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Abstract

Herein the members of the Subcommittee on Taxonomy of Rhizobia and Agrobacteria of the International Committee on
Systematics of Prokaryotes review recent developments in rhizobial and agrobacterial taxonomy and propose updated
minimal standards for the description of new species (and genera) in these groups. The essential requirements (minimal
standards) for description of a new species are (1) a genome sequence of at least the proposed type strain and (2) evidence
for differentiation from other species based on genome sequence comparisons. It is also recommended that (3) genetic
variation within the species is documented with sequence data from several clearly different strains and (4) phenotypic
features are described, and their variation documented with data from a relevant set of representative strains. Furthermore,
it is encouraged that information is provided on (5) nodulation or pathogenicity phenotypes, as appropriate, with relevant
gene sequences. These guidelines supplement the current rules of general bacterial taxonomy, which require (6) a name
that conforms to the International Code of Nomenclature of Prokaryotes, (7) validation of the name by publication either
directly in the International Journal of Systematic and Evolutionary Microbiology or in a validation list when published
elsewhere, and (8) deposition of the type strain in two international culture collections in separate countries.

INTRODUCTION

The general term ‘rhizobia’ covers all bacteria that induce
nodule formation on the roots, or occasionally stems, of a
legume host (plant family Fabaceae), where they fix atmo-
spheric nitrogen (N2) [1]. Nitrogen fixation by rhizobia in
association with legumes can be a major input of nitrogen

(N) into natural and agricultural ecosystems and can
reduce the need for chemical N fertilizer. There has been
extensive research on the diversity of rhizobia over the
past 25 years, with the result that many new species and
genera have been formally described. Taxonomically, rhi-
zobia represent several lineages within the Proteobacteria,
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and therefore the term ‘rhizobia’ does not represent a sin-
gle taxon, but refers to a polyphyletic assemblage of bacte-
rial lineages having similar functions [1]. Most known
rhizobia belong to alphaproteobacterial genera in the fami-
lies Rhizobiaceae (Rhizobium, Ensifer (syn. Sinorhizobium),
Allorhizobium, Pararhizobium, Neorhizobium, Shinella),
Phyllobacteriaceae (Mesorhizobium, Aminobacter, Phyllo-
bacterium), Brucellaceae (Ochrobactrum), Methylobacteria-
ceae (Methylobacterium, Microvirga), Bradyrhizobiaceae
(Bradyrhizobium), Xanthobacteraceae (Azorhizobium) and
Hyphomicrobiaceae (Devosia), but some belong to betapro-
teobacterial genera in the family Burkholderiaceae
(Paraburkholderia, Cupriavidus, Trinickia) [2, 3]. For a
nodule isolate to be considered a rhizobium, evidence
must be provided for its ability to produce nodules on a
legume, because non-rhizobial bacteria are common in
nodules [4–6]. The symbiosis (sym) genes that enable rhi-
zobial strains to induce N2-fixing nodules on legumes can
be gained or lost as they are often encoded on dispensable
but transferable plasmids or symbiosis islands [7, 8].

The general term ‘agrobacteria’ covers all bacteria that
incite – or potentially may incite – the formation of galls
or root hypertrophies (crown gall or hairy root disease)
by T-DNA transfer to any of a wide range of plant spe-
cies, including many important agricultural crops [1]. To
date, all recognized agrobacteria belong to the family Rhi-
zobiaceae (Agrobacterium spp., Rhizobium rhizogenes [9],
Allorhizobium vitis [9] and Rhizobium tumorigenes [10])
in the class Alphaproteobacteria. Most of the genes
involved in crown gall and hairy root diseases are borne
on large conjugative plasmids, the Ti (tumour-inducing)
and Ri (root-inducing) plasmids, respectively. These ele-
ments are transmissible and, as for rhizobial symbiosis
genes, can be gained or lost by strains. The recently
described species Pararhizobium polonicum is not an
agrobacterium in this sense since it is not pathogenic,
although it was isolated from crown gall tumours on var-
ious plants and harbours a plasmid encoding catabolism
of opines, which are produced in tumours induced by
tumorigenic strains [11]. As this example shows, not all
bacteria isolated from galls are agrobacteria: it is neces-
sary to demonstrate pathogenic capability.

