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ABSTRACT 
 
Studies of the taxonomy of bacteria were initiated in the last quarter of the 19th century when bacteria 
were classified in six genera placed in four tribes based on their morphological appearance. Since 
then the taxonomy of bacteria has been revolutionized several times. At present, 30 phyla belong to 
the domain “Bacteria”, which includes over 9600 species. Unlike many eukaryotes, bacteria lack 
complex morphological characters and practically phylogenetically informative fossils. It is partly 
due to these reasons that bacterial taxonomy is complicated. Due to the improvement of methods to 
obtain sequence level characters plus new methods for their analyses, the taxonomy of bacteria has 
also been improved. However, there is still no official classification of prokaryotes. 
 
Biological nitrogen fixation (BNF) is a process in which bacteria reduce inert nitrogen gas to 
biologically useful ammonia. The symbiotic interaction between rhizobia and legumes (Fabaceae or 
Leguminosae) is important both in natural systems and in agriculture. Rhizobia is a general name for 
a group of bacteria that can enter symbiosis with legumes.  Until 1982, all these were classified into 
one single bacterial genus, Rhizobium. The number of rhizobial genera increased to 17 by the year 
2011, from which five genera, Rhizobium, Allorhizobium, Agrobacterium, Ensifer (syn. 
Sinorhizobium), and Shinella were accommodated in the family Rhizobiaceae. The genus 
Agrobacterium, a group of mostly pathogenic bacteria, was placed among the beneficial nitrogen-
fixing bacteria (rhizobia) in the family Rhizobiaceae. That resulted in several taxonomic issues 
regarding the family Rhizobiaceae. The main nomenclatural issue regarding the genus Agrobacterium 
resulted from transferring this genus to the genus Rhizobium. Moreover, the phylogenetic position of 
the former nitrogen-fixing “Rhizobium galegae complex” was not clear. This group of bacteria was 
in previous studies clustered with either Agrobacterium or Rhizobium or placed in a lineage separately 
from other genera of the family Rhizobiaceae.  
  
During the last decade, the number of the rhizobial species increased dramatically, especially in the 
genus Rhizobium. However, Rhizobium is an inappropriate genus name for some of the species 
assigned to the genus. To resolve some of the major taxonomic uncertainties of the family 
Rhizobiaceae, two separate multilocus sequencing analyses (MLSA) were performed. In the first 
study, an MLSA of 114 rhizobial strains was performed by using six housekeeping genes (atpD, glnA, 
glnII, recA, rpoB, and thrC). The first MLSA study was focusing on the phylogeny of the taxa 
belonging to the former “Rhizobium galegae complex” and the genus Agrobacterium. In the second 
MLSA, a total of 100 strains representing 81 species of the family Rhizobiaceae were studied using 
four housekeeping genes namely 16S rRNA, atpD, recA, and rpoB.  Based on these results, we 
proposed delineation of two new genera, Neorhizobium gen. nov. and Pararhizobium gen. nov., and 
16 new species combinations, Neorhizobium galegae comb. nov., Neorhizobium huautlense comb. 
nov., Neorhizobium alkalisoli comb. nov., Agrobacterium nepotum comb. nov., Agrobacterium 
pusense comb. nov., Agrobacterium skierniewicense comb. nov., Allorhizobium vitis comb. nov., 
Allorhizobium taibaishanense comb. nov., Allorhizobium paknamense comb. nov., Allorhizobium 
oryzae comb. nov., Allorhizobium pseudoryzae comb. nov., Allorhizobium borbori comb. nov., 
Pararhizobium giardinii comb. nov., Pararhizobium capsulatum comb. nov., Pararhizobium herbae 
comb. nov., and Pararhizobium sphaerophysae comb. nov. (Paper I and II).  
 
A total of 159 bacterial strains were isolated from the nodules of the Chinese specimens of the plant 
genus Glycyrrhiza L. The results of the study showed that 29 “true symbiotic” strains belong to the 
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genus Mesorhizobium. To estimate the phylogenetic position of the 29 isolates an MLSA was 
performed for 59 mesorhizobial strains by using three housekeeping genes 16S rRNA, recA, and rpoB. 
Moreover, the phylogeny of three symbiotic genes (nodA, nodC, and nifH) of these 59 mesorhizobial 
strains was investigated. The results of MLSA showed that 21 test strains belong to the species M. 
tianshanense, M. gobiense, M. temperatum, M. muleiense, M. amorphae, M. alhagi, and M. 
camelthorni, whereas eight test strains might belong to a novel species of Mesorhizobium. The results 
of the analyses of accessory genes in this study showed that the mesorhizobial strains isolated from 
the plant genus Glycyrrhiza have probably acquired some genetic material from other rhizobia co-
evolving with Glycyrrhiza and other legumes (Paper III). 
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1 INTRODUCTION 

1.1 Taxonomy and systematics    

               Deus creavit, Linnaeus disposuit 
                                                                                                                    Carolus Linnaeus                       

Taxonomy is defined by Encyclopædia Britannica as “in a broad sense, the science of classification, 
but more strictly the classification of living and extinct organisms i.e., biological classification. The 
term is derived from the Greek taxis (“arrangement”) and nomos (“law”)”. “Taxonomy is, therefore, 
the methodology and principles of systematic botany and zoology and sets up arrangements of the 
kinds of plants and animals in hierarchies of superior and subordinate groups” 
(http://global.britannica.com/science/taxonomy). The terms “taxonomy” and “systematics” have 
been applied synonymously in the literature, although the two terms have been defined differently by 
some scientists. For instance, Stanley & Krieg (1984) proposed that taxonomy constitutes three 
different areas including classification, nomenclature, and identification. Systematics is “the 
scientific study of organisms with the ultimate objective of characterization and arranging them in an 
orderly manner” in the words of Oren (2009), or “the scientific study of the kinds and diversity of 
organisms and of all relationships among them” (Simpson 1961). According to Prothero (2007) 
systematics includes not only taxonomic classification but also determining evolutionary 
relationships (phylogeny) and determining geographic relationships (biogeography). 
 
The term phylogeny was introduced by Haeckel in 1866. However, Haeckel never used the term 
“phylogeny” or “phylogenetic trees” for his trees, but he called them “Stammbaum”, which means 
“genealogical tree” or “Pedigree” (Dayrat 2003). “The construction and use of phylogenetic trees is 
central to modern systematics. But it is unclear exactly what phylogenies and phylogenetic trees 
represent. They are sometimes said to represent genealogical relationships between taxa, between 
species, or simply between groups of organisms” (Velasco 2013).  
 

1.2 Bacterial systematics                                     

“WARNING: There is no official classification of prokaryotes”               
                                                                                                                             www.bacterio.net 

Before Haeckel placed the bacteria in the phylum Moneres in the kingdom Protista in 1866, bacteria 
had been placed in the kingdom of plants, constituting the class Schizomycetes. Cohn (1875) classified 
bacteria in six genera placed in four tribes according to their morphological appearance. Unlike 
eukaryotes, morphology and fossil records cannot contribute in the systematics of prokaryotes, since 
bacteria are lacking complex morphological characters and practically all phylogenetically 
informative fossils (Oren 2009). One of the first attempts to comprehensive study and revision of the 
taxonomy of bacteria was published in the 1920s as Bergey's Manual of Determinative Bacteriology 
(Stanley & Krieg 1984). The taxonomy of bacteria was mostly based on morphological and 
physiological features till the 1980’s. Subsequent editions of Bergey’s Manual of Systematic 
Bacteriology have been published since 1984. However, Bergey’s manual disowned that it is an 
official classification. An ad hoc committee was assigned by the Judicial Commission of the 
International Committee on Systematic Bacteriology in 1973 to review the names of described 
bacteria and publish it under the title of Approved Lists of Bacterial Names in the International 
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Journal of Systematic Bacteriology (Skerman et al, 1989). Since January 1980, the articles describing 
new bacterial names can be valid only if it is either originally published in International Journal of 
Systematic Bacteriology (International Journal of Systematic and Evolutionary Microbiology since 
1990) or published in other journals but listed in the “Validation Lists” of this journal. Colwell (1970) 
introduced multiphasic (or polyphasic) taxonomy as an approach to studying the taxonomy of bacteria. 
Polyphasic taxonomy is an integration of morphological, physiological, and biochemical 
characteristics and genotypic data. Polyphasic taxonomy has been used as a developed bacterial 
taxonomy for several decades (Vandamme et al, 1996).  
 
The phenotypic methods are the techniques that are not based on DNA or RNA. Ettema and 
Andersson (2009) pointed out that genomes of Alphaproteobacteria can be reduced or expanded at 
high frequency. Rhizobia is a group of Proteobacteria mostly fixing nitrogen in symbiosis with 
legumes as their host plants. Many of the genes encoding phenotypic characters of rhizobial bacteria 
are located in plasmid and genomic islands. Since plasmids and genomic islands might be lost or 
gained in the genomes of Alphaproteobacteria, some phenotypic features, mostly those utilizing 
carbon and nitrogen sources, cannot be considered as stable characters for taxonomic studies of some 
groups of bacteria such as rhizobia (Ormeño-Orrillo & Martínez-Romero 2013). In this chapter, 
mostly molecular methods will be focused on since they could be considered as reliable and 
straightforward approaches to achieve more robust results in taxonomic studies.  
The major methods used for bacterial taxonomy are listed and some are discussed below.  
 

1.2.1 Genotypic methods 

As the term “genetic” implies, the genotypic techniques are based on DNA or RNA molecules. These 
methods have become more common, convenient, accurate and less laborious and cheaper than the 
phenotypic analyses in the bacterial systematics analyses.  
 

1.2.2 G+C content 

One of the preliminary genotypic techniques was determination of the DNA-base composition (mol% 
G+C). With this technique the percentage of guanine plus cytosine in the genome is determined. This 
value ranges from 16% to 75% in bacterial genomes (Lightfield et al, 2011), and these values were 
considered as a parameter to classify bacteria, especially for distinguishing strains with phenotypical 
similarity (Rosselló-Mora & Amann 2001). Strains belonging to the same species could have at most 
3% variation in G+C content, and not more than 10% for the members of a genus (Vandamme 1996). 
However, it should be noted that in this indirect method the genomic G+C content is estimated from 
the physical properties it induces in extracted and/or digested genomic DNA, and the nucleotides are 
not calculated (Meier-Kolthoff et al, 2014).  
 

