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ABSTRACT 

Relat ive DNA homologies were determined among 24 strains of fast-

growing rhizobia and 26 strains of s low-growing rhizobia with particular 

reference to those which nodulate Lotus species . Two ma j or DNA homology 

groups were identified which shared less than 1 0 % relative DNA homology . 

Fast-growing Lotus rhizobia were grouped with related fast-growing 

strains in DNA homology group I, and these strains are designated as 

Rhizobium loti . Slow-growing strains from Lotus , ( Bradyrhizobium spp . 

( Lotus ) ) ,  G lycine max ( Bradyrhizobium japonicum ) , Ornithopus and Lupinus 

formed DNA homology group II which was further divided into 4 DNA 

homology subgroups . Bradyrhizobium spp . ( Lotus ) were shown to be 

genetical ly distinct from B .  j aponicum. 

Plasmi d  profiles were determined for strains of R .  loti and 

Bradyrhizobium spp . ( Lotus ) .  All R. loti strains contained a single 

large indi genous plasmid,  whereas strains from Bradyrhizobium spp . 

( Lotus ) carried mu ltiple plasmids of molecular wei ghts ranging from 1 3 0-

280 MDal . A plasmid-cured derivative of R.  loti NZP2 2 1 3  was isolated � 
and found to still form effective nodules on Lotus tenuis ,  suggesting 

that nodulation and nitrogen fixation genes are not plasmid-borne in 

this strain . The functions of the indigenous p lasmids carried in Lotus 

rhizobia are unknown . 

Symbiotic mutants of R .  loti strain NZP 2 0 3 7  were isolated by random 

Tn5-muta genesis . Mutants included strains blocked in root hair curling 

( Hac ) , nodule initiation ( Noi ) , bacterial release ( Bar ) and nitrogen 

fixation ( Cof ) on Lotus pedunculatus . 



The nodulation ( nod) gene region from R.  loti strain NZP2 037 was 

isolated from a pLAFR1 -NZP2 037 gene library using the c loned Tn5 

containing EcoRI fragment from the Nod- mutant as a probe . Two cosmids 

were isolated and were found to complement the NZP2 037 Nod- mutant .  

Hybridi sation and complementation experiments confirmed that a 7 . 1 kb 

EcoRI fragment present in both nod cosmids carried gene sequences 

involved in nodulation . An EcoRI and Hind I I I  restriction enzyme map of 

the nod gene region in R .  loti NZP2 0 3 7  was constructed using nod cosmids 

pPN305  and pPN 3 06 . 

Using the cloned R .  loti NZP2 0 3 7  nod gene region ( 7 . 1 kb EcoRI 

fragment from pPN3 05 ) as a hybridisation probe , hi ghly conserved DNA 

sequences from other strains of R. loti and Bradyrhizobium spp . ( Lotus ) 

were identified. The nod gene region from Bradyrhizobium spp . ( Lotus ) 

strain NZP2 309  was isolated by direct 'in planta' complementation of the 

R. loti Nod- mutant using a NZP2 309  pLAFR1 gene l ibrary . 

Comparative physical and genetical studies showed that the R. loti 

NZP2 0 3 7  nod gene region isolated shared functional simi larities with 

previous ly isolated nod gene regions from R .  trifolii and R. mel iloti 

despite the fact that only weak DNA homology was observed between the 

corresponding regions . This suggested that at least some of the nod 

gene sequences carried on the c loned R .  loti nod gene region belong to 

the highly conserved 'common' nod gene sequence category . 
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CHAPTER ON E 

GEN ERA L IN TRODUC TI ON 

1 . 1  SIGN IFICANC E OF BI OLOGICAL N ITROGEN F I XATI ON 

Biolog ical nitrogen fix at ion is a very impo rtant process th at 

in creas es th e av ail abil ity of fix ed nit rogen fo r pl ant gro wth . It is 

est imated th at about two-th irds of th e annu al turn over o f  n it rogen in 

th e biosphere co mes from biolog ical sou rces ( Burns and Hardy , 1 9 75 ;  

Burris , 1 98 0 ) . On e of th e most s ign ificant biological n it rogen fix ing 

syst ems is th e symb iot ic asso ciat ion bet ween l egu minous p l ants and th e 

root nodule bact eria. Th is microb iological proces s accounts fo r 5 0 -70 % 

of wo rld biolog ical n it rogen fix at ion ( Bu rris , 1 9 77) . It also s erves as 

an impo rt ant , low cost alt ern ative to n it rogenous fert il iz ers in 

agriculture. For ex ample, in count ries such as Aust ral ia and New 

Zeal and , symbiot ic n it rogen fix at ion is th e most impo rt ant source of 

fix ed nit rogen in pasture cultivat ion . I n  addit ion th e extens ion o f  

agricultural pract ices involving symbiot ic n it rogen fix at ion to under­

developed countries would be fruit ful in th at rel at ively s impl e  

technologies would subst ant ially imp rove so il fert il ity and an imal or 

human nut rit ion .  Therefore symbiotic n it rogen fix at ion h as great 

pract ical value from both the biosph ere and human po ints o f  v iew. 

Recently there has been an in creas ed res earch interest in symb iotic 

nit rogen fix at ion , w ith much of th e res earch effo rt focuss ed on th e 

elucid at ion o f  th e mech an is m  by wh ich s ymbiot ic n it rogen fix at ion occurs 

and is cont rol l ed .  

1. 2 SI GN IFICANC E  OF LO TU S  SPP. IN NEW Z EALAND AGRICULTURE 

Th e root nodul e bact eria stud ied in th is th es is are asso ciated w ith 
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Lo tus ( trefo il ) species. Th er e ar e two agricul tur al ly impor tan t Lo tus 

species in N ew Z eal and: Lo tus ped un cul atus Cav .  ( big tr efo il )  and Lo tus 

cornicul atus L. ( b ird's foo t-tr efoil) . "Gr assl an d Maku" is th e mo st 

commonly so wn cul tiv ar of Lo tus ped un cul atus. On acid h ill -co un try o f  

low fer til ity ( Levy , 19 18 ; Nord meyer and Dav is, 19 77) and tusso ck 

gr assl and s  ( Lowth er , 19 77; Sco tt, 19 79 ) Lo tus pedun cul atus ( Maku) 

gives better yields th an wh ite clover ( Brock, 19 73; G ib son et al . ,  19 75 ; 

Har t et al . , 198 1) , and shows a better r espon se to pho sph ate fer til iz er s 

because of its h igher tol er an ce to al umin ium tox icity ( D av is, 198 1a,b and 

c) . In addition , Maku Lo tus h as a h igh er r esistan ce to in sect d amage 

th an wh ite clover in tusso ck grassl ands ( B arr att and John stone, 198 4 }. 

Lotus pedun cul atus is al so wid ely used by th e For est Serv ice with n ew 

tr ee pl an tings and by th e Min istry of Works in so il con servation and 

h ighway con str uction progr ammes ( Lan cash ir e  et al . ,  198 0 }. Lotus 

corn icul atus is no t widely used in N ew Z eal and , b ut has b een r eco mmended 

for r evegetation of erod ed h il l  coun try ( Nordmey er and D av is, 19 77}. 

Recently , Lo tus corn icul atus h as gain ed in significan ce in in ten sive 

far ming situations because o f  its non-blo ating proper ties ( Jo nes et al . ,  

19 70 ) and gr ass gr ub r esistance ( Kain and Atkin son , 19 75 ) . 

1. 3 CHA RAC TERISTIC S OF LOTUS RHIZ OB IA 

Two d istin ct groups of Lo tus rh izob ia h av e  b een identified on th e 

basis o f  a r ange o f  microb iological , b ioch emical and phy siological tests 

( r ev iewed by Jarvis et al . ,  1982 ) .  Based on th e growth r ate and acid 

production on yeast ex tr act mann itol medium ( Norris, 196 5 ; Abdel-Ch affar 

and Jen sen , 196 6 ;  Bro ckwell and Hely , 1966 ) ,  Lotus rh izobia can b e  

divided in to fast-growing acid -prod ucer s and slo w-growing non -acid­

producer s. Th e fast-grower s nor mal ly for m  effectiv e  nod ul es on Lotus 

corn icul atus and Lo tus ten uis, wh er eas th e slow-gro wer s normally 
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nodulate Lotus pedunculatus. Some fast-growing strains such as NZP2 0 3 7  

are also able to nodulate Lotus pedunculatus a s  effectively a s  their 

slow-growing counterparts ( Pankhurst , 1 9 7 7 ) .  Recent DNA:DNA 

hybridisation studies have shown that the fast- growing Lotus rhizobia 

are genetically related to a wide range of other rhizobia strains 

isolated from Caragana arborescens , Cicer arietinum , Leucaena 

leucocephala , Lupinus densif lorus , Onobrychis viciifolia , Parochetus 

communi s ,  Psoralea eriatha , Robinia pseudoacacia ,  Sophora microphylla 

and Trifolium lupinaster ( Crow et al . ,  1 9 8 1 ) .  It has also been found 

that the slow-growing Lotus rhizobia can nodulate plants from the genera 

Lupinus , Ornithopus and Anthyl lis ( Jensen , 1 96 7 ; Jensen and Hansen , 

1 9 68 ) . 

Fast- growing Lotus rhizobia differ from other fast- growing rhizobia 

because they have subpolar rather than lateral flagella ( Abdel-Ghaffar 

and Jense n ,  1 966 ) and do not ulti lise dulcitol ( Vincent , 1 97 4 ) . 

Although they share less than 5% DNA homology with R .  tri folii ,  

R. leguminosarum and R .  me li loti , their growth rates and pH changes on 

yeast extract mannitol medium are comparable to other fast-growers. 

1 . 4 CLASSIFICATION OF ROOT NODULE BACTERIA 

The various aspects of the taxonomy of Rhizobium have recently been 

reviewed by E lkan ( 1 98 1 ) .  The genus Rhizobium has traditional ly been 

divided into fast- and slow-growing groups ( Lohni s  and Hansen , 1 9 2 1 ) .  

Fred e t  a l . ( 1 9 3 2 )  introduced the concept o f  cross-inocu lation groups 

which were defined as "groups of plants within which the root nodule 

organisms are mutual ly interchangeable". On the basis of this concept , 

six species of Rhizobium related to the agronomically important legume 

groups were designated ( Allen , 1 9 57 ) . This classification system 
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proved to be unsatisfactory for several reasons: ( 1 )  The cross-

inoculation groups are not mutua lly exclusive , each of the species has 

been shown to be cross-infective to some degree ( Wilson , 1 944 ; Lange , 

1 961 ; Dixon , 1 969 ) . ( 2 )  The plant species included in the six 

formally accepted cross-inoculation groups represent only a tiny 

fraction o£ the 1 4 , 0 0 0  or so known species of legumes ( Jordan and Al len , 

1 9 74 ) . ( 3 )  In a number of fast- growing species the plant specificity 

determinants are located on large indi genous plasmids ( Denarie et a l . ,  

1 98 1 ) .  

Alternative methods such as numerica l  taxonomy ( Graharn, 1 964 ;  

'tMannetj e ,  1 967 ; Moffett and Colwel l ,  1 9 68 ;  White , 1 97 2 ) ,  percent G+C 

and type of flagellation ( De Ley and Rassel , 1 965 ) and DNA homology 

( Herberlein et a l . , 1 967 ; Elkan and Usanis, 1 97 1 ;  Gibbins and Gregory ,  

1 97 2 ) have been used to improve the classification o f  the genus 

Rhizobium . Some of these properties were considered in the revi sed 

classi fication of the genus Rhizobium in the eighth edition of Bergey's 

Manual ( Jordan and Allen , 1 97 4 ) .  However the cross inoculation group 

concept remained as the distinguishing feature in the description of 

each species. An additional l imitation of this classification was that 
� 

insufficient biochemical data was included , hence making it difficult to 

determine the taxonomic signi ficance of the biochemical differences 

mentioned . However ,  the maj or separation of the root nodule bacteria 

into slow-growers and fast- growers as originally described by Lohnis and 

Hansen ( 1 9 2 1 ) seems to carry real taxonomic significance ( Elkan , 1 98 1 ) .  

The revised classification of root nodule bacteria in the ninth 

edition of Bergey's Manual ( Jordan , 1 984 ) takes into account recent 

publications concerning DNA homology ( Jarvis et al.,  1 98 0 ; Crow e t  a l . ,  
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1 98 1 ;  Hol lis et al. , 1 98 1 ) ,  two-dimensional polyacrylamide ge l 

electrophoresis of cel lular proteins ( Roberts et a l . ,  1 98 0 ) and genetic 

evidence on the transfer of infectivity via plasmids ( Denarie et a l . ,  

1 98 1 ) .  The present classification shows the following changes: ( 1 )  

the fast-growing species Rhizobium trifoli i ,  Rhizobium phaseoli and 

Rhizobium leguminosarum are combined as one species, designated 

R. leguminosarum ( Frank ) Frank , comprising the three biovars trifolii ,  

phaseoli and viceae . ( 2 )  Rhizobium me liloti is retained as a separate 

species . ( 3 )  The fast-growing Lotus rhizobia and related strains are 

designated as a separate species R. loti based on a variety of evidence 

reviewed by Jarvis et a l . ( 1 982 ) .  ( 4 )  The slow-growing rhizobia have 

been transferred to a separate genus Bradyrhizobium ( Jordan , 1 982 ) ,  

which consists of only one designated species, Bradyrhizobium j aponicum 

( Buchanan , 1 98 0 ) comb . nov . The slow-growing Lotus rhi zobia possess 

most of the characteristics of the genus Bradyrhizobium , but there is 

insufficient information at present to classify them as a new species. 

In this work , they are referred to as Bradyrhizobium spp. ( Lotus ) .  

1 . 5  NODULE DEVELOPMENT 

The formation of a nitrogen-fixing leguminous root nodule i s  the 

result of a sequence of coordinated symbiotic interactions between the 

host plant and the invading rhizobia . This process has been extensively 

reviewed ( Libbenga and Bogers, 1 97 4 ; Dart , 1 97 7 ;  Goodchild,  1 97 7 ;  

Broughton , 1 97 8 ;  Robertson and Farnde n ,  1 98 0 ; Vincent , 1 98 0 ; Mei j e r ,  

1 982 ; Newcomb , 1 98 1 ; Bauer , 1 98 1 ;  Dazzo and Hubbel l ,  1 98 2 ) . At least 

seven individual steps can be identif ied during the formation of a root 

nodule by way of root hair entry . These are: (1 ) Multipl ication of 

bacterial cells in the rhizophere . ( 2 )  Adsorption of the bacteria on 

the surface of the cell wall of the root hair. ( 3) CUrl ing of the 
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plant root ha irs.  (4 ) Infection of the curled root hair with 

deve lopment of an infection thread. ( 5 )  Growth of the infection thread 

down the root hair and across the root cortex . (6 ) Re lease of the 

rhizobia into polyploid root cortical ce lls.  (7 ) Deve lopment of the 

rhi zobia into nitrogen fixing bacteroids. 

The early preinfection events of nodule development include mutual 

host-symbiont recognition , adsorption of the bacteria to root hairs, 

root hair branching and curling. Various suggestions have been put 

forward to explain the specificity between the Rhizobium and the legume. 

The most cited one proposes that plant lectins are involved in 

recognizin g  surface antigens on the Rhizobium and several recent reports 

discuss this controversial hypothesis (Bauer ,  1 97 7 ;  Broughton , 1 97 8 ;  

Dazzo , 1 98 0 a  and b ;  Napoli and Albersheim, 1 980 ; Dazzo and Hubbell , 

1 982 ) . Root hair branching and cur ling are caused by specific factors 

produced only by rhizobia capable of infecting the root hair (Yao and 

Vincent , 1 96 8 ;  Dar t ,  1 9 7 7 ; Broughton , 1 97 8 ) .  Infection is thought to 

occur by invagination of the root hair cel l  wal l  (at the point of 

curling) which results in the formation of an infection thread which 

grows down the root hairs and into the root cortex . At this early stage 

of infection , the development of polyploid meristem tissue commences 

within the root cortex . Rhizobia grow and divide within the infection 

thread as it advances across the host cortex. The thread branches many 

times resulting in the infection of many cells by the same infection 

thread. Shortly after the penetration of the cortical cel l s  by the 

infection thread , disintegration of the thread wal l  takes place. 

Rhizobia are released into the plant cells and become enclosed in 

peribacteroid membranes (Robertson et al . ,  1 97 8 ) . Within the --
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These morphological changes are accompanied by profound biochemical 

changes in the bacteroid ( Sutton et al. , 1 98 1 ) and plant ce lls ( Sutton , 

1 982 ) .  

1 . 6 NODULE FORMATION IN LOTUS 

The ni trogen- fixing root nodules formed on Lotus pedunculatus by 

R. loti are spherical and first appear on the root 1 0- 1 2  days after 

Rhizobium inoculation ( Pankhurst et al. , 1 979 ) .  The nodules contain a 

central zone of infected plant cel l s  which are f i l led with small ,  rod-

shaped bacteroids ( C raig and Wi l liamson , 1 97 2 ) surrounded by a cortex 8-

10 cells thick containing vascular traces. Lotus rhizobia enter host 

plant cel l s  via an infection threa d ,  and become enclosed by a 

peribacteroid membrane. Within the membrane the rhizobia divide once or 

twice before enlarging into bacteroids ( Pankhurst et al. , 1 97 9 ) . The 

nodule cortical cells frequently contain electron-dense osmiophilic 

flavolans ( Parham and Kaustinen , 1 97 7 ) .  

Some R. loti strains including strain NZP2 2 1 3  induce ineffective 

( non-nitrogen-fixing) ,  tumour- l ike structures on Lotus pedunculatus 

plants ( Pankhurst et al. , 1 97 9 ) . These structures contain a central 

zone of smal l  actively dividing ce lls surrounded by a cortex. However , 

the rhi zobia do not infect the ce lls ( Pankhurst et al. , 1 979 ) . 

1 . 7  GENETICS OF NITROGEN FIXATION 

The recent progress in genetic research on the Rhi zobium- legume 

symbiosis can be attributed to advances in the methods available for the 

genetic analysis of Rhizobium ( Kondorosi and Johnston , 1 98 1 ; Beringer 

et al. , 1 98 2 ) .  One important result was the demonstration that 

indigenous plasmids in Rhizobium carry the dete rminants necessary for 
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nodule formation and nitrogen fixation ( reviewed by Denarie et a l . , 

1 98 1 ) .  One of the earl iest reports suggesting tha t symbiotic genes were 

located on a plasmid was that by Hi gashi ( 1 967 ) .  He demonstrated that 

the abil ity to nodulate clover could be transferred by con jugation from 

R. trifolii to R. phaseoli and also showed a loss of nodulation ability 

in these strains fol lowing acridine orange treatment . Further evidence 

showing a l oss of nodulation and nitrogen fixation abi lities fol lowing 

plasmid cur ing have also been reported ( Dunican and Cannon , 1 9 7 1 ;  

Zurkowski e t  a l . ,  1 9 7 3 ;  Dunican and Tierney , 1 97 4 ) . Johnston et a l . 

( 1 9 7 8 )  reported that by using a R. leguminosarum strain carrying a 

conjugative plasmid pRL 1 J 1  tagged with Tn5 , the ability to nodulate peas 

could be transferred at a high frequency to a non-isogenic Nod-

derivative of R. leguminosarum and to wil d-type strains of R. tri folii 

and R. phaseoli . These results strongly implied that some of the 

genetic determinants for nodulation were plasmid- linke d .  

The development of techniques for the detection and isolation o f  

large plasmids i n  Rhizobium ( Sutton , 1 97 4 ;  Nuti et al . ,  1 9 7 7 ;  

Eckhardt , 1 97 8 ;  Casse et a l . ,  1 9 7 9 ;  Hirsch e t  a l . , 1 98 0 ;  

Schwinghamer ,  1 980) allowed direct comparisons to be made of the 

plasmid profiles in wild-type strains and derivatives that were a ltered 

in their symbiotic properties .  Using these methods the loss of 

nodulation abil ity in Rhizobium was found to be associated with e i ther 

the loss of a plasmid ( Zurkowski and Lorkiewicz , 1 978;  Casse et al . ,  

1 979; Hooykaas et a l . , 1 98 1 ) or the generation of a deletion within a 

plasmid (Beynon et a l . ,  1 98 0 ;  Hirsch et a l . ,  1 9 8 0 ;  Banfalvi et al . ,  

1 98 1 ) .  In addition , the nitrogenase structural genes nif H ,  D and K 

have been identifie d  on these symbiotic ( Sym ) plasmids by hybridisation 

with previously cloned and characterised nif HDK sequences from 
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Klebsi e l la pneumoniae (Nuti et al . ,  1 979;  Banfalvi et a l . ,  1 98 1 ; 

Hombrecher et a l . ,  1 98 1 ;  Prakash et al . ,  1 98 1 ) .  A number of 

interstra in and interspecific Sym plasmid transfer exper iments have been 

carried out confirming the presence of nodulation ( nod ) genes on these 

plasmids . The presence of se lf-transmi ssible Sym plasmids in some 

strains has faci l itated such gene transfer studies .  Brewin e t  a l . 

( 1 98 0 a )  found that transfer of the self-transmissible R .  leguminosarum 

Sym plasmid ,  pJB5J 1 ( pRL 1 J 1 ::Tn5 ) into a number of Nod- and Fix-

derivatives of R .  leguminosarum resulted in suppression of the mutant 

phenotype . In a series of plasmid transfer experiments , Hooykaas et a l . 

( 1 98 1 ) showed that a self-transmissible R .  tri folii Sym plasmid 

restored the nodulation ability of Nod- derivatives of R .  trifol i i  and 

R .  leguminosarum, and also conferred clover-specific nodulation ability 

to R .  leguminosarum and Agrobacterium . Mobilization of a R .  trifolii 

Sym plasmid has also been achieved by using R68 . 45 as a helper plasmid 

( Scott and Ronson , 1 982 ) .  In these experiments the Sym plasmid was 

found to be mobil ized as a stable cointegrate plasmid ( Sym::R68 . 45 )  when 

crosses were carried out between the wil d-type and the Sym plasmid-cured 

derivati ve . It is also well established for R .  mel i loti ( Rosenberg 

et a l . ,  1 98 1 ; Banfalvi et a l . , 1 98 1 ) and R. phaseol i  ( Lamb et a l . , 1 982) 

that some of the genes involved in nodulation and nitrogen f ixation are 

located on large plasmids . The presence of large indigenous plasmids in 

Bradyrhizobium species has been reported ( Cole and Elkan , 1 97 3 ; Gross , 

et a l . , 1 97 9 ;  Scott and Tait,  1 98 0 ; Haugland and Verma , 1 98 1 ;  

Masterson et a l . , 1 982 ) . However ,  to date no evidence has been obta ined 

demonstrating the presence of nod or nif genes on plasmids in these 

strains ( Haugland and Verma , 1 98 1 ; Masterson et a l . ,  1 98 2 ) .  

Much of the recent Rhizobium research has focused on the 
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identi fication and isolation of symbiotic genes.  The nod and nif genes 

have been isolated by a number of different experimenta l strategies.  

Genes specific to the symbiosi s have been identified by isolating 

mutants that are blocked at some stage in the symbiosis.  A range of 

Rhizobium symbiotic mutants have been isolated by chemical or UV 

mutagenesis ( Maier and Bri l l , 1 97 6 ;  Beringer e t  a l . ,  1 97 7 ) ,  but the most 

desirable method for isolating mutants is by transposon mutagenesis .  

Transposon-induced mutants are particularly use ful for genetic studies 

because the site of mutation is defined by the inserted transposon , thus 

enabling the cloning of the flanking DNA sequences. A commonly used 

transposon is the we ll character ised Tn5 (Kleckner et al . ,  1 97 7 ; 

Jorgensen e t  al . ,  1 979 ) .  The introduction of Tn5 into the Rhizobium 

genome using a suicide plasmid pJB4J 1 (pPH 1 ::Mu::Tn5 )  was first 

described by Beringer et al. ( 1 97 8 ) .  This system has been used to 

isolate Tn5- induced symbiotic mutants in R .  leguminosarum ( Buchanan-

Wol laston et al., 1 98 0 ) ,  R .  mel iloti ( Banfalvi et al . ,  1 98 1 ; Meade - - --

et a l . ,  1 98 2 ; Forrai et al. , 1 98 3 ) ,  R .  trifolii ( Rolfe et al . ,  1 98 1 ;  

Scott et a l . ,  1 982 ) ,  R .  phaseoli ( Noe l et a l . , 1 98 4 ) and 

Bradyrhizobium spp . ( Parasponia ) ( Cen et a l . ,  1 982 ) .  Recently,  Simon 

et al. ( 1 98 3 , 1 984 ) constructed a group of broad host range mobilizable 

vectors based on E. col i  speci fic narrow host range plasmids. These 

vetors provide an alternative system of Tn5 mutagenesis in Rhizobium 

( Simon et a l . ,  1 984 ) .  - -

Symbiotic mutants of Rhizobium can be divided into two broad 

phenotypic classes: those blocke d  in nodule formation ( Nod- ) and those 

incapable of nitrogen fixation ( Nod+ Fix- ) .  Mutant phenotypes are 

described in the context of nodule development , by using light and 

electron microscopic examinations to determine the developmental stage 
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at wh ich the symbiotic process is blocked . On this basis,  Vincent 

( 1 980 ) devised a phenotypic code for a more detailed classification of 

Rhizobium symbiotic mutants ( Table 1 . 1 ) .  

Nodulation genes have been isolated from R .  trifolii ( Scott et al . ,  

1 982 ) and R .  leguminosarum ( Downie et al . , 1 983a ) by first isolating 

Tn5- induced Nod- mutants and then cloning sequences flanking the 

transposon for use as probes to isolate wild type sequences.  The Tn5-

induced Nod- derivatives were isolated by random Tn5 mutagenesis using 

the suic ide plasmid pJB4J 1 as a Tn5 donor . As Tn5 sequences contain no 

EcoRI restriction sites ( Jorgensen et al . ,  1 9 7 9 ) , the EcoRI containing 

Tn5 and flanking sequences were cloned from an EcoRI digest of mutant 

total DNA . The cloned nod:: Tn5 sequences were label led with [3 2p]  and 

used to identify wi ld type sequences from a gene library of the wil d  

type strain . 

In R. meliloti , Long et al . ( 1 982 ) reported the isolation of nod 

genes by 'in planta' complementation of Nod- derivatives .  The procedure 

involved the construction of a R .  mel iloti genomic l ibrary using the 

broad host range cosmid pLAFR 1 ( Friedman et al . ,  1 98 2 ) . The genomic 

library was mass conjugate d  into Nod- derivatives in a triparental cross 

using HB 1 0 1 /pRK2 0 1 3  as a sourc e  of helper plasmid ( Ditta e t  al . ,  1 980 ) . 

Transconj ugants were inoculate d  onto host plants and the plants screened 

for the presence or absence of root nodules . Where complementation 

occurred ,  nodule isolates were recovered and cosmids responsible for the 

complementation were isolate d .  

Although transposon muta genesis,  coupled with molecular cloning ,  

provides the potentia l  for the isolation o f  other symbiotic genes of 
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Table 1. 1 Proposed steps in Rhizobium-legume symbiosi s 

Sequence of events 

( I )  Preinfection 

( 1 )  

( 2 )  

( 3 )  

( 4 )  

Root colonisation 

Root adhesion 

Hair branching 

Hair curl ing 

( II )  Infection and nodule formation 

( III ) 

( 5 )  

( 6) 

( 7 )  

( 8 )  

Infection 

Nodule initiation 

Bacterial release 

Bacteroid development 

Nodule funct ion 

(9) Nitrogen �ixation 

( 1 0) Complementary function 

( 1 1 ) Nodule persistance 

Phenotypic code 

Roe 

Roa 

Hab 

Hac 

Inf 

Noi 

Bar 

Bad 

Nif 

Cof 

Nop 



Rhizobium , a more direct approach has been used to isolate Rhizobium 

nitrogenase structura l genes ( ni f ) . The DNA sequences of nif structural 

genes are highly conserved between divergent species of nitrogen fixing 

bacteria ( Ruvkun and Ausube l ,  1 98 0 ;  Mazur et al . , 1 98 0 ) .  Therefore , 

the cloned nif genes of Klebsie lla pneumoniae can be used as a 

hybridisation probe to identify homologous sequences in Rhizobium . The 

plasmid pSA3 0 ,  a pACYC 1 84 derivative containing ni f HDK from Klebsiella 

pneumoniae ( Cannon et al . ,  1 97 7 , 1 979 ) was used as a probe to localise 

nif genes in R .  leguminosarum (Ma et al . , 1 982 ) , R .  trifolii ( Scott 

et a l . , 1 98 2 } ,  R .  meliloti ( Corbin et al . , 1 982 ) and in B .  j aponicum 

( Hennecke , 1 98 1 ; Fuhrmann and Hennecke , 1 98 2 ) . The Rhizobium nif gene 

regions cloned on the basis of homology to Klebsiella pneumoniae nif 

genes were further characterised in R .  meliloti ( Ruvkun e t  a l . , 1 98 2 ) and 

in B .  j aponicum ( Hahn and Hennecke , 1 984 ) by generating transposon 

induced mutants by the site directed mutagenesis procedure described by 

Ruvkun and Ausubel ( 1 98 1 ) .  

Genetic analysis of mutants and physical mapping have shown that 

the nod and nif genes are closely linked in R .  meli loti ( Banfalvi et 

al . ,  1 98 1 ;  Rosenberg et al . ,  1 98 1 ) ,  R .  leguminosarum ( Buchanan-

Wollaston et a l . ,  1 98 0 ; Hirsch et al . , 1 98 0 ; Downie et a l . , 1 98 3 b ) , -- -- --

and R .  trifolii ( Schofield et al . ,  1 98 3 ; Scott e t  a l . ,  1 984}.  In all -- --

these specie s ,  the nod genes identifie d  were located on a DNA fragment 

less than 1 0kb in size and were mapped approximate ly 2 0kb away f rom the 

nif structural gene s .  Recently ,  the nod gene region involved in the 

early steps of nodule formation, including root hair curl ing ( Hac} , was 

found to share physical and functional homology between R .  trifolii , 

R . leguminosarum and R .  meliloti ( Rolfe et al . ,  1 98 4 ; Kondorosi et a l . , --

1 984 ) . 
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In summary , the studies of symbiotic genes in R. leguminosarum , 

R. tri folii ,  R .  meliloti and R .  phaseoli indicate that genes involved in 

nodule formation and nitrogen fixation are located on large indigenous 

plasmids. A close linkage of nod and nif genes is a common feature of 

these Rhizobium species and at least one nod gene region, that involved 

in early nodule formation , is conserved in Rhizobium species studies to 

date. 

1 . 8  AIMS OF THIS STUDY 

( 1 ) To determine the genetic relationship between the fast- and slow­

growing Lotus rhizobia and between other selected groups of 

rhizobia. 

( 2) To determine if the nodulation genes of Rhizobium loti are located 

on plasmids. 

( 3) To isolate the nodulation genes from R .  loti strain NZP2 0 3 7. 

( 4) To examine the homology between the cloned nodulation genes of 

R. loti NZP2 0 3 7  and those of Bradyrhizobium spp. (Lotus) . 
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CHAPTER TWO 

DNA HOMOLOGY STUDIES OF LOTUS RHIZOBIA 

2 . 1 INTRODUCTION 

Progress toward an improved classifi cation for rhizobia was 

reviewed in chapter 1 and it was pointed out that rhizobia associated 

wi th many plant species are not included in the present classification . 

Fast-growing Lotus rhizobia have recently been included as a new 

species,  Rhizobium loti , but the relationship between fast and slow-

growing Lotus rhizobia and the relationships between slow-growing Lotus 

rhizobia and other members of the genus Bradyrhizobium requires further 

classif ication . 

This chapter describes the use of DNA:DNA hybridisation techniques 

to study the DNA homology between the fast and slow-growing Lotus 

rhizobia and the relationship between Lotus rhizobia and two other 

groups of bacteria: DNA homology group 4 as described by Crow et al . 

( 1 98 1 )  and the DNA homology groups of B .  j aponicum as described by 

Hollis et al . ( 1 98 1 ) .  

2 .  2 METHODS AND MATERIALS 

2 . 2 . 1 Bacterial strains 

These are described in Table 2 . 1 .  

