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1 . Introduction 

The biodiversity of nitrogen-fixing orgmisms is huge. Taxonomic and phylogenetic 
research is needed to structure this diversity, to facilitate communication among scientists, 
und to increase our understanding of the evolution and biology of diazotrophs. Molecular 
tools for taxonomic and biodiversity studies of diazotrophic rhizobia, frankiae, 
cyanobacteria and bacilli are presented in sections 2 to 5. Sections 6 to 9 focus on 
problems with genus and species assignment. 

1. 

The current taxonomy and phylogeny of rhizobia is based on the study of bacteria isolated 
from nodules of few legume species compared to the large diversity of legumes (estimated 
at up to 18.000 species). Nevertheless. the current taxonomy of the legume symbionts 
reveals a large biodiversity at the genus. species and intraspecies levels. Single legume 
species are often nodulated by different bacterial species or gcnera and mos[ rhizobia can 
nodulate several legume species and genera. Recent revie\vs on phylogeny, taxonomy and 
gisnetic diversity of rhizobia have been published (Young. Haukka, 1996; Martinez- 
Romero, Caballero-Mellado, 1996). Wirh the development of molecidar methods, a battery 
of molecular tools is currently available to analyze the viwi;ìbility of the bacterial genome 
and to assess genetic relationships among bacteria. 

Sequence comparisons of full  length 16s rRNA genes is now the standard method for 
assessing phylogenetic relationships among bacteria. Applicability of the method was 
considerably improved with the development of PCR technology and :I lar:? database of 
seqiirnces is now available.. Recent subdivisions of the gcnus Rl1i:ohiirriz into two new 
~ c n c ~ i .  .Sbir,,Jii,7obiitriz (de Lti-juclie et al., 1994 J and i\.li.sc,i-lli,ohil/}it (,Jarvis et ;II.> 

34olecular tools for Rhizohiirin taxonomy and biodiversity studies. 
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unpublished) was guided by sequence analysis of 16s rRNA genes. However, the method 
lacks of sensitivity to discriminate between phylogenetically closely related species. The 
analysis of the larger 23s subunit of rRNA may improve the resolution power at the species 
leve1 (Ludwig et al., 1995) and some partial rhizobial sequences have been recently 
determined (Selenska-Pobell, Evguenieva-Hackenberg, 1995). A strategy of sequencing 
only a 300 bp variable region of 16s rRNA genes (Young et al., 1991; Oyaizu et al., 1992; 
Haukka et al., 1996) has been used, but the resulting phylogenies are not congruent with 
those from the complete sequences for certain rhizobial species (Nour et al., 1995; Young, 
Haukka, 1996). Another strategy, based on restriction fragment length polymorphism 
(RFLP) analysis of the full-length PCR-amplified 16s rDNA, has been used (Laguerre et 
al., 1994). The topology of the phylogenetic trees obtained from mapped restriction sites 
and from aligned sequences were well correlated, showing that the method is powerful for 
a rapid estimate of phylogenetic relationships (Laguerre et al., unpublished). 

DNA relatedness is the standard arbiter for drawing species boundaries. However, the 
species boundaries are not always clearly delineated. DNA similarity values should not be 
lower than 70% within a single species and low similarity values with all previously 
described species should support the creation of a new species. The problems with this 
guideline are that intermediate values (50 to 65%) occur as in the Mesorhizobiun~ genus 
(see, for example, Sullivan et al., 1996) and that values may vary with the technique used. 
Also, the method is laborious and the number of recognized species of rhizobia is 
increasing rapidly. Therefore, the method is often applied to representative strains within a 
group of rhizobia delineated by more rapid methods and could be limited to comparisons of 
groups with very similar 16s rDNA sequences. 

