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Phylogenomic  analyses  showed  two  major  superclades  within  the  family  Rhizobiaceae  that  corresponded
to  the  Rhizobium/Agrobacterium  and  Shinella/Ensifer  groups.  Within  the  Rhizobium/Agrobacterium  group,
four  highly  supported  clades  were evident  that could  correspond  to  distinct  genera.  The  Shinella/Ensifer
group  encompassed  not  only  the  genera  Shinella  and  Ensifer  but  also  a separate  clade  containing  the  type
strain of  Rhizobium  giardinii.  Ensifer  adhaerens  (Casida  AT) was  an  outlier  within  its  group,  separated  from
the  rest  of the  Ensifer  strains.  The  phylogenomic  analysis  presented  provided  support  for  the revival  of
oot nodule bacteria
ystematics
hylogeny
enome
ext generation sequencing

Allorhizobium  as a bona  fide  genus  within  the  Rhizobiaceae,  the  distinctiveness  of  Agrobacterium  and  the
recently  proposed  Neorhizobium  genus,  and  suggested  that  R.  giardinii  may  be  transferred  to  a  novel  genus.
Genomics  has  provided  data  for defining  bacterial-species  limits  from  estimates  of  average  nucleotide
identity  (ANI)  and  in  silico  DNA–DNA  hybridization  (DDH).  ANI reference  values  are becoming  the  gold
standard  in  rhizobial  taxonomy  and  are  being  used  to recognize  novel  rhizobial  lineages  and  species  that
seem to  be biologically  coherent,  as  shown  in  this  study.
ntroduction

Rhizobia are soil and rhizospheric bacteria that may  form nitro-
en fixing symbioses in leguminous plants allowing their growth
n poor nitrogen soils. Thus, rhizobia have been considered as
io-fertilizers and have been used as inoculants in agriculture
or over 120 years. Rhizobial genetic diversity, as well as their
lant–bacteria molecular interactions, has been well studied. In
991, Graham et al. [18] published a set of recommendations
or the description of novel rhizobial species on the “basis of
oth phylogenetic and phenotypic traits” using “genomic relation-
hips to the greatest degree possible” and as “the culmination
f considerable research”. A large number of species have been
eported since, based mainly on polyphasic analysis using a number
f molecular-marker phylogenies, DNA–DNA hybridization (DDH)
esults and the description of different distinctive phenotypic fea-
Please cite this article in press as: E. Ormeño-Orrillo, et al., Taxonomy 
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ures. Studies based on molecular marker sequences represented a
ignificant advance in rhizobial taxonomy and have been included
n most studies. Newly described species are periodically revised by
he International Taxonomy Subcommittee on Agrobacterium and
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Rhizobium [24,25]. Several reviews on rhizobial taxonomy have
been published [41,52,55] but none have been specifically oriented
toward genomics.

The following genera within the family Rhizobiaceae include
rhizobial members: Rhizobium,  Ensifer (former Sinorhizobium),
Agrobacterium and Shinella [5]. Agrobacterium includes tumor-
forming bacteria as well as nitrogen-fixing nodule bacteria. An
additional genus of the family Rhizobiaceae, Carbophilus [5], has
not been described as containing nodule bacteria. A characteristic
of rhizobia belonging to the family Rhizobiaceae and agrobacteria
is their genome organization in multireplicons [17,19,21,26]. Fur-
thermore, phenotypic distinctive characteristics in rhizobia may
be encoded in extrachromosomal replicons (ERs) [33], a feature
not normally recognized in novel species descriptions. In Rhizo-
bium, Ensifer and Agrobacterium,  almost half of the genome may
be contained in ERs (reviewed in [26]), and some ERs even have
roles in rhizobial growth rate and survival [4,16,19,20]. Two types
of ERs have been recognized: plasmids and chromids [19]. ERs that
carry “essential” genes with conserved gene sequences and shar-
of rhizobia and agrobacteria from the Rhizobiaceae family in light
.syapm.2014.12.002

ing similar GC content and codon usage with the chromosome
have been named chromids [19]. Chromids have been proposed
as characteristic of a genus and contain many genus-specific genes
[26]. Taxonomic phenotypic characteristics are encoded in chro-
mids in Rhizobium [33]. Interestingly, chromids carry many genes
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hat are highly expressed by rhizobia on plant roots [33]. On
he other hand, plasmids are highly variable and confer adap-
ive traits, such as nodulation and nitrogen fixation in legumes
6,8,19,26,29,38,43,49,51], or they may  be transferred between
acteria [30,31,40].

enomic impact on rhizobial taxonomy

Genomics has revolutionized microbiology and is having a sig-
ificant impact on taxonomy. For many years, results from DDH
xperiments were the basis for circumscribing prokaryotic species
46]. However, alternatives for estimating DNA relatedness, such as
hole-genome average nucleotide identity (ANI) [23] and in silico
DH [2], are currently much better than wet lab DDH which has
een shown to produce highly variable results from lab to lab and
rom different DNA samples [27]. Additionally, the G+C content nor-

ally reported in novel bacteria descriptions may  be calculated
ccurately from genomic data.

