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ABSTRACT 

Va r i a t i o n  o f  p l a smid p r o f i l e i s  t he h a l lma r k  o f  Rh i z ob i um 

legumi no s a rum bv t r i f o l i i  s t r a i n s i s o l ated f rom the n o du l e s  o f  

pasture plant s . P revious at tempt s t o  demonstrate that t hese variant 

t ypes were de r ived f rom t he o r iginal inoculant we re inconclus ive . 

Subsequent laboratory based s imulat ions revealed that the broad host 

range pla smid RP 4 was capable of generat ing stable alterat ions in the 

p l a smid and t o t a l  genomic DNA pro f i le . This va riat ion invo lved an 

apparent l o s s  of  pSym, with concurrent loss of  the nod and n i f  genes ,  

but t he s e  s t ra in s  p r o du c e d  n o du l e s  o n  white c l ove r p l ant s . The 

st rains recove red f rom the nodule s ,  while not ident ical ,  were clearly 

de r ived f rom t he pSym- s t ra in . A plasmid c l o s e ly corresponding in 

s i ze t o  p S ym wa s det ected in t he nodule re - i s o lates and repeated 

t r i a l s  o f  t h i s  

( appa rent ly)  s ym  

e x p e r i me n t  i n v o l v i n g a n t i b i o t i c a l l y  ma r k e d  

st rains c onf irmed this observat ion . This left the 

c o n c l u s i o n  t h a t  t he DNA w a s  s t i l l  t he r e  but in a form which was 

dif f icult t o  detect by convent i onal DNA hybridi zat ion procedure s ,  a 

result which is  not totally without precedent ( Downs and Rot h ,  1 9 8 7 )  . 

The second portion of  this project involved an invest igation of  

the t ransmi s sability o f  pla smids from the inoculant strain 2 6 6 8 . The 

s t r a i n  w a s  ma r ked with T n S  with t he expect at ion that s ome of t he 

mo v a b l e  D N A  p i e c e s  w o u l d  c a r r y  a T nS i n s e r t  and c o u l d  t h u s  be 

selected fo r .  A t ransmissable symbiot ic plasmid was detected, as had 

been previous ly observed in other rhi zobia by Johnston et al ( 1 9 7 8 )  . 

The plasmid was shown to be t ransferable , in an altered form, t o  soil  

mi c r o o r g a n i sms of  u n ide n t i f i e d  gene r a , t o  a sym s t r a in o f  � 
legumin o s a rum bv t r i fo l i i ,  to its o riginal pa rent 2 6 6 8  and to � 

c o l i . I n  a l l  strain s ,  with the except ion of E .  coli the nodulat ion 

genes we re f u nc t i o na l ,  p r o duc ing n o rma l l o o k ing nodu l e s  ( on t he 

o u t s ide ) and i n  many s t ra i n s  n i t rogen was a l s o  f ixed, t hough not 

gene rally a s  we l l  as by the pa rent 2 6 6 8 . The s igni ficance o f  a self

t ransmi s s able broad host range symbiot ic plasmid is  discussed in the 

context of the microbial ecology of  rhizobia . 

- 9 -



INTRODUCT ION 

1 . 1  The Soil 

I n  a n  inve s t iga t i o n  of inte ract ions  of membe r s  of t he s o i l  

ecosystem, i t  i s  es sent ial t o  cons ider the nature o f  the envi ronment 

in which the mic roorganisms l ive . The forces which play a role in the 

dynamic s  of s o i l  popu lations and the ef fect of  the popu lat ion upon 

its environment are governed t o  a la rge degree by t he phys ical  and 

chemical propert ies of the soil . 

By def init ion soil  re fers to  the loose , upper laye r  o f  material 

on the Earth ' s  surface . It is  the layer that supports plant l i fe and 

h e n c e  t e r re s t r i a l  a n ima l l i f e . The b a s i s  o f  a g r i c u lt u re i s  i n  

unde r s t anding h o w  the s o i l  w i l l  interact with factors ranging f rom 

c o n t i n e n t a l  c l ima t e  t o  t he p re s e n c e  o f  a p a r t i c u l a r  b a ct e r i a l  

spec ies . This i n  turn will determine what li fe the soil might support 

a n d  it i s  t h i s  va s t  a r ray o f  i n f luences t hat gives t he s o i l  i t s  

complexity and allows i t  to  support a wide variety of  life forms . 

The environment al factors which shape the soil and its  microbial 

populat ion have been studied in s ome detail ( Kononova et al , 1 9 6 6 ;  

Paton,  1 9 7 8 ; Chen and Avnimelech , 1 9 8 6 )  and a degree o f  underst anding 

h a s  been reached . The degree to which each factor  c ont r ibut e s  has 

been quant i f ied for a few s o i l  systems and s ome conclus ions about 

s o i l  dynamics drawn . The s o i l  component s ( in terms of  particle s i ze 

and compos it ion) det e rmine t he physical and chemical nature o f  the 

s o i l  ( Ha ide r et al , 1 9 7 5 ;  But ler,  1 9 8 0 )  and are used t o  c l a s s ify the 

s o i l  i n t o  a numbe r o f  de f ined types . E a c h  s o i l  type w i l l  have a 

di f fe rent phys ical  s t ructure , chemical comp o s i t i o n  and b io logical 

content . 

Soil  st ructure is  further de scribed by its pro f i le : a vertical 

sect ion down through the thin outer mant le of  the ea rth . The profile 

is  sub-divided int o horizons which are easily dist inguished from one 

another on t he bas i s  of  structure , texture and color ( Hodgso n ,  1 9 7 8 )  . 

The uppe rmost layer o r  A horizon is  the one of  most interest in this 

a n a l y s i s  for i t  is here t hat t he ma j o r ity of b i o logi c a l  act ivity 

occurs and he re that any exchanges of genetic material a re l ikely to 

- 1 0 -



take place . 

1 . 2  Life in the Soil  

The microbiota o f  the soil  is made up o f  f ive ma j o r  groups : the 

b a c t e r i a , a c t i n omyc e t e s , f u n g i , a l gae a n d  p r o t o z o a { G r a y  a n d  

P a r k i n s o n ,  1 9 6 8 ;  C ampbe l l ,  1 9 8 3 ) . Ba c t e r i a  a re by f a r  t he mo s t  

nume r o u s , o f t e n  i n  g re a t e r  n umbe r s  t h a n  t he s um o f  a l l  o t he r 

mic r o f l o r a l  c o n s t i t uent s ,  but many of  the f laws in e a r ly resea rch 

c o u l d  be t ra ced to ignor ing t he influence of t he s e  other membe rs 

{ Puga shet t i  et  a l ,  1 9 8 2 ;  White , 1 9 8 3 ;  Wimpenny e t  a l , 1 9 8 3 ) . Many 

s o i l  mi croo rganisms a re found in close proximity to plant roots , in 

the region known as t he rhizosphere , and rhizobia with the i r  unique 

int racellular n iche a re no except ion . Bacterial cells move downward 

with the growing plant root s ,  ma intaining contact , presumably because 

nut r ient concent ration is  higher near the root surface and because of  

t he spec i fic att ract ion exerted by plant exudates {Barbe r ,  1 9 8 2 )  and 

some may have pass ively ads o rbed to the surface of the root . 

Amo ng t he u n s o l v e d  p r o b l ems re l a t ed t o  t he s t udy o f  s o i l  

m i c r o b i a l  e c o l o g y i s  t h e  d e t e r m i n a t i o n  o f  p r e c i s e l y w h a t  

mic roo rganisms are present . No one medium will isolate t hem a l l ,  nor 

w i l l  any one med i um ma int a i n  t hem . I n  addi t i o n ,  s ome pe rfectly 

viable cells  { in terms of  their ability to  respire ) will not grow on 

media t hat have been shown to  support laboratory adapted st rains of  

these bacteria . I t  is  suggested that they are adapted t o  the " norma l "  

half -starved state o f  t h e  natural environment and the r i c h  labo ratory 

media is t herefore unsuitable {Roszak and Colwe l l ,  1 9 8 7 ) . Many soil  

mic r o o rgan i sms have been only cursori ly c l a s s i f ied a s  interest has 

mo s t ly cent red on those mic roorganisms that impinge directly on human 

activities . S ome studies relat ing what bacteria a re present and what 

t hey do have been carried out { Stotzky and Krasovsky,  1 9 8 1 )  but much 

more informat ion is needed be fore a det ailed picture of l i fe in the 

soil  can be drawn { Jensen et a l ,  1 9 8 6 ;  Ros z ak and Colwe l l ,  1 9 8 7 )  . A 

great deal more study of  the genet ic variability within populat ions 

of s o i l  microo rganisms as we l l  as on the extent to  which the genetic 

mat e r i a l  can be exc ha nged within and between popu l a t i on s  i s  a l s o  

- 1 1 -



requ i red . Furthe r s tudy may a s s ist in reso lving the ongoing debate 

r e g a r d i n g  t he u s e f u l ne s s  o f  l a bo r a t o ry s imu l a t i o n s  o f  genet ic 

va riat ion and exchange in model l ing actual f ie ld condit ions ( Wimpenny 

et a l ,  1 9 8 3 ;  Tempest et  a l ,  1 9 8 3 ;  Saye e t  a l ,  1 9 8 7 ;  Trevors e t  al , 

1 9 8 7 )  

1 . 3  C o n s e rv a t i o n  o f  Genomic I nt egr ity and Adapt a t i o n  t o  New 

Factors in the S o i l  

The ma intenance of  cellular ident ity and the propagat ion of  the 

species is  a s a l ient feature of  any organism, uni- or mult icellular .  

A l l  c e l l s  h a ve h o me o s t a t i c  me c h a n i sms wh i c h  p r o t e c t  t hem f rom 

a lte rat ions in the i r  internal environment ( Tempest et a l ,  1 9 8 3 )  and 

wh i c h  ma i n t a i n  t h e  i n t e g r i t y  o f  t he genome ( Smi t h ,  1 9 8 8 ) . The 

envi ronment in which soil mic roo rganisms exist also res is t s  sudden 

f l u c t u a t i o n s  a s  t h e  s o i l  h a s  s u b s t a n t i a l  phy s i c a l  and chemi c a l  

buf fe ring capab i l it ie s . There f o re the mic roo rganisms a re protected 

f rom change both f rom within and without . Nevertheles s ,  factors such 

as ext remes of hydration, pH and nut rient level still  act on a soil  

populat ion and i f  we  a re t o  understand how a mic roorganism came to be 

the way it is , we must cons ider the factors that shaped it . Secondly, 

i f  we a re to  predict how a " new" stress  may affect a mic roo rganism, 

we must attempt to dis cove r exact ly how this s t ress  affects  it and 

w h a t  t he r a nge o f  p o s s i b l e  r e s p o n s e s  o f  t he mi c ro o rg a n i sm a re 

( Andrews , 1 9 8 4 ) . 

Unde r s t anding t he mic r o -evolution of  an o rganism applies not 

o n l y  t o  w h e t h e r  o r  n o t  a p o p u l a t i o n  c a n s u r v i ve a c h a l l e nge 

( envi ronment a l  o r  othe rwis e )  but what ef fect that st imulus will have 

on t he i nt e g r i t y  o f  t h e  g e n ome . I n  gene ra l ,  t he ge n o t ype o f  a 

bact e r i a l  s pe c i e s  i s  ma inta ined prima r i l y  by t he f i de l it y  o f  DNA 

repl icat ion and populat ions that allow exces s ive error a re e l iminated 

( P ress ing and Reanney, 1 9 8 4 ) . Seconda ry mechani sms exist to protect 

the genome f rom speci f ic k inds of  damage , the most we l l  known being 

the SOS system of E .  coli , which is  induced in response t o  a va riety 

of t r igge r s  inc luding UV damage ( Howard-F l ande r s ,  1 9 8 1 ;  Gottesman ,  

1 9 8 1 ;  Little and Mount , 1 9 8 2 ; Smith, 1 9 8 8 ) . However ,  these mechani sms 
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a re not a lways appropriate to  protect the cell against starvat ion , 

a n t i b i o t i c s  o r  t o x i c  xe n o b i o t ic c omp ound s , s u c h  a s  p e s t i c i de s . 

D e s p i t e  a l l  o f  t h e s e  o b s t a c l e s ,  m i c r o o rg a n i sms do s u rvive and 

mult iply in t he soil and othe r ,  much ha rsher environments .  

T h e  t op i c  o f  mu t a t i o n , e s pe c i a l l y adapt i ve mut a t i o n ,  h a s  

att racted cons ide rable inte rest ove r the years and many a spects and 

agents of DNA alterat ion have been invest igated . The type of genomic 

a lte rat ion a bacte rium may undergo is varied and at its  most s imple 

may be the a lte rat ion of  one base for another . Certain DNA element s 

h a v e b e e n  s h o w n  t o  b e  r e s p o n s i b l e  f o r  g e n o m i c  a l t e r a t i o n , 

p a rt i cu l a r ly t ra n s p o s on s  and ins e r t ion sequences ( Cohen , 1 9 7 6 ;  

B roda , 1 9 7 9 ;  Kopecko , 1 9 8 0 ;  Chumley,  1 9 8 1 ,  Shapiro,  1 9 8 3 ;  Hall et a l ,  

1 9 8 3 ; C l e rget , 1 9 8 4 ;  S yvane n ,  1 9 8 4 ;  Smith , 1 9 8 8 ) . T h e  genome 

shu f f l ing ident i f ied in Ha lobacterium ( Sapienza and Doolitt le , 1 9 8 2 ; 

Sapien z a  et a l ,  1 9 8 2 )  and reported ( but not yet confirmed by other 

gr oups ) i n  t he Rh i z ob i a ce ae ( Heumann et al , 1 9 8 3 ,  1 9 8 4 )  invo lve s  

genome reo rgan i zat ion o n  a st agge ring scale and could b e  respons ible 

fo r enormous changes in a populat ion . The degree of control that a 

b a c t e r i a l  s pe c i e s  h a s  ove r mut at i o n a l  event s i n  i t s  genome i s  a 

s ubje c t  t h a t  i s  p re s e n t l y  unde r i n ve s t i ga t i o n . C e rt a in l y ,  one 

response o f  a populat ion t o  a "new" stress is to  take advantage of  an 

appropriate random mut at ion existing in one or more of  its  membe rs 

o r ,  if recent reports by Cai rns et al { 1 9 8 8 )  and Hall { 1 9 8 8 )  prove 

t o  apply generally to bacteria , to direct an appropr iate mut at ional 

event . 

This leads di rect ly t o  mo re general quest ions about the extent 

t o  w h i c h  b a c t e r i a  a r e  e n dowed w i t h  t he c a p a c i t y  t o  respond t o  

envi ronment al challenge by either random o r  directed genet ic event s .  

