhments were concatenated and used to com-
pute a reference species tree (Sys71) with RAXML [59] under the
model PROTCATLGX; branch supports were estimated by generat-
ing 200 rapid bootstraps. From the Sy 571 tree, we identified the
well-supported clade grouping 41 genomes including all represen-
tative of Neorhizobium spp. and Pseudorhizobium spp. and our new
isolates (dataset ‘41NeoPseudo’). We restricted the pCGs71 concate-
nated alignment to the 41 genomes of this clade of interest, which
we used as input to the Phylobayes program and ran a more accu-
rate (but computationally more expensive) Bayesian phylogenetic
inference under the CAT-GTR + G4 model [30] to generate a robust
tree for the 41 genomes (Sga41). We finally used this Sgaq; tree
as a fixed input topology for Phylobayes to infer an ultrametric
tree (unitless ‘time’ tree) under the CIR clock model [34], further
referred to as Tga41.

Gene trees, reconciliations and orthologous group classification

Gene trees were computed for each of the 6714 homolo-
gous gene family of the 41-species pangenome with at least four
sequences using MrBayes [48]| under the GTR+4G +1 model. The
resulting gene tree samples had the first 25% trees discarded as
burn-in and we used the remainder as input for the ALEmlI pro-
gram [63-65], to reconcile these gene trees with the reference tree
Tga41 and estimate evolutionary scenarios for each gene family, fea-
turing events of gene duplication, transfer and loss (DTL). Based
on the estimated gene family evolutionary scenarios, we could
define orthologous gene groups (OGGs) based on a true criterion
of orthology, i.e. common descent from an ancestor by means of
speciation only [17], rather than a proxy criterion such as bidirec-
tional best hits (BBH) in a similarity search. This has the advantage
of explicitly detecting the gain of an OGG in a genome lineage
by ways of HGT or gene duplication. We then built a matrix of
OGG presence/absence in the ‘41NeoPseudo’ dataset, and com-
puted the clades-specific core genome gene set for each clade of the
species tree Sgaq1. Hierarchical clustering was performed based on
the OGG presence/absence matrix using the pvclust function form
the pvclust R package version 2.0—-0 [61] with default settings, to
obtain bootstrap-derived p-values (BP) and approximately unbi-
ased (AU) branch support estimates. We compared the distribution
of functional annotations (Gene Ontology terms) between sets of
genes specific to each clade in the Sga4; tree and corresponding
reference gene sets made of the clade’s core-genome or the clade’s
pangenome.

Overall genome relatedness measurement

We used the GGDC tool (version 2.1) for digital DNA-DNA
hybridization (dDDH) to compare the genomes of the closest
relatives of the NT-25/26 clone, using the formula d4 (BLASTN iden-
tities/HSP length) [39]. We also used compareM [47] to estimate
the amino-acid average identity (AAI) [27] between genomes of
the 41NeoPseudo dataset.
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Biochemical tests

A range of phenotypic assays were performed on a set of ten
strains, including the five newly PacBio-sequenced strains as well
as the relevant type strains. Salt tolerance: growth of strains was
assayed at 28°C in liquid R2A medium (DSMZ medium 830) sup-
plemented with increasing concentrations of NaCl (0-9% range was
tested) to determine their minimum inhibitory NaCl concentration
(MICpacr)- Congo Red assay: strains were plated on yeast extract
- mannitol agar medium (YEM) [60] with 0.1 g/L Congo Red dye
for seven days. The commercial biochemical identification system
for Gram-negative bacteria ‘Api 20 NE’ (BioMérieux) was used for
an initial analysis of the biochemical capacities. High-throughput
phenotyping was conducted using the Genlll microplates (Biolog,
Inc., Hayward, California) for testing for growth with 94 single car-
bon or nitrogen nutrient sources or with inhibitors (antibiotics, salt,
etc.). The Genlll phenotype data were analysed using the 'opm’ R
package [68]. The association of accessory gene occurrence with
phenotypic profiles obtained with the Biolog Genlll (continuous
values) was tested using the phylogenetic framework implemented
in the ‘treeWAS’ R package [12].

MALDI-TOF typing

Sample preparation for MALDI-TOF mass spectrometry was car-
ried out according to Protocol 3 in Ref. [55]. Instrumental conditions
for the measurement were used as described by Ref. [67]. The
dendrogram was created by using the MALDI Biotyper Compass
Explorer software (Bruker, Version 4.1.90).

Fatty acid profiles

Fatty acid methyl esters were obtained as previously described
[24] and separated by using a gas chromatograph (model 6890 N;
Agilent Technologies). Peaks were automatically computed and
assigned using the Microbial Identification software package
(MIDI), TSBA40 method, Sherlock version 6.1. The dendrogram
was created with Sherlock Version 6.1. Polar lipids and respiratory
lipoquinones were extracted from 100 mg freeze-dried cells and
separated by two-dimensional silica gel thin layer chromatography
by the identification service of the DSMZ as previously described
[21].