The Subcommittee, initially created by the International
Committee on Systematics of Prokaryotes (ICSP) to over-
view the taxonomy of Rhizobium and Agrobacterium, has
expanded its scope to cover the functional and polyphyletic
groups collectively named ‘rhizobia’ and ‘agrobacteria’ [1]
in order to continue to serve the scientific communities that
study these organisms. Accordingly, its name is now the
ICSP Subcommittee on the Taxonomy of Rhizobia and
Agrobacteria [12]. Since the defining features of rhizobia
and agrobacteria are encoded by genes that can be gained or
lost, and are not therefore directly useful for defining species
and genera, the Subcommittee also covers species and
strains that are in the relevant genera but do not (currently)
have symbiotic or pathogenic phenotypes.

One of the missions of the ICSP subcommittees is to recom-
mend minimal standards for the description of new species
[13]. Such minimal standards were proposed for rhizobial
species description by the ICSP Subcommittee on the Tax-
onomy of Rhizobium and Agrobacterium in 1991 [14]. Since
then, further comments and recommendations regarding
new findings, technical developments and good taxonomic
practice have been published regularly as minutes of the
meetings of the ICSP Subcommittee [1, 15–21] and are
available on the web page of the Subcommittee (sites.google.
com/view/taxonomyagrorhizo).

In this paper we, the members of the Subcommittee, briefly
review recent developments in the taxonomy of rhizobia
and agrobacteria, and focus on guidelines to communicate
what we currently consider to be the minimal evidence that
researchers need to assemble in a taxonomic study involving
the description of new rhizobial or agrobacterial genera and
species. We agree with Whitman [22] that, in line with the
spirit of the International Code of Nomenclature of Prokar-
yotes, standards must be kept minimal so that ‘the process
of naming a new taxon should be straightforward and easy’,
and should be ‘prepared for all users of systematics, which
include biologists with a wide range of interests, and not
just experts in taxonomy’. These guidelines consider current
recommendations for general bacterial taxonomy and their
application to rhizobia and agrobacteria, in addition to spe-
cific considerations/features that are useful but not manda-
tory for description of rhizobial and agrobacterial taxa.

THE NEED FOR REVISED GUIDELINES FOR

RHIZOBIAL AND AGROBACTERIAL SPECIES

DESCRIPTIONS

Species-level bacterial assignments in general
taxonomy of prokaryotes

For the past 30 years, guidelines for the general description
of new bacterial species have recommended DNA–
DNA hybridization (DDH) [23, 24], 16S rRNA gene
sequencing and the polyphasic approach [25, 26]. Guide-
lines for formal bacterial species description and an exten-
sive review of established methods were published in 2010
[27]. However, in recent years the limitations of these taxo-
nomic practices have become clear (for a review see [28]),
and there is a need to revise the guidelines and to recom-
mend that genomic information should provide the primary
evidence for species affiliation [29, 30].

DDH has long been used as a proxy for whole-genome
sequence information. In 1987, Wayne et al. [24] recom-
mended it as ‘the best applicable procedure at the present
time’. However, the use of DDH can no longer be recom-
mended because genome sequences provide much better
evidence for genomic comparison [31]. Genome-based
measures of similarity, such as average amino acid identity
[32], digital DDH (dDDH) [33, 34], MUM-distance index
[35, 36] and average nucleotide identity (ANI) [37–39], ren-
der classical (wet-lab) DDH unnecessary and help describe
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new species quickly and accurately [40]. Genome
G+C content can also be determined easily and precisely
from good-quality genome sequences, so sequence-derived
G+C values are expected to replace laboratory determina-
tions, which can diverge considerably from the true values
[41]. Over time, it became widely accepted that, with the
increased availability of genomic data, the traditional poly-
phasic bacterial taxonomy needed to be revised [28, 42–44],
and several authors advocated using genomic-based species
descriptions in the classification of prokaryotes [22, 45–49].
Indeed genome-based approaches can form the basis for a
robust species description using open-access databases, as
sequence data are fully portable and unambiguously compa-
rable across locations and time. We agree that bacterial tax-
onomists ‘must urgently reconsider how to describe and
name novel bacteria in the genomic era, using a full genome
sequence and a minimal description of phenotypic charac-
teristics as a basic, sufficient, cost-effective and appropriate
biological identity card for a species description’ [44].