1 . 4  Genetic Mechanisms of  Adaptat ion 

There a re two b road c l a s s e s  of event s wh ich can lead to the 

alteration o f  the genome o f  organisms: those generated exogenous ly 

( s u c h  a s  c o nju g a t i o n a n d  t r a n s du c t i o n )  a n d  t h o s e  g e n e r a t e d  

endogenou s ly ( such a s  mutat ion and recombination)  . Interest i n  this 

a re a  h a s  expanded recent ly and for further informat ion readers are 
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directed to T revo rs et al  ( 1 9 8 7 )  for a review of  gene t ransfer in the 

s o i l  and aquatic ecosystems and to  Terzaghi and O ' Ha ra ( 1 9 8 9 )  for a 

review o f  the potential for genomic rearrangement s among procaryote s .  

S ome spec i f ic cases which may be relevant t o  t he present s tudy are 

covered in the fol lowing text . 

O f  t he c l a s s i c me a n s  o f  DNA t r ans f e r ,  t r ans f o rmat i on w o u l d  

appea r  t o  b e  t h e  l e a s t  l i ke ly to  play any s ign i f icant role i n  the 

natural environment . As a number of  ext ra-cellular nuc lease producing 

s o i l  microo rganisms exist , any " naked" DNA should be qui ck ly broken 

down and inge sted as a source of  nut rient . Howeve r ,  some evidence has 

been produced t ha t  de spite t h i s  ha z a rd ,  DNA can ads o rb to and be 

protected by c lay minerals , particula rly montmorillonite ( Greaves and 

W i l s o n ,  1 9 7 3 )  I t  i s  po s s ib l e  t h a t  bact e r i a  c o u l d  t a ke up t h i s  

ads o rbed D NA a n d  i n c o rp o r a t e  i t  int o t h e i r  gen ome ( S t o t z ky and 

K r a s o v s k y ,  1 9 8 1 ) . A l ab o r a t o r y  mode l e c o s y s tem s h owed t h a t  DNA 

a d s o r b e d  t o  s a n d  c o u l d  t r a n s f o r m b a c t e r i a  at f r e qu e n c i e s  

s ign i f i c a n t l y  h ighe r than in l iquid culture and was substant i a l l y  

mo re res i s t ant to  DNa se I ( Lorenz e t  a l ,  1 9 8 8 )  

I t  i s  more dif f icult t o  a s sess  the role o f  t ransduct ion i n  the 

t r a n s f e r  o f  g e n e t i c  ma t e r i a l  b e t we e n  b a c t e r i a  i n  t h e s o i l . 

Bacter iophage s a re ads o rbed t o  and concent rated by t he presence o f  

c l a y  mine r a l s  in t he s o i l  ( S t ot z ky and K r a s o v s k y ,  1 9 8 1 )  and t he 

f requency o f  t ransduct ion i s  increased by the presence o f  c lays ( Zeph 

et a l ,  1 9 8 8 ) . Re anney et al ( 1 9 8 3 )  brie f ly review t he i n f o rmat ion 

ava ilable on phage-mediated t ransfer of  DNA in the soil  and comment 

t h a t  t r a n s du c t i o n  m a y  be e f f e c t i ve in d i s s e m i n a t i ng g e ne t i c  

i n f o r m a t i o n  w h e r e  p o p u l a t i o n s  a r e  l a r g e  a n d  c o n c e n t r a t e d . 

Concent r a t i o n  has been shown t o  s ignif icant ly af fect t ransduct ion 

f requency in both terrestrial ( Zeph et al, 1 9 8 8 )  and aquatic ( S aye 

et a l ,  1 9 8 7 )  environments . The importance o f  t ransduct ion remains t o  

be determined, a s  a t  present there i s  only sufficient evidence to  s ay 

t hat it can take place in the soil . 

Con j ugat ion i s  the t ransfer of  DNA by cell-to-cell c ontact and 

is mediated by pla smids . It is also the way that any genes encoded by 
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the plasmid may be dis s eminated . The most wel l  studied examples are 

t he F ( f e rt i l i t y )  p l a sm i d  o f  E .  c o l i  which c ode s f o r  i t s  own 

t ransfe r  and maintenance ( Hardy , 1 9 8 1 ;  Glas s ,  1 9 8 2 )  and the various 

a n t i bi o t i c  re s i s t ance t ra n s f e r  fact o r s . P l a smids act to extend a 

cell ' s phenotype , providing functions l i ke ant ibiotic res istance and 

pathways f o r  degrading unusual compounds . Most o f  the early work was 

of a c l inical microbiological nature and concerned the t ransfer of R 

( an t ib i ot i c  re s i s t a n c e ) p l a smids amo ng and between a va r iety o f
, 

bacte r i a  o f  c l i n i c a l  impo rtance in hospital env i ronment s ( Fa l ko w ,  

1 9 7 5 )  . I t  h a s  s ince widened i n  scope cons iderably to  inc lude other 

habitat s ,  such as the s o i l  ( Weinbe rg and Stot zky, 1 9 7 2 ; Graham and 

I st o c k ,  1 9 7 9 ;  S t ot z ky and Kras ovsky , 1 9 8 1 ;  Polak and Novick , 1 9 8 2 ; 

T revors and S t a r odub , 1 9 8 7 ) . Most bacterial  spe c ie s  examined have 

been shown to c a r ry p l a smids ( He l i n s k i  et a l ,  1 9 8 5 )  and a numb e r  

ha rbor self -t ransmi s s ible plasmids . Among the latter a re Enterobacter 

c loacea ( Kleeberge r and Klingmuller,  1 9 8 0 ) , the pseudomonads ( Manceau 

et a l ,  1 9 8 6 ) , S t rept omyc e s  l i vida n s  ( Kenda l l  and Cohe n ,  1 9 8 7 ) , 

E s ch e r i c h i a  c o l i  ( T revo r s  and Sta rodub , 1 9 8 7 )  and members o f  t he 

genus Rh i z ob ium ( John ston et a l ,  1 9 7 8 ;  Bedma r and Ol ivares , 1 9 8 0 ;  

Pees et a l ,  1 9 8 4 )  . This list  is  by n o  means exhaust ive and aims only 

to i l lust rate the ubiqu ity of plasmids . The combinat ion of mobility 

and exte n s i o n  of phenotype can mean a s igni f icant advant age for a 

popu l a t i o n  over a non-pla smid carrying ne ighb o ring populat ion . The 

presence o f  a pl asmid in a s t r ain can lead not only t o  the rapid 

dis semination of  a funct ion but it also has been shown to  lead to  a 

h ighe r  growth rate when c ompa red t o  a non -plasmid carrying s t rain 

u n de r t h e s ame c o n d i t i o n s , w i t h o u t  a c t u a l  s e l e c t i o n  f o r  any 

part icular gene ( Bouma and Lens k i ,  1 9 8 8 ) . Howeve r ,  this may we l l  be a 

c o n f e s s i o n  o f  o u r  i g n o r a n c e  a s  t o  the f unct i o n  p r o v i ded by t he 

plasmid, rather than s ome non-specific enhancement . 

The role o f  plasmids in t he adapt ive proce s s  has been studied 

by Reanney and colleagues over seve ral years . The initi a l  focus wa s 

on t he abi li t y  of  plasmids to  act a s  agent s o f  evolut ionary change 

( Reanney, 1 9 7 6 ) . It was clear that the acquisit ion of  a plasmid could 
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lead to the manifestat ion o f  new functions in bacterial s t rains . An 

extens ion and expans i on of  these ideas ( Reanney,  1 9 7  8 ;  Reanney et al  ,. 

1 9 8 3 )  suggested that wh ile the potent ial o f  DNA t rans fe r  mechanisms 

to provide a select ive advant age is great , the extent to which this 

p o t e nt i a l  is rea l i ze d  s h o u l d  not be ove r s t at ed a s  the re are many 

barriers to easy genetic exchange . The st abi l it y  of the genotype is  

evidenced by the isolat ion o f  the same microorganism (with regard to 

st andard ident i f ication procedures ) ove r relat ively long pe riods of  

t ime ( e . g .  

1 9 8 5 ) ; i f  

with Bruce lla ovis this  i s  about 3 0  years , O ' Hara et al , 

g e n e s c o u l d  b e  t r a n s f e r r e d  qu i c k l y  a n d  e a s i l y ,  no  

chromosome could ma int ain its  integrity . 

T r a n s du c t i o n , t r a n s f o rma t i o n  a n d  c o n j ug a t i o n  a l l  i n v o lve 

t rans act ions  with exogenous DNA . Howeve r a cell can a l s o  generate 

he ritable va riat ion by int e rnal genomic rearrangement . The potent ial 

o f  a species to  undergo this t ype of  DNA reo rgani zat ion is  difficult 

to a s s e s s  as few o rgani sms have been c a r e f u l l y  s t udied f rom the 

genetic perspect ive and it has only been recent ly that the DNA of an 

o rgan i sm c o u ld be examined d i re c t l y . S ome examp l e s  of internal 

genomic rearrangement are dis cus sed below, but it is  f i rst useful to  

def ine two classes o f  alte rat ion , programmed and unprogrammed ( Borst 

and Greave s ,  1 9 8 7 )  . P rogrammed rea rrangements a re event s that occur 

at prec ise ly specif ied end point s ,  whi le unprogrammed event s appear 

t o  lack the def ined topo logy o f  the programmed rearrangement s .  Both 

seem, for the most part , to be randomly distributed in t ime ,  although 

representat ives o f  e ither c la s s  may occur in response t o  spe c i f i c  

s ignals . 

P ro g r ammed gene t i c  a l t e r a t i o n s  o f t e n  h a ve repe ated elements 

associated with their s ites o f  rearrangement . These elements provide 

homo l ogous DNA sequences which can be used by recA dependent ( Smith,  

1 9 8 8 )  and r e c A  i n de p e n d e n t  ( Ge nn a r o rt �' 1 9 8 7 )  p a t h w a y s  o f  

recombinat ion . 

S it e  spe c i f i c  recomb i n a t ion can lea� t o  de f i ned phenotypes in 

s ome o rgani sms and t h i s  i s  p a rt icul a r ly evident in t he ant igen ic 

v a r i a t i o n  p r o c e s s e s  of Ne i s s e r i a ,  Borrelia and S a lmone l l a . Whi le 
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the re i s  no direct evidence for the involvement o f  repeat elements in 

these a l t e r a t i ons , the s ite of action is  h ighly conserved and the 

inve rted block of DNA is  bounded by repeated element s .  The first and 

mo st we l l  known example involves Sa lmonella f lagellar phase variat ion 

w h i c h  h a s  been demon s t ra t e d  to be the re s u l t  o f  inve r s i o n  of a 

part icula r 9 9 5  bp DNA sequence bounded by inverted repea t s  ( S imon et 

al , 1 9 8 0 ; Z ieg and S imon ,  1 9 8 0 )  which causes the shift between H 1  and 

H2 f l age l l a r  ant igen synt he s i s . Secondly, Nei s seria gono r rhoeae has 

the abil ity to a lternate between seve ral ant igenic forms of pili  and 

a l s o  a t o t a l  pha s e  s h i f t  invo lving the los s ( o r  reacqu i s it io n )  o f  

p i l i . The forme r i s  due to  the t rans fer of  a gene "cas set t e "  coding 

for that pa rt icular ant igenic type to the pilus express ion locus and 

the latter due to t ransfer of a non-functiona l cassette to this s ite 

( S w a n s o n  et a l ,  1 9 8 6 ;  H a a s and Meye r ,  1 9 8 6 ) . T h i s  p r o c e s s  i s  

a n a l ogous t o  ma t i ng t ype va r i a t i o n  i n  S a c c h a romyc e s  c e revi s i a e . 

T ran s f o rmat i on a l s o  appears to  have a ma j o r  role in variability of  

the pilin gene s ;  DNA f rom lysed Ne is seria st rains enters t he cell at  

h i gh f reque n c y  a n d  a n y  p i l in gene s p re s e n t  w i l l  p r e f e rent i a l l y  

recombine with the gene a t  the expression s ite , caus ing a switch o f  

pilus type ( Se i fe rt and S o ,  1 9 8 8 ) . Thirdly, the agent o f  one form of  

relapsing feve r ,  Borrelia herms i i ,  shows DNA rea rrangement s that are 

associated with the characteristic ant igenic shift s . The mechanism o f  

ant igenic va r iat ion is  sugge sted to be a duplicative t ransposit ion of  

the ant igen- specifying gene f rom a storage s ite t o  an expres s ion s ite 

and subsequent t ranscription of  the gene (Meier et a l ,  1 9 8 5 )  . This is 

in many ways s imi lar t o  ant igenic va riat ion in Neisseria . 

Another example o f  a programmed rearrangement which leads t o  a 

de f ined phenotype i s  obse rved in t he cyanobacterium Anabaena . Non

nit rogen f ixing cel l s  of Anabaena have the nifHD and nifK st ructural 

genes s eparated by 11 kb o f  DNA o f  unknown funct i on . Fo rmat ion of  

the heterocyst (a  specialized cell for the nit rogen f ixing proce s s )  

t r igge r s  s it e - spec i f ic recomb ination between 1 1  bp d i r e c t  repe a t s  

a s s oc iated with t he t wo gene sets  and the inte rvening DNA, which 

int e r rupt s n i fD in t he vegetat ive state , is  looped out and excised 
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with the subsequent act ive t ranscript ion of  the ent i re ope ron ( Go lden 

et a l ,  1 9 8 5 ;  1 9 8 7 ) . The rear rangement invo lve s  the l o s s  o f  the 3 ' 

port ion of  nifD which is  replaced by a sequence j ust upst ream of  nifK 

and re s u l t s  i n  a modif ied n i fD gene and a fully func t i o n a l  ni fHDK 

ope ron (Hasel korn et a l ,  1 9 8 8 )  

R e p e a t e d  e l e me n t s  a r e i n v o l v e d  i n  w h a t  a p p e a r s  t o  b e  a 

p r og rammed re o r ga n i z a t i on r e l a t i ng t o  the l i f e - c y c l e  c h a nge o f  

C a u l obac t e r  c re s c e nt u s . T h e  o rgan i sm alternat e s  between a mobi le 

( s wa rme r )  and se s s i le ( st a l ked)  f o rm .  Re a rrangement o f  the not 

i n c o n s i d e r a b l e qu a n t i t y  o f  r e p e a t e d  D NA o f  t h i s  o rg a n i sm i s  

i nva riably a s s o c iated with c e l l  cycle change s ( N isen and Shapiro , 

1 9 8 0 )  b u t  i t  i s  n o t  k n o w n  whet he r t he re a r r a ngeme n t s a re a n  

i n t r i n s i c  p a r t  o f  t h e c y c l e c h ange me c h a n i sms , o r  a r e me r e l y  

inc ident al consequences o f  the change . 