At the intraspecies level, diverse methods based on DNA or protein analysis by gel 
electrophoresis have been used for typing and clustering rhizobial isolates. There are 
methods which provide fingerprints of the overall genome and methods which detect 
variability in specific gene regions. The latter provide information on the evolution and the 
genetic structure of natural populations, including genetic recombination and horizontal 
gene transfer. The first-category methods include analysis of whole-cell protein patterns 
and of RFLP of the whole-genome, and more recent techniques of PCR DNA 
fingerprinting based on simultaneous amplification of multiple DNA fragments using 
random primers (RAPD) or repetitive (rep) sequences as primers. These methods are 
universal for all bacteria and highly discriminating at the intraspecies level. However, they 
have the disadvantage of generating complex patterns which have to be standardized to 
obtain reproducible fingerprints. The second-category methods include multilocus enzyme 
electrophoresis (MLEE). RFLPs using DNA probes, and sequencing or RFLP analysis of 
PCR-amplified DNA regions. The level of resolution depends on the number of molecular 
mnrkers used and on the genetic region analyzed. Genetic relationships can be estimated by 
numerical analysis when enough markers or restriction enzymes are used. MLEE is an 
universal method to assess genetic diversity of natural populations, but i t  reveals mainly the 
viiriability of the chromosome. Varions DNA probes and oligonucleotide PCR primers 
homologous to either chromosomal or plasmid DNA regions, including symbiotic genes, 
have been used to type rhizobia. The specificity depends on the target DNA region and the 
hybridization conditions. Probes universal for all the bacteria or the nitrogen-fixers or the 
rhizobia can be prepared from conserved DNA regions and 16s rDNA or from nitrogenase 
gructur-al genes or from common izocl genes, respectively. Different PCR-based methods, 
which include PCR DNX fingerprinting, PCR-RFLP of 16S-23S rDNA spacer regions, .if' 
and r ioc l  gene regions liave been recently compared for their respective levels of resolution 
( Laguerre et al., 1096). \'Ath the development of DN,4 probes for colony hybridization, 
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diversity c ,hizc,ial populations isolated from soil samples has been recently reported 
(Bromfield et al., 1995; Louvrier et al., 1996). Chromatographic profiling of Nod factors 
was recently proposed by Lortet et al. (1996) as an easy and powerful tool for classification 
of rhizobia on the basis of their symbiotic properties. 

3. 

The tuonomy of Frunkia has been debated for decades. I-Iost plant infectivity and 
symbiotic morphology have been two phenotypes studied but they have been misleading. 
DNMDNA homology has finally shown that there were several genomic species in the 
group of strains infective on Almis (3 species) and in the group of strains infective on 
Elaeagnaceae (7 species) but only one in the group of strains infective on C~isríariirri 
(Fernandez et al., 1989). 

Phylogeny and population biology of Frankia spp. 
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Figure 1. Phylogenetic tree of Frmkirr and phyletic neighbors according to Normand et al. 
(1996). The four clusters are indicated on the right, the numbers besides nodes indicate the. 
9 of bootstrap replicates, the << P D and (( L >> indicate the groupings detected by 
Parsimony analysis and Maximum Likelihood, respectively. 

To study the relation of these genomic species, the 16s rDNA sequence was determined for 
several Fmrrkio strains, either isolated or not, and for other actinomycetes with a similar 
morphology belonging to genera Georlen,icitophiliis. 13lrrstococcir.s and Dennatophiliis. The 
different F r d c i o  strains were grouped into 4 clusters: I ~ strains infective on A h í s  
Betulaceae). Ctrsirctriritr, it[ir,cr/siicrlbiti/ (Casuxinaceae) and Myricci (blyricaceae): 2,  

unisolated strains present in noctules o f  Drycis (Rosaceae). CoriutYo (Curiariacece) and 
f)uIi.wr ( Dntiscaceue); 3, strains infective on Elaeagnaceae anil Gymosfor)zn 
i Casu~uinacene); and 4, LI gro~ip of strains isolated fro171 diverse host plants but uninfective or 
int'ec!ivt. (but rzv) on A h i i . v  (Figure I ). Contrary to whr:t was cxpectcd. the clobest Ft-ruikia 
ncighbors were not Gc~mtlcrtrirr~~i~iliili!.~ and Glcrstacoccii.r but thc bacterium. AcitI-,dio-~,zií.s 
(dlrrlol~ricirs (Normancl et al., i 996). These sequences wcre tised for ;I specific primer for 
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the Abrus rhizosphere to study the Fyinkia populations by a PCR/cloning/RFLP approach, 
however, the primer was not discriminating enough (Normand, Chapelon, 1997). 