2 . 2 . 2  Preparation of culture media 

2 . 2 . 2 . 1 Liquid media 

Tryptone yeast extract medium ( TY;  Beringer , 1 974) . Composition 

( g  1- 1 ): tryptone ( Difco) , 5 ;  yeast extract ( Difco) ,  3 ;  CaCl2 . 6H20 ,  

1 .  3. 
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Table 2 . 1 Str ains of f ast- and s low-growing r hizob i a  in cluded 

in t his study . 

Str ain Host P l ant Growt h r at e+ Sour ce
* 

NZP2 0 1 4  * Lotus corni cul atus f ast ABD Coll ection 

NZP2 0 37 Lotus divari catus f ast ABD 

NZP2 0 48 Lotus corni cul atus f ast ABD 

NZP 2 0 7 7  Lotus corni cul atus f ast ABD 

NZP2 1 95 Lotus t enuis f ast ABD 

NZP2 2 1 3  Lotus JZeduncul atus f ast ABD 
X 

Lotus corni culatus 

NZP 2 2 2 7 =4 6 1  Lotus corni cul atus f ast Univ . Guelp h 

NZP 2 2 30 =CC8 0 9 a  Lotus maroccanus f ast DP I 

NZP2 2 37 =CC 1 0 0 5  Hos acki a spp. f ast DP I 

NZP 2 2 38 =LC265D a Lotus corni cul atus f ast SCR 

NZP2260 Lotus t enui s  f ast ABD 

NZP2 29 8 =L7 2m 1 0 3c Lotus corni cu l atus f ast Univ . Manitob . 

NZP 2 30 0 =L7 2m1 1 5b Lotus corni cul atus f ast Univ . Manitob. 

NZP50 5 7  So JZhor a  t etr aptera f ast AB D 

NZP5 1 98 =L . d ensiflor85 Lupinus d ensiflorus f ast SCR 

NZP520 1 =Ca Wis e  C ar agana arbores cens f ast ABD 

NZP522 3=3G 2 c2 a  Onobrychis vi ci i foli a f ast U SDA 

NZP5266 =3HOa 1 Ci cer ari etinum f ast U SDA 

NZP5 2 6 8 =CB 7 1 2  Psoral ea J2innata f ast DTCP 

NZP5 2 7 5  So JZhor a  mi crop hy l l a  f ast AB D 

NZP 5 30 2  Robin i a  JZSeudo acaci a f ast ABD 

NZP544 8 =9 6 D I  Lu JZinus densiflorus fast Nitragin 

NZP5498 =2 7A5 Ci cer ari etinum f ast ABD 

NZP5499 =Revadim Ci cer ari etinum f ast AB O 



Tabl e 2 . 1  continu ed 

Str ain Host P l ant Growt h r ate Sourc e 

NZP202 1=CC82 9 =2 0 12f Lotus peduncul atus s l ow R .  C all aghan 

NZP2 0 76 Lotus his pi di s s l ow ABD 

NZP2 0 8 7  Lotus peduncul atus s l ow ABD 

NZP2 089 Lotus peduncul atus s l ow ABD 

NZP2 178 Lotus pedu ncul atu s s l ow ABD 

NZP2 192 Lotus co rni cu l atus slow ABD 

NZP2 2 0 1  Lotus peduncul atus s l ow ABD 

NZP2228 =CC8 0 3  Lotus angustiss imus slow DPI 

NZP2 2 4 3  Lotus angust i ss imus s l ow ABD 

NZP22 5 7  Lotus corni cul atus slow ABD 

NZP
.
2 30 9 =CC8 14 s  Lotus pedu ncul atus s l ow OPI 

NZP 2 30 8 =CC8 14b Lotus p eduncul atus slow OPI 

A TCC 10 325 Lotus peduncul atu s s low A TCC 

NZP2 14 1  Lupin u s  polyp hyllus s low AB O 

NZP5044 Lupinus a rboreu s  s l ow AB O 

NZP5 4 16 =9 6 KI Lupinu s  nanus slow Nitr agin 

NZP5 02 4 =WU4 2 5  Ornithopus compressus s low Univ . w .  Aus .  

NZP5 090 Ornit hopus pin natus s l ow ABD 

NZP5 112 Ornithopu s  perpusillu s  s low ABD 

NZP5 5 31=3Ilb76 =U S76 Glycine max . s l ow ABD 

NZP55 32 =3I lb31=U S31 Glyci n e  max . s l ow ABD 

NZP55 33=3I lb12 3=US12 3 Glycine max . s l ow ABD 

NZP55 36 =3Ilb50 5 =U S5 0 5  Glycine max . s l ow ABD 

NZP5 5 37 =3I lb110 =US110 Glycine max. slow ABD 

NZP5 5 39 =6 1A76 Glycine max. s low Nitragin 

A TCC 10 324 Glycine max. slow A TCC 



Table 2 . 1  continued 

Footnotes 

* 

+ 

NZP is the prefix for strains held in the Department of Scientific 

and Industrial Research Culture Collection , Applied Biochemistry 

Division , Palmerston North , New Zealand ( Dr D . B. Scott , curator ) .  

Fast growing strains produce colonies �2 mm diameter slow growing 

strains �2 mm diameter after 5 days at 2 8°C . 

t ABD , Applied Biochemistry Division , DSIR, Palmerston North , New 

Zea land ; Univ . Guelph , G . G .  Taylor , University of Guelph , Canada ; 

DPI, J, Brockwel l ,  Division of Plant Industry ,  Commonwealth 

Scientific and Industrial Research Organisation , Canberra , 

Australian Commonwealth Territory , Australia ; SCR, The late H.L. 

Jensen , Government Laboratory for Soil and Crop Research , Department 

of Bacteriology, Lyngby , Denmark ; Univ. Manitoba , K.w . C larke , 

University of Manitoba , Canada ; C . A .  Parker ,  Department of Soil 

Science and Plant Nutrition , University of Western Australia,  Perth , 

West Australia ; USDA , D . F .  Weber , United States Department of 

Agriculture , Beltsvil le ,  Maryland . DTCP,  R. A .  Date , Division of 

Tropical Crops and Pastures,  Brisbane , Australia ; Nitragin , J.C. 

Burton , Nitragin Company , Milwaukee , Wisconsin , U . S.A ;  ATCC , 

American Type Culture Collection . 



Yeast extract mann itol medium ( YM; Vincent , 1 9 7 0 ) . Composition 

( g  1-1 ) ·. K HPO 0 5 2 4 I • j 

mannitol , 1 0 ;  yeast extract , 0. 5. 

2 . 2 . 2 . 2  Solid media 

sodium chloride , 0 . 1 ;  

These were prepared by adding 1 5  g 1- 1 agar ( Difco )  to liquid media . 

2 . 2 . 3  Maintenance of cultures 

All cultures were maintained on YM slopes at 4°C and subcultured 

every two month s .  Freeze dried suspensions were used for long-term 

maintenance . 

2 . 2 . 4  Growth of Bacteria 

Rhizobium and Bradyrhizobium strains were incubated at 28°C in TY 

or YM medium for 2 or 6 days respective l y .  

2 . 2 . 5  Preparation of unlabelled DNA 

Unlabel led DNA was prepared by a modi fication of the method of 

Brenner e t  a l . ( 1 969b) . 

Materials 

( 1 )  TE 5 0/2 0 buffer pH 8 . 0:50 mM-Tris/HCl , 2 0  mM-Na2EDTA . ( 2 )  

Lysozyme ( Sigma ; 1 0  mg ml- 1 , stored at -2 0°C ) . ( 3 )  Pronase ( Sigma ; 1 0  

mg ml- 1 , sel f-digested at 3 7 °C for 1 h ) . ( 4 )  SDS ( 2 5 %  w/v ) . ( 5 )  

Sodium perch lorate ( 5 M ) .  ( 6 )  Chloroform : isobutyl alcohol ( 2 4: 1 , v/v ) . 

* ( 7 )  1 . 4 M-Phosphate buffer ( PB )  pH 6 . 8 .  Composition ( g  1- 1 ) :  

Laboratories,  Richmond , Californi a )  was prepared in 0 . 0 0 1 4  M-PB pH 6 . 8  

according to the manufacturer ' s  instructions . ( 9 )  8 M-urea in 0 . 1 4 M-

1 5 .  



PB pH 6 . 8 .  ( 1 0 )  Sarkosyl ( Sigma ; 0 . 1 %  w/v in TE 5 0 /2 0 buffer pH 8 . 0 ) .  

( 1 1 )  Urea ( Sigma ) . ( 1 2 )  Dialys is tubing ( boiled in deionised water 

for 1 0  min , stored in mM-Na2EDTA solution at 4°C ) . 

* All other phosphate buf fers used in this work were prepared from the 

1 . 4  M-PB pH 6 . 8  stock solution . 

Method 

Four litres of each bacterial strain were grown in YM broth at 28°C 

on a shaker .  Fast and slow-growers were incubated for 2 to 6 days 

respective ly . TY broth was used instead of YM broth to grow 

Bradyrhizobium j aponicum strains to reduce extracel lular poly saccharide 

( EPS ) production . 

Ce lls were harvested by centrifugation ( 1 0 , 0 0 0  �· 1 0  min , 4°C ) . 

Slow- growing strains that produced excessive EPS were pretreated before 

sedimentation by agitation in a Waring Blender for 5 min at full speed 

or by shaking at pH 1 2 . 0  for 30 min followed by neutralisation to pH 7 . 0 .  

Cel l  pellets of fast-growing strains were resuspended in 80 ml of 

TE ( 5 0/20 ) buffer , lysozyme was added to a final concentration of 

1 mg ml- 1 , and the suspension was incubated at 3 7°C for 1 h .  After 

incubation the suspension was adjusted to 0 . 1 M with respect to sodium 

chloride , pronase was added to a final concentration of 0 . 5  mg ml- 1 and 

incubation continued at 37°C for h ( Zaenen et al . ,  1 9 74 ) . Then SDS 

was added to a final concentration of 1 %  ( w/v ) and the mixture incubated 

for 30 min . 

Cell pel lets of slow-growing strains were washed with 0 . 1 % sarkosyl 

1 6 .  



and then resuspended in 80 ml of TE ( 5 0/2 0 ) buf fer ( Schwinghamer , 1 980 ) . 

Pronase and SOS were added to final concentrations of 0 . 5  mg ml- 1 and 1 %  

respectively and the mixture incubated at 50°C overnight ( Fishcher and 

Lerman , 1 979 ) . 

After incubation , sodium perchlorate solution was added to the 

lysate to a final concentration of 1M,  and an equal volume of 

chloroform : isobutyl alcohol ( 24 : 1 )  was added,  mixed unti l  homogeneous 

and then centri fuged ( 60 0 0  �' 1 0  min ,  4°C ) . The upper aqueous phase was 

carefully removed , treated with RNase ( 2 0 0  g ml- 1 , 37°C ,  1h ) and 

purified on hydroxyapatite ( Britten et al . ,  1 97 0 ) .  The DNA solution was 

made 8 M with respect to urea and 0 . 1 4 M with respect to PB . 

Hydroxyapatite ( HA )  in 40  ml of 0 . 0 0 1 4 M-PB was washed once with 1 0 0 ml 

of 8 M-urea in 0 . 1 4 M-PB solution and sedimented ( 6 0 0 0  g ,  2 min , 4°C ) . 

The DNA solution was added to the HA pel let which was then resuspended 

with the blender , incubated at room temperature for 1 0  min and 

sedimented ( 6 0 0 0  �' 2 min , 200c ) . The supernatant containing protein 

and RNA was discarded . The HA-DNA pel let was resuspended in 1 0 0 ml of 

0 . 1 4 M-PB containing 8 M-urea urea and sedimented ( 6 0 0 0  g ,  2 min , 2 0°C ) . 

The HA was washed 1 0  times in 1 0 0  ml of 8 M-urea in 0 . 1 4  M-PB , followed 

by 4 washes with 1 0 0  ml of 0 . 0 1 4  M-PB to remove urea . The DNA was 

eluted from HA with 0 . 66 M-PB , and dialysed against one l itre of 0 . 28 M-

PB for 48 h with four changes of PB during this period . 

DNA purity was determined from the UV absorption at 2 3 0  nm , 258 nm 

and 280 nm . The fol lowing spectral ratios were regarded as 

satisfactory : A258;A230nm 1 . 8-2 . 3 , and A258;A280nm 1 . 8-2 . 0 .  

DNA concentrations were determined at 258 nm using extinction 

coefficients of 20 for unsheared DNA and 24 for sheared DNA , for a 

1 7 .  



1 mg ml- 1  DNA solution ( Brenner and Fa lkow , 1 97 1 ) .  

DNA solutions ( 5  ml ) were soni cated for 7 5  s at 4°C with a 1 0 0 Watt 

ultrasoni c  dis inte grator ( Measuring and Scienti fic Equipment Ltd . , 

Buckingham Gate , London SW 1 ,  England ) fitted with a 1 9  mm probe and 

tuned for maximum output . 

2 . 2 . 6  Preparation of [ 3 2p] - labe lled DNA 

DNA labelled with [ 3 2p]  was prepared by a modif ication of the 

method described in section 2 . 2 . 5 .  Cells were grown in 5 0 0  ml of YM 

broth without K2HP04 and 1 0  mCi of [ 3 2p ]  ( carrier free orthophosphate in 

dilute hydrochloric acid pH 2-3 ,  Amersham ) was added to the culture 
s 

after 4 h of incubation at 28°C . Cel l�ere grown up to mid log phase 

and the DNA purified as described in section 2 . 2 . 5 .  The labelled DNA 

was sonicated for 56 s instead of 75 s and stored at - 2 0 °C .  

2 . 2 . 7  DNA reassociation 

Screw-capped Kimax-tubes ( 1 0 x 1 0 0 mm )  containing 1 5 0 �g of 

unlabel le d  DNA and 0 . 1 � g  of labelled DNA ( specific activity 3-5 x 1 04 

cpm � g- 1 ) in 1 ml of 0 . 28 M-PB were placed in a boi l ing waterbath for 

10 min , chi l le d  rapidly on ice and held at 4°C . Samples were 

1 8 .  

reas sociated at 65°c for 4 0  h ,  diluted to 0 . 1 4 M-PB and held at 4°C until 

tested . 

2 . 2 . 8  Separation of s ingle and double stranded DNA on hydroxyapatite ( HA )  

The batchwise elution of DNA from HA with PB o f  appropriate 

molarity was used ( Brenner et a l . ,  1 969a ; Jarvis et al . ,  1 97 7 ) .  The 

concentration of PB used to e lute single-stranded DNA was determined for 

each new batch of HA and it ranged from 0 . 1 1  M - 0 . 1 3  M .  The low 

molarity PB used to elute unbound single-stranded DNA contained 0 . 4% SDS 



to prevent non-specific binding of sin gle- stranded DNA to HA . The HA 

suspension ( 5  ml ) was sedimented in a Sorvall Type A centr ifuge ( 1 1 0 0 �' 

2 min , 65°C )  and the HA washed once with low molarity PB + 0 . 4% SDS ( 1 0 

ml ) . Reas sociated DNA solution ( 0 . 5  ml ) was added to the HA , followed 

by PB + 0 . 4% SOS ( 9 . 5  ml ) .  The mixture was stirred with an overhead 

stirrer ( Multi speed , Anderman and eo . Ltd ) , raised to 65°C in a 

circulat ing water bath ( Haake Type F ,  Haake circulators , Berl in , 

Germany ) and immediately placed in a Sorval l  bench centrifuge fitted 

with a type A rotor held at 65°C in an incubator , centrifuged for 1 min 

at 1 1 0 0  g ,  dece lerated for 3 0  s ,  and stopped by hand . The supernatant 

was immediately poured into a scintillation vial . Further buffer was 

added and the process repeated four times . Double stranded DNA was 

eluted by increasing the buffer strength to 0 . 4  M-PB and washing four 

times as de scribed above . The eluates were collected in scintil lation 

vials and assayed by Cerenkov counting ( Clausen , 1 968 ) . Counts 

eluted by 0 . 4  M-PB expressed as a percentage of the total counts 

recovered indicated the percentage of double-stranded DNA . Relative 

hybridisation values were obtained by adjusting the percent 

hybridisation of the reference DNA and homologous unlabel led DNA to 1 0 0%  

and applying a corresponding correction factor to hybridisations with 

heterologous DNA . 

2 . 2 . 9  Thermal stability study of reassociated duplexes 

A modification of the batch separation procedure ( section 2 . 2 . 7 )  

was used . After reassociation at 65°C for 4 0  h ,  unbound single-stranded 

DNA was e luted by washing four times with PB ( 0 . 1 1 - 0 . 1 3 M) containing 

0 . 4% SDS at 65°c .  The HA-DNA was resuspended i n  1 0  ml o f  PB ( 0 . 1 1 -

1 9 .  

0 . 1 3  M )  without SOS , raised to 7 0°C ,  sedimented ( Sorval l  bench centrifuge , 

type A rotor , 1 1 0 0  �' 1 min , 65°C )  and the eluate collected in a 



scintil lation vial . The process was repeated six times as the elution 

tempe rature was raised in 5°C steps to 1 0 0°C .  Residual double- stranded 

DNA bound to HA at 1 0 0°C was eluted with 0 . 4  M-PB . Eluates were assayed 

by Cerenkov counting . The temperature at which 50%  of the DNA which 

reas sociated at 65°C eluted from HA is designated as the Tm ( e ) . 

�Tm ( e )  is the difference between the Tm ( e )  value for reassociated 

homologous DNA and Tm ( e )  for reassociated heterologous DNA ( Brenner et 

al . ,  1 972 ) . This value provides an index of sequence divergence in 

reas sociated DNA fragments .  Studies with synthetic polynucleotides have 

demonstrated that the presence of approximately 1 %  unpaired bases in a 

reassociated duplex lowers its thermal stability by 1 °C ( Banner et al . ,  

1 973 ) .  If  the duplexes formed between homologous DNA strands are 

assumed to contain no unpaired bases , the value of �Tm ( e )  is directly 

proportional to the percentage of unpa ired bases in the heterologous 

duplexes .  

2 . 3  RESULTS 

2 . 3 . 1 DNA-DNA reassociation at 65°C among rhizobia from Lotus spp . 

and strains from other plants 

The DNA homology among 53 strains of rhizobia ( Table 2 . 1 )  was 

determined by DNA : DNA hybridisation as described in the methods using 

[ 3 2p ] - labelled reference DNA from two fast-growing Lotus rhizobia , 

strains NZP2 2 3 0  and NZP2 2 1 3 ,  two s low-growing Lotus rhizobia strains 

NZP2309 ( CC8 1 4s )  and NZP2 257 , and Bradyrhizobium j aponicum strain 

ATCC 1 0 3 2 4 . The DNA homologies between these strains were determin�d in 

0 . 28 M-PB at 65°c and are shown in Table 2 . 2 .  The strains were divided 

into two main DNA homology groups that shared less than 1 0 % DNA homology 

with each other ( Table 2 . 2 ) . Group I contained fast- growing strains and 

group II slow- growing strains . Group I contained all the fast- growing 

20 . 



Table 2- . 2  Relative hybridisationa ( % )  of Rhi zobium and Bradyrhi zobium DNA at 65°cb 

SOURC E OF UNLABELLED DNA SOURCE OF LAB ELL ED DNA 
Strain and plant originc NZP2 2 3 0  ( CC809a ) NZP2 2 1 3  NZP2 309 ( CC8 1 4s )  ATCC 1 0 3 2 4  NZP2 257 

L .  maroccanus L .  12edunculatus �edunculatus Glycine max .  L .  corniculatus 
X 

L .  corniculatus -

FAST GROWERS 
NZP2 2 3 0  L .  maroccanus 1 0 0  5 6  4 4 2 
NZP2 2 1 3  L .  12edunculatus 5 2  1 0 0 4 3 0 

X 

L .  corniculatus 
NZP5 499 c. arietinum 82 5 8  4 4 0 
NZP5498 c .  arietinum 84 5 2  7 4 2 
NZP5266 c .  arietinum 78 56 4 1 1  2 
NZP5448 L .  densiflorus 62 5 2  4 1 5  5 
NZP 2 2 6 0  L .  tenuis 56 5 6  7 5 0 
NZP5 1 98 L .  densiflorus 62 50 2 0 7 
NZP5 2 0 1  c .  arborescens 5 2  58 7 3 2 
NZP5 2 2 3  0 .  viciifolia 5 2  5 2  0 5 0 
NZP5 3 0 2  R .  12seudoacacia 46 5 0  4 8 0 
NZP 2 3 0 0  L .  corniculatus 4 0  4 5  - 2 0 
NZP2 0 1 4  L .  corniculatus 42 48 5 5 2 
NZP5 2 7 5  s .  microphylla 42 47 4 7 0 
NZP 2 2 38 L .  corniculatus 40 47 4 5 2 
NZP2 2 2 7  L .  corniculatus 42 45 5 5 0 
NZP2 298 L.  corniculatus 36 43 2 0 0 
NZP2 1 95 L .  tenuis 3 0  4 8  1 1  9 0 
NZP 2 0 48 L .  corniculatus 36 40 4 - 0 
NZP2 0 3 7  L .  divaricatus 3 0  4 0  2 3 2 
NZP 2 2 37 Hosackia �· 3 2  38 4 4 5 
NZP5 0 5 7  s .  tetra12tera 3 2  3 8  5 4 0 
NZP 2 2 3 6  A .  vulneraria 26 38 2 7 0 
NZP5 268 p .  Einnata 2 4  3 0  5 5 0 
NZP 2 0 7 7  L .  corniculatus 2 0  3 2  5 0 3 

Group Mean 46 47 4 5 



Table 2 . 2  continued 

SOURCE OF UNLABE LLED DNA SOURCE OF LABE LLED DNA 
Strain and plant originc NZP2 2 3 0  ( CC809a ) NZP22 1 3  NZP2309 ( CC8 1 4s )  ATCC 1 0 3 24 NZP2 2 5 7  

L .  maroccanus L. ,12edunculatu s �edunculatus Glycine max .  L .  corniculatus 
X 

L. corniculatus -

S LOW GROWERS GROUP SG 1 
NZP23 09 L. ,12edunculatus 2 5 1 0 0 
NZP2308 L.  J2edunculatus 2 5 1 0 3 65 55 
NZP2 089 L.  J2edunculatus 4 1 02 5 3  5 0  
ATCC 1 0 3 25 L. ,12edunculatus - - 9 1  62 5 2  
NZP2 1 4 1  L .  J2edunculatus 2 8 84 54 5 2  
NZP2087 L .  ,12edunculatus 2 5 82 6 1  5 2  
NZP2 0 2 1  L .  ,12eduncula tus 0 5 8 1  5 7  5 0  
NZP5 044 L. arboreu s 4 7 7 5  63 5 0  

Group mean 2 5 88 59 5 2  

GROUP SG2 
ATCC 1 0324 Glycine max . - - 65 1 0 0 55 
ATCC 1 0 3 1 9  L .  angu stifolius - - 67 94 46 
NZP5539 Glycine max . 0 5 7 0  94 53 

Group mean - - 67 94 5 1  

GROUP SG3 
NZP2257 L .  corniculatu s 0 3 5 1  56 1 0 0 
NZP5537 Glycine max . 4 8 46 53 52 
NZP5536 Glycine max .  2 7 42 5 5  4 1  
NZP55 3 3  Glycine max .  2 7 44 48 5 0  
NZP5090 o .  J2innatus 4 7 5 1  42 43 
NZP2 1 9 2  L.  corniculatus 2 7 5 4  37 5 2  
NZP54 1 6  L ·  nanus 4 7 49 40 48 
NZP5 024 o .  compre s sus 0 5 42 44 43 
NZP2 0 7 6  L. hi spidus 2 3 49 3 5  s o  
NZP2 2 0 1 L. pedunculatus 0 7 46 38 46 



Table 2 . 2  continued 

SOURCE OF UNLABELLED DNA 
Strain and plant originc 

NZP5 1 1 2  o .  ,2er,2usillus 
NZP2 1 78 L .  ,2edunculatus 
NZP 2 2 2 8  L .  angustissimus 
NZP2 243 L .  angustissimus 

Group Mean 

GROUP SG4 
NZP 5 5 3 2  Gl;tcine max . 
NZP5 5 3 1 Glycine max .  

Group Mean 

NZP 2 2 3 0  ( CC809a ) 
L .  maroccanus 

4 
0 
2 
2 

2 

2 
0 

1 

SOURCE OF LABELLED DNA 
NZP2 2 1 3  NZP 2 3 0 9  ( CC8 1 4s )  

L .  pedunculatus 
X 

L .  corniculatus 

8 
3 
5 
5 

6 

8 
5 

7 

L .  pedunculatus 

44 
4 2  
5 3  
46 

4 7  

2 1  
23 

2 2  

ATCC 1 0 3 24 
Glycine max . 

37 
39 
34 
3 1  

42 

32 
25 

29 

a Each relative hybridisation value is the mean of duplicate determinations for at least 
two hybridi sations . 

b Reassociation temperature 

c Full generic names for the plants were listed in Table 2 . 1 .  

Not determined 

NZP2257 
L.  corniculatus 

5 0  
4 5  
5 0  
5 2  

48 

26 
24 

25 



Lotus strains and strains from DNA homology group 4 as de fined by Crow 

et al . ( 1 9 8 1 ) .  The relative DNA homologies between DNA from the se 

strains and the reference DNA from strains NZP2 2 3 0  and NZP2 2 1 3  ranged 

from 20%  to 84% . Hybridisations carried out using reference DNA from 

strains NZP2309 , NZP2257 and ATCC 1 0 324 indicated that the 26 strains of 

slow-growers in group II could be divided further into 4 subgroups , 

designated as SG 1 -4 .  SG 1 comprised 7 strains of rhizobia that nodulate 

Lotus pedunculatus and 1 strain that nodulates Lupinus arboreus . The 

mean relative homologies of DNA from SG 1 strains with reference DNA from 

strains NZP2 3 0 9  and ATCC 1 0 324  were 88% and 59% respectively . SG2 

comprised three strains of B .  j aponicum including the type strain 

ATCC 1 0 3 2 4 . Mean relative homologies for DNA from SG2 strains with 

reference DNA from strains NZP2 309 and ATCC 1 0 3 2 4  were 67 and 94% 

respectively . SG3 comprised 1 4  strains of slow- growing rhizobia that 

were isolated from Lotus , Ornithopus , Lupinus and Glycine max . The mean 

relative DNA homologies between these strains and the three reference 

DNA ' s  from strains NZP2 3 0 9 ,  ATCC 1 0 324 and NZP2257 were 4 7 ,  42 and 48% 

respectively . SG4 comprised only two stra ins , NZP5532 ( B .  j aponicum 

US 3 1 )  and NZP 55 3 1 ( B .  j aponicum US76 ) ,  and both showed relative DNA 

homologies of 22-29% with the three reference DNA ' s  from the s low-

growing strains used in this study . 

2 . 3 . 2  Thermal stabi lity of reassociated DNA duplexes 

To complement the DNA homology data used to delineate DNA homology 

subgroups , the thermal stability of DNA duplexes formed between DNA of 

selected strains from SG 1 , SG2 and SG3 and reference DNA from slow-

growing strains NZP2 3 0 9 , ATCC 1 03 24 and NZP2257 was determined ( section 

2 . 2 . 9 ) . Representative thermal elution profiles are shown in Fig.  2 . 1 .  

DNA duplexes formed between related strains such as NZP2 3 0 9  and 

2 1 .  



Figure 2 . 1 Thermal elution profiles of reassociated DNA duplexes 

formed at 65°C between B .  j aponicum ATCC 1 0 324 reference DNA 

and DNA from other selected strains . DNA from B . j aponicum 

strain ATCC 1 0 3 2 4  < • > · DNA from s low- growing Lotus strain 

NZP 2 3 0 9  ( CC8 1 4s )  (e) . DNA from s low- growing Lotus strain 

NZP2 1 9 2  (A) . 
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ATCC 1 0 3 2 4 refe rence DNA ,  eluted at a higher temperature and had a 

sharper elution profile ( Fig . 2 . 1 )  than did less closely re lated DNA 

such as the DNA duplexes formed between NZP2 1 92 DNA and ATCC 1 0 3 24 

reference DNA ( Fi g .  2 . 1 ) .  Thermal elution prof iles could be 

character ised by the temperature at which hal f  the reassociated DNA 

duplexes have di ssociate d ,  Tm ( e )  ( section 2 . 2 . 9 ) . Thermal stability 

data of the se lected strains are summar ised in Table 2 . 3 . 

2 . 4 DISCUSSION 

The DNA hybridisat ion data shown in Table 2 . 2 indicate that Lotus 

rhizobia be long to two genetically distinct groups corresponding to 

fast- growing and s low-growing strains . The DNA homology data obtained 

with the fast- growing strains in this work support the results reported 

by Crow et a l . ( 1 98 1 )  that fast- growing Lotus rhizobia are genetically 

related to rhi zobia obtained from a var iety of plant hosts cons i sting of 

species from 1 2  genera .  These fast-growing rhi zobia appear to be 

genetically diverse s ince DNA homology values obtained with reference 

DNA from the 2 fast- growing Lotus strains NZP2 2 3 0  and NZP 2 2 1 3  ranged 

from 2 0 -84 % at 65°C ( Table 2 . 2 ) . Simi lar results were obtained by Crow 

et a l . ( 1 98 1 )  with DNA from 2 fast- growing reference strains NZP22 3 0  and 

CC8 1 1 .  These workers suggested that there may be two distinguishable 

subgroups corresponding to strains from the two related Lotus plant 

species , L .  corniculatus and L .  tenuis . However , when NZP2 2 1 3 ,  a strain 

associated with L .  corni culatus and L .  tenuis was used as a reference 

strain in thi s  work , strains from L. corniculatus and L .  tenuis shared a 

relative homology with NZP2 2 1 3  ranging from 4 0 -58% . There was no 

indication of subgroups within these Lotus strains . It i s  interesting 

to note that three C i cer arietinum strains included in the group showed 

a significantly h i gher re lative DNA homology at 6 5°C with NZP2 2 3 0  ( 8 1 % )  
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Table 2 . 3  Thermal stabi lity of rhi zobial DNA duplexes formed at 65°c . a 

6Tm ( e ) b with reference DNA 
Source of from 

Homology Group unlabe l led DNA 

a 

b 

c 

NZP 2 3 0 9  ATCC 1 0 3 2 4 NZP2 2 5 7  

SGC 1 NZP 2 0 89 5 . 6  

NZP2 1 4 1 1 . 4 

NZP2 3 0 9  0 1 . 3  

ATCC 1 0 3 2 5  0 .  1 1 .  7 

NZP5044 0 . 9  5 . 2  

SG2 NZP5539 0 . 4 5 . 8  

ATCC 1 03 24 1 . 5  0 

SG3 NZP2 1 78 7 . 5  

NZP 2 2 5 7  0 

NZP2228 4 . 7  6 . 9  

NZP2243 6 . 5  

NZP54 1 6  4 . 9  

Rea s sociation temperature 

� ( e )  is the difference between the Tm ( e )  value for reassociated 

homo logous DNA and Tm ( e )  for reassociated heterologous DNA . Each 

Tm( e )  value is the mean of 4 duplicate dete rminations for two 

hybridisations . 

DNA homology sub-group . 

Not determined 



than with DNA from NZP2 2 1 3 ( 5 1 % ) . Thi s  may suggest that Cicer arietinum 

is nodulated by a separate group of rhi zobia . 

The fast- growing rhizobia strains cons idered here have recently 

been classified as a distinct group of rhi zobia based on the ir DNA 

homology ( this work , Crow et a l . ,  1 9 8 1 ) ,  phage typing patterns ( Pate l ,  

1 9 7 6 ) , 2D-protein patterns ( Roberts e t  a l . ,  1 98 1 ) ,  the nodulation 

properties ( Jensen , 1 9 67 ) , flage l lation ( Vincent , 1 974 ) and other 

biochemical and phys iological data ( Jarvis et al . ,  1 9 82 ) . Consequently , 

a new species was established and named Rhizobium loti . The type strain 

is NZP2 2 1 3  ( Jarvis et al . ,  1 9 82 ) . 