I t  a p p e a r s  t h a t  p l a s m i d s  c a n  a l s o  u n d e r g o  p r o g r a mme d 

rea rrangement s ,  an example being the Incia pla smid R 6 4 . The plasmid 

h a s  f o u r  o ve r lapping inve rt ible regions spaced o ve r  a 2 kb region 

which may inve rt t ogether o r  independent ly in a cont rolled fashion, 

r e g u l a t e d  by a t r a n s - a c t i n g  gene ( Komano et a l ,  1 9 8 6 ) . T h e s e  

s equenc e s  have been de s ignated A, B , C and D a n d  t he authors have 

s ugge s t e d  t he t e rm s huf f1on as a de s c r ipt i ve name f o r  the ent i re 

region . A cons iderat ion of  t he st ructures thes e  inve r s i ons produce 

sugge s t s  that they could act as a biological switch with the ability 

t o  select any one o f  seven open reading frames . The result would be 

t rans lat ion products  with a c onstant N-terminus and a va r iable C 

t e r m i n u s  ( Koma n o  e t  g ,  1 9 8 7 )  I n ve s t i ga t i o n  i s  p ro c e eding t o  

de t e rmine the func t i on o f  t h i s  region . A s i mp l e r  t ype o f  plasmid 

rear rangement , invo lving p l a smid-to -plasmid DNA exchange , has been 

observed in Haemoph i lus inf luenzae (Balganesh and Setlow,  1 9 8 6 ) . 

The most obvious example of  the unprogrammed c l a s s e s  o f  event s 

are the loc ali zed DNA alt e rat ions of  which nuc leot ide subst itutions 

and sma l l  de l e t i o n s / i n s e r t i o n s  a re rep�esent at ive . The e f fect o f  

t h e s e  c h a nge s i n  s e qu e n c e  c a n  v a r y f r om n o  o b v i o u s  phenotyp i c  

dif fe rence to  radical a lterat ion of  the gene i n  an either posit ive or  
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negat ive way,  a s  det e rmined f rom t he result o f  t he change for the 

cell . These sma l l  DNA alterat ions are non-directed random event s and 

can a f fect regulato ry or st ructural sites within a gene . 

Genomic rea rrangement s  have been ident i f ied a s  being associated 

with the e xp re s s io n  o f  genes not n o rma l l y  c o n s ide red part of t he 

ce l l s  repe r t o i re ( " c rypt i c " ge nes ) .  S e ve r a l  f u nct i o n s  have been 

detected i n  E .  c o l i  which f a l l  int o the category o f  c rypt ic genes 

( Ha l l , 1 9 8 3 ;  Hall et a l ,  1 9 8 3 )  . The first is ilv which is involved in 

isoleuc ine and va l ine synthes i s  and about which l ittle is known . The 

second is bgl , t he third eel and the fourth sac , a l l  t hree of which 

a r e  i nv o l v e d  in � - g l u c o s i de me t a b o l i s m ,  e e l  s p e c i f i c a l ly w i t h  

c e l l o b i o s e  h y d r o l y s i s . T h e  e x p r e s s i o n  o f  � r e q u i r e d  t h e 

int roduct ion o f  a promoter which was suppl ied by the insert ion of  an 

IS  e l ement at the appropiate site providing a t ranscript iona l start 

s igna l . Expre s s ion o f  t he e e l  glucos ida se requ i res another ,  as yet 

un i de n t i f i e d ,  e v e n t  ( K r i c k e r  and H a l l ,  1 9 8 4 )  and t h e  s a c gene 

exp re s s i o n  requ i re s  t h ree separate events ( Parke r and Ha l l ,  1 9 8 8 )  . 

The f requency of  mut at ion caus ing t he act ivat ion o f  the bql ope ron, 

far f rom being random seemed rather to  be l inked t o  the presence of 

the c ompound t o  be ut i l i zed by t he act ivated gene . The p re sence of  

s a l i c i n  i n  t he c u lt u re medium enabled a p a i r of  mut a t ions , who se 

combined f requenc ies should have been on t he o rde r of 1 0 - 1 7 , to  occur 

much mo re often . This increase in f requency { on the o rder of 1 0 1 0 -

fold)  was spec ific , as no change was obse rved in t he frequency o f  an 

unse lected mut ation (Hall , 1 9 8 8 )  . No mechanism has been advanced for 

this astounding result and it seems to  be another case of  what Ca i rns 

et a l  ( 1 9 8 8 )  de s c r ibed a s  " di rected mut ation " .  The ga lK ope ron of  

p R F 1 0 0  i s  n o n - f u n c t i o n a l  b u t  u n d e r c e r t a i n c i r c u m s t a n c e s  

rearrangement o f  the element I S  3 0  can lead t o  reactivat ion o f  this 

gene ( D a l rymp l e ,  1 9 8 7 ) . Ne i s seria gon o r rhoea is o ften found a s  an 

a u x o t r o p h  b u t  me mb e r s  o f  t h e p o p u l a t i o n  c a n  r e v e r t  t o  f u l l  

protot rophy unde r appropriate select ive condit ions . The mechanism of  

reve r s ion i s  not known , but may invo lve DNA repair functions ( Juni 

and Heym, 1 9 8 0 )  . 
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The result s o f  random insert ions of  Mudlac ( a  Mu phage const ruct 

c o n t a i n i n g  l a c z  u s e d f o r  det e c t i ng p r omot e r s ) in E .  c o l i  a n d  

P s eudomo n a s  put ida have been e xamined by Shapiro ( 1 9 8 5 ;  1 9 8 6 )  in 

o rde r to a s s e s s  g e n o t yp i c  and p h e n o t yp i c  a l t e r a t i o n s  that may 

routinely occur du r ing c o l ony growt h . None of t he promo t e r s  which 

became manifest , by virtue o f  the appearance o f  any one of a variety 

of lac + sectors , have been ident i f ied but they evidently represent 

"dec rypt i f icat ion" of func t i o n s  not expre s s ed in t he bulk o f  t he 

colony and a re most commonly seen on old plates . Whether o r  not these 

e xp r e s s e d  f un c t i o n s  h a ve a dapt i ve s i gn i f i c a n c e  is not k n o wn at 

p r e s e n t . E v ide n c e  ex i s t s  f o r  reg u l a r  de c ryp t i f i c a t i on i n  o t h e r  

systems . F o r  example , the ma rine microorgani sm Vibrio h a rveyii when 

grown on s o l id media ,  wi l l  produce colonies o f  which s ome sectors 

s y n t he s i z e a b i o l umine s cent p i gment ( S imon and S i lve rma n ,  1 9 8 3 )  . 

Rest reaking o f  a non-produc ing sector will again result in segmented 

c o lonies . Other pigment va riation is  seen in S t reptomyces ret icu l i  

and Serrat ia marces cens ( S imon and S ilverman , 1 9 8 3 )  . D imorphic co lony 

f o rmat ion has been ident i fied in the bradyrhizobia ( Sylvester-B radley 

� � ' 1 9  8 8 )  . T h e  imp l i c a t i o n s  o f  t h e d e mo n s t r a t e d c o l o n i a l  

polymorphism are fascinat ing : how homogeneous i s  a colony o f  c e l l s ?  

Convent ional dogma st ates that a c o lony which a r i s e s  f rom a s ingle 

o riginal cell is a homogeneous population ident ical to the founde r . 

Yet i f  c e rtain members of  a populat ion exhibit t raits  not gene ra l ly 

shown i t  may be mo re co rrect to  cons ider a co lony as a coope rat ive 

ventu re of cells , membe rs of  which are all of  the s ame genet ic makeup 

but a re not necessarily man i fest ing the same phenotypic capab i l it ie s . 

The beh a v i o u r  o f  a c o l ony ma y ,  unde r cert a i n  c i rcums t a n c e s ,  be 

analogous to  that of  a mult icellular organism ( Shapiro,  1 9 8 8 )  . 

The a rchaebacteria are an unusual group o� microorganisms which 

h a ve s ome of t he c h a r a c t e r i s t i c s  of p r o c a r yo t e s  and others  mo re 

c omm o n l y  a s s o c i a t ed w i t h  e u c a ry o t e s  ( W oe s e ,  1 9 8 1 ;  1 9 8 7 ) . T he i r  

habitats a re gene rally the mo re ma rginal _envi ronments ( Belay e t  a l ,  

1 9 8 4 ) , e x a mp l e s  b e i n g  h i g h  s a l t  c o n c e n t r a t i o n s  a n d  e x t r e me 

tempe rature s .  It h a s  been obse rved that some members o f  this  group 
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unde rgo l a rge s c a le genomi c re a r rangement s ( S ap ienza et a l ,  1 9 8 2 ; 

S apienza and Doolittle , 1 9 8 2 ) apparent ly facilitated by short highly 

conserved repe ated s equences . No phenotypic a l t e rat ions have yet 

been a s s oc iated with these rea r rangement s . High degrees of genomic 

variation a re also seen among Mycoplasma ovipneumoniae isolates (Mew 

et a l ,  1 9 8 5 ) , with n o  obvious corresponding phenotyp i c  differences . 

The s e  i s o l a t e s  we re c o l lected in a sma l l  area ove r a s hort t ime 

period and may o r  may not be representat ive of the gene ral populat ion 

o f  M. ovipneumoniae . 

Evidence p re s ented i n  recent papers , s ome o f  which h a s  been 

reviewed here , sugge s t s  that the genome of a microo rganism has more 

"plasticity" t han has been gene rally recogni zed (Terzaghi and O ' Har a ,  

in pres s )  a n d  under the appropriate condit ions quite radical changes 

can be induced in the o rgani zation of  a cell ' s genome . This brief but 

w i de - r a n g i ng d i s c u s s i on of c e l l u l a r  p l a s t i c i t y  wa s de s igned t o  

indicate t o  t he reade r t he pot ent ial va riabilty which exis t s  among 

p r o c a ryo te s .  S ome o f  t h e s e  c a s e s  may be dis c u s s e d  furthe r  late r ,  

whe re they are more direct ly relevant t o  the genus Rhizobium or this 

proj ect . 

1 . 5  P l a smids : The i r  Role in Bact eria and Induct ion o f  Genomic 

Rearrangement . 

P lasmids are widely dispersed in nature and nea rly a l l  bacterial 

s pe c i e s  c a r r y  t hem ( H e l i n s k i  et a l ,  1 9 8 5 ) . P l a smi ds a re ext r a 

c h r o mo s oma l D N A  e l eme n t s e n c o d i ng i n f o rma t i o n f o r  t h e i r  o wn 

r e p l i c a t i o n  a n d  ma i n t e n a n c e . N o v i c k  ( 1 9 80 )  p r e s e nt s  t hem a s  

int race l lu l a r  ent i t i e s  o n  t he ve rge o f  independent e x i s t ence and 

certainly it is  pos s ible to  s o  regard the self-t ransmi s s ible plasmids 

such as F .  P la smid st ructure and function has been we l l  studied and a 

number of  reviews exist covering aspect s of st ructure ( Clowes , 1 9 7 2 ; 

Stanisich , 1 9 8 4 ) , replicat ion ( Scott , 1 9 8 4 ) , con jugat ion (Willet s and 

Wilkins , 1 9 8 4 ) , incompatability ( Couturier et a l ,  1 9 8 8 )  and funct ion 

( T immis and Puhle r ,  1 9 7 9 ) . The interest of  this study is  to  focus on 

the potent ial of  plasmids t o  extend the phenotype ( e . g .  t ransfer of  

symbiot ically important genes ) and to undergo rearrangement a s  we l l  
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as c ause other DNA st ructures to  undergo rearrangement . 

One c la s s  o f  genes t hat a re often plasmid-borne , e specia lly in 

P seudomonas species , are those encoding the enzymes requ i red for the 

d e g r a d a t i o n  o f  e x o t i c  s u b s t a n c e s  s u c h  a s  2 , 4 , 5 - T ( 2 , 4 , 5 -

t r i c h l o r o p h e n o xy a c e t i c  a c i d )  a n d  o t h e r  he rb i c ide s . H a l ogenated 

a romatic compounds a re of  special interest because of the i r  potent ial 

envi ronment a l  toxic it y . Expe riment a l  analys is in a chemo s t at showed 

that P seudomonas put ida strains able to  use 3 -chlorobenz o ic acid ( 3 -

Cba ) v i a  a p l a s m i d - e n c o de d  p a t h w a y  we re a b l e  t o  e x t e n d  t he i r. 

ut i l i zation range t o  4 -Cba and 3 , 5-diCba . The mechanism wa s found to 

be a c ombinat ion o f  genet i c  exchange with a res ident TOL ( t o luene 

u t i l i z a t i o n )  p l a smid and a gene duplicat ion-de l e t ion event in the 

o rigina l 3 -Cba+ plasmid ( Chatter jee and Chakrabarty, 1 9 8 2 ) . This can 

be t u rned to t he advant age o f  the agricultura l i s t , as it has been 

s hown t ha t  t he addi t i on o f  a 2 , 4 , 5 -T degrading mic roo rganism can 

lower herbicide leve l in the soil sufficient ly s o  that even sensit ive 

plant s can t hen be grown ( K i lbane et a l ,  1 9 8 3 )  . S t rains of bacteria 

able t o  degrade unusual compounds can be i s o lated f rom nature and 

the re i s  cons iderable inte rest in producing labo ratory st rains with 

s pe c i f i c  a b i l i t i e s  ( Gho s a l  et a l ,  1 9 8 5 a ;  1 9 8 5b ) . The t yp e s  o f  

f un c t i o n s  a t t r a c t ing i nt e r e s t  i n c l ude the ut i l i z ation o f  xylene , 

t o luene and t he i r  de r ivat ive s  in P seudomonas species ; many o f  the 

characteristics that the genetic engineer will attempt to  produce may 

we l l  have been al ready selected by the natura l environment . 

A variety o f  mechanisms of  sequence rea rrangement which can lead 

to new funct ions have been de s c r ibed and commonly involve repeated 

e l e me n t s o f  o n e  k i n d  o r  a n o t h e r . T h e  S ym p l a s m i d  ( c a r r i e s  

s ymb iot i c a l l y  important gene s )  o f  Rh i z obium pha s e o l i  wa s f ound t o  

unde rgo changes which af fected its nodulation and nit rogen f ixation 

f u nc t i o n s  ( H omb reche r et  a l ,  1 9 8 1 ) . Repeated s e que n c e s  a re we l l  

dis t r ibuted in R .  phaseoli s t rains and it was sugge sted t hat they are 

involved in t hese a lte rations ( Sobe ron-Chave z et a l ,  1 9 8 6 ) . The loss 

o f  nodulat ion funct ion of  a Rhi zobium leguminosa rum biovar phaseoli 

symbiotic pla smid without c oncurrent dec rease in molecular s i ze was 
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s ugge s t ed t o  be due t o  homo logous recombination between reiterated 

sequences ( S oberon-Chave z and Na jera,  1 9 8 9b )  . P lasmid instability has 

resulted in change in the symbiotic prope rt ies of Rhi z obium t rifolii 

( D j o rdj evic et  al,  1 9 8 2 )  and in this  species there are also a number 

of known repeated s equences on pSym ( Wat son and S ch o f ie l d ,  1 9 8 5 )  . 