loof I I 1.3 kb amplicon - 
50 

0% 
nijH n z j K  

O 1 2 3 4 5 6 7 7.8kb 
Figure 2. Histogram of differences in the nzjVHDK genes between Fmnkin strains Ar13 
and FaCl. Arrows indicate position of the primers used in the nitrogenase structural 
subunits genes framing the 1.3 kb amdicon restricted to directlv analvze nodule strains. 

Because of the presence in the rhizosphere of non-symbiotic close phyletic neighbors, the 
r$DK intergenic spacer has been targeted (Figure 2) and used with Gymnostoma spp. 
(Casuarinaceae) nodules. The bacteria present were close to Elaeagnaceae-infective Frankia 
but not to other Casuarinaceae-infective strains (Navarro et al., 1997). This result supports 
the idea that coevolution has not occurred in G~~znosTomn-infective strains contrary to what 
is found in Casunrinu and Allocnsuariiza-infective strains (Rouvier et al., 1996) where a 
strict pattem of correspondence was found between Fraizkici strains (IGS-type) and the 5 
species of Cnsuarinn and Allocasunriiia strains. 

4. Diversity studies of cyanobactria using STRR and LTRR sequences for PCR. 

Cyanobacteria (blue-green algae) are unique among prokaryotic organisms in possessing 
oxygenic photosynthesis and nitrogen fixation within the same organism. Thus, 
cyanobacteria are the most successful and wide-spread group among the prokaryotes and 
they are found in diverse terrestrial and aquatic environments where they form natural 
symbioses with Bryophyta (mosses, liverworts and hornworts), gymnosperms of the 
family Cycadaceae, an aquatic fem within Pteridophyta (Azolla) and an angiosperm, 
Caiurem, as well a.. diverse lichenized fungi. With few exceptions, the symbiotic 
cyanobacteria belong to the filamentous genus, Nostoc (Rippka et al., 1976). 
Reconsti tution experiments with the Anthoceros-Nostoc and Gunnerci-Nostoc symbioses 
have shown that some Nosrnc can form a symbiosis with both hosts (Bonnett, Silvester, 
19s 1 ; Enderlin, >leeks, 1953: Johansson, Bergman, 1994). These results raise interesting 
questions concerning the specificity and diversity among symbiotic Nostoc, both within 
and among different host plants. Using protein profiles and RFLP techniques on il few 
Nosroc isolates from Gioinrr-n and cycads (Lindblad et al., 1989; Zimmer", Bergman, 
1990; Zimmer-man, Rosen, I992), diversity has been shown to exist among the symbiotic 
isolates from different plant species. 

The use of rep-PCR (de Brtiijn, 1992) and DNA from 14 axenic cyanobacterial cultures 
(syinbiotic ancl free-living) h;is produced both ERIC ancl REP-PCR fingerprints, indicating 
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that ERIC and REP primers may be used for fingerprinting axenic cyanobacterial cultures. 
Recently, the presence of repetitive sequences, which are specific for cyanobacteria, the so- 
called short tandemly repeated repetitive (STRR) and long tandemly repeated repetitive 
(LTRR) sequences (Maze1 et al., 1990; Jackman, Mulligan, 1995; Masepohl et al., 1996) 
have been identified. SLRR were identified in a number of heterocystous cyanobacterial 
genera and species (Maze1 et al., 1990). In Cn1otlzri.r PCC 7601, the copy number was 
estimated to about 100 per genome. LTRR sequences. 37 bp long, were found in both 
heterocystous and non-heterocystous cyanobacteria and, in Aiicibcieiici PCC 7 120, was 
found in 10 regions of the genome (Masepohl et al., 1996). Thus, primers, corresponding 
to the STRR and LTRR sequences and used in PCR reactions, were shown to be selective 
for cyanobacteria and to generate a specific fingerprint for individual isolates. using either 
purified DNA and intact cyanobacterial cells as templates. Thus, it is a very efficient 
method of identifying cyanobacteria in complex microbial populations. 

