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Summary A survey was made of published resu'ts of tests of the capacity of Rhizobium 

derived fron one leg Uille genus to nothl ate plants firom other genera. The data were derived 

from more than 14,000 separate cross-inoculation trials involving species from 165 genera 
of leg umes. Numerical taxonomic techniques were app!ied to 113 of the genera for which 

reslts ot so hstantial cross-infection tests were available. [lie data were examined using ican 

character diterence coe fticients re-expressed as total :a.nd positive-only similarity coefiEcients. 
The resulting similarity matrices were clustered by the un weighted pair-group method using 
arithinctic averages. I'ightccn aflinity groups were deflined at the 71 similarity level. With 

fe exceptions, tihe physiological and cultural bchavior of tile rhizobia was consistent within 
the defined grolips. Two broad categories were suggested in the numerical taxonontic analysis, 

end their validity is discussed in rcgard to tile geograpic, phvsiological aid cultural charac
teristics of' the legunes and their R, hiiibiu microsymbionits. The ta'xinotnic and agronomic 
value of :his approach and the newv groupings are discussed. 

Introduction 

Based on early investigations of' Rhizobittm-legume symbioses that 
largely focused on agricultIrally important crops in temperate climates, 
the concept of cross-inoculation groups was introduced6 . Of the groups 
that were originally described, six were generally considered to be 
stulficiently uniqute to have species epithets assigned to them. Recent 
studies suggest that the rhizobia from Lotus should be placed in a 
seventh species, Rhizohium lotii3 . However, many nodule-forming 
bacteria have not been studied or groutped. 

Cultural, morphological, biochemical and serological methods have 
been applied to characterize and classify isolates of Rhizobium. Using 
these methods, a distinction has been made between fast-growing, 
pcritrichously flagellated, acid-producing bacteria (R. trif'oli, R. phase
oli, R. leguminosarum and R. ineliloti) and slow-growing, polarly 
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llagellated, alkali-producing strains (R.hupini, R.japonicum ;nLd rhizobia nodllating a variety of tropical legumes3 ',,, .Some of,tie rhizohiarecently have heen IIplcCd in newa hacterialll genus, llradyrhizobilun .'
.'. I:xccpltiois Nvitlll these categories have Ibeenl describedi ,27Application 1 lntigenic allnd protein analysis hIAas aisoMs11bstOa ntia tCddifTCrencCs bet wecn these broad ."roupsS,", and detrnrlinination)NA homologics has revealed 
of 

wide ,'ariation cven wit hit i siigle
species,> t, 

The application of coiptler techniq ties has allowed for tile handlinot large data sets. (;r l1,lill 7 LSeL the results of 100 taxotlolllic tests oil12 1 organisnms, which included 83 rhizohia, to fornt gOt:)S usingtile 'lleliVst neighlbot. cltisteting ll-orifilinl. [:ttrttr investigationsincluded the tlye of flagella land )NA hase cotnposition22 . In bothstudies, otnly bto'addtwo grottps of rh iZobhi., 1'.lst- .t11d slow-growing,cotlId be cllrlcterizedl. Two YitiJIlar gro ps vwere olbtained in a studyor 59 bacterial strains, includin tiizobia1 r coded for results of 191tests23 . Ntmcrical taxonomic tcclIniq tiCs have ei lit ted tile identification of intragencric affinity groups'"'3 . Nevertheless, a satisfactory classiflication scheme CiconpaSsing all Rizohiul strains has 
not ete red.
 

The lack of 
a hroad. systematic evaluation of' nodulation patternshas limited our understanding of' the potential or Linexplored synbioses involviig the many poorly studied legunmes arid has hinderedthe development of' a practical ly Ise fil and biologically meaningflclassifticatioil scheeIC. BlCcattse of' its agronomic importa lice, we havefocused ont only one lait, (lie ahility of tile nicrosvinhiont to nodulate[iot only its homologous host btit also lieterologous hosts. wasIt 11ot)1.r1objective 1t develo) Ile\V of definitive classil'icalion schemeRI.1izobiliin. The approach involved 
for 

sitinin ari/inrig Put hislished info rinlationAn tile capacity of' RhizoNbi utn st rains nodulateto aIy leguine andWaluating by nttiiiricl laxo0ol10ic techniiliquieS whether these data
tdeKuCate for Lxoiioinlic getieral izatioas. 

