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SUMMARY 

The application of computer techniques to study a group of organisms 
comprising 83 strains of the genus Rhixobium and 38 strains belonging to 
the genera Agrobacterium, Chromobacterium, Beijerinckia and Bacillus is 
described. One hundred different features including vitamin, carbohydrate 
and nitrogen nutrition, antibiotic sensitivities, morphological and colonial 
characteristics, and infective attributes were used to determine the 
relationships between these organisms. Members of the genera Chromo- 
bacterium, Bacillus and Beijerinckia showed little affinity with the other 
species studied, or with each other. The results obtained for the genus 
Rhixobium indicate the need for major taxonomic changes. These changes 
would include : (1) the consolidation of R. trifolii, R. leguminosarum and 
R. phaseoli into a single species, R. legurninosarum; (2) The consolidation 
of A. radiobacter and A. tumefaciens and their inclusion as R. radiobacter in 
the genus Rhixobium. The creation of a new genus Phytomyxa to contain 
strains of slow-growing root-nodule bacteria is also proposed. 

INTRODUCTION 

Studies begun at  this Institute in 1957 considered the infective properties of 

root-nodule bacteria isolated from leguminous plants indigenous to the south- 

western portion of Western Australia. Of 85 isolates of these bacteria examined, 45 

nodulated hosts in each of the lupin, soybean, phaseolus and cowpea cross-inocula- 

tion groups, and 31 nodulated hosts in three of these groups. Only three strains 

could be classified on the basis of their infective properties. In reporting on these 

experiments Lange (1960, 1961) suggested a programme for the study and applica- 

tion of computer techniques to the classification of a representative sample of root- 

nodule bacteria. The present investigation was undertaken as an extension of 

Lange's work, and reports a study of rhizobial taxonomy based on the use of the 

computer methods he suggested. 

METHODS 

Organisms. A total of 121 isolates were used in this study. The species represented 

were Rhixobium trifolii (19 strains), R. leguminosarum (13), R. phaseoli ( 5 ) ,  R. 
meliloti (ll), R. lupini (lo),  R. japonicum (6), Rhixobium spp. (19), Agrobacterium 

radiobacter (7), A. tumefaciens ( l l ) ,  Beijerinckia iqzdica (8),  Chromobacterium 
violaceum (6) and Bacillus polymyxa (5 ) .  Rhizobial strains were selected for host 
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differences and for geographical diversity. They included isolates from Arachis, 

Astragalus, Boisseae, Cajanus, Cicer, Crotalaria, Desmodium, Dorycnium, Glycine 
(3 species), Jacksonia, Kennydiya, Lathyrus (3 species), Lotononis, Lotus (2 species), 

Lupinus (5 species), Medicago (6 species), Oxylobium, Phaseolus (3 species), Pisum 
(3 species), Psoralea, Sesbania, Trifolium (11 species), Vicia (3 species), Vigna and 

Wistaria. Isolates were obtained from Australia (41 strains), Canada (1 strain), 

Germany (4 strains), Japan (7 strains), Kenya (8 strains), South Africa (8  strains), 

South America (3 strains), Tanganyika (3 strains), U.K. (3 strains) and USA. 

(5  strains). The non-rhizobial organisms were included because of earlier claims 

relating them to rhizobia (Bonnier, 1953; Derx, 1953; Bissett, 1959). 

Maintenance of organisms. Organisms were preserved where necessary by lyo- 

philization (Annear, 1956) and stored in the cold at  4". Organisms were cultivated 

routinely on a yeast extract mannitol medium or on potato dextrose agar, and were 

checked for purity a t  least once every 6 weeks. 