Results
Genome sequencing of eight new Rhizobiaceae genomes

We determined the genome sequences of strains Rhizobium sp.
NT-25, R. flavum YW14T, R. sp. Q54, R. sp. TCK and R. sp. Khangi-
ran2 using hybrid assembly of [llumina short sequencing reads and
PacBio long reads, both at high coverage (Sup. Table S1). Hybrid
assembly yielded high-quality complete genomes with all circular-
ized replicons (chromosomes and plasmids) for all strains except
Q54. In the genome assembly of strain Q54, only one 463-kb plas-
mid is circularized, leaving eleven fragments, of which one is
chromosomal (size 3.79 Mb) and ten (size range: 1-216 kb) that
could not be assigned to a replicon type. In addition, strains AB21,
JC140 and PO07 were sequenced using Illumina short sequencing
reads only; their assembly produced high-quality draft genomes,
with 20-84 contigs, with N50 statistics ranging 336-778 kb and
average coverage 43x-75x (Sup. Table S1). All these genomes carry
plasmids, with one to four confirmed circular plasmids in strains
NT-25, TCK, YW14 and Khangiran2 (plasmid size range: 15-462 kb)
and possibly more for strains Q54, AB21, JC140 and P007.
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Fig. 1. Bayesian phylogenetic tree of 41 organisms from the Neorhizobium and Pseudorhizobium genera and close relatives (Sga41 ). Tree obtained with Phylobayes under the
GTR-CAT protein evolution model, based on a concatenated alignment of 155 pseudo-core protein loci. All posterior probability branch supports are 1.00 unless indicated.
The organism name is followed (after the pipe symbol |) by the identifier in the Pantagruel pangenome database of this study. Strains whose species or genus affiliation are
corrected in this study are marked with an asterisk * or caret ; respectively. Species type strains are in bold. The clade N. galegae was collapsed; it includes the type strain N.
galegae bv. orientalis HAMBI 5407 (organism id: NEOGAL2). The full tree is presented in Sup. Fig. S2. A schematic view of the phylogenetic context of this group is indicated
in inset (based on tree Suis71, which presented in full in Sup. Fig. S1). Raag: R. aggregatum; Rory: R. oryzae; Rrhizo: R. rhizosphereae. The alignment and tree files are available

on Figshare (doi: 10.6084/m9.figshare.8316827).

well-separated clade from Neorhizobium, i.e. the Pseusdorhizobium
genus. Accordingly, we propose that strains NT-25, NT-26 and TCK
should form a new species in this genus and we propose to name
it "Pseudorhizobium banfieldiae(Pban).

The positions of strains “Rhizobium oryzae” B4P and “R. vignae”
CCBAU 05176 in the Sy 571 and Sgas1 phylogenetic trees (Sup. Fig.
S1, S2) and their pairwise AAI values (Table S2) makes it clear
that they were incorrectly named and should be designated as
Neorhizobium. sp. B4P and N. galegae CCBAU 05176. Similarly, other
strains present in the clade corresponding to the genus Neorhizo-
bium and currently identified as Rhizobium sp. need to be renamed
as Neorhizobium sp.: strains YS-1r, NFRO7, NFR12, Leaf306 and
Leaf321.

We compared the phylogenies based on core genome align-
ment to those obtained with alternative sources of information on
genomic variation (detailed in Suppl. Text). Based on the distribu-
tion of pangenome genes, i.e. the presence/absence of orthologous
accessory genes in the ‘41NeoPseudo’ genomes (Scr41), @ hier-
archical clustering shows a very similar picture to Sgasq, With
good support for most branches leading to major clades and
species (Fig. 2B; Sup. Fig. S3). Low support for the branch sep-
arating Pfla YW14T from Phalo strains Khangiran2 and AB21T
suggests frequent HGT between these species. Additionally, strains
that branch deep in the Sgag; tree all cluster together as a sis-
ter group of the Pseudorhizobium clade. This limited resolution
of gene presence/absence data beyond the species level may be

explained by inter-specific HGT, possibly driven by convergent
adaptation.

Phylogenetic trees were also built from a restricted set of clas-
sic marker genes (atpD, recA, rpoB, glnll and gyrB), either separately
or in concatenation, i.e. in a multi-locus sequence analysis (MLSA)
(Supp. Methods; Supp. Dataset S1). The monophyly of all species
within Pseudorhizobium is recovered with the MLSA, but not with
any single marker gene. However, the deeper grouping Phalo+Pfla
is not recovered by the MLSA tree, with the inclusion of Phan in
that clade being moderately supported (see Suppl. Text). These
results indicate that marker gene-based analyses are mostly con-
sistent with the information obtained from whole genomes, with
MLSA providing a satisfying framework for species typing of Pseu-
dorhizobium strains. However, the study of deeper evolutionary
relationship and the classification of distant strains should be based
on genome-wide data, in accordance to recent guidelines [29].

Phenotype-based classification

We found that clustering of strains based on data generated
from lipid, protein or metabolic screens yielded a classification
broadly similar to the one obtained from core-genome align-
ments. Fatty acid profiling showed the poorest resolution as
it could not discriminate between species (Fig. 2C). However,
it distinctly clustered Pban+Phalo+Pfla+Pendo to the exclusion
of its outgroups Neorhizobium and P. marinum, indicating a
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09. Pseudorhizobium marinum R1-200B4

10. Pseudorhizobium marinum R2-400B4

11. Pseudorhizobium marinum MGLO6™ (DSM 106576)
12. Neorhizobium galegae HAMBI 5407 (DSM 11542)

04. Pseudorhizobium halotolerans AB21™ (DSM 105041)
05. Pseudorhizobium halotolerans Khangiran2 (DSM 106339)
06. Pseudorhizobium flavum YW14™ (DSM 102134)

[ 07. Pseudorhizobium endolithicum JC140™ (DSM 104972)

08. Pseudorhizobium endolithicum Q54 (DSM 106353)
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Fig. 2. Phylogenetic clustering of Pseudorhizobium strains based on genomic and phenotypic characters.

A numeric code corresponding to strains as indicated in panel (A) is used in the other panels. A. Bayesian tree Sgas1 based on core genome gene concatenate, adapted from
Fig. 1; R. leguminosarum is indicated as an outgroup, in accordance with the maximum-likelihood tree Sy s7; based on the same core genome gene set and wider taxon sample.
B. Hierarchical clustering dendrogram based on the accessory gene content of strains defined at the orthologous group level. C-E. Hierarchical clustering dendrogram based
on phenotypic data relating to fatty acid content, protein content and metabolic abilities. Underlying data are available on Figshare: doi: 10.6084/m9.figshare.8316827; doi:

10.6084/m9.figshare.8316383; doi: 10.6084/m9.figshare.8316746.

synapomorphic change of lipid composition at the common
origin of these four species. A proteome screen (using MALTI-
TOF mass spectrometry) further differentiated Pendo from the
group Phalo+Pfla+Pban (Fig. 2D). Metabolism profiles (based on
growth curves in 95 different conditions) proved the most accu-
rate sequence-independent predictor of the phylogenomic tree
as it also distinguished the group Phalo+Pfla from Pban and
thus almost completely mirrored the branching pattern in the
genus Pseudorhizobium (Fig. 2E). All phenotype screens how-
ever led to cluster Pmari MGLOGT with outgroups N. galegae
and R. leguminosarum (Fig. 2C-E), showing the limited ability of
chemotaxonomic and phenotypic analyses to resolve taxonomy at
deeper evolutionary scales, likely due to convergence of adaptive
traits.