are 

lethods
 

Iriginal
literature
 
Published reports of cross-infection trials were transcribediecies-versus.ipecies recort 

into matrices containing aof' the results of the testing. The results of an intergeneric crossany single study was recorded - successful if nodulation was observedtier iui even once, althoughRhioo isoiates from tule saine legulne species or cultiva-snidulate. For example, if 5 strains 
of the same plant failed

of Glycine rhizotia, allisola!edles independently from)ttl on (lucie ma:x, were tested in one studv for ability to nodulal Ca/anls ca/an andly1I strain (lid so suicessfully, then the relationship between rliizobiuni was f'rom G. maxc host C caja', recorded as positive. andWhile this may bias results toward an anonmlous 
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strain' the potential for successful nloduiation was of primary concern ,tc the present evaluation, 
In the literature,descriptions of nudulation vary greatly, from simple qualitative assessments 
of noduie abundance and appearance to quantitative assessments A report of the occurrence 
of nodulation, however sparse, was presumed to be correct, ai.d the data were recorded as 
positive, The effectiveness of the sybiosisin fixing nitrogen was not included in the analysis.

'Each plant genus, when encountered for the first time, was assigned a code numbcr, Plant 
S species were subcoded according. to the genus. Recent changes In botanical taxonomy were 

included', Only information from primary literature sources was Included in 
aduse was not made of Information' published, In review articles' and bamresorse, 

inoculation groups. 
4 The methods described in the primary literature were evaluated to maximize the like
lihood~that' the cress-infection data wvould be valid for 'use in the data basc,An acceptable ~ 
protocol was one that' involved, use of. sterile pots, bags, tubes or jars containing terile agar, 

h soil, sand, vermiculite or mixtures which were planted with surfamce-sterilized seeds anid in
oculated with a' single Isolate of Rhizqbium. ]"ield trials, testL. Involving mixed cultures and 
results from use of genetically altered strains were excluded from this review. ': 

baafifornumerical taxonomy 
Information on cross-infection tests involving 856 Individually named plant species was 

inalyzcd.kData'on the resulL of cross-inoculation tests wJcventered according to the direction 
of the cross;'Lc,, Rhizobium strain fron nodules on plant species A was inoculated onto seeds 
or roots of legumne species 1; In this way, the direction of each cross was preserved,Beca7use ofRhliZoiumhplahi:7symbioses ;thiis
te no-rcpocal :nature ofthese61f 	 was 111p(')rant,:Alithough:::;: 
14,530 entries describing 3,246 different crosses between different genera wvr. collected, this 
represented' only 23,9% of the total crosses, possible among these genurn, To' accommodate~ 

~'' 	the methodologies, developed' In.numnerical taxonomy for far more complete data matrices, ~ 
rearrangements were miiade, The number of genera represented by all species was 165, but 
not all genera contained species that had been tested extensively. Genera which had been " 
tested with rhizobla isolated from nodules derived from fewer than 14 other plant genera 
were deleted from the final analysis, thereby leaving 113 plant genera in the survey, 
- If changes'in plant taxonomy had been made and involved the'reassignment ofa species 
In one genus-to an entirely different genus, the 'change has been made in the survey. These 
changes are listed inTable~1, In addition, the genus Phiaseolus was segregated, inito 'Phiaseolus-' 
beans' containing P. vulgaris, P. angustifolla'is)and PAcoccineus (same as P. multiflonus and 
P. 'nuiflfolii) 'ad 'Pia'scolus-cowpea' containing other Phaseolus' species, Cassia was 'likewise 
segregated into three subgenera', Species in subgenus Lasiorhegi;i were included in the all-'' 
anysis; species in subgenera Fistula and Senna were not included because of.,lack of Infor-
mation on cross-inoculation, ' 

Numerical taxonomy ' 'l taomyi may bersle notophases;The' ainalytical methodology of numerica tao ersyvdIt w 
the generation or values of similarity between the" taxonomic units (here, plant genera) 'N'tudied 
and clustering the resulting similarity matrix. For the purpose of generating similarity values, 
the set of characters or tests used as a basis for making pair-wise comparisons of all '113 plant 
genera considered was taken to be the 112 cross-inoculation trials which 'couldi be made for 
each genus with all other genera, plus the one trial which could be made wvith'itself. For the 

genus, tln- suits of cross inoculation trialscthw ti genus was nuierically expressed 
as rik, the f .Ion of all reported cross-inoculation trials between genera I and k that resulted 
in successf ;odulation The' identity tof then 'donor genus in a reported cross ignoredlnrl was 
in calcul,. ng values of ftk. When cross-inoculation trials had not been performed for a par
ticular combination of two genera, that ftk was undefined, For all species, I, fiwas set equal 
,to one. "'~ ' ' 