Howeve r ,  expe riment s which would ident i fy the repeated element s that 

could be involved in t he rear rangement s de scribed above have yet to 

be repo rted . 

A furthe r fami ly of  repeated sequences , which may o r  may not be 

I S  element s ,  has been ident i f ied in several rhizobial species and the 

related genus Agrobacterium ( F lares � a l ,  1 9 8 7 ) . The element ISRm1 ,•  

first ident i f ied in Rhi zobium me li lot i ,  has also been found in other 

rhizobia and an unident i f ied gram negat ive bacterium (Wheatcroft and 

Wat son,  1 9 8 8 )  . The abi l ity of IS element s to cat a lyse rearrangement s 

is  wel l  known ( Shapi ro , 1 9 8 3 ) , but whether a l l  o f  that potent ial is  

re a l i z e d  a n d  p r o v ide s t he sole me c h a n i sm for t he re a r rangements 

des c r ibed by S oberon-Chave z and Na j e ra ( 1 9 8 9b )  and D j o rd j evic et al  

( 1 9 8 2 )  remains t o  be determined . Va riation in plasmid st ructure in 

Ba c i l l u s  s ubt i l i s  h a s  been shown t o  be due to  interact ions between 

inve rted and direct repeats on the replicon ( Peeters et a l ,  1 9 8 8 ) . 

The broad host range plasmids such as RK2 ( Thoma s ,  1 9 8 1 )  have 

been o f  interest  t o  c l in i c a l  and mo lecular b i o logi s t s  s ince t he i r  

d i s c o ve r y  ( Lo w b u r y  e t  �, 1 9 6 9 ;  D a t t a  a n d  H e dge s ,  1 9 7 2 ) . T h i s  

inc ompat abi l it y  grouping ( IncP ) encompasses  t he plasmids RK2 , RP 4 ,  

RP 1 ,  R 6 8  and R 1 8 ,  which were a l l  shown to  be indist ingui shable f rom 

one another ( Bu r ka rdt � a l ,  1 9 7 9 ;  Stokes et al , 1 9 8 1 )  . Subsequent 

ana lys is  of t he IncP group has led to divis ion int o two sub-c lasses ; 

IncPa ( RP 4 )  and IncP� ( R7 7 2  o f  P roteus mi rabi l i s ,  R9 0 6  o f  Bordetella 

b r o n c h o s ept i c a  a n d  o t h e r s ) . T he c l u s t e r  o f  e s s en t i a l  funct i o n s  

related t o  t ransfer and maintenance,  and the locat ions o f  rest rict ion 

s ites are s imilar between the two groups ( Smith and Thoma s ,  1 9 8 7 )  . 

Init i a l  re s t r ict ion mapping of this plasmid was made dif ficult 

by the l a c k  o f  s u i t a b l e  e n z yme s it e s . On a s t a t i s t i c a l  b a s i s  a 

hexanucleot ide recognit ion sequence should occur about f i fteen t imes 
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on the 6 0  kb plasmid . It was found that most common enzymes generated 

fewe r  fragments than predicted, with EcoR1 , Hindi i i  and BamHI having 

but a s ingle s ite . Jacob and Grinter ( 1 97 5 )  suggest that the plasmid 

may have evolved this re lat ive immmunity to these enzymes as part of  

its  b r o ad ho s t  ra nge l i f e s t y le . The ava i l a b i l it y  of  c omme r c i a l  

restriction en zymes f rom the les s  common bacterial species led to  the 

g e n e r a t i o n  o f  an e x c e l l e n t  phys i c a l  map a n d  paved t he w a y  t o  

ident i fy ing t he gene loc i a s soc iated with t ransfer and replicat ion 

( Lanka et  a l ,  1 9 8 3 )  . The o r igin o f  replication was ident i f ied and 

shown to cont ain a number of direct repeats which are important fo r 

b i nding o f  t he rep l i c a t i o n  p r o t e i n s  a nd c opy numbe r regu l at i o n  

( F i l ut o w i c z e t  g ,  1 9 8 7 ) . A s e c o nd s e t  o f  repe a t  e l emen t s  a r e  

associated with the o rigin o f  t ransfer and the i r  secondary st ructure 

i s  be l i eved t o  be imp o r t a n t  in t he t r ans f e r  p r o c e s s  ( Gu iney and 

Yakobsen , 1 9 8 3 ) . 

A number of  genes have been ident i f ied which also have an e f fect 

on the t ransfer proces s ,  either to abolish it or to  modify the hos t  

range . The t ransfer related funct ions t rfA and t rfB were iden t i f ied 

when mut a t ions in t h i s  region abo l i shed t ra n s f e r  ( Kornacki et a l , 

1 9 8 4 ) . One ve ry de leterious host  range mut a nt was mapped to 4 0  kb 

(with t he s ingle EcoR1 s ite at 0 / 6 0  kb ) and ident i f ied a s  the gene 

encoding a DNA primase (Krishnapillai et a l ,  1 9 8 4 ) . The DNA primase 

is  cent ra l to  the t ransfer of  a copy of  RP 4 f rom one host to  another 

and appears to  be requ i red for second st rand synthes i s  on the s ingle 

st rand of DNA t rans fe rred du ring con j ugat ion . It is unclear whether 

the prima se is t ransfe rred also during con j ugat ion or  expres sed f rom 

the t r a n s f e r red s i ngle s t r a nd ( Lanka and B a rt h ,  1 9 8 1 ;  Lanka and 

F u r s t e ,  1 9 8 4 )  . It is hoped t h a t  s ome of t h e s e  que st ions will  be 

a n s we r e d  o n c e  h i gh - e x p re s s i o n  v e c t o r  t r a n s l a t i o n  p r o d u c t s a re 

ava i l able ( Fu r s t e  et a l ,  1 9 8 6 )  A regulatory gene mutant label led 

i n c C  wa s i de n t i f i e d  a n d  w a s  f o u nd t o  a c t  t o  modu l a t e  t he TrfA 

rep l i c a t i o n  p rot e i n  ( Thoma s , 1 9 8 6 ) . A f u r t he r s e t  o f  h o s t - range 

mut a n t s  we re ident i f ied and named the k i l  gene s ,  and have been 

s hown to have a host - lethal e f fect i f  expressed in an uncont rolled 
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manner . The se genes are regulated by another group o f  loc i ,  the kor 

gene s ,  which suppre s s  their e f fect (F igurski et a l ,  1 9 8 2 ) . The exact 

role of  t he kil genes is unc lear but appears to  relate to the stable 

ma i ntenance of the p l a smid ( Thoma s  et a l ,  1 9 8 8 ) . The k i l  and kor 

gene s inte ract t o  regulate t he impo rt ant t rans fer-related funct ions 

t rfA ( S ch reiner et a l ,  1 9 8 5 )  and t rfB ( Theophi lus and Thoma s ,  1 9 8 7 )  

and regulat ion o f  three recent ly ident i f ied genes o f  unknown funct ion 

( Thoma s et  a l ,  1 9 8 8 ) . It was sugge sted by Thomas et a l  ( 1 9 8 8 )  that 

t he interaction of t he va rious gene loci was what allowed the stable 

m a i n t e n a n c e  o f  R P 4 in i t s  ma n y  h o s t s . D e s p i t e  t h e m a n y  RP 4 

de r ivat ives const ructed in the course o f  examining host  range and 

p l asmid ma intenance , only t he ent i re RP 4 plasmid has the impre s s ive 

h o s t  r a n ge a n d  s t a b i l i t y  f o r  w h i c h  t h i s  g r oup o f  p l a s m i d s  i s  

reknowned (Barth et al , 1 9 8 4 : P inkney and Thomas , 1 9 8 7 ) . 

Con j ugat ive plasmids o f  various incompatability groups a re known 

t o  mob i l i ze pla smid and chromo s oma l ma rkers and the IncP repl icons 

are no except ion . RP 4 and a de let ion de rivat ive R 6 8 . 4 5 mob i l i ze other 

p l a smids at  h igh f requency ( H a a s  and H o l loway,  1 9 7 6 )  and c a s e s  of 

c h r omo s oma l ma rke r t ra n s f e r  are a l s o  documented (McLaugh l i n  and 

Ahmad, 1 9 8 6 )  The plasmid can mediate the t ransposit ions o f  c e rt a in 

p ieces of  the chromo some to other plasmids ( Berry and Athe rly,  1 9 8 4 )  

and insert s o f  great s i ze ( ci rca 2 8 5  kb ) could be maintained i n  and 

t rans ferred by RP 4 ( Julliot et a l ,  1 9 8 4 ) . RP 4 appears to be able t o  

gene rate a variety o f  DNA a lte rations i n  its  rec ipient s by ma rker 

mob i l i zat ion and DNA rearrangement ( Jaoua et al, 1 9 8 7 )  and its  broad 

host range means that there is  potent ial for genes to  be t ransmitted 

over large taxonomic distances . 

Of  mo re direct relevance to  this di s sertation i s  the e f fect o f  

RP 4 on members of  the genus Rhi zobium . The re is  n o  doubt that members 

of t h i s  genus a re among t he potent i a l  recip ient s o f  t h i s  p l a smid 

( P i nkney and Thoma s , 1 9 8 7 ) and s ome of the work me ntioned above 

( Be rry and Athe rly, 1 9 8 4 ;  Jul l iot et a l ,  1 9 8 4 )  suggest that rhi zobia 

a r e  not immune to t he DNA rea r ranging ab i l ity o f  RP 4 .  I f ,  a s  i s 

s ugge s t e d  by Reanney et � ( 1 9 8 3 ) , t he s o i l  mi c r o -popu l a t ion ( o f  
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which t he rhi z obia a re t rans ient membe rs ) is  potent ially l inked into 

one gene po o l ,  then surely broad host range pla smids would be an 

important factor in maintaining that link . 

1 . 6  Ident i f icat ion and Characteri zat ion o f  Rhizobium Species and 

t he i r  P lasmids . 

I s o lat ion o f  members o f  t he genus Rhizobium is st ra ight f o rward 

because t he y  f o rm s pe c i a l i zed s t ructures ( c a l led nodu l e s ) on  t he 

roots o f  h o s t  legume plant s . A host plant can se rve a s  a specific 

" t r a p "  f o r  any of t he app rop r i a te bact e r i a  t hat may be pre s ent . 

D i fferent iation into species and strains is more complex ; originally 

t he spe c i f i c  p l an t -bact e r i a  inte ract i o n  wa s u s ed a s  a t a xonomic 

c riterion ( Vincent , 1 9 7 0 )  and often it still is . Howeve r ,  a s  many of 

t he f a s t -growing rhi zobia had t he ma j o r ity of t he gene s enc oding 

symb i o t i c  funct ions  on p l a smids , que s t ions we re r a i s e d  a s  t o  t he 

suitability o f  a plasmid based classificat ion system ( Schmidt et a l ,  

1 9 8 4 ;  Downie e t  al , 1 9 8 5 )  . The dis cove ry that s ome of  these plasmids 

were t ransferrable ( B rewin et al , 1 9 8 0 )  t o  other gene ra , inc luding 

Agrobacterium ( Hooykaas et a l ,  1 9 8 1 ;  1 9 8 2 ; Hirsch et a l ,  1 9 8 4 )  and 

P s e u domo n a s  ( P l a z i n s k i  a n d  Ro l f e ,  1 9 8 5 )  h a s  o n l y  i n c re a s e d  t he 

c o n c e rn o f  t h e  t a xonomi s t s ;  i f  t he f a c t o r  t hat i s  being used t o  

class i fy a bacterial species is  able to  t ransfer t o  other bacterial 

species then it is  sca rcely an ideal ident i f icat ion procedu re . 

A number of  standard methods exist for different iat ing bacteria , 

inc luding serology , biochemical test ing and DNA homology , and most of  

these have been applied to the rhizobia . Serological analys i s  by the 

u s e  o f  s t r a i n - spe c i f i c  ant i s e r a  ( Ho l l a nd, 1 9 6 6 )  and f lu o re s cent 

labe l l ing of nodule homogenat es ( van de r Merwe and S t r i j dom, 1 9 7 3 )  

w e r e  u s e f u l  b u t , a s  w i t h  mo s t  a n t i ge n i c  a n a l y s e s ,  s im i l a r  

dete rminants on otherwise unre lated bacteria can lead t o  dif f icult ies 

in inte rp retation . S ome cellular ant igens a re le s s  prone to this 

cross -react ivity ( S adows ky et al , 1 9 8 7 )  and the addition of  numerical 

t a xonomic analyses t o  s e ro logical st udie s  increases t he reso l ving 

powe r of serology (Dudman and Be lbin , 1 9 8 8 )  and hence its  use fulne s s ,  

b u t  di f f i c u l t i e s  rema i n  w i t h  t h i s  p r o c e du r e . T h e  a n a l y s i s  o f  
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int rinsic ( low leve l )  ant ibiot ic res i stance patte rns has been shown 

to be useful for R .  legumino sarum but less so for g .  phaseoli ( Jo sey 

et g, 1 9 7 9 )  . R .  t r i f o l i i  appe a r s  to stably ma i n t a i n  i nt r i n s i c  

a n t i b i o t i c  re s i s t a n c e  l e ve l s  ( Ro n s o n ,  pe r s o n a l  c ommun i c a t i o n ) .  

Examinat i o n  o f  s t rains  i s o lated f rom the s o i l  env i ronment reve a l s  

c o n s ide r ab l e  dive r s it y  i n  t he pat t e rns of re s i s t ance , indi cat ing 

large-scale st rain va riation, in both R. phaseoli (Beynon and Josey, 

1 9 8 0 )  and R. t rifolii  ( O ' Hara , 1 9 8 5 )  which would l imit the taxonomic 

u s e f u l ne s s  o f  t h i s  c h a r a c t e r . S e r o l ogy and int r i n s i c  ant ibiot ic 

r e s i s t a n c e  h a v e b e e n  p r e v i o u s l y  u s e d in t h i s  l a b o r a t o r y t o  

dis c riminate between rhizobial isolate s ,  but closely re lated isolates 

proved to be di f f icult t o  di f ferent iate by these criteria ( O ' Hara , 

1 9 8 5 )  

D i re c t  examinat ion o f  genotype i s  mo re readily,  reliably and 

prec isely inte rpreted . The s implest ana lys is of a genome is by direct 

comparison of rest rict ion endonuclease patterns gene rated f rom total 

c e l l u l a r  D NA ,  a p r o c edu r e  which h a s  been app l ied t o  Lept o spi ra 

(Ma r s ha l l  et  a l ,  1 9 8 1 ) , Mycopla sma ( Da rai et a l ,  1 9 8 1 ;  Mew et a l ,  

1 9 8 5 ) , B ru c e l l a  ( O ' Hara  et  a l , 1 9 8 5 )  and Rhizobium (Mielenz e t  a l ,  

1 9 7 9 )  . The techn ique is  most useful i n  determining whether a n  isolate 

is the s ame a s  a t ype s t ra i n  but is  di f f icult to quant ify without 

dens itometric ana lysis of  the band pattern . 