Features. Each of the 121 organisms was characterized by its reaction to 100 

different tests. The features considered were : reduction of methylene blue; produc- 

tion of levan; acid reaction in litmus milk, serum zone in litmus milk, coagulation 

of litmus milk; methyl red test; Voges-Proskauer reaction ; precipitation in calcium 

glycerophosphate medium ; production of indole ; hydrolysis of gelatin ; anaerobic 

growth; growth at  4", growth at  39"; growth at  pH 3.5, 4-0, 4.5, 5.0, 8.0, 8.5, 9.0, 

9.5; colonies circular; colonies convex; colony margin entire; colony size less than 

3 mm., after 7 days' incubation; colony size less than 1 mm.; pigment produced; 

butyrous gum produced; growth on sodium citrate agar; urea hydrolysed ; catalase 

produced ; oxidase produced; growth on nitrogen-free mineral media ; nitrate 

reduced, nitrite reduced; biotin essential for growth; thiamine essential for growth, 

calcium pantothenate essential for growth; growth on 2 yo NaCl medium, growth on 

3 yo NaCl medium; utilization of dextrin, maltose, lactose, rhamnose, glucose, 

sucrose, mannitol, starch, galactose, sorbitol, dulcitol, inulin, raffinose, arabinose 

and xylose; nodulation Trifolium subterrameurn L., T.  repens L., Lupinus digitatus 
Forsk., Medicago sativa L., M .  tribuloides Desr., Ornithopus sativus Brot., Pisurn 

sativum L., Vicia sativa L., Glycirte max Merr., Vigna sinensis Engl., Phaseolus 
lathyroides L. and P. vulgaris L.; gall formation on tomato seedlings; cells rod 

shaped; width of cells greater than 1.25p, length of cells less than 2 . 5 ~ ~  length of 

cells less than 4.0~ ; spores produced ; metachromatic granules produced ; cells Gram 

positive; cells motile ; gas produced in fermentation media; sensitivity to strepto- 

mycin, aureomycin, terramycin, ledermycin, neomycin, chloramphenicol, penicillin, 

bacitracin and erythromycin (each antibiotic tested at 0.1, 4.0 and 50 pg./sensitivity 

disc); hydrogen cyanide produced; survival after 10 min. heating a t  50'. Where 

possible the methods used were those recommended by the American Society of 

Bacteriologists (1957). Other methods have been detailed by Graham (1963 a, b, c ; 

Graham, to be published). 

Computer analysis. The computer analysis was carried out on an IBM 1620 digital 

computer, with a programme which differed from that of Sneath (1957) in that 
negative matches were scored as similarities. Quantitative tests were minimized 

because of differences in the growth rates of the strains studied. Where quantitative 

results were used, they were scored by the additive method of Sneath (1962). 

Similarity values (S) were printed by successive 1 yo decreases in value. 
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RESULTS 

The results of the computer analysis are presented in Fig. 1. The main features are 

as follows. 

(1) Strains of Bacillus polymyxa, Chromobacterium violaceum and Beijerinckia 

indica showed low affinities with the root-nodule bacteria. Few comparisons 

between these organisms and rhizobial strains exceeded 70 yo similarity. Compari- 

sons between strains of Rhizobium and B. polymyxa rarely exceeded 50 yo similarity. 

(2) Strains of Agrobacterium radiobacter and A.  tumefaciens grouped with the fast- 

growing strains of Rhizobium, especially with strains of R. meliloti. All comparisons 

between the two Agrobacterium species exceeded 80 yo S, and values greater than 

90 yo were common. Strains of R. meliloti grouped with these species at  a somewhat 

lower value, but with most comparisons exceeding 80 yo similarity. All three species 

showed similarities greater than 70 % S with strains of R. leguminosarum, R. 
phaseoli and R. trifolii but only a 50-60% similarity with the strains of slow- 

growing rhizobia. 

(3) With the exception of Rhixobium phaseoli strain 88, all strains of R. legumino- 

sarum, R. trifolii and R. phaseoli grouped together with similarity values in the 

range 80-97 yo. Strains within this group were commonly less related to the slow- 

growing group of rhizobia than they were to strains of Beyerinckia indica and 

Chromobacterium violaceum. Eight South African clover rhizobia included in this 

group showed high affinities with clover and pea rhizobia of European origin. 