From thi s  study , the slow- growing Lotus rhizobia can be divided 

into 2 DNA homology subgroups called SG 1 and SG3 .  Strains from SG 1 and 

SG3 share up to 5 0 %  relative DNA homology at 6 5°C with strains from 

Lupinus , Ornithopus and Glycine max . Strains from SG 1 shared mean 

relative DNA homologies of 88% and 5 2 %  at 6 5°C with reference DNA f rom 

strain NZP2 3 0 9  ( SG 1 ) and NZP 2 2 5 7  ( SG3 ) respectively . The �Tm ( e )  values 

( Table 2 . 3 )  indicated that the mismatched bases in DNA duplexes formed 

between NZP2 3 0 9  reference DNA and DNA from strains in SG1 were no more 

than 1 %  ( �m ( e )  0 . 0- 0 . 9°C ) of the total genome assayed ( Bonner et a l . ,  

1 9 7 3 ) .  In contrast , the DNA duplexes formed between NZP 2 3 0 9  reference 

DNA and DNA from strains in SG3 displayed approximately 5 %  of mismatched 

bases in the total genome assayed ( �Tm ( e )  4 . 7-4 . 9°C ) . These results 

support the relative DNA homology data used to delineate the two DNA 

homology subgroups . 

Bradyrhizobium j aponicum strains included in this study were 

separated into 3 DNA homology subgroups : SG2 , SG3 and SG4 (Table 2 . 2 ) . 
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The strains in SG2 , SG3 and SG4 have mean re lative DNA homologies of 

94% ,  5 2 %  and 29% repectively at 6 5°C with reference DNA from the B .  

japonicum type stra in ATCC 1 0 3 24 . These results are cons istent with the 

report by Hol l i s  et a l . ( 1 98 1 )  that strains classi fied as B .  j aponicum 

could be separated by DNA : DNA homology into at least 3 DNA homology 

groups : group I ,  group Ia and group II . Only group I was closely 

related to the type strain ATCC 1 0 3 24 . Homology subgroups SG2 , SG3 and 

SG4 include B .  j aponicum strains which Hollis et a l . ( 1 98 1 )  placed in 

group I ,  group Ia and group II respective ly . 

In general , there was no discrepancy between thi s  work and that of 

Hol lis et a l .  ( 1 98 1 )  except in relation to the DNA homology of strain 

NZP55 3 9  ( 6 1 A 76 ) . Hol l i s  et a l . ( 1 9 8 1 ) reported that thi s  strain shared 

24% relative DNA homology at 6 5°C with reference DNA from strain 

ATCC 1 0 3 24 . In thi s  study , NZP5 5 3 9  was found to share 94% relative DNA 

homology at 6 5°C with strain ATCC 1 03 24 reference DNA . Elkan and Schol l a  

( personal communication ) have observed more than one colony type in 

their culture of 6 1 A76 and thi s  may be the cause of the discrepancy . 

When DNA homologies of strains from B .  j aponicum in SG2 and Lotus 

strains in SG 1 were compared it was found that although these two groups 

shared a mean relative DNA homology of 67% at 6 5°c . The. 6Tm ( e )  values 

( 1 . 3- 1 . 7°C ) obtained from DNA duplexes formed between DNA from strains 

in SG 1 and SG2 indicated that about 1 . 5 % of their bases were mismatched , 

suggesting that SG 1 and SG2 represent two genetically distinct groups . 

However , there is sti l l  insufficient data to support the designation of 

a new species for Bradyrhizobium spp . ( Lotus ) strains within the genus 

Bradyrhizobium • 
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Subgroup SG3 comprised 1 4 strains of s low- growing rh izobia from 

Lotus , Ornithopus , Lupinus and G lycine max .  Both the relative DNA 

homology data ( Table 2 . 2 )  and �Tm ( e )  values ( Table 2 . 3 )  indicated that 

these strains are genetically related . Although the taxonomic 

impl ications of this DNA homology requires further clarifi cation , one 

possible imp l ication is that some of the slow-growing strains from 

Lotus , Lupinus and Ornithopus are re lated to B .  j aponicum strains in DNA 

homology group Ia at the subspecies leve l . 

The two B .  j aponicum strains in SG4 showed mean relative DNA 

homologi e s  of 2 2 % , 29% and 2 5 %  with reference DNA f rom strains NZP2 3 0 9 , 

ATCC 1 0 3 24 and NZP2 2 5 7  respectively . These strains have diverged 

significantly from a l l  other slow-growing strains analysed in this 

study . The s e  results support the suggestion put forward by Hol lis et a l . 

( 1 98 1 ) that such strains should be classified under a separate species 

within the genus Bradyrhizobium . 

Most o f  the slow-growing strains studied in thi s  work had at least 

40 %  relative DNA homology at 6 5°C with the three reference DNA from 

slow- growing strains . This may represent a basi c  s imi l ar ity among these 

slow- growing rhizobia . This i s  in contrast to the s ituation in the 

genus Rhizobium which comprises several distinct DNA homology groups 

with mean intergroup relative homologies of less than 2 0% ( Jarvis et a l . ,  

1 980 ; Crow et a l . ,  1 98 1 ) .  - -

This work demonstrates that the root nodule bacter i a  capable of 

nodulatin g  Lotus species belong to two distinct genetic groups . The 

fact that both groups nodulate similar host plants would suggest that 

the genes responsible for symbiotic properties such as nodulation , 
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nitrogen f ixation and host specifi ci ty are conserved de spite the ir lack 

of overa l l  DNA homology . 

2 . 5  SUMMARY 

DNA homologies were determined among 2 4 strains of fast- growing 

rhizobia and 2 6 stra ins of s low-growing rhizobia with particular 

reference to those which nodulate Lotus species . Two ma j or DNA homology 

groups were identified which showed less than 1 0 % relative DNA homology . 

Fast- growing Lotus rhizobia were grouped with related fast- growing 

strains i solate d  from a range of plant species in D�A homology group I .  

These strains are designated Rhizobium loti . S l ow- growing Lotus 

rhizobia and other slow- growing strains from Glycine rnax , Ornithopus 

and Lupinus formed DNA homology group II which was further divided into 

4 subgroups ( SG 1 -SG4 ) .  Thermal stabil ity data for DNA duplexes formed 

between DNA f rom selected strains of s low-growers were a l so determined . 

Slow-growing Lotus rhizobia showed at least 4 0 %  relative DNA homology 

with strains from Ornithopus , Lupinus and G lycine rnax and they comprised 

DNA homology subgroups SG 1 and SG3 . Strains in SG 1 are more c losely 

related to the B .  j aponicum type strain ATCC 1 0 3 2 4  than those in SG3 , but 

SG 1 repre s ents a genetica l ly distinct group from B .  j aponicum. 
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CHAPTER THREE 

CHARACTERI SATION OF PLASMIDS IN LOTUS RHI ZOBIA 

3 . 1 INTRODUCTI ON 

The presence of large plasmi ds of molecular we ights greater than 

1 0 0 MDal in size is a common feature of Rhizobium species ( Prakash et 

al . ,  1 98 1 ; Denarie et al . ,  1 9 8 1 ) .  The genetic functions of most of 

these large indigenous plasmids are sti ll largely unknown . However ,  it 

has been demonstrated by transposon mutagenesi s ,  heat curing and plasmid 

trans fer experiments that some of the symbiotic genes such as nodulation 

( nod) , nitrogen fixation ( ni f ) and host specificity ( hsp ) are located on 

large indi genous plasmids , de signated as symbiotic ( Syrn )  plasmids , in a 

number of Rhi zobium species ( reviewed by Denarie et al . , 1 9 8 1 ) .  Among 

the closely related Rhi zobium species ,  R .  leguminosarum, R .  trifolii and 

R. phaseoli , their Syrn plasmi ds vary with respect to size ( MW  ranging 

from 1 2 0- 5 5 0  MDal ) , transmi ssibility and incompatability group ( Brewin 

et al . ,  1 98 3 ) . In contrast , R .  meli loti strains studie d  to date 

consistently contain Syrn plasmids larger than 45 0  MDal , des i gnated as 

megaplasrnids ( reviewed by Huguet et a l . ,  1 9 83 ) . 

Large plasmids have also been identified in the s low-growing 

Bradyrhi zobiurn spe c ie s  ( Gross et al . , 1 979 ; Scott and Tait , 1 98 0 ; 

Haugland and Verrna , 1 98 1 ; Cantre ll et a l . ,  1 98 2 ; Masterson et a l . ,  

1 982 ) . However ,  there is no evidence to date demonstrating that 

symbiotic genes are plasmi d-borne in these strains ( Haugland and Verrna , 

1 98 1 ;  Masterson et al . ,  1 98 2 ) . 

In R .  loti and Bradyrhizobiurn spp . ( Lotus ) ,  large plasmids have 

also been detected ( Ronson and Scott , 1 983 ; Pankhurst et a l . ,  1 98 3 ) ,  
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but the role of the se indi genous pla smids is unknown . As demonstrated 

in Chapte r 2 ,  the two distinct groups of Lotus rh izobia shared less than 

1 0 %  relative DNA homology , and so the possibil ity existed that the 

abil ity of these rhizobia to nodulate Lotus species was a plasmid-borne 

character .  

Thi s  chapter describes the further characterisation of plasmids 

found in the Lotus rhi zobia and attempts to isolate Nod- mutants of 

R. loti NZP22 1 3  by heat curin g ,  or UV treatment , with the aim of 

determining whether the symbiotic genes in this strain are located on 

the single indigenous plasmi d . 

3 . 2  METHODS AND MATERIALS 

3 . 2 . 1 Bacterial strains and plasmids 

The se are described in Table 3 . 1 .  

3 . 2 . 2  Preparation of media 

3 . 2 . 2 . 1 Liquid media 

Tryptone yeast extract medium ( TY ;  section 2 . 2 . 2 . 1 ) .  

Yeast extract mannitol medium ( YM ;  section 2 . 2 . 2 . 1 ) . 

Luria broth ( LB ;  Mil le r , 1 97 2 ) . Composition ( g  1- 1 ) :  tryptone , 1 0 ;  

yeast extract , 5 ;  NaC l ,  1 0 .  pH 7 . 2 .  

S1 0 medium ( Scott and Ronson , 1 9 82 ) . The following stock solutions were 

prepared :  ( 1 )  Salts solution ( g  1- 1 ) :  Mgso4 . 7H2o ,  25 ; cacl2 . 7H2o ,  2 ;  

Ferric EDTA , 1 . 5 ;  NaC l , 2 0 ; disti l led water , 1 l itre . ( 2 )  Trace 

elements ( per litre ) : znso4 . 7H2o ,  1 5  mg ; Na2Moo4 . 2H2o ,  2 0 0  mg ; H3B03 , 

250 mg ; MnS04 . 4H20 ,  2 0 0  mg ; CuS04 . 5H20 ,  2 0  mg ; CoC l2 . 6H20 ( 0 . 2  g 1- 1 ) ,  

5 ml ; di stilled water , 995 ml .  ( 3 )  Vitamins ( per 5 0  ml ) : Thiamine 

HCl ,  50 mg ; calcium pantothenate , 1 0 0  mg , biotin ( 1  mgml- 1 ) ,  1 ml ; 
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Table 3 . 1  Bacterial Strains and Plasmids 

Strain Relevant characteristics 

Rhi zobium loti 

NZP2 0 3 7  Nod+ Fix+ ( Lotus tenuis ;  

Lotus pedunculatus ) 

NZP2 2 1 3  Nod+ Fix+ ( Lotus tenuis ) 

Nod+ Fix- ( Lotus pedunculatus ) 

PN 1 1 2  Nod+ Fix+ ( Lotus tenuis )  

Nod+ Fix- (Lotus pedunculatus ) 

s tr- 1 r i f- 1 

NZP2 2 2 7  Nod+ Fix+ ( Lotus tenuis )  

Nod+ Fix- ( Lotus pedunculatus ) 

NZP 2 048 Nod+ Fix+ ( Lotus tenuis ) 

Nod+ Fix- ( Lotus 12edunculatus ) 

NZP2 2 3 8  Nod+ Fix+ ( Lotus tenuis ) 

Nod+ Fix- ( Lotus pedunculatus ) 

Bradyrhizobium spp .  ( Lotus ) 

NZP 2 3 0 9  ( CC8 1 4S )  Nod+ Fix+ ( Lotus 12edunculatus ) 

Nod+ Fix- ( Lotus tenuis ) 

NZP2 2 2 9  Nod+ Fix+ ( Lotus pedunculatus ) 

NZP2 0 7 5  Nod+ Fix+ ( Lotus 12edunculatus ) 

NZP2 0 7 1  Nod+ Fix+ ( Lotus pedunculatus ) 

NZP 2 2 0 2  Nod+ Fix + ( Lotus pedunculatus ) 

Source or 
reference 

DSIR culture 

collection , N . z .  

DSIR culture 

collection , N . Z .  

c . E .  Pankthurst -
spontaneous 
mutant of 
NZP2 2 1 3  

DSIR culture 
collection , N . z .  

DSIR culture 
collection , N . z .  

DSIR culture 

collection , N . z .  

DSIR culture 

collection , N . z .  

collection , N . z .  

collection , N . z .  

col lection , N . z .  

DSIR culture 
collection 



Table 3 . 1 continued 

Strain Relevant characteristics 

Agrobacterium tumefacieus 

C58 

Escheri chia coli 

HB 1 0 1  

�- Endo I- rec A-

Plasm.ids 

pRlo2 2 1 3a Indigenous plasmid of R .  loti 

NZP22 1 3  

pRlo 2 0 3 7 a  Indigenous plasmid o f  R .  loti 

NZP2 0 3 7  

Source or 
reference 

c .  Kado 

Boyer and 

Roul land-Dussoix 
( 1 969 ) 

Pankhurst et al . 

( 1 9 8 3 ) 

Pankhurst et al . 

( 1 98 3 ) 



disti lled water ,  49 ml . ( 4 ) NH4cl ( 1 8 g 1 - 1 ) .  ( 5 )  *Potass ium 

phosphate ( g  1 - 1 ) :  K2HP04 , 1 0 0 ;  KH 2Po4 , 1 0 0 ;  di stilled water , 1 

litre . ( 6 )  * Sodium succinate ( 0 . 5  M ) . One litre of S 1 0 medium 

consisted of 1 0  ml of ( 1 ) ; 1 ml of ( 2 )  ; 1 ml of ( 3 )  ; 6 ml of ( 4 ) ; 

5 ml of ( 5 ) ; 20 ml of ( 6 ) ; 1 0  g of MES ( Si gma ) ; 0 . 1 g of histidine 

( Sigma ) ; 9 5 3  ml of disti lled water . The pH was adj usted to 6 . 2  with 

potassium hydroxide pe llets . 

* Added separately after autoclaving 

Defined medium 2 ( Schwinghamer ,  1 96 0 ) . Composition per litre : 

NH4N03 , 1 . 0  g ,  K2HP04 , 0 . 3  g ;  K2HP04 , 0 . 3 g :  MgS04 . ?H20 ,  0 . 1 g ;  

Ca ( N03 ) 2 , 0 . 0 5 g ;  yeast extract , 1 . 0  g ;  glucose , 1 . 0 g ;  H3B03 , 0 . 1 �g ; 

ZnS04 . 7H20 ,  1 . 0 �g ;  CuS04 . SH20 ,  0 . 5  � ;  MnC1 2 . 4H20 ,  0 . 5  �g; 

NaMo04 . 2H20 ,  0 . 1 � ;  Fe-EDTA , 1 . 0  � ;  distilled water , 1 litre . The 

pH was adjusted to 7 . 0 .  

3 . 2 . 2 . 2  Solid media ( See section 2 . 2 . 2 ) . 

3 . 2 . 3  Maintenance of cultures 

Rhi zobium cultures were maintained on YM agar slopes at 4°C . 

E .  coli culture s were mainta ined on LB agar plates at room temperature . 

For long term maintenance , a l l  cultures were stored in 5 0 %  glycerol at 

!...2 0°c . 

3 . 2 . 4 Growth of bacteria 

Solid and liquid TY media were use d  to grow Rhizobium loti and 

Agrobacterium tumefaciens at 28°C . Sol id and liquid YM media were used 

to grow Bradyrhizobium spp . ( Lotus ) at 28°C . 

Solid and liquid LB media supplemented as required with appropriate 

antibiotics : kanamycin ( Km ;  20 �g ml- 1 ) ,  ampicil lin ( Ap ;  1 0 0 �g ml- 1 } ,  
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tetracycline ( Tc ;  1 5  � g  ml- 1 ) ,  ch loramphenicol ( Cm ;  25 �g ml- 1 ) ,  were 

used to grow E .  coli at 3 7 °c .  All antibiotics were supplied by Si gma 

Chemical Co . 

3 . 2 . 5  Ultraviolet l i ght mutagenes i s  of Rhizobium loti 

The method described by Miller ( 1 97 2 ) was used . A stationary phase 

culture of R .  loti NZP2 2 1 3  was di luted in S 1 0  broth ( section 3 . 2 . 2 . 1 )  

and grown at 28°C to a density of 2 - 3 x 1 0 8 ce l l s  ml- 1 ( OD6 0 0  � o . 2 ) . 

Ce lls were pe lleted by centri fugation ( 3 0 0  �' 5 rnin , 4°C ) ,  resuspended 

in 1 0  rnl of 0 . 1 M-MgS04 . 7H 2o and he ld on ice . A sample of the culture 

was plated on S 1 0  plates to determine the number of cells present before 

irradiation . The ce ll suspension ( 5  ml )  was spread thinly on an open 

glass petri dish and exposed for 1 5  s to UV radiation at 2 0 0 0  �Wcm- 2 • 

The irradiated suspension was plated on S 1 0  plates , covered with foi l , 

and incubated at 28°C for 3 days . Surviving colonies were subcultured 

onto TY media and then used for plant tests and plasmid analysis . 

3 . 2 . 6  Plant test 

Seeds of Lotus tenuis , Waldst et Kit , were surface sterilized in a 

1 : 1  ( v/v ) solution of 9 5 %  ethanol and hydrogen peroxide for 5 rnin , 

washed four times with 9 5 %  ethanol , dried in vacuo and germinated on 

water agar ( 1 % ) . Seedl ings were transferred aseptically to 1 5 0  x 2 4 mm 

test-tubes containing 1 0  rnl of Thornton ' s  seedling agar ( Thornton , 1 9 3 0 ) 

which had the following composition ( g  1- 1 ) :  Ca3 ( P04 ) 2 , 2 ;  K2HP04 , 

0 . 5 ; MgS04 . ?H20 ,  0 . 2 ;  NaCl , 0 . 1 ;  FeP04 , 1 . 0 ;  FeCl3 , 0 . 0 1 ;  agar , 

1 . 5 .  A loopful of cel l s  was used to inoculate each seedling, and plants 

were grown in a growth cabinet with a 1 2  h photoperiod ( li ght intens ity 

1 8 0  W/m2 ) ,  and temperatures of 24°C by day and 2 0°C by night . Plants 

were examined for nodulation and growth at 2 and 6 weeks after 
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inoculation re spective ly . 

3 . 2 . 7  Isolation of bacteria from nodules 

Nodules were surface ste r i l i zed in a 1 : 1  ( v/v ) solution of 9 5 %  

ethanol and hydrogen peroxide for 2 min ,  rinsed i n  95% ethanol for 1 

min ,  washed three times with steril ized water , crushed and plated on YM 

medium . Single colonies were repurified and tested on TY medium 

supplemented with antibiotics for the appropriate genetic markers and 

retested on plants . 

3 . 2 . 8  Heat curing experiment 

An overnight culture of strain NZP2 2 1 3  grown in YM liquid medium 

was diluted to about 2 x 1 0 8 cells ml- 1 , incubated without shaking at 

38°C for 7 days and aerated once each day by a brief shaking ( Zurkowski 

and Lorki ewicz , 1 9 78 ) . The culture was then plated on YM agar and 

incubated at 28°C for 5 days . Two hundred colonies were s ingle colony 

purified and tested for thei r  abi lity to nodulate Lotus tenuis plants . 

3 . 2 . 9  Bacteriophage susceptibi lity tests 

Bacter i ophage typing of R .  loti cultures was carried out by the 

method of Patel ( 1 97 6 ) . Defined medium 2 ( se ction 3 . 2 . 2 . 1 )  was used to 

grow cultures of the standard strain and test strain . The same medium 

was used for the preparation of double- layered agar plates for the 

assaying of the phage- susceptibil ity of rhizobia . Overnight cultures of 

Rhizobium { 0 . 1 ml ) were used to seed double- layered agar plates , and 

these plates were spotted with aliquots of hundred- fold dilutions ( in 

defined medium 2 }  of the phage stock culture ( a  gift from Dr J . J .  Patel , 

ABO , DSIR } . The spots were air- dried in a laminar-f low cabinet , and the 

plates wer e  incubated at 28°C for 24 h .  Susceptibility of Rhizobium to 
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a given phage was dete rmined by pl aque formation in the spotted area . 

Rhizobium strains were considered highly suscept ible to phages when 

lys is occurred at pha ge stock di lutions of 1 0 -6 or greater ( < 1 0 6 PFU 

ml- 1 ) ,  less suscept ib i le when lys i s  only occurred at di lutions of 1 0- 4 

or less ( )  1 0 8 PFU ml- 1 ) ,  and not susceptible when lysis was not 

produced by the undiluted phage stock ( 1 0 1 2  PFU ml- 1 ) 

3 .  2 .  1 0  Tandem- crossed immunoe lectrophoresis 

For anti gen preparation R. loti strains NZP2 2 1 3  and NZP2 0 3 7  were 

grown to mid log phase ( oo6 0 0  = 0 . 3 )  in YM broth ( 1 0 0  ml ) and harvested 

by centrifugation ( 3 0 0  �, 5 mins , 4°C ) .  The cel l s  were resuspended in 5 

ml of ste r i l e  water ,  sonicated for 6 0  s to release internal proteins and 

then stored at - 2 0 °C unt i l  use . Antibodies to NZP2 2 1 3  c e l l s  were a gift 

from Or w . T .  Jones ,  ABO , . OSIR, and were prepared by a method of Jones 

et al . ( 1 9 82 ) . Immunoe lectrophoresis was performed by Or W . T .  Jones by a 

method f i r s t  described by Krol l ( 1 97 3 ) .  

3 . 2 . 1 1  P la smid isolation by Eckhardt method 

The analysis of large plasmids in Rhi zobium strains was carried out 

by the Eckhardt procedure ( Eckhardt , 1 9 7 8 ) with minor modif i cations 

described bel ow . 

Materials 

( 1 )  Tris-borate electrophoresis buf fer pH 8 . 2 :  89 mM-Tris base ; 

1 2  mM-Na2EOTA ; 8 . 9  mM-boric acid .  ( 2 )  Lysozyme mixture : Ficoll 

( 4 0 0 , 0 0 0 ,  S i gma ) , 2 g; preboiled ribonuclease ( Si gma , 1 mg ml- 1 ) ,  50 �1 ; 

bromophenol blue 0 . 0 5 %  ( w/v ) ; Tris-borate buffer pH 8 . 2 ,  1 0  ml ; 

lysozyme ( Si gma ) , 1 0  mg . ( 3 )  SOS mixture : Ficol l ( 4 0 0 , 0 0 0 ) , 1 g ;  

SOS , 0 . 2  g ;  Tris -borate buffer pH 8 . 2 ,  1 0  ml . ( 4 ) Over lay SOS 
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mixture : Ficoll ( 4 0 0 , 0 0 0 ) ,  0 . 5  g ;  SDS , 0 . 2  g ;  Tr is-borate buffer 

pH 8 . 2 ,  1 0  ml . ( 5 )  TE ( 5 0 /5 ) buffer pH 8 . 0 :  5 0  mM-Tris-HCl ; 

( 6 )  0 . 1 %  ( w/v ) sarkosyl : N- lauroylsarkos ine ( Sigma ) , 

0 . 1 g ;  TE ( 5 0 /5 ) buf fer pH 8 . 0 ,  1 0 0 ml .  ( 7 )  Ethidium bromide 

( 1 1-lg ml- 1 ) .  ( 8 )  Agarose ( S igma ) . 

Method 

Cel l s  were grown to the log phase ( OD60 0  = 0 . 4 ) i n  TY broth and 

harvested by centrifugation ( mi crocentri fuge , top spee d ,  5 min ) . The 

ce ll pel let was washed once with sarkosyl solution ( Schwinghamer , 1 98 0 ) , 

and once in 1 ml of TE ( 5 0 /5 ) buffer , pH 8 . 0  and drained well . The cell 

pellet was resuspended in 40 !J.l of the lysozyme mixture , loaded into the 

wel l  of a vertical 0 . 8% agarose ge l ( 1 4 0 x 1 3 0 x 3 mm) and incubated for 

1 0  min at room temperature . SDS mixture ( 1 0 % F i col l ;  40 !J.l ) was layered 

on top of the bacteria- lysozyme mixture and the two laye r s  were gent ly 

mixed with a toothpick . The overlay SDS mixture ( 1 0 0  !J.l ) was layered on 

top and the wel l  was sealed with agarose . Plasmid DNA was separated by 

electrophore s i s  at 4 5V for 45 min and at 1 80V for 2 . 5  h .  After 

electrophore s i s  gel s  were stained for 1 5  min in ethidium bromide 

( 1  IJ.g ml- 1 ) ,  washed with disti l led wate r , and photographed on a UV 

transil luminator with Kodak Tri-X f i lm ,  using a No . 2 3A Wratten gelatine 

f i lter ( Kodak ) .  The molecular wei ght of the Rhizobium plasmids was 

determined by comparing their relative mobilities with those of the two 

plasmids of A grobacterium tumefaciens strain C 5 8 , which contains 

plasmids of 1 3 0 Mdal ( Holsters et al . , 1 97 8 ) and 2 7 5  Mdal ( Denarie 

et a l . , 1 98 1 ) .  

3 . 2 . 1 2  I solation of plasmids by the Tait procedure 

Thi s  procedure ( Andersen et al . ,  1 9 8 1 ) was used for screening 
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plasmids found in Bradyrhizobium spp . ( Lotus ) .  

Materials 

( 1 )  0 . 9% { w/v ) sodium chloride . ( 2 )  TE ( 5 0/5 ) buf fer pH 8 . 0 :  

50 mM-T r i s-HCl , 5 mM-Na 2EOTA . { 3 )  TE sucrose , pH 8 . 0 :  5 0  mM-Tris-HCl , 

5 mM-Na2EDTA , 2 0 %  { w/v ) sucrose . ( 4 ) Lysozyme ( S igma ) . { 5 )  Pronase 

{ Calbiochem , nuclease free , stored at - 2 0°C ) . ( 6 )  2 0 %  ( w/v ) SOS in 

di sti l le d  water . { 7 )  Ribonuclease { 1  mg ml- 1 , heat treated for 2 min at 

{ 8 )  Redisti lled phenol saturated with TE buffer pH B . O .  { 9 )  

Urea- dye mixture : bromophenol blue , 0 . 0 5% ; xylene cyanol FF { BOH ) 
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0 . 0 5 %  in 1 0M-urea . { 1 0 )  Ethidium bromide { 1  �g ml- 1 ) .  { 1 1 )  Tris-borate 

electrophoresis buffer , pH 8 . 2  { s ection 3 . 2 . 1 1 ) .  { 1 2 )  Sarkosyl 0 . 1 % 

{ w/v ) in TE buffer { section 3 . 2 . 1 1 ) .  All buffers were autoclaved before 

use . 

Method 

Cel l s  ( 5  ml ) grown in YM medium to mid- log phase { oo6 0 0  � 0 . 5 ) were 

harvested by centri fugation { 3 0 0  �' 5 min , 4°C ) .  The cell pellet was 

washed once in 5 ml of 0 . 1 %  sarkosyl solution { Schwinghamer , 1 980 ) ,  once 

in 0 . 9% sodium chloride { 5  ml ) , once in TE buffer pH 8 . 0 and then frozen 

on dry ice . The cells were thawed ,  resuspended in 1 50 �1 TE sucrose 

solution pH 8 . 0 and 1 mg of lysozyme in 1 5 0  �1 of disti l led water was 

added . The suspension was incubated with occas ional mixing at 4°C for 

30 min . Pronase { 0 . 5  mg ) was adde d ,  mixed and incubation continued at 

4°C for 1 5  min .  Fifteen microlitres o f  2 0 %  SOS was added and mixed by 

rol l ing the tube unti l  lysis occurred .  The suspension was incubated on 

ice for a further 1 5  min with occasional mixin g .  After the incubation , 

di stilled water { 3 0 0  �1 )  and phenol { 3  ml )  were added to the lysate , 

which was mixed gently for 2 min and separated by centrifugation 



( 1 2 , 0 0 0  �' 1 0  min , 4°C ) .  The aqueous phase ( 1 0 0  �l ) was carefully 

removed and mixed with 1 0  �l of urea-dye mixture and 70 �l was loaded 

onto a vertical 0 . 8% agarose ge l ( section 3 . 2 . 1 1 ) .  The DNA was 

separated by electrophores is for 3 h at 9 0V .  Staining and photography 

of gels were performed as described in section 3 . 2 . 1 1 .  

3 . 2 . 1 3  Preparation of R . loti plasmid DNA 

In order to isolate pRlo 2 2 1 3a on a preparative scale the procedure 

of Kado and Liu ( 1 98 1 ) was used with minor modi fications . 

Materials 

( 1 )  Tris-acetate buffer : 4 0 mM-Tris , 2 mM-Na2EDTA , pH adjusted to 

7 . 9  with glacial acetic acid . ( 2 )  Lysis mixture : 50 mM-Tri s , 3 %  ( w/v ) 

sarkosyl ,  pH adjusted to 1 2 . 6  with 2 M-NaOH immediately before use .  ( 3 )  

2 M-NaOH ( freshly prepared ) .  ( 4 ) 0 . 1 % ( w/v ) sarkosyl in Tris-acetate 

buffer pH 7 . 9 .  ( 5 )  TE ( 5 0 / 1 0 )  buffer pH 8 . 0 :  50 mM-Tris , 1 0  mM­

Na2EDTA . ( 6 )  Phenol-chloroform ( 1 : 1 , v/v ) , saturated with TE ( 5 0/ 1 0 )  

buffer pH 8 . 0 .  ( 7 )  2 M-Tris pH 7 . 0  ( 8 )  5 0 %  ( w/v ) PEG 60 0 0 .  ( 9 )  

Ethidium bromide ( 1 0 mg ml- 1 ) .  ( 1 0 )  Caes ium chloride . ( 1 1 )  

Isopropanol saturated with 5 M-sodium chloride . ( 1 2 )  Chloroform . ( 1 3 )  

95% ethanol .  ( 1 4 ) 3 M-sodium acetate . ( 1 5 )  TE ( 1 0 / 1 ) buffer pH 8 . 0 :  

1 0  mM-Tr i s , 1 mM-Na2EDTA . 

Method 

A 48 h culture of NZP2 2 1 3  grown in 5 0  ml of TY broth was subcultured 

into 1 . 5  1 of TY broth and incubated at 2 8°C with shaking for 48 h 

( OD60 0 � 0 . 3 ) . Ce lls were harvested ( 1 0 , 0 0 0  �' 1 0  min , 4°C ) ,  washed 

once with 50 ml of 0 . 1 % sarkosyl solution , once with 50 ml of Tris­

acetate buffer pH 7 . 9  and resuspended in 24 ml of Tris-acetate buffer 
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pH 7 . 9 .  Solid lysozyme was added to the ce ll suspens ion to a final 

concentration of 1 0  mg ml- 1 and incubated for 3 0  min at 4°C . After 

incubation , 48 ml of lys is mixture was added , mixed and incubated at 

The lysate was cooled to room temperature , adj usted to pH 8 . 0 with 2 

M-Tris pH 7 . 0 , and 5 M-NaCl was added to a f inal concentration of 3 %  

(w/v ) . An equa l volume o f  phenol- chloroform mixture was added , mixed 

gently unt i l  emulsified and centrifuged ( 1 2 , 0 0 0  �· 1 5  min ,  4°C ) .  The 

aqueous phase was collected and an equa l volume of chloroform adde d .  

The sample was mixed and re-centri fuged ( 1 2 , 0 0 0  �· 1 0  min , 4°C ) .  The 

volume of the aqueous phase collected was determined and 0 . 2  volume of 

50% ( w/v ) PEG 6 0 0 0  added , mixed by inversion and he ld at 4°C overnight . 

The DNA was precipitated by low speed centrifugation ( 3 0 0 0  g ,  1 . 5  rnin , 

4°C ) and resuspended in TE ( 1 0 / 1 ) buffer pH B . O .  