1.2.3 DNA-DNA hybridization (DDH) 

 DNA-DNA hybridization (DDH) method is another old method that is still being used for description 
of species. The ad hoc committee ruled that “The phylogenetic definition of a species generally would 
include strains with approximately 70% or greater DNA-DNA relatedness and with 5°C or less ΔTm. 
Both values must be considered” (Wayne et al, 1987). The suggestion of the ad hoc committee 
reinforced the use of DDH in bacterial taxonomy. Since 1987, use of this method has been compulsory 
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for all the species described in the International Journal of Systematic and Evolutionary Microbiology. 
In this method DNAs of two different organisms are mixed and denatured; and single-stranded DNA 
molecules hybridize based on the similarity of the two organisms. Nevertheless, in practice DDH 
does not reflect the level of sequence similarity of two organisms, it is very time consuming and 
laborious, and needs good technological practices to get accurate results. Furthermore the results of 
DDH could vary in different laboratories (Cho & Tiedje 2001; Lindström et al, 2015). The major 
drawback of DDH is the fact that it is impossible to construct a database that allows retrieval of 
information for further comparisons and analyses (Richter & Rosselló-Móra 2009). Thus in 2002, the 
ad hoc committee reported a need to find an alternative for DDH for species circumscription 
(Stackebrandt et al, 2002). 
 

1.2.4 The 16S rRNA gene 

In practice, the taxonomy of prokaryotes was revolutionized in the 1970s, when the use of the 16S 
rRNA gene was initiated for phylogenetic analyses by Carl Woese (Oren 2009). The use of the 16S 
rRNA gene in the 1990s resulted in a significant increase in the number of the annual descriptions of 
new species (Tamames & Rosselló-Móra 2012). The number of available 16S rRNA sequences in 
public repositories increased from around 10 000 in the year 2 000 to 250 000 and 3 000 000 in 2004 
and 2012, respectively. However, over 99% of the available sequences belong to environmental DNA 
of uncultured organisms (Tamames & Rosselló-Móra 2012). Today, reporting a nearly complete 
sequence of the16S rRNA gene is necessary for description of new bacterial taxa. 
 
The similarities of 97% and 95% of 16S rRNA gene sequences were set as the borderlines for strains 
belonging to the same species and genus, respectively. The 16S rRNA gene could be sequenced easily 
and there are millions of sequences of bacterial species available to be compared. It should be noted 
though, that there are some pitfalls of using the 16S rRNA gene for taxonomic classification and they 
are not alone sufficient for description of new taxa (Stackebrandt & Goebel 1994; Everett et al, 1999; 
Tindall et al, 2010). Problems to keep in mind are: (i) all available sequences do not have good quality; 
(ii) the cut-off number for similarity of 16S rRNA cannot be applied as a standard borderline, since 
for example in the case of bradyrhizobia and mycoplasma, the 16S rRNA genes show little variation; 
(iii) the 16S rRNA gene might be occasionally subject to horizontal transfer and genetic 
recombination, thus, phylogeny of 16S rRNA might not reflect the phylogeny of bacteria; and (iv) 
the low polymorphism of 16S rRNA sequences of some genera does not allow closely related species 
to be split (van Berkum & Fuhrmann 2000; Willems 2001; van Berkum et al, 2003; Eardly et al, 2005; 
Vinuesa et al, 2005; Martens et al, 2007 & 2008; Thompson et al, 2013). 
 

1.2.5 Multilocus sequence analysis (MLSA) 

Multilocus sequence Typing (MLST) was introduced to the bacterial taxonomy in the case of  
Neisseria meningitidis, by Maiden et al, (1998), to overcome the problems resulting from applying 
previously used characterization  methods of pathogenic microorganisms. MLST is mostly used in 
epidemiology for characterization of strains at an intraspecific level (Martens et al, 2007). In the 
method MLST, the analyses are based on the numbers that are assigned to allele sequences at each 
locus. In contrast, in multilocus sequence analysis (MLSA) the actual DNA sequences are analysed 
(genome.ppws.vt.edu/cgi-bin/MLST/docs/MLSTMLSA.pl). Gevers et al, (2005) defined MLSA as 
“a method for the genotypic characterization of a more diverse group of prokaryotes (including entire 
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genera) using the sequences of multiple protein-coding genes”. The housekeeping genes are mostly 
located in the chromosome and chromid of the prokaryotes and are encoding proteins involved in 
physiological maintenance of prokaryotes (Krawiec & Riley 1990; Young et al, 2006; Harrison et al, 
2010). Housekeeping genes (core genes) are considered as suitable markers for studying the 
phylogeny of microbes since they are divergent enough to discriminate closely related species in 
taxonomic analyses. Unlike the core genes, accessory genes are strain-specific and are mainly 
involved and specialized in ecological adaptation. Accessory genes thus, might not reflect phylogeny 
of prokaryotes accurately and cannot be found in all the individuals of the species. 
 
Vinuesa et al, (2005 & 2008) pointed out that only orthologous core loci are suitable genes for MLSA-
based inference for estimation of the phylogeny of multiple species. Selecting appropriate 
housekeeping genes is important to estimate phylogenies based on concatenated gene sequences. The 
ad hoc committee for the re-evaluation of the species definition in bacteriology suggested using a 
minimum of five housekeeping genes in MLSA (Stackebrandt et al, 2002). However, there is no exact 
number of housekeeping genes to be used in MLSA; for instance, Konstantinidis et al, (2006) 
proposed that a minimum of three genes should be included in an MLSA study. Stackebrandt et al, 
(2002) also suggested selection of the loci for MLSA studies based on three major criteria of (i) 
ubiquitous among prokaryotes; (ii) diverse chromosomal loci; and (iii) unique occurrence in the 
genome. The cost of gene sequencing has decreased dramatically and the phylogenetic programs have 
been improved and have become more user friendly than they were in the early 2000’s. Thus, the 
MLSA method has become more convenient and a preferred method for taxonomic analyses in the 
last decade also in microbiology. In the phylogenetic analyses of diverse eukaryotes, it has been a 
norm for quite some time (Kluge 1989; Nixon & Carpenter 1996). Considering different aspects of 
performing a taxonomic study including phylogenetic analyses, costs, accessibility, and accuracy, 
MLSA could be considered as the best available approach.  
 

1.2.6 Genome-based taxonomy  

Retrieving high-quality evolutionary information from sequences of bacterial genomes has 
revolutionized various aspects of microbiology disciplines, such as taxonomy. Genome sequencing 
can improve the identification of species, and also resolve the taxonomic uncertainties of higher taxa 
(Whitman 2015). The average nucleotide identity (ANI) between pairs of genomes of bacteria was 
one of the initial advents of application of genomics in taxonomy. ANI values of 95-96% could 
represent the DDH value of 70%, which is considered as the borderline of description of new species. 
It is believed that the use of ANI can substitute DDH for description of new species (Goris et al, 2007; 
Scortichini et al, 2013). Thus, ANI could be regarded as the novel approach in the taxonomy of 
bacteria (Richter & Rosselló-Móra 2009). Besides ANI, other taxonomic markers such as Karlin 
genomic signatures, supertrees, and in silico Genome-to-Genome Distance Hybridization (GGDH) 
can be used with the whole-genome sequences (Thompson et al, 2013). At present, it is highly 
recommended to deposit the genome sequence of a new species in the International Nucleotide 
Sequence Database public archives. Whitman (2015) proposed that genome sequences could also 
serve as the type material to be deposited to culture collections for naming the prokaryotic taxa that 
were obtained from either a clonal population or a single cell. Genome-based taxonomy will be the 
ultimate, most accurate, convenient, and even the cheapest method of taxonomy, despite the fact that 
the number of the available whole-genome sequenced bacterial species is insufficient yet. 
 



15 
 

1.2.7 Other molecular methods 

DNA-based typing methods (DNA fingerprinting) have mostly been used for detection of diversity 
between members of a species and subtyping of species (Vandamme et al, 1996; Rosselló-Móra & 
Amann 2001). There are several methods listed in this category, and in the 1990s, they were mainly 
replacing or used to supplement classical phenotypic subtyping methods (Vandamme et al, 1996). 
The techniques such as Restriction Fragment Length Polymorphism (RFLP), Amplified Fragment 
Length Polymorphism (AFLP), and Random Amplified Polymorphic DNA (RAPD) have also been 
used in microbiological studies (Nick 1998). 
 

1.2.8 Phenotypic methods 

The techniques that are not based on genetic characters are considered as phenotypic. In this chapter, 
some traditional phenotypic methods are only listed; and the methods are not explained in detail. The 
classical phenotypic characteristics of bacteria have been reported in almost all the taxonomic papers, 
principally in the papers describing new species and genera. The traditional or classical phenotypic 
features of bacteria include morphological, physiological and biochemical characteristics. 
Morphological analyses of bacteria include the study of size, shape, flagella, endospore, inclusion 
bodies, gram staining of cells, and colour, dimensions, and form of colonies. The biochemical and 
physiological approaches include various types of tests e.g. growth of bacteria in different 
temperatures, salt concentrations, pH values, and metabolization of various compounds. Other 
frequently used phenotypic methods include analysis of cellular fatty acids, whole-cell proteins 
analyses, multilocus enzyme electrophoresis, pyrolysis mass spectrometry, and analysis of 
polyamines (Vandamme et al, 1996; Nick 1998). Cross-nodulation testing is one of the unique 
methods that was used for the taxonomy of rhizobia in the early 20th century (Fred et al, 1932; 
Willems 2006). However, due to irregular cross-nodulation among plant groups, Wilson (1944) 
proposed that applying the technique should be abandoned. 
 

1.3 The current taxonomy of Bacteria 

Currently, prokaryotes contain two domains (or empires), "Bacteria" (or "Eubacteria") and "Archaea" 
(or "Archaeobacteria"). These two domains contain 35 phyla (or divisions), from which 30 phyla 
belongs to the domain “Bacteria” (www.bacterio.net/-classifphyla.html). Approximately 80% of 
eukaryotic species are estimated to have been described, whereas this number has been estimated to 
be only 0.1% for prokaryotes (Tamames & Rosselló-Móra 2012;  Rosselló-Móra 2012). In 2012, the 
number of described bacterial families, genera, and species was estimated to be 290, 1 916, and 9 624, 
respectively (Yarza et al, 2014; www.bacterio.net). However, it is worth noting that there is still 
neither official classification of prokaryotes nor a “widely accepted” concept of species (Gevers et al, 
2005; www.bacterio.net).  
 