' ::To 	 between using fik described;"' calculate' values of similarity, SUj, two genera the valuis 
above, two different similarity coefficients were used: the mean-character similarity MCS) 

i"" 

2K 

' 

i:
 

' 

' 

' 

' 
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Table 1. l'axonoilic changes ot legume sjiecics included in the analysis
 
Old 'iaire 
 New nane 
lstragals rub i i O'.tropisriparia 

Dohichosajicanus 
Macrotilomaafricanlunt 

D. lablab Labial' ptrpw's
 
). niflorts 


Macrot.'oma uniforumLotus tctragon olbls Tt'tragonolohuts turluretn s
 
t'has'ohusaconitifiia 

1). angtulnris 
 'Iit4,na aconitifolia 

1'"a g thetis
 
1' atrop'Iurpurcus 


Macropi/iumatropur, ttrcmn
P. aurcs 


I 'iiK'ia radiata var. mireos

P.*a/ucarat. 

ttnbellata1'. lathiy'roides 
Macroptiliumn lath 'oidesR. Oittl,,(o 
i'igna radiata vi r. mUgO

1'. radiata 
I*. radiata 

I'. trilobus 
I. trilohata 

l'soraleaacatdis 
Asphalthium acattisl. esculenta 
Jediomehim esculentuit

1'. onobr'ehis 
Orbclilunt onohri'chis


Stizolobitn deeringianttm 

Mucana deeringianntn

S. utile 
il. t//isS. 11tilis 
.1. tutilis 

Stizolobium spp. 
htloena Sl p . 

cilefcielit described in Sietilh alld So!;1126 and i variant of the MCS coefficient ilere termed
the positive-only inean-character similarity (PMcS) coefficient.
 

Using the MCS coefficient, tile sinilarity value bet%%e 
 n two generai i and j can he cxpeessed 
as follows: 

1 113
 
Sii __ I 
 E I -- I'll( - rltI 

wvhere liii equals the niiinber of genera, k, for which t ik and fJk were defined. It either fltk orfjk was undefined I'or i particular value of k, then tile quantity Ifik . Jkl was set eqtiual to I.

The PIMCS coefficient cart he expressed is follows:
 

Stij - - iiV 
k Il,ki4j I (Wilt~ /'kha fjk)) 

wlere ilax (t'ik- fit) is tlie greater of ithe two fractions. Wlien max (flit, fjk) vas eilual to zero,
the algorithin used set the quantity Iftk lIjl /Max 
 (tik, tilc) equal to I. If for a particular
coinbination of' gencra i aiid j, le value of niu was equal to zero, i.e., if the two genera
never been tried against the same test genus, 

had 
lien that value Sot was undefined.

IvCrygeithS has assOc iated witti it a set of oelrera, here ternied its set of successful ipart ners,
withIi which it has successfully exchanged rtiizobia either as 
donor or recipient. If a large amountof overlap exists betweein tle sets of" successlul partners for itwo genera (i.c., 'positive matching'2 6 
), then both tile MCS and PMCS -ocfiicents will assign a high similarity to the twospecies. Overlap between the sets of' unsuccessful partners for two genera6 is termnined 'negative matching' . Although the PMCS coefficient ignores negative matching, the similarity

Calculatedl by tile MCS coefficient is increased by negative matching. Thus, using the lattercocTicient, two genera COuld be assigned a high similarity despite a complete absence off 
overlap in their sets of successful partners. 

any 
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The clustering algorithm used in this study was 	 the unweighted pairgroup iiathemiatical 
.average (UIM(;MA) described in Sn'ath and Sokal 6 

In the UPGMA algorithii used in this 
study, it the algorithm attempted to averaff,!e a defined similarity value with an undefined 
similarity valhii, lit r,,;ult wa, set equal to tie defined sali . lie average of two unde
fined similarityv y ilc,,rt lliianed u defihed. 

Tht simiiilrity ..')tl'iCiHItS s. e e,'I,la eal using a 0512 a;is mhly lanuage programi writtet 
by on' of li, itlh1IFr, (S.S.i, ii l he iistt'ruiig 	algorithi sva ,.rititn thy I M .M.) in inter
pr,, d ASI(. ( opis ol' both pltolrmis ire iviilible upon request.
 

(roiups 
 vere defined it the 70 to 85' ,imilirity lveCl isilig the M('S c efficient. The 
PM('S Ceoffiiil was us'd to control for proupp horilied solely o.n the hasi, ot nlegative 
matthilig.
 