Species definition in rhizobia and agrobacteria

Over the past three decades, the general approach for the
determination of species boundaries within the rhizobia and
agrobacteria, as in bacterial taxonomy more widely, has
been polyphasic, attempting to identify natural groupings
based on shared phenotypic and genotypic characters. Gra-
ham et al. [14] published recommendations for describing
species of rhizobia using a polyphasic approach that
involved the analysis of a range of phenotypic characters,
along with 16S rRNA gene sequences and DDH values. At
that time (1991), only four rhizobial genera existed
(Rhizobium, Bradyrhizobium, Azorhizobium and Sinorhi-
zobium), with a total of nine species. Agrobacteria were clas-
sified in five named species (Agrobacterium tumefaciens,
Agrobacterium radiobacter, Agrobacterium
rhizogenes, Agrobacterium rubi and Agrobacterium vitis).
Twenty-seven years later, the number of rhizobial species is
now more than 200, distributed in 18 genera. For some
years, a proposal to merge the whole genus Agrobacterium
into Rhizobium [50] was accepted by some taxonomists,
though by few in the wider scientific community, but the
separate identity of Agrobacterium is now firmly established
[51, 52]. A review of the taxonomy of Agrobacterium in the
genomic era was published recently [53]. Currently, seven
Agrobacterium species are generally accepted
(Agrobacterium larrymoorei, Agrobacterium
nepotum, Agrobacterium pusense, Agrobacterium radio-
bacter, Agrobacterium rubi, Agrobacterium
salinitolerans, Agrobacterium skierniewicense) and four
more species have been described but their names are await-
ing validation.

Over the period 1991–2018, strategies for the description of
new rhizobial and agrobacterial species evolved and sets of
chromosomal genes were sequenced for many species
[54–70]. This generated an important database, which grad-
ually served as a framework to identify novel rhizobial and
agrobacterial species and to affiliate new isolates. In practice,

authors complemented the original polyphasic taxonomy
with sequences of several single-copy housekeeping genes
scattered in the genome (multi locus sequence analysis,
MLSA). MLSA proved helpful to clarify a number of long-
standing unsolved taxonomic situations in rhizobia and
agrobacteria [9, 52, 71]. These genes provide higher phylo-
genetic resolution than the 16S rRNA gene, which is still
useful for initial approximate phylogenetic placement [72].
Using several genes minimizes the impact of possible hori-
zontal gene transfer (HGT). It has been shown that almost
all genes – even the 16S rRNA gene – are to some extent
horizontally transferred during evolution [71, 73, 74] – so
the phylogeny of a single gene may not reflect the phylogeny
of the species. In recent years many new rhizobial and agro-
bacterial species descriptions have included whole genome
sequence information [11, 75–97], providing data that are
quickly and cheaply generated, highly informative, accurate
and reproducible, and conveniently storable and portable
among laboratories. We emphasize that the current rhizo-
bial and agrobacterial classification based on polyphasic
studies (including DDH, 16S rRNA gene phylogeny and
phenotypic features) is essentially corroborated by MLSA
and genomic data. A shift to genome-based species descrip-
tions will not therefore require major rewriting of current
taxonomy, but it will make future taxonomic work simpler
and more robust.

SPECIFIC CONSIDERATIONS IN

ESTABLISHING NEW GUIDELINES FOR

DEFINING RHIZOBIAL AND AGROBACTERIAL

SPECIES AND GENERA

A minimal set of diverse strains for assessment of
intraspecies diversity

Although single-strain species descriptions are currently
published, the inclusion of multiple genetically distinct
strains is considered good taxonomic practice [98]. Intra-
specific diversity should be described using as many strains
as possible, and it is up to the authors to provide convincing
evidence that the strains are clearly different. A simple
genome fingerprinting method (RAPD, rep/BOX-PCR) or
MLSA (described in the following section), are possible
approaches to distinguish non-clonal strains. If genomic
information is provided for more than one strain, an
ANI value significantly less than 100% would demonstrate
that they were different. An important benefit of studying
several strains is that it allows a type strain to be chosen that
shares most similarity with the other strains and is hence
truly ‘typical’ of the new species that it represents.