The novel quantitative genomic analyses are beginning to be
sed in rhizobial taxonomy. Species descriptions where ANI and/or

n silico DDH were used to support or complement wet lab DDH
alues have been published [9,10,13,28]. Likewise, limits obtained
rom ANI and in silico DDH estimates have led to the discovery of
ovel rhizobial lineages [27,37]. Lack of genome sequences for most
ype strains of rhizobia is a limiting factor for the use of these
ovel approaches, although the reducing cost of whole genome
equencing will ease this restriction. As an example, two  recent
tudies coupled genome sequencing of the rhizobia being charac-
erized with that of all related type strains, which allowed complete
eplacement of wet lab DDH with ANI [14,15].

ANI values derived from only the conserved core genes of a
roup (referred to as ANIo) have also been proposed as a replace-
ent for wet lab DDH, with approximately 96% ANIo corresponding

o 70% DDH [22]. A minimum of three but a recommended num-
er of six to eight genes can give a good estimate of ANIo [22].
onsequently, ANI values based on concatenated sequences of a
ew partial sequences of conserved core genes are being used to
elineate putative rhizobial species [1,11,39]. Nevertheless, care
ust be exercised in not assuming that values obtained with partial

equences will correspond exactly to ANIo, instead, intra- and inter-
pecies identity values must be evaluated in order to find a suitable
ut-off value for species delineation that is appropriate for the set
f genes being used. Recently, a set of three novel conserved genes
as been proposed as a suitable tool for rhizobial taxonomy because
he concatenated partial sequences produced ANI that were closely
orrelated with whole genome ANI [56].

 phylogenomic view of rhizobia and agrobacteria within
he Rhizobiaceae

Besides providing quantitative values for species delineation,
hole genomes allow the reconstruction of phylogenetic trees

ased on hundreds or thousands of genes that depict evolution-
ry relationships better than phylogenies based on a few markers
ncluding 16S rRNA genes. To date, 29 complete and 141 draft whole
enome sequences (WGS) from members of the family Rhizobiaceae
re available from the GenBank database (Supplementary Table S1).
hese genomes include 23 type strains, three of which are com-
letely sequenced. Additionally, one complete and three draft WGS
enomes sequenced at CCG-UNAM were included in the analysis
Please cite this article in press as: E. Ormeño-Orrillo, et al., Taxonomy 
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Supplementary Table S1). A total of 166 (66%) of the strains had
enomes encoding nodC. Most strains lacking this gene are labeled
s agrobacteria.

We checked the identity of all sequenced type strains by com-
aring their genomes against partial sequences of genes previously
 PRESS
lied Microbiology xxx (2015) xxx–xxx

obtained for the same strains available from GenBank, and two
anomalies were found. The A. radiobacter DSM30147T genome
(accession number ASXY01, Bioproject PRJNA212112) had identical
sequences to several previously reported A. radiobacter DSM30147T

genes (aptD, rpoB, mutS, gyrB, gltD, glnII) but showed only 90–97%
identity with others (rpoD, chvA, hrcA). The R. gallicum R602spT

genome (accession number ARDC01, BioProject PRJNA169700) had
divergent sequences in all the genes compared, which clustered
within the R. leguminosarum clade (data not shown). Both genomes
were excluded from further analyses, as they did not correspond to
the designated type strains.