Clade-specific gene sets reveal specific functions and ecologies

We inferred gene family evolution scenarios accounting for
HGT history by reconciling gene tree topologies with that of the
species tree Sga41. Based on these scenarios, we delineated groups
of orthologous genes that reflect the history of gene acquisition
in genome lineages - every gain of a new gene copy in a genome
lineage creating a new OGG. We looked for groups of OGGs with

contrasting occurrence patterns between a focal clade and its rel-
atives, to identify specific events of gene gain or loss that led to
the genomic differentiation of the clade. Data for all clade compar-
isons in our ‘41NeoPseudo’ dataset are presented in Sup. Table S3
and are summarized below for the clades on the lineage of strain
NT-26; more detailed information and description of gene sets spe-
cific to other groups are listed in the Supplementary Text. Major
gene sets that have contrasting pattern of occurrence in Pseudorhi-
zobium are listed in Table 2 and those specifically contributing to the
differentiation of the NT-25/26 clone lineage are depicted in Fig. 3.

‘NT-25/NT-26 clone’

Genes specific to this group are mostly part of mobile or selfish
elements. As expected from previous studies [1], this includes the
322-kb plasmid in NT-26 and homologous 119-kb plasmid in NT-
25 that carry the arsenite oxidation aio locus and extra copies of the
arsenic resistance ars operon and the pst/phn locus, which encode
phosphate-specific transporters with high affinity for phosphate
but not forits structural analogue arsenate. In addition, the chromo-
some is laden with specific mobile elements. A prophage is located
between two tRNA genes (positions 1347-1419 kb; length 71 kb)
characterized by an entire set of phage structural genes and an inte-
grase gene at the end of the locus, with no other identified function
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Table 2
Main phenotypic and genotypic features distinguishing Pseudorhizobium species.
Genus Pseudorhizobium Neorhiz. Rhizobium
1 2 3 4 5 6 7 8 9 10 11

Species Pban Pban Pban Phalo Phalo Pflavo Pendo Pendo Pmari Ngale Rlegu
Strain NT-26 NT-25 TCK AB21 Khangiran2  YW14 JC140 Q54 MGLO6  HAMBI 540 USDA 2370
DSM 106348 106347 13828 105041 106339 102134 104972 106353 106576 11542 106839

Phenotypic traits
Max NaCl tolerance (% w/v) 5 5 4 5 6 5 4 3 7 0 0
Chemoautotrophy (CO; fixation) + + + - - - - - - _ _
Thiosulfate oxidation + + + n/a n/a n/a n/a n/a n/a n/a nja
Inhibition by Congo Red dye?® I I I T I T T T T T n/a

Biolog Genlll metabolic activities
CO07 (L-Fucose) - - - + + - + + + + +
EO5 (L-Aspartic Acid) - - w + - w + - - _
EO8 (L-Pyroglutamic Acid) + + + + + + - - + - -
E09 (L-Serine) - - - w + w + + w - _
F04 (D-Gluconic Acid) + + w + + - + + + + w
G07 (D-Malic Acid) + + w - - - - _ _ + +
HO7 (Propionic Acid) - - - w w - - _ w

Genotypic traits

Predicted pathways/activities
Arsenic oxidation + + - - - - - - - - _
Calvin cycle + + + - - - - - _ _ -

GIcNAc O-antigen + + + - - - _ _ _
Cellulose synthase - - - + + + + + + + +
Sulfur oxidation + + + + + + - - - - -
Phenylacetate degradation + + + + + + - - - - -
Carotenoid biosynthesis - - - + + - - - - - -
Cyanase + + + + + + - + -
PQQ biosynthesis + + + + + - + + - -
PQQ-dependent metabolism + + + + + + + + _ _ _

a: I: inhibited; T: tolerant.
n/a: data not available.

P. banfieldiae NT-26T
P. banfieldiae NT-25

P. banfieldiae TCK

P. flavum YW14T

Fig. 3. Phylogenetic distribution of selected pathways in Pseudorhizobium.
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A circle indicates the presence of the genes or pathway in the genome. For the collapsed Neorhizobium clade, the frequency of presence of the genes is indicated by the area

of the circle.

in its gene cargo. A putative integron (positions 352-394 kb; length
41 kb) is characterized by an integrase gene at the end of the locus,
next to a tRNA gene; it also carries several genes involved in trans-
port and metabolism of a putative branched-chain carbohydrate
substrate.

‘Pseudorhizobium banfieldiae’ (Pban)

Of all the genes exclusively present in Pban compared to
other Pseudorhizobium, the most striking feature is a locus encod-
ing the Calvin cycle pathway (including the RuBisCO enzyme)

and respiratory chain cytochromes, the main determinants of
chemoautotrophy in this species. This locus belongs to a larger
Pban-specific region composed of two closely located 27-kb
and 80-kb fragments, which suggests it results from the recent
insertion and domestication of a mobile element (likely inter-
rupted by an even more recent insertion/rearrangement). Among
the 37 Pban-specific genes in this extended region, several
code for enzymes of the classes oxidoreductase, monooxyge-
nase, decarboxylase and glutathione-S transferase, which all use
reduced electron acceptors and/or protons, and with their puta-
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tive substrates including aromatic cyclic and halogenated organic
compounds.

This suggests a functional link between chemoautotrophy and
detoxification pathways. Reconstructed HGT scenarios indicate
that the donor of these genes was a deep-branching lineage of
Neorhizobium (Sup. Fig. S4; Sup. Table S4), but also that it was
preceded by series of HGT events, dated as early as the diversifi-
cation of the Neorhizobium/Pseudorhizobium group. This suggests
genes coding for chemoautotrophy have been circulating for a
long time in this wider taxon, and were later fixed in the Pban
lineage. Other Pban-specific genes include a locus putatively encod-
ing the biosynthesis of a lipopolysaccharide O-antigen with an
N-acetylneuraminic acid (Neu5Ac) function, and a 26-kb region
encoding putative enzymes and transporters related to pathways
for the utilization of taurine and for the degradation of (possibly
halogenated) aromatic compounds (Sup. Table S5).