Description of intraspecific diversity with MLSA

The use of MLSA in bacterial species definition was strongly
endorsed by an ad hoc committee of the ICSP in 2002 [26].
Now that whole genome sequences will be available for type
strains, there is no need to select just a small number of
genes for comparing type strains, but MLSA can still be
valuable for exploring the genetic diversity within a
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proposed species. MLSA is based on single-copy core genes,
not accessory genes, located on the chromosome and not on
plasmids or chromids [99]. In recent descriptions of new
rhizobial and agrobacterial species, the genes most often
used were recA, atpD, glnII, rpoB, gyrB and dnaK (Table S1,
available in the online version of this article, which lists
information provided in descriptions of rhizobial and agro-
bacterial species in years 2014–2018), with recA, atpD and
glnII being most prevalent for rhizobia, and recA, atpD and
rpoB for agrobacteria [9, 85, 100]. These genes were origin-
ally chosen because they were easily amenable to PCR
amplification, but they are unlikely to be optimal. Indeed,
Zhang et al. [101] recommended a different set of three
housekeeping genes (SMc00019, truA and thrA) and
Vinuesa et al. [49] have described a computational pipeline
to select optimal markers for phylogenomics. It should also
be noted that HGT of core genes can be expected within a
species, so the phylogenies of different genes may not be
congruent.

Some authors have calculated the ANI of the genes they
have used for MLSA [102–104], and have used the abbre-
viation ‘ANI’ to describe this value. It should be empha-
sized that this is not the ANI metric, based on whole
genome comparisons, that has been proposed as a univer-
sal tool for defining species boundaries [33, 34, 38]. The
ANI of small sets of conserved genes will depend on the
specific genes chosen, but may differ from the standard
whole-genome ANI.

PCR-based methods that generate fragment size patterns,
such as restriction fragment length polymorphism (RFLP)
[105] and repetitive sequence-based PCR (repPCR) [106]
can still be useful for exploring the diversity of large strain
collections. However, the data they generate are not readily
compared between studies, in contrast to the sequence data
obtained by MLSA, which provide a common scale to com-
pare intraspecific and interspecific distances.

Definition of new species with genomic data

There is now general agreement in the bacterial systematics
community that genome sequence data should be provided
when describing a new species [35], and routine description
of prokaryotic species based on their genomic sequence
would fulfil all the requirements of the International Code
of Nomenclature of Prokaryotes [13, 22].

Ormeño-Orrillo et al. [86] reconstructed a genome-based
phylogeny with a sample of 113 genome sequences repre-
senting various genospecies in the Rhizobiaceae. This con-
firmed the overall MLSA-based phylogeny [9, 52], and
proved highly decisive to remove some uncertainties
between closely related species in Rhizobium, Neorhizobium
and Ensifer (formerly Sinorhizobium).

We consider that it is mandatory, when describing a new
agrobacterial or rhizobial species, to deposit the genome
sequence of at least the type strain in a public database with
open access within the International Nucleotide Sequence
Database Collaboration (i.e. GenBank, ENA or DDBJ).

Authors should consider the minimal standards for the
quality of genome data used for the taxonomy of prokar-
yotes established by Chun et al. [31]. Next-generation
sequencing (NGS) is currently a cost-effective high-
throughput DNA sequencing approach widely applicable to
microbial taxonomy and within the reach of most laborato-
ries [72]. The assemblies generated from the short reads
tend to be fragmented, but the most important information
for taxonomy will still be present provided the coverage is
sufficient to ensure a reliable sequence for each gene. Chun
et al. [31] detailed useful indices to check the quality of the
genome sequence. Genome sequencing with short-read
techniques does not allow the genome replicon structure to
be resolved, so it may be useful to perform complementary
pulse-field gel electrophoresis (PFGE) or Eckhart gel elec-
trophoresis for this (see the subsection: Specific considera-
tions in establishing new guidelines for defining rhizobial
and agrobacterial species and genera, Genus-level assign-
ments). As newer technologies emerge and become afford-
able, complete genome assemblies will doubtless become the
expected standard.

Appropriate quantitative comparisons must be made
between the genome(s) of the new species and genomes of
the type strains of all closely related species. Authors should
carefully check reference sequences in databases since they
may harbour misleading uncertainties and errors, and sev-
eral examples of divergent sequences for different subcul-
tures of the same type strain have been pointed out
[107, 108]. Issues that we are aware of are reported in the
minutes of the Subcommittee [21]; recent minutes and the
web page of the subcommittee (sites.google.com/view/taxo-
nomyagrorhizo) should be consulted.