In 35 cyanobacterial isolates for analysis, 23 were Nostoc collected from different species 
of the angiosperm Giamero. The results of both LTRR-PCR and STRR-PCR revealed 
both a high genetic diversity among the isolates and a distinct clustering of 15 isolates into 
four groups. Thus, the individual isolates in  each group must be considered as identical or 
closely related. An axenic isolate, Nostoc PCC 9229: showed the same fingerprint pattern 
as four non-axenic isolates indicating the specificity of the PCR method for fingerprinting 
cyanobacteria from non-axenic cultures. Moreover, isolates from different Gitiiriem 
species revealed the same fingerprint pattern, which substantiates earlier observations that 
one Nostoc strain can form a symbiosis with different Gririizem species. 

5. 

Several species of the aerobic endospore-forming Firmicutes. including Bacilliis polyinysa, 
have been recently reclassified into the new genus, Pcieiiihcicillzis (Ash et al.) 1993). 
According to ris (RNA 16s gene) sequence data, the three major N,-fixing species formed 
a monophyletic cluster in Pcienibacilliis and were renamed P. cizotofxciiz.sI P. p 0 l J " ~ ~  
and P. tiicicermis. A fourth species, including some Nz-fixing strains of B. cirailans, 
which were described as phenotypically heterogeneous, remained in genus Bacillus on the 
basis of t-rs sequence analysis of its type strain (ATCC 45 13r). Phenotypic identification 
of strains PMD 7-30 and CF43 as Paenihcicilliis polymywz was confirmed with rrs 
sequencing. However, phenotypic identification (API 50CH; Berge et al., 1991) of strains 
RS 19 and TOD45 as Bncillrrs cit-ciilriris (group 2), which were isolated from the 
rhizosphere of wheat and maize, was not confirmed by rrs sequence data. These two 
sequences were found to fonn a monophyletic cluster with Pcietiihcrcillirs a:otqjï.wns, 
P. po1yriiy.w unci P. iiicicei-tiii.s. They constitute a new species, which will probably 
include part of the formerly nxned B. circii1m.s 2. Corrections within B. circiilans started 
recently with the descriprion of P. illitroisetisis (Shida et al., 1996) for which N2 fixation 
has to be assessed. Based on rrs sequcnce clara. B. 1oizgisporiis has to be transferred into 
P~retiihtici1lrr.s genus together with tasonomically related P. ciniglolyriciis and P. p h d i .  
The N,-fixation capacity of P. ci:oroJï.wi.s. P. p O ~ ~ i ? 1 J ! . v i ,  P. iircrcet-mis and sirnins TOD45 
and  RS I9 was confirmecl by n[ /H seqwncing and ARA measurements. The phylogenetic 
tree of i i i fF f  sequences (Figure 3 )  \';as comprued to the rrs sequence tree. All 
Ptieiiil?cici/lii.s n [ f H  sequences formed ;i coheirnt cluster, away from the closely related 
anaerobic Clo.v[i%/iii/ii kind the Gram-positive high G+C content Ftnrikicr. tiifH was 
detected i n  neithcr 8. ( : i r c h i s  type strain (ATCC 45 13~") nor B. srhrilis. B. cereiis, B. 
hi.evi.s. li. ciltrri/op/iilir.s and 11. .sitq)/ox type strains. This result suggests rhat. among 
acrobic erirlosport.-f~~rniin~ Fil-niicuics. X: t?saiion is rcstr'ictetl to genus Pciei;ihtrcil/i/.s. 

Firmicutes: N? fixation occurs in a monophyletic subset of Pcierzihcicillris species. 
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Figure 3. Phylogeny of a fragment of deduced NiM amino-acid sequences analyzed by the 
NJ method (Saitou, Nei, 1989). The % of bootstrap replicates (Felsenstein, 1985) that 
support each group are indicated above the nodes and those supported by parsimony 
(Kluge, Farris, 1969) are indicated by c P >> below it. 