Results 

ResutlIts of the niuImcrical taxonomic analysis are shown in the simpli
tied dendroran ( Fig. I). Both ile MCS anId PM( S coeTfiCentis were 
used ill constructing the figure. Initially, groIt ps were deflined aIs con
sisting of gener't clustLered at ifie 70'< similarity level by the UNI"MA 
algorithlhi 'orml the similarity nitrix generated using the MCS co
eficien. IftileL enera belonging to a teitalv,. group thus defied 
were aso Clust eTed log ther WhieI a sili laril y mai trix produced by 
the PM('S algoritim was used, then lhat group was regarded as real 
anil is slIowtI aS Ol01 P)LO hered grl iLll)S ill tile dendrogram. :low
ever, if sOIIIC ileihers of a group generaled usinig tile NICS cocfficient 
(e.g.. AlYsicarlIuS. Tephliosia and ('yaimopsis fron group I) clustered 
wi t htle genera of anot her groP wIen ihe PM('S oe fficien t was used, 
then those mCIIIhers were regarded as heing ineCluded in tile original 
M('S grotip) solely 'n tile basis of negative matching (defined pre
viously). Such getiera are shown in Fig. I attached to one of the 18 
n unibered groups at the similarity level calculated by the MCS co
elficient, bilt they are not imlicmted by inclusion with in tile solid 
triangle as 1nembers of the group. 

The I 8 groulpsI hi,t were i,leiitilied hy the procedure detailed above 
contain 75 genera (0,"; of tile toadl). (41roup 3., tile largest cluster, 
contained 2 1 genera. Twelve groups were stnallI anI contained 2 or 
3 genera in each, and 5 groups were intermediate in size and contained 
4 to 7 members. 

An atemiiilpt was made to cluster tile genera at a higher level of 
similarity, namely 80 85((. ThIis ap1proach was abandoned aftCr study
ing the rese lts of the PMCS analysis. For example, when group Ill 
was examined for clusters defined at tile higher level, the group was 
split in to two groups con taining 10 and I I genera defined at tie 82 
and 83% simiktarity level (MCS), respectively. Subsequent analysis 
using the PMCS coefficient indicitted that each of tlicse groups split 
further into 2 groups containing 6 and 4 members and 9 and 3 members. 
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Thus, it' grou ps were elC'i nl at tlie 0 85'; level, - group1s Vould 
be defined from the IM(CS results, whereas at the 7(0'; level, o single 
group is recovered in hot l ihe N'S and I),('S analyses. A similar 
breakdown1 of clist'S wads no1td' ill gl'olupS X\, XVI, XVIl an1d XVIll 
when camined at thelhigher lev.l. Ikcalse heCre, is I) genArallly re
cogniZed lelC\' o simnilarity to i' uIsed 1')r the lefinition of grotlpS 

" ill itllieriL'.cal aiXoIoilly 2' and11 hctl is of a tricltr level providedCe 
no( new iniltriiatoil ill this sftt(id, the 7(1.: similarity level was chosen. 

(tIIClI I'UCovered ill gl'oupl s illustr;latl in the (ledr.li'oglain ;IS well 
Is tunclhsttredl ytllt I' le listed ii lTahle 2. Tie itnihr of other genera 

with which each gelultS hIs hen trie is IolteLd ill colmn1l 3; ill this 
context, al iiltergt.Ilcl'ic cross deLsigiate', ti' he test illg for)l" uodlaliUon 

GROUP GENERA 100 90 80 70 60 50 40 

Lit ( ., 

L t cl' t 'a l -

Ira oh 

A CaICV t 

Nei 3213 

I,h:,,, n 
Paa,ir,, 

. I-~m~
NM'? ol ytnIpLibl,i 

chwi icoCa;'1an!a 
Por r is 

Par oc Vrhi,
L'a,~01h rr
 
Gldi:'o uI~i,r
 

PCJohtaIt wC;ad,01Vrayrlf , ca'i~'hi3 rl:hi C 
C il11 II~ , 

"'
 
piras ml
 
C1. 11 p
 

CV 35c, 

a hlhLI .
 
C ...diy (c el V 
I 

Ck r o e [L'~ll (taih ,IiP,Gitcr5' 131i 

APEiRC Sl
 
Ph~ri~lr(h Cii
 

EAydhfln 

Lri hI rwi
 
Arrd,s([li
 

C0VC i a/lChl~h 90 80 70 60 50 40ci 

IX O 5 

100 90 80 70 60 50 40 

PERCENT SIMILARITY 
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GROUP GENERA 100 90 80 70 60 50 40Ilt)poclpl 

0 011 1 In"1x 	 Cicir 

Oirithiopus -Dir hr o stai:tl y t 

XI ]"'I I~itdlao l} 5
 
UIrrx
 

Plitylobiim
 
xI] L otonorri .
 