Genome ana lys is  by tot a l  DNA hybridization was appl ied to the 

genus Rhi z obium initially in an attempt to order the various members 

of t he legume-nodu lat ing fami ly of  bacte ria . Early result s showed � 

legumi n o s a rum and R .  t r i f o l i i  to be c l osely related ( G ibb ins and 

Grego ry, 1 9 7 2 ) and later work ha s se rved to inc lude R .  phaseoli in 

t h a t  c l u s t e r  ( C r o w  et g, 1 9  8 1 )  T h e  re f i nement o f  u s i n g  t h e  

conserved rRNA sequences a s  probes has allowed the de finit ion of  four 

h omo l ogy g r o up s : gr oup 1 c o nt a i ns R .  me l i l o t i ,  R .  f redi i and R .  

legumino s a rum ( with t ri f o l i i  and phaseoli reduced to the status of 

b i o v a r s  o f  t h i s  s pe c i e s ) ,  group 2 contains R .  l o t i ,  gr oup 3 i s  

c omp r i sed o f  t he Galega rhi zobia and Bradyrhi zobium is a separate 

and di s t i nc t  genus ( Ja rv i s  et  a l ,  1 9 8 6 ) . Mo re work is needed t o  
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dete rmine mo re det a i led relat ionships and to a l low more accurate and 

direct ident i f icat ion , s t ra ight f rom i s o lated nodules ( Hodgson and 

Robe rt s ,  1 9 8 3 ) . Future analys i s  and taxonomic ident i ficat ion must , 

especially in fast -growing rhi zobial strains , be based on chromosomal 

DNA a s  pla smid based ident i t ie s  a re not nece s s a ri l y  f ixed . I t  may 

prove he lp f u l  t o  ut i l i ze probe s t hat identify s ymbio s i s - spe c i f i c ,  

plasmid-specific  and chromosome -specific sequence s independent ly , a s  

h a s  been done b y  Schofie ld e t  a l  ( 1 9 8 7 )  . I t  i s  ext reme ly impo rt ant 

that a t axonomy be coherent and reflect the evo lut ionary event s that 

shaped a bacterial group (Woese , 1 9 8 7 ) , a lthough s ome t axonomists  do 

not b e l ieve that  an ident i f i cat i on system need be e v o l ut iona r i ly 

consistent to  be useful . 

The u s e  o f  r - RNA and DNA hyb r idi z a t i o n  h a s  a l l owed a mo re 

a c c u rate group ing of rhizob i a l  spec ies and has given s ome ins ight 

into the evolut ionary re lat ionships between the specie s . Howeve r ,  f a r  

less is  known about t he plasmids carried by the rhizobia . S t ructura l 

ana lys is  with rest rict ion endonuc leases of geographica l ly related � 
me l i l o t i  p l a s m i d s  h a s  r e v e a l e d  a r e g i o n a l  c o n s e r v a t i o n  o f  

e lect rophoretic banding patte rns (Huguet et a l ,  1 9 8 0 )  but generally 

ident i f i c a t i o n  is on t he b a s i s  o f  s i ze of  t he intact p l a smid a s  

measured by electropho ret ic mobility (Hirsch e t  a l ,  1 9 8 0 )  o r  elect ron 

microscopy ( T ichy and Lot z ,  1 9 8 1 )  . Sequence analys is  and DNA homo logy 

studie s  wi l l  requ ire a much l a rge r data base than currently exi s t s , 

a lt ho ugh s ome s u c c e s s  with who le p l a smid hyb r idi z a t i o n  h a s  been 

re p o rt e d  ( Ada c h i  et �, 1 9 8 3 ) . Ident i f i c a t i o n  o f  the s ymb i o t i c  

plasmid is  most e a s i ly accomplished by hybridizat ion with one of  the 

i mp o r t a n t  s ymb i o t i c  o p e r o n s ,  c ommo n l y  n i fKDH ( C h r i s t e n s e n  and 

S c hube rt , 1 9 8 3 ) , a lthough heat cur ing of  the plasmid f o llowed by a 

n o d u l a t i o n a s s a y  o n  p l a n t s h a s  b e e n  u s e d f o r  p r e s ump t i v e  

ident i f ication (Morrison et a l ,  1 9 8 3 )  . Current ly, several groups a re 

t rying t o  use specific probes and other means to  accurately ident ify 

symb i o t i c  p l a smids ( S c h o f i e l d  et �, 1 9 8 7 ;  H a r r i s o n  e t  a l ,  1 9 8 8 ; 

Young and Wex l e r ,  1 9 8 8 )  w i t h  a view t o  mo re e a s i l y  i de n t i f y i ng 

dif fe rent st rains of  a particular rhi zobia l  species isolated f rom the 
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soil . 

The numbe r of  plasmids ma intained by a single Rhizobium cell is  

h ighly va r iable , with anywhe re f rom one (P ankhurst et al,  1 9 8 3 )  to  

ten ( Thurrnan et al , 1 9 8 5 )  o r  more . This can inc lude mult iple copies 

of the s ymb i o t i c  p l a smid ( Ha r r i s on et  a l ,  1 9 8 8 ) . P la smid s i ze is 

s imi l a r l y  va ried and range s f rom the enormous ( 1 0 0 0  kb ) symb i o t i c  

"mega -plasmid" o f  R .  mel i lot i ( Burkardt e t  a l ,  1 9 8 7 )  to  a 6 0  k b  self

t ra n smi s s a b l e  p l a smid,  a l s o  i n  R .  me l i l o t i  ( Bedrna r  and O l i va re s ,  

1 9 8 0 )  with many S ym p l a smids in t he 1 8 0 - 3 5 0  kb range ( Wa t s o n  and 

S c h o f i e l d ,  1 9 8 5 ;  S oberon -Chave z et a l ,  1 9 8 6 ;  E spuny et a l ,  1 9 8 7 ;  

S c h o f i e l d  e t  a l ,  1 9 8 7 ; Mo z o  e t  g, 1 9 8 8 ;  H a r r i s on e t  a l ,  1 9 8 8 ) . 

S ummat ion o f  the mo lecu l a r  we ight s o f  the plasmids indic a t e s  t hat 

t he y  can repre sent an apprec iable p o rt i on of t he gen omic coding 

capacity (Casse et a l ,  1 9 7 9 ) . It has always been as sumed that there 

mu s t  be a r e a s o n  f o r  t he c e l l  to ma intain t h i s  amount of ext ra

chromo s omal mate ria l ,  but if so,  many gene s of  importance remain to  

be recogn i zed . S ome a t t empt s  have been made t o  ident i f y  genes on 

othe r pla smids in t he rhi zobial strains (Bedrna r and Olivares , 1 9 8 0 ;  

B romfield et a l ,  1 9 8 5 )  . 

S ome p l a sm i d - e n c oded f u n c t i o n s ,  o t h e r  t h an n o du l a t i o n  and 

n i t r o g e n  f i x a t i o n  gene s ,  have been i de n t i f i e d  a n d  i n c lude t he 

product ion o f  bacter ioc ins (prote ins which inhibit other s t rains of  

t h a t  spec i e s  and re l a t ed o rgani sms ) by seve r a l  R .  leguminosa rum 

s t r a i n s  ( Hi rs ch et a l ,  1 9 8 0 ) . Seve ra l  less  wel l  de f ined properties 

have been a s s oc iated with the symbiot ic pla smid, examples o f  which 

a re the product ion of an abundant crypt ic protein by R .  legurninosarurn 

( D ibb e t  a l ,  1 9 8 4 )  and an i n c r e a s e d  growth r a t e  i n  R .  t r i f o l i i  

( Thurman e t  a l ,  1 9 8 5 )  . Even less clear is  the funct ion o f  the repeat 

e lements found on the symbiot ic plasmid of R. t rifolii  ( Schofield and 

Wat s on , 1 9 8 5 ;  Wat s on and Schofield, 1 9 8 5 )  and R .  f redii ( Barbou r et 

a l ,  1 9 8 5 ;  Ma sterson and Atherly, 1 9 8 6 ) ; it is po s s ible they may act 

s imilarly t o  t he repeat element s dis cus sed in sect ion 1 . 4 , namely as 

s ites for rearrangement and regulat ion of funct ion . 

The phe nomenon o f  bacterial  con j ugation h a s  been referred t o  
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The phenomenon o f  bacterial  con j ugat ion h a s  been referred t o  

prev i o u s l y  a n d  a lt hough it would seem supe r f luous f o r  a s ymb i o t i c  

plasmid t o  exhibit s e l f -t ransmissibility, a t  least with rega rd t o  the 

b a c t e r i a -p l a nt s ymb i o s i s , many o f  t hem do . S e l f - t r a n s mi s s ib l e  

plasmids , inc luding pSym, have been demonstrated i n  R .  leguminosa rum 

bv viceae ( Johnston et a l ,  1 9 7 8 ;  Hooykaas et a l ,  1 9 8 2 ; P ees et a l ,  

1 9 8 4 ) , R .  l egum i n o s a r um b v . t r i f o l i i  ( H o o y k a a s  e t  �' 1 9 8 1 ;  

Christensen and Schube rt , 1 9 8 3 ;  Plazinski and Rolfe , 1 9 8 5 ;  E spuny et 

a l ,  1 9 8 7 ; Schofield e t  a l ,  1 9 8 7 ) , bv . phaseoli (Ma rt ine z et a l ,  1 9 8 7 ) 

and R .  l o t i  ( P an khu r s t  et a l ,  1 9 8 3 ) . Bacterial  species which have 

rece i ved and c an exp re s s  a t  least some o f  the s ymbiotic  mat e r i a l  

inc lude A .  tumefac iens (Hooykaas et a l ,  1 9 8 1 ;  1 9 8 2 ; Pankhurst et a l ,  

1 9 8 3 ; W o n g  � �' 1 9 8 3 ;  M a r t i nez et  a l ,  1 9 8 7 ) , P s eudomo n a s  and 

L ign o b a c t e r  ( P l a z i n s k i  a n d  Ro l f e ,  1 9 8 5 )  a n d  u n i de n t i f i ed gram 

negat ive soil  mic roo rgani sms ( Ja rvis � a l ,  1 9 8 9 )  . Subc loned pieces 

of the R .  me l i l ot i pSym megap la smid have a l lowed the f o rmat ion of 

pseudonodules on a l f a l fa by Agrobacterium and E .  coli ( Hirsch � a l ,  

1 9 8 4 ) . T h e  e x i s t e n c e  o f  t r a n smi s s i b l e  p l a smids h a s  imp o r t a n t  

i mp l i c a t i o n s  w i t h  r e g a r d  t o  t he a b i l i t y  o f  t he b a c t e r i um t o  

genet ically interact with s o i l  microorganisms . There i s  some evidence 

f o r  recomb inant S ym p l a smids ( Schofield et a l ,  1 9 8 7 )  and o rganisms 

have been i s o l ated f rom t he s o i l  that did not previous ly have the 

abi l i t y  t o  nodu l a t e  l egume s ,  yet gained the ab i l t y  t o  do s o  once 

symb i o t i c  gen e s  were t r a n s f e r red i n t o  t hem ( S o be r o n -Chave z  and 

Na j e r a ,  1 9 8 9 a ;  Jarvis et �' 1 9 8 9 ) . A theoretical study o f  plasmid 

t ransfer ( Knudsen et a l ,  1 9 8 8 )  predicts that most o f  the con jugat ion 

will  occur very s oon a fter the rhizobia enter the rhizosphere of the 

plant and with coated seed, this is probably as  the seed germinates . 

P la smid incomp a t i b i l i t y  i s  one o f  t he f actors l imit ing a f ree 

excha nge o f  genet i c  ma t e r i a l  ( Reanney et a l ,  1 9 8 3 ) . T he c l a s s i c  

de f in it ion o f  incompatibility refers t o  the inability o f  two pla smids 

to be stably mainta ined, repl icated or segregated in a bacte rial host 

ce l l . There is  evidence that s ome type o f  incompat ibility ope rates 

between the symbiot ic plasmids o f  R.  leguminosa rum b iova rs t rifolii 
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E spuny et a l ,  1 9 8 9 ) , biova r t rifolii and a Rhizobium sp . ( E spuny et 

a l ,  1 9 8 7 ) and biovar t rifolii and pRi of A. tumefaciens ( O ' Conne l l  et 

�' 1 9  8 7 )  . T h e  me c h a n i s m  o f  i n c omp a t i b i l i t y  h a s  n o t  y e t  b e e n  

e l u c i da t e d . Non - c l a s s i c a l  f o rms o f  incompat ibi l ity may exist  a nd 

there may be other factors as  yet unrecogni zed rest ricting the host 

range o f  s ymb i ot i c  p l a smids . Ana lysis of  the t ransfer of pla smids 

among a numbe r of R .  leguminosa rum st rains showed that there appea red 

to be a co rrelat ion between chromosomal background and the symbiotic 

p l a smid present in a st rain ( Young and Wexler,  1 9 8 8 )  . I nteract ions 

between symbiotic plasmids of  biovars t rifolii and viceae resulted in 

de let ions and hybrid fo rms of pSym (Ch ristensen and Schube rt , 1 9 8 3 )  

a nd t h e r e  i s  e v ide n c e  indi c a t ing the re i s  an incomp a t ib i l it y  o f  

funct ion i n  Rhi z obium spe c i e s  such that even i f  t he p l a smids were 

c ompat ible in the c l a s s ic a l  sense , s ome of the genes we re not and 

de leted forms of t he plasmids were the result (Wang et a l ,  1 9 8 6 ) . 

Rea r ra ngement s need not nec e s s a r i ly be the re sult o f  pla smid 

incompatibility and R .  leguminosarum bv phaseoli has been shown to 

unde rgo subst a n t i a l  gen omic rea r rangement s ( Palacios  et  a l ,  1 9 8 7 )  

which can a l s o  a f fect pSym ( S obe ron-Chave z et a l ,  1 9 8 6 ) . A recent 

i s o l a t ion o f  a b i ova r pha s e o l i  " hype r-mutant " (highe r f requency o f  

mut at iona l event s )  sugge sts that i n  this case a muta t ion in the DNA 

me t a b o l i c  p a t h w a y s  w a s  r e s p o n s i b l e  f o r  t h e  h i g h  d e g r e e  o f  

re c o mb in a t i o n  ( S obe ron - Chave z and N a j e r a ,  1 9 8 9b ) . T h i s  may be an 

i s o lated examp le and not i ndicat ive o f  mutat ion in biovar phaseoli 

gene rally . 