Except for one comparison, type strain genomes shared a max-
imum ANI value of 92%, thus supporting the proposed cut-off
level of 95% as a species delineation threshold [23]. R. gallicum
R602T (newly sequenced at CCG) and R. mongolense USDA 1844T

shared an ANI value of 95.1% that validates their previously pro-
posed synonymy [44]. Based on a 95% ANI threshold, the 172
sequenced strains would represent 77 genospecies (Supplemen-
tary Table S1). Given the scarcity of sequenced type strains, most
of these genospecies could not be ascribed to described taxa solely
by ANI and so were assigned arbitrary labels (GS1-G48) in Supple-
mentary Table S1. To date, there are 27 genomes available from
different Ensifer meliloti strains and eight genomes from distinct E.
fredii strains, while the remaining geno(species) have from 1 to 6
sequenced strains. We  used a sample of 113 genome sequences
representing all possible (geno)species in order to construct a
genome-based phylogeny with the aim of shedding light on uncer-
tainties or controversies in the taxonomy of several clades within
the family Rhizobiaceae. Due to the unreliable classification or nam-
ing of many sequenced strains (Supplementary Table S1) we chose
to include a species designation only for type strains or strains
that had been assigned to a known species on the basis of DNA-
DNA hybridization or ANI analyses. As shown in Fig. 1, two  major
superclades were observed within the family Rhizobiaceae, which
corresponded to the Rhizobium/Agrobacterium and Shinella/Ensifer
groups.

Within the Rhizobium/Agrobacterium group, several highly sup-
ported clades were evident. One clade included Agrobacterium
biovar 1 strains, as well as the type strains of Agrobacterium rubi and
Agrobacterium larrymoorei. This clade, referred to here as Agrobac-
terium sensu stricto,  had been previously revealed by recA sequence
analysis [7] and includes strains whose genomes encode a pro-
telomerase, which are characterized by possessing a linear replicon
[36].

A second clade included strains of the recently proposed genus
Neorhizobium [32]. This clade was  previously known as the “Rhi-
zobium galegae complex”. The genome phylogeny supported the
proposal of Mousavi et al. [32] for including Rhizobium vignae in
Neorhizobium. However, ANI values between R. vignae and N. gale-
gae strains were lower than 91%, indicating that R. vignae should
not be included in the N. galegae species as suggested by Mousavi
et al. [32] and must therefore be referred to as Neorhizobium vignae.

A third clade included the type strains of Rhizobium undicola
(former Allorhizobium undicola [12,54]), as well as strain S4 of
Agrobacterium vitis. The isolated position of this clade in relation
to Agrobacterium sensu stricto and Neorhizobium could support the
revival of Allorhizobium as a genus within the Rhizobiaceae, as
has been recently suggested [36], and which includes the species
Allorhizobium vitis (formerly Agrobacterium vitis) and Allorhizobium
taibaishanense (former Rhizobium taibaishanense) [32].

A fourth clade included species closely related to Rhizobium
of rhizobia and agrobacteria from the Rhizobiaceae family in light
.syapm.2014.12.002

leguminosarum, the type species of the genus Rhizobium,  hence,
we referred to this clade as Rhizobium sensu stricto.  Within this
clade, distinct groups of closely related species were observed.
Hairy-root forming bacteria, originally described as Agrobac-
terium rhizogenes (biovar 2 agrobacteria) were found within the
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Figure 1. Phylogenomic analysis showing the evolutionary relationships between 113 sequenced strains from the family Rhizobiaceae. Putative genus-level clades are
indicated with different colors. Strains forming species-level clades based on ANI, with a 95% cut-off level, are grouped with square brackets. Species designation was
included  only for type strains or strains assigned to a known species by DNA–DNA hybridization or ANI analyses. Type strains are indicated with a superscript T letter. Genus
abbreviations: R, Rhizobium;  A, Agrobacterium; Al, Allorhizobium;  S, Sinorhizobium; E, Ensifer,  N, Neorhizobium.  The maximum likelihood phylogeny was reconstructed with
FastTree 2 [35] using a concatenated alignment of the most discriminative amino acid positions of 384 proteins conserved in the chromosomes of all completely sequenced
genomes identified with PhyloPhlAn [42]. Shimodaira-Hasegawa-like local support values for all nodes were ≥70% except for the two nodes marked with triangles. All genus-
level  clades had support values of 100%. Clustering of strains below nodes marked with circles was also observed in an independent phylogenomic analysis performed with
AMPHORA [53] using 31 universally conserved and mostly chromosomally located proteins. Genome or replicon sequence accession numbers are indicated in Supplementary
Table  S1. The scale bar represents the estimated number of amino acid changes per site for a unit of branch length. (For interpretation of the references to color in this figure
legend,  the reader is referred to the web version of this article.)