6. 

Lotiis pecliinciilatus (Big trefoil) and L. conziciilatiis (Birdsfoot trefoil) have been 
promoted as legume species for low fertility pastures where they appear more persistent and 
higher yielding in dry matter than white clover cultivars (Seaney, Henderson, 1970). Both 
fast- and slow-growing Lotiis rhizobia were recognized and fast-growing Lotus rhizobia 
were described as a new species (Jarvis et al., 1982). At this time, R. loti was well 
established as a member both of an extensive cross-inoculation group on Lotus, Anthyllis 
and Astragalns spp. and of a DNA homology group, which includes strains from a variety 
of species. The following developments support the decision to re-classify R. loti. 

Several new species related to R. Ioti. have been recently introduced, including R. huakciii 
(Chen et al., 1991) from Astragalus sinicus; R. ciceri (Nour et al., 1994), R. 
inediterrarzeum (Nour et al., 1995) from Cicer nrietinum, chickpeas, and R. rianshanense 
(Chen et al., 1995). The position of the latter is somewhat controversial from genomic 
DNA relatedness studies. Recently, Entao Wang re-examined the relationship between R. 
tinrzsliaizeizse and the type strains of related species using "P-labeled probe DNA from 
strains A-1BS on Southern blots from other strains. DNA relatedness values between R. 
tianshcinense and R. hiiukiiii, R. Ioti and R. rnediterraneum were 18, 13,4, and 4396, 
respectively. These values suggest that R. tic~izshanense is a separate and probably related 
species. Further, the relationship between R. loti and other Rhizobiirm and 
Siizorlzizobiiim species was clarified by rDNA:DNA hybridization studies (Jarvis et al., 
1986) and it was concluded that R. loti was more distant from R. legiimiiiosanim than 
Agrohacterium and Siizorhizohiirin sp. Subsequent SS rRNA gene sequencing studies 
(Willems, Collins, 1993) have confirmed that R. loti is remote from other Rhizobium 
species and contributes to the current polyphyletic character of the genus. Whole-cell fatty 

Origins of Mesorhizobiiinz gen. nov. 
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acid analysis (Jarvis et al., 1986) indicates that the "R. loti group" possesses unusual fatty 
acids making them phenotypically distinguishable from other rhizobia. 

Thus, the "A. loti group" is phenotypically and phylogenetically distinguishable from other 
rhizobia and has diverged sufficiently from other rhizobia to constitute a separate genus. 
The genus name, Mesorhizobiiim , was initially proposed by Chen et al. (1995) to indicate 
a growth rate intermediate between that of BmcIyrlrizobirn?i strains and typical fast-growing 
Rhizobi~im strains. Subsequently, it was used to denote a phylogenetic position (Young, 
1996) for rhizobia intermediate between these two genera. 

7 .  

Until 199 1, R. lori was the only member of the separate R. loti rRNA branch. Since then, 
several new species and groups have been described on this rRNA branch (see above), 
including cluster U (de Lajudie et al., 1994) and Rhizobiiaiz sp. (Cicer) genomic group 3 
and 4 (Now et cil., 1995). At the 10th Intemational Congress on Nitrogen Fixation, a new 
genus, Mesorlzizol~ircitz, was proposed to group all the species of the R. loti rRNA branch 
(Lindström et al., 1995; Jarvis et al., unpublished). Several other emerging rhizobium 
groups also belong to Mesorhizohiim (Nick et al., 1995; Novikova et al., 1995: 
Limeschenko et al., 1995; Wang, Martinez, personal communication). However, specific 
taxonomic problems inside Mesorhizobiiim have arisen, for example, in the complex group 
U (de Lajiidie et al., 1994). 