Conversely, several genomic regions have been lost in the
Pban lineage. An operon that encodes a multimeric Na*/H* cation
antiporter was present in the ancestor of of Pban, Phalo, Pfla and
Pendo, then specifically lost in Pban; a homolog is present in Pmari
strain MGLOGT, with the gene evolution scenario indicating this
gene is a HGT recipient from Phalo to MGLO6. An operon encod-
ing a cellulose synthase is present in all other Pseudorhizobium
species, indicating the likely presence of a cellulose-like polymer in
their exopolysaccharide, but not in Pban where it was lost. Finally,
Pban genomes specifically lack genes coding for a respiratory com-
plex including several cytochrome c oxidases, in linkage with a
gene encoding the EutK carboxysome-like microcompartment pro-
tein, whose known homologues are involved in the degradation of
ethanolamine (see Supplementary text). This respiratory complex-
encoding locus often includes genes coding for redox enzymes
that may be the terminal electron acceptor; interestingly, these
genes vary with the species (Sup. Fig. S5): Pfla YW14 carries a
copper-containing nitrite reductase, while Phalo strains AB21 and
Khangiran2 carry a (non-homologous) TAT-dependent nitrous-
oxide reductase; the locus in Pendo strains harbours no gene
encoding such terminal electron acceptor, but other genes encoding
metabolic enzymes that differ among strains. This suggests that this
respiratory chain and associated putative micro-compartment are
used as an evolutionary flexible platform for the reductive activities
of these organisms.

‘Pseudorhizobium sub-clade Pban+Phalo + Pfla’

The Pban+Phalo + Pfla clade presents two large specific gene sets:
the 20-kb super-operon paa coding for the uptake and degradation
of phenylacetate, and the 13-kb locus including the soxXYZABCD
operon that encodes the sulphur oxidation pathway, allowing the
lithotrophic oxidation of thiosulphate.

‘Pseudorhizobium sub-clade Pban+Phalo + Pfla + Pendo’

Genes specific to the Pban+Phalo + Pfla + Pendo clade are enriched
in the cellular process of NAD cofactor biosynthesis (GO:0009435),
tryptophan catabolism (G0:0019441) and phosphatidic acid
biosynthesis (GO:0006654). They also carry an operon encoding a
thiosulphate sulphurtransferase with a pyrroloquinoline quinone
(PQQ)-binding motif, a SoxYZ-like thiosulphate carrier and a SoxH-
like metallo-protease and a membrane-bound PQQ-dependent
dehydrogenase with glucose, quinate or shikimate as predicted
substrates. In addition, a 17-kb locus including the pqgBCDE operon
involved in the biosynthesis of cofactor PQQ and PQQ-dependent
methanol metabolism enzymes was also specifically gained in this
clade, but later lost by Pfla strain YW14.

Pseudorhizobium (Pban+Phalo+Pfla+Pendo+Pmari)
In comparison with the closely related genus Neorhizobium,
Pseudorhizobium-specific genes are over-represented in genes
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involved in cellular processes related to energy metabolism:
‘aerobic respiration’ (GO:0009060) and ‘electron transport cou-
pled proton transport’ (GO:0015990), and to anabolic processes,
including the biosynthesis of cofactor NAD (G0:0009435), lipid
precursor acetyl-CoA from acetate (GO:0019427) and amino-
acid asparagine (G0:0006529). In addition, a Pseudorhizobium-
specific operon encodes the biosynthesis of osmoprotectant
N-acetylglutaminylglutamine (NAGGN).

Other Pseudorhizobium species

Traits specific to other clades, including the species Pendo,
Pmari and Phalo, are discussed in the Supplementary Text. Among
the many species-specific traits found, we can highlight the fol-
lowing predictions: Phalo features a specific pathway involved
in the biosynthesis of carotenoids; Pendo has specific accessory
components of its flagellum, and misses many genes that are oth-
erwise conserved in the genus, including a cyanase gene; Pmari,
as the most diverged species in the genus, has several hun-
dred species-specific genes, including a 27-kb locus coding for a
potassium-transporting ATPase, extrusion transporters and degra-
dation enzymes with putative phenolic compound substrates, and
a poly(3-hydroxybutyrate) (PHB) depolymerase.

Validation of bioinformatic predictions of phenotypes

We aimed to experimentally validate the predictions of clade-
specific phenotypes that would allow us to distinguish taxa and
also to confirm the bioinformatically predicted functions of the
identified genes. We thus implement a new version of the polypha-
sic approach to taxonomy [58], where genome-based discovery of
phenotypes complements genome relatedness-based delineation
of taxa, and ultimately would help us link the conservation of a
genotype in a taxon with relevant aspects of its ecology [32]. We
focus on P. banfieldiae, for which our dataset provides the best
phylogenetic contrast, with three genomes sampled within the
taxon and eight genomes sampled in close relatives, ensuring the
robust identification of species-specific genes (Fig. 3). We describe
below the clade-specific phenotypic traits that were experimen-
tally validated. For other predicted traits, i.e. the specific utilization
of taurine and phenylacetate for Pban and Pban+Phalo+Pfla clades,
respectively, the experimental test did not match the expectations
(see Supplementary text).

Pban-specific chemolithoautotrophy

This is a known trait of all Pban strains, which were indeed iso-
lated for that particular property [15,53]. All strains can grow with
thiosulphate as a sole electron source and by fixing carbon dioxide
as a C source; the use of arsenite as an electron donor is unique to
the NT-25/26 clone, due to the presence of the aio operon on the
clone’s specific plasmid.