I s o l a t i o n s  o f  r h i z ob i a  f rom t he s o i l  s how the e x i s t e n c e  o f  

mult iple symbiotic pla smids in one stra in ( Harrison et a l ,  1 9 8 8 )  and 

a h ighe r degree of rest riction fragment po lymorphism a s s oc iated with 

p S ym t h a n  w i t h  t he c h romo s ome ( H a r r i s on et  a l ,  1 9 8 8 ;  Young and 

Wexl e r ,  1 9 8 8 )  . The evidence presented, brie fly in this  synthe s i s  and 

in mo re det a il in the c ited pape rs , quest ions the stabi l ity of  the 

symbiotic genotype . This inst abil ity refers not only to  the evidence 

that it rearranges itself and recombines with other plasmids and the 

ch romo some , but a l s o  to  i t s  abi lity to  move to  new hos t s , pos s ibly 
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mak ing them " rhi zobi a "  also . It is  not anticipated that 

r e a r r a n g e me n t s a n d  t r a n s f e r  o c c u r  wh o l e s a l e  in t h e  n a t u r a l  

env i ronment , but the fact that rearrangement s can occur and the i r  

impo rtance i n  t h e  gene r a l  s cheme of  mi crobial eco logy a nd genet ic 

inte ract ion should be carefully cons idered . 

1 . 7  The Molecular Anatomy of Symbiosis 

There a re two gene clusters involved in the est ablishment of  the 

p l a n t -b a c t e r i a  s ymb i o s i s  and s ubs equent conve r s i o n  o f  mo lecu l a r  

nit rogen t o  a form useful t o  the plant . The first group comprise the 

n o du l a t i o n  ( no d )  a nd h o s t  spe c i f i c nodu l a t i o n  ( h s n )  genes who s e  

funct ions are t o  init iate responses in the plant which will lead t o  

the f o rma t i on o f  t h e  spe c i a l i zed nodu le st ructures f r om c o rt ic a l  

t i s s ue . T he s e c ond gr oup inc lude the n it rogen f ixat i o n  ( n i f )  a nd 

re lated funct i o n s  ( f ix)  which code for the nit rogena s e  s t ructura l 

proteins and anc illary funct ions , respectively . A thorough t reatment 

o f  t h e  p r o ce s s  o f  n o du l a t ion and n i t rogen f ixat i on w i l l  not be 

attempted because it is  not directly relevant to  this study, however 

i t  is  important to  the proces s  of  unde rstanding how rhizobia fit into 

the s o i l  ecosys tem to unde r st and how they establish the symbio s i s . 

The genes invo lved in the proce s s  are depicted in diagram 1 and for 

furt he r det a i l  t he reade r is di rected to Ros sen et a l  ( 1 9 8 7 )  for a 

review of  nodulation and to  Ausubel ( 1 9 8 4 )  and David et a l  ( 1 9 8 8 )  for 

a review o f  nit rogen f ixat ion . 
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I n it iat ion of  symbiosis appears to  be trigge red by the plant in 

the f o rm of c omplex r ing compounds c a l led flavone s . These f lavones 

we re shown to interact with nodD ( Peters et a l ,  1 9 8 6 )  which in turn 

acts on nodABC and nodEF . F lavones act to  s t imulate nodu l a t ion in 

biova r  t ri fo l i i  ( Innes et a l ,  1 9 8 5 ;  Redmond et a l ,  1 9 8 6 )  and can act 

to  ret a rd nodu lat ion in biovar viceae ( F i rmin et a l ,  1 9 8 6 ) . Flavone 

act ivat ion/ suppres s ion is nonspecific,  as compounds f rom clove r will 

funct ion with biovar viceae ( F i rmin et al,  1 9 8 6 ) . Cont rol o f  other 

nodu l a t i o n  genes by nodD is exerted by a sequence up s t ream of  the 

ope rons c a l led the nod box , a conse rved sequence located near each 

operon ( F isher et a l ,  1 9 8 8 ) . The cascade runs : 

f lavone � nodD � nodABC , EF . 

P re s umab l y  the other nod genes a re a lso part of  this cascade . 

The nodABCD genes appea r  to  be invo lved in the ea rly st ages o f  p lant 

nodule format ion and a re often re fe rred to as the " common" nod genes 

because the nodABCD gene s from R .  me l i loti can complement mut ants in 

these genes in the R .  legumino s a rum biovars and vice ve rs a . It has 

also  been shown that the nodABCD genes a lone are suff icient to  a llow 

A .  t ume f a c ie n s  t o  c a r ry o u t  t he i n i t i a l  s t e p s  o f  t he nodu l a t i o n  

proce s s  ( S chof ield et a l ,  1 9 8 4 )  . The second set o f  nodulation gene s ,  

t h e  h o s t - spe c i f i c  nodu l a t i on ( h s n )  gene s , a ppea r  t o  c ode f o r  the 
.... 

spec i f i c i t y  o f  t he mic ro s ymb iont f o r  t he macrosymbiont ( Ho rvath et 

a l ,  1 9 8 6 ;  We inman e t  a l ,  1 9 8 8 ) . 

The n i f  and f ix gene s a re invo lved in the a c t ua l process o f  

fixing atmo sphe ric nit rogen and we re f i rst ident i fied as  homo l ogs o f  

t he equ iv a lent gene s  in Kleb s i e l l a  pneumoniae ( Au s ube l ,  1 9 8 4 ) . A 

cascade of  act ivat ion appears to  operate here also : 

low o2 � f ixLJ � nifA � nifKDH,  other fix 

Low p a rt ia l  p re s s u re o f  oxygen act s on t he p roduct s  o f  f ixLJ 

( D i t t a  et  a l ,  1 9 8 7 ; D avid e t  .e.1., 1 9 8 8 )  wh ich c a n  act ivate n i fA . 

Act ivat ion o f  other genes by the nifA protein appears to  require the 

presence of va rious upst ream elements ( Alvare z -Morales et a l ,  1 9 8 6 )  

but less  i s  known about nif regulat ion than about nod regulat ion . The 

enzyme re spons ible f o r  t he f ixat ion of the nit rogen is nit rogenase 
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and i s  encoded by ni fHDK ( S cott et a l ,  1 9 8 4 ) . This gene c luster is  

often chosen a s  a probe for pSym .  The function o f  the f ix genes is 

not clear but the fixABCX operon may code for a nit rogenase spec i f ic 

e lect ron t ransport system ( Earl et a l ,  1 9 8 7 ) . The nod and nif gene s 

a re closely l i nked in biova r t rifolii ( Scho fie ld et a l ,  1 9 8 3 )  and the 

n i f  and f ix genes a re closely linked in biovars viceae and phaseoli 

( H omb r e c h e r  et �, 1 9 8 1 )  but unde r s t a nding t he f u n c t i o n a l  and 

regu l a t o ry l ink bet ween these two vital sets  of  genes will requi re 

furt he r study . 

O f  mo re direct re levanc e ,  perhaps , t o  the t heme o f  microb i a l  

p l a s t i c i t y  t h a t  unde r lies t he pres ent st udy i s  t h e  existence o f  a 

number of  repeat elements assoc iated with the nodulation and nit rogen 

f ixat ion gene s . A funct iona l f ix gene repeat has been ident i fied on 

t h e  R .  me l i l o t i me gap l a s mi d . B o t h  ge ne s a r e appa r e n t l y  f u l l y 

ope r a t i o n a l  a s  inact ivat ion o f  one copy doe s  not produce t he F ix

phenotype ( Renalier et a l ,  1 9 8 7 )  . A repeat of the nifH gene has been 

iden t i f i e d  i n  b i o v a r  ph a s e o l i  ( Qu i n t o  e t  a l ,  1 9 8 2 ) b u t  n o t  a l l  

i s o l at e s  have t h i s  repeat ( Ma rt ine z e t  a l ,  1 9 8 5 )  . Repe at e lement s 

ident i f ied in biova r t ri fo l i i  a re promote r  elements a s s ociated with 

t he n i fHDK ope ron a nd in a few c a s e s  t he N-te rminus of n i fH a l s o  

( Wa t s on a nd Schofield ,  1 9 8 5 ) . They a re conserved and appe a r  to  be 

specific for pSym o f  biovar t rifolii ( Schofield and Wat son,  1 9 8 5 ) . No 

purpose or role has been identified for these repe ated elements and 

t he i r  pre s ence may be acc ident a l . Howeve r ,  it is poss ible that as  

we l l  as  being potent i a l  regu latory s ites for the Nod and N i f  genes 

t hey may act as loci to promote some of the recornbinat ional event s 

described in section 1 . 6  

I t  i s  i n t e re s t ing t o  n o t e  t h a t  a r i s i ng p r op o r t i o n  o f  t he 

s t ud i e s  pub l i s h e d  i n  t he l i t e r a t u r e  a re t a k i n g  a mo re ho l i s t i c 

app roach and a re a t t empt ing t o  a s s e s s  rh i z obia in t e rms o f  t he i r  

environment , rather than j ust a s  conven ient bags o f  nodu lat ion and 

nitrogen f ixat ion enzymes and proteins ( Harrison et a l ,  1 9 8 8 ;  Young 

and Wexle r ,  1 9 8 8 ;  S obe ron-Chave z and Na j e ra , 1 9 8 9 a ;  Jarvis et a l ,  

1 9 8 9 ) . T h e  imp o r t a n c e  o f  t h i s  approach i s  addre s s ed i n  t he next 

-35-



sect ion . 

1 . 8  Rhizobium in the Soil 

I n  o rde r to s e t  the a im o f  t h i s  st udy i n  perspect ive , it is  

n e ce s s a r y  to examine the rhizobia as  s o i l  microo rga n i sms with a 

spec i a l i ze d  l i f e s t yle and to  see what the various types of  genet ic 

changes d i s c u s sed previous ly may mean to  this genus in its natural 

habitat . 

An a n a lys i s  o f  gene t i c  dive r s i t y  in s t ra ins o f  P seudomonas , 

across a " landscape contour" by McArthur � a l  ( 1 9 8 8 )  showed that the 

genetic dive r s it y  of  the bacte rium was posit ively correlated with the 

dive r s it y  o f  t he habi t a t  ( a s me a s u red by pe rcent o rganic matt e r ,  

concent ration o f  met a l  ions and other factors ) . A s imi lar study with 

R .  l egum i n o s a rum b i o v a r  v i c e a e  f ound v a r i a t i o n  in the gene t i c  

c ompo s it io n  o f  t h e  popu lat ion de spite t he c l o s e  proximity o f  t he 

s amp le s i t e s . T h i s  f i e l d  had been cont inuo u s l y  re - i no cu l a t ed a nd 

c u lt ivated and the authors commented that t he intens ive pea p l ant 

c u l t i v a t i o n  may h a ve p r ov ided c o nt i n u e d  s e l e c t i o n  f o r  adapted 

g e n o t ype s r e s u l t ing i n  the s t rong c o r relat ion between p a rt icu l a r  

s e r o t ype s , i n t r i n s i c  a n t i b i o t i c  re s i s t ance s a nd p l a smid p ro f i le s  

( Brockman a nd Bezdicek , 1 9 8 9 )  . There seemed to b e  c l e a r  prefe rences 

f o r  c e rt a i n  p l a smid profile groups within a se rogroup at di fferent 

t op o g r ap h i c  l o c a t i o n s , s ugge s t ing a mi c ro n i c he c omponent in t he 

s e le c t ion o f  t he dominant r h i z ob i a l  s t ra in ( Brockman and Be zdicek ,  

1 9 8 9 )  . I n  a n  examination o f  a sma l l  number of  clove r nodule isolates 

f rom a l imited a rea , Schof ield et al ( 1 9 8 7 )  found good evidence for 

genet ic exchange amongst the iso lates . Interest ingly, three of  the i r  

i s o l a t e s  w o u l d  not g r o w  o n  t he st anda rd undefined rhizobial growth 

me d i um ( T Y )  T h i s  c o u l d  h a ve been due t o  a s e ve re auxo t rophic 

mut a t ion or  s ome ot he r  dis adva nt ageous change that  had occu r red . 

Alternat ive ly the s t rain ca rrying the symbiotic plasmid in this case 

w a s n ' t a b l e  to grow o n  TY bec a u s e  it w a s n ' t a Rhi z ob i um . It i s  

imp o s s ib l e  t o  do mo re t h a n  specu l a t e  unt i l  f u r t he r  s t udies a re 

carried out on these three s t ra ins ( Schofield et a l ,  1 9 8 7 )  . 
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A compa rison of  the degree of polymorphism ( a s  measured by the 

numbe r /pos it ion o f  hybridi z a t i on patterns generated by specific DNA 

p r o b e s )  o f  t h e  c h r omo s ome a n d p S ym o f  a numbe r o f  Rh i z ob i um 

l egum i n o s a rum b i o v a r v i c e a e  i s o l a t e s  s h owed the p l a smid t o  be 

substant i a l ly more po lymo rphic than the chromosome ( Young and Wexle r ,  

1 9 8 8 )  a s  me n t i o n e d  i n  s e c t i o n  1 . 6 .  H o w e ve r ,  t h e  DNA p r obes i n  

que s t ion we re different ( lac  f o r  the chromosome and five overlapping 

probe s o f  the symb iot i c  region)  and the cho ice of probe s may have 

int r oduced a c e rt a in b i a s . Young and Wexle r ( 1 9 8 8 )  found a c le a r  

c o r re la t i o n  between pa rt icu l a r  symbiotic plasmids and ch romo s omal 

b a c k g r o u n d s  a n d  s u gg e s t e d  t h r ee hypo t h e s e s  to e xp l a i n t h i s  

c o r r e l a t i o n . F i rs t l y ,  t hat oppo rtunities for plasmid t rans fer a re 

r a r e i n  t h e  s o i l ,  s o  t h a t  t he a s s o c i a t i o n  between p l a smid and 

chromo s ome that arises as  a clone expands are not readi ly dis s ipated . 

Secondly, that the plasmid is  restricted to certain host backgrounds 

a n d  a l t hough c o n j ugat i on o c c u r s , only c e rt a in plasmid-ch romo s ome 

c omb i n a t i o n s  a re s t a b l e . T h i r d l y ,  t h a t  a l t hough many p l a smid

ch romo s ome c omb ina t ions exi s t  in the soil only s ome a re f avorable 

e n o u gh to c ompe t e  s u c c e s s fu l l y  for nodu l a t i on s it e s . The t h ree 

hypot heses  espoused by Young and Wexler ( 1 9 8 8 )  could be des ignated, 

r e s p e c t i ve l y ,  t he l in kage hyp o t he s i s ,  t he genomic c ompa t ibi l i t y  

hypothes is  and t he se lect ion hypothe s i s . Evaluat ing each hypothesis  

in turn,  a nd in l ight o f  other studie s ,  some cont radiction between 

these propos a l s  and the work of other researchers in the f ield can be 

found . 