1.4 Rhizobia 

Rhizobia is a generic name for a wide range of bacteria mostly fixing nitrogen in symbiosis with 
legumes as their host plants. Until 1982, a single bacterial genus, Rhizobium, was presented as having 
these properties. Today, rhizobia are distributed in the classes Alphaproteobacteria and 
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Betaproteobacteria of the phylum Proteobacteria (Garrity et al, 2005; Sprent 2008). 
Alphaproteobacterial rhizobia are accommodated in the families Bradyrhizobiaceae, Brucellaceae, 
Hyphomicrobiaceae, Methylobacteriaceae, Phyllobacteriaceae, and Rhizobiaceae of the order 
Rhizobiales (www.bacterio.net). The number of rhizobial genera described increased to 17 by 2011. 
The genera Agrobacterium, Allorhizobium, Aminobacter, Azorhizobium, Bradyrhizobium, Devosia, 
Mesorhizobium, Methylobacterium, Microvirga, Ochrobactrum, Phyllobacterium, Rhizobium, 
Shinella and Ensifer (syn. Sinorhizobium) belong to the alpha subphylum of Proteobacteria; and 
Burkholderia, Cupriavidus and Herbaspirillum belong to the families of Burkholderiaceae and 
Oxalobacteraceae of the class Betaproteobacteria (Lindström & Mousavi 2010; Carro et al, 2012). 
Table 1 shows the large increase in the number of rhizobial species during the previous decade. The 
main focus of this chapter is on rhizobial species of the family Rhizobiaceae and the genus 
Mesorhizobium of the family Phyllobacteriaceae.  
 

Table 1. Increasing number of species in the genera of rhizobia by 2015 (Skerman et al, 1980; Willems 
2006; www.bacterio.net). 

Genus Number  of species     
 1980 81-85 86-90 91-95 96-00 01-06 07-15* 
Agrobacterium 4 4 5 5 5 5 3-5 
Rhizobium 6 7 7 10 10 16 72 
Bradyrhizobium  1 1 3 3 7 27 
Ensifer (syn. Sinorhizobium)   2 5 8 11 15 
Azorhizobium   1 1 1 2 3 
Mesorhizobium     7 11 30 
Allorhizobium     1 1 1 

*Only the validated species (by October 2015) were considered (www.bacterio.net). 

 

1.4.1 The family Rhizobiaceae 

The family Rhizobiaceae Conn 1938 belongs to the order Rhizobiales of the class 
Alphaproteobacteria. Up to 2010, there were five genera, Rhizobium, Allorhizobium, Agrobacterium, 
Ensifer (syn. Sinorhizobium), and Shinella, in the family with Rhizobium as the type genus. There 
have been several nomenclatural controversies in the family and   they are discussed below. 
 

1.4.2 Rhizobium 

In 1888, Beijerinck used the name Bacillus radicicola for bacteria isolated from nodules of different 
legumes. In 1889, Frank named these microorganisms as Rhizobium with the type species of the genus 
as R. leguminosarum. This species was originally described as Schinzia leguminosarum. R. 
leguminosarum, R. trifolii, R. phaseoli, R. meliloti, and R. japonicum were described in the genus 
based on cross-inoculation groups by Fred et al, (1932). 
 
In 1980, there were only six species in the genus Rhizobium, and this number increased to 10 till the 
year 2000. Surprisingly, the number of Rhizobium species increased from 16 in 2006 to 56 species in 
2014, and 15 new species were described form January 2014 to June 2015. Willems (2006) pointed 
out two major reasons for the huge increase in the number of species: (i) many studies launched 
investigating legumes that are not important food and feed crops; and (ii) the improvement of 
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taxonomic techniques. Description of the genus Bradyrhizobium (Jordan 1982), for the distinction of 
fast and slow growing rhizobia, led to transfer of the species Rhizobium japonicum to the genus 
Bradyrhizobium. Some other rhizobial species, for instance Sinorhizobium and Mesorhizobium, were 
in Rhizobium before the delineation of the new generic names. Even though several new generic 
names were described for rhizobia, the genus Rhizobium accommodated around 40% of the rhizobial 
species by 2013 (Lindström et al, 2015). The genus Rhizobium is heterogeneous embracing two major 
subclusters: the “R. leguminosarum species complex” and the “R. tropici group” (Ribeiro et al, 2012; 
Aserse et al, 2012). The genus Rhizobium accommodated 56 species in 2014. However, it is not a 
proper genus name for all the species, since some of them are phylogenetically interspersed among 
members of other genera in Rhizobiaceae. For instance, R. giardinii was not clustered with the other 
species of Rhizobium in several studies, and R. galegae either (Turner & Young 2000; Young et al, 
2001; Eardly et al, 2005; Martens et al, 2008). Despite of this, the generic name “Rhizobium” was 
used for them till 2014. Some so-called Rhizobium species such as R. skierniewicense and R. nepotum 
were placed within the Agrobacterium clade in the phylogenetic analyses by Puławska et al, (2012 
a&b). However, they were described as Rhizobium, since Young (2001) transferred the 
Agrobacterium species to Rhizobium.  
 
The main reasons creating conflicts and heterogeneity in Rhizobium can be listed as: (i) the large 
number of new rhizobial species described; (ii) tendency to use the term “Rhizobium” for practically 
novel nitrogen-fixing bacteria; and (iii) the confusion due to merging of the genera Agrobacterium 
and Allorhizobium in Rhizobium.  
 

1.4.3 The “Rhizobium galegae complex” 

The species Rhizobium galegae was described by Lindström (1989) for a group of rhizobia isolated 
from the nodules of Galega orientalis Lam. and G. officinalis L. in Finland, New Zealand, Russia, 
and England. Rhizobium galegae has two symbiovars, orientalis and officinalis, the former one forms 
effective nodules on Galega orientalis and the latter one on Galega officinalis. Three other species 
Rhizobium huautlense, R. vignae, and R. alkalisoli were described later (Wang et al, 1998; Lu et al, 
2009; Ren et al, 2011a), and found to be genetically related to the species Rhizobium galegae. The 
species R. huautlense, R. alkalisoli and R. vignae were isolated from the effective nodules of Sesbania 
herbacea, Caragana intermedia and multiple legume species, respectively. Zakhia et al, (2004) 
reported a group of bacteria isolated from nodules of Astragalus cruciatus, Argyrolobium uniflorum, 
Anthyllis henoniana, Lotus creticus, Medicago marina and M. truncatula in Tunisia that were placed 
close to R. galegae based on the phylogeny of 16S rRNA gene sequences. A single strain, Rhizobium 
sp. HAMBI 3429, isolated from Glycyrrhiza uralensis Fisch. in China was also positioned close to R. 
galegae in a study by Li et al, (2012). 
 
The phylogenetic position of Rhizobium galegae has been unresolved for several decades. Previous 
phylogenetic studies grouped it with either Rhizobium or Agrobacterium. In some phylogenetic 
studies it formed a distinct clade of its own (Turner & Young 2000; Young et al, 2001; Eardly et al, 
2005; Martens et al, 2008). For instance, Jarvis et al, (1986) reported that R. galegae formed a 
genetically distinct group from the other Rhizobium species based on the 16S rRNA similarity maps 
and a Tm(e) (the temperature at which 50% of the hybrid was denatured) dendrograms. R. galegae was 
placed close to the genus Agrobacterium based on 16S and 23S rRNA genes and cellular fatty acid 
composition, while it was clustered with Rhizobium based on dnaK gene phylogeny (Jarvis et al, 1996; 
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Eardly et al, 2005). The species also formed a distinct group in the glnA gene tree (Turner & Young 
2001) and in the16S rRNA tree of 160 alphaproteobacterial strains (Lindström et al, 2015).  
 
The uncertain phylogenetic position of a group of nitrogen-fixing bacteria, the “R. galegae complex”, 
was the major aim that led us to study the phylogeny of the family Rhizobiaceae. The “R. galegae 
complex” has been classified as Rhizobium and Agrobacterium, the former containing mostly 
nitrogen-fixing bacteria with the latter including mostly pathogenic bacteria. The members of this 
complex received a new genus name, Neorhizobium (Paper I). 
 

1.4.4 Agrobacterium 

The genus Agrobacterium was described by Conn (1942) for three bacterial species including 
Alcaligenes radiobacter (syn. Bacterium radiobacter, Achromobacter radiobacter), Phytomonas 
rhizogenes and P. tumefaciens. Conn (1942) reported that the species A. radiobacter along with these 
two plant pathogenic species (causing crown gall and hairy root) resembled legume-nodulating 
bacteria (Rhizobium spp.). Agrobacterium tumefaciens was proposed as the type species of this new 
genus. Keane et al, (1970) proposed two biotypes for the species A. tumefaciens, A. radiobacter, A. 
rhizogenes and A. rubi. The biotype 1 included both pathogenic (tumour-inducing and root-
proliferating) and non-pathogenic agrobacteria, whereas the biotype 2 contained only pathogenic 
(tumour-inducing and root-proliferating) agrobacteria. Several studies were carried out in the 1970s 
and 1980s to classify the genus Agrobacterium in biotypes and biovars by using numerical analyses 
of phenotypic characteristics and biological and physiological tests (White 1972; Kerr & 
Panagopoulos 1977; Holmes & Roberts 1981). The third biotype was designated for agrobacterial 
strains that were isolated form grapevines (Panagopoulos et al, 1978). Jordan (1984) made a 
correlation between the existing six types of nomenclature and classifications of the genus 
Agrobacterium. He proposed three biovars for the species A. tumefaciens (biovars 1-3), A. 
radiobacter (biovars 1&2), A. rhizogenes (biovars 1&2), and no biovar for A. rubi (Jordan 1984). 
However, the three biovars designated for A. tumefaciens, A. rhizogenes and A. vitis have been used 
more frequently (Holmes & Roberts 1981; Ophel & Kerr 1990). It is worth noting that the term biovar 
is not used for a specific phenotype form within a species in the case of Agrobacterium (Lindström 
& Young 2011). Young et al, (2001) transferred four species of Agrobacterium including A. 
tumefaciens, A. radiobacter, A. rhizogenes, and A. vitis to the genus Rhizobium based on the 
phylogenetic analyses of sequences of 16S rRNA gene. The amalgamation of the genera 
Agrobacterium, Rhizobium and Allorhizobium into a single genus, Rhizobium, raised difficulties and 
controversial taxonomic questions in the family Rhizobiaceae. Farrand et al, (2003) retained 
Agrobacterium as a distinct genus; nonetheless, the genus name Rhizobium has continuously been 
used for agrobacterial species.  
 