As phalth11o
 
P, th ell obo....
..


PthC olb i , i ixiil 	 Mimosa
 

L Un li
 

XIV 	 IrI l~l 

Glycine 

.V i.atior 

Onoliiyi; his
 
Phlsiolus lU nil
flotliioi a
 

xV] Stnrtiiu
 
The ol"'s)5
 

Sirolitosl iln,5

L ohfus
 

ti i i s
 

r t0 1l) i il 

Swllnsonal
 

Wist oia
 
{VII C rArigalu!
 

A tll 
 ~iii 
O rli iiiDAnorpiC runihii 

Carisir
O. ylrOpls

LiLOrCi~tca ouri
ptr"N1i
 
Ac r; I t
 

PTO;(A,!l" in IiJ yfll-

Da0Pi 0r 0l6 5 

PERCENT SIMILARITY 

Fig. 1. tendrogratt of relaive sittilarit ie-s atig tegttte geera based ol cross-infection 

patterDs. 

o1f species Of OneC plant genuIs by r-lhioia1 LeivedI from no0dules present 
onl roots of' a dilerent genus: this inlorina t ion provides I piel 0eo 
the relative abundance or patcity ot cross-Iests perfo med witI rhizo
bia ronI each host ge ntIS 0. uiising eacilalint geius as the macrosyin 
biont r tests with other rhizobia. 

Few tests of cross inoc'tLlkion were'c ondctLLed ,,viWit tile following 
genera (tile Va1LICS il Ii llthesis the ntinher of' leguime genera fort are 
which cross-illf'ct ionl tests werCe condlctCd with the named genus): 
Abrus (8), Anagyris ( I ), Aotus (12), AspalatI hts (2), Atylosia (3), 
Bossiaea ( 12), Irachyscma ( 12), Burtonia ( I ), Cassia sitbgenera Fistula 
and Senna (b), (ratylia (10), DaviKsia (12), Ielonix (I ), I)illwynia 
(1 2), 1)unharia ( I ), Erichsenia ( I), Etichilopsis (12), !utaxia (12), 
Falcata (I), lem ingia (5), (;astrolo iunI (I 2), (liricidia (I), -om
pholobiuni (12), Goodia (3), 1losackia (6), llovea ( 2), Ino(arpus (1), 
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sotropis ( 12 ).lackonia (I 2), Kennedya (12)., lbichea ( ), Latrobea 
(12), Lehekia (3) lysilonla (3), Mirhelia ( 12),Neonotonia (2), Oxylo
hinin ( 12), larryefla (3). Piladenia (1 ), Psoralea (I I), Plerocarpus
(4), Rafi'na II, Rlhynchosia (0), Sarothainutis (I), Sehrankia (3), 
Securigera ( I) Smitlia (2). Sphacrolohiuiu (12). Stypholobium ( 10), 
Temfpletonia (I _). Ul'aria (5). Vimnia i t 12). \oa dleia (0) and 
Zoriia ( I ). These encra notwlc included in the clustering analysis. 

The ieuiaining 11.3 Leknra were found to he related at the 48,, 
similarity Ievel using the *I(S cofTicient. Just ahove this level, two 
large groupings wre deflined: groups I thromigh VII and gnroups VIII 
through XVIII, each with associated hut tuclustre..d single genera. 

Information was compiled troi the literature on sevfral charac
teristics of' the legumes and their ba;clerial synihionts (Table 2). The 
principal geographic hlbitat of each gentus was determined from in
formation provided hy Allen and Alle1 2 , (apilaiue and Tutin1 ° 

liftorinatioii oil rate of rhizobial growth, the pll change they cause 
when grown ou yeast extract agar containing a suitable carbohydrate 
and the change the bacteria effect in litmus milk is also included in 
Table 2. 

A sununary of this information is presented in Tahle 3. Although 
tle geographic hot iidaries for growth and oCcu rreno0 of1 individual 
legtue genera arc dilt'icult to demarcate, a trend is evident when the 
principal geographic habitat of' each genus is compared with its posi
tion in the dendrogram. Florty-lour of 52 (857 ) legume genera inl or 
ainong the first 7 gfo ups are found pretlouin'antly in tropical or sub
tropical cliinatls. live genera are primIarily fountd ill tepcrate and 
sulbtrepical regions and only 3 genera grow in all climaes. Conversely, 
of1 tile 60 geiera ill or adjoining groups VIll to XVIII, 38 (6.37f) are 
found predoininlatlly in temperate and stilbtropical climates. Sixteen 
genera are mostly tropical, and 6 gent.ra overlap all areas. Although 
tle suhtropical regions often contain genera from bolhI1 tropical and 
teImperate areas andI altitude can inlutiienice clinate and therefore 
occurrence, the division of tile Lenldrograni into two large grotps 
based Oil hahital may be valid buL is worthy of f'trther exploration.
 