Sol id caes ium chloride ( CsCl ) was added to the DNA solution to 

1 g ml- 1 , ethidium bromide added to 3 0 0  � ml- 1 , and the solution 

centrifuged in a Beckman Type 65 rotor at 2 5 0 , 0 0 0  � for 4 0 h at 1 6°C . 

After ultracentrifugation , the plasmid DNA was collected and extracted 

with sodium chloride- saturated isopropanol to remove ethidium bromide 

Amemura et a l . , ( 1 982 ) .  The extraction was repeated 3-4 times unti l  the 

solution was clear . The CsCl in the plasmid DNA preparation was removed 

by dialy s i s  aga inst TE ( 1 0 / 1 ) buffer pH 8 . 0 ( section 2 . 2 . 7 )  

After dialys i s , the plasmid DNA was precipi tated by adding 0 . 1 

volume of 3 M-sodium acetate solution and 2 . 5  volumes of 9 5 %  cold 

ethanol to the DNA solution and leaving it overnight at - 2 0°C .  The DNA 

was harvested by centrifugation ( 2 7 , 0 0 0  �' 1 0  min , 4°C ) ,  washed twice in 
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95% ethanol , dried in vacuo and resuspended in TE ( 1 0/ 1 ) buffer.  The 

purity and concentration of DNA were determined as described in section 

2 .  2 .  5 .  

3 . 2 . 1 4 I so lation of genomic DNA 

Tota l Rhizobium DNA was isolated by a modif ication of the procedure 

of Fischer and Lerman ( 1 9 79 ) . 

Materials 

The fol lowing material s  were used : ( 1 )  TE ( 5 0/2 0 ) buffer : 

50 mM-Tris/HC l , 2 0  mM-Na2ETDA , pH 8 . 0 .  ( 2 )  TE ( 1 0 / 1 ) buffer : 

1 0  mM-Tris/HC l , 1 mM-Na2EDTA , pH 8 . 0 .  ( 3 )  0 . 1 % ( w/v ) sarkosyl in TE 
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buffer . ( 4 ) Lysozyme ( Sigma ) . ( 5 )  Proteinase K ( Si gma ) . ( 6 )  N- lauroyl-

sarkos ine ( Sigma ) . ( 7 )  95% ethanol . ( 8 )  Phenol ( saturated with TE 

( 5 0 /2 0 ) buf fer pH 8 . 0 ) . ( 9 )  3 M-sodium acetate . 

Method 

A 2 0  ml culture of late- log phase R .  loti NZP2 2 1 3  cel l s  was 

harvested by centrifugation ( 3 0 0 0  �, 5 min , 4°C ) ,  washed with 1 0  ml of 

sarkosyl solution and then with 1 0  ml of TE ( 5 0/2 0 ) buf fe r . The cell 

pe llet was resuspended in 5 ml of TE ( 5 0/2 0 )  buffer and solid lysozyme 

was added to a f inal concentration of 3 0 0  �g ml- 1 . The mixture was 

incubated at 3 7 °C for 3 0  min with occas ional mixin g .  Proteinase K and 

sarkosyl wer e  added to a final concentration of 6 0 0  �g ml- 1 and 1 %  ( w/v ) , 

respectively . Thi s mixture was then incubated at 5 0°C for 1 6  h .  The 

lysate was cooled to room temperature and extracted twice with phenol , 

followed by two chloroform extractions as described in section 3 . 2 . 1 3 .  

The aqueous phase was then centrifuged to remove cell debris ( 1 2 , 0 0 0  �· 

1 0  min ,  4°C ) ,  and the DNA was precipitated with ethanql ( section 



3 . 2 . 1 3 ) .  The purity and concentration of the DNA were determined as 

previously described ( sect ion 2 . 2 . 5 ) . 

3 . 2 . 1 5  Digestion o f  DNA with restriction enzymes 

Materials 

( 1 )  Hae Ill buffer ( x 1 0 )  pH 7 . 6 :  0 . 06 M-Tris pH 7 . 6 ;  

0 . 1 M-MgC12 . 6H20 ;  0 . 1 M-mercaptoethanol . ( 2 )  1 M-sodium chloride . 

( 3 )  SOS dye mixture : 2 0 %  ( w/v ) sucrose , 1 %  ( w/v ) SOS , 0 . 2% ( w/v ) 

bromophenol blue . ( 4 ) Restriction enzymes ( New England Biolabs ) .  

Method 

A l l  DNA digestions were carried out in Hae I l l  buffer ( x 1 ) with the 

salt concentration adjusted as recommended by the manufacturer using 

1 M-sodium chloride . Digestions were performed at 37°C for 1 -2 h .  An 

aliquot of the digest was checked on a minigel ( section 3 . 2 . 1 7 )  to 

ensure the digestion had gone to completion before the reaction was 

stopped by adding 0 . 2  volume of an SOS dye mixture .  If the DNA 

· digestion was incomplete , more enzyme was added and the mixture further 

incubated or the DNA was further purified ( section 3 . 2 . 1 6 )  and the 

experiment repeated . 

3 . 2 . 1 6  Purification o f  DNA preparations 

The following protocols were used to purify small quantities of DNA . 

3 . 2 . 1 6 . 1 Purification by phenol chloroform extraction 

A measured volume of DNA was transferred to a microcentrifuge tube 

and an equal volume of phenol-chloroform ( 1 : 1 ;  v/v ) added , mixed 

thoroughly and centrifuged at top speed for 3 min in a microcentrifuge . 
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The aqueous pha se was col lected,  an equal volume of ster ilized water 

added to the phenol-chloroform mixture and the extraction was repeated . 

The DNA was ethanol prec ipitated ( section 3 . 2 . 1 3 )  E .  coli transfer RNA 

( 2 0 mg ml- 1 ) was added to a final concentration of ( 2 0 - 5 0  �g ml- 1 ) when 

the concentration of DNA was less than 1 -5 �g ml- 1 . 

3 . 2 . 1 6 . 2 Desalting with S ephadex G-5 0 

A method described by Helmerhorst and Stokes ( 1 980 ) was used.  

Sephadex G-5 0  resin ( 2  g ;  Pharmacia , medium grade ) was hydrated ,  

deaerated and stored at 4°C .  A S ephadex column was set up i n  a 0 . 75 ml 

microcentrifuge tube pierced by a heated # 1 9  gauge needle , packed with a 

small quantity of glass wool and filled with the Sephadex suspension . 

The tube was placed in a 1 . 5  ml microcentrifuge tube , centrifuged in a 

table top centrifuge with swing out buckets ( IEC ) at 450  g for 1 0 - 1 5  s 

to pack the column { Fi g .  3 . 1 ) .  More Sephadex was added to the column 

and centrifugation was repeated unti l  the volume of the tightly packed 

column was at least 0 . 4  ml .  The 1 . 5 ml microcentrifuge tube was 

replaced with a new one and the sample to be desalted ( maximum volume 

1 0 0  � )  was loaded on the column and was centrifuged at 3 5 0  g ,  1 min . 

If the recovered volume was significantly less than the original volume , 

an appropriatae volume of sterile water was added and the sample 

recentri fuged . 

3 . 2 . 1 7  Horizontal agarose gel e lectrophoresis of DNA 

The horizontal slab gels { 2 0 0  x 1 55 x 4 mm) used contained 0 . 8% 

(w/v ) agarose ( Sigma , Type 1 ) .  The electrophoresis buffer pH 7 . 8 , 

contained 4 0  mM-Tris , 1 mM-Na2EDTA and 5 mM-Na acetate . Electrophoresis 

was usually carried out at 1 . 5  V cm- 1  for 16 h .  Gels were stained and 

photographed as de scribed in section 3 . 2 . 1 1 .  For rapid e lectrophoresis 
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Figure 3 . 1  A Sephadex G- 5 0  column used for DNA purification . See 

section 3 . 2 . 1 6 for details . 
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of DNA ,  small samples were analysed on a rninigel ( 93 x 68 x 1 . 5  mm ) run 

at 1 3  vcm- 1 for 1 h .  

3 . 2 . 1 8  Preparation of [ 32p ] -labelled DNA probes 

The procedure described by Taylor et al . ( 1 97 6 )  and Whitfeld et a l .  

( 1 982 ) was used . 

Materials 

( 1 )  Deoxycytidine 5 '  ( a3 2p )  triphosphate ( Arnersham PB , 1 02 0 5  

3 0 0 0  C i  rnmol- 1 ) .  ( 2 )  Random primers (prepared by Dr D . B .  Scott from 

herring sperm DNA ) . ( 3 )  DNA polymerase I ( Klenow fragment from 

Boehringer Mannhe im) . ( 4 )  Deoxyribonucleoside triphosphates ( Sigma ) : 

dATP ( 20 mM) ,  dGTP ( 20 mM) ,  dTTP ( 2 0 mM) . ( 5 )  Hae I l l  restriction 

enzyme ( New England Biolabs ) .  ( 6 )  Sephadex G-5 0  ( Pharmacia , fine 

grade ) .  ( 7 )  0 . 25 M-Na2EDTA , pH B . O .  ( 8 )  Phenol ( equi librated with TE 

( 5 0/20 ) buffer , pH 8 . 0 ) . ( 9 )  Chloroform. ( 1 0 )  TES ( 1 0/ 1 / 1 0 0 ) buffer 

pH 8 . 0 :  1 0  mM-Tri s ,  1 mM-Na2EDTA , 1 00 mM-sodium chloride . 

Method 

DNA ( 0 . 25- 1 . 0 � g )  to be labelled , was digested with Hae I l l  

restriction enzyme i n  a 25  �1  reaction mixture for 3 0  mins a t  37°C 

( section 3 . 2 . 1 5 ) . Random primers ( 1 0 0  g )  were added and the mixture 

was boiled for 2 min then chilled rapidly on ice . Reagents were added 

in the order listed below : Sterilized distilled water , 2 . 5  � 1 ;  Hae I l l  

( x 1 0 )  buffer , 1 . 5  �1 ;  dTTP ,  1 �1 ; dATP , 1 �1 ;  dGTP , 1 � 1 ;  [ 3 2p ]  CTP , 

3 �1 ; DNA polymerase I ,  1 �1 .  The mixture was incubated at 37°C for 3 0  

min , and the reaction was stopped by adding 2 � 1  o f  0 . 25 M-Na2EDTA . The 

reaction mixture was extracted with phenol : chloroform ( section 3 . 2 . 1 6 )  

and the aqueous phase was loaded onto a Sephadex G-5 0  column 

4 0 . 



equilibrated with TES buffer pH 8 . 0 .  Fractions ( approximately 1 5 0 � l )  

were collected and the DNA peak was pooled and stored at -20°C .  DNA 

probes were usually labelled to a specific activity of 1 -5 x 1 08 cpm per 

� g DNA . 

3 .  2 .  1 9  DNA transfer and hybridisation 

The procedure described by Southern ( 1 975 ) was used . 

Materials 

( 1 )  0 . 25 M-HCl .  ( 2 )  0 . 5  M-NaOH , 0 . 5  M-sodium chloride . ( 3 )  

0 . 5  M-Tris pH 7 . 4 , 2 . 0  M-sodium chloride . ( 4 )  2 0  x SSC ( 3  M-sodium 

chloride , 0 . 3  M-sodium citrate . ( 5 )  2 x ssc . ( 6 )  Denhardts solution 

( 1 0x )  ( Denhardt , 1 966 ) contained : M Hepes buffer pH 7 . 0 , 25  ml ; 2 0  x 

SSC , 75 ml ; herring DNA ( 28 mg ml- 1 ) ,  0 . 32 ml ; E .  coli tRNA ( 1 0 

mg ml- 1 ) ,  1 ml ; 20%  ( w/v) SOS , 2 . 5  ml ; Ficoll ( Sigma 7 0 ) ,  1 g ;  bovine 

serum albumin ( BSA ) , 1 g; polyvinylpyrrolidone ( PVP ) ; distilled wate r ,  

397 ml . { 7 )  Nitrocellulose filter ( Schleicher and Schull BA 85 ) .  

Method 

Gels were stained and photographed as described in section 3 . 2 . 1 1 .  

DNA was subj ected to partial depurination by shaking the gel in 0 . 25 M­

HCl for 1 5  min ( Wahl et al . ,  1 9 79 ) ,  then denatured by shaking for 1 5  min 

in 0 . 5  M-NaOH , 0 . 5  M-sodium chloride , followed by shaking for 1 5  min in 

0 . 5  M-Tris pH 7 . 4 , 2 . 0  M-sodium chloride to neutralize the gel .  The gel 

was washed in 2 x ssc for 2 min and placed on a blotting stand for DNA 

transfer to the nitrocellulose filter ( Fi g .  3 . 2 ) . The n itrocellulose 

filter was removed after 16 h ,  washed in 2 x SSC for 5 min , blotted dry 

and baked in vacuo at 80°C for 2 h .  The filter was sealed in a bag 

containing 2 0  ml ( x 1 0 )  Denhardts solution and prehybridised at 65°C for 
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Figure 3 . 2  Apparatus for DNA transfer by Southern blotting . See 

section 3 . 2 . 1 9 for details . 
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at least 2 h .  Most of the liquid in the bag was drained off , boiled 

probe { 1 0 6 cpm ) was added { section 3 . 2 . 1 8 ) , the bag resealed and 

incubated in a shaking waterbath at 65°C overnight . After incubation , 

the fi lter was removed from the bag ,  washed in 3 changes of 2 x SSC , 

blotted dry , covered with "Gladwrap" and exposed to I lford Curix X-ray 

film in the presence of Cronex intensifying screens for 1 -5 d at -7 0°C .  

When filters were reused the probe DNA was removed by washing for 2 0  min 

in 20  mM-NaOH , 1 5  min in 0 . 5  M-Tris , pH 7 . 4 ,  2 . 0  M-NaCl and 1 5  min in 2 x 

ssc . 

3 . 3  RESULTS 

3 . 3 . 1 Physical characterisation of plasmids in Lotus rhizobia 

The pla smid content of five R. loti strains and five Bradyrhizobium 

spp .  { Lotus ) strains were determined by the Eckhardt procedure and the 

Tait procedure respectively .  The results obtained are summarised in 

Table 3 . 2 .  

3 . 3 . 2  DNA homology between pRlo22 1 3a and pRlo2 0 3 7 a  

Both NZP22 1 3  and NZP20 3 7  contain a s ingle large indigenous plasmid 

{ Table 3 . 2 ) . In order to determine if  there was any homology between 

these plasmids , pRlo22 1 3a was purified as described in the methods 

{ section 3 . 2 . 1 3 )  and used as a probe against NZP 2 0 3 7  plasmid DNA { Fi g .  

3 . 3a ,  lane 1 }  and a n  EcoRI digest o f  NZP20 3 7  total DNA { Fi g .  3 . 3a ,  lane 

3 } . No hydri disation was observed in either cases { Fi g .  3 . 3b ,  lanes 1 

and 3 }  a lthough strong hybridisation was observed to the control samples 

of NZP22 1 3  plasmid DNA { Fi g .  3 . 3b ,  lane 2 }  and the EcoRI digest of 

NZP22 1 3  total DNA { Fi g .  3 . 3b,  lane 4 } . 
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Table 3 . 2  Plasmids in Lotus rhizobia 

Number of Estimated 
Bacterial strains plasmids Plasmid designationa sizeb 

present ( MDal ) 

Rhizobium lotic 

NZP22 1 3  one pRlo22 1 3a 1 2 0  

NZP2 0 3 7  one pRlo2037a 240 

NZP2 048 one pRlo2048a 240 

NZP2227 one pRlo22 2 7a 240 

NZP2238  one pRlo2238a 240  

Bradyrhizobium spp . ( Lotus ) d 

NZP23 0 9  ( CC8 1 4s )  one 2 2 0  

NZP2 07 1 one 2 3 0  

NZP2 075  two 240 , 280 

NZP2229 two 1 3 0 , 280 

NZP22 0 2  three 1 80 , 22 0 , 24 0  

a The plasmid nomenclature proposed by Casse et al . ( 1 979 ) is  used.  

The indigenous plasmid of R .  loti was designated by a prefix p ,  

followed by an abbreviated species name Rlo and strain number in 

which the plasmid was found, the serial letters were used here to 

indicate the possible occur rence of multiple plasmi ds . 

b Agrobacterium tumefaciens strain C58 contains two plasmids ( MW  

1 3 0  MDal and 275  MDal ) and these were used for molecular size 

comparison . 

c Plasmids of R .  loti strains were analysed by the Eckhardt 

procedure . 

d Plasmids of Bradyrhizobium spp . ( Lotus ) strains were analysed by 

the Tait procedure . 



Figure 3 . 3  DNA homology between pRlo2 2 1 3a and pRlo2037a . ( a )  Agarose 

ge l of pRlo2 0 3 7a DNA ( lane �) and pRlo2 2 1 3a DNA ( lane J )  

isolated by the Eckhardt procedure and EcoRI digests of 

total DNA from NZP2 0 3 7  ( lane � )  and NZP22 1 3  ( lane 1 > · ( b )  

Autoradiograph o f  the same gel hybridised with [ 3 2p ] ­

label led pRlo2 2 1 3a DNA . 
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3 . 3 . 3  Attempt to isolate Nod- derivatives of NZP22 1 3  by 

heat curing 

In an attempt to isolate non-nodulating (Nod- ) derivatives of 

NZP22 1 3 ,  a TY broth culture of NZP2 2 1 3  was incubated at 38°C for 1 week . 

During this period the cell number dropped from 1 x 1 09 cells ml- 1 to 

approximately 1 x 1 0 3 cells ml- 1 . The surviving bacteria were plated on 

YM agar medium and incubated at 28°C for 6 days . Two hundred single 

colonies were picked and tested on Lotus tenuis plants . All the 

colonies tested had a Nod+Fix+ phenotype . 

3 . 3 . 4  Attempt to isolate a Nod- derivative of NZP22 1 3  by 

UV mutagenesis 

Since the isolation of a Nod- derivative of NZP22 1 3  by heat 

treatment was unsuccessful , UV mutagenesis was used in a second attempt 

to isolate Nod- mutants from a StrR RifR derivative , PN 1 1 2 ,  of NZP22 1 3 .  

The UV treatment of a PN 1 1 2 broth culture ( section 3 . 2 . 5 )  resulted in a 

99 . 9% kill . Two hundred colonies were single colony purified and tested 

on Lotus tenuis plants . All the inoculated plants were Nod+ . 

To determine whether the stability of the indigenous plasmid,  

pRlo22 1 3a ,  was affected by the UV treatment , twenty out of the 2 0 0  

colonies were analysed by the Eckhardt procedure . One of the twenty 

colonies tested had lost pRlo2 2 1 3a ( Fi g .  3 . 4 ,  lane 2 ) . However this 

plasmid-cured derivative , strain PN225 , retained the ability to nodulate 

Lotus tenuis plants effectively . Bacteria isolated from these nodules 

were found to be StrR RifR, induced Nod+Fix+ nodules when retested on 

Lotus tenuis plants and were found to lack pRlo22 1 3a .  

Although the nodulation properties of the plasmid-cured strain were 
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Figure 3 . 4  Agarose gel of plasmids in R. loti strains . Lane 1 ,  

R .  loti NZP2 2 1 3  showing the single indi geno us plasmid, 

pRlo2 2 1 3a ;  lane 2 ,  R .  loti PN2 2 5 , a plasmid-cured 

derivative of NZP2 2 1 3 ;  lane 3 ,  A .  tumefaciens C58 

reference strain showing two plasmids . Numbers indicate 

molecular size of plasmids in megadaltons { MDal ) . 
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identical to that of NZP22 1 3 ,  their growth rates appeared to be 

different . Colonies of NZP2 2 1 3  reached 1 mm in diameter after 3 days on 

YM agar medium , whereas colonies of PN2 2 5  required 4 days incubation to 

reach the same size: 

3 . 3 . 5  Hybridisation of pRlo22 1 3a to total DNA of R .  loti strains 

NZP2 2 1 3  and PN225 

To determine whether the absence of pRlo2 2 1 3a in PN225 , was due to 

curing of the plasmid or to integration of the plasmid DNA into the 

chromosome , pRlo2 2 1 3a DNA was purified ( section 3 . 2 . 1 3 )  and used as a 

hybridisation probe against a Southern blot of EcoRI digests of total 

DNA from NZP22 1 3  ( Fi g .  3 . 5a ,  lane 1 )  and PN225 ( Fi g .  3 . 5a ,  lane 2 ) . The 

results showed that [ 32p ] -labelled pRlo22 1 3a hybridised to the total DNA 

digest of NZP22 1 3  ( Fi g .  3 . 5b ,  lane 1 )  but not to the total DNA digest of 

PN225 ( Fi g .  3 . 5b ,  lane 2 ) . 
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3 . 3 . 6  Identification of strain PN225  as a derivative of R .  loti NZP2 2 1 3  

3 . 3 . 6 . 1 Strain identification by phage typing 

When R .  loti strains NZP2 2 1 3  and PN225  were typed a gainst �20 3 7/ 1 , 

a phage specific for R .  loti strains ( Pate l ,  1 9 76 ) , both strains showed 

identical patterns of susceptibility ( Fi g .  3 . 6 ) . 

Strain identification by tandem crossed-immunoelectrophoresis 

Strain PN225 was also compared with strain NZP22 1 3  by the technique 

of tandem crossed-imrnunoelectrophoresis . The crossed-immunoelectrophoresis 

pattern of strain NZP22 1 3  against itself is shown in Fig. 3 . 7a .  Fig. 3 . 7b 

shows the crossed-immuno-electrophoresis pattern of strain NZP2 2 1 3  

reference antigen ( well  3 }  a gainst strain PN225  antigen ( well 4 ) . Fig.  

3 . 7c shows the crossed-immunoelectrophoresis pattern of  strain NZP22 1 3  



Figure 3 . 5  Hybr idisation of pRlo22 1 3a to EcoRI enzyme digests of 

R. loti total DNA . ( a )  An ethidium bromide stained 

agarose ge l showing the total DNA digests of NZP2 2 1 3  ( lane 

1 )  and PN225 ( lane 2 ) . ( b )  Autoradiograph of the same gel 

hybridised with [ 32p] - labe lled pRlo2 2 1 3a DNA . 
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Figure 3 . 6  Identification of R.  loti strains by phage typin g .  

Susceptibility pattern o f  R.  loti strain NZP22 1 3  

to phage �2 0 3 7/ 1 . Numbers indicate the serial di lution 

factors . 





Figure 3 . 7  Tandem crossed- immunoelectrophoresis patterns of R .  loti 

strains . ( a )  The reference crossed-immunoelectrophoresis 

pattern of NZP22 1 3  using NZP22 1 3  antigens in wel ls 1 and 2 .  

( b )  The cros sed-immunoelectrophoresis pattern of NZP22 1 3  

anti gen , we ll 3 ,  against PN225 antigen , wel l  4 .  ( c )  The 

crossed-immunoelectrophoresis pattern of NZP22 1 3  antigen , 

wel l  5 ,  against NZP20 3 7  antigen , well 6 .  Sonicated 

bacterial cells were used as the source of antigen and 

antibodies to NZP22 1 3  cells  were used as the reference 

antiserum in these experiments .  
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reference antigen { well 5 )  against strain NZP20 3 7  antigen { well 6 ) . 

3 . 3 . 6 . 3  Strain identification by restriction enzyme 

digest patterns 

Comparison of restriction enzyme digest patterns of total DNA is 

also a useful method for strain identification . Us ing this method EcoRI 

digest patterns of total DNA from R. loti strains NZP22 1 3 ,  PN225 and 

NZP2 0 3 7  were compared { Fig .  3 . 8 ) . 

3 . 3 . 7  DNA homology between the nod gene region of R .  loti NZP2037  

and the plasmid-cured derivative , PN225  

The plasmid-cured derivative of R .  loti NZP22 1 3 ,  strain PN225 , was 

found to still form effective nodules on Lotus tenuis { section 3 . 3 . 4 ) . 

Confirmation that the plasmid-cured derivative , PN22 5 ,  retained its nod 

gene region was obtained by Southern hybridisation . Total DNA from 

strains NZP22 1 3  and PN225 were digested with EcoRI enzyme , blotted and 

hydridised to the [ 32p] -labelled nod gene region of R. loti NZP2037  

{ Chapter 5 ) . The nod gene probe used in this hybridisation experiment 

was a 1 2 . 8  kb EcoRI fragment carrying nod : : Tn5 sequences from pPN30 1  

{ section 5 . 3 . 1 ) .  An EcoRI digest of NZP20 3 7  total DNA was included as a 

control . Hybridisation was found to 9 . 6  and 3 . 8  kb EcoRI fragments in 

both NZP2 2 1 3  { Fi g .  3 . 9 ,  lane 1 )  and PN225  ( Fig .  3 . 9 ,  lane 2 )  and to a 

7 . 1 kb EcoRI fragment in NZP20 3 7  ( F i g .  3 . 9 ,  lane 3 ) . 

3 . 4 DISCUSSION 

Using the Eckhardt ( Eckhardt , 1 97 8 )  and the Tait ( Andersen et al . 

1 9 8 1 ) procedures , both fast- and slow- growing Lotus rhizobia were found 

to harbour large indigenous plasmids . The five strains of R. loti 

analysed by the Eckhardt procedure were found to contain a s ingle 
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Figure 3 . 8  EcoRI restriction enzyme digest patterns of total DNA from 

R .  loti strains . Lane 1 ,  NZP22 1 3 ;  lane 2 ,  PN2 2 5 ; lane 3 ,  

NZP2 0 3 7 . 
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Figure 3 . 9  Hybridisation of the nod gene region of NZP2 0 3 7  to EcoRI 

di gests of DNA from strains NZP22 1 3 ,  PN2 2 5 , and NZP2 0 3 7 . 

Autoradiograph of a Southern blot of EcoRI digests of 

R .  loti total DNA hybridised with a [ 3 2p] -labelled 1 2 . 8kb 

EcoRI ( nod : : Tn5 ) fragment from pPN 3 0 1 . Lane 1 ,  NZP2 2 1 3 ;  

Lane 2 ,  PN22 5 ; Lane 3 ,  NZP2037 . 
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indigenous plasmid ( Table 3 . 2 ) . Four out of the 5 strains tested 

carried a plasmi d of molecular weight approximately 240 MDal ,  whereas 

strain NZP22 1 3  carried a smaller plasmid of about 1 2 0  MDal . Identical 

results were obtained when these strains were analysed by the Tait 

procedure , a method that involves a more efficient lys is step . No DNA 

homology was observed between pRlo22 1 3a and pRlo2 0 37 a ,  suggesting that 

these 2 plasrnids do not carry common gene sequences . 

Although the presence of an additional large plasmid in R .  loti 

cannot be total ly excluded , the technique used here for screening 

plasmids in R. loti was satisfactory for the isolation of the large 

cryptic plasmid ( ) 30 0  MDal present in Agrobacterium tumefaciens 

( Holsters et a l . ,  1 9 7 8 }  and the megaplasmid ( > 3 0 0  MDal } present in 

Rhizobium meliloti ( Ronson and Scott , 1 983 } . In addition Kondorosi et 

al . ( 1 982 } detected the 1 0 0 0  MDal R. meliloti megaplasmid ( Burkardt and 

Burkardt , 1 984 ) after it was transferred to R .  loti NZP2 0 3 7 , but did 

not detect any further plasmids in NZP2 037 . 

Presence of a s ingle large plasmid in R .  loti strains contrasts with 

the observation that a l l  the other fast- growing Rh izobium species 

examined to date , carry multiple plasmids of molecular wei ghts ranging 

in size from 1 0 0-2 0 0  MDal ( reviewed by Prakash et a l . , 1 98 0 } . 

Large plasmids were also a common feature of Bradyrhizobium spp . 

( Lotus } .  I n  contrast to R.  loti , Bradyrhizobium spp . ( Lotus } contained 

multiple plasmids of molecular wei ghts ranging in size from 1 3 0-280  MDal . 

Although these plasmids could not be isolated by the Eckhardt procedure , 

the more efficient lysis obtained by the Tait procedure proved to be 

satisfactory for the isolation of these plasmids . Multiple plasmids are 
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a common feature of other Bradyrhizobium spp . ( B .  japonicum) ( Gross et 

al . ,  1 979 ; Haugland and Verma , 1 98 1 ; Cantre ll et al . ,  1982 ) . It 

appears that the presence of indi genous plasrnids of molecular weight 

greater than 1 0 0  MDal is a general feature of both fast and slow- growing 

root nodule bacteria . 

In order to determine whether genes for nodulation of Lotus spp . 

were carried on the large indigenous plasrnids identified in R .  loti , an 

attempt was made to isolate Nod- derivatives of R. loti strain NZP2 2 1 3  by 

heat treatment ( section 3 . 2 . 8 ) . However , no Nod- derivatives were 

obtained . As an alternative approach , uv mutagenesis was used in a 

second attempt to isolate Nod- derivatives of NZP22 1 3 .  Although this 

method was used successfully by Russell and Jones ( 1 973 ) in the 

isolation of symbiotic mutants of R. trifolii , the attempts described 

here to isolate Nod- derivatives of R. loti were unsuccessful . One 

possible explanation for this result was that the number of colonies 

screened ( 200 ) was not high enough to detect any symbiotic mutants . 

Alternatively ,  the combination of the high frequency of reversion due to 

the enzymatic repair mechanisms that operate in bacteria ( Witkin , 1 976 ) 

and the strong plant selection for revertants during the plant assay may 

have contributed to the difficulty of screening for symbiotic mutants .  

However ,  the UV treatment did affect the stability of the indigenous 

plasmid,  pRlo22 1 3a ,  of NZP2 2 1 3 .  One out of the 2 0  colonies tested by 

the Eckhardt procedure ( section 3 . 3 . 4 } had lost pRlo2 2 1 3 a .  This was 

confirmed by the fact that [ 3 2p ] - labelled pRlo22 1 3a hybridised to a 

total DNA digest of NZP22 1 3  but not with that of the plasmid-cured 

derivative of NZP22 1 3 ,  PN22 5 . Confirmation that PN225 was indeed 

derived from NZP22 1 3  was shown by the species specific phage typing 

( section 3 . 3 . 6 . 1 } ,  the strain specific serological test ( section 
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3 . 3 . 6 . 2 )  and the EcoRI enzyme restriction pattern of total DNA ( section 

3 . 3 . 6 . 3 ) . 

When the pRlo22 1 3a-cured strain PN225 was tested on Lotus tenuis ,  

it induced effective nodules on the tested plants . In addition , a 

pRlo2037a-cured derivative of R .  loti strain NZP2037  obtained by heat 

treatment was found to nodulate Lotus pedunculatus effectively ( C . E .  

Pankhurst , personal communication ) .  These results suggest that both 

pRlo22 1 3a and pRlo2037  do not carry genes necessary for nodulation . 

This was confirmed by the observation that a cloned nod region isolated 

from strain NZP2037  hybridised strongly with total DNA digests of both 

NZP22 1 3  and PN225 ( section 3 . 3 . 7 ) . In addition , Pankhurst et al . ( 1 983 ) 

reported that purified pRlo20 3 7  DNA did not hybridise with the nif 

region of R. meliloti and Dr D . B .  Scott ( personal communication ) found 

that [ 3 2p ] - labelled pSA30 , a pACYC 1 84 clone containing the nif HDK genes 

of Klebsiella pneumoniae ( Cannon et al . ,  1 979 ) did not hybridise with 

either pRlo22 1 3a or pRlo2037a . All these observations suggest that the 

genes for nodulation and the nif structural genes are not located on the 

detectable large indigenous plasmid in R .  loti . This i s  in contrast to 

the finding that some of the genes involved in nitrogen fixation , 

nodulation and host specificity are located on large indigenous plasmids 

in R .  trifolii ( Zurkowski and Lorkiewicz , 1 979 ; Prakash et al . , 1 98 1 ; - -

Hooykaas et al . ,  1 98 1 ; Schofield et al . , 1 983 ; Scott et al . ,  1 984 ) , 

R .  leguminosarum ( Johnston et al . ,  1 9 7 8 ;  Nuti et al . , 1 979 ; Downie et 

al . 1 1 98 3 b )  1 R .  phaseoli ( Beynon et al . ,  1 98 0 ; Lamb et al . , 1 982 ) ,  and 

R. meliloti ( Banfalvi et al . ,  1 98 1 ; 

- -

Rosenberg et al . , 1 9 8 1  ; Long et 

al . , 1 98 2 ; Buikema et al . ,  1 98 3 ; Kondorosi et al . , 1 984 ) . However , 

studies to date on the slow-growing Bradyrhizobium j aponicum strains 

showed that nif HDK genes were not located on the large plasmids present 
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in the strains studied ( Haugland and Verma , 1 98 1 ; Masterson et al . ,  - -

1 982 ) . It is unknown whether the plasmids of Bradyrhizobium spp . 