Genus-wide salt tolerance

Tolerance of salt is a known trait of all previously reported
strains of Phalo (up to 4% NacCl), Pfla (up to 4% NacCl), Pendo (up to
5% NaCl), and Pmari (up to 7% NaCl for former P. pelagicum strains
and up to 9% NaCl for strain MGLOG"), having indeed inspired the
choice of the species epithet of R. halotolerans [16,20,25,37,46].
This phenotype could be conferred, at least in part, by the expres-
sion of a Na*/H* antiporter, a function that was identified as a
marine niche-associated trait in Rhodobacteraceae [57]. The Na*/H*
antiporter genes are missing in Pban, leading us to predict a lower
salt tolerance in this species (Fig. 3). The ability to grow in NaCl
concentrations ranging from 0 to 9% was tested for 11 strains of
Pseudorhizobium and related organisms (Sup. Table S6). The results
showed no significant difference between Pban and other species
in the genus with all tolerating up to 3-6% NaCl under our test
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conditions, apart from Pmari strain MGLO6, which still grew in
the presence of 7% NaCl, rejecting the hypothesis of the presence
of a Na*/H* antiporter as cause of this phenotype. The common
baseline of salt tolerance in Pseudorhizobium suggests that core
genes encode salt tolerance factors or, less parsimoniously, that all
lineages have convergently evolved such traits. The levels of salt tol-
erance we measured are lower than previously reported for Pendo
and Pmari, and higher for Phalo, suggesting that other factors that
determine salt tolerance in other conditions were not expressed in
our experiment.

Pban-specific lack of production of a cellulose polymer

Pban and Phalo strains were plated on yeast extract—-mannitol
agar medium (YEM) supplemented with 0.1 g/l Congo Red dye, a
characteristic marker of beta-glucan polymers, to test for the pres-
ence of cellulose or a related polymer such as curdlan in their
capsular polysaccharide [26]. Contrary to expectations, P. banfiel-
diae strains were coloured by the dye, which was observed for other
tested Pseudorhizobium strains. Pban strains had an salmon-orange
hue, while strains from closest relative species Phalo and Pfla had a
more intense red or pink-red colour, suggesting that they bound the
dye more strongly (Sup. Fig S6; Sup. Table S7). In addition, growth
of Pban strains was inhibited in the presence of the Congo Red dye,
resulting in small, dry colonies on YEM plates (Sup. Fig S6; Sup.
Table S7) or no growth on MSM +0.08% YE (data not shown). This
impeded growth phenotype was unique to Pban among studied
Pseudorhizobium strains, except for Phalo strain Khangiran2. The
inhibitory effect of the dye has been previously observed for other
bacteria deficient in the production of beta-glucan polymers [62],
and the inhibition observed on Pban strains could thus reflect the
absence of protection that the cellulose-like polysaccharide pro-
vides to other Pseudorhizobium isolates. The case of Phalo strain
Khangiran2 remains unclear: its growth is inhibited by exposure
to the dye, but its pink-red colour indicates it binds the dye more
strongly than Pban strains, thus suggesting that it does express a
beta-glucan polymer.

Search for genotype-phenotype associations

We took advantage of our well-defined phylogenomic frame-
work and of the compendium of phenotypes that we had tested
(Sup. Table S8) to search for potential associations between the
distribution of accessory genes and the distribution of phenotypes,
with the expectation of revealing new gene functions. Using a
genome-wide association (GWAS) testing framework, we looked
for the basis of significant phenotypes that are not necessarily
distributed following the taxonomical structure of species. Specif-
ically, we explored the association between metabolic traits and
the distribution of OGGs in the accessory genome, using the species
tree to account for potential spurious associations linked to over-
sampling of closely related strains. The GWAS reported numerous
significant associations, listed in Sup. Table S9. Manual exploration
of results singled out only one association with a clear association
pattern that we believe to be of biological relevance: the utiliza-
tion of beta-methyl-Dp-glucoside, observed most strongly in strains
Pban NT-26, Phalo AB21 and N. galegae HAMBI 540, was associ-
ated with the presence of several chromosomal clusters of genes.
These include two operons, one encoding an allophanate hydrolase,
and another encoding a transporter and a dienelactone hydrolase-
related enzyme.

Discussion
The traditional polyphasic approach in bacterial taxonomy com-

bines several criteria, in particular marker gene phylogeny and
biochemical phenotypes, to determine the boundaries of taxa [58].
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The validity of this approach has recently been questioned, due to
the growing evidence that most phenotypes are encoded by genes
that may be accessory within a species or be shared promiscu-
ously among species, making them poor diagnostic characters [28].
Instead, the growing practice in the field is to use whole genome
sequences to estimate similarity between bacterial isolates [10] and
to compute phylogenetic trees based on genome-wide data [44].
A tree provides the hierarchical relationships between organisms,
while the level of overall genome relatedness provides an objec-
tive criterion for the delineation of species. This criterion requires
a threshold, and 70% has been proposed for dDDH, which is equiva-
lent to the classical score of DNA-DNA hybridization (DDH) widely
considered as adequate for species delineation [9], as obtained
using the GGDC tool [39]; we also established that in this dataset,
97% amino-acid average identity (AAI) provides a practical species
threshold. However, similarity thresholds are arbitrary and the rel-
evance of species boundaries proposed based on this sole criterion
may be questioned.

In this study, pairwise genome similarities among strains
Khangiran2, Phalo AB21T and Pfla YW14T are all below, but close
to the thresholds of 70% dDDH and 97% AAI. According to recent
taxonomical guidelines [29], criteria other than similarity-based
ones should be considered to decide on species boundaries. We
therefore complemented our taxonomic investigations with an
assessment of the genomic, chemotaxonomical and predicted eco-
logical differentiation between strains. These three strains form a
clade (‘Phalo+Pfla’) that is well supported in the Sy 571 ML tree.
Genes specific to this clade are enriched in functions involved in
the biogenesis and modification of membrane lipids. This impor-
tant cellular pathway could be the means of adaptation to a shared
ecological niche, and this group could thus constitute an ecological
species [32]. However, core genes specific to Phalo (i.e. strains AB21
and Khangiran2) are also significantly enriched with coherent cel-
lular functions, including the biosynthesis of carotenoid pigments
and related isoprenoid metabolism - a key metabolic pathway sug-
gesting that the core genome of Phalo may also be involved in the
adaptation to its own specific niche. Therefore, the ecological argu-
ments rather support Phalo and Pfla to be two distinct ecological
species. In addition, the relatively lower support in Sga41 Bayesian
tree for the Phalo+Pfla clade is a strong argument against its election
to species status. For this reason, we recommend that P. halotoler-
ans and P. flavum shall remain two distinct species until further
evidence to the contrary.