Cluster U was first identified as a separate cluster both by protein gel electrophoresis and 
auxanography. Since then, more isolates and additional reference strains of the 
~lesnrlii,7obiot?z rRNA branch have been included in the SDS-PAGE analysis. Cluster U, 
now comprising 35 strains from different leguminous species in Africa and Brazil, is 
cleiirly distinct from other spzcies of related genera, such as Rhizobiwiz, A~~~.Jri~ob¿iii~z, 
Sinnrlzizohiunz, and Brci~l~rl7i~obiiini and also from the different Me.rorhizobiiim species 
included in the study. Four subclusters (Ua, Ub, Uc, Ud) can be discerned. M. loti 
strains were found in different places in the dendrogram. Two M. lori strains, LMG 6123 
and LMG 6124, formerly considered to belong in cluster U, now group outside it. Despite 
the internal heterogeneity OF the SDS-PAGE cluster and previous evidence of different 
Y eenotypic subgroups (de Lajiiclie et ai., 1994); 16s rRNA gene sequences of representative 
members of the different subclusters of cluster U were found to be identical. Their 
coinnion sequence showed 98% sequence similarity with M. loti and IM. ciceri (25 
differences in 11436 bases), 99.6% (.6 differences in 1,430 bases) with M. hunkuii , and 
98.7% ( 17 base diFferences) Lvith the recently proposed species M mediterrcineum (Nour 
et al.. 1995). Thcse results clcarly indicate that cluster U strains form a separate lineage on 
the !l.le.so,-liizohiirrII rRNA branch. The sequences of the two strains, LMG 6123 and 
LivlG 6 124, were different from each orher (99.7% sequence similarity), from the type 
strain of R. loti. (98.0-98.3";. sequence similarity), from cluster U (99.4% sequence 
similtu-ity), and from rM. I i rrdar i i  (99.S% sequence similarity). The high phylogenetic 
tiomogcneity inside cluster U w i s  further confirmed by 16s rDNA gene PCR-RFLP on il 
seltction of I6 strains cshihiting identical profiles with 6 different enzymes (Nick et al., 
personal communicution). Extensive DNA:DNA hybridization experiments revealed a 
certain degree of internal gcnztic heterogeneity inside cluster U. Two main genotypic 
croups (groups 1 ancl II)  with high internal DNA hybridization values (average 83% inside 
each and 39% between tile groups! \vere found plus several orher intemediate strains with 
;I 11ic;m DNA honiology valut: of 3s % wirh othcr cluster U strains. Group I consists of 
\cncg;ilesc ;i~icl  sudnnest slr;iins mii corresponds mainly to clusters U;i and Ub, whereas 

Polyphasic taxonomy and species delineation in 1Mesorlzizobium. 
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Group II consists of Senegalese and brazilian strains from cluster Uc. DNA-bindin, O W a S  

not significant between strains LMG 6123 and LMG 6224 (38%) and between either of 
these strains and any other strain tested on the Mesorhizobiiitn rRNA branch. Rep-PCR 
experiments, using BOXAIR, GTGS, REP or ERIC primers, on representatives strains 
matched the results of DNA:DNA hybridization. 

In accordance with the guidelines for the definition of species (Wayne et al., 1987), it could 
be argued that a new Mesorhizohlum species should be created for each of these 
genospecies because they can be distinguished phenotypically. However, this is not 
advisable but we do propose to create a single new species, M. plur$arhm , for these 
strains as occurred for R. tropici where two genospecies (type A and type B) could be 
distinguished. This decision was later validated when R. tropici strains intermediate 
between type A and type B were described exhibiting characteristics of both types 
(Martinez-Romero, 1996). Our results bring additional evidence that M. Ioti is  definitely 
heterogeneous and needs revision according to modem taxonomic criteria. It should be 
pointed out that a polyphasic approach is even more important when dealing with 
Mesorlzizobiirin strains than in other groups. 