Currently, the most widely used measures of between-strain
genomic similarity are whole-genome ANI and digital
DDH. There are several variants of the ANI approach [38],
an online tool is available for dDDH [35], software is avail-
able for statistical analysis of the results [49], and faster
comparison methods are being developed [109, 110]. A
weakness of all these measures is that they are based on an
ill-defined combination of core and accessory genes. Since
accessory genomes vary among isolates within a species, it is
the core genes that provide the clearest taxonomic informa-
tion. New measures of genome similarity are continually
being developed, including some that differentiate the core
and accessory component of genome variation [111], and
authors should be aware of ongoing advances in bioinfor-
matics and use the most robust tools available.

Several studies have attempted to define thresholds in the
use of overall genome relatedness indexes (OGRIs) in tax-
onomy [31]. Whole-genome ANI values of 95–96% have
been proposed to be equivalent to 70% DDH and hence to
delineate species [33, 38, 112]. There is no strict correlation
between ANI and 16S rRNA gene similarity; in general,
strains with less than 98.7% 16S rRNA sequence identity do
not belong to the same species [107]. However the converse
is not always true because different species may have
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identical 16S rRNA gene sequences [113]. Thompson et al.
[30] calibrated different metrics and concluded that strains
from the same microbial species share >95% average amino
acid identity (AAI) and ANI, >95% identity based on multi-
ple genes, a Karlin genomic signature <10, and >70% in
silico genome-to-genome hybridization (GGDH) similarity.
We endorse the recommendation of Chun et al. [31] that
OGRI values between closely related species (those showing
98.7% or higher 16S rRNA gene sequence similarity) should
be provided for the proposal of new prokaryote species
[31, 34, 114, 115]. In addition, in case of large divergences
between strains within a species, and in the absence of
experimental DDH values, we strongly recommend that
authors sequence the genomes of divergent strains to pro-
vide a measure of ANI to ascertain the affiliation of the
strains to the same species.

It should be noted that thresholds should be used with cau-
tion: they are specific to a particular analytical method, used
with specific parameters, and there is ongoing development
of improved methods (requiring different thresholds). In
addition, the whole idea that species boundaries can be
defined by a universal cut-off in a distance measure reflects
a particular approach to taxonomy that is largely confined
to microbiologists. An alternative view is that species are
natural units maintained by patterns of gene exchange, and
the role of taxonomy is to identify the boundaries of these
units [116, 117].

Choice of phylogenetic reconstruction methods and
substitution models

Phylogenetic reconstruction is a problem of statistical infer-
ence, and as such can be achieved using different classes of
inference methods, including maximum-parsimony, dis-
tance-based methods (such as neighbour-joining), maxi-
mum-likelihood procedures and Bayesian inference. Each of
these analytical methods has its particular strengths and
weaknesses, which require careful consideration [118].
However, maximum-likelihood (ML) and Bayesian meth-
ods, which employ explicit models of molecular evolution,
typically provide more realistic and robust phylogenies.
Such model-based methods are easily within the capability
of any modern computer, and fast software is available for
large-scale studies [119]. Before applying them, it is import-
ant to identify appropriate substitution models and estimate
best-fit model parameters [120–123]. For this purpose,
mathematical methods such as likelihood ratio tests and
Akaike and Bayesian information criteria may be used
[124], and can easily be implemented using software such as
jModelTest [125] or the model-finding module in MEGA7
[126]. Due to diverse evolutionary forces and processes
(recombination, HGT, differential loss of paralogues, reten-
tion of ancestral polymorphisms and excessively high or low
mutation rates, among others), many loci in genomes have
undesirable properties for phylogenetic reconstruction. If
undetected, these can lead to erroneous or biased estimates
[127, 128] although, ironically, with strong branch support
[129]. Their impact is particularly severe in concatenated

datasets [130, 131], which are standard in microbial phylo-
genomics [132]. Hence, robust phylogenomic inference
requires careful selection of well-suited markers for the job;
software is available for this, e.g. GET_PHYLOMARKERS
[49]. This package can also estimate ML and parsimony
phylogenies from pan-genome matrices, and provide conve-
nient statistical analyses of ANI (and other OGRI) matrices
to decide the (mathematically) optimal number of clusters
using diverse goodness-of-clustering statistics.