Nine genomospecies (genomovars) G1 to G9 were designated for the species Agrobacterium 
tumefaciens (and bona fide A. radiobacter) by Mougel et al, (2002), and later G13 was added by 
Costechareyre et al, (2009). These genomovars were considered as putative new species but have not 
yet received Latin binomials, with the exception of G8, which was called A. fabrum. Moreover, the 
type strain of the type species of the genus, A. tumefaciens B6, was grouped within the A. radiobacter 
clade (G4) (Mougel et al, 2002; Portier et al, 2006; Costechareyre et al, 2010). Since the epithet 
radiobacter has priority over tumefaciens, the species A. tumefaciens is valid no longer (Lindström 
& Young 2011). The species Agrobacterium rhizogenes was transferred to the genus Rhizobium as R. 
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rhizogenes (Costechareyre et al, 2010). The position of a group of mostly phytopathogenic bacteria, 
Agrobacterium, within a nitrogen-fixing group of bacteria, Rhizobium, has caused nomenclatural 
uncertainties, controversies and taxonomic misunderstandings for four decades. 
 

1.4.5 Other genera of Rhizobiaceae 

The genus Sinorhizobium was described by Chen et al, (1988) for a group of fast-growing rhizobia 
that were separated from Rhizobium and Bradyrhizobium. The species S. fredii (basionym, Rhizobium 
fredii) was proposed as the type species of the genus. Casida (1982) proposed the genus Ensifer for a 
bacterial predator of bacteria in soil, with only one species, E. adhaerens, by 2003. 16S rRNA gene 
comparisons placed E. adhaerens close to the genus Sinorhizobium (Balkwill 2005). This caused 
some nomenclatural controversies (Willems et al, 2003; Young 2003). Nevertheless, since the rules 
of Bacteriological Code give priority to the older name, the members of Sinorhizobium were 
transferred to Ensifer (Opinion 84 of the Judicial Commission). The genus Ensifer now contains 15 
species. 
 
The genus Allorhizobium was designated for a group of bacteria isolated from nodules of Neptunia 
natans in Senegal (de Lajudie et al, 1998). The genus contained one species, Al. undicola, by 2013. 
However, Willems (2006) proposed that the genus requires a revision. Based on the phylogenetic 
analyses of recA sequences of Agrobacterium and close species, Costechareyre et al, (2010) pointed 
out that Allorhizobium could be transferred to the genus Agrobacterium. The genus Shinella includes 
six species, of which S. kummerowiae is a symbiotic bacterium isolated from root nodules of 
Kummerowia stipulacea (Lin et al, 2008). 
 

1.4.6 The family Phyllobacteriaceae 

The family Phyllobacteriaceae was described for seven genera (Mergaert & Swings 2005). At present, 
11 genera Aminobacter, Aquamicrobium, Chelativorans, Defluvibacter, Hoeflea, Mesorhizobium, 
Nitratireductor, Phyllobacterium, Pseudahrensia, Pseudaminobacter, and Thermovum are 
accommodated in the family (www.bacterio.net/-classifgenerafamilies.html#Phyllobacteriaceae). 
The genera Aminobacter, Mesorhizobium and Phyllobacterium contain nitrogen-fixing species. The 
type genus of the family, Phyllobacterium, is closely related to the genus Mesorhizobium. These two 
genera were placed in the family Rhizobiaceae before the description of Phyllobacteriaceae (Jarvis 
et al, 1982; Knösel 1984). In this chapter, only the genus Mesorhizobium of the family 
Phyllobacteriaceae is discussed. 
 

1.4.7 Mesorhizobium 

Some studies reported a group of rhizobia represented by Rhizobium loti, forming a lineage distinct 
from the two other clusters embracing other rhizobia in their study (Jarvis et al, 1986; de Lajudie et 
al, 1994). These studies recommended that R. loti and R. huakuii should be recognized as a new genus. 
Consequently the genus Mesorhizobium was delineated to accommodate four species formerly 
included in Rhizobium: R. loti, R. huakuii, R. ciceri and the novel M. tianshanense (Jarvis et al, 1997). 
At present, the genus Mesorhizobium contains 30 valid species. Most of the mesorhizobial species 
fix nitrogen.   
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1.5 Biological nitrogen fixation  

Biological nitrogen fixation (BNF) is a process in which bacteria interact with the plants. One of the 
major BNF occurs in the interaction between rhizobia and legumes. “Symbiosis is the acquisition of 
an organism(s) by another unlike organism(s), and through subsequent long-term integration, new 
structures and metabolism(s) emerge” Zook (2015). Nitrogen-fixing symbiosis between rhizobia and 
legumes is categorized as a mutualistic symbiosis, in which both sides benefit: rhizobia are fed and 
hosted by the plant, and legumes receive combined nitrogen provided by rhizobia. BNF is a natural 
process by which atmospheric dinitrogen gas (N2) is reduced to ammonia: N2 + 8[H]  2NH3 + H2 
(Lindström & Mousavi 2010). 
 
On the bacterial side, symbiosis is mostly controlled by accessory genes, which are often in rhizobia 
located in transmissible elements such as plasmids, symbiosis islands and chromids. Unlike the 
“essential” core genes that are carried by chromosome, the accessory genes are dispensable for the 
bacteria. Accessory genes encode various characters of bacteria; for instance, pathogenicity, 
antibiotic resistance and toxins, and in rhizobia symbiotic elements. Since protein-coding accessory 
genes are specialized in ecological adaptation, they might have been acquired independently and 
might have evolved separately from core genes. Since the accessory genes are carried on transmissible 
elements, they are more likely to undergo horizontal gene transfer (HGT) (Ochman & Moran 2001; 
Finan 2002; Martens et al, 2008; Harisson et al, 2010; Vinuesa 2010; Lindström et al, 2015). 
 
Rhizobia possess two important sets of genes, nod and nif, for the biological nitrogen fixation process. 
The nod genes are unique accessory genes to rhizobia, whilst nif genes can be found also in other 
bacteria (Haukka et al, 1998). A large number of nodulation (nod) genes encode Nod factors, which 
are key signal molecules that play a crucial role in the initial step of nodule development and bacterial 
invasion in most of symbioses (Suominen 2000; Perret et al, 2000; Broughton et al, 2000; D’Haeze 
& Holsters 2002; Österman 2015). A set of nif genes encode the core subunits of the nitrogenase 
enzyme complex in rhizobia as reviewed by Franche et al, (2009) and Lindström et al, (2015). From 
an evolutionary point of view, there have been very different hypotheses about the phylogeny of nod 
and nif genes. For instance, some studies proposed that the phylogeny of nod is congruent with the 
phylogeny of host plant (Dobert et al, 1994; Thomas et al, 1995), some studies proposed that the 
phylogeny of nifH is similar to 16S rRNA (Hennecke et al, 1985; Ueda et al, 1995), and some showed 
that horizontal gene transfer and vertical gene transfer might drive the evolution of nod and nif genes 
(Haukka et al, 1998; Laguerre et al, 2001; Bailly et al, 2007; Menna & Hungria 2011; Lindström et 
al, 2015). 
 

1.5.1 Evolution of symbiosis 

The symbiotic nitrogen fixation between legumes and rhizobia is a well-known interaction. 
Nonetheless, nitrogen fixation can occur also in other plant families than Leguminosae. For instance, 
some rhizobia can fix nitrogen in symbiosis with the plant Parasponia. Actinorhizal plants can be 
nodulated by Frankia (Dawson 2008; Normand & Fernandez 2009; Op den Camp et al, 2011). 
Angiosperms that form nitrogen-fixing root nodules are clustered in the Eurosid I clade (Soltis et al, 
2000). The family Leguminosae is the third largest family of angiosperms. The legumes family 
includes roughly 730 genera and over 19 400 species (Lewis et al, 2005). The focus of this chapter is 
on the symbioses between rhizobia and two genera of Leguminosae including Galega L. and 
Glycyrrhiza L. The genera Galega and Glycyrrhiza belong to the tribe Galegeae and are positioned 
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in the inverted-repeat-lacking clade (IRLC), which is the most species-rich subclade of Leguminosae 
(Wojciechowski et al, 2005; Lock & Schrire 2005).  
 

1.5.2 Galega-rhizobia symbiosis 

The genus Galega consists of five species (www.theplantlist.org/browse/A/Leguminosae/Galega/). 
The Caucasus region in Eurasia is considered as the as the centre of origin of the species G. orientalis 
(fodder galega) whilst Bulgaria or Turkey is considered as the centre of origin of the species G. 
officinalis (goats’ rue) (Vavilov 1926; Österman et al, 2011). The bacterial species Neorhizobium 
galegae can enter nitrogen fixation with G. orientalis and G. officinalis. Albeit both symbiovars of 
the N. galegae (orientalis and officinalis) can nodulate both Galega plant species, the interaction 
between these two organisms is very host specific (Radeva et al, 2001). The bacterium N. galegae sv. 
orientalis can form effective nodules in the roots of G. orientalis and N. galegae sv. officinalis forms 
effective nodules on G. officinalis (Lipsanen & Lindström 1988). Interestingly, the bacterial side is 
phylogenetically positioned close to the Agrobacterium clade, which contains mostly pathogenic 
bacteria. Thus, the interaction between these two microorganisms could be considered as an 
interesting model of symbiosis.  
 