A comon vav 01f COmp;iring growth rates of rhizohia is t 
 measure 
colony diameter, allt often file bacteria are distinguisletd basetd on 
whether tile colony diameter is greater or less than I I.5 mm in 3 d. 
01' tire 78 plant genera included in this survey for Which the growth 
rates of the rhizohia have been studiCd, 40 of' 44 (917.) in ilie first 
7 groups are slow-growi 1g, and 14 of 47 (4,41) in the last 10 groups 
are fast-growing. Three genera (T7%) in the first group produee both 
fast- and slow-growing rhizobial isolates, as do I I genera (32%) in the 
last group. 
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Table 3. Geographic distribution of the legumes and characteristics of Rhizobium isolate 
included in the analysis 

Genera in and among groups 

I to VII VIll to XVIII 
Relation to No. of Percentage No. of PercentageCharacter character genera of genera genera of genera 

Plant distribution Tropical-subtropical 44 85 16 27 
Temperate-subtropical 5 10 38 63 
Tropical-temperate 3 6 6 10 

Rhizobium, growth Fast 1 2 17 41 
ratea Slow 40 91 9 27 

Fastslohlb I 7 11 32 

Rhizobium, Acid 3 8 11 37
carbohydrate Alkaline 24 63 
reactiona Acid/alkaline, 11 29 13 

6 20 
43 

Rhizobium, in Acid 1 3 8 21
litmus Alkaline 34 92 25 66milka Acid/alkaline e 

2 5 15 13 

Rhizobium, serum Formed 6 19 25 64 zonea Not formed 20 65 3 8 
Formed/Not formedd 5 16 11 28 

a Data are for the rhizobia isolated from nodules of the designated legume genera.

b Both fast- and slow-growing rhizobia isolated
were from nodules on plants from the same 
genus. 
c Rhizobia producing acidity and alkalinity were isolated from nodules plantson from the 
same genus.

Rhizobia forming or not forming serum zone in milk were isolated from nodules of plants
from the same genus. 

Generalizations from the summary of plH changes in carbohydrate
containing media are tenuous because most authors use a wide range
of carbohydrates for their testing: there is no one sugar common to
 
all reports, although sucrose is generally used. The results on pH

ch,,nges were compiled for rhizobia isolated 
from 68 genera of legumes.

In the first group, 03,( produced alkali, and only 8% produced acid;

the nodules on 29% of' the legume genera 
 contained mincrosymbionts
producing both reactions. Of the 30 legume genera in the second group,
37% containing rhizobia that produced primarily acidic products
from carbohydrates, 20% produced alkali and 43, bore nodules con
taining strains generating either acid or alkali. 

Of the rhizobia tested, the bacteria derived from 59 of the 75 legume
genera produced alkali in litmus milk. Rhizobia from only 9 plant
genera produced acid, and 5 of these are found in the pea and alfalfa 
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cross-inoculation groups of Fred et a.. All except Lablab are among 
the lower group of genera. Rhizobia derived from 7 plant genera are 
reported as being capable of tforming both acidic and alkaline re
actions. The formation of a serum zone resulting from casein hydro.
lysis further illustrates the separation into two broad groups. Of lhe 
upper group of Dla ntgenera, 05(' of the rhizobia tested did not form 
a serum zone, whereas in the hottorn group, (4/i hydrolysed casein. 

Little attention has been given to physiological characteristics of 
the inicrosymbionts nudulating lParaspon ia . It is a tropical genus, 
and its cross-inoculation patterns were mole sinilar to those of the 
tropical tla n those of tile temperate legu mes. 