Inclusion of phenotypic information and metadata

The International Code of Nomenclature of Prokaryotes
[13] specifies that:

‘Descriptions of taxa should include the following informa-
tion: (a) those characteristics which are essential for mem-
bership in the taxon, i.e., those characteristics which
constitute the basic concept of the taxon; (b) those charac-
teristics which qualify the taxon for membership in the next
higher taxon; (c) the diagnostic characteristics, i.e., those
characteristics which distinguish the taxon from closely
related taxa; and (d) in the case of species, the total number
of strains studied, the strain designations, and the number
of strains which are either positive or negative for each
characteristic.’

In modern bacterial systematics, the characters used for spe-
cies definition and diagnosis are derived from DNA
sequence, so the need for an extensive description of pheno-
typic properties is greatly reduced. Nevertheless, it is still
useful to provide a basic phenotypic characterisation,
including information relevant for culturing the bacteria. It
is important, as the Code emphasizes, to make it clear
whether the properties apply to all known strains or only
to some.

Phenotypic features such as those derived from carbon and
nitrogen source utilization, Biolog tests and fatty acid
methyl esters (FAMEs) are variable at the intraspecies level
and so have limited interspecies discriminative and infor-
mative powers [11, 42, 117]. Phenotypic and chemotypic
tests may possibly be used as additional characteristics of
strains but should not be required as species markers
[32, 86, 112, 133]. It is important to establish whether they
are consistent across multiple strains of the proposed spe-
cies [27]; there is little value in reporting results just for the
type strain. MALDI-TOF mass spectrometry of cellular pro-
teins is a rapid strain characterization method that is prov-
ing increasingly useful to survey the variation in large
collections of isolates. It is routinely used for the identifica-
tion of clinical isolates, and is becoming practicable for rhi-
zobia as reference databases are extended to include more
relevant species [134, 135]. Although the ability to deduce
the chemotaxonomic properties from genomic data is still
in its infancy [28, 47], a ‘genomotaxonomy’ approach has
been proposed to predict stable phenotypes from genomic
data [42]. Lassalle et al. [136, 137] used comparative
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genomics to identify discriminant biochemical traits in
agrobacteria, at the species and clade levels.

Valid publication

The rules for publication are defined in the International
Code of Nomenclature of Prokaryotes [13]. The names of
new species or genera may be ‘effectively’ published in any
journal, in print or online, but are only ‘validly’ published
once they appear in the International Journal of Systematic
and Evolutionary Microbiology (IJSEM). Names published
in other journals appear in ‘validation lists’ in IJSEM. It is
the date and order of the valid publication that determines
the priority of the name, so authors who publish elsewhere
are urged to submit their paper to IJSEM immediately on
publication, in order that it can appear in the next ‘valida-
tion list’. There are a number of requirements for valid pub-
lication. The proposed name must conform to the
nomenclatural rules, there must be a description that is rec-
ommended (Rule 30 of the Code) to meet at least the mini-
mal standards (this document), and a type strain must be
designated (and a type species, in the case of a new genus).
A type strain ‘must be deposited in at least two publicly
accessible service collections in different countries from
which subcultures must be available’.

Genus-level assignments

There is no recognized ‘golden standard’ for genus delinea-
tion and only limited attempts have been made to define
generic boundaries between prokaryotes [138]. Genus affili-
ation has, so far, primarily relied on the single estimate of
evolutionary relationships inferred from sequence variation
of the 16S rRNA gene. It is widely recognized that species of
the same genus form monophyletic groups on the basis of
16S rRNA gene sequences, MLSA and supertree analysis
[30]. Prokaryotic genera remain loosely defined, typically
based on monophyly of strains; there is no clear rule on
sequence divergence between genera but, in the literature,
the boundary between genera lies between 94–95% 16S
rRNA gene sequence similarity [27, 107]. For the classifica-
tion of prokaryotic genera or higher taxa, Chun et al. [139]
proposed that phylogenomic analysis should be used based
on at least 30 single-copy orthologous genes (unlikely to
have undergone lateral transfer events), complementing 16S
rRNA-derived phylogeny and highly conserved phenotypes,
including chemotaxonomic markers.