1.5.3 Glycyrrhiza-rhizobia symbiosis 

There are around 20 species in the plant genus Glycyrrhiza, of which three species, G. glabra L., G. 
uralensis Fisch. and G. inflata Batalin. are called licorice, and are used in food, tobacco and cosmetics 
industries, and in medicinal products (Li et al, 2012; Kushiev et al, 2005). Li et al, (2012) studied 
159 bacterial strains that were isolated from root nodules of wild perennial Glycyrrhiza growing on 
40 sites in central and north-western China. The results of their work showed that 33 isolates (true 
symbionts) belong to the genus Mesorhizobium, though the exact phylogenetic position of the isolates 
remained unknown. The mesorhizobial strains were isolated from the species G. uralensis and G. 
glabra and unaffiliated Glycyrrhiza species. G. glabra is a Mediterranean species, which is 
distributed in Spain, Italy, Turkey, the Caucasus, Iran, Central Asia and the western part of China 
(Hayashi et al, 2003; Zimnitskaya 2009). G. uralensis can be found in Kazakhstan, in the southern 
part of West Siberia, Mongolia and China (Zimnitskaya 2009). Thus, G. uralensis is distributed 
mostly in the eastern domain of G. glabra. China has both G. uralensis and G. glabra, and thus it is 
an interesting place to study the symbiosis of Glycyrrhiza and rhizobia. 
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2 OBJECTIVES OF THE STUDY 
The major aims of the study were providing solutions for some of the previous taxonomic issues and 
uncertainties in the family Rhizobiaceae, and determine the taxonomic position of 29 mesorhizobial 
strains collected from nodules of Glycyrrhiza spp. growing in central and north-western China. The 
results of this study can contribute to providing a more robust hypothesis of phylogeny of the 
organisms studied lacking fossils and stable phenotypic features. 

 

   Specific objectives: 

1 To resolve the uncertain phylogenetic position of the former “Rhizobium galegae complex” 
among rhizobia and agrobacteria (Paper I) 

2 To study taxonomy of the genus Agrobacterium (Paper I, and II) 
3 To resolve the uncertainties of the taxonomy of plant-isolated species of the family 

Rhizobiaceae (Paper I and II) 
4 To estimate the phylogeny and taxonomy of 29 mesorhizobial strains isolated from the 

plant genus Glycyrrhiza in China (Paper III) 
5 To study the evolution of symbiotic genes of mesorhizobial strains nodulate the plant 

genus Glycyrrhiza in China (Paper III) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 
 

3 MATERIAL AND METHODS 

3.1 Bacterial Strains and DNA preparation 

We obtained the studied bacterial strains from the following culture collections:  HAMBI (University 
of Helsinki, Finland), LMG (Ghent University, Belgium), CCBAU (Beijing Agricultural University, 
China), DSMZ (Germany), Pablo Vinuesa (Center for Genomic Sciences, Cuernavaca, Mexico), 
Gehong Wei (Northwest A&F University, Shaanxi, China), Zhiyuan Tan (South China Agricultural 
University, Guangzhou,  China), and Jung-Sook Lee and Jung-Hoon Yoon (Korea Research Institute 
of Bioscience and Biotechnology, Yusong, Taejon, Republic of Korea). The strains obtained from 
other culture collections than HAMBI were deposited in HAMBI. The methods of bacterial culture 
and preservation are listed in the Papers I, II, and III, and the studied strains in MLSA approaches 
are listed in Table 2. The UltraClean Microbial DNA Isolation Kit (MO BIO Laboratories, Inc.) was 
used for DNA extraction of the bacterial samples. The extracted DNA samples were preserved at         
-20oC.  

 

3.2 Amplification and sequence analyses 

The analysed sequences in these three studies were either obtained from GenBank 
(www.ncbi.nlm.nih.gov/genbank) or sequenced for our analyses at the Sequencing and Genomics 
Lab., Institute of Biotechnology, University of Helsinki and Laboratoire d’Ecologie Microbienne, 
Lyon University (France). The procedures of PCR, sequencing, edition of the sequences, BLAST, 
generation of alignments, selecting the best-fit models of nucleotide substitution, annotation of the 
generated phylogenetic trees, and applied software are explained in the Papers I, II, and III. The 
three phylogenetic methods applied in our analyses were neighbor-joining (NJ), maximum likelihood 
(ML), and Bayesian inference (BI). 
 
The Neighbor-joining (NJ) method uses the evolutionary distance to reconstruct phylogenetic trees. 
The NJ method provides the topology and the branch length of the final tree (Saitou & Nei 1987). 
This method was applied to construct the phylogenetic gene trees of 16S rRNA gene sequences 
(Paper I).  
 
Maximum likelihood is the second type of phylogenetic inference method that was used in our 
analyses. ML estimation is a statistical method that basically calculates the likelihood of an observed 
dataset given a particular hypothesis. The ML method evaluates a hypothesis about evolutionary 
history (the branching order and branch lengths of a tree) and the tree that maximizes the likelihood, 
and consequently gives rise to the data we observe (Felsenstein 1981). The ML method was used both 
for estimation of phylogeny of individual symbiotic and housekeeping gene trees and concatenated 
gene trees in Papers I, II, and III.  
 
A Bayesian inference also uses likelihood. In the ML method, the hypothesis (tree) providing the 
highest likelihood is chosen; in contrast, a Bayesian analysis estimates the probability of the 
hypothesis given the data and seeks to find those clades with the highest posterior probabilities 
(Huelsenbeck & Ronquist 2001). The key feature of Bayesian inference is that it takes into account 
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prior knowledge of the hypothesis. Bayesian statistics were used both for estimation of phylogeny of 
individual and combined housekeeping gene trees in Papers I, II, and III. 

 

Table 2. List of rhizobial strains studied in MLSA analyses. 

Species Species 
Agrobacterium albertimagni AOL15T Neorhizobium galegae sv. officinalis HAMBI 2545 
Agrobacterium fabrum C58 Neorhizobium galegae sv. officinalis HAMBI 2546 
Agrobacterium larrymoorei LMG21410T  Neorhizobium galegae sv. officinalis HAMBI 2551 
Agrobacterium nepotum 39/7T Neorhizobium galegae sv. officinalis HAMBI 2559 
Agrobacterium radiobacter B6 Neorhizobium galegae sv. orientalis HAMBI 2578 
Agrobacterium radiobacter LMG140T Neorhizobium galegae sv. officinalis HAMBI 2646 
Agrobacterium rubi HAMBI 1812T Neorhizobium galegae sv. orientalis HAMBI 540T 
Agrobacterium pusense NRCPB10T Neorhizobium galegae sv. orientalis HAMBI 1174 
Agrobacterium skierniewicense Ch11T Neorhizobium galegae sv. orientalis HAMBI 1428 
Agrobacterium sp. gv. G1 TT111 Neorhizobium galegae sv. orientalis HAMBI 1461 
Agrobacterium sp. gv. G2 CIP 497-74 Neorhizobium galegae sv. orientalis HAMBI 2566 
Agrobacterium sp. gv. G3 CIP 107443 Neorhizobium galegae sv. orientalis HAMBI 2581 
Agrobacterium sp. gv. G5 CIP 107444 Neorhizobium galegae sv. orientalis HAMBI 2586 
Agrobacterium sp. gv. G6 NCPPB 925 Neorhizobium galegae sv. orientalis HAMBI 2587 
Agrobacterium sp. gv. G7 Zutra 3/1 Neorhizobium galegae sv. orientalis HAMBI 2588 
Agrobacterium sp. gv. G9 Hayward 0363 Neorhizobium galegae sv. orientalis HAMBI 2600 
Agrobacterium sp. gv. G13 CFBP 6927 Neorhizobium galegae sv. orientalis HAMBI 2605 
Allorhizobium borbori DN316T  Neorhizobium galegae sv. orientalis HAMBI 2606 
Allorhizobium oryzae Alt 505T Neorhizobium galegae sv. orientalis HAMBI 2609 
Allorhizobium paknamense L6-8T Neorhizobium galegae sv. orientalis HAMBI 2610 
Allorhizobium pseudoryzae J3-A127T Neorhizobium galegae sv. orientalis HAMBI 2630 
Allorhizobium taibaishanense CCNWSX 0483T Neorhizobium galegae sv. orientalis HAMBI 2635 
Allorhizobium undicola HAMBI 2079T Neorhizobium galegae sv. orientalis HAMBI 2642 
Allorhizobium vitis HAMBI 1817T Neorhizobium galegae sv. orientalis HAMBI 2645 
Allorhizobium qilianshanense CCNWQLS01T Neorhizobium galegae sv. orientalis HAMBI 3154 
Ciceribacter lividus  MSSRFBLT Neorhizobium huautlense HAMBI 2409T   
Ensifer numidicus ORS 1407T’ Neorhizobium huautlense HAMBI 3110 
Ensifer adhaerens gv. A LMG 9954 Neorhizobium huautlense HAMBI 3202   
Ensifer adhaerens LMG 20216T Neorhizobium huautlense HAMBI 3203   
Ensifer americanum CFNEI 156T Neorhizobium huautlense HAMBI 3204    
Ensifer arboris HAMBI 1552T Neorhizobium galegae [former R. sp.] HAMBI 3140 
Ensifer fredii LMG 6217T Neorhizobium galegae [former R. sp.] HAMBI 3141 
Ensifer garamanticus ORS 1400T Neorhizobium sp. [former R. sp.] HAMBI 3142 
Ensifer kostiense LMG 19227T Neorhizobium galegae [former R. sp.] HAMBI 3144 
Ensifer kummerowiae CCBAU71714T Neorhizobium galegae [former R. sp.] HAMBI 3145 
Ensifer medicae LMG 19920T Neorhizobium galegae [former R. sp.] HAMBI 3146 
Ensifer meliloti LMG 6133T Neorhizobium sp. [former R. sp.] HAMBI 3147 
Ensifer mexicanus ITTG R7T Neorhizobium sp. [former R. sp.] HAMBI 3149 
Ensifer saheli LMG 7837T Neorhizobium sp. [former R. sp.] HAMBI 3150 
Ensifer sojae CCBAU 05684T Neorhizobium galegae [former R. sp.] HAMBI 3429 
Ensifer terangae LMG 7834T Neorhizobium galegae [former R. vignae] HAMBI 3093 
Ensifer xinjiangensis CCBAU 110T Neorhizobium galegae [former R. vignae] HAMBI 3191 
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Table  2. cont. 
  