A recent large-scale analysis of Alphaproteobacteria type strain
genomes recommended that the species P. pelagicum be amalga-
mated with R. marinum [23]. By renaming the only species yet
recognised as part of the genus Pseudorhizobium as a Rhizobium,
Hordt et al. implied that Pseudorhizobium is not a bona fide taxon.
However, we bring extensive evidence that Pseudorhizobium is well
differentiated genomically and phenotypically and forms a bona
fide bacterial genus. Through the phylogeny-aware comparison of
genomes, we explored the functional specificities of lineages within
this genus (Fig. 3). From the functional annotation of genomes, we
identified the genomic basis of known phenotypic traits, such as
chemolithoautotrophy or sulfur oxidation, and predicted others
such as a cellulose component of the bacterial coat or a lipopolysac-
charide O-antigen. We mapped the distribution of these traits
within a phylogenetic framework, identifying those traits which
presence or absence was exclusive to a group. The only new pre-
diction of contrasting phenotypes that could be verified in the lab
is related to the absence of a cellulose-like polymer in Pban. Phe-
notypic features of wider evolutionary groups were documented,
including the general tolerance of members of the Pseudorhizobium
genus to NaCl (Sup. Table S6; Supplementary text). This shared fea-
ture suggests that the ancestor of the group might have been itself
salt tolerant, and thus possibly a marine organism - a hypothesis
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consistent with the basal position in the genus tree of seaborne P.
marinum.

We showed that some cellular processes and pathways were
over-represented in the specific core genome of clades of the Pseu-
dorhizobium genus. This pattern results from the serial acquisition
of genes withrelated functions in an ancestral lineage and their sub-
sequent conservation in all descendants - a process likely driven
by positive selection [33]. Indeed, under an ecotype diversifica-
tion model, the acquisition of genes enabling the adaptation to a
different ecological niche can trigger the emergence of a new eco-
type lineage [11]. Ecological isolation of this ecotype may in turn
drive the differentiation of its core genome, with additional adap-
tive mutations (including new gene gains and losses) producing a
knock-on effect leading to ecological specialization [32]. Analysing
the specific gene repertoire of each clade of the Pseudorhizobium
genus indeed shed light on putative ways of adaptations of these
groups to their respective ecological niches.

The emergence of the highly specialized NT-25/NT-26 clone
could be explained by a hypothetical scenario involving a sequence
of ecotype diversification events: a first key event was the acquisi-
tion of multiple new cytochromes and interacting redox enzymes
in the Pseudorhizobium genus ancestor, enhancing its capacity to
exploit the redox gradients between available environmental com-
pounds. This was followed by the acquisition by the ancestor of
Pban+Pfla+Phalo+Pendo of a first set of sulphur oxidation enzymes,
with electrons from the periplasmic oxidation of thiosulphate being
transferred to the carrier molecules SoxYZ and PQQ, likely to fuel
oxidative enzymes such as a jointly acquired toxic carbohydrate-
degrading metallo-hydrolase. Then, the sox gene cluster was gained
by the ancestor of Pban+Pfla+Phalo, allowing it to use thiosulphate
as a source of electrons to fuel respiration and therefore to con-
vert them into proton motive force and to recycle the cellular
pool of redox cofactors. The joint acquisition of the phenylac-
etate degradation pathway - many reactions of which require
reduced or oxidized cofactors [66] - allowed this organism to
use this aromatic compound and its breakdown products as car-
bon and electron source. This set of new abilities would have
allowed this lineage to colonize new habitats either depleted in
organic nutrients or contaminated with toxic organic compounds.
This was followed by the acquisition of RuBisCO and other Calvin
cycle genes and additional respiratory cytochromes by the Pban
ancestor. The encoded metabolic pathways provide electrons to
the cell and allow the fixation of carbon dioxide, thus allow-
ing that ancestor to live chemolithoautotrophically using sulphur
oxidation - again this has likely let this lineage colonize envi-
ronments yet uncharted by most rhizobia, such as rock surfaces.
Finally, the acquisition of a plasmid carrying the arsenite oxidation
genes and other factors of resistance to arsenic and heavy metals,
allowed the NT-25/NT-26 clone ancestor to successfully colonize
the extremely toxic and organic nutrient-poor environment of a
gold mine.

Aside from this scenario of extreme specialization towards
chemolithoautotrophy and resistance against toxic heavy metals,
all species in the genus Pseudorhizobium have achieved signifi-
cant ecological differentiation from the bona fide rhizobial lifestyle,
which is characteristic for members of the most closely related
genus Neorhizobium typically isolated from soil and the plant rhizo-
sphere [22,36,41,45,70]. P. endolithicum has only been found inside
the mineral matrix of sand grains and its high salt and tempera-
ture tolerance indicate it is likely adapted to this peculiar lifestyle,
even though its capacity to nodulate soybean indicates its ecolog-
ical niche encompasses various lifestyles [46]. Among the many
gene gains and losses that occurred over the long branch leading to
Pendo, one notable change involved the structural and biosynthetic
genes of the flagellum, possibly leading to a deviant morphology of
this bacterial motor in this species. This might be linked to its abil-
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ity to colonize the interior of sand rock particles necessitating a
particular type of motility.

The P. marinum core genome is largely differentiated from the
rest of the genus, owing to its early divergence. Among its species-
specific components, some genes are involved in functions that are
key for survival in a typically marine lifestyle. These include trans-
port of K* and Cl~ ions, urea and various sugars and organic acids
and amino-acids and the degradation of toxic phenolic compounds,
in combination with many signal transduction systems, which must
allow the rapid scavenging/extrusion of rare/excess ions or toxins
in response to changing availability of mineral and organic nutri-
ents and the rise in toxicity of the environment. In addition, the
(de)polymerisation of storage compound PHB may allow the cell
to survive long-term starvation during nutrient-depleted phases.
Finally, the ability to synthesize of the osmoprotectant NAGGN -
a trait common to all sequenced members of the genus Pseudorhi-
zobium - makes this species particularly adapted to life in marine
habitats and other environments where salinity can vary strongly.