( Lotus ) carry any symbiotic genes . 

The work reported here shows that the large plasmids of R .  loti 

strains do not carry nod and nif genes . The function of these plasmids 

is unknown . However ,  it was observed that the growth rate of the 

plasmid-cured derivative of strain NZP22 1 3 ,  PN22 5 ,  was slower than that 

of the wildtype ( section 3 . 3 . 4 )  suggesting that pRlo22 1 3a may carry 

genes involved in some catabolic pathways .  

3 . 5  SUMMARY 

Large plasmids were identified in both the fast-growing R .  loti and 

slow-growing Bradyrhizobium spp . ( Lotus ) .  A derivative lacking the 

large plasmid found in R .  loti strain NZP22 1 3  still retained the 

capacity to nodulate Lotus tenuis effectively . This plasmid-cured 

strain was shown to be a derivative of strain NZP22 1 3  by phage typing, 

serological tests and by comparison of the restriction enzyme patterns 

of total DNA . No DNA homology was observed between pRlo22 1 3a and 

pRlo2037a . These results suggest that genes for nodulation and nitrogen 

fixation are carried on the chromosome of NZP22 1 3 .  The function of the 

plasmids in both R .  loti and Bradyrhizobium spp . ( Lotus ) is still 

unknown . 
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CHAPTER FOUR 

ISOLATION AND CHARACTERI SATION OF TNS-INDUCED SYMBIOTIC MUTANTS OF 

4 . 1 INTRODUCTION 

RHIZOBIUM LOT! 

In chapter 3 an attempt was made to isolate a Nod- derivative of 

R. loti strain NZP22 1 3  by UV mutagenesis as at the time a suitable 

vector system for introducing a transposon into the R. loti genome was 

not available . During the course of this work , a vector system ( Simon 

et al . , 1 98 3 ) became avai lable for introducing TnS into the genome of 

R. loti and as outlined below this is a more des irable method for 

generating mutations . 

Transposons have been used to induce mutations in a range of 

bacterial species ( Kleckner et al . ,  1 977 ; van Vliet et al . ,  1 978 ) . A - -

commonly used transposon is the well  characterised TnS ( Kleckner et al . ,  

1 977 ; Jorgensen et al . , 1 9 79 ) . Transposon TnS ( 5 . 7  kb) encodes 

resistance to neomycin and kanamycin and thus is suitable for direct 

selection in the isolation of mutants . Transposition of Tn5 appears to 

be a singular and nonspecific event , hence multiple mutations are 

avoided . If  Tn5 insertion occurs within an operon it has a polar 

effect on genes downstream of the insertion ( Kleckner et al . ,  1 9 77 ) . 

The absence of an EcoRI restriction s ite in Tn5 ( Jorgensen et al . , 1 97 9 )  

facilitates identification and molecular cloning of the Tn5 mutated 

genes from an EcoRI digest of total mutant DNA . 

A method for introducing Tn5 into the Rhizobium genome by using the 

suicide plasmid pJB4JI (pPH 1 J 1 : : Mu : : Tn5 ) was first described by Beringer 

et al . ( 1 9 78 ) . This system has been used successfully in the isolation 
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of Tn5- induced symbiotic mutants in R.  leguminosarum ( Buchanan-Wollaston 

et al . ,  1 98 0 ) , R .  meliloti ( Banfalvi et al . ,  1 98 1 ; Meade et al . ,  1 982 ; 

Forrai et al . ,  1 983 ) ,  R .  trifolii ( Rolfe et al . ,  1 9 8 1 ; Scott et al . ,  

1982 ) , R .  phaseoli ( Noel et al . ,  1 9 84 ) and a Bradyrhizobium spp . 

( Parasponia ) ( Cen et al . ,  1982 ) .  However ,  attempts to use pJB4J I for 

Tn5 mutagenesis were unsuccessful in certain strains of R. meliloti 

( Meade et al . ,  1 982 ) , R. trifolii ( Rolfe et al . , 1 98 1 ;  Scott and Ronson , 

1 982 ) as wel l  as R .  loti strains NZP2037  and NZP22 1 3  ( Pankhurst et al . ,  

1 983 ) . An additional problem was the coinsertion of Mu phage as well  as 

Tn5 sequences into the genome ( Meade et al . ,  1 982 ; Noel et al . ,  1 9 84 ) . 

The recent construction of a group of mobilizable vector plasmids by 

Simon et a l . ( 1 983 , 1 984 ) has provided an alternative system of Tn5 

mutagenesis for Rhizobium. These vector plasmids are derived from 

E. coli specific narrow host range replicons that contain the broad host 

range RP4 specific Mob-site and Tn5 sequences cloned into unique Bam HI 

sites of the vector plasmids . One such plasmid is pSUP 1 0 1 1  which is a 

pACYC 1 84 ( Chang and Cohen ,  1 978 ) derivative carrying the transposon Tn5 

in mob ( refer Fig .  4 . 1 ) .  Plasmid pSUP 1 0 1 1 encodes kanamycin and 

chloramphenicol resistance and can be mobilized to Rhizobium by using 

E .  coli strain SM 1 0 ,  which contains plasmid RP4 on its chromosome ( Simon 

et al . , 1 983 ) . This vector system has been used successfully in random 

Tn5 mutagenesis of R .  meliloti ( Simon et al . , 1 984 ) and R .  loti 

( Pankhurst et al . ,  1 983 ) . - -

Thi s  chapter describes the use of the SM1 0/pSUP 1 0 1 1  system for 

isolating symbiotic mutants of R. loti strain NZP2 0 3 7 . Strain NZP2037  

was used instead of  strain NZP2 2 1 3  because the seedlings of Lotus 

tenuis ,  the effective host of NZP22 1 3 ,  did not always nodulate with wild 

type strains when grown in test-tubes or petri-dishes containing plant 
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Figure 4 . 1 The vector plasmid pSUP 1 0 1 1  used for Tn5 mutagenesis 
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nutrient agar . In contrast Lotus pedunculatus , an ef fective host for 

NZP2 0 37 , gave reliable plant test results with both the test-tube and 

plate assay methods and was a more suitable plant for isolating TnS­

induced symbiotic mutants .  The scheme devised by Vincent ( 1 980 ) ( refer 

Table 1 . 1 ) was used to describe the mutant phenotypes resulting from the 

various blockages in the nodule development of Lotus pedunculatus . 

4 . 2  METHODS and MATERIALS 

4 . 2 . 1 Bacterial strains and plasmids 

These are described in Table 4 . 1 .  

4 . 2 . 2  Preparation of culture media 

4 . 2 . 2 . 1 Liquid media 

Tryptone yeast extract medium ( TY ,  section 2 . 2 . 2 . 1 )  

Yeast extract mannitol medium ( YM ,  section 2 . 2 . 2 . 1 )  

Luria broth ( LB ;  section 3 . 2 . 2 . 1 )  

S20 medium ( Modified M9 medium) . Composition ( g  1- 1 ) :  Na2HP04 , 6 ;  

KH2P04 , 3 ;  NaCl , 0 . 5 ; NH4C l , 1 .  The following were added as sterile 

solutions after autoclaving ( ml 1- 1 ) :  1 0% ( w/v ) Mgso4 . 7H2o ,  2 . 5 ;  1 %  

(w/v ) CaCl2 . 2H2o ,  1 . 5 ,  2 0 %  ( w/v ) sucrose , 1 2 . 0 ;  ( 50 0  � g ml- 1 )  

biotin , 1 . 0 .  

4 . 2 . 2 . 2  Solid media ( see section 2 . 2 . 2 . 2 )  

4 . 2 . 3  Maintenance of cultures 

Rhizobium and E .  coli cultures were maintained as described in 

section 3 . 2 . 3 .  Rhizobium loti TnS-induced mutants were maintained at 

4°C on S 2 0  ( see section 4 . 2 . 2 . 1 )  slopes supplemented with neomycin 

( 5 0 0  �9 ml- 1 ) .  
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Table 4 . 1 Bacterial strains and plasmids 

Bacteria Relevant Characteristics 

Rhizobium loti 

NZP2 037  

PN 1 84 

PN233  

PN234-PN246 

Nod+Fix+ ( Lotus pedunculatus ; 

Lotus tenuis ) 

NZP20 3 7  str- 1 ,  Nod+Fix+ 

PN 1 84 str- 1 ,  Nod-

PN 1 84 str- 1 ,  Nod+Fix-

Escherichia coli 

SM1 0  C60 0 thi thr leu ton A 

[ RP4 . 2  Tc : : Mu ]  

HB 1 0 1  

Plasmids 

pACYC 1 84 

pSUP101 1 

Derivative of pACYC 1 84 carrying 

a 2 . 6  kb mob DNA fragment from 

RP4 and TnS 

Source/reference 

DSIR culture 

collection , N . Z .  

This study ; spontaneous 

mutant of NZP20 3 7  

This study ; TnS-

induced mutant of PN 1 84 

This study ; TnS-

induced mutants of PN 1 84 

Simon et al . 

( 1 983 ) 

Boyer and Roulland-

Dussoix ( 1 969 ) 

Chang and Cohen ( 1 978 ) 

Simon et al . ( 1 984 ) 



Table 4 . 1 continued 

Bacteria Relevant Characteristics Source/reference 

pBR322 Bolivar et al . ( 1 977 ) 

pKan2 ApR TcS KmR, pBR3 22 con- Scott et al . ( 1 982 ) 

taining the internal Hind I l l  

fragment o f  Tn5 

pSA30 emS TcR, Klebsiella Cannon et al . ( 1 979 ) 

pneumoniae nif HDKY genes 

cloned in pACYC 1 84 



4 . 2 . 4  Growth of bacteria 

Rhizobium loti ( see s e c t ion 3 . 2 . 4 ) 

Rhizobium loti Tn5- induced mutants were incubated at 28°C on S 2 0  

medium supplemented with streptomycin ( 25 0  � gm  1- 1 ) and neomycin 

( 50 0 �gm 1- 1 ) • 

E .  coli ( see section 3 . 2 . 4 )  

4 . 2 . 5  Conjugation 

R .  loti strain PN 1 84 ,  the Tn5 recipient strain,  was grown in 5 ml 

of TY broth at 28°C for 2 days . The Tn5 donor strain , E .  coli 

SM1 0/pSUP 1 0 1 1 ,  was cultured overnight at 37°C in LB , diluted in 9 

volumes of fresh warm LB , and grown for 4h at 3 7°C before it was crossed 

with PN 1 84 .  A modification of the method described by Jacob et al . 

( 1 976 ) was used to perform the cross . Aliquots ( 1  ml )  containing 

approximately 1 09 donor and recipient cells were mixed on a TY plate and 

left to dry in a laminar flow cabinet for 1 h .  The bacteria were 

incubated for 2 0h at 28°C and eluted from the plate with 5 ml of steri le 

distilled water , washed once ( 5  ml sterile water ) ,  and resuspended in 

5 ml of distilled water . Serial di lutions of the cell suspension were 

plated on S20  containing 250  � gm  1- 1 streptomycin and 5 0 0  � gm  1- 1 

neomycin . The cells were incubated for 5 days at 28°C . Transconjugants 

were single colony purified and tested on plants for their symbiotic 

response .  

4 . 2 . 6  Screening method for symbiotic mutants 

The plate assay described by Rolfe et al . ( 1 980 ) was used . Seeds 

of Lotus pedunculatus Cav . ' Grass land Maku ' were sterilized and 

germinated as described in section 3 . 2 . 6 .  Inocula were prepared from 

single colony purified transconjugants ( section 4 . 2 . 5 )  and streaked over 

half the surface of an agar plate . Lotus pedunculatus seedlings were 
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placed on the agar surface just above the line of the streaked rhizobia . 

The agar plates were prepared using Fahraeus medium ( Fahraeus , 1 9 5 7 )  

54 . 

which has the following composition ( g  1- 1 ) :  KH2P04 , 0 . 1 ,  Na2HP04 . 1 2H20 ,  

0 . 1 5 ;  Mgso4 . 7H20 ,  0 . 1 2 ;  cacl2 . 2H2o,  0 . 1 ;  Ferric citrate , 0 . 0 5 and 1 ml 

of trace e lements stock solution which contained the following 

microelements ( g  l- 1 ) :  H3B03 , 2 . 86 ;  MnCl2 . 4H20 ,  1 . 8 1 ; ZnS04 . H20 ,  0 . 22 ;  

cuso4 . 5H2o ,  0 . 08 ;  coso4 . 7H2o ,  0 . 095 ; Na2Moo4 . 2H2o ,  0 . 0 5 4 .  The medium 

was solidified with 1 . 5% agar . 

Inoculated plates were sealed with Nescofi lm strips ( 2 . 5  cm wide 

and 1 0  cm long; NIPPON SHOJI KAISHI Ltd . , Osaka , Japan ) . Three small 

slits were made in the Nescofilm at the top of the plate to allow gas 

exchange . The plates were then stacked in rows and incubated in a 

greenhouse ( Day temperature 20- 26°C ,  night temperature , 1 6°C ) . Root 

nodules first appeared after 1 0  days . Plants were examined at 3 and 6 

weeks after inoculation for nodulation and growth . 

4 . 2 . 7  Plasmid analysis by the Eckhardt procedure ( see section 3 . 2 . 1 1 )  

4 . 2 . 8  Bacteriophage susceptibility tests ( see section 3 . 2 . 9 )  

4 . 2 . 9  Preparative isolation of plasmid DNA from E . coli by the 

c leared lysate method 

A modification of the cleared lysate procedure of Clewell  and 

Helinski ( 1 969 ) was used . 

Materials 

( 1 )  25% ( w/v) sucrose solution in 0 . 05 M-Tris pH a . o .  ( 2 )  

Lysozyme ( 2 0  mg ml- 1 ) freshly prepared in 25% ( w/v) sucrose solution . 

( 3 )  TE ( 1 0 / 1 ) buffer pH 8 . 0 :  1 0  mM-Tris-HCl , 1 mM-Na2EDTA . 

( 4 )  Triton lysis mixture consisted of 0 . 25 M-Na2EDTA ( 25 ml ) ,  1 M-Tris 



pH 8 . 0  ( 5 0 ml ) ,  20% ( v/v) Triton X- 1 0 0  in 0 . 0 1  M-Tris-HCl pH 8 . 0  ( 1 0 ml )  

and sterilised water ( 60 ml ) .  ( 5 )  Caesium chloride . ( 6 )  Ethidium 

bromide ( 1 0 mg ml- 1 ) .  

Method 

An overnight culture of E .  coli in LB ( 25 ml ) was inoculated into 

litre of LB and incubated at 3 7°C with shaking ( 20 0  r . p . m . ) .  For 

isolation of amplifiable plasmid DNA , chloramphenicol ( Cm )  was added 

( 1 7 0  �9 ml- 1 ) when OD6 0 0  was approximately 0 . 4 .  Spectinomycin 

( 399 �g ml- 1 ) was used if the plasmid contained a emR gene • Cells were 

further incubated for 1 2  to 1 6  h and harvested by centrifugation ( 1 0 , 0 0 0  

�, 1 0  min ,  o0c ) . The remaining operations were performed on ice with 

chilled solutions . The cell pellet was resuspended in 8 ml of sucrose 

solution , lysozyme ( 2  ml ) and Na2EDTA ( 4  ml )  were added and the mixture 

was incubated for 1 0  min . Triton lysis mixture ( 1 2 ml )  was added to the 

mixture and gentle agitation was maintained until lysis was completed.  

The lysate was centrifuged ( 27 , 0 0 0  g ,  4 5  min , o0c )  and the c lear 

supernatant was collected.  Care was taken to avoid the gelatinous 

chromosomal DNA pellet . Caesium chloride was added to the supernatant 

to a final concentration of 1 �g .ml- 1 , the mixture was incubated at room 

temperature for 1 h and centrifuged ( 27 , 0 0 0  �' 1 5  min , 4°C )  to remove 

cell debris . Ethidium bromide was added to a final concentration of 3 0 0  

�g ml- 1 and the mixture was held at 4°C overnight . The next day , the 

mixture was centrifuged ( 27 , 00 0  g ,  1 5  min , 4°C )  to pellet the 

ribonucleoprotein . The refractive index was adjusted to n= 1 . 393- 1 . 397 

and the mixture was centrifuged in a Beckman Type 65 rotor at 2 5 0 , 0 0 0  � 

for 40  h at 1 6°C .  The plasmid DNA band was collected and the ethidium 

bromide and caesium chloride were removed as described in section 

3 . 2 . 1 3 .  The DNA solution was concentrated by ethanol precipitation 
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( section 3 . 2 . 1 3 )  and the purity and concentration of the DNA determined 

spectrophotometrically as described in section 2 . 2 . 5 .  The DNA solution 

was stored at 4°c . 

4 . 2 . 1 0  I solation of genomic DNA 

Total Rhizobium DNA was isolated as described in section 3 . 2 . 1 4 .  

4 . 2 . 1 1  Digestion of DNA with restriction enzymes 

DNA ( 0 . 2-5 . 0  �g)  was digested with restriction enzymes as described 

in section 3 . 2 . 1 5 .  

4 . 2 . 1 2  Pur i fi cation of DNA ( see section 3 . 2 . 1 6 )  

4 . 2 . 1 3  Agarose gel electrophoresis of DNA ( see section 3 . 2 . 1 7 )  

4 . 2 . 1 4  Preparation of [ 32p] labelled DNA-probes ( see section 3 . 2 . 1 8 )  

4 . 2 . 1 5  DNA transfer and hybridisation ( see section 3 . 2 . 1 9 )  

4 . 2 . 1 6  Determination of molecular weights 

A Hind I l l  digest of A DNA was used as a standard to determine the 

molecular wei ght of DNA fragments . The relative mobilities of DNA 

fragments were measured and molecular weights were determined 

graphically f rom a plot of relative mobility versus log1 0  molecular 

weight ( Daniels et al . , 1 980 ; Sanger et al . ,  1 982 ) or by using a 

computer programme ( Cubic spline , M .  Pritchard, Grasslands Division , 

DSIR, Palmerston North ) designed to transform mobilities to molecular 

weights . 

4 . 2 . 1 7  L i ght and electron microscopy of nodules 

Root nodules and nodule-like structures studied by l i ght and 

electron microscopy were removed from the roots of plants with a scalpel 

blade . The specimens were cut in half in cold ( 4°C )  Karnovsky fixative 
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( 2% (w/v ) formaldehyde , 3% ( w/v ) glutaraldehyde , 0 . 1  M-phosphate buffer pH 

7 . 2 )  and left for 2 h .  The tissues were then washed i n  three changes of 

0 . 1 M-phosphate buffer pH 7 . 2  for 30 min , and post-fixed in 1 %  ( w/v ) 

osmium tetroxide in the same buffer for 2 h .  Following a further buffer 

wash ( 2  changes for 30 min )  the tissues were dehydrated in 25% , 50% , 7 5 % , 

and 95% ethanol and infi ltrated with epoxy resin through propylene 

oxide . Embedding was done under vacuum and blocks containing the 

specimens were polymerised at 60°C for 7 2  h .  

For l i ght microscopy thick sections ( 2- 3  �m) were cut with an LKB 

"Ultratome" using glass knives and stained with 0 . 5% toluidine blue in 

0 . 1  M phosphate buffer pH 4 . 5 .  The sections were photographed using a 

Reichert " Zetopan" research microscope fitted with a Reichert "Photo­

Automatic"  camera . 

For electron microscopy thin sections ( pale gold interference 

colour ) were cut using a diamond knife and stained with saturated uranyl 

acetate in 5 0 %  ( v/v ) ethanol followed by lead citrate ( Venable and 

Coggeshal l , 1 965 ) and examined in a Phillips EM20 0  electron microscope 

at 80 KV .  

4 . 2 . 1 8  Examination o f  root hairs by light microscopy 

A root specimen obtained from a 5-week-old Lotus pedunculatus plant 

was placed on a microscopic slide and stained in 1 %  methylene blue for 

5 min , washed, dried,  examined and photographed . 

4 . 3  RESULTS 

4 . 3 . 1 Transposon mutagenesis of Rhizobium loti 

To isolate symbiotical ly defective mutants of Rhizobium loti 



NZP2 0 3 7 , Tn5 mutagenesis was carried out using the broad host range 

mobilizable vector pSUP 1 0 1 1 ( Simon et al . ,  1 984 ) . E .  coli SM1 0/pSUP 1 0 1 1  

was crossed into a StrR derivative of NZP2 0 3 7 , strain PN 1 84 ,  as 

described in section 4 . 2 . 5 .  Selection was carried out on S 2 0  medium 

containing 2 5 0  � g  ml- 1 of streptomycin and 5 0 0  �g ml- 1 of neomycin . 

S20 defined medium was used instead of a complete medium to avoid 

selection of symbiotically defective auxotrophs . The frequency of 

transfer of neomycin resistance was 1 x 1 o-4 . From this cross 1 060  

transconjugants were single colony purified and then 

inoculated onto Lotus pedunculatus seedlings to determine their 

symbiotic  phenotype . Of the 1 060  transconjugants tested , one was 

nodulation defective ( Nod- ) ( Fi g .  4 . 2a ( 1 ) )  and 1 2  were defective in 

\ 
nitrogen fixation ( Nod+Fix- ) ( e . g . Fig 4 . 2a ( 2 )  and ( 3 ) ) when compared 

with the wild type strain R. loti PN 1 84 ( Nod+Fix+ ) ( Fi g .  4 . 2a ( 4 ) ) .  

Repeated plant tests showed that all were stable mutants except PN245 

( Nod+Fix- ) .  Plants inoculated with this mutant showed a variable 

response , two out of six plants showed some nitrogen fixation , four 

remained nitrogen deficient . 

The plasmid profiles , the phage typing patterns and the EcoRI 

restriction enzyme digestion patterns of all the mutant strains were 

compared with those of the parental strain R. loti PN 1 84 ,  and the 

results confirmed that they were derivatives of R. loti PN 1 8 4 .  

4 . 3 . 2  Physical analysis o f  presumptive TnS-induced symbiotic 

mutants by Southern hybridisation 

To confirm the presence of Tn5 sequences in the symbiotic mutants 

isolated , Southern blots of EcoRI digests of total DNA from the mutants 

were hybridised with [ 3 2p] - labelled pKan2 , a pBR3 2 2  derivative 

s s . 



Figure 4 . 2  Lotus pedunculatus plants inoculated with R .  loti wild 

type and Tn5-induced symbiotic mutant strains . ( a )  Plants 

inoculated with ( 1 )  PN2 3 3  ( Nod- ) ;  ( 2 )  PN236 ( Nod+Fix- ) ;  

( 3 )  PN238 ( Nod+Fix- ) ; ( 4 )  PN 1 84 ( Nod+Fix+) .  ( b )  A close­

up view of the root systems of the same plants . 
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containing the Hindi i i  fragment of Tn5 ( Scott et al . ,  1 982 ) .  Of the 1 3  

mutants analysed, 1 0  showed hybridisation to a single EcoRI fragment 

( e . g . F i g .  4 . 3 ,  lanes 1 , 2 and 3 ) , the remaining 3 mutants showed 

hybridisation to several bands ( e . g . Fig.  4 . 3 ,  lane 4 ) . A summary of 

, the sizes of the EcoRI fragments hybridis ing to pKan2 is shown in Table 

4 . 2 .  All the mutants were also analysed for pACYC 1 84 vector sequences . 

As shown in Table 4 . 2  the 3 mutants that had mutiple bands hybridising 

to pKan2 were found to contain vector sequences . 

4 . 3 . 3  Hybridisation of total DNA from R .  loti Tn5-mutants with 

[ 3 2p] -labelled nif HDK probe 

To determine whether any of the symbiotic mutants i solated carried 

Tn5 in the nif structural gene region of the genome , pSA3 0 ,  a derivative 

of pACYC 1 84 containing the nif HDK genes of Klebsiella pneumoniae , and 

pKan2 were both hybridised to EcoRI digests of total DNA f rom the 

R .  loti Tn5-induced mutants .  Two separate bands ( e . g . Fig.  4 . 4 ,  lane 1 ,  

2 and 3 )  were obtained for 1 0  of the 1 3  mutants .  I n  each case the upper 

band ( F i g .  4 . 4 , lanes 1, 2 and 3 )  corresponded in s ize to the EcoRI 

fragment carrying Tn5 ( F i g .  4 . 3 )  and the lower band was in all cases a 

5 kb EcoRI fragment , corresponding in s ize to the nif fragment present in 

the wil d  type strain NZP2 0 3 7  ( Fi g .  4 . 4 ,  lane 5 ) . The three remaining 

mutants PN240 , PN24 1 and PN242 showed multiple hybridising bands ( e . g . 

Fig.  4 . 4 ,  lane 3 ) . 

4 . 3 . 4  Light microscopic examination of Lotus pedunculatus 

root hairs inoculated with a Nod- mutant of R . loti 

To examine the response shown by the root hairs of Lotus 

pedunculatus plants inoculated with the Nod- mutant strain PN2 3 3 ,  root 

samples were stained and examined by light microscopy ( section 4 . 2 . 1 8 ) . 
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Figure 4 . 3  Physical analysis of presumptive Tn5 mutants by Southern 

hybridisation . Autoradiograph showing hybridisation of 

[ 3 2p ] - labelled pKan2 to EcoRI digests of total DNA from 

R .  loti Tn5-induced mutants . Lane 1 ,  PN2 3 4  DNA ; Lane 2 ,  

PN2 3 3  DNA ; Lane 3 ,  PN2 3 5  DNA; Lane 4 ,  PN240 DNA; Lane 5 ,  

NZP 2 0 3 7  ( wild type ) DNA . Size markers arein kilobases ( kb ) . 
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Table 4 . 2  Characterisation of Tn5- induced mutants of R .  loti NZP2 0 3 7  

Strain 
number 

PN233  

PN234  

PN235 

PN236 

PN237 

PN238 

PN239 

PN240 

PN24 1  

PN242 

PN244 

PN245 

PN246 

Phenotype 

Nod-

Nod+Fix-

Nod+Fix-

Nod+Fix-

Nod+Fix-

Nod+Fix-

Nod+Fix-

Nod+Fix-

Nod+Fix-

Nod+Fix-

Nod+Fix-

Nod+Fix-

Nod+Fix-

Size of EcoRI 
fragment ( kb )  

containing 
Tn5a 

1 2 . 8  

1 3 . 2  

7 . 2  

1 7 . 3  

1 7 . 3  

7 . 8  

1 3 . 7  

multiple bands 

multiple bands 

multiple bands 

1 2 .  1 

1 3 .  1 

1 4 . 2  

Size of EcoRI 
fragment ( kb )  
in wild type 
strainb 

7 .  1 

7 . 5  

1 . 5  

1 1 . 6 

1 1 . 6 

2 .  1 

8 . 0 

6 . 4  

7 . 4  

8 . 5  

Presence of 
vector DNA 
( pACYC 1 84 ) C  

+ 

+ 

+ 

Class of 
mutantd 

Hac 

Noi 

Cof 

Noi 

Noi 

Noi 

Bar 

N . D .  

N . D .  

N . D .  

Noi 

Cof 

Cof 

a Determined by Southern hybridisation of [ 32p] -labelled pKan2 ( Scott 

et al . ,  1 982 ) to EcoRI digests of total DNA . 

b Predicted size of EcoRI fragments carrying the wild-type gene ( s )  in 

R .  loti NZP20 3 7  as Tn5 is 5 . 7  kb in size ( Jorgensen et al . ,  1 9 79 ) . 

c Determined by Southern hybridisation of [ 32p ] - labelled pACYC 1 84 

( Chang and Cohen , 1978 ) with EcoRI digests of total DNA . 

d Classified according to a phenotypic code devised by Vincent ( 1 980 ) . 

Hac hair curling; Noi = nodule initiation ( tumour-like structures ) ; 

Bar bacterial release ; Cof. = complementary function 

N . D .  = not determined 



Figure 4 . 4  Hybridisation of Tn5 and nif HDK sequences to total DNA 

from R.  loti Tn5-induced mutants . Autoradiograph showing 

hybridisation of [ 32p ] - labelied pKan2 and pSA3 0 probes 

with EcoRI digests of total DNA . Lane 1 ,  PN234 ; Lane 2 ,  

PN2 3 3 ;  Lane 3 ,  PN23 5 ; Lane 4 ,  PN240 ;  Lane 5 ,  NZP20 37 

( wild type ) . Size markers are in kilobases ( kb ) . 
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The root hairs of the Lotus pedunculatus plants inoculated with PN2 3 3  

were long, s lender and straight ( Fi g .  4 . 5 ( a } } whereas plants inoculated 

with the wild-type strain NZP2037  had short root hairs that were curled 

or distorted ( Fig.  4 . 5 ( b } } .  

4 . 3 . 5  Light and electron microscopic examination of nodules 

induced by the Fix- mutants 

To further characterise the phenotypes of the various Tn5-induced 

Fix- mutants , root nodules or ' tumour-like ' structures formed on Lotus 

pedunculatus were examined by l i ght and electron microscopy . 

4 . 3 . 5 . 1 Morphology of nodules i nduced by the wild-type R .  loti 

strain NZP2 037  

Root nodules induced by NZP 2 0 3 7  on  Lotus pedunculatus plants 

appeared 1 0  to 1 2  days after inoculation . In ' transverse section , the 

newly formed nodules consisted of a spherical mass of meristematic 

cells , many of which contained rhizobia-f illed infection threads ( Fig.  

4 . 6 ( c } } .  The rhizobia released from the infection threads into the host 

cell cytoplasm were enclosed within a peribacteroid membrane ( Robertson 

et al . ,  1 978 ; Fig 4 . 6b and d ) . The infected plant cells increased in 

size as they f illed with membrane-enclosed bacteria and became 

irregularly shaped ( Fig.  4 . 6b and d ) . In  the fully developed nodule the 

infected plant cells were surrounded externally by a cortex containing 

vascular traces ( Fig.  4 . 6a } . The rhizobia within the peribacteriod 

membrane had divided one or two times before enlarging into bacteriods 

( Fig.  4 . 6  d and e ) . The bacteroids genera l ly lacked inclusions although 

small deposits characteristic of poly- �-hydroxybutyrate ( PHB }  were often 

observed ( Fig.  4 . 6e } . 
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Figure 4 . 5  Light micrographs of root hairs of Lotus pedunculatus 

plants . ( a )  Root hairs of a Lotus pedunculatus plant 

inoculated with the Nod- mutant PN233 . ( b )  Root hairs of 

a Lotus pedunculatus plant inoculated with the wild-type 

strain NZP2 0 3 7 . x 1 4 0 . 





Figure 4 . 6  Light and electron micrographs showing the structure of 

root nodules formed by R. loti strain NZP 2 0 3 7  on 

L .  pedunculatus . B = bacteroid ,  BZ = bacteroid zone , CT = 

cortex , CW = plant cell wall , F = flavolan , IT = infection 

thread , PBM = peribacteroid membrane , PBS peribacteroid 

space ,  R = rhizobia , S = starch deposits , VT = vascular 

trace , PHB = poly- �hydroxybutyrate . 

( a )  Light micrograph of a median transverse section of a 

28-day-old nodule showing a central bacteroid zone 

containing bacteroid-filled plant cells surrounded by a 

cortex which contains vascular traces . x 1 60 .  

(b )  Light micrograph of a bacteroid-filled plant cell and 

an uninfected plant cell . Small deposits of condensed 

tannin ( flavolan ) and starch are visible in the uninfected 

plant cell . x 340 . 

( c )  Light micrograph of a median transverse section of a 

young 1 4-day-old nodule showing a group of meristematic 

cells , some of which contain infection threads . x 1 60 .  

( d )  Electron micrograph of part of a newly invaded 

plant cell in a 1 4-day-old nodule showing the enlarged and 

peribacteroid membrane enclosed bacteroids . x 1 3 , 850 . 