Other proposals for the delimitation of genera have been
based on the proportion of shared proteins [139] or the level
of amino acid identity of shared proteins [140]. In the
absence of agreed standards, authors are free to choose
appropriate evidence to support the creation of new genera,
but it is important that new and amended genera should be
monophyletic.

Recently, Parks et al. [141] used genome-based phylogeny
to explore taxon boundaries across the whole of the Bacter-
ia, based on relative evolutionary distance from ancestors,
and proposed many shifts in taxonomic level to remove
obvious anomalies. Their analysis shows that genus-level

assignments are generally satisfactory for rhizobia and agro-
bacteria, but many GenBank entries described as Rhizobium
or Agrobacterium have not been updated, and actually
belong to more-recently defined genera.

Many rhizobia and agrobacteria harbour chromids, which
have been proposed as potential genus-specific indicators
because they are similar within a genus, but those in differ-
ent genera tend to use different replication genes and to
carry different sets of conserved genes [142]. A very relevant
example is the genus Agrobacterium, in which the chromid
not only carries a distinctive replication system and con-
served genes, but is linear rather than circular [51]. There-
fore, it is suggested, but not mandatory, that evidence is
sought for the presence of protelomerase, which is necessary
for the maintenance of the linear chromid (see section
Additional considerations specific to rhizobia and
agrobacteria, Agrobacteria: pathogenic features, below).
Alternatively, the replicon structure could be investigated
directly by pulse-field or Eckhardt gel electrophoresis [51].

The Subcommittee encourages authors to have comprehen-
sive evidence before describing a new agrobacterial or rhizo-
bial genus or transferring species to a different genus.
Phylogenetic reconstructions should include sequences
from all type strains of species in a given genus including,
most importantly, the type species [27]. It is recommended
that authors provide information on percentage gene
sequence similarity with species accommodated in the same
genus (over full pairwise comparisons).

ADDITIONAL CONSIDERATIONS SPECIFIC TO

RHIZOBIA AND AGROBACTERIA

Group-specific guidelines help species descriptions to be
useful to the research communities that are interested in
those organisms and, specifically here, the communities that
study nodulating and plant tumour-inducing bacteria. In
rhizobia and agrobacteria these plant interactions are
encoded by accessory genes that can function in a limited
range of bacterial species, which imposes some taxonomic
limits. Non-symbiotic and non-pathogenic members must
be considered, and taxonomic definitions should not
include symbiotic or pathogenic characters because a bacte-
rium cannot change species merely by gaining or losing
some accessory genes. Nevertheless, if the type strain or
other strains have plant-interaction phenotypes, these
should be described in the taxonomic proposal, because the
ability to host these functions is an important aspect of the
biology of the species. The genomes of type strains of new
species should be analysed for their completeness and the
presence of relevant functions. The gene content and the
phenotypic properties should be treated as characteristics of
the type strain but not of the entire taxon.

Rhizobia: symbiotic capacities and symbiovars

Rhizobia should be tested for their infectivity (nodulation
capacity) and effectiveness (symbiotic/free-living nitrogen
fixation). Experience shows that the nodulation test itself
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may not be sufficient to demonstrate that a particular strain
is able to nodulate a specific plant. The strain must be iso-
lated from the nodule again and shown to be identical to the
inoculated strain (Koch’s postulate). Regarding the host
plant range, it may be considered sufficient to demonstrate
the nodulation of a particular host since it is difficult to
define which plant species should be tested. Testing nodula-
tion ability on a broad symbiont-range legume may be an
alternative for rhizobia originating from legume species dif-
ficult to cultivate, such as trees for which seeds are difficult
to obtain and/or germinate, or if there is a long delay before
nodulation. For instance, Phaseolus vulgaris, Macroptilium
atropurpureum or Vigna unguiculata may be used for
alpha-rhizobia and some beta-rhizobia (from South Africa),
and Mimosa pudica for many beta-rhizobia isolated from
mimosoids. Nitrogen fixation can be confirmed by compar-
ing the appearance, biomass and/or N content of inoculated
plants with that of uninoculated controls, or by the acety-
lene reduction assay [143]. Several bacterial genes are
involved in the plant nodulation process and some are used
for symbiotic characterization and are predictive for host
range. Among them nodC and nodA are the most studied,
and many sequences are available in the GenBank database
for these genes. Sequences of nitrogen fixation genes (partic-
ularly nifH) should also be studied; we know that a few rhi-
zobia have nif genes but lack nod genes [144]. We
encourage a broader consideration of the biological insights
that can be gained from a genome sequence as done, for
example, by Aserse et al. [145].