Thus, the use of geographical, cultural and biochemical charac
teristics serves only to divide the rhizobia into two broad categories. 
Il some instances in which rhizobia appear to be exceptions to the 
general trend inl one characteristic, they follow tle trend in another. 
For example, although acid-procicing rhizobia from Lablab (group 
II) and Neptunil (1gro1.p III) appear to be exceptions to the trend of 
slow growing, alkali-producing strains predominant among the first 
7 groups, the principal geographic habitat of' these plants is tropical; 
thus, in this character, they have some affinity to the other tropical 
plants with which they cluster. Fewer exceptions to the general trendare tound among the top 7 groups, and fewer legumes producing 

Rhizobium isolates with cultural and physiological characteristics 
unlike isolat,:s with which they have similar cross-infection patterns 
have been reported from among these genera. Hlowever, the lack of 
exceptions to the trend of the u pper groups is possibly because of a 
limited amount of study which has been performed on isolates from 
these predominantly tropical genera. For this reason, more isolates 
with varying cultural and physiological characteristics are found from 
among the temperate, agronomically important and well studied 
legumes of' groups VIII to XVIII. From nodules of' Lotus, Lupinus, 
Phaseolus-bean and Acacia, rhizobia with differing biochemical ca
pabilities have been obtained. lowever, Glycine and Ornithopus are 
predominantly tropical plants that bear nodules containing rhizo
bia that are usually slow-growing and alkali-producing, yet they are 
similar in cross-infection ability to predominantly fast-growing, acid
producing strains. 
Of the 18 groups suggested by the computer analysis, only 3 groups 

contained genera commonly considered as the characteristic genus of 
the accepted cross-inoculatiolk groups. Rhizobia from Trifolium were 
found to be 81% similar to Vicia isolates (Group VIII). Pisurn isolates 
clustered tightly with Latnyrus isolates (group IX); and rhizobia from 
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PhaseolIis-bean grouped with Robin ia, Spairtitlll, Them'lopsis and
Strophostyles (group XVI). Medicago was highly similar (86"() to
Melilotus in its pattern of cross-infeclion, btlt inLuch of this similarity 
was generated oil the basis of negative matching only; for this reason,
they were not defined as a group. Ltpinius anmd Glycilc reiai ned
distinct fromii all other genera whC su hjected to either total or posi
tive-only matchling. Vigna, which stanids onut because of its relation
ship to the so-called 'Covpea in iscelhianeous cross-in oculation groiip',
also t~iiled to cIlus!C iln a "roup i.AS in pre,vious exalm)les, alth oigh
lhe patt ntes of' cross infection of lndligofera, l)esm odiui, Lcspedeza
and Glenista were quilt simflilar, dCfilling a group including these genera
Was not justifiLId becaise lhcir siinilarity was largely a result of negative
matching in tle cross-inf'cct ion patterns. Pllastcolus-cowpea planis
aid hiseolius-bea ii n ts had very dift enClIt cross-illocutlation I)atterln.S.
lowever, the low affinity (71': ) between Phaseolus-cOV)eai isolates

and Vigna isoles Was t iiexpdCcted inIasinuchi as many Pliaseolus species 
are botalically similar to species of' Vigna, 

l)iscussion 

NUmerols IttelipIs to classify Rlhizobiunl based on a broad range
of CUItural, b iociem ical geneticand characters have been made, but
these have only partially helped to unravel the l .ixoilolnic confusion. 
Among the reasons for the only modest progre,,s are the presence of
rhizobia With subStalltially dift'erent biochem ical or cultural charac
teristics in nodules oil lile saime plant or from different species within
the same phlnt genus 1'4,27 and tlie examinaltion of comparatively few
Rhizobi lnm strains. Our stutdy has exaimined restIts froim cross
inoculation tests involving 165 more 700of' the than legume genera
described. In colltrast, CltlIuial iland bioclenical characteristics of

rlizobia of a sinaIIcr perceitage, 01' egtuime g-nera alid species have been

deterilliiLd, and coiparisons by GC ratios, DNA 
 homologies or protein 
patterns have beeil made with oily few RIhizobiuinl strails.