( e )  Electron micrograph of a mature bacteroid-containing 

cell showing swollen bacteroids enclosed within the 

peribacteroid membrane . The space between the bacteroids 

and the peribacteroid membrane is the peribacteroid space . 

X 1 2 , 60 0 . 





4 . 3 . 5 . 2  Morphology of tumour-like nodules 

several Nod+Fix- Tn5 mutants ( PN2 34 , PN2 3 6 ,  PN2 3 7 , PN2 3 8  and PN244)  

formed sma l l  structures re sembling small nodules or large irregularly 

shaped tumours . In transverse section these structures contained a mass 

of meristematic cells surrounded by cortical cells , many of which 

contained f lavolans ( Pankhurst et al . ,  1 979 ) . There was no evidence of - -

6 1 . 

vascular differentiation within the structure and no evidence of rhizobia 

or infection threads within the cells ( Fi g .  4 . 7a ) . Rhizobia were 

readily seen among the root hairs , on the surface of the epidermal 

ce lls , and within the intercellular spaces of the epiderma l and outer 

cortical cells ( Fi g .  4 . 7b ) , but no rhizobia were present within the host 

plant cells . When located within intercellular spaces the rhizobia were 

surrounded by copious deposits of an electron-dense material that was 

probably polysaccharide ( Fig.  4 . 7c ) . In  mutants PN2 3 4  and PN238 , 

evidence of infection thread initiation in root hair cells was 

occasional ly observed ( Fi g .  4 . 7d ) . It appears that TnS insertion in 

each of these strains has resulted in a blockage in nodule initiation , 

and so these mutants were designated as Noi mutants ( Vi ncent , 1 980 ) . 

4 . 3 . 5 . 3  Morphology of ineffective nodules 

Mutants PN2 3 5 ,  PN2 3 9  and PN246 formed nodules which did not f ix 

nitroge n . Mutant PN2 3 9  formed spherical nodules of normal external 

morpholo gy . The light micrographs showed that the nodule contained many 

enlarged plant cells , some of which contained infection threads , but 

there were no rhizobia released into plant cells ( Fi g .  4 .  Sa and b ) . Some 

of the enlarged threads were intercellular while others appeared to be 

intracellu lar and to have ramified between many cells ( Fi g .  4 . 8b and c ) . 

Extensive mu ltiplication within the greatly enlarged infection threads 

was evident and the rhizobia were tightly packed within the enlarged 



Figure 4 . 7  Light and electron micrographs showing the morphology of 

the tumour- like nodules formed by the Noi mutants PN23 4 ,  

PN236 , PN237 , PN238 and PN244 on L .  pedunculatus . CT = 

cortex , F = flavolan , IT = infection thread ,  MC = 

meristematic cells , R = rhizobia , RH = root hair . 

( a }  Light micrograph of a median longitudinal section of a 

28-day-old tumour-like nodule formed by PN234 showing a 

zone of meristematic cells surrounded by cortical cells , 

many of which contain flavolans . x 250 . 

( b )  Light micrograph of a group o f  outer cortical cells 

and root hair cells from the tumour-like nodule shown in 

( a } . Several of the cortical cells contain flavolans . 

Many rhizobia ( see arrows } can be seen among · the root 

hair cells . The development of an infection thread between 

two cells is visible . x 1 , 6 2 0 . 

( c )  Electron micrograph showing a large mass of rhizobia 

grouped on the surface of several epidermal cells ( 28-day­

old tumour-like nodule formed by PN2 3 5 } .  The rhizobia are 

contained within a structure resembling a large infection 

thread .  x 2 , 60 0 .  

( d )  Electron micrograph of a median transverse section 

through the root hair cells showing evidence of infection 

thread formation ( 28-day-old tumour-like nodule formed by 

PN244 } .  x 5 , 00 0 . 





Figure 4 . 8  Light and electron micrographs showing the structure of the 

nodules formed by the Bar mutant PN239 on L .  pedunculatus . 

IT = infection thread , R 

thread wal l ,  V = vacuole . 

rhizobia , TW = infection 

( a )  Light micrograph of a median transverse section 

through a 28-day-old nodule . The central zone of the 

nodule consists of many enlarged plant cells , some of which 

contain infection threads . x 25 0 . 

( b )  Light micrograph of a group of plant cells from the 

nodule shown in ( a ) . The cells contain one or several 

enlarged infection threads . Rhizobia have not been 

released from the infection threads into the plant cell 

cytoplasm . x 1 , 620 . 

( c )  Electron micrograph showing an enlarged infection 

thread containing numerous rhizobia . The infection thread 

has traversed several plant cells ( c . f .  Fig 4 . 6d ) . x 3 , 7 0 0 . 

( d ) Electron micrograph showing rhizobia embedded within 

the infection thread shown in ( c ) . The rhizobia are 

tightly packed within the thread as shown by their 

compressed outline . x 1 7 , 5 0 0 . 
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threads as seen by their compressed appearance and the lack of 

significant matrix materials between them ( Fi g .  4 . 8c and d ) . In  

contrast to  the wild type nodule section there was little or  no  starch 

deposits in the infected plant cells . This mutant appeared to be 

blocked in bacterial release and hence was referred to as a Bar mutant 

(Vincent , 1 98 0 ) . 

Two other mutants PN2 3 5  and PN236  formed ineffective nodules which 

contained plant cells fi lled with bacteriods ( F i g .  4 . 9  and Fig.  4 . 1 0 ) . 

Light and electron micrographs of a transverse section of nodules formed 

by PN2 3 5  showed that the infected plant cells appeared normal but there 

was extensive deposits of starch in plastids within the infected cells 

and particularly in the uninfected cells of the central zone and cells 

of the cortex ( Fi g .  4 . 9  a , b  and c ) . The bacteroids within the infected 

cells contained many poly- �-hydroxybutyrate granules and the 

peribacteroid space was much smaller than in normal NZP20 3 7  nodules 

( F i g .  4 . 9c and d ;  c . f .  Fig.  4 . 6e )  whereas a transverse section of a 

nodule formed by PN246 showed a different morphology . The plant cells 

of the nodule were larger than normal and contained many small vacuoles 

in addition to the more commonly observed central vacuole {Fig.  4 . 1 0a ) . 

The small vacuoles were usually located around the periphery of the 

infected cells ( Fi g .  4 . 1 0b ) . A common feature of these vacuoles was the 

presence of large quantities of plant cell membrane within them ( Fig 

4 . 1 0c and d ) . On numerous occasions this membrane material was seen to 

be part of the peribacteroid membrane enclosing a bacteroid bordering 

the vacuole  ( Fi g .  4 . 1 0 ) . The bacteroids contained signi ficant amount of 

poly- �hydroxybutyrate and the peribacteroid space was much reduced ,  but 

there was little or no accumulation of starch in plastids within either 

the infected or uninfected cells ( Fi g .  4 . 1 0b and c ) . 
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Figure 4 . 9  Light and electron micrographs showing the structure of the 

nodules formed by the Cof mutant PN235 on L .  pedunculatus . 

B = bacteroid , BZ = bacteroid zone , CT = cortex , cw = plant 

cel l  wal l ,  M = mitochondrion , PBM = peribacteroid membrane , 

PHB = poly- �hydroxy-butyrate , S = starch deposit , vs = 

vesicle . 

( a )  Light micrograph of a median transverse section of a 

28-day-old nodule . The central zone of the nodule contain 

bacteroid-filled plant cells . Starch deposits in plastids 

are observed within the infected and uninfected cells of 

the central zone and within the cells of the nodule cortex . 

X 2 5 0 , 

( b )  Light micrograph of a group of infected bacteroid­

f i l le d  plant cells and several cortical cells showing 

prominent starch deposits . x 1 , 620 . 

( c )  Electron micrograph of part of an infected plant cell 

showing bacteroids , mitochondria and starch deposits . In 

addition to the bacteroids enclosed within the 

peribacteroid membranes ,  the plant cell cytoplasm contains 

many small vesic les . x 5 , 00 0 .  

( d ) Electron micrograph showing a group of bacteroids . 

Note the presence of many granules of poly- �hydroxybutyrate 

within the bacteroids ( c . f .  Fig .  4 . 6e ) . The peribacteroid 

membrane is also very closely aligned to the bacteroid 

surface . x 26 , 20 0 . 





Figure 4 . 1 0  Light and electron micrographs showing the structure of 

nodules formed by the Cof mutant , PN246 , on L .  pedunculatus . 

B = bacteroid ,  BZ = bacteroid zone , CT = cortex , IS 

intercellular space , MM = membrane material , PHB 

poly- �-hydroxybutyrate , UC = uninfected cel l ,  V = vacuole . 

( a )  Light micrograph of median transverse section of a 

28-day-old nodule . The central zone of the nodule 

contains large bacteroid-filled plant cells with many 

vacuoles . x 2 0 0 . 

( b )  Light micrograph of a group of bacteroid-f i l led plant 

cells  showing the presence of numerous sma l l  vacuoles . 

The vacuoles tend to be located around the periphery of 

the bacteroid-filled cel l . x 1 , 62 0 .  

( c )  Electron micrograph of part of an infected plant cell 

showing several sma l l  vacuoles . x 3 , 70 0 . 

( d )  E lectron micrograph showing bacteroids bordering one 

of the vacuoles in an infected plant cell .  Thi s  vacuole 

contains large quantities of membraneous material , 

presumably of plant origin . Part of thi s  membrane seems 

to be contiguous with the peribacteroid membrane 

surrounding two of the bacteroids shown ( see arrows ) .  

Note the presence of many large granules of poly- �­

hydroxybutyrate in the bacteroids . x 26 , 20 0 .  
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It is evident that the Tn5 insertions in these two mutants have 

blocked genes involved in late nodule functions . The EcoRI fragment 

carrying Tn5 in each of these mutants is dif ferent to that which 

hybridises with a probe for nif HDK ( section 4 . 3 . 3 )  suggesting that the 

genes blocked in these 2 mutants are not the nif structural genes but 

perhaps genes involved in other processes essential for bacteroid 

function and maintenance . Such mutants are described as blocked in 

complementary functions (Cof ) ( Vincent , 1 980 ) . 

4 . 4  DISCUSSION 

By using the broad host range mobi lizable vector plasmid pSUP 1 0 1 1  

( Simon et al . ,  1 984 ) , the transposon Tn5 was successfully introduced 

into the genome of Rhizobium loti NZP2037  at a high frequency . Thirteen 

Tn5-induced symbiotic mutants of NZP2 0 3 7  were isolated,  one that was 

completely defective in nodulation (Nod- ) and 1 2  others that induced 

nodules or tumour-like structures that were ineffective (Nod+Fix- ) .  

Analysis of the plasmid profiles , phage susceptibility tests and EcoRI 

enzyme digest patterns of total DNA confirmed that these mutant strains 

were all derivatives of NZP2 0 37 . 

All presumptive Tn5 mutants were shown to contain TnS sequences . 

As shown in Table 4 . 2 ,  1 0  of the 1 3  mutants showed a single 

hybridisation band with the Tn5 probe and each carried Tn5 on a 

different size EcoRI fragment , except PN236  and PN237  which had Tn5 

inserted into EcoRI fragments of identical sizes . These results suggest 

that Tn5 inserts into the R. loti genome in a s ingular and random 

manner . Random insertion of TnS into the genome of R .  leguminosarum 

(Buchanan-Wollaston et al . ,  1 98 0 ) ,  R.  meliloti ( Meade et a l . ,  1 982 ) and 

R. trifolii ( Scott et a l . , 1 982 ) has also been reported .  The multiple 
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bands that hybridised with pKan2 in mutants PN24 0 ,  PN24 1 and PN242 were 

due to the presence of pACYC 1 84 vector DNA sequences , suggesting that 

pSUP 1 0 1 1 has the capacity to cointegrate into the genome of R. loti 

NZP2 037 . This was confi rmed by hybridisation exper iments using [ 32p ] -

labe lled pACYC 1 84 as a DNA probe to EcoRI digests of total DNA isolated 

from the mutants ( Table 4 . 2 ) . None of the 1 2  Nod+Fix- mutants carried 

Tn5 in the nif structural gene region as the EcoRI fragment carrying the 

Tn5 in each of the mutants analysed was dif ferent to that which 

hybridised to the nif HDK probe ( Fig.  4 . 4 ) . 

The mutants carrying just Tn5 sequences were characterised further ,  

using the system developed by Vincent ( 1 980 ) ,  t o  define the phenotype of 

the various blockage in Lotus pedunculatus nodule development . Light 

microscopic examination of the root hairs of Lotus pedunculatus 

seedlings inoculated with the Nod- mutant , strain PN2 3 3 ,  showed that 

this mutant was blocked at the root hair curling ( Hac ) stage , a very 

early step in nodule formation ( section 4 . 3 . 4 ) . Hac mutants generated 

by transposon mutagenesis have also been isolated from R .  mel iloti ( Meade 

et al . ,  1 982 ; Hirsch et al . ,  1 982 ; Forrai et a l . ,  1 983 ; Dusha et al . , - -

1 983 ) , R .  leguminosaru.m ( Buchanan-Wol laston et al . ,  1 980 ; Ma et al . ,  

1 982 ) and R .  trifolii ( Rolfe et al . ,  1 98 1 ; Dj ordj evic et al . ,  1 983 ) . In 

each of these cases , there was a low recovery of Nod- mutants ,  and this 

has also been observed in this work where one Nod- mutant was isolated 

from the 1 0 60  transconjagants screened . There are two possible 

explanations to account for such a low frequency of recovery of Nod-

mutants . First , there is always a certain frequen cy of revers ion from 

Nod- to Nod+ and such revertants are strongly selected for by plants . 

Secondly , there is perhaps a relatively low number of bacterial genes 

involved specifically in the nodulation process ,  resulting in a low 



frequency of mutation in the nod region ( Downie et al . ,  1 983a ) . Repeated 

plant tests with the Hac mutant PN2 3 3  showed that this mutant was very 

stable . Although some reports ( Raleigh and Signer , 1 982 ; Stacey 

et a l . , 1 982 ) have shown an alteration in phage susceptibil ity 

associated with the loss of nodulation abil ity , no such differences were 

observed here in the phage susceptibi lity of the wi ld type and Nod-

mutant . 

Light and electron microscopic studies of the nodule structures 

induced by the 9 Nod+Fix- mutants showed that these strains could be 

divided into 3 c lasses . The f irst class cons isting of strains PN2 34 , 

PN2 3 6 ,  PN2 3 7 ,  PN2 3 8  and PN244 , all formed tumour-like structures on the 

roots of Lotus pedunculatus and were classified to be of the Noi ( nodule 

initiation ) phenotype ( Vincent , 1 980 ) . It is interesting to note that 

the Tn5-containing EcoRI fragment in each of these mutants ( except PN2 3 6  

and PN2 3 7 ) is dif ferent ( Table 4 . 2 ) , but all resulted in a Noi 

phenotype . This implies that there are at least four different loci in 

the R.  loti genome that can give rise to a Noi phenotype . Widely 

scattered chromosomal f ix alleles have been identified in R .  meliloti 

( Forrai et al . ,  1 983 ) ,  although the resulting nodule phenotypes were not 

described . Recently , Noel et al . ( 1 984 ) also reported symbiotic 

specific chromosomal mutations in R. phaseoli , resulting in at least two 

discernible phenotypic classes . The possibi lity that some of the R .  loti 

Noi mutants des cribed above are blocked in an important metabolic 

pathway cannot be totally excluded , despite the fact that these mutants 

were originally selected on a defined medium to exclude symbiotically 

defective auxotrophic mutants . 

The tumour- like structures induced by these R .  loti Noi mutants are 
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similar to those formed on Lotus pedunculatus plants by R .  loti strain 

NZP2 2 1 3 ,  a strain which nodulates Lotus tenuis and Lotus corniculatus 

effectively ( Pankhurst et al . ,  1 979 ) . The ' reactive ' Nod- mutants of 

R. meliloti described by Hirsch et a l . ( 1 982 ) also appeared to be blocked 

at this early stage of nodule formation . 

The second class of Nod+Fix- mutant identified contained a single 

mutant strain PN239 which was designated as a Bar ( bacterial release ) 

mutant . Nodules formed by this  mutant contained enlarged infection 

threads with more bacteroids than found in a normal nodule ( Fig.  4 . 8c 

and d )  and no evidence was found for the release of these bacteria into 

the plant cells . In contrast to the normal nodule section ( Fig 4 . 6 )  

there was l ittle starch deposits in the infected plant cells of nodules 

induced by PN2 39 , this could suggest that the plant may not mobilise 

carbon substrates to the nodule unti l  after the rhizobia are released 

from the infection thread into the plant cel l  cytoplasm. Although 

auxotrophic  or antibiotic resistant mutants with a Bar phenotype have 

been wel l  documented ( see review by Vicent , 1 98 0 ) ,  no transposon induced 
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Bar mutants have been reported to date . Ma et a l . ( 1 982 ) isolated several 

Tn5-induced R. leguminosarum Nod+Fix- mutants which formed nodules with a 

partial block at the bacterial release stage , and found that the mutant 

alleles mapped at several different loci on the Sym plasmi d ,  pRL 1 J I .  

However ,  it  i s  unknown a t  this stage the number o f  alleles i n  the R .  loti 

genome involved in this significant stage of nodule development . 

Mutants PN235  and PN246 with a Cof phenotype ( Fig.  4 . 9  and Fig.  

4 . 1 0 )  formed the third class of Nod+Fix- mutants identified. Nodules 

induced by PN2 3 5  showed an accumulation of starch in the plant cells and 

poly-� -hydroxybutyrate in the bacteroids ( Fig  4 . 9b and d )  suggesting 



that carbon substrates were not being mobi lised to the bacteroids . This 

is consistent with the lack of nitrogen fixation in the nodules induced 

by this mutant . The morphology of the nodules induced by PN246 

suggested that the block in nodule function was different to that for 

PN235 . There was little accumulation of starch within either the 

infected or uninfected plant cells but there were numerous poly- �­

hydroxybutyrate granules in the bacteroids and the peribacteroid space 

was much reduced ( F i g .  4 . 1 0b and c ) . One significant feature of the 

nodule was the presence of a large number of small vacuoles in the 

infected plant cells , indicating a defect in the normal transport 

process of substances into or out of the cells . 

4 . 5  SUMMARY 

Using pSUP 1 0 1 1  as a vector for introducing Tn5 into R.  loti 

NZP2037 , thirteen symbiotic mutants were isolated . One that was 

completely defective in nodulation (Nod- ) and 1 2  others that induced 

ineffective nodules or tumour-like structures on Lotus pedunculatus . 

All mutants were shown to contain Tn5 sequences and each carried Tn5 on 

a different sized EcoRI fragment , except 2 mutants which had Tn5 

inserted into EcoRI f ragments of identical sizes . I t  was found that the 

Nod- mutant was blocked at the root hair curling ( Hac ) stage , an early 

step in nodule formation . Nine Fix- mutants that were characterised 

further by l i ght and electron microscopy studies could be divided into 

three phenotypic classes . The first class consisted of 5 Fix- mutants 

that formed tumour-like structures on Lotus pedunculatus and were 

classified as blocked in nodule initiation ( Noi } . The second c lass 

consisted of only 1 mutant which was defective in bacterial release 

( Bar ) from the infection thread . The 2 mutants in the third class 

formed nodules containing bacteroid filled plant cells but were unable 
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to fix N2 and therefore were class ified to be of the Cof phenotype . 



CHAPTER FIVE 

MOLECULAR CLONING AND GENETICAL ANALYSIS OF NODULATION GENES IN 

5 . 1 INTRODUCTION 

RHIZOBIUM LOTI 

To date nod genes have been isolated from R .  trifolii ( Schofield et 

al . ,  1983 ; Scott et al . ,  1 984 ) , R .  meliloti ( Long et al . ,  1 982 ; 

Kondorosi et al . , 1 984 ) and R .  leguminosarum ( Downie et a l . ,  1 983a ) . 

The main strategy used to isolate nod genes in Rhizobium has involved 

the isolation of a Tn5-induced Nod- mutant of the strain followed by 

either subcloning of the mutageni sed DNA fragment to obtain an 

appropriate DNA probe or to complement the mutant with wild type 

sequences cloned on a broad host range plasmid . In cases like 

R.  leguminosarum ( Downie et al . ,  1 983a ) and R. trifolii ( Schofield et 

al . ,  1 983 ) , the Tn5 : : nod region from the Tn5-induced Nod- mutant was 

cloned and used as a hybridisation probe to identify wild type sequences 

from a wild type genomic library . Alternatively , nod genes from 

R. meliloti have been isolated by direct ' in planta ' complementation of 

a Nod- mutant using a R. meliloti genomic library constructed in the 

broad host range cosmid pLAFR1  ( Long et al . ,  1 982 ) . 

Plasmid pLAFR1 is  one of the best vectors available for cloning 

Rhizobium DNA . This vector ( 2 1 . 6kb ) carries A cos DNA ( 1 . 6kb ) cloned 

into the unique Bgl I I  site of the broad host range cloning vector 

pRK290 ( Ditta et al . ,  1 98 0 ) . It encodes tetracycline resistance and 

contains a unique EcoRI site ( Friedman et al . ,  1 982 ) . It is a useful 

vector for the construction of gene libraries because the RK2 replicon 

enables recombinant plasmids to be mobi lized into and stably maintained 

within Rhizobium cells , and so direct complementation of mutants is 

possible . Mobilization of pLAFR1 ( pRK29 0 )  requires the presence of the 
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helper plasmid pRK20 1 3  which contains the RK2 transfer genes and encodes 

neomycin resistance ( Figurski and He linski , 197 9 ) . The pLAFR1 /pRK2 0 1 3  

binary plasmid system has been used successfully to shuttle rhizobial 

genes between E .  coli and Rhizobium species in genetic studies ( Long et 

al . ,  1 9 8 2 ; Downie et al . ,  1 98 3 a ;  Ronson et al . ,  1 984 ) . 

Physical and genetical studies have demonstrated that nod and nif 

genes are c losely linked in R. meliloti (Banfalvi et al . ,  1 98 1 ; 

Rosenberg et al . ,  1 98 1 ;  Long et al . ,  1 98 2 ;  Kondorosi e t  al . ,  1 984 ) , 

R .  leguminosarum ( Buchanan-Wollaston et al . ,  1 98 0 ;  Hirsch et al . ,  1 9 8 0 ; 

Downie et a l . , 1 983b ) , and R .  trifolii ( Schofield et al . ,  1 983 ; Scott - - - -

et al . ,  1 984 ) . The nod gene regions in these Rhizobium species are 

confined to a region of DNA less than 1 0kb . Comparative physical and 

genetical studies of nod regions from different Rhizobium strains have 

shown that these species share some structural and functional conserved 

nod gene sequences that are involved in root hair curling ( Hac ) ( Rolfe 

et al . , 1 984 ) . Kondorosi et a l . ( 1 984 ) reported the isolation of two 

different nod gene regions in R .  meliloti . One of them was confined to 

a region of about 3kb of DNA and carried genes involved in root hair 

curling . The genes in this region have been called ' common ' nod genes 

as they show strong conservation with other Rhizobium species . Recently 

these ' common ' nod genes have also been identified in R .  trifolii , 

R .  leguminosarum and in some strains of Bradyrhizobium species , and have 

recently been named nodABC ( K . F .  Scott , personal communication ) .  

This chapter describes the isolation of a nod gene region from 

R. loti strain NZP20 3 7  by an experimental strategy which first involved 

the isolation of a Nod- mutant by random TnS mutagenesis ( Chapter 4 ) . 

This was fol lowed by the cloning of the mutated gene sequence which was 
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then used to probe a pLAFR1 -NZP 2 0 3 7  gene library for the wild type 

sequences .  Comparative physical and genetical studies of the cloned nod 

gene region among the Lotus rhizobia and strains from other Rhizobium 

species will also be described . 

5 . 2 METHODS AND MATERIALS 

5 . 2 . 1 Bacterial strains and plasmids 

Thes e  are described in Table 5 . 1 

5 . 2 . 2  Preparation of culture media 

5 . 2 . 2 . 1 Liquid media 

Tryptone yeast extract medium ( TY ;  see section 2 . 2 . 2 . 1 )  

Luria broth ( LB ;  see section 3 . 2 . 2 . 1 )  

S20 medium ( see section 4 . 2 . 2 . 1 )  

LM medium . Composition per litre : sodium chloride , 5 g ,  

tryptone ,  1 0  g ;  yeast extract , 5 g ;  maltose , 2 g ;  1 M-Mgel2 , 1 0  ml . 

pH 7 . 2 .  

5 . 2 . 2 . 2  Solid media ( see section 2 . 2 . 2 . 2 )  

5 . 2 . 3  Maintenance of cultures ( see section 4 . 2 . 3 )  

5 . 2 . 4  Growth of bacteria ( see section 4 . 2 . 4 )  

5 . 2 . 5  I solation of genomic DNA ( see section 3 . 2 . 1 4 )  

5 . 2 . 6  I solation of plasmid DNA 

5 . 2 . 6 . 1 Cleared lysate method ( see section 4 . 2 . 9 )  

5 . 2 . 6 . 2  Alkaline lysis method 

The method of Ish-Horowitz and Burke ( 1 98 1 ) was scaled up for the 

preparation of the pLAFR1 recombinant plasmids from E .  coli . 
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Table 5 . 1 Bacterial strains and plasrnids 

Strain Relevant characteristics 

Rhizobium loti 

NZP2 037  

NZP2 2 1 3 

PN 1 8 4  

PN2 3 3  

Nod+Fix+ ( Lotus pedunculatus , 
Lotus tenuis ) 

Nod+Fix+ ( Lotus tenuis ) 
Nod+Fix- ( Lotus pedunculatus ) 

NZP2 0 3 7  str- 1 ,  Nod+Fix+ 

PN 1 84 str- 1 ,  Nod-

Bradyrhizobium spp . ( Lotus ) 

NZP23 0 9  
( CC8 1 4s )  

Nod+Fix+ ( Lotus pedunculatus ) 
Nod+Fix- ( Lotus tenuis )  
A slow-growing Lotus strain 

Rhizobium trifolii 

NZP5 6 1  

PN 1 00 Nod+Fix+ str- 1 rif- 1 

PN 1 04 Nod- str- 1 rif- 1 

Rhizobium meliloti 

NZP40 0 9  
( SU47 ) 

Escherichia coli 

HB 1 0 1  

PN226 

PN2 3 1 

PN232  

PN2 0 0  

PN250  

F- pro leu thi lacY StrR 

rK- �- Endo r- recA-

HB 1 0 1 /pPN3 0 1  

HB 1 0 1 /pPN305 

HB 1 0 1 /pPN306 

HB 1 0 1 /pPN 1 

HB 1 0 1 /pPN20 

Source or reference 

DSIR culture 
collection , N . z .  

DSIR culture 
collection , N . Z .  

This study , spontaneous 
mutant 

This study , Tn5-induced 
mutant 

DSIR culture 
collection , N . z .  

DSIR culture 
collection , N . z .  

Scott and Ronson ( 1 982 ) 

Scott and Ronson ( 1 982 ) 

DSI R  culture 
collection , N . z .  

Boyer and Roulland­
Dussoix ( 1 969 ) 

This study 

This study 

This study 

Ronson and Scott ( 1 983 ) 

D . B .  Scott , ABD , DSIR,  
N . z .  



--------

Table 5 . 1 continued 

Strain 

RRI/pRt57 2  

PN382 

Plasmids 

pBR328 

pRK290 

pRK2 0 1 3  

pLAFR1 

pPN30 1 

pPN305 

pPN306 

pRtr5 1 4a 

R68 . 45 

pPN 1 

pPN20 

pRt572 

pPN329 

Relevant characteristics 

HB 1 0 1 /pPN329 

I ncP repRK2 TcR 

repcolE 1 NmR 

Derivative of pRK290 , containing 
1 . 6 kb A cos DNA cloned into 
Bgl I I  site . TcR 

pBR328 c lone containing 1 2 . 8  kb 
TnS : : nod region of NZP20 3 7  

pLAFR 1  cosmid containing nod 
DNA of NZP 2 0 3 7  

pLAFR1  cosmid containing nod 
DNA of NZP20 3 7  

symbiotic plasmid from 
R .  trifolii NZP5 1 4  

pRtr5 1 4a : ; R68 . 45 

pLAFR 1  c lone containing 
1 1 . 7 kb EcoRI nod DNA 
fragment from pRtr5 1 4a 

pBR328  clone containing 7 . 2  kb 
EcoRI nod DNA from R .  trifolii 
strain ANU843 

pLAFR1  c lone containing nod 
DNA of NZP23 09 

Source or reference 

Schofield et al . ( 1 983 ) 

This study 

Bolivar et al . ( 1 977 )  

Ditta et a l . ( 1 980 ) 

Ditta et a l .  ( 1 980 )  

Friedman et al . ( 1 982 ) 

This study 

This study 

This study 

Scott and Ronson ( 1 982 ) 

Haas and Holloway ( 1 976 ) 

Ronson and Scott ( 1 983 ) 

D . B .  Scott , ABD 
DSIR,  N . z .  

Schofield e t  a l . ( 1 983 ) 

This study 
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Materials 

( 1 )  Solution I :  5 mM-glucose ;  25 mM-Tris/HCl pH 8 . 0 ;  1 0  mM-Na2 EDTA . 

( 2 )  Solution I I : 0 . 2  M-sodium hydroxide , 1 %  (w/v ) SOS . ( 3 )  Solution 

III : 5 M-potassium acetate pH 4 . 8 .  ( 4 )  Lysozyme . ( 5 )  Isopropanol . 

( 6 )  70%  ethanol . ( 7 )  TE 1 0/ 1  buffer pH 8 . 0 :  1 0  mM-Tris/HCl ; 

1 mM-Na2 EDTA . 

( 1 0 mg ml- 1 ) .  

Method 

( 8 )  Caesium chloride ( CsCl ) .  ( 9 )  Ethidium bromide 

E .  coli cells ( 1  1)  grown to late exponential phase were harvested 

by centrifugation ( 1 0 , 0 0 0  g, 1 0  min , 4°C )  and resuspended in 1 0  ml of 

solution r .  50 mg of lysozyme was added and the mixture was incubated 

at room temperature for 5 min . Solution I I  ( 20 ml ) was added,  mixed by 

inversion and incubated on ice for 5 min . Solution I l l  ( 1 5 ml ) was 

added and the mixture was agitated briefly , incubated for 5 min at 4°C 

and centrifuged ( 3 0 0 0  �' 5 min , 4°C ) . DNA was precipitated by adding 

0 . 54 volume of isopropanol ,  incubated for 5 min at room temperature and 

centrifuged ( 30 0 0  �' 5 min ,  4°C } . The pellet ( DNA + RNA } was washed 

twice with 7 0% ethanol at room temperature and resuspended in TE 1 0/ 1  

buffer . CsCl and ethidium bromide were added as described in section 

3 . 2 . 1 3 .  The DNA-CsCl mixture was centrifuged ( vertical rotor , Vi Type 

65 , 9 0 0 , 00 0  g ,  4 h ,  1 5°C )  and the plasmid DNA removed and purified as  

previously described ( see section 3 . 2 . 1 3 ) . The purity and concentration 

of the DNA was determined spectrophotometrically as described ( see 

section 2 . 2 . 5 } . 

Rapid boiling method 

The method of Holmes and Quigley ( 1 98 1 ) was used for small scale 

preparation of plasmid DNA from E .  coli . 



Materials 

( 1 )  STET buffer contained 8% ( w/v ) sucrose ; 5%  ( w/v ) Triton X- 1 0 0 ;  

5 0  mM-Na2 EDTA pH 8 . 0 ,  5 0  mM-Tris/HCl ,  pH B . O .  ( 2 )  Lysozyme ( 1 0 mg ml- 1 ) 

in 1 0  mM-Tris , pH 7 . 6 . ( 3 )  Isopropanol . 

preboi led for 1 0  min . 

Method 

( 4 )  RNAase ( 1  mg ml- 1 ) ,  

E .  coli cells ( 1 . 5 ml ) grown to late exponential phase were 

harvested in a microfuge tube , resuspended in 3 0 0  �1 of STET buffer and 

25 �1 of lysozyme was added, boiled for 40s and immediately centrifuged 

(microcentrifuge , top speed, 1 0  min ) . About 3 5 0  � of supernatant was 

collected and an equal volume of isopropanol was added,  incubated at 

-20°C for 1 0  min and centrifuged ( microcentrifuge , top speed, 5 min ) . 