Symbiovars [146] are defined to describe the nodulation
properties of a rhizobium, reflecting similarity in host range
and nod genes. It should be noted that the term ‘symbiovar’
is not a formal taxonomic category, but the concept has led
to a valuable classification of the accessory genes involved in
symbiosis.

Agrobacteria: pathogenic features

Just as with symbiosis, pathogenicity encoded by Ti and Ri
plasmids is not relevant for the taxonomy of agrobacteria.
However, for agrobacterial strains isolated from tumours or
hairy roots it is useful (not mandatory) to test pathogenicity.
This test may also be indicated for strains isolated from
other environments, if genome sequences reveal the occur-
rence of genes known to be related to pathogenicity.

In the case of Agrobacterium spp., it is necessary to demon-
strate that strains possess a linear chromid, which seems to
be a characteristic feature of this genus [51, 52]. In this
regard, it would be sufficient to detect a gene for protelo-
merase by PCR, and/or to detect it in the whole genome
sequence of the type strain [51]. No ‘universal’ telA primers
exist so far but telA sequences can easily be searched in
sequenced genomes, even though it requires a good level of
sequence completion not to miss the gene, reinforcing the
need for high-quality sequenced genomes. Alternatively, it
is possible to demonstrate the presence of a linear chromid
by PFGE [147].

CONCLUSIONS AND CONSENSUS

RECOMMENDATIONS

The use of genome sequence data in bacterial taxonomy has
long been recommended in the literature [32, 33, 38, 112]
and is now becoming standard [31, 40, 44, 72, 148–151].
This is increasingly the case in rhizobial and agrobacterial
taxonomy (Table S1) [86, 88, 152], demonstrating the perti-
nence of the comment by Graham et al. [14]: ‘Clearly, the
greater the percentage of the bacterial genome considered in
the classification of strains, the greater the precision
obtained’.

For a proper description of a new genus or species of rhizo-
bia or agrobacteria, this Subcommittee believes that the fol-
lowing minimal standards are necessary.

(1) A genome sequence must be available for the type
strain. Genome sequences may be incompletely
assembled, but should follow the proposed minimal
standards for the use of genome data for the taxon-
omy of Prokaryotes [31].

(2) Evidence for differentiation from other species must
be provided and be based on genome sequences of the
type strains.

It is recommended that, when relevant, the following addi-
tional useful information be included (but this is not
mandatory).

(3) Intra-specific molecular variation should be described
based on several clearly different strains.

(4) Phenotypic data, particularly information that is use-
ful for culturing the organisms and understanding
their ecology, should be provided for a set of strains
representing the variation in the species.

(5) It is of interest to provide information on plant-inter-
action capacity and related gene sequences, although
these are not taxonomic features: nodulation pheno-
type (infectivity, effectiveness, host range) and nod/nif
gene sequences for rhizobia, pathogenicity assay and
Ti/Ri-related sequences for tumorigenic or rhizogenic
strains.

These guidelines are in addition to current rules for general
bacterial taxonomy set out in the International Code of
Nomenclature of Prokaryotes [13], which include the fol-
lowing mandatory requirements.

(6) New names must conform to the International Code
of Nomenclature of Prokaryotes [13].

(7) Descriptions must be validly published, either directly
in Int J Syst Evol Microbiol (detailed instructions for
submitting a proposal for naming new species can be
found at http://ijs.microbiologyresearch.org/content/
journal/ijsem/about), or in a validation list in this
journal when published elsewhere. Authors wishing to
have new names and/or combinations included in
future lists should send an electronic copy of the pub-
lished paper to the IJSEM Editorial Office with
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evidence that all of the other requirements for valid
publication have been met.

(8) Type strains must be deposited in two recognized cul-
ture collections in two different countries, from which
subcultures must be available.
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