The l inkage hypothe s i s  st ands up least well in rega rds to  othe r 

s t udie s . The s t udy o f  Schofield et a l  ( 1 9 8 7 )  involved only s ixteen 

s amples f rom a very sma l l  a rea and still ident ified a recombinant Sym 

p l a smid . S imi l a rl y ,  H a r r i s on et a l  ( 1 9 8 8 )  compa red pla smids f rom 

l ab o r a t o ry a nd f i e ld - i s o l a t ed s t ra i n s  of Rhi zobium legumino s a rum 

b i o v a r  t r i f o l i i  a nd c omme n t e d  t h a t  o n  t h e ba s i s  o f  t he i r  dat a  

rega rding s i z e ,  numb e r  and h o s t  speci f i c i t y  o f  Sym p l a smids , the 

p o t e n t i a l  f o r  r e c omb i n a t i on and pla smid t ra n s f e r  appe a red h igh . 

Secondly,  a l a rge numbe r of  groups have studied the transmi s s ibility 
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of pSym ( John ston et a l ,  1 9 7 8 ; Hooykaas et a l ,  1 9 8 1 ;  1 9 8 2 ; Ma rt ine z 

e t  a l ,  1 9 8 7 ; E s puny et a l ,  1 9 8 7 )  and have f o u nd i t  t o  t ra n s f e r  

re a di l y ,  a n d  n o t  j u s t  t o  Rh i z obium . Alt hough t h e s e  s t udies a re 

labo rato ry-based there is  evidence to  support the t heory of  plasmid 

t ransfer,  even ove r  great taxonomic distance s ,  in the s o i l  ( Richaume 

et a l ,  1 9 8 9 )  . 

The genomic compatibility hypothes i s  has more t o  commend itself 

in te rms of obse rved dat a ,  a s  incompatibil ity between Sym plasmids 

( Espuny et a l ,  1 9 8 7 ; O l lero et al , 1 9 8 9 )  and between genes on these 

plasmids ( Wang et a l ,  1 9 8 6 )  is known . Howeve r ,  bacteria f rom genera 

other than Rh i z obium have been identi fied which will accept and at 

l e a s t  part i a l ly expre s s  p S ym ( P l a z in s k i  and Ro l fe ,  1 9 8 5 ; Jarvis et 

a l ,  1 9 8 9 )  and unless the genomic compatibil ity i s  more unive rsal than 

proposed by Young and Wexler ( 1 9 8 8 )  this hypothe s i s  must be regarded 

a s  f lawed . 

The t h i rd hypo t he s i s  i s  s e lect i o n  and here t he p l ant i s  as 

imp o rt ant a s  the bacteria . There is certainly evidence t hat gene s 

expres sed by the rhi zobia , such as ant ibiot ic res istance , can affect 

n o du l a t i o n  e f fe c t ivene s s  ( S chw inghamme r ,  1 9 6 7 ; Schwinghamme r  and 

Dudma n ,  1 9 7 3 )  and that the plant cult ivar can select among bacterial 

s t rains (Demezas and Bottomley, 1 9 8 7 )  . Furthermore,  rhizobia l st rains 

c a r r y  ho s t  s pe c i f i c  n o du l a t i o n  ( h s n )  gene s wh i c h  a c t  to l in k  a 

rhi zobial microsymb iont to a pl ant mac rosymbiont . At present , there 

i s  i n s u f f i c ient evidence t o  dec ide how impo rt ant " s e lection" might 

be . 

Othe r s o i l -based s t udi e s , notably those o f  S oberon-Chavez and 

Na j e ra ( 1 9 8 9a )  and Ja rvis et a l  ( 1 9 8 9 ) , have ident i fied other factors 

t hat have bearing on rhi zobial ecology . In the first case , S oberon

Chave z and Na j e ra ( 1 9 8 9a )  were able to i s olate an o rgan i sm f rom the 

soil  that responded to antibiotic se lection and behaved in culture in 

the s ame way as R .  leguminos a rum biovars but cont a ined no symbiotic 

plasmid . I nt roduct ion of pSym into this strain wa s quite suffic ient 

to confer full Nod+F i x+ phenotype . The authors a l s o  suggest that in 

the s it e s  they examined, the numbe r of " non-symbiotic" rhi zobia in 
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the s o i l  may be l a rger than the numbe r c ontain ing pSym ( S obe ron

Chave z and Na j era , 1 9 8 9a )  . The second case was a study conducted by 

Jarvis and eo -wo rke rs ( 1 9 8 9 )  in which soil- isolated organisms , which 

had demonst rated some degree of  homo logy on a non-quant i fied dot blot 

probed with a s t rain of  biovar t rifolii lacking pSym, had a symbiot ic 

plasmid mob i l i zed into them by the broad host range plasmid R 6 8 . 4 5 .  

These s o i l  bacteria we re uncharacteri zed gram negat ive rods isolated 

f r o m  a w h i t e  c l o v e r - r ye g r a s s  p a s t u re a n d  t h e  i n t r o du c t i o n  o f  

s ymb i o t i c  gen e s  enabled s ome o f  the soil organisms t o  form nodules 

( Ja rvis et al , 1 9 8 9 )  . The identity o f  these bacteria which are able 

to accept pSym and nodulate clover is not yet clear . 

The s t udie s  o f  Young and c o l l e agues ( Young , 1 9 8 5 ;  Young and 

We xle r ,  1 9 8 8 )  sugge s t  t ha t  t he re is  a non-random di s t r ibut ion o f  

symbiotic pla smids acro s s  chromos oma l backgrounds . They suggest that 

plasmid t ransfer does occu r ,  but not indi scriminately among rhi zobia l  

st rains . However another study i n  which Young was involved ( Harrison 

e t  a l ,  1 9 8 8 )  s uggs e t e d  t h a t  t he p o t ent i a l  f o r  recomb ination and 

t rans ference of  pSym was high . Schof ield et al  ( 1 9 8 7 )  also ident i f ied 

s ign i f ic ant leve l s  o f  p l a smid t rans fer and Broughton et a l  ( 1 9 8 7 )  

sugge sted t hat rathe r than certain dominant genet ic l ines o f  bacteria 

t he r e  was a " cont inuum of s ymb i ot i c a l ly profic ient st r a i n s  under 

c o n d i t i o n s  o f  ma x imum d i ve r s i t y " . F u rt he rmo r e , t h e  s tudie s o f  

S obe ron-Chave z and Na j e ra ( 1 9 8 9 a )  and Jarvis e t  a l  ( 1 9 8 9 )  s uggset 

t hat there a re la rge numbers of bacte ria in the rhizosphere which can 

accept and expres s  pSym .  

There is  a n  obvious cont radiction implied i n  the above studies 

which is  l ike ly to  be res olved once furthe r informat ion is  ava i lable . 

The implicat ion f rom the studies of  Broughton et al  ( 1 9 8 7 ) , S oberon

Chavez and Na j era ( 1 9 8 9 a )  and Jarvi s et al ( 1 9 8 9 )  is  t hat not only 

a r e t he r e r h i z o b i a  p r e s e n t , but a l s o  ba c t e r i a  that may bec ome 

r h i z o b i a  w i t h  t h e a dd i t i o n  o f  p S ym ,  a n d  i t  i s  t h i s  p o o l  o f  

symb i ot ic a l ly competent bacteria that can podulate legumes . The idea 

of a l inked pool of soil  bacteria has been proposed by Reanney ( 1 9 7 6 ;  

1 9 7 8 )  and c o l leagues ( 1 9 8 3 )  and the pool of " rhi zobia" ( def ined as 
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bact eria which can nodulate legumes in associat ion with pSym) could 

be a subset of and genetically l inked to this large r pool of s o i l 

dwe l l ing microo rganisms . 

A r e c e n t  review pape r by Ebe rha rd ( 1 9 8 9 )  s ugge s t s  that t he 

opt ional t ra i t s  c a rried on plasmids are the res u l t  o f  a bacte rial 

s t rain t rying t o  adapt to local condit ions . The use of  the plasmid a s  

t he D NA s t r u c t u re c oding f o r  t h e  adapt ive t ra i t  me a n s  t h a t  t h e  

i n f o rma t i o n  c a n  be s p r e a d  t h r oughout the popu l a t i o n . The author 

rega rds the symb i o t i c  pla smid as an ext reme f o rm o f  adapt a t i on to  

l o c a l  condit ions in the f o rm of  a symbiot ic l i f e s t yle ( Eberhard , 

1 9 8 9 )  . We have already seen that pSym is self-t ransmis sable ( Johnston 

e t  g ,  1 9 7 8 )  a n d  t o  o t h e r  genera ( H o oykaas et  a l ,  1 9 8 1 ;  1 9 8 2 ;  

P l a z inski and Rol fe , 1 9 8 5 ;  Jarvis et a l ,  1 9 8 9 ) , thus it could be said 

that a Rhi z ob ium is  any bacterium that can accept and expre s s  pSym . 

I f  the various symbiotic pla smids and rhi zobia l stra ins are examined 

in this l ight , the degree of genet ic dis s imilarity is unde rstandable . 

The p re s e nt l y  de f ined spe c i e s  o f  Rh i z obium could be de s c r ibed a s  

mi c r o o r g a n i s m s  t h a t  h a ve h a d  p S ym i n  t he i r  pop u l a t i o n s  f o r  a 

s u f f i c i e n t  l e ngt h o f  t ime t o  adapt t o  t h e  s ymb i o t i c  l i fe s t y le 

( Eberhard , 1 9 8 9 ) . Those species in which the symbiot ic informat ion is  

enc oded by t he ch romo s ome ( B radyrh i z obium) may i n i t i a l l y  have had 

carried a symbiotic pla smid which became integrated . 

There i s  al ready a subst ant ia l body of evidence rega rding the 

abi lity o f  pSym to undergo re arrangement ( Zurkowski , 1 9 8 2 ; S oberon

Chave z et al, 1 9 8 6 ;  Wang et a l ,  1 9 8 6 ;  Palacios et a l ,  1 9 8 7 ; S chofield 

et al , 1 9 8 7 ; E spuny et al, 1 9 8 9 ;  Ollero et al, 1 9 8 9 ;  S oberon-Chave z 

and Na j era , 1 9 8 9 a and b )  . The re is  some evidence for rearrangement s  

involving p l a smid and ch romo s ome i n  a n  appa rent l y  spe c i f i c  manne r 

( Berry and Atherly, 1 9 8 4 ) , which is a poss ible mechanism t o  explain 

the chromo s oma l location of symb iotic  gene s in Bradyrh i z obium and 

s eve r a l  aut h o r s  have c ommented on the highly polymo rphic nature of  

pSym, e spe c i a l ly in rega rd t o  the region .around the symbiotic genes 

(Harri s on et a l ,  1 9 8 8 ; Young and Wexler ,  1 9 8 8 )  The f ina l statement 

o f  a pape r by Sobe ron-Chave z and Na jera ( 1 9 8 9a )  is that : 
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" T h e  s t u d y  o f  t h i s  t y p e  o f  b a c t e r i a  [ n a t u r a l  p S ym !L_ 
leguminos a rum] will help elucidate the Rhizobium life cycle and will 

shed l i ght o n  t he impo r t a n c e  of r e a r r angement s of p l a smids and 

chromo s ome s i n  t he e s t ab l i shment and perpetuation of  the symbiosis 

between Rhi zobium and legume s " . 

Coupled to the importance of  the rea rrangement o f  the symbiotic 

p l a smids is the imp o rt a nce of t he abi l it y  o f  t he s e  p l a smids to 

t ransfer t o  other bacteria , whether rhizobia o r  not . The combinat ion 

of  rearrangement and plasmid t ransfer gives the rhi zobia a powerful 

me a n s  o f  a dapt ing to ch ange and expe r iment ing w i t h  va rious gene 

combinat ions . Although most of the genetic recombinat ion and plasmid 

t ra n s f e r s  have been gene rated or ident i f ied in the laborato ry ,  the 

f a c t  t h a t  t h e y  c a n  o c c u r  c a n  a s s i s t  i n  g e n e r a t ing and t e s t ing 

r e a l i s t i c  h yp o t h e s e s  which can a c c ou n t  f o r  what is o b s e rved i n  

natu re . 

1 . 9  Compet it ion and Genetic Interact ion : the Fate of  Inoculant 

Rhizobium . 

The que s t ion o f  t he fate o f  inocul ant r h i zobia a ro se in t he 

cont ext o f  a previous study unde rtaken in this labo ratory ( O ' Hara , 

1 9 8 5 ) . Ac c e s s  was ga ined t o  a f reshly sown pasture which had been 

recent ly c leared f rom virgin bush . The area had theoretica lly had no 

previous exp o s u re to  rhizobi a ,  enabl ing studies of t he short -t e rm 

m o d i f i c a t i o n  a n d  a da p t a t i o n  o f  t h e  i n o c u l a n t  rh i z ob i a ,  � 
legumino sa rum bv t rifolii 2 6 6 8 . Samples of plant material in the form 

o f  s o i l  c o re s  we re t a ken a t  known t ime i n t e rva l s  f o l l owing the 

init ial s owing and rhi zobia were isolated f rom the c lover nodules .  