The pel let ( DNA + RNA ) was washed with 95% ethanol ,  dried in vacuo and 

resuspended in 50  � of sterile water . The RNA was removed by 

incubation at 37°C for 2 min with 2 � of RNAase . 

Electroelution of DNA from agarose 

Preparative 1 %  seaplaque agarose ( FMC marine colloids ) gels were 

stained with ethidium bromide and DNA was visua lised under long 

wavelength ( 35 0  nm) uv light . The required DNA band was cut out and 

transferred to a small dialysis sac filled with sterile O . Sx Tris­

borate-EDTA buffer ( TBE ; see section 3 . 2 . 1 1 ) .  The sac was then 

submerged in O . Sx TBE buffer and the DNA electroeluted ( 1 2 0  V for 3 h ) . 

After e lectrophoresis , the current was reversed for 3 0 s then the 

contents of the sac were recovered and centrifuged ( microcentrifuge , top 

speed, 2 min ) to remove agarose fragments . DNA was concentrated by 

ethanol precipitation ( see section 3 . 2 . 1 3 ) , resuspended in water and 

used directly for cloning or preparation of a [ 3 2p] -labelled probe . 
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5 . 2 . 8  DNA ligation 

Materials 

( 1 )  Hae I I I  buffer ( x 1 0 )  pH 7 . 6  ( see section 3 . 2 . 1 5 ) . 

( 2 )  1 0  mM-ATP . 

Method 

( 3 )  T4 DNA ligase ( New England Biolabs ) .  

Ligation mixtures ( 2 0 � )  containing 0 . 2- 1 . 0 �g of vector DNA , 0 . 2-

0 . 5  �g of insert DNA , 2 �1 of Hae I I I  buffer ( x 1 0 )  pH 7 . 6 ,  2 �l of 

1 0  mM-ATP , 1 � of ligase ( 40 0  units ) and an appropriate volume of 

sterile water to make up the f inal volume , were incubated at 4°C for 

16 h. An aliquot ( 1  � )  was checked on a 1 %  minigel  ( see section 3 . 2 . 1 7 )  

before and after ligation . The ligated DNA was then used directly for 

transformation . 

Transformation of E .  coli 

A modified procedure of Cohen et al . ( 1 972 ) was use d .  

Materials 

( 1 )  1 0  mM-sodium chloride . 

( 3 )  TEC buffer pH 8 . 0 :  1 0  mM-Tris/HCl pH 8 . 0 ; 0 . 25 mM-Na2EDTA pH 8 . 0 ;  

Method 

A stationary phase culture of E .  coli strain HB 1 0 1  was diluted 1 /5 0  

into x m l  o f  LB and incubated a t  37°C . The cells ( OD6 0 0  = 0 . 4 )  were 

harvested by centrifugation ( 3 0 0 0  �' 5 min ,  4°C ) . All subsequent steps 

were carried out at 4°C . The cells were washed once in 1 0  ml of sodium 

chloride solution ( 1 0 mM ) resuspended in 1 0  ml of calcium chloride 

solution ( 6 0  mM )  and incubated on ice for 20  min .  These cells were then 
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harvested and resuspended in x/ 1 0 0  ml of calcium chloride solution ( 60 

mM )  and used in transformation experiments . The transformation mixture 

containing 1 0 0  �l competent cells , 1 0  �l ligated DNA and 9 0  �l of TEC 

buffer was incubated at 4°C for 1 h ,  heat shocked at 42°C for 2 min ,  

then diluted 1 /5 in LB and incubated at 37°C for 2 h .  The culture (0 . 1  

ml) was plated on LB medium supplemented with the appropriate antibiotic 

and incubated at 37°C overnight . 

5 . 2 . 1 0  Colony hybridisation 

The method of Grunstein and Hogness ( 1 975 ) was used . 

Materials 

These were described in section 3 . 2 . 1 8 .  

Method 

About 3 0 0  colonies from the pLAFR 1  cosmid gene bank were grown on 

LB medium supplementd with tetracycline ( 1 5 �g ml- 1 ) in a petri dish 

( 9 0  mm diameter ) at 37°C overnight . The colonies were transferred to a 

nitrocel lulose filter ( Schleicher and Scnull  BASS ) by placing it over 

the colonies on the agar to obtain a colony print . The plate was 

reincubated for 4 h at 3 7°C and stored at room temperature to serve as a 

reference plate . The filter and the bottom of the plate were marked in 

such a way that the positively hybridised colonies could be readily 

identifie d .  The filter was wetted with a solution o f  o . s  M-NaOH , 2 . 0  M­

NaCl for 5 min to lyse the cells and denature the DNA, and neutralised 

by a 5 min treatment in 0 . 5  M-Tris pH 7 . 4 ,  2 . 0  M-NaCl . Care was taken 

to avoid mixing DNA from different colonies on the f ilter . The filter 

was washed in 2 changes of 2x SSC , air dried ,  and baked in vacuo at 80°C 

for 2 h .  The prehybridisation and hybridisation were performed as 
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described in section 3 . 2 . 1 9 .  

5 .  2 .  1 1  

5 .  2 .  1 2  

5 . 2 . 1 3  

Preparation of [ 3 2p] - labelled DNA probe ( See section 3 . 2 . 1 8 )  

DNA transfer and hybridisation ( See section 3 . 2 . 1 9 ) . 

Conjugation 

Triparental crosses ( Ditta et al . ,  1 980 ) were performed by mixing 

1 09 cells from each of the three cultures involved on a TY plate as 

described in section 4 . 2 . 5 .  Cells were diluted ,  plated on S 2 0  medium 

supplemented with neomycin ( 50 0  �g ml- 1 ) and tetacycline ( 2  �g ml- 1 ) and 

incubated at 28°C for 5 days . 

5 . 2 . 1 4  

5 . 2 . 1 5  

5 . 2 . 1 6 

5 . 2 . 1 7  

Materials 

Plant test ( See section 3 . 2 . 6 )  

Isolation of bacteria from nodules ( See section 3 . 2 . 7 ) . 

Light and electron microscopy of nodules ( See section 4 . 2 . 1 7 ) . 

Construction of a pLAFR1  gene bank to Bradyrhizobium spp . 

( Lotus ) strain NZP2 3 0 9  ( CC8 1 4s ) 

( 1 )  SM buffer pH 7 . 5 .  Composition per litre : sodium chloride , 

5 . 8  g ;  MgS04 . 1H20 ,  2 . 0 g ;  1 M-Tris/HCl p H  7 . 5 ,  5 0  ml ; 2 %  gelatin , 5 ml .  

The remaining of the materials used have been described previously as 

indicated in the text . 

Method 

• Total DNA from strain NZP2309 ( CC8 1 4 s )  was isolated ( section 

3 . 2 . 1 4 )  and partially digested with EcoRI to an average size of 25kb,  

then separated by electrophoresis ( 1 . 5 V cm- 1 for 6 h )  in a horizontal 

1 . 0% seaplaque agarose ( marine colloids ) gel . DNA in the size range of 

1 5-3 0  kb was electroeluted from the agarose ( section 5 . 2 . 7 ) , extracted 
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with phenol-chloroform ( section 3 . 2 . 1 6 )  and concentrated by ethanol 

precipitation ( section 3 . 2 . 1 3 ) . Vector DNA , pLAFR1 , ( Friedman et al . , 

1982 ) was isolated by the c leared lysate method ( section 4 . 2 . 9 )  and cut 

with EcoRI enzyme ( section 3 . 2 . 1 5 ) . The electroe luted rhizobial DNA ( 5  

�g)  was mixed with EcoRI digested pLAFR1 ( 0 . 5  �g) and ligated overnight 

at 4°C in a 1 0  �l reaction mixture containing 6 mM-Tris pH 7 . 6 , 1 0  mM­

MgC12 , 1 0  mM-�-mercaptoethanol ,  1 mM-ATP and 4 0 0  units of T4-DNA ligase . 

DNA packaging was carried out by the method of Hohn ( 1 9 7 9 ) using 

the packaging extracts prepared from the lysogenic strains BHB2688 and 

BHB2690 ( prepared by C . E .  Pankhurst ) .  A 3 �1 aliquot of ligated mixture 

was added to packaging extract ( 40 �l ) immediately following thawing and 

mixed by stirring with a pipette tip and incubated at 37°C for 1 h .  

After incubation , 5 0 0  � 1  o f  SM buffer (prewarmed to 37°C ) was added and 

3 drops of chloroform were added as a preservative . E .  coli HB 1 0 1  cells 

grown overnight in 20  ml of SM broth were harvested by centrifugation 

( 30 0 0  �' 5 min ,  4°C ) , resuspended in 1 0  ml of SM buffer at room 

temperature , and 4 . 5  ml of the cell suspension mixed with the 5 0 0  �1 of 

DNA-packaging mixture prepared above . The mixture was incubated at 37°C 

for 45 min without shaking, centrifuged ( 3 0 0 0  g ,  5 min , room 

temperature ) , resuspended in 5 ml of LB and incubated at 3 7°C for 6 0  min 

with slow-shaking.  The cells were harvested by centrifugation ( 30 0 0  g ,  

5 min , room temperature ) ,  resuspended in  1 ml of S M  buffer , and 200  �1  

aliquots were plated on  LB plates containing 15  �g  ml- 1 of tetracycline . 

After overnight incubation at 3 7°C the TcR colonies were washed off with 

50% glycerol and stored at -2 0°c .  

To check the quality of the gene bank , recombinant plasmid DNA from 

20 randomly selected TcR colonies were isolated by the rapid boi ling 
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method ( section 5 . 2 . 6 . 3 ) , restricted with EcoRI enzyme and separated on 

an agarose gel .  The sizes of rhizobial DNA inserts were then determined 

as described ( see section 4 . 2 . 1 6 ) . 

5 . 2 . 1 8  ' In planta ' complementation of the Rhizobium loti Nod- mutant 

A gene bank of Bradyrhizobiurn spp . ( Lotus ) strain NZP2309  ( CC8 1 4 s )  

( see section 5 . 2 . 1 7 ) was crossed en masse with the Tn5-induced Nod­

mutant of R. loti strain PN2 3 3 , in a triparental cross using E .  coli 

HB 1 0 1 /pRK20 1 3  as a source of helper plasmid ( see section 5 . 2 . 1 3 ) . 

Batches of about 300  TcR transconjugants from the cross were used to 

inoculate Lotus pedunculatus seedlings ( see section 3 . 2 . 6 )  and plants 

were examined for nodulation and growth six weeks after inoculation . 

5 . 3  RESULTS 

5 . 3 . 1 Cloning of Tn5 : : nod region of NZP2037  

To c lone the 1 2 . 8  kb EcoRI fragment that carried the Tn5 sequence 

in the Nod- mutant PN2 3 3 , total DNA ( 20 �g ) from the mutant was digested 

with EcoRI enzyme , fragments of 1 0- 2 0  kb in size were electroeluted from 

seaplaque agarose ( section 5 . 2 . 6 ) , ligated to EcoRI digested pBR328  DNA , 

and transformed into E. coli HB 1 0 1 .  The frequency of kanamycin resistant 

( KrnR) transformants obtained was approximately 1 x 1 o-8 per �g DNA . 

Sixteen KmR transformants were grown up overnight and plasmid DNA 

isolated and digested with EcoRI enzyme . Each clone was shown to 

contain a 4 . 9  kb EcoRI fragment corresponding to pBR3 28 DNA and a 1 2 . 8  

kb EcoRI fragment of insert DNA ( e . g . F i g .  5 . 1 ) .  One such transformant 

strain , PN2 2 6  was kept and the recornbinant plasmid in this strain was 

designated as pPN3 0 1 .  

7 8 .  



Figure 5 . 1 Agarose gel of an EcoRI digest of pPN30 1 .  

Lane 1 ,  Hind I l l  restriction enzyme digest of A DNA ; 

Lane 2 ,  EcoRI restriction enzyme digest of pPN30 1 DNA . 

Numbers indicate size ( kb )  of DNA fragments . 
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5 . 3 . 2  Isolation of wild type nodulation genes by colony hybridisation 

To isolate the wi ld type nod genes of R .  loti strain NZP2 037 , pPN30 1 

( section 5 . 3 . 1 )  DNA was digested with EcoRI enzyme , separated on a 1 %  

seaplaque agarose gel and the 1 2 . 8  kb EcoRI fragment was purified by 

electroelution ( section 5 . 2 . 7 ) . This EcoRI DNA fragment was labelled 

with [ 32p ]  ( section 3 . 2 . 1 8 )  and used as a probe to identify clones 

carrying the corresponding sequences in a pLAFR1 cosmid gene bank of 

NZP2 037  ( constructed by C . E .  Pankhurst ) using the technique of colony 

hybridisation ( section 5 . 2 . 9 ) . Of 600  colonies screened , three positive 

colonies were identified and designated PN2 3 0 , PN23 1  and PN23 2 .  Cosmid 

DNA was isolated from each of these strains by the rapid boiling method 

( section 5 . 2 . 5 )  and digested with EcoRI enzyme . Analysis of these DNA 

digests showed that PN23 0  and PN23 1 carried identical cosmids with EcoRI 

fragments of 8 . 0  kb , 7 . 1 kb , 4 . 2  kb , 2 . 6  kb and 0 . 8  kb ( Fi g .  5 . 2a ,  lane 

1 )  and were designated pPN304 and pPN305  respectively . Strain PN232  

carried a cosmid pPN306  with EcoRI fragments of  8 . 0  kb , 7 . 5  kb , 7 . 1 kb , 

4 . 2  kb and 2 . 6  kb ( Fi g .  5 . 2a ,  lane 3 ) . When pPN 3 0 5  and pPN306  DNA were 

digested with Hind I l l , pPN305  contained fragments of 3 0 . 3  kb and 1 4 . 0  kb 

( Fig 5 . 2a ,  lane 2 ) ; pPN306  contained fragments of 3 1 . 8  kb , 1 4 . 0  kb and 

5 . 2  kb ( Fig  5 . 2a ,  lane 4 ) . When the EcoRI and Hind I I I  digests of 

pPN305 { Fig 5 . 2a ,  lanes 1 and 2 )  and pPN306  ( Fi g .  5 . 2a ,  lanes 3 and 4 )  

were blotted and hybridised with [ 32p ] -labelled 1 2 . 8  kb EcoRI fragment 

from pPN 3 0 1 { section 5 . 2 . 1 ) ,  the 7 . 1 kb EcoRI ( Fig 5 . 2b ,  lanes 1 and 3 )  

and the 1 4 . 0  kb Hind I I I  { Fig  5 . 2b ,  lanes 2 and 4 )  fragments hybridised.  

5 . 3 . 3  Construction of a physical map in the nodulation gene 

region of R .  loti NZP2 037  

A Hind I l l  and EcoRI restriction enzyme map of  the nod gene region 

of R. loti NZP 2 0 3 7  was constructed using the two cosmids , pPN305  and 



Figure 5 . 2  Hybridisation of Tn5 : : nod region from pPN3 0 1  to cosmids 

carrying R. loti wi ld type DNA sequences . 

( a )  Agarose ge l of EcoRI ( Lanes 1 and 3 )  and Hind I I I  ( Lanes 

2 and 4 )  cosmid DNA di gests . Lane 1 ,  pPN 3 0 5  DNA ;  Lane 2 ,  

pPN 3 0 5  DNA ; Lane 3 ,  pPN306  DNA ; Lane 4 ,  pPN306  DNA . 

( b )  Autoradiograph o f  the same gel hybridised with [ 3 2p ] ­

labe l led 1 2 . 8  kb EcoRI fragment ( Tn5 : : nod region ) from 

pPN3 0 1 .  Size markers are in ki lobases ( kb ) . 
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pPN306 , that were found to complement the Nod- mutant , PN2 33 . Cosmid 

DNA was purified by the alkaline lys is method ( section 5 . 2 . 6 . 2 )  and 

subj ected to single and double digestions using EcoRI and Hind I I I  

enzymes . The DNA samples were separated by electrophores is on a 0 . 7% 

agarose gel and the molecular weight ( kb )  of each fragment was estimated 

by reference to a EcoRI and Hind I I I  digest of A DNA . 

The physical maps of the cosmids were constructed using both single 

and double restriction enzyme digest data and DNA hybridisation data by 

the following deductions : ( 1 )  The EcoRI digests of the cosmids pPN305 

and pPN306  showed that the 8 . 0  kb , 7 . 1 kb , 4 . 2  kb and 2 . 6  kb fragments 

were common to both cosmids . A 0 . 8  kb fragment was unique to pPN305  

( Fig .  5 . 2a ,  lane 1 )  and a 7 . 5  kb fragment was unique to pPN306  ( Fi g .  

5 . 2a ,  lane 3 ) . Therefore by definition , the unique fragments were end 

fragments on each cosmid . ( 2 )  The Hind I I I  digests of pPN305 and 

pPN306 ( Fi g .  5 . 2a ,  lanes 2 and 4 )  showed that each yielded a big 

fragment of 30 . 3  kb and 3 1 . 8  kb respectively and a common 14 kb 

fragment . A 5 . 2  kb Hind I I I  fragment was unique to pPN 3 0 6  ( Fi g .  5 . 2a ,  

lane 4 ) . As there is no Hind I I I  site in pLAFR1 , the biggest fragment 

in each cosmid must contain pLAFR1 and the end fragments of the cloned 

DNA . When the 5 . 2  kb Hind I I I  fragment from pPN306 was hybridised to a 

Southern blot of an EcoRI digest of pPN306 , the 4 . 2  kb and 7 . 5  kb EcoRI 

fragments hybridised , thus demonstrating that these 2 fragments were 

contiguous .  Using the 1 4  kb Hind I I I  fragment as a hybridisation probe , 

hybridisation was observed to the 8 . 0  kb , 7 . 1 kb , 4 . 2  kb and 2 . 6  kb 

EcoRI fragments of pPN306 . EcoRI and Hind I I I  double digests of pPN305 

and pPN 3 0 6  showed that Hind I I I  sites were present within the 8 . 0  kb and 

4 . 2  kb EcoRI fragments demonstrating that the 4 . 2  kb and 8 . 0  kb EcoRI 

fragments were on either side of the 7 . 1 kb and the 2 . 6  kb EcoRI 

s o . 



Figure 5 . 3  Hind I l l  ( H )  and EcoRI ( E )  restriction enzyme map of the 

nod gene region of R .  loti NZP2037 . Plasmid pPN305  and 

pPN306  were isolated from a NZP2 0 3 7  pLAFR1 gene library by 

colony hybridisation with the TnS : : nod ( 1 2 . 8  kb ) fragment 

from pPN3 0 1 . They were found to complement the TnS- induced 

NZP2 0 3 7  Nod- mutant , strain PN2 3 3 . The 7 . 1  kb EcoRI 

fragment in cosmids pPN 3 0 5  and pPN306 was shown to contain the 

nod gene region of R. loti NZP2 0 3 7 .  The site o f  TnS 

insertion in this fragment is also indicated .  
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fragments .  ( 3 )  To locate the position of the 2 . 6  kb EcoRI fragment 

relat ive to the 7 . 1 kb EcoRI fragment , total DNA from the Tn5-induced 

Nod- mutant , strain PN2 3 3 , was di gested with Hind I l l  enzyme , blotted 

and hybridised with [ 32p ] - labelled 4 . 2  kb and 2 . 6  kb EcoRI fragments · 

separately . Hybridisation to a 1 3 . 0  kb Hind I l l  fragment was observed 

in both cases . As Tn5 contains Hind I l l  sites 1 . 2  kb away from the ends 

of the inverted repeats ( Jorgensen et al . ,  1 9 79 ) ,  this experiment 

enabled precise localisation of the Tn5 within the 7 . 1 kb EcoRI fragment 

and demonstrated that the 2 . 6  kb EcoRI fragment was located between the 

4 . 2  kb and 7 . 1 kb fragments .  

5 . 3 . 4  Complementation of Nod- mutant of R . loti strain NZP2 0 3 7  by 

cosmids carrying presumptive wild type nod DNA of NZP2 037 . 

To test whether the cosmids isolated by colony hybridisation using 

the 1 2 . 8  kb EcoRI fragment from pPN3 0 1  would complement the R .  loti 

NZP2037  Nod- mutant strain PN2 3 3 ,  each cosmid was crossed into this 

strain in a triparental cross ( section 5 . 2 . 9 ) . Eight tetracycline 

resistant transconjugants from each cross were s ingle colony purified 

and inoculated in duplicate onto Lotus pedunculatus plants ( section 

5 . 2 . 1 0 ) . All the inoculated plants formed nodules 2 weeks after 

inoculation but were stil l  Fix- after 6 weeks . However ,  8 weeks after 

inoculati on , three out of 1 6  plants tested in each cross showed a 

delayed nitrogen fixing response . The effective nodules formed on these 

plants were the same size and colour as the nodules formed by wild type 

strain NZP2 0 3 7 , but fewer in number ( Fi g .  5 . 4  a and b,  plant 3 ) . 

Bacteria isolated from these effective nodules were sensitive to 

tetracycline ( 2  �g ml- 1 ) and neomycin ( 50 0  �g ml- 1 ) ,  and formed Nod+Fix+ 

nodules when retested on Lotus pedunculatus plants . The other 1 3  plants 

remained Nod+Fix- and there were two types of nodules formed . 

8 1 .  



Figure 5 . 4  Complementation of the Tn5-induced Nod- mutant with R.  loti 

NZP2 0 3 7  wild type gene sequences . 

( a )  Gross morphology of Lotus pedunculatus plants 8 weeks 

after inoculation . Plant 1 was inoculated with the Tn5-

induced Nod- mutant strain PN2 3 3  ( Nod- ) ;  Plant 2 was 

inoculated with a transconj ugant of PN2 3 3  containing pPN 3 0 5  

( Nod+Fix- ) ;  P lant 3 was inoculated with a transconjugant of 

PN2 3 3  containing pPN 3 0 5  ( Nod+Fix+ ) ;  Plant 4 was inoculated 

with R. loti strain NZP2 0 3 7  ( Nod+Fix+ ) ,  

( b )  A c lose-up view of the roots o f  the same Lotus 

pedunculatus plants . 
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Approximate ly 4 0 %  were of a tumour- like structure and about 60%  were 

normal looking ineffective nodules ( Fi g .  5 . 4a and b ,  plant 2 ) . Bacteria 

isolated from these nodules were tetracycline and neomycin resistant . 

5 . 3 . 5  Light and electron microscopy of nodules formed on Lotus 

pedunculatus by complemented derivatives of the Nod- mutant 

strain PN2 3 3  

Lotus pedunculatus plants inoculated with derivatives o f  the Nod­

mutant strain PN2 3 3  carrying either pPN305  or pPN306 formed 2 types of 

ineffective nodules ( section 5 . 3 . 5 ) . To determine the stage of 

development at which these nodules were blocked , the morphology of the 

nodules was examined by light and electron microscopy ( section 4 . 2 . 1 7 ) . 

The light micrographs of the cross-sections from the tumour-like 

structure s  showed that there was no evidence of rhizobia! invasion ( Fig.  

5 . 5a ) . The cells contained numerous starch deposits and there were ma y 

flavolan-containing cortical cells ( Fi g .  5 . 5b ) . These features resemble 

those present in nodules of the Noi phenotype described in section 

4 . 3 . 5 . 2 . The morphology of the nodule cross-sections from the normal 

looking ineffective nodules contained abnormally large infected plant 

cells with numerous small vacuoles ( F i g .  5 . 5c and d ) . In this respect 

the nodule resembles that formed by the Cof mutant PN246 ( Fi g .  4 . 1 0b ) . 

The bacteroids present in the infected plant cells of these nodules 

showed two irregular features . Firstly , while some bacteroids contained 

extensive poly- �-hydroxybutyrate deposits , others contained little or no 

poly-�-hydroxybutyrate ( Fi g .  5 . 5e ) . Secondly , the number of bacteroids 

per peribacteroid membrane and the volume of the peribacteroid space 

varied considerably ( Fi g .  5 . 5e ) . 

82 . 



Figure 5 . 5  Light and electron micrographs showing the structure of 

ineffective nodules and tumour-like nodules formed on Lotus 

pedunculatus by a derivative of the Nod- mutant PN2 3 3  

carrying pPN 3 0 5 . B = bacteroid,  BZ = bacteroid zone , 

CT = cortex , CW plant cel l  wall , F = flavolan, 

M = mitochondrion , MC = meristematic cells , PBM = peri­

bacteroid membrane , PBS = peribacteroid space , PHB = poly-� -

hydroxybutyrate , R rhizobia ,  S = starch deposits , 

V = vacuole . ( a )  Light micrograph of a median longitudinal 

section of a 28-day-old tumour-like nodule showing a 

distinctive mass  of meristematic cells which contain 

extensive starch deposits . There is no evidence of 

rhizobial invasion into these cells . There are numerous 

flavolan-containing cortical cells ( c . f .  PN2 3 4  (Noi ) , Fig.  

4 . 7 )  x 2 0 0 . ( b )  Light micrograph showing meristematic 

cel l s  containing starch deposits in a tumour-like nodule . 

Rhizobia can be seen among the epidermal cel ls ( see arrows ) .  

x 2 5 0 .  ( c )  Light micrograph of a median transverse section 

of a 28-day-old nodule containing a central bacteroi d  zone . 

The infected cells  contained several vacuoles ( c . f .  PN246 

( Cof ) ,  Fig . 4 . 1 0a )  x 250 . ( d )  Light micrograph showing part 

of the two bacteroid-f i l led cells from ( c ) . Note the numerous 

vacuoles within these cel l s  ( c . f .  PN246 ( Cof ) , Fig.  4 . 1 0b )  

X 1 6 2 0 . ( e )  E lectron micrograph of bacteroids present in an 

infected plant cel l .  Several of the bacteroids contain extensive 

deposits of poly- �-hydroxybutyrate . The number of bacteriods 

per peribacteroid-membrane is seen to be larger than normal 

( c . f .  Fig.  4 . 6e )  and the peribacteroid space is very large . 

Mitochondria can be seen in the host cel l  cytoplasm. x 5 0 0 0 . 





5 . 3 . 6  DNA homology between the nod gene region of R .  loti NZP2 037  

and other Rhizobium strains 

Rhizobia capable of nodulating Lotus species include strains from 

R. loti and Bradyrhizobium spp . ( Lotus ) .  To identify DNA sequences in 

these strains homologous to the cloned nod genes of R. loti NZP2 0 3 7 , the 

1 2 . 8  kb EcoRI fragment from pPN3 0 1  ( section 5 . 3 . 1 )  was purified, 

labelled with [ 3 2p ] , and hybridised to a Southern blot of total DNA from 

R.  loti strains NZP 2 0 3 7  and NZP22 1 3 ,  and Bradyrhizobium spp . ( Lotus ) 

strain NZP2 309  ( CC8 1 4s ) . Strong hybridisation occurred to the 7 . 1 kb 

EcoRI fragment in NZP20 3 7  ( Fi g .  5 . 6 ,  lane 1 ) ;  to 9 . 6  kb and 3 . 8  kb 

EcoRI fragments in NZP2 2 1 3  ( Fi g .  5 . 6 ,  lane 3 ) , to 1 1 . 0  kb and 5 . 8  kb 

EcoRI fragments in NZP2309  ( Fi g .  5 . 6 ,  lane 5 ) . For the Hind I I I  

digests , strong hybridisation occurred to a 1 4 . 0  kb fragment i n  NZP2 0 3 7  

( Fi g .  5 . 6 ,  lane 2 ) ; to 23 . 0  kb fragment in NZP22 1 3  ( Fig .  5 . 6 ,  lane 4 ) ; 

to 1 3 . 0  kb and 9 . 4  kb fragments in NZP2309  ( Fig .  5 . 6 ,  lane 6 ) . Identical 

results were obtained when the hybridisation experiment was repeated 

using the 7 . 1 kb EcoRI fragment from the cosmid pPN 3 0 5  ( section 5 . 3 . 2 )  

as a probe . 

In order to determine whether the nod region of R .  loti NZP20 3 7  was 

homologous to DNA sequences in rhizobia of other cross inoculation 

groups , the 7 . 1 kb EcoRI fragment from pPN305  was labelled with [ 3 2p ]  

and hybridised to  EcoRI digests of  total DNA from R .  trifolii strains 

NZP561 and PN 1 0 0 ,  and R. meliloti strain SU47 ( Fi g .  5 . 7a ,  lanes 3 , 4  and 

5 ) . DNA from R . loti strains NZP2 0 3 7  and NZP22 1 3  were included for 

comparison ( Fi g .  5 . 7a ,  lanes 1 and 2 ) .  When the autoradiograph of this 

blot was developed after 36 h ,  strong hybridisation was observed with 

R. loti strains NZP2 0 3 7  and NZP2 2 1 3  ( Fig .  5 . 7a ,  lanes 1 and 2 ) , but no 

hydridisation was observed to R. trifolii and R .  meliloti total DNA 
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Figure 5 . 6  Hybridisation of the cloned nod gene region of NZP2037  to 

R .  loti and Bradyrhizobium spp . ( Lotus ) total DNA . 

Autoradiograph showing the hybri disation pattern between the 

[ 32p ] - labelled nod gene region of NZP2 0 3 7  and the total DNA 

di gests of R .  loti and Bradyrhizobium spp . ( Lotus ) strains . 

Lane 1 ,  EcoRI digest of NZP2 0 3 7  DNA ; Lane 2 ,  Hind I I I  

digest o f  NZP2037  DNA ; Lane 3 ,  EcoRI digest of NZP22 1 3  

DNA ; Lane 4 ,  Hind I l l  digest of NZP22 1 3  DNA; Lane 5 ,  

EcoRI digest of NZP2309  DNA ; Lane 6 ,  Hind I l l  digest of 

NZP 2 3 0 9  DNA . Size markers are in kilobases ( kb ) . 
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Figure 5 . 7  Hybridisation of the cloned nod gene re gion of NZP20 3 7  to 

R. loti , R. trifolii and R. meliloti total DNA . 

( a )  Autoradiograph ( 36h exposure ) showing the hybridisation 

pattern between the [ 3 2p ] - labelled NZP2 0 3 7  nod gene region 

( 7 . 1  kb EcoRI fragment from pPN305 ) and the EcoRI digests of 

total DNA from R. loti , R. trifolii and R. meliloti strains . 

Lane 1 ,  R. loti NZP2037 ; lane 2 ,  R.  loti NZP2 2 1 3 ;  Lane 3 ,  

R .  trifolii NZP56 1 ;  Lane 4 ,  R.  trifolii PN 1 0 0 ;  Lane 5 ,  

R .  meliloti SU47 . ( b )  Autoradiograph ( 7  days exposure ) 

from a second hybridisation experiment using the s ame nod 

probe and a Southern blot containing EcoRI digests of total 

DNA as listed above . Size markers are in k ilobases ( kb ) . 
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( Fig . 5 . 7a ,  lanes 3 ,  4 and 5 ) . However , an autoradiograph deve loped 

after 7 days revealed weak homology with R .  trifolii and R. meliloti DNA 

( Fig.  5 . 7b ,  lanes 3 , 4  and 5 ) .  The fragment sizes and the intensity of 

hybridisation observed for this blot are listed in Table 5 . 2 .  Using a 

7 . 2  kb EcoRI fragment from pRt572 containing the nodulation region of 

R. trifolii ( Schof ield et al . ,  1 983 ) as a probe , the reverse experiment 

was carried out to determine if homologous sequences were present in the 

R. loti strains . Strong hybridisation was observed to several DNA 

fragments from R .  trifolii and R .  meliloti total DNA ( Fi g .  5 . 8a ,  lanes 

3 , 4  and 5 ) , but hybridisation to R .  loti strains NZP 2 0 3 7  and NZP22 1 3  

total DNA could only be observed after prolonged exposure ( 5  days ) of 

the X-ray film to the blot ( Fi g .  5 . 8b ,  lanes 1 and 2 ) . The size and 

intensity of hybridisation of the various EcoRI fragments that 

hybridised to the R. trifolii nod probe are listed in Table 5 . 2 .  As it 

was uncertain from the last experiment whether the R. trifolii nod probe 

shared homology with the nod region of R. loti , a further hybridisation 

experiment was carried out using a blot of the cloned R .  loti nod DNA 

region . When the same [ 32p ] - labelled R. trifolii nod DNA was used to 

hybridise with EcoRI digests of pLAFR1  recombinant plasmids , pPN305  and 

pPN306 , carrying the wild type nodulation gene sequences of R. loti 

NZP2037 ( section 5 . 3 . 2 ) , only the 7 . 1 kb EcoRI fragment from pPN305  and 

pPN306 was found to hybridise . ( Fi g .  5 . 9a and b ,  lanes 1 and 2 ) . 
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5 . 3 . 7  ' In planta ' direct complementation of the R .  loti NZP20 3 7  Nod­

mutant with a gene library of Bradyrhizobium spp . ( Lotus ) strain 

NZP2309  

In section 5 . 3 . 6  it  was shown that the nod region of  R .  loti 

NZP2037 hybridised to DNA sequences in Bradyrhizobium spp . ( Lotus ) 

strain NZP2 309  total DNA ( see Fig .  5 . 6 ) suggesting that the nod regions 



Figure 5 . 8  Hybridisation of cloned R .  trifolii nod DNA to R .  loti , 

R. trifolii and R .  meliloti total DNA . 

( a )  Autoradiograph ( 2 0h exposure ) showing the hybridisation 

pattern between [ 3 2p ] - labelled R. trifolii nod DNA and EcoRI 

digests of total DNA . Lane 1 ,  R .  loti NZP2 0 3 7  DNA; Lane 2 , 

R. loti NZP22 1 3  DNA ; Lane 3 ,  R. trifolii NZP5 6 1  DNA ;  Lane 4 ,  

R.  trifolii PN 1 0 0  DNA ;  Lane 5 ,  R .  meliloti SU47 . 

( b )  Autoradiograph of the same gel after 7 days exposure . 