(4) Strains of slow-growing rhizobia formed a third group of organisms, with 

similarities in the range 70-95 yo. Rhixobium phaseoli strain 88 appeared to fit more 

naturally into this group than into the rhizobia of the R. Zeguminosarum type. 

( 5 )  A distinct division in the strains listed as Rhixobium spp. was evident, with 

seven strains grouping with the fast-growing rather than with the slow-growing 

group of organisms. Two of these strains (102, 110) appeared to have a legitimate 

relationship to the rhizobia of the R. leguminosarum type; both strains nodulated 

Pisum sativum. The remaining strains, and R. japonicum strain 91, must be regarded 

as nodule contaminants of the Agrobacterium radiobacter type. 

DISCUSSION 

Similarity values obtained from a computer survey may be related to taxonomic 

rank, but, since the number and variety of tests used may vary, no absolute criterion 

can be set for the different taxonomic levels. The similarity values obtained in this 

study were, in general, higher than those reported for similar groups of organisms 

(Sneath, 1957; Talbot & Sneath, 1960). This was due to the inclusion of all nodula- 

tion data in the analysis, and to the limited use of quantitative coding. 

The results obtained in this investigation indicate the need for taxonomic change 

in the genus Rhixobium. Strains of R. leguminosarum, R. trifolii and R. phaseoli 

formed a homogeneous and indivisible group with similarity values of 80-97 yo S 

occurring within the group. They should therefore be considered as a single species. 

As this group of organisms contains strains capable of nodulating Lathyrus, it must 

continue as the type species of the family Rhizobiaceae, and bear the name R. Zegu- 

minosarum Frank. Since comparisons between A. radiobacter, A. tumefaciens and 
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the organisms of the R. leguminosarum type always exceeded 70% similarity 

the inclusion of these non-nodule-forming organisms in the genus Rhixobium 
appears warranted. Although these two groups appear to merge into one another, 

differences between the groups are sufficient to warrant separation at the specific 

level. Strains of R. meliloti, A.  radiobacter and A.  tumfaciem were very closely 

related and on the evidence presented in this paper should be considered a single 

species. In view of the small sample size, however, it  is perhaps better to suggest 

the consolidation of A.  radiobacter and A.  tumefaciens, and their inclusion as 

Rhixobium radiobacter (Beij erinck and van Delden) in the genus Rhixobium, with 

the retention of R. meliloti as a separate species within this genus. Further experi- 

mentation could confirm the relationship between these organisms. 

Strains of Rhixobium lupini, R. japonimm and Rhixobium spp. grouped at  the 

70-90% values but showed very low affinities with the fast-growing species. The 

consolidation of these three species and their separation from the fast-growing 

rhizobia at the generic level appears warranted. However, since the sample of 

strains used is small in relation to the probable size of the group it represents, this 

separation must first be confirmed by additional studies with more representative 

strains. If these investigations confirm the need for separation at the generic level, 

the genus containing the slow-growing group of organisms should bear the name 

Phytomyxa and the type species be termed Phytomyxa japonicum Kirchner. The 

generic name Phytomyxa was proposed by Schroeter in 1886 and was suggested by 

Buchanan (1926) as an alternative title to Rhixobium. Kirchner (1895) proposed 

the name Rhixobacterium japonicum for the nodule organism of soybean. 