The symbiotic host range is a trait that reflects important biological,
and sometihmes agronom ic relaioiiships. Resllts of cros-iilfection
sttidies COnLctCd by differellit ilvestigatois call be compared, thLiS 
:'llowilg for inclsioii of' a large nuinber of' strains in ai taxonom ic
analysis. Nevertheless, the symbiotic host range of' Rhizobiul isolates
from less than 7', of all known legume species have been studied 28 .
Our analysis included tests involving more than 1000 legume species 
or their bacterial syinbionts. Except for a few species, such as Vigna
unguiculata, Trifolaum repens, Aledicago sativa and several others 
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of agronomic or fhorticulIturl il mportance, relatively few tests of host 
specificity for indiv idunal leguime slcpcies have been reported. (rOtrping 
tile species by gen us rcvealed that 10 5 legume genera were represented
by those species that have been tested. In this way, th1e amount of 
informuation included illthe analysis increased to 23.(),' of' the 15,530 
intergencric crossc; that woaltOId be possible based on pulhished iiifor-
Imatiol oil crosses will at least one n1Onl-hOlllo11 gOuS host gelnLS. 
[turtlher reducing the numbCr of included gehera from I 5 to tile 113 
for which crosses with 1-4or more iron-hromol ugous gene a have been 
evaluated increasCd hie illformation conlenlt o 45.9',,. The 52 genera
thalt were excluded contribted littlC to the anlysis because of' the 
paucity of Cross-in fee-.tion tests perf'ormed wili species of' liese genera.
It should be stressed that, alt1rotg1 a comparison of' tihe inierical 
taxornmic tr'x erell wil tile datla based on lhost ranuge noes not 
provide rl'ficiiCrt evidence to propose a Rile cLassif'ication scheme 
for tile bacteria, it does provide ample evideuce of' tire existence of' 
)otentially useful affinities. 
()ur analysis both supports and conlradicts earlier atteilpts to group


nrizobia based on their cross-in fection patterns. lire close affinity

which Pisuim, Latlirvus, Vicia and [.ens exhibit (> 771;) along with
 
Cieer (71'1) is coisister ,itIhthe gl'oupiig off'rif'olitirr and Pliaseolus
bean. Our aulivsis supports a1high affinity between Trifolium and
 
Pisu i (8WK,) arid the identity of a group including Trif'oliunr and
 
Vicia species, bit PlhaseolLs-bCa i sofates Are different ill their host
 
range. Rega r(1less of' tile high afTinity a ii ong genera thought to be
 
grouirped as R. /c.'uminosartu m, oUr analysis stops shrort ! placing

these together sia 'cr'oss-inocurlation grop' because r11rIch of' tile
 
simiiai ty is based on negative rrratcinig.

The genus Ph1iaseol irs has been selaratled into two groups 2 . Phase
oils-bea n incldes tle temperate type species,. 1) 'ulgaris, and 
Phaseolus-cowpea includes rim ny o' tile tropical species. Gin' analysis
has used Ifi:; distiniction and has shown that the syinbiotic pattern of' 
bean species and rihizobia is i unrela ted to tie patern involving Glycine,
NMedicago, Lutpinus, Trif'oliilriii and Pisu iii, which are genera proninent
in the classical cross-i]1c0IalIion grol)S, biut it does reveal a relateudlness 
of hean species to 4 previously unira f'f'ilialtred genera, namely, Robin ia,
Spartium, Tlhernopsis and Strophostyles. The I'laseolus-cowpea 
species are found to have slihitly over 70K( relatedness to tire majority
of' tine tropical legu rues, bunt they io riot behlong withiin any of' tile 
idlentif'ied groups. 

The traditional alfalfia cross-inocUlation gron p contains species of' 
the genera Medicago. Melilotirs and Trigonella6 . 13y our analysis, Medi
cago and Melilotus are, in fact, highly similar (86%), hUt Trigonella 
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isolates are not (68%). Again, although aihigh similarity in rhizobial 
host range is suggested, most pullished reports show no nodulation 
when isolates from species of Medicago an1d Melilotus Ire tested on 
most other legume genera, thIus precluding the tssignment of group
statusi . 

An earlier investigation of the relationship between rh izobia; of
Lupinus, Ornit0hopus, Lotus and Anthyllis gave little evidence for 
their designation as a groupI . In another sItIdy of simila r isolates 
involving 37 bioclhemical tests, all rhizobia except those from Anthyllis 
were highly sim ilfar ' 2 O.r analysis of the host range and cross-infection 
patterns of those gelnera suggests that little, if' any, relationship exists 
to justify their plaIcCment in all affinity group.

The use of cross-inoculalion groups taxonoinicfor purposes has
been limited because Of' the relatively f'ew species examined in the
assessmenlt, and little attent foti recently has been given to adding 
new information. Our analysis of the host ranges of' the rhizobia was
designed to overcome this limitation. By includiing a large amount of
information, tIeV groupings have been defined, and the validity of' some 
old groups has been verified. Eigliteen groups Iave been identilfied,
and these encompalss species from 75 of' the 113 genera subjected
to numerical taxonomic analysis. The symbiotic promiscuity of rhizobia 
precludes proposing a taxonomic scheme based solely on crossinoculation patterns, but the affinities illustrated in the dendrogrami
provide guidance in the search for new and potentially useful symbioses
for agricultural exploitation. The results also show that there is a need

for f'urther evaluation of' tle symbiotic affinities of' legumes with their
 
bacterial symbionts. 
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