8. New rhizobial groups and remarks on type strains. 

In spite of the large number of legume species, relatively few rhizobial species have so far 
been described (Martinez-Romero, Caballero-Mellado, 1996). It is quite likely that the 
isolation of bacteria from nodules of non-explored legume species will provide new (Sino) 
(Meso) (Brady) (Azo) Rhizobium species, but these isorates do not always represent a 
sequence cluster. Various possibilities may explain this (Martinez-Romero, Caballero- 
Mellado, 1996). SSU rRNA genes, which constitute the normal basis for the definition of 
a sequence cluster, change too slowly to account for the genetic divergence that has 
occurred recently and that may be driven in part by acquisition or loss of genetic modules 
(plasmids, or even parts of chromosomes) (Sullivan et al., 1995). Comparison of other 
gene sequences as well as of chromosomal genetic maps may provide higher degree of 
discrimination in the analysis of the diverging branches in rhizobial phylogenies. With this 
in mind, we propose the sequences of glutarmne synthetase genes (GSII) and citrate 
synthase genes from different Rhizobium species for future phylogenic analysis. 

Relaxed specificity, normally encountered in many tropical legumes, allows more than one 
bacterial species can often be isolated from nodules of a single legume. A wide range of 
genetically distinct bacteria have been isolated from bean nodules (Eardly et al., 1995; 
Hernandez-Lucas et al., 1995; Martinez-Romero et al., 1991; Segovia et al., 1993: 
Martinez-Romero, 1996). This also occurs with Leticaetia leucocephala, Atnorpliii 
Ji.rdc0.w , Accicin (de Lajudie et d., 1994) and Sesbmzïa (Boivin et al. 1997). Five 
ribotypes were identified by PCR-RFLPs among 55 Amorpliri Rkizobiitrn strains. We 
propose Mesorlrizobhm mnorphi as a new species for rìbotype 1 isolates, which includes 
the majority of Atnorpha symbionts. These species harbor a 900 Kb megaplasmid 
carrying nodulation and nitrogen-fixing genes. Mesorhizobiirrn species (Jarvis et al., 
unpublished) seem to show a high degree of similarity in their SSU rRNA genes. and this 
may indicate that they have all radiated recently from a conimon ancestor. In contrast, the 
isolation of symbionts from Sesbania her-bacerr in Mexico provided us with a genetically 
narrow group, which was related to Rhizobiclni gdegc.ie but distinguishable from i t  by total 
DNA-DNA homology, its plasmid profiles, its host range and other phenotypic traits (Table 
i ) .  I f  this group represents a new species, it should constitute a new genus together with 
K. gcilqae (Lindstrom, 1989). 
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Table 1. Differences between R. galegae and Rlzizobiiim sp. (Sesbanici herbacea). 
R. gale.gae Rhizobiiiin sD.(Seshmiia herbncea) 

Phenotypic traits 

Growth in YAM at 37 to 40C 

Resistant to ampicillin (5 g.ml") 
Sole nitrogen source 

adenine 
methionine 

Sole carbon source 
dulcitol 
lactose 

DNA homology (%) 
to HAIvIBI503 (R. galegue) 35-100 
to SO2 (Sesbcmia hcrbciceci) 14-22 

at pH9.0 

DNA Gt-C mol % 
Plasmids (Kb)" 1 100,300,170 
nif-nod plasmid 1100 
Sesbania nodulation 
Galena nodulation i- 

i- 
i- 
+ 

-b 
+ 
12-1s 
7S-100 
57-58 
900,400,200 
400 
i- 

INLEË groups 1,II III 
"Different strains harbor different plasmids. Some R. gcilegue strains harbor only the I100 
Kb plasmid, some harbor 1 100 and 300 Kb plasmids, others harbor 1 IO0 and 170 Kb 
plasmids and few strains have no plasmids or harbor two very small ( 4 0  Kb) ones. 