 INS

4 d App

t
s
g
t
d
a
m
s
t
p
“
t
O
s

o
o
w
(
r
U
t
E
b
a

f
z
p
a
n
a
o
y

I
(

d
d
T
i
m
s
s
i
a
B
[
[

f
a
T
a
t
g
fi
r
g
c
i

s

[

[

ARTICLEG Model
YAPM-25671; No. of Pages 5

 E. Ormeño-Orrillo et al. / Systematic an

ropici group, thus their designation as Rhizobium rhizogenes is fully
upported [50,54]. Inside the phaseoli-etli-leguminosarum (PEL)
roup, different genomic lineages were observed, including some
hat were previously identified and which probably correspond to
istinct species [37]. A highly supported subgroup marked with
n asterisk in Figure 1 included several closely related R. legu-
inosarum lineages showing ANI values that were borderline for

pecies delineation (94–95%). This observation may  be related to
he findings of Tian et al. [48] that R. leguminosarum could be com-
osed of sublineages that showed significant levels of genetic flow
preventing unlimited divergence” but “being uncommon enough
o allow the creation and persistence of diversifying sublineages”.
ther strains designated as R. leguminosarum, such as WSM2304,

eemed to represent distinct species.
In the Shinella/Ensifer group, three highly supported clades were

bserved. The sole sequenced strain of Shinella formed a clade of its
wn, and a second clade could be equated to the genus Ensifer.  It is
orth noting that the type species of this genus, Ensifer adhaerens

Casida AT), was located in an outlier position separated from the
est of the Ensifer (formerly Sinorhizobium)  strains (Fig. 1). Strains
SDA 257 and NGR 234, sometimes ascribed to Ensifer fredii, clus-

ered independently and showed low ANI values (<92%) with the
. fredii type strain and other tropical species, such as ‘Sinorhizo-
ium americanum’. NGR 234 strain was proposed to correspond to

 separate species on the basis of nolR polymorphisms [29].
Rhizobium giardinii H152T and four other rhizobial genomes

ormed an independent clade more related to Ensifer than to Rhi-
obium/Agrobacterium. This observation is in agreement with the
hylogenetic placement of R. giardinii in a recently reported MLSA
nalysis [32] and supports the notion that this species represents a
ovel genus. This may  also be the case for several strains presently
scribed to Rhizobium,  as well as ‘A. albertimagni’ AOL15T, which
ccupy isolated positions suggesting that they may  represent as
et undescribed genera within the family Rhizobiaceae.

mplications of genome-based taxonomy
genomotaxonomy)

We  can speculate whether the new high resolution or high
efinition (HD) taxonomy that splits closely related groups into
ifferent species based on genomic data is biologically sound.
hese new species have 16S rRNA gene sequences that are almost
ndistinguishable from their closest relatives. Interestingly, the

embers of each of these newly described and tightly circum-
cribed species from HD taxonomy are highly coherent with very
imilar common characteristics, as observed in R. phaseoli [27] and
n the novel species from the tropici group [9,10,34]. Similar situ-
tions have arisen in taxonomic studies of other rhizobia, such as
radyrhizobium diazoefficiens (formerly considered as B. japonicum)
13,45], and other bacterial genera such as Klebsiella [3] and Bacillus
47].

Besides providing consistent measurements of DNA relatedness
or defining bacterial-species limits, genomics would help provide

 better knowledge of the phenotypic distinctiveness of species.
he phenotypic characteristics used to date have been criticized
s a requirement for proposing novel species and their substitu-
ion for a genomotaxonomy approach has been claimed where
enomic data can be used to predict stable phenotypes [33]. The
rst steps have been taken in this direction for pathogenic bacte-
ia such as vibrios [12]. In the case of rhizobia with partitioned
Please cite this article in press as: E. Ormeño-Orrillo, et al., Taxonomy 
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enomes, chromosome- or chromid-based phenotypes should be
onsidered valid in taxonomic descriptions but not those encoded
n unstable plasmids.

Genomic data also provides an opportunity for exploring topics
uch as speciation that, although not being part of taxonomy itself,

[

 PRESS
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is inherently related to it and can provide novel criteria for use in
taxonomy. The basis of speciation has not been reviewed in rhizo-
bia, and key genes, mechanisms and processes driving speciation
remain to be described. Is self-recognition occurring among mem-
bers of a single species and not between members of closely related
species? Is genomic architecture related to speciation? These and
other questions should be addressed in the future.

After our article was peer-reviewed, we were aware that
Mousavi et al (Syst. Appl. Microbiol., In Press, doi:10.1016/
j.syapm.2014.12.003) proposed the novel genus Pararhizobium
composed of R. giardinii and related species, which agree with our
conclusion of the distinctiveness of R. giardinii.
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