Size markers are in kilobases ( kb ) . 
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Figure 5 . 9  Hybri disat ion of R trifolii nod DNA to cloned nod gene 

sequences of R. loti NZP2 0 3 7 . 

( a )  Agarose gel showing EcoRI digests of pLAFR1 recombinant 

plasmids carrying nod gene sequences of NZP2037 . Lane 1 ,  

pPN 3 0 5  DNA ; Lane 2 ,  pPN306 DNA . 

( b )  Autoradiograph o f  the same gel hybridised with the 

[ 32p ] - labe lled 7 . 2  kb EcoRI fragment carrying the nod DNA of 

R. trifolii from pRt572 ( Schofield et al . ,  1 983 ) . Size 

markers are in kilobases ( kb ) . 
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Table 5 . 2  EcoRI restriction fragments from Rhizobium loti , R .  trifolii 

and R .  meliloti total DNA homologous to R .  loti nod probe 

and/or R .  trifolii nod probe . 

Homologya 

EcoRI DNA fragment ( kb )  
R .  loti nod probeb R .  

R.  loti NZP 2 0 3 7  

1 0 . 5  0 
7 .  1 5 
4 . 7  0 
4 . 0  2 
3 . 5  0 
1 .  0 0 

R .  loti NZP2 2 1 3  

9 . 6  5 
8 . 8  0 
7 . 7  0 
6 . 4  0 
3 . 8  5 
1 .  0 0 

R .  trifolii NZP56 1 

7 . 7  0 
7 . 1 2 
5 . 0  0 
2 . 6  0 
1 .  8 0 
1 .  4 0 

R.  trifolii  PN 1 0 0  

1 1 . 7  2 
1 0 . 5  0 

4 . 5  2 

R. meliloti SU47 

1 5 . 0  0 
1 0 . 0  0 

8 . 7  2 
6 . 6  0 
3 . 9 0 
3 . 3  0 
2 . 3  0 

with 

trifolii 

2 
1 
3 
2 
1 
2 

2 
1 
2 
1 
0 
2 

5 
0 
4 
2 
5 
5 

5 
4 
0 

4 
3 
5 
4 
2 
2 
3 

nod probec 

d 



Table 5 . 2  Continued 

a Determined by hybridisation of [ 32p] - labelled DNA probes to Southern 

b 

c 

d 

blots of EcoRI di gests of total DNA . The numbers 0 to 5 indicate 

the intensity of hybridisation ; 0 = no hybridisation detected,  

5 = very strong hybridisation . 

This probe was a 7 . 1 kb EcoRI fragment purified from pPN 3 0 5  ( section 

5 . 3 . 2 )  by electroelution and labelled with [ 32p] . 

This probe was a 7 . 2  kb EcoRI fragment purified from pRt572  

( Schofield et al . , 1 983 ) by electroelution and labelled with [ 32p] . 

The box indicates the EcoRI fragment carrying nod gene sequences in 

each strain and the hybridisation intensities of the fragment to the 

R. loti and R. trifoli i  [ 3 2p ] - labelled nod probes . 



of these strains were homologous . To determine whether the homologous 

sequences from NZP2309 could complement the Nod- mutant of R. loti 

NZP20 3 7 ,  a pLAFR1  gene library was constructed ( section 5 . 2 . 1 7 )  and 

conjugated en masse with the NZP2 037  Nod- mutant , strain PN233 ( section 

5 . 2 . 1 8 ) . The tetracycline and neomycine resistant transconjugants 

obtained were mass inoculated onto Lotus pedunculatus plants ( section 

3 . 2 . 6 ) . P lants were examined for nodulation and growth 2 weeks and 6 

weeks after inoculation respectively . All plants inoculated formed 

ineffective nodules . Rhizobia were isolated from these nodules and 

plasmid DNA isolated by the alkaline lysis procedure ( section 5 . 2 . 6 . 2 ) . 

When EcoRI digests of these cosmids were analysed on agarose gels , they 

were found to contain many common fragments including fragments of the 

sizes , 1 1 . 0 kb and 5 . 8  kb , found to hybridise with the NZP2037  nod probe 

( see Fig .  5 . 6 , lane 5 ) . One of the cosmids was retained and designated 

pPN329 . 

The ineffective nodules formed on Lotus pedunculatus by strain 

PN2 3 3  carrying pPN329 were examined by light and electron microscopy . 

The light micrograph of a median transverse section of a nodule showed 

that the c entral zone contained plant cells filled with a variable 

number of bacteroids ( Fi g .  5 . 1 0a ) . The bacteroids appeared to be packed 

in groups throughout the host cell  cytoplasm ( Fi g .  5 . 1 0b ) . Electron 

microscopi c  examination of these cells showed bacteroids in various 

stages of degeneration ( Fi g .  5 . 1 0c ) . The bacteroids contained extensive 

deposits of poly- �-hydroxybutyrate and wer e  not surrounded by a 

peribacteroid membrane ( Fi g .  5 . 1 0d ) . The host cell cytoplasm contained 

numerous vesicles and membranes and cellular contents of degenerating 

rhizobia . 
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Figure 5 . 1 0  Light and electron micrographs showing the structure of 

root nodules formed on Lotus pedunculatus by a derivative of 

the Nod- mutant PN233  containing pPN329 . B = bacteroid,  

BZ bacteroid zone , CT = cortex , CW = plant cell wal l ,  

IS = interce llular space , MM = membrane material , 

PHB = poly-�-hydroxybutyrate , UC = uninfected cel l . 

( a )  Light micrograph of a median transverse section o f  a 

28- day-old nodule showing a disorganised bacteroid zone 

containing many enlarged infected and uninfected cells . x 250 . 

( b )  Light micrograph of an infected plant cell . The 

bacteroids present in this cell appear to be clumpe d  into 

groups . This cell is surrounded by several uninfected 

cell s . x 2 5 0 . 

( c ) Electron micrograph of part of the infected cel l  

showing large numbers of bacteroids , often clumped together ,  

in the cell cytoplasm. The bacteroids are not enclo�ed 

within per ibacteroid membranes .  x 2 , 60 0 . 

( d )  Electron micrograph showing bacteroids within the 

cytoplasm of an infected plant cell . They are enclosed 

within peribacteroid membranes and they contain many 

granules of poly-�-hydroxybutyrate . The host cell cytoplasm 

contains debris of membrane materials . x 1 0 , 5 0 0 .  





5 . 3 . 8  Complementation of Rhizobium nodulation function using 

heterologous nod regions 

As only weak DNA homology was observed between the R. loti and 

R .  trifoli i  nod regions ( section 5 . 3 . 6 ) , a series of complementation 

experiments was carried out to determine if the two nod regions shared 

common functions . A pLAFR1 recornbinant plasmid carrying a 1 1 . 7  kb EcoRI 

fragment from the nod region of the R .  trifolii Syrn plasmid pRtr5 1 4a 

( Scott et al . ,  1 984 ) was transferred into the Nod- mutant of R .  loti , 

strain PN2 3 3 ,  in a triparental cros s . The tetracycline and neomycin 

resistant transconjugants were single colony purified and inoculated 

onto Lotus pedunculatus and red clover ( Trifolium pratense )  plants . 

Numerous tumour- like nodules formed on Lotus pedunculatus 4 weeks after 

inoculation , a few normal looking ineffective nodules formed after 6 

weeks . However ,  there were no nodules formed on red clover . Similar 

results were obtained when the Sym p lasmid cointegrate pPN 1 

(pRtr5 1 4a : : R68 . 45 )  from R .  trifoli i  PN 1 0 0 ( Scott and Ronson , 1 982 ) was 

mobilised into the R. loti Nod- mutant PN2 3 3  by conjugation . 

To test whether the nod gene s equences of R .  loti NZP2037  were 

capable of restoring the nodulation ability of a Syrn plasmid cured 

derivative of R .  trifolii , strain PN 1 04 ,  the R. loti pLAFR1 nod cosmid,  

pPN3 0 6 ,  was introduced in  a triparental cross . The tetracycline 

resistant transconjugants were single colony purified and inoculated 

onto red c lover and Lotus pedunculatus plants . No nodules were formed 

on either red c lover or Lotus pedunculatus . 

5 . 4  DISCUSSION 

The 1 2 . 8  kb EcoRI DNA fragment carrying the TnS : : nod DNA sequences 

from the R. loti Nod- mutant strain PN2 3 3  was successfully cloned into 
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pBR328 ( section 5 . 3 . 1 ) .  The resultant recombinant plasmid,  pPN3 0 1 ,  was 

used to isolate the wild type sequences from a pLAFR1 gene library of 

R. loti ( section 5 . 3 . 2 ) . Two pos itive cosmid clones were isolated and 

shown to span a region of approximate ly 30 kb in the R .  loti genome . 

These cosmids (pPN305 and pPN3 0 6 )  had 4 common EcoRI DNA fragments 

( total 22 kb ) and when each was hybridised with the 1 2 . 8  kb EcoRI 

fragment from pPN3 0 1 ,  only the 7 . 1 kb EcoRI fragment hybridised ( Fi g .  

5 . 2b ,  lanes 1 and 3 )  confirming that this was the fragment into which 

Tn5 had inserted . 

When the cosmids pPN 3 0 5  and pPN306 were transferred into the Nod­

mutant strain PN23 3 ,  complementation of the Nod- phenotype occurred but 

only 3/ 1 6  of the plants were Fix+ ( F i g .  5 . 4  a and b ,  plant 3 )  and the 

others were Fix- ( Fi g .  5 . 4a and b ,  plant 2 ) . The three Fix+ plants 

contained both Fix- and late appearing Fix+ nodules and showed delayed 

nitrogen fixation . The Fix- plants contained Fix- nodules of two types : 

about 4 0 %  of the nodules resembled the tumour-like Noi phenotype ( Fig .  

4 . 7 )  and 60% were of  the Cof phenotype ( Fi g .  4 . 9  and Fig.  4 . 1 0 ) . 

Similar results were obtained by C . E .  Pankhurst ( personal communication ) 

in an alternative attempt to isolate nod genes from the NZP20 3 7  pLAFR1  

gene library by direct ' in planta ' complementation ( Long et al . ,  1 982 } 

of the Nod- mutant PN2 3 3 . Cosmids identical to pPN305  and pPN306 were 

isolated by this alternative approach . These observations suggest that 

PN233  was complemented to varying degrees by cosmids pPN 3 0 5  or pPN3 0 6 .  

The fact that only 3/ 1 6  of the plants were Fix+ could be attributed 

to the need for recombination to occur for complementation of the Fix+ 

phenotype in this mutant . There are three observations that support 

this explanation . Firstly , the Rhizobium recipient was not a 
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recombination-deficient strain . Secondly , bacteria recovered from the 

effective nodules were tetracycline and neomycin sens itive indicating 

that both the pLAFR1 cosmid (pPN305  or pPN3 0 6 )  and the Tn5 DNA sequences 

were lost presumably by a site specific recombination event , assuming no 

reversion occurred . Thirdly , it is unlikely the Nod+ Fix+ phenotype 

arose as a result of reversion as repeated plant tests with PN2 3 3  showed 

that it is a stable , non-reverting mutant . The inability of this 

R. loti Nod- mutant to be complemented in trans for fixation ( Fix ) is in 

contrast to complementation tests that have been carried out with Nod-

mutants of R .  meliloti ( Long et al . ,  1 982 ) R.  trifolii ( Schofield et 

al . ,  1 983 ) and R. legurninosarum ( Downie et al . , 1 983a ) . However ,  Scott 

et al . ( 1 982 ) also observed a delay in nitrogen fixation when 

complementing a Nod+Fix- mutant of R .  trifolii with a RP4 recombinant 

plasmid carrying the wild type genes . They attributed this result to a 

requirement for site specific recombination before complementation 

occurred . The correction of the Nod- to Nod+ phenotype by cosmids 

containing the wild type 7 . 1 kb EcoRI fragment indirectly demonstrates 

that the nod gene mutation was caused by a Tn5 insertion into this 

fragment . This was recently com£irmed by reverse mutagenesis using site 

directed exchange of the cloned Tn5 containing f ragment for wild type 

sequences ( D . B .  Scott , personal communication ) .  The fact that the 

development of most nodules in these experiments were not restored to 

Fix+ would suggest that the Tn5- induced nod mutation has some effect , 

possibly polar ( Berg et al . ,  1 98 0 ) , on a f ix gene and that this lesion 

cannot be complemented in trans . 

As Lotus species can be nodulated by strains f rom Rhizobium loti 

and Bradyrhizobium spp . ( Lotus ) ,  the cloned nod gene region from R. loti 

strain NZP20 3 7  was used as a hybridisation probe to test if these other 
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Lotus strains carried homologous sequences .  Strong hybridisation was 

observed in both the R. loti strains NZP20 3 7  and NZP22 1 3  ( Fig.  5 . 6 ,  

lanes 1 , 2 , 3  and 4 ) . In Bradyrhizobium spp . ( Lotus ) strain NZP2309 , the 

DNA sequences homologous to the NZP2 0 3 7  nod probe did not hybridise as 

strongly as those in NZP22 1 3  ( c . f .  Fig.  5 . 6 , lanes 3 and 4 and Fig.  5 . 6 ,  

lanes 5 and 6 ) , but were more hi ghly conserved with the R .  loti nod gene 

sequences than the sequences that hybridised from R. trifolii and 

R. meliloti ( Fig . 5 . 7  a and b, lanes 3 , 4  and 5 ) . Additional hybridising 

bands were found in all three Lotus strains suggesting that part of the 

7 . 1 kb EcoRI fragment from NZP2 0 3 7  is reiterated elsewhere on the 

genome . These results indicate that the nod gene regions in the fast­

growing and s low-growing Lotus are conserved ,  despite their lack of 

total DNA homology ( Chapter 2 ) . 

Confirmation that the sequences that hybridised in the slow-growing 

strain NZP2 3 09 , carried genes involved in nodulation , was obtained by 

isolation of these sequences by ' in planta ' complementation . The 

NZP23 09 cosmids that complemented the nodulation function of the R .  loti 

NZP2 0 3 7  Nod- mutant contained fragments of identical sizes to those that 

hybridised with the R .  loti NZP2 0 3 7  nod gene probe ( Fig.  5 . 6 , lanes 5 

and 6 ) . However , as found in the complementation experiments with the 

NZP20 3 7  gene library , the nodules formed with strains of PN23 3  

containing NZP23 09 cosmids were again Fix- . This result would again 

suggest that recombination is necessary for restoration of the Fix+ 

phenotype .  It is interesting to note that in contrast to the mixed 

morphologies displayed by nodules induced by PN2 3 3  carrying pPN 3 0 5  or 

pPN306 ( section 5 . 3 . 4 ) , those formed by strain PN23 3  carrying NZP2 309  

nod cosmids were of  a single morphology . In addition , a lthough the 

external morphology of the nodules was norma l , they were smaller than 
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the nodules induced by the R. loti wi ld type strain NZP2 037 on 

Lotus pedunculatus , and the nodule sections were found to contain 

extens ive deposits of poly- �-hydroxybutyrate . The s ize of the nodules 

and the numerous poly- �-hydroxybutyrate granules suggested that they 

strongly resembled those induced by the wild type strain NZP2 3 09 on 

Lotus pedunculatus ( Wood et al . ,  1 984 ) . The fact that the R. loti Nod-

mutant , PN2 3 3 , when complemented with nod cosmids from NZP2 037 or 

NZP2 309 gene libraries , induced different nodule morphologies would 

suggest that there are some dif ferences between these two conserved nod 

gene regions . 

Nodulation genes have recently been isolated from another s low-

growing strain of Bradyrhizobium spp . ( Parasponia ) by direct 

complementation of a Nod- mutant of Rhizobium mel iloti ( Marvel et al . ,  

1 984 ) and by hybridisation with a nod ABC gene sequence fragment from 

Rhizobium trifolii ( K . F .  Scott , personal communication ) .  The 1 1 . 0 kb 

and 5 . 8  kb EcoRI fragments of the NZP2309 nod cosmid isolated in this 

study were also found to show weak DNA homology with the R .  trifoli nod 

ABC gene sequence ( C . E .  Pankhurst , personal communication ) suggesting 

that ' common ' nod genes are carried on these fragments . 

It has been shown by comparative physical and genetical studies 

that some early nodulation gene �equences are high ly conserved 

physically and functional ly among the Rhizobium species ( Rolfe et al . ,  

1 984 ; Kondorosi et al . ,  1 984 ) . However , this study showed that the 

cloned R .  loti NZP2 0 3 7  nod gene probe showed only weak DNA homology with 

DNA sequences known to carry nod gene sequences from R .  trifoli i  and 

R. mel iloti ( Table 5 . 2 ) . Using a 7 . 2  kb EcoRI fragment from the 

R .  trifolii nod gene region ( Schof ield et al . , 1 98 3 ) as a hybridisation 

90 . 



�������������-------- -

probe a reverse experiment was carried out and again very weak DNA 

homology was observed with sequences from R.  loti strains ( Table 5 . 2 ) . 

Precise interpretation of these hybridisation results was dif f i cult as 

multiple bands hybridised in R .  trifolii , R.  meli loti and R .  loti DNA 

digests presumably due to the presence of reiterated sequences . 

Therefore it was not possible to confirm that the DNA homology between 

the nod gene re gions of R .  trifolii and R .  loti was due to nod gene 

homology per se despite the fact that the R .  trifolii nod ABC gene 

region was found to hybridise with the cloned R. loti nod gene region 

( C . E .  Pankhurst , personal communication ) .  Therefore , genetic 

experiments were carried out to determine if there were functional 

similarities between the two nod regions . When a 1 1 . 7 kb EcoRI fragment 

spanning the nod gene region of R .  trifoli i  strain PN 1 0 0  ( Scott et al . ,  

1 984 ) was transferred into the R .  loti NZP2 037 Nod- mutant , strain 

PN233 , the resulting transconjugants were found to form numerous tumour­

like nodules and a few late appearing Fix- nodules on Lotus pedunculatus 

suggesting that some gene functions were conserved in the R. l oti and 

R. trifolii nod gene regions . However these strains were unable to 

induce any nodule-like structures at all on red clover . S imi lar results 

were obtained when the Sym plasmid cointegrate of R.  trifoli i ,  pPN 1 

( Scott and Ronson , 1 982 ) was mobilised into the R.  loti Nod- mutant . 

However , Ronson and Scott ( 1 983 ) reported that when pPN 1 was i ntroduced 

into the R. loti wi ld type strain NZP20 3 7 ,  the resulting transconjugants 

formed Fix- nodules on the normal host plant Lotus pedunculatus . They 

suggested that the defective symbiotic phenotype was due to interference 

of pPN 1 with the expression of the R .  loti symbiotic genes . Hence it is  

difficult to interpret the complementation shown by pPN 1 in the NZP2 0 3 7  

Nod- mutant . In another complementation experiment , the nod cosmid of 

R .  loti NZP2 0 3 7 , pPN306 , was transferred into a R .  trifolii Sym plasmid-
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cured Nod- derivative , strain PN 1 0 4 ,  but there was no correction of the 

Nod- phenotype when tested either on red clover or Lotus pedunculatus . 

The fact that there was no nodulation observed on Lotus pedunculatus 

suggests that either this R. loti nod gene re gion does not carry 

sufficient genetic information for Lotus specific nodulation or that the 

genes are not expres sed in the heterologous chromosomal background . The 

inability of these stra ins to nodulate red clover was not surpris ing 

considering that the entire Sym plasmid was absent from these strains . 

In contrast , Schof ield et al . ( 1 984 ) reported that a c loned 1 4  kb Hind 

Ill fragment spanning the nod re gion of a R.  trifolii strain , when 

introduced into a R .  trifolii  Sym plasmid-cured Nod- derivative was able 

to restore normal nodulation functions to this strain . In addition , the 

same cloned fragment was found to confer c lover specific nodulation 

ability to Agrobacterium and unrelated ' cowpea ' rhizobia . Downie et a l . 

( 1 983a ) also reported that a 1 0  kb re gion of nod DNA from 

R.  leguminosarum was able to restore the nodulation abi lity of a 

R. leguminosarum Sym plasmid-cured Nod- derivative and also conferred 

pea specific nodulation abi lity to a Sym plasmid�cured Nod- derivative 

of R.  phaseoli . 

The physical and genetical analysis carried out here on the R .  l ot i  

NZP2 037 nod gene region demonstrates that a t  least some of the nod gene 

sequences carried on the R .  loti 7 . 1 kb EcoRI fragment ( Fi g .  5 . 3 )  belong 

to the ' common ' nod gene category . However , in contrast to the f inding 

that the ' common ' nod gene sequences were highly conserved between 
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R. trifolii and R .  mel i loti ( Rolfe et al . ,  1 984 ; Kondorosi et a l . ,  1 9 84 ) , - - - -

the R.  l oti nod gene region showed only weak DNA homology with the nod 

regions from other Rhizobium species .  It is  most likely that the R .  loti 

nod region isolated here also contains nod gene sequences unique to 



Lotus rh izobia as there was a high de gree of DNA homology shown by the 

Lotus strains from two di fferent genera . However , whether these gene 

sequences correspond to genetic determinants for host specif icity 

remains to be resolved . 

5 . 5  SUMMARY 

The 1 2 . 8  kb EcoRI DNA fragment containing the Tn5 : : nod DNA 

sequences from the R. loti NZP2 0 3 7  Nod- mutant has been cloned and used 

as a hybridisation probe to identify the wild type sequences from a 

pLAFR1 gene library of R.  loti wi l d  type strain NZP2 0 3 7 . Two cosmids 

which showed homology to the probe contained approximately 2 2  kb of DNA 

in common , including a 7 . 1  kb EcoRI fragment which corresponded to the 

fragment into which Tn5 had inserted .  Hybridisation and complementation 

experiments confirmed that the 7 . 1  kb EcoRI fragment contained nod gene 

sequences of R .  loti NZP2 0 3 7  and that these sequences were more highly 

conserved between the two genera of strains that nodulate Lotus than 

with R. trifolii or R. meliloti . I t  was also shown that despite the 

weak DNA homology between the nod region of R .  loti and that of 

R.  trifolii or R .  meli loti , genetic studies confirmed that at least some 

of the nod gene sequences carried on the 7 . 1  kb EcoRI fragment belong to 

the highly conserved ' common ' nod gene sequence category . 
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CHAPTER S I X  

GENERAL DI SCUSSION 

Ear l ier studies ( Jensen , 1 967 ; Jensen and Hansen , 1 968 ) demonstrated 

that unl ike most legumes nodulated by named Rhizobium species , Lotus 

plant species could be nodulated by both fast- and slow-growing strains 

of rhizobia . The fast-growing Lotus rhizobia have many of the cultural 

characteristics of fast-growing Rhizobium species and have recently been 

classified as a new species , Rhizobium loti ( Jarvis et al . ,  1 982 ) . 

Little i s  known about the slow- growing Lotus rhizobia but it has been 

suggested that they are genetical ly related to s low-growing strains from 

soybean and Lupinus ( Vincent , 1 974 ) . S low-growing Lotus rhizobia are 

now class if ie d  within the genus Bradyrhizobium. Studies carried out 

using the important pasture legume Lotus pedunculatus Cav . have shown 

that fast- growing R .  loti strains such as NZP2 0 3 7  and s low-growing 

Bradyrhizobium �· ( Lotus ) strains such as NZP 2 3 09 can both nodulate 

Lotus pedunculatus effectively ( Pankhurst et al . , 1 977 ; Pankhurst et 

al . ,  1 9 79 ) , but the genetic bas i s  for these symbiotic characteristics is 

unknown . 

In the f irst part of thi s  study , the total DNA homology between 

fast- and s low-growing Lotus rhizobia was compared . Results showed that 

the fast- and s low-growing Lotus rhizobia shared less than 1 0 %  relative 

DNA homol ogy even though they shared the capac ity to nodulate the same 

plant species . An analogous system has also been reported for strains 

that nodulate soybean . I t  has now been established that soybean 

rhizobia include strains from fast-growing Rhizobium fredii { Scholla and 

Elkan , 1 984 ) and s low-growing Bradyrhizobium j aponicum ( Jordan , 1 98 2 ) .  

As with the Lotus strains these 2 groups of rhizobia share little total 
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DNA homology ( Scholla et al . ,  1 984 ) . Diversity within R .  loti exists 

but there is insuff icient data to support any further subdivis ion of 

these strains . In contrast , the slow- growing Lotus rhizobia could be 

divided into 2 di stinct DNA homology groups . .Heterogeneity based upon 

DNA homology studies has also been shown with B .  j aponicum ( Hollis et 

al . , 1 9 8 1 ) .  Most s low- growing strains studied here shared up to 40% 

relative DNA homology with each other . It appears that while 

heterogeneity exists within groups of slow- growing rhizobia ,  they still 

share up to 40% of relative DNA homology between groups . 

Analysis  of the plasmids in Lotus rhizobia indicated that like many 

other groups of rhizobia studied to date , the presence of large 

indigenous plasmids is a common feature of the Lotus rhizobia . However , 

unlike other Rhizobium species studied to date , R .  loti strains carry a 

single large indigenous plasmid and these plasmids do not carry 

nodulation ( nod ) and nitrogen f ixation ( ni f ) genes . It i s  unknown 

whether the multiple plasmids identified in the s low-growing 

Bradyrhizobium �· ( Lotus ) strains carry any symbioti c  determinants . 

Such a poss ibility cannot be ruled out but there is no evidence to date 

for nod and nif genes being located on large indigenous plasmids present 

in a number of s low-growing strains studied ( Haugland and verma , 1 98 1 � 

Masterson et a l . ,  1 982 ) . The role of the plasmids in Lotus rhizobia is 

still unknown . 

Using Tn5 mutagenesis coupled with molecular c loning techniques 

(Meade et al . , 1 982 ; Long et al . ,  1 982 � Scott et al . ,  1 98 2 � - - Schofield 

et al . ,  1 983 ; Downie et al . ,  1 983a ) , a nod gene region of R .  loti 

NZP2037 was c loned . The Tn5-induced Nod- mutant of R .  loti NZP2 0 3 7  was 

isolated by random Tn5 mutagenesis using pSUP 1 0 1 1  as a Tn5 donor . This 
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mutant was defective in root hair curling ( Hac ) . The wild type nod gene 

sequences were isolated from a pLAFR1 gene library of NZP2 0 3 7  using the 

cloned Tn5-containing fragment from the Nod- mutant as a probe . In 

addition , a range of Tn5-induced Fix- mutants of R .  loti NZP2 0 3 7  have 

also been i solated . These mutants included strains that were blocked in 

nodule initiation ( Noi ) ,  bacterial release ( Bar ) and nitrogen f ixation 

( Cof ) . Suprisingly , only the cosmids that complemented the Fix- mutants 

PN236 and PN2 3 7  shared common DNA fragments ( C . E .  Pankhurst , personal 

communication ) , suggesting that these symbiotically important gene 

regions are not c losely linked in the R. loti genome . Widely scattered 

fix alle les have recently been identified on the chromosome of 

R.  meliloti ( Forrai et a l . ,  1 98 3 ) and R .  phaseoli ( Noel et al . ,  1 984 ) . 

Physical and genetical studies have shown that a 7 . 1  kb EcoRI 

fragment from NZP20 3 7  nod cosmids pPN305 and pPN306  carried gene 

sequences involved in nodulation . These nod gene sequences were shown 

to be conserved among Lotus rhizobia from two different genera . The nod 

gene region of Bradyrhizobium spp . ( Lotus ) strain NZP2 3 09 was i solated 

by direct complementation ( Long et al . ,  1 982 ) of the R. loti NZP2 037  

Nod- mutant . I t  was noted that the R .  loti NZP2 0 3 7  Nod- mutant when 

complemented with nod cosmids from NZP2 0 3 7  or NZP 2 3 09 gene libraries , 

induced nodules of different morphologies on Lotus pedunculatus 

suggesting that there are some differences between these two conserved 

nod gene regions . I t  has been observed that Lotus pedunculatus plants 

inoculated by NZP2 309 f i x  more nitrogen than Lotus pedunculatus 

inoculated with NZP2 0 37 ( Pankhurst , 1 9 7 7 ) . The possibility exists that 

the differences shown in the symbiotic genes of these two different 

Lotus strains may account for this variation in nodule effectiveness . 
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Recently DNA sequences encoding some early nod functions have been 

isolated from B .  j aponicum ( Sutton et al . ,  1 984 ) , but to date there is 

no report on the comparative studies of the nod regions from fast- and 

slow- growing soybean strains . Nodulation gene sequences have also been 

isolated from Bradyrhizobium spp . ( Parasponia )  strains ( Marvel et al . ,  

1 984 ; K . F .  S cott , personal communication ) .  The homology between these 

Bradyrhizobium nod gene regions isolated has not yet been studied . 

The presence of conserved ' common '  nod gene sequences ( nod ABC ) has 

been reported in a number of Rhizobium species and in some strains of 

Bradyrhizobium species ( Rolfe et al . ,  1 984 ; Kondoros i et al . ,  1 984 ; - -

K. F .  Scott , personal communication ) .  These ' common ' nod gene sequences 

are highly conserved physically and functionally in Rhizobium species . 

In contrast , this work showed that the R .  loti nod gene region isolated 

only showed very weak DNA homology with the ' common ' nod gene sequences 

from Rhizobium trifoli i . However genetical studies showed that these 

two nod gene regions shared some functional s imi larities despite the 

weak DNA homology between them. Weak DNA homology was also observed 

between the nod gene region of Bradyrhizobium �· ( Lotus ) s train 

NZP2309 and the nod ABC gene sequences f rom R. trifolii . These results 

further support the suggestion that a group of conserved bacterial nod 

gene sequences involved in early nodule formation are present in most if 

not all rhizobia . Host specific nodulation gene sequences have also 

been identi f ied in R. trifolii , R. meliloti and R. leguminosarum, but 

such gene s equences have not yet been identified in R .  loti . I t  has 

been shown that the nod gene regions isolated from R. trifolii and 

R. leguminosarum are conf ined to a region less than 1 0  kb of DNA 

( Schofield et a l . ,  1 983 ; Downie et a l . , 1 98 3a ) . It is unknown whether 

the R. loti NZP20 3 7  nod gene region is confined to the 7 . 1  kb EcoRI 
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fragment as the boundaries of the nod gene region in NZP2 0 3 7  have not 

been def ined . 

In conclus ion , this study has provided a detailed molecular and 

genetical analysis of some of the symbiotic genes from Lotus rhizobia . 

The isolation of a range of Tn5-induced symbiotic mutants will 

facil itate further molecular and genetical studies on the symbiotic 

genes of Lotus rhizobia . Furthermore the i solation of two nod gene 

regions f rom Lotus strains with heterogeneous genetical backgrounds may 

provide a unique system for studies aimed at the elucidation of the 

molecular mechanisms underlying host specific ity of the legume-rhizobia 

symbioses . 
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