Essential in the systematics and taxonomy of any bacterium is the availability of type 
reference strains, which should be good representatives of a species, however, problems 
exist with several rhizobia] reference strains. For example. there are subcultures of the B. 
juponicum type reference strain in many collections all over the world but it has at least ten 
synonyms! It was originally introduced into the USDA Rhizobiirin collection in 1929 as 
USDA 6 and it was provided by USDA to ATCC in 1945 (Barrera et aI., unpublished). 
The SSU sequences of two type strains, IAM 1260s and LMG 613S, were previously 
rcported (accession numbers DI1345 and X66024). They differed by 1 1  nucleotides. The 
sequence of IAM 1260s is similar to that of the B. jrrpoiricunz group l a  strain, USDA 110. 
so i t  is possible that the sequence of IAM 12605 was that of a contaminating B. jcrpo~iicim 
strain rather than the type strain. Recent re-sequencing of USDA 6 found that it is very 
similar to LMG 613S, which. according to SSU rIt"jA gene, seems to be a very good 
representative of the B. jcrpoizicmi species because its SSU rRNA gene sequence agrees 
closely with the B. jciponicum consensus sequence. In addition, there are two versions of 
R. rropici CIAT S99 distributed in different labs. One is more competitive for nodule 
formation and the two also differ in the size of the nodulation plasmid (Romero, personal 
communication). The two reported partial sequences (300 bp) ofilzorllizobirtnt 16s 
rRNA genes (accession numbers X6722 1 and IV15549 1) .  which ilre allegedly both from the 
type strain, are only S4% homologous; plus different M. lori type strains have shown up. 
I f  original names for the type strains had been retained, then perhaps less confusion would 
exist in regard to type strains. Further comparison of typc reference strains are required 
(for  example. in the case of A. codiiioc/ms) to ascertain the reasons for the discrepancies. 



9. Polyphasic taxonomy of a new rhizobial group from the Loess Plateau of China. 

The Loess Plateau, well known for its deep deposit and wide distribution of loess is located 
in the northwest of China. Severe erosion has transformed it  into a hilly-gully area of silty 
loam, both fragile and porous, with a pH of 8.4 plus 18% CaCO, and 0.45% organic 
matter. Thus. the floral rate is very low: but some stress-tolerant legumes and other plants 
can grow tliere. Previously (Tan et al., 1997), three DNA homology groups of rlxzobia 
were isolated from the various wild legumes on the Loess Plateau and found to be different 
from other species of root-nodule bacteria. Recently, strains have again been isolated from 
the same host plants and one group (cluster 9) has been studied in detail. 34 bacterial 
strains were used, among which 3-3 were isolated from Coro?zil¿n varia, nine from 
Anipliicrrrpcrra trispetma and two from Guelcle~z.~tuerltìci ~nultijlom.. 

R. galegm 
A .  vitis 

M. tianshmiense 
h% hrialiiiii 

M. niedit ewat iiint 
M. ciceri 
M. loli 

Figure 4. Dendrogram showing the relationships of rhizobia and related bacteria. 

All 34 rhizobial strains formed ;t single cluster (cluster 9. by UPGMA clustering, above the 
similarity level of 82%) on the basis of SDS-PAGE whole-cell protein patterns. The G+C 
content within cluster 9 was 59.7-63.1 mol%, which places the cluster within the rhizobia 
(Graham et al.. 1991). The level OF DNA relatedness between the representative strain 
SH22623 of cluster 9 and the other members was 71 3 9 3 . 5  %. The DNA homologies 
between strain SE122623 and type strains of known rhizobia1 species was 14.5-59.0 yr. 
These results showed chat cluster 9 forms a DNA homology group with higher than 70 % 
homology. Lvhich is distinct from the recognized rhizobia1 species. The 16s rDNA 
seqLIence of strain SH22633 has heen deposited in the E\,IBL m l  BanKIT sequerice 
Jritabases uritler accession nuinhzr AF003375. Conipring known rhizobial tincl 
;igrob;tcteri;!l scquencc's gave sirnilari tics between cluster 9 and i~gr-ohrrctet-irrr~r ~ ~ v ~ f i r c i c ~ . ~ .  



569 

A. rrihi, A. vitis and R1ii:ohi:tm gnlegae of 96.0%, 95.470, 93.4% and 93.8%, 
respectively. The dendrogrm (Figure 4) shows that cluster 9 belongs to the 
Agrohacteriu??z-R. gfllegm. phylogenetic brmch and so cluster 9 forms a genotypically and 
phenotypically distinct groiil’ ,I[ root-nodule bacteria. 
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