Conclusion

In summary, in this work we have used a comparative genomics
approach within a phylogenomic framework to identify the unique
characters of five species of the genus Pseudorhizobium, shedding
light on the genome evolution that led them to adapt to their
respective ecological niche. Our analysis highlights how species -
and higher groups - within this clade of the Rhizobiaceae family
evolved towards strikingly different ecological strategies, through
the acquisition of traits such as tropism and resistance to envi-
ronmental toxins, thus allowing each species to colonize its own
peculiar niche.

Emended description of the genus Pseudorhizobium Kimes et al.
2015

Pseudorhizobium (Gr. adj. pseudes false; N.L. neut. n. Pseudorhi-
zobium, false Rhizobium).

Aerobic, Gram negative non-spore forming rods forming white
colonies on YMA. Optimal growth at 28-30°C and pH 7-8. Cata-
lase test is positive. Production of [3-galactosidase is positive. The
production of indol is negative. The production of arginine dehy-
drolase and gelatinase is negative. Growth is observed in presence
of 0-4% NaCl, and up to 7% for certain isolates. The main fatty
acids are Cq8.1w7¢/Cqg:1w6c. The G+C content of genomic DNA is
61.8-62.8 mol%.

The type species is P. marinum (synonym: P. pelagicum) and the
type strain is P. marinum R1-200B47.

Delineation of the genus was determined based on whole-
proteome similarity analysis (AAI) and the phylogenetic analysis
of the concatenated alignments of 155 conserved genes. Strains
within the genus have all above 80% AAI similarity between each
other, and below 76% AAI similarity with N. galegae HAMBI 5407,
the type strain of sister genus Neorhizobium.

Description of Pseudorhizobium halotolerans sp. nov

The description of the species is the same as the descriptions
given by Diange and Lee [16], except that it is tolerant to NaCl up
to 5% (w/v), instead of 4 %.

The type strain, AB21T (=DSM 1050417 = KEMC 224-056" = JCM
175367), was isolated from chloroethylene-contaminated soil from
Suwon, South Korea. We note that the name Rhizobium halotolerans
that was proposed in the original publication [16] has not been
validly published yet.
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Description of Pseudorhizobium flavum comb. nov

The description of the species is the same as the descriptions
given by Gu et al. [20]. Notably, it has a tolerance of 0-4 % NaCl
(w/v).

Basonym: Rhizobium flavum Gu et al. 2014.

The type strain, YW14T (= DSM 102134T = CCTCC AB2013042T
= KACC 17222T) was isolated from organophosphorus (OP)
insecticide-contaminated soil.

Description of Pseudorhizobium endolithicum comb. nov

The description of the species is the same as the descriptions
given by Parag et al. [46].

Basonym: Rhizobium endolithicum Parag et al. 2014 [43].

The type strain is JC140T (= DSM 1049727 = KCTC32077T =
CCUG64352T = MTCC11723T = HAMBI 24477), isolated from sand
rock matrix.

Description of Pseudorhizobium marinum comb. nov

The genus Pseudorhizobium was described along with the
species name P. pelagicum Kimes et al. 2015, which is a heterotypic
synonym of R. marinum Liu et al. 2015. Because the genus name
Pseudorhizobium has been validly published (with type strain R1-
200B4T = LMG 28314 = CECT 86297T) [42], the species epithet
marinum is now to be preceded by the Pseudorhizobium genus pre-
fix.

The description of the species is the same as the descriptions
given by Liu et al. [37].

Basonym: Rhizobium marinum Liu et al. 2015

The type strain is MGLO6T (= DSM 1065767 = MCCC 1A008367
=]JCM 301557), isolated from seawater that was collected from the
surface of the South China Sea (118°23’E 21%03'N).

Description of Pseudorhizobium banfieldiae sp. nov

See protologue (Table 3) generated on the Digital Protologue
Database [49] under taxon number TA00814.

Etymology: N.L. gen. n. banfieldiae ['ben - 'fil - di - ], named in
honour of Prof Jillian Banfield, environmental microbiologist whose
research revolutionised the view of bacterial and archeal diversity.

P. banfieldiae strains are salt tolerant up to 4% NaCl. The following
phenotypes distinguish them from other members of Pseudorhizo-
bium: they are sulphur oxidizers, and can harvest electrons from
sulphur compounds including thiosulphate; they are autotrophic
and can assimilate carbon from CO, in the presence of an electron
source, such as the reduced inorganic sulphur compound thiosul-
phate. Note that arsenite oxidation and autotrophy in the presence
of arsenite are accessory traits borne by a plasmid and are not
diagnostic of the species.

In addition, growth of P. banfieldiae strains is inhibited on yeast
extract — mannitol agar medium (YEM) supplemented with 0.1 g/1
Congo Red dye, resulting on small, dry colonies, and are coloured
salmon-orange by the dye.

The type strain is NT-26T (= DSM 106348" = CFBP 86637), iso-
lated from arsenopyrite-containing rock in a sub-surface goldmine
in the Northern Territory, Australia.

Data availability

All genomic data were submitted to the EBI-ENA under
the BioProject accession PRJEB21840/ERP024139, in rela-
tion to BioSample accessions ERS1921026-ERS1921030 and
ERS3542703-ERS3542705. PacBio runs were submitted under the
experiment accessions ERX2989729-ERX2989733. Illumina runs

11

Systematic and Applied Microbiology 44 (2021) 126165

were submitted under the experiment accession ERX3427879,
ERX3427880, ERX3427882-ERX3427884, ERX3431115 and
ERX3431116. Annotated assemblies were submitted under the
Analysis accessions ERZ1669252-ERZ1669259 and are available
under the accession numbers GCA_902153315-GCA_902153385.