Species Species 
Mesorhizobium sp. NWXJ16 Neorhizobium galegae [former R. sp.] HAMBI 2502 
Mesorhizobium sp. NWXJ42 Pararhizobium capsulatus  DSM 1112T  
Mesorhizobium sp. NWXJ07 Pararhizobium giardinii H152T 
Mesorhizobium sp. NWXJ02 Pararhizobium helanshanense CCNWQTX14T 
Mesorhizobium sp. NWXJ08 Pararhizobium herbae CCBAU 83011T 
Mesorhizobium sp. NWXJ18 Pararhizobium sphaerophysae CCNWGS0238T 
Mesorhizobium sp. NWXJ33 Rhizobium aggregatum DSM 1111T 
Mesorhizobium sp. NWXJ39 Rhizobium alamii GBV016T 
Mesorhizobium sp. NWXJ43 Rhizobium calliandrae CCGE524T  
Mesorhizobium sp. NWXJ36 Rhizobium cauense CCBAU 101002T 
Mesorhizobium sp. NWXJ27 Rhizobium cellulosilyticum ALA10B2T 
Mesorhizobium sp. NWXJ31 Rhizobium daejeonense NBRC 102495 T  
Mesorhizobium sp. NWXJ21 Rhizobium endophyticum CCGE 2052 T 
Mesorhizobium sp. NWXJ40 Rhizobium etli CFN 42 T 
Mesorhizobium sp. NWGS01 Rhizobium fabae CCBAU 33202T 
Mesorhizobium sp. NWGS03 Rhizobium freirei PRF 81T 
Mesorhizobium sp. NWSX06 Rhizobium gallicum R602T 
Mesorhizobium sp. NWSX22 Rhizobium grahamii CCGE 502T 
Mesorhizobium sp. NWSX23 Rhizobium hainanense NBRC 107132T 
Mesorhizobium sp. NWSX19 Rhizobium halophytocola YC6881T 
Mesorhizobium sp. NWSX20 Rhizobium indigoferae CCBAU 71042T 
Mesorhizobium sp. NWSX24 Rhizobium jaguaris CCGE525T 
Mesorhizobium sp. NWSX25 Rhizobium leguminosarum USDA 2370T       
Mesorhizobium sp. NWXJ28 Rhizobium leguminosarum sv. trifolii WSM1325 
Mesorhizobium sp. NWXJ32 Rhizobium leguminosarum sv. trifolii WSM2304 
Mesorhizobium sp. NWXJ25 Rhizobium leguminosarum sv. viciae 3841 
Mesorhizobium sp. NWXJ30 Rhizobium leucaenae CFN 299T 
Mesorhizobium sp. NWGS09 Rhizobium loessense CCBAU 7190BT 
Mesorhizobium sp. NWNX05 Rhizobium lusitanum P1-7T 
Mesorhizobium sp. NWGS05 Rhizobium mayense CCGE526T  
Mesorhizobium abyssinicae AC98cT Rhizobium mesoamericanum  CCGE 501T 
Mesorhizobium albiziae CCBAU61158T Rhizobium mesosinicum CCBAU 25010T 
Mesorhizobium alhagi CCNWXJ12-2T Rhizobium miluonense CCBAU 41251T 

Mesorhizobium amorphae ACCC19665T  Rhizobium mongolense USDA 1844T  
Mesorhizobium australicum WSM2073T Rhizobium multihospitium CCBAU 83401T 
Mesorhizobium camelthorni CCNWXJ40-4T Rhizobium naphthalenivorans TSY03bT 
Mesorhizobium caraganae CCBAU 11299T Rhizobium petrolearium SL-1T 

Mesorhizobium chacoense PR5T Rhizobium phaseoli ATCC 14482T 
Mesorhizobium cicero NBRC 100389T Rhizobium phenanthrenilyticum F11T 
Mesorhizobium gobiense CCBAU 83330T Rhizobium pisi DSM 301232T 

Mesorhizobium hawassense AC99bT Rhizobium rhizogenes ATCC11325T 
Mesorhizobium huakuii NBRC 15243T Rhizobium rosettiformans w3T 
Mesorhizobium loti NZP 2213T Rhizobium selenitireducens B1T 

Neorhizobium alkalisoli HAMBI 3100T Rhizobium soli DS-42T 
Neorhizobium alkalisoli HAMBI 3101 Rhizobium subbaraonis JC85T 

Neorhizobium galegae sv. officinalis HAMBI 490 Rhizobium sullae IS123T 
Neorhizobium galegae sv. officinalis HAMBI 503 Rhizobium tarimense PL-41T 
Neorhizobium galegae sv. officinalis HAMBI 1141 Rhizobium tibeticum CCBAU 85039T 
Neorhizobium galegae sv. officinalis HAMBI 1183 Rhizobium tropici CIAT 899T  
Neorhizobium galegae sv. officinalis HAMBI 1186 Rhizobium tubonense CCBAU 85046T 
Neorhizobium galegae sv. officinalis HAMBI 1189 Rhizobium vallis CCBAU 65647T 
Neorhizobium galegae sv. officinalis HAMBI 1207 Rhizobium yanglingense SH 22623T 
Neorhizobium galegae sv. officinalis HAMBI 2302 Shinella kummerowiae  CCBAU 25048T 
Neorhizobium galegae sv. officinalis HAMBI 2425 Aminobacter anthyllidis STM 4645T 
Neorhizobium galegae sv. officinalis HAMBI 2438 Azorhizobium caulinodans ORS 571T 
Neorhizobium galegae sv. officinalis HAMBI 2440 Bosea lupini LMG 26383T 
Neorhizobium galegae sv. officinalis HAMBI 2442 Bradyrhizobium elkanii LMG 6134T 
Neorhizobium galegae sv. officinalis HAMBI 2519 Bradyrhizobium japonicum USDA 6T 
Neorhizobium galegae sv. officinalis HAMBI 2524 Methylobacterium nodulans  ORS 2060T 
Neorhizobium galegae sv. officinalis HAMBI 2536 Microvirga lupini Lut6T 
Neorhizobium galegae sv. officinalis HAMBI 2542 Ochrobactrum cytisi ESC1T 
Neorhizobium galegae sv. officinalis HAMBI 2544 Ochrobactrum lupini  LUP21T 
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4 RESULTS AND DISCUSSION 

4.1 Phylogeny of the Rhizobium–Allorhizobium–Agrobacterium clade  

The genera Agrobacterium, Rhizobium and Allorhizobium belong to the family Rhizobiaceae. In this 
study we aimed to resolve some uncertainties in the taxonomy and nomenclature of this family. The 
main focus of this study was on phylogenetic relationships of the “R. galegae complex” (former R. 
galegae and related taxa) and the genus Agrobacterium. Thus, the phylogenetic position of the “R. 
galegae complex” and species of Agrobacterium was studied by analysis of 16S rRNA gene 
sequences of 51 agrobacterial and rhizobial strains and MLSA of six protein-coding housekeeping 
loci for 114 rhizobial and agrobacterial taxa. 
 

4.1.1 Analyses of 16S rRNA gene sequences 

The phylogeny of the 16S rRNA gene (>1300bp) of 51 strains of the genera Agrobacterium, 
Allorhizobium, Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium and Ensifer (syn. 
Sinorhizobium) was estimated using the neighbor joining method (Paper I). The 51 strains were the 
representative strains of the species, which were studied using MLSA. In the neighbor-joining tree 
based on 16S rRNA sequences, the species R. alkalisoli, R. huautlense, R. galegae, and R. vignae 
were placed in a well-supported cluster (BS=95%) distinct from the clades embracing the genera 
Agrobacterium and Rhizobium. Moreover, the species R. cellulosilyticum was placed within the 
cluster that accommodated the species of the “R. galegae complex”. 
 

4.1.2 Protein-coding housekeeping genes 

The phylogenetic trees (individual and combined gene trees) of six protein-coding housekeeping 
genes (atpD, glnA, glnII, recA, rpoB, and thrC) for 114 rhizobial and agrobacterial strains were 
reconstructed applying Bayesian inference. Since the topology of the individual gene trees was not 
similar in details, we mostly focus on the results of combined gene analysis. In the combined gene 
tree of six protein-coding housekeeping genes, all the strains belonging to the “R. galegae complex” 
form a monophyletic clade with a posterior probability of 1.00 (Figure 1). A group of nitrogen-fixing 
bacteria including R. alkalisoli, R. galegae, R. huautlense, and R. vignae were clustered together in 
previous studies (Lu et al, 2009; Ren et al, 2011a). The complex encompassed ten strains of 
unaffiliated Rhizobium species that were isolated from Astragalus cruciatus, Argyrolobium uniflorum, 
Anthyllis henoniana, Lotus creticus, Medicago marina and M. truncatula in Tunisia, and from 
Glycyrrhiza uralensis in China (Zakhia et al, 2004; Li et al, 2012). The phylogenetic position of these 
species in their original papers had shown that they are closely related to R. galegae and R. huautlense. 
Hence, we used the terms “R. galegae candidates” and “R. huautlense candidates” for these ten strains. 
The phylogenetic position of R. galegae as the representative species of this complex has been unclear 
for decades. R. galegae was positioned in different clades in different phylogenetic trees. In some 
studies, R. galegae was positioned close to the Agrobacterium clade (Young et al, 2001; Eardly et al, 
2005; Martens et al, 2008) mostly containing phytopathogenic bacteria and clustered close to the 
genus Rhizobium (Eardly et al, 2005; Turner & Young 2000), or formed a separate lineage (Martens 
et al, 2008). Based on the results of concatenated gene tree, we proposed a new genus name, 
Neorhizobium gen. nov. (Ne.o.rhi.zo’bi.um) for the “R. galegae complex”.  
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Figure 1. The phylogenetic tree of six protein-coding housekeeping genes of 114 rhizobial and agrobacterial taxa 
constructed based on a Bayesian inference analysis. Only the posterior probabilities ≥0.95 are shown in the tree. The 
genus names are abbreviated as follow: A., Agrobacterium, Al., Allorhizobium, E., Ensifer, N., Neorhizobium, and R., 
Rhizobium. Agrobacterium sp. G1 to Agrobacterium sp. G13 correspond well-delineated genomospecies that have not 
yet received a Latin binomial, except genomovars G4 (A. radiobacter) and G8 (A. fabrum) (Paper I). 
 

Neorhizobium gen. nov. 
Neorhizobium gen. nov. (Ne.o.rhi.zo’bi.um. Gr. adj. Neo new; M.L. neut. n. Rhizobium a bacterial 
generic name; M.L. neut. n. Neorhizobium the new Rhizobium, to refer to the fact that it is a new 
group of Rhizobium.  
 