The suggested changes may be summarized as: 

Genus Rhizobium 

Type species Rhizobium leguminosarum Frank 

Species (1) R. leguminosarum Frank 
(2) R. meliloti Dangeard 
(3) R. Tudiobmtm (Beijerinck and van Delden) Lahnis 

Genus Phytomyza 

Type species Phytomyza japonicum Kirchner 

The proposed changes are strongly supported by infective data and by other 

evidence in the literature. Many similarities between strains of Rhixobium Zegu- 

minosarum, R. trijolii and R. phaseoli have been shown before; Smith (1958) and 

Ishizawa (1953 a, b, c) showed morphological and biochemical similarities between 

these species. Serological affinities and phage relationships between the species have 

also been reported (Kleczkowska, Nutman & Bond, 1944; Conn, Bottcher & 

Randall, 1945; Kowalski & Staniewski, 1959 ; Graham, 1963 c). Infective relation- 

ships have been shown by Kleczkowski & Thornton (1944), Wilson (1939, 1944), 

Norris (1959) and Graham (1963 c). Thus the results of the present analysis confirm 

a grouping already apparent from more conventional taxonomic studies. 

The affinities of the different species of slow-growing root-nodule bacteria are also 

apparent from other studies. Lange (1961), for example, showed that 76 strains out 

of a total of 85 considered would nodulate hosts in three or more of the phaseolus, 

lupin, soybean and cowpea cross-inoculation groups. Similar results were obtained 

by Bushnell & Sarles (1937) and Wilson (1939,1944). The consolidation of Rhixobium 
japonicum and the cowpea rhizobia was first suggested by Walker & Brown (1935). 
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Biochemical similarities (Smith, 1958) and serological similarities (Bushnell & 

Sarles, 1939) have also been reported. 

Serological and biochemical affinities between Agrobacterium radiobacter, A. 

tumefaciens and Rhixobium meliloti have been reported before (Hofer, 1941 ; Cole- 

man & Read, 1945; Manil & Bonnier, 1950; Bonnier, 1953). More recently, 

Roslycky, Allen & McCoy (1962) have reported phages lytic for species of A.  radio- 

bacter, A. tumefaciens, R. meliloti, and R. trqolii. Both Pribram (1933) and Bonnier 

(1953) suggested the inclusion of A.  radiobacter and A.  tumefaciens in the genus 

Rhixo bium. 
Despite existing results in support of the evidence presented here, some caution is 

necessary. The rhizobia considered in this survey were derived from 27 genera and 

40 species of leguminous plants; more than 500 genera and 12,000 species and their 

associated nodule bacteria remain to be studied. The tendency, following Norris 

(1956), is to regard all such organisms as similar to the cowpea type of organism. 

Two of the strains considered in this survey, isolated from hosts normally included 

in the cowpea cross-inoculation group, closely resembled the rhizobia of the 

Rhixobium leguminosarum type; other fast-growing forms may be found. The effect 

of the withdrawal of the type species from the genus Agrobacterium must also be 

considered. Despite these difficulties, the proposed classification appears to be more 

logical than the present agronomically biased one. An additional advantage is that 

this method of classification is not influenced by the loss of infective properties. 

Numerical taxonomy has been suggested as a means of determining the ancestry 

of organisms (Sneath & Sokal, 1962). Norris (1956) postulated that the root-nodule 

bacteria had evolved from an organism similar to the present-day slow-growing 

type, and suggested that the change from slow-growing to fast-growing type 

resulted from the recession of the post-Permian seas and the exposure of rich 

calcareous soils. The results obtained here suggest differences too great to be ex- 

plained in terms of such evolutionary differentiation. Considering the many 

nitrogen-fixing symbioses known, and the decisive differences shown by this survey, 

it is more logical to suggest the evolution of two different soil organisms to sym- 

biosis with leguminous plants. Despite the claims of other workers (Bissett, 1952, 

1959; Derx, 1953), it  seems unlikely that the rhizobia evolved from organisms 

closely related to Bacillus polymyxa, Chromobacterium violaceum or Beijerinckia 

indica. The origin of the slow-growing nodule strains remains obscure, but the 

results obtained here would suggest a form similar to Agrobacterium radiobacter or 

A.  tumefaciens as the ancestor of the fast-growing rhizobia and an evolutionary 

pathway leading from these organisms to organisms of the R. meliloti and R. Zegu- 
minosarum types. Aspects of this relationship will be considered in a subsequent 

paper. 
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