Intermediary data and results from phenotypic and evolutionary
analyses are available on the Figshare data repository under project
65498, available at: https://figshare.com/projects/Taxonomy_of_
the_bacterial_genus_Pseudorhizobium/65498. It contains file sets
relating to:

e the concatenated core genome gene alignment and the species
trees Syis71,Saga1 and Tpaqq (doi: 10.6084/m9.figshare.8316827);

e individual marker gene and MLSA phylogenies (doi:
10.6084/m9.figshare.8332706);

e the pangenome gene alignments for the ‘571Rhizob’ and
‘41NeoPseudo’ datasets (doi: 10.6084/m9.figshare.8343473 and
doi: 10.6084/m9.figshare.8335265)

¢ the pangenome gene trees for the ‘41NeoPseudo’ dataset (doi:

10.6084/m9.figshare.8320199);

the Pantagruel phylogenomic database summarizing the

pangenome analysis of the ‘571Rhizob’ datasets (with
focus on the included ‘41NeoPseudo’ dataset) (doi:
10.6084/m9.figshare.8320142);

e the fatty acid profiling of Pseudorhizobium strains (doi:

10.6084/m9.figshare.8316383.v1);

the API 20 NE biochemical profiling of Pseudorhizobium strains

(doi: 10.6084/m9.figshare.8316770);

the NaCl Plate phenotype of Pseudorhizobium strains (doi:

10.6084/m9.figshare.8316803);

the Biolog Gen Ill metabolism profiling of Pseudorhizobium strains

(doi: 10.6084/m9.figshare.8316746);

e the genome-wide association testing of Biolog Genlll phe-
notypes vs. accessory genome presence/absence (doi:
10.6084/m9.figshare.8316818);

e A list of these 206 reference genome assemblies used for
similarity-based functional annotation of proteins in newly
reported genomes (doi: 10.6084/m9.figshare.13118405);

e The annotated genome sequences of newly reported genomes in
GFF3 format (doi: 10.6084/m9.figshare.13117844).
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Table 3
Digital protologue description Pseudorhizobium banfieldiae sp. nov. (TA00814).
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TAXONUMBER

TYPE OF DESCRIPTION
SPECIES NAME

GENUS NAME
SPECIFIC EPITHET
SPECIES STATUS
SPECIES ETYMOLOGY

AUTHORS

SUBMITTER

E-MAIL OF THE SUBMITTER
DESIGNATION OF THE TYPE STRAIN
STRAIN COLLECTION NUMBERS

16S rRNA GENE ACCESSION NUMBER
GENOME ACCESSION NUMBER [RefSeq]
GENOME STATUS

GENOME SIZE

GC mol %

COUNTRY OF ORIGIN

REGION OF ORIGIN

DATE OF ISOLATION UNKNOWN (< yyyy)
SOURCE OF ISOLATION

SAMPLING DATE

GEOGRAPHIC LOCATION

LATITUDE

LONGITUDE

DEPTH

NUMBER OF STRAINS IN STUDY
SOURCE OF ISOLATION OF NON-TYPE STRAINS
GROWTH MEDIUM, INCUBATION

CONDITIONS [Temperature, pH, and further
information] USED FOR STANDARD
CULTIVATION

IS A DEFINED MEDIUM AVAILABLE
ALTERNATIVE MEDIUM 1

GRAM STAIN

CELL SHAPE

CELL SIZE (length or diameter)

MOTILITY

IF MOTILE

IF FLAGELLATED

SPORULATION (resting cells)

COLONY MORPHOLOGY

LOWEST pH FOR GROWTH

HIGHEST pH FOR GROWTH

pH OPTIMUM

pH CATEGORY

RELATIONSHIP TO 02

02 CONDITIONS FOR STRAIN TESTING
CARBON SOURCE USED |[class of compounds]
CARBON SOURCE USED [specific compounds]

CARBON SOURCE NOT USED [specific compounds]

TA00814

New Description

Pseudorhizobium banfieldiae

Pseudorhizobium

banfieldiae

Sp. nov.

in honour of Prof Jill Banfield, environmental microbiologist whose research
revolutionized the view of bacterial and archeal diversity.
Lassalle F, Dastgheib SMM, Zhao FJ, Zhang ], verbag S, Friihling A, Brinkmann H,
Osborne TH, Sikorski J, Balloux F, Didelot X, Santini JM, Petersen |
FLORENT LASSALLE

f.lassalle@imperial.ac.uk

NT-26

DSM 106348

AF159453

GCF_.000967425.1

complete

4577425

61.84

Australia

Northern Territory

<1999

moist arsenopyrite-containing rock

1999-01-01

Granites Gold Mine

20°32'18.4"S

130°18'37.7"E

60

3

moist arsenopyrite-containing rock, soil

Minimal salts medium (MSM) as per (Santini et al., 2000. Applied &
Environmental Microbiology 66(1):92-97)

pH 8.0

28°C

yes (Santini et al., 2000. Applied & Environmental Microbiology 66(1):92-97).
Luria Bertani

NEGATIVE

rod

1

motile

flagellar

2 sub-terminal flagella

none

produces EPS

4 in MSM + arsenite

9 in MSM + arsenite

8.0 in MSM + arsenite

neutrophile

facultative aerobe

aerobiosis

sugars, organic acids, carbon dioxide

acetate, arabinose, galactose, fructose, fumarate, glucose, glycerol, inositol,
lactate, lactose, malate, maltose, mannitol, pyruvate, trehalose, raffinose,
salicin, succinate, sucrose, xylose

citrate, rhamnose, sorbitol.

NITROGEN SOURCE NO3, NH4+
TERMINAL ELECTRON ACCEPTOR oxygen, nitrate, nitrite
ENERGY METABOLISM mixotroph
BIOSAFETY LEVEL 1
HABITAT ENVO0:00001995, ENVO:00001998, ENVO:00005801
BIOTIC RELATIONSHIP free-living
KNOWN PATHOGENICITY none
MISCELLANEOUS, EXTRAORDINARY FEATURES RELEVANT facultative chemolithoautotrophe on thiosulfate as electron source and carbon
FOR THE DESCRIPTION dioxide as C source
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