This genus encompasses the former species R. alkalisoli, R. huautlense, R. galegae sv. orientalis,  R. 
galegae sv. officinalis, R. vignae, and the R. galegae and R. huautlense candidates described by 
Zakhia et al, (2004) and Li et al, (2012). Three new species combinations were described for the new 
genus Neorhizobium as follow: 

1. Neorhizobium galegae (Lindström 1989) comb. nov.  
2. Neorhizobium huautlense (Wang et al, 1998) comb. nov. 
3. Neorhizobium alkalisoli (Lu et al, 2009) comb. nov. 
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The MLSA demonstrated that 48 strains of N. galegae sv. orientalis and N. galegae sv. officinalis 
and ten strains of Neorhizobium sp. (including the former R. galegae candidates and the former 
species R. vignae) were grouped together. However, the strains formed sub-clusters based on neither 
their host plants nor the place of origin. This indicates that the protein-coding housekeeping genes 
are well-conserved genes regardless of the distribution of bacteria and host plant. 
 
In the concatenated gene tree, the agrobacterial strains of the species “the former A. tumefaciens”, A. 
radiobacter, “A. fabrum” and Agrobacterium sp. genomovars represented a sister lineage of that 
formed by the taxa belonging to the genus Neorhizobium. The genus Agrobacterium has been one of 
the most controversial genera in the family Rhizobiaceae for several decades. Young et al, (2001) 
transferred the species Agrobacterium rhizogenes, A. rubi, A. tumefaciens, and A. vitis species to the 
genus Rhizobium that caused controversies about the validity of the genus Agrobacterium. 
Nonetheless, Farrand et al, (2003) supported the genus name Agrobacterium for the pathogenic genus 
of the family Rhizobiaceae. 
 
The results of this work resolved some uncertainties about the genus Agrobacterium. They also 
supported the genus name Agrobacterium as an appropriate genus name for the species A. radiobacter, 
A. rubi, and “A. fabrum”, and the Agrobacterium sp. genomovars (G1, G2, G3, G5, G6, G7, G9, G13) 
(Costechareyre et al, 2010) that are well-delineated genomospecies but have not yet received a Latin 
binomial name. The phylogenetic position of the strain B6 (the type strain of “A. tumefaciens”) in the 
clade of bona fide A. radiobacter LMG 140 (genomovar G4) supports the proposal of excluding A. 
tumefaciens as a valid species name (Lindström & Young 2011). Since the epithet radiobacter has 
priority over tumefaciens and A. tumefaciens lacks a type strain (B6 was transferred to A. radiobacter), 
the A. tumefaciens is not a valid species name. Costechareyre et al, (2010) and Velázquez et al, (2010) 
suggested to classify the strain K84 as Rhizobium rhizogenes (formerly Agrobacterium radiobacter), 
which was supported by our results as well. Remarkably, the species Agrobacterium vitis (pathogenic) 
formed a monophyletic lineage with Allorhizobium undicola (nitrogen-fixing) and Rhizobium 
taibaishanense (neither pathogenic nor nitrogen fixing) distinct from the genus Agrobacterium, which 
means that Agrobacterium is not an appropriate name for A. vitis. 
 
The placement of several Rhizobium species including R. soli, R. cellulosilyticum, R. giardinii, R. 
daejeonense and R. oryzae out of the Rhizobium clade in the concatenated gene tree suggested that 
the phylogeny of the family of Rhizobiaceae required a major revision. 
 

4.2 Revised phylogeny of the family Rhizobiaceae 

The seven genera Rhizobium, Neorhizobium, Allorhizobium, Agrobacterium, Ensifer (syn. 
Sinorhizobium), Shinella and Ciceribacter belong to the family Rhizobiaceae. The genus Rhizobium 
is the largest one, containing 56 species by January 2014. However, description of several new 
rhizobial species as “so-called” Rhizobium species has resulted in an extreme heterogeneity of the 
genus. Therefore, the family Rhizobiaceae required a comprehensive phylogenetic study. In order to 
resolve taxonomic uncertainties, with a particular emphasis on the plant-associated members of the 
family, we analysed 16S rRNA sequences of 160 rhizobial strains of the family and other families of 
alphaproteobacterial rhizobia and performed an MLSA of 100 strains of the family Rhizobiaceae in 
the Paper II.  
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4.2.1 Analyses of 16S rRNA gene sequences 

The sequences of 16S rRNA gene of 160 rhizobial strains, including 81 species of the family 
Rhizobiaceae (listed in Table S1, Paper II), were analysed using maximum likelihood phylogeny. In 
the 16S rRNA gene tree, the taxa belonging to the family Rhizobiaceae and two Ochrobactrum 
species formed a clade with a bootstrap value of 71%. In the 16S rRNA gene tree, the Rhizobium 
species did not form a monophyletic cluster, with several of them representing distinct clusters.  
 

4.2.2 Protein-coding housekeeping genes and concatenated sequence analyses 

Three protein-coding housekeeping genes, atpD, recA, and rpoB, were also analysed individually. 
The phylogenetic trees of the three protein-coding housekeeping genes were constructed based on the 
Bayesian inference. The individual Bayesian gene trees showed that the gene trees did not necessarily 
follow the same topology in details. The concatenated gene tree (atpD-recA- rrs-rpoB) was 
constructed applying Bayesian approach for the sequences of 77 plant-associated strains of the family 
Rhizobiaceae along with 23 non-plant-associated related Rhizobium species and 16 rhizobial strains 
from other rhizobial families (listed in Table S1, Paper II). In the combined gene tree, the strains 
belonging to the family Rhizobiaceae formed 11 major clades (A1-G) with high posterior 
probabilities (PP>0.95) (Figure 2). The so-called Rhizobium species were accommodated in five 
lineages (clades A, C, D, E, and G). The genus Rhizobium is the largest genus of the family that 
contained 56 species by January 2014. However the previous studies and especially the results of the 
Paper I showed that there are several uncertainties in the taxonomy of the genus Rhizobium. For 
instance, the species R. giardinii and R. oryzae clustered with other genera of Rhizobiaceae than the 
genus Rhizobium (Martens et al, 2008; Paper I). There has been a tendency among some rhizobial 
taxonomists to name the new rhizobial species, positioned in the Rhizobium-Agrobacterium-
Allorhizobium cluster, as Rhizobium. That could be because of using a single molecular marker 
(mostly the 16S rRNA gene) in their analyses, or describing the species based on phenotypic features 
and DNA-DNA hybridization. Based on our concatenated gene tree, seven Rhizobium species 
including R. soli, R. tarimense, R. cellulosilyticum, R. petrolearium, R. phenanthrenilyticum, R. 
halophytocola, and R. subbaraonis were not placed in any of the clades A-G. Thus, these strains 
remained unaffiliated Rhizobium species. The species Blastobacter capsulatus, R. giardinii, R. herbae, 
R. sphaerophysae, and “R. helanshanense” formed a monophyletic clade (clade G), which was placed 
closer to the Ensifer clade than to Rhizobium. Such position for R. giardinii had been observed in two 
previous MLSA studies (Martens et al, 2008; Paper I). Zavarzin (1961) described the genus 
Blastobacter, which was a heterogeneous group in Alphaproteobacteria. Hugenholz et al, (1994) 
proposed only the species Blastobacter capsulatus to remain in this genus. Since then, for instance, 
two Blastobacter species were delineated as Bradyrhizobium denitrificans and Rhizobium 
aggregatum (van Berkum et al, 2006; Kaur et al, 2011). Based on the results of MLSA, we proposed 
a new genus, Pararhizobium, for the last remaining Blastobacter species along the species R. giardinii, 
R. herbae, R. sphaerophysae, and “R. helanshanense”. 
 
Pararhizobium gen. nov. 

Pararhizobium gen. nov. (Pa.ra.rhi.zo’bi.um. Gr. prep. para, beside, alongside of; N.L. neut. n. 
Rhizobium a bacterial generic name; N.L. neut. n. Pararhizobium, a genus adjacent to Rhizobium. 
Four new species combinations were described for the new genus Pararhizobium as follow: 

1. Pararhizobium giardinii (Amarger et al, 1997) comb. nov. 
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2. Pararhizobium capsulatum (Hirch & Müller 1986) comb. nov. 
3. Pararhizobium herbae (Ren et al, 2011b) comb. nov. 
4. Pararhizobium sphaerophysae (Xu et al, 2012) comb. nov. 

 
 

 
Figure 2. Phylogenetic tree of four concatenated housekeeping genes (rrs-atpD-recA-rpoB) of 116 rhizobial 
and agrobacterial strains, constructed based on a Bayesian inference analysis. Only the family Rhizobiaceae 
clade and the posterior probabilities ≥0.95 are shown in the tree. The genus names are abbreviated as follow: 
A., Agrobacterium, Al., Allorhizobium, E., Ensifer, N., Neorhizobium, P. Pararhizobium, and R., Rhizobium. 
The type strains are shown by a “T” at the end of each strain code (Paper II). 
 

In addition, the species Agrobacterium vitis, Rhizobium taibaishanense, R. paknamense, R. oryzae, 
R. pseudoryzae, “R. qilianshanense” and R. borbori clustered with Allorhizobium undicola with the 
posterior probability of 1.00 (clade E) distant from the genus Rhizobium. The phylogenetic position 
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of the species A. vitis in some studies (Martens et al, 2008; Costechareyre et al, 2010; Paper I) 
showed that this species was placed separately from the other members of the genus Agrobacterium. 
Based on the phylogeny of six housekeeping genes, Allorhizobium undicola, the single existing 
species of the genus Allorhizobium by 2014, was accommodated in a clade with Agrobacterium vitis 
and R. taibaishanense. We thus, proposed that all the seven species can be transferred to the existing 
genus, Allorhizobium. The seven new species combination for the genus Allorhizobium are listed as 
follow: 
 

1- Allorhizobium vitis (Ophel & Kerr et al, 1990) comb. nov. 
2- Allorhizobium taibaishanense (Yao et al, 2012) comb. nov. 
3- Allorhizobium paknamense (Kittiwongwattana & Thawai 2013) comb. nov. 
4- Allorhizobium oryzae (Peng et al, 2008) comb. nov. 
5- Allorhizobium borbori (Zhang et al, 2011a) comb. nov. 
6- Allorhizobium pseudoryzae (Zhang et al, 2011b) comb. nov. 

 
In the combined gene tree, the species Agrobacterium albertimagni, R. rosettiformans, R. aggregatum, 
R. naphthalenivorans, R. selenitireducens, and R. daejeonense formed the sister clade (clade D) of 
the Agrobacterium clade (clade C). One of the major causes of the nomenclatural issues in the family 
Rhizobiaceae originated from the proposal of merging the members of Agrobacterium in Rhizobium 
by Young et al, (2001). For instance, the species, R. skierniewicense and R. nepotum were described 
in 2012 (Puławska et al, 2012 a&b). Based on the phylogeny of the concatenated housekeeping genes 
in their original papers, these two species were closely related to Agrobacterium, nonetheless, since 
the authors adopted the genus name Rhizobium for the members of Agrobacterium the species R. 
skierniewicense and R. nepotum were described as Rhizobium. Finally, regarding the placement of 
two pathogenic species, R. nepotum, and R. skierniewicense, along with R. pusense in the 
Agrobacterium clade (clade C), we proposed three new species combination for the genus 
Agrobacterium: 
 

1- Agrobacterium nepotum (Puławska et al, 2012) comb. nov. 
2- Agrobacterium pusense (Panday et al, 2011) comb. nov. 
3- Agrobacterium skierniewicense (Puławska et al, 2012) comb. nov. 

 
The results of this study resolved some of the taxonomic uncertainties of the family Rhizobiaceae, 
and created 13 new species combination in the family. However, still seven “so-called” Rhizobium 
species including R. soli, R. tarimense, R. cellulosilyticum, R. petrolearium, R. phenanthrenilyticum, 
R. halophytocola, and R. subbaraonis remained unaffiliated, and perhaps the “Rhizobium aggregatum 
complex” requires a new genus name. 
 

4.3 Rhizobial strains isolated from Glycyrrhiza spp.  

The plant genus Glycyrrhiza belongs to the family Leguminosae. The genus Glycyrrhiza contains 20 
species, among which three species, G. glabra, G. uralensis and G. inflata are known as licorice. 
Roots and rhizomes of these three species are used in food, tobacco, cosmetics, and medicine 
industries (Kushiev et al, 2005; Li et al, 2012). Thus, Glycyrrhiza is considered as a top-selling herb 
in China and Europe. Li et al, (2012) isolated 159 endophytic strains from nodules of wild perennial 
Glycyrrhiza on 40 sites in central and north-western China. Their study showed that 29 symbiotic 
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strains belong to the genus Mesorhizobium. In this study, we wanted to estimate the phylogenetic 
position of isolated mesorhizobial strains. We thus, performed an MLSA of three housekeeping 
(recA-rrs-rpoB) genes for 29 mesorhizobial isolates. We also analysed the sequences of three 
accessory genes (nodA, nodC, nifH) of the 29 strains, to discover the effects of host plants and 
geography of isolation on the divergence of mesorhizobial genes involved in symbiosis. 
 

4.3.1 Analyses of housekeeping genes  

The concatenated gene tree (recA-rrs-rpoB) was constructed applying Bayesian inference and 
maximum likelihood methods for the sequences of 61 strains, including 29 test strains, 30 type strains 
of the Mesorhizobium species and two outgroups (listed in Table S1, Paper III). In the concatenated 
gene tree, the 29 test strains were placed in seven clusters (clades A-G) (Figure 3). Twenty test strains 
were positioned in the clades A, B, D, E, F, and G represented by the species M. tianshanense, M. 
gobiense, M. temperatum, M. muleiense, M. amorphae, M. alhagi, and M. camelthorni, respectively. 
Eight test strains were positioned in the clade C with a bootstrap value of 100% separately from the 
other reference strains. Based on the MLSA results, we concluded that 20 test strains belong to the 
species M. tianshanense, M. gobiense, M. temperatum, M. muleiense, M. amorphae, M. alhagi and 
eight strains could be designated to a new Mesorhizobium species.  
 
In the combined gene tree, the clades A, E, and G accommodated strains that were isolated from the 
same plant species (either G. glabra or G. uralensis). Strains from different isolation sites grouped 
together in the combined gene tree, with the exception of the clade A, in which only strains from 
Ziniquan were accommodated (Xinjiang). However, for instance, the other strains isolated from 
Ziniquan (Xinjiang) were positioned in the clade C. That showed that the place of isolation and host 
plants do not affect a phylogeny based on housekeeping genes. 
 
Based on the results of MLSA, we proposed that the species M. qingshengii-M. huakuii, M. 
silamurunense-M. shonense, M. tianshanense-M. gobiense, and M. alhagi-M. camelthorni could be 
merged into four species. In this study, only three housekeeping genes were analysed. Thus, more 
DNA analyses are required to confirm our hypothesis. 
 

4.3.2 Analyses of accessory genes 

The sequences of three symbiotic genes, nodA, nodC and nifH of 59 mesorhizobial strains including 
the 29 test strains were analysed individually by applying maximum likelihood method. In the nodA, 
nodC, and nifH gene trees, the 29 test strains were positioned in five, seven, and nine clades 
respectively. Based on the phylogenetic tree of the genes nodA and nodC, most of the test strains were 
positioned close to the species M. tianshanense, M. gobiense, M. temperatum, M. amorphae, M. 
alhagi, and M. camelthorni. In contrast, in the nifH gene tree, the test strains were positioned close to 
M. tianshanense, M. silamurunense, M. caraganae, M. gobiense, M. septentrionale, M. metallidurans, 
M. amorphae, M. alhagi, M. camelthorni and M. huakuii. Thus, the sequences of the nifH gene of the 
test strains grouped with the sequences of more mesorhizobial species than the sequences of nodA 
and nodC genes. This resulted from the fact that accessory genes evolved based on the bacterial 
lifestyle (Vinuesa 2010; Martens et al, 2008). That explains why these genes cannot be used to in 
taxonomy of bacteria. 
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Figure 3. Phylogenetic tree of three concatenated housekeeping genes (rrs-recA-rpoB) of 59 mesorhizobial 
strains, constructed based on a maximum likelihood analysis. The genus name Mesorhizobium is abbreviated 
as M. The type strains are shown by a “T” at the end of each strain code (Paper III). 
 
Comparison of the combined housekeeping gene tree with the symbiotic gene trees demonstrated that 
these two clusters of genes evolved separately. However, with the exception of the clades E and D of 
the concatenated housekeeping gene tree, all the strains that were placed in a cluster of housekeeping 
gene combined gene tree were also grouped together in the accessory gene trees. In our study the 
phylogeny of nifH did not resemble the phylogeny of the 16S rRNA gene, though it has been proposed 
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that the phylogeny of nifH is similar to the phylogeny of the 16S rRNA gene (Ueda et al, 1995; 
Hennecke et al, 2015). 
 
Based on the phylogeny of the housekeeping and accessory genes, all the strains that were isolated 
from the same plant species or the same place were not grouped together. On the contrary, in the 
symbiotic gene trees, the strains isolated from different plant species and the different regions grouped 
together. This means that neither the host plant nor geography were the main factors determining the 
phylogeny of the symbiotic genes nodA, nodC and nifH. Wernegreen and Riley (1999) reported that 
mapping of host plant genus across the Mesorhizobium nod phylogeny is less obvious in comparison 
with the genera Rhizobium and Ensifer. The plant species Glycyrrhiza glabra and G. uralensis are 
genetically very similar to each other and G. uralensis can hybridize with G. glabra and G. inflata 
(Hayashi et al, 2003; Kondo et al, 2007). That could explain why the strains from the nodules of two 
different species grouped together even in the phylogenetic trees based on the sequences of the 
symbiotic gene. In addition, since G. glabra and G. uralensis probably originated outside China, these 
strains might have acquired some genes in co-evolution with other Chinese legumes. Tan et al, (2012) 
studied mesorhizobial symbionts of New Zealand Carmichaelinae and based on their results rhizobial 
symbionts could have co-evolved with native legumes of New Zealand.  
 
The phylogeny of housekeeping gene trees in this study showed that the isolated strains form the plant 
genus Glycyrrhiza belong to the species M. tianshanense, M. gobiense, M. temperatum, M. muleiense, 
M. amorphae, M. alhagi, M. camelthorni, and a new putative Mesorhizobium species. The results of 
this study also showed that the taxonomy of the genus Mesorhizobium requires a revision. The 
phylogeny of symbiotic genes showed that probably they evolved with other legume species of China.  
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5 CONCLUSIONS  
 
Bacterial taxonomy is changing continuously, the number of described bacteria is increasing and the 
methods of study are improving. Nonetheless, since the bacterial taxonomy has been founded on 
phenotypic analyses, considerable time will be needed to revise the old results. There are still several 
major questions in the taxonomy of bacteria that need to be answered. For instance, “what do species 
and genus mean in bacteria?”. At the same time, it should be kept in mind that the described bacterial 
species could represent only 0.1% of all existing species. Thus, taxonomic studies of bacteria could 
be considered, in practical terms, as a never-ending project. 
 
The results of this study showed that taxonomy of rhizobia could be solved by performing MLSA. 
Our studies also showed that three housekeeping genes could be the sufficient number of genes to be 
studied for obtaining robust hypothesis about phylogeny. However, it is worth to noting that choosing 
the appropriate genes or regions of genome is an important issue. The number of available whole-
genome sequences is increasing exponentially. Thus in the near future, taxonomy based on whole 
genomes could be considered as the best alternative to studying taxonomy of bacteria.  
 
The results of the first paper were used to choose 40 strains of Neorhizobium galegae sv. orientalis 
and N. galegae sv. officinalis for a greenhouse experiment. The greenhouse experiment was carried 
out for investigation of the effectiveness of nitrogen fixation by neorhizobia. Based on the results of 
the greenhouse experiment, eight strains were selected for whole-genome sequencing. In the future, 
analyses of the sequences of accessory genes of neorhizobial strains studied in the first paper could 
contribute us to understanding more about the phylogeography of symbiosis of the model 
Neorhizobium-Galega. 
 
Based on the results in the Papers I and II, two new genera and 16 new species combinations were 
delineated in the family Rhizobiaceae. However, the taxonomy of some species of the family 
remained uncertain. The results in the Paper III also showed that the taxonomy of mesorhizobia 
requires a revision, and a new species could be proposed in the genus Mesorhizobium for eight test 
strains isolated from Glycyrrhiza spp. The results of the paper also showed that probably the 
mesorhizobial nod and nif genes evolved differently than in the genera Rhizobium and Ensifer. The 
symbiotic genes of mesorhizobia might have co-evolved with other rhizobia and legumes than their 
current host plants.  
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