The o riginal inoculant s t rain R .  leguminos arum bv t rifolii 2 6 6 8  

(NZP 5 6 0 )  wa s compared t o  a number o f  isolates made f rom the field by 

t he c rite ria o f  gel diffusion immunoprecipitat ion (Vincent , 1 9 7 0 )  

int r ins ic ant ibotic res istance ( Josey et a l ,  1 9 7 9 ;  Beynon and Josey, 

1 9 8 0 ) , pla smid profile ( Casse et al, 1 9 7 9 ;  Hirsch et a l ,  1 9 8 0 ;  Tichy 

and Lot z ,  1 9 8 1 ;  Scott and Ron s on , 1 9 8 2 ; .Ch r i s tensen and S chube rt , 

1 9 8 3 )  and genomic restriction endonuclease dige st pattern (Mielenz et 

al , 1 9 7 9 ;  Ma rshall et a l ,  1 9 8 1 ;  O ' Hara et a l ,  1 9 8 5 ) . Initial isolates 
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s h o wed a h igh degree o f  s imi la rity t o  the inocu lant but a s  t ime 

pas sed the leve l of  s imilarity found in the isolates dec lined as did 

the f requency of isolates indistinguishable f rom 2 6 6 8 . Taken at face 

value t h i s  obse rvat ion would suggest t hat either the inoculant was 

be ing d i s p l a c ed by a numbe r of s imi l a r  st ra i n s  which a re a l ready 

present in the soil  o r  is  the result of plasmid t ransfer ( Ja rvis et 

al , 1 9 8 9 )  . Alternatively,  the inoculant could be adapt ing to the soil 

by ut i l i z ing genes it al ready has in its genome in a cryptic state 

(Ha l l ,  1 9 8 8 )  or by a cqui ring genes as a re sult of pla smid t rans fer ·  

( Ri c h a ume e t  a l ,  1 9 8 9 )  and t he reby changing i t s  response t o  t he 

va rious test parameters . Howeve r ,  in analys ing the f ield environment 

the first pos s ibility must be cons idered, namely that a pre-adapted 

s t r a i n  o r  s t r a i n s  p r e s e n t  i n  t h e s o i l  a r e  o u t - c omp e t i n g  t h e 

inoculant . The site in quest ion was adjacent to a field that had been 

i n o c u l a t e d  w i t h  a d i f fe rent s t ra i n t w o  ye a r s  b e f o re and wh i c h  

c o n s e que n t l y  w a s  l i k e l y t o  c o n t a i n r h i z o b i a  a da p t e d  t o  l o c a l  

conditions . I n  de fence o f  the conclusion that the inoculant was s t i l l  

present , but altered, it should b e  stated that it w a s  unlike ly that 

large numbers of rhi z obia would c ross  f rom the o ld s i te to  the new 

( fo r  t opographica l rea sons ) ,  that the new inoculant was int roduced in 

enormous numbers and t hat on the bas is  of the various ident i fication 

tests the initial i s o lates we re more like the inoculant 2 6 6 8  than the 

inoculant o f  the nea rby field . It was therefore felt that s ome type 

o f  ge ne t i c  a lt e r a t i o n ,  e i t h e r  endoge n o u s  and/ o r  ex ogenou s ,  had 

re sulted in t he alterat ion o f  the inoculant but it was imposs ible to  

rule out other exp lanat ions inc luding the pre sence o f  " c ont aminant " 

st rains . Exper iment s analys ing the response of  soil  mic roorganisms in 

the soil  a re di f ficult to interpret because of  the large number o f  

uncontro l led and uncont rollable factors . It was f o r  this reas on that 

a s e c ond s e r i e s o f  exper imen t s  w a s  p l anned,  u s ing a l a b o r a t o ry 

s imulation t o  attempt t o  mimic po s s ible natura l inf luences and thus 

attempt to  confirm the result s obtained with the soil-based studies . 

It was dec ided to cont inue experiment at i on with 2 6 6 8  in order 

to  mainta in a s  much s imi larity with the field study as was possible . 
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The i n i t i a l  f o cu s  o f  t he p r o j ect w a s  t o  att empt t o  e xp l a i n  t he 

v a r i a t i o n  o f  t he f ie l d  i s o l a t e d  s t r a i n s  by gene rat ing a s t re s s 

a lt e re d  ve r s i o n  o f  t h e  i n o c u l a nt . I t  wa s hyp o t he s i z e d  t h a t  t he 

bacte r ia might enc ode a system analogous to t he E .  c o l i  SOS genes 

which would mediate genetic rea r rangement s and decrypt i ficat ion o f  

t he genome i n  a n  attempt t o  survive . The broad host range plasmid RP 4  

was int roduced into 2 6 6 8  a s  a form of  genetic " sponge " t hat could 

accept any DNA sequences that were being t ranslocated . I n  ret rospect 

it was ove rly ambit ious to detect this  type of e f fect wit hout any 

re adi l y  s e le c t able ma r ke r  and not surpris ing l y ,  no va r i a n t s  we re 

detected after stre s s  t reatment . 

One event that was detected at low f requency was a rearrangement 

o f  the rhi z obia l plasmids following the int roduct ion of RP 4  into the 

ce l l s . This rearrangement was stable on sub-culture , once formed, and 

i n v o l ve d  w h a t  c o u l d  h a ve b e e n  a de l e t i o n  i n  one p l a smid ( o r  

replacement with a sma l ler plasmid) and an appa rent loss o f  another . 

Examin at i o n  o f  the e l ect ropho re t ic pla smid and t o t a l  genomic D NA 

re s t i c t i o n  endonuclease p r o f i l e s  of  these s t ra ins with radioact ive 

probes of the nod and nif gene f ragment s suggested that it wa s pSym, 

or  a portion thereo f invo lving the symbiot ic gene s ,  that had been 

lost . Howeve r ,  nodules were produced when this st rain was inoculated 

ont o c l ove r p l ant s ( T r i f o l i um repe n s  c v  Hui a ) a n d  t h e  b a ct e r i a  

i s o lated f rom the nodules we re shown t o  be de rived from appa rent ly 

nod r h i z ob i a l s t ra ins and had recovered the capacity to  hybridi ze 

with the nodABC and nifKDH probes . Repeated trials with genet ically 

ma r ke d  de r i v a t ive s  of t he appa rent ly pSym-de leted st rains  me re ly 

s e rved t o  c on f i rm this re s u l t . F a i lure to  sat is factorily provide a 

mechanism whe reby a seemingly nod- st rain of rhi zobia f o rms nodules 

resulted in termination of  this l ine of  inquiry unti l  such t ime as 

a reasonable hypothesis  could be generated and invest igated . 

I n  t h e  s e c o nd p o r t i o n  o f  t he p r o j e c t  t he ab i l i t y  o f  t he 

i n o c u l ant s t r a i n  t o  t ransmi t genet ic i n f o rmat i o n ,  in t he f o rm o f  

p l a smids , t o  o t h e r  o rgani sms w a s  examined . To  t h i s  e n d  f o u r  g ram 

negat ive rods of unce rtain gene ra which had previously demonst rated 
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the ability to  accept , express and maintain pa rt s of  pSym int roduced 

as a cointegrate with a broad host range vector ( Jarvis et a l ,  1 9 8 9 )  

we re c h o s en a s  re c ip i e n t s .  T he do n o r  s t ra i n  ( 2 6 6 8 )  w a s  ma rked 

randomly with Tn� and exco n j ugants from crosses between this  st rain 

and t he s o i l  mic roorgan isms were eo-selected for the presence of  Tn�, 

giving a s e lectable ma rke r  on any mobile piece o f  DNA detected . In 

all s o i l  bacte r i a  c r o s ses a plasmid of  approximately the same s i ze 

was visua l i zed by elect ropho resis in each of the excon j ugant s .  This 

new p l a smid was s hown to hybr idize with probes containing Tn�, nod 

and n i f . Con j ugat ion between the soil st rains containing t hese smal l  

p l a smids and a sym bv t r i f o l i i  s t r a i n ,  demo n s t rated t hat the 

p l a smids would t ra n s f e r  back into r h i z obia f rom t h i s  b a c kground . 

S imilar crosses with E .  coli and the original parent rhi z obium 2 6 6 8  

demonst rated t he abi l i t y  o f  t hese TnS -ma rked pla smids t o  mediate 

c o n j ugat i o n  with H B 1 0 1  or 2 6 6 8 and be st ably ma inta ined in these 

r e c i p i e n t s .  P l a n t  t e s t s  w i t h  a l l  of the e x c o n j ug a n t  s t r a i n s  

prev i o u s l y  ment ioned showed t hat these Sym-derived plasmids would 

p r o v ide s u f f i c i e n t  i n f o rma t i o n  f o r  nodu l a t i o n  o f  a n d  n i t rogen 

f ixat ion in c l o ve r ,  with t he except ion of  E .  c o l i . The eco logical 

c o n s e q u e n c e s  of t he b r o a d  h o s t  r a nge t r a n sm i s s i b i l i t y  o f  t he 

symbiotic plasmid is  dis cus sed . 

- 4 4 -



2 . 0  MATERIALS AND METHODS 

2 . 1  Bacte rial Strains : Maintenence, Select ion and Ident i fication 

The Rh i z ob ium legumin o s a rum biovar t r i f o l i i  s t rain chosen for 

this  pro j ect was the mic ro symbiont used to coat t he c lover s eed in 

t h e  s t anda rd ryeg r a s s - c l ove r seed p a s t u re mixe s emp l oyed in New 

Zealand . The s t rain is referred to as 2 6 6 8  and is  he ld in the D S I R  

C u l t u r e  C o l le ct io n ,  P a lme r s t o n  North a s  N Z P  5 8 2 . I t  i s  natural ly 

s e n s i t ive to mo st ant ibiot i c s  ( t able 5)  in comparison t o  the other 

bacterial st rains used in this study . 

MO 1 0 3  wa s a mu t a n t  de t e c t e d  in a c r o s s  b e t we e n  2 6 6 8  and 

H B 1 0 1 ( RP 4 ) - s ee s e ct i o n  2 . 5 f o r  p r o c edu re . The ab e r ra n t  p l a smid 

profile ( f ig . 1 5A, lane b )  was observed only once among 5 2  isolates 

s c reened by Ec kha rdt e lect rophoresis  ( section 2 .  9 )  in four sepa.
rate 

crosses  of 2 6 6 8  and HB 1 0 1 ( RP 4 ) . The re are no obvious di fference s in 

c o lony morphology or growth rate in liquid culture between 2 6 6 8  and 

MO 1 0 3  ( e s t ima t e d  f r om Ab s o rbance at  6 0 0 nm i n  a spe c t r o n i c  2 0  

spect rophotometer) . Most exconj ugants of the 2 6 6 8  X HB 1 0 1 ( RP 4 )  cross 

appear ident i c a l  t o  2 6 6 8  s t rains as ide f rom the ext ra RP 4 band . MO 

1 0 4  wa s i s o lated f rom a t ube o f  stress  medium init ially inoculated 

w i t h  MO 1 0 3  t h a t  had been i ncubated at  2 8 °C for four weeks with 

shaking ( see sect ion 3 . 1  and 3 . 5 ) . It init ially had a s l ower growth 

rate than MO 1 0 3  ( a s  e s t imated f rom A6 0 0 ) ,  but cont inued s ubculture 

on TY ( sect ion 2 . 2 )  removed this  characterist ic . In all  other ways , 

MO 1 0 3  and 1 0 4  are ident ica l ( see sect ion 3 and figs . 1 5A,  lanes b 

a n d  c ;  1 9 ,  l a n e s  c a n d  d )  a n d  a re t h e r e f o re cons ide red s e r i a l  

i s o lates o f  the s ame s t rain . 

MO 1 1 0  was a nodule re -i s o late from a plant inoculated with MO 

1 0 3  and MO 1 1 1  f r om a p l ant inocu lated with MO 1 0 4 . Be cause t he 

inoculants MO 1 0 3  and 1 0 4  are serial isolates of  the same s t rain,  MO 

1 1 0  and 1 1 1  a re a l s o  two isolates of  the same st rain . In four t rials 

a total o f  s ixteen nodule re- iso lates have been compared by Eckha rdt 

e l e c t rop h o re s i s  a n d  a l l  a re t he s ame ( f igure 1 )  a s  MO 1 1 0 / 1 1 1 ,  

suggest ing that MO 1 1 0 / 1 1 1  i s  a st able variant . MO 1 1 0  and 1 1 1  are 

indi s t ingu i s hable on t he bas i s  of  the tests used here ( f igs . 1 5A,  
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lanes d and e ;  1 9 ,  lanes e and f ) . I noculat ion o f  plant s with the 

s p o n t a n e o u s  a n t i b i o t i c  r e s i s t a n t  mu t a n t s  o f  MO 1 0 4  ( MO 1 0 5 -

CloramphenicolR, MO 1 0 7 -RifampicinR, MO 1 0 9 -st reptomyc inR) yie lded MO 

1 1 0 / 1 1 1 -type st rains with these antibiot ic res i stances . 

The spontaneous antibiotic res ist ant mut ant s l isted in table 1 

we r e  s e l e c t ed by p l a t i ng 0 . 1 ml o f  c u l t u re s  cont a i n i n g  3±2 x 1 0 8 

c e l l s / ml { a s me a s u red by plat ing onto t he nonselect ive medium TY)  

o n t o  p l a t e s  of  T Y  c o n t a i n i ng t he a nt ib i o t i c . Concent r a t i o n s  of  

ant ibiot i c s  { abbreviat ions in bracket s )  used to se lect mutant s we re : , 

Ch lo ramphen i c o l  ( Cm) , 1 0 0  ug/ml ; Ri famp i c in ( Ri f ) , 1 0 0  ug/ml ; 

St reptomyc in ( Sm) , 2 0 0  ug/ml ; Spectinomyc in ( Sp ) , 1 0 0  ug/ml . 

Res i s t ant colonies appeared after 6 days at 3 0°C and we re single 

c o l o ny pu r i f ied two t ime s on ant ibi o t i c  plates . F re quency of the 

ant ibiot ic res i stant mutant s was 1 0 - 6 to  1 0 -7 { see table SB)  . 

The s o i l  o rgani sms received from D r . B . D . W .  Jarvis { Jarvis et 

a l ,  1 9 8 9 )  we re i s o lated f rom a white c l ove r - ryegr a s s  paddock . The 

f o u r  s t r a i n s  u s e d  in t h i s  s t udy we re ones s hown by Jarvis et a l  

( 1 9 8 9 )  to  b e  able to  accept symbiotic informat ion and manifest a Nod+ 

phenotype . They were t a xonomically uncharact e r i zed when rece i ved, 

b e y o nd b e i n g  s h o w n  to be g r am nega t i ve r o d s . Be f o r e r e c e i p t , 

spect inomycin resistant mut ant s of  all four were de rived as described 

above by D r . Jarvis . 

Gram s t a in ing s howed a l l  four t o  be sma l l  gram negat ive ovo id 

rods . D e s c r ip t i o n  of the bacterial  co lonies and the re sults  of a 

va r i e t y  o f  t e s t s  a r e  rep o rt e d  i n  t he re s u lt s . The t e s t s  included 

mot i l ity,  growth on a va riety of solid and liquid media , growth,  acid 

and gas product ion in several sugar and sugar-a lcohol media , l itmus 

milk and the AP I 2 0NE test st rip . Test results we re read and compared 

t o  t h e  s t a n da r d k e y  p r o v i d e d  a n d  a l s o  c omp a re d  t o  pub l i s he d  

i n f o rmat io n  on the sugge sted species ( S ke rman , 1 9 67 : Be rgey, 1 9 7 4 ;  

1 9 8 4 )  . 

Ant i b i o t i c  re s i s t ant c u l t u re s  we re ma i n t a ined on ant ibiot ic 

containing plates and sub-cultured every two months ( eve ry month for 

E .  c o l i ) . The TY plates were s t o red at 4°C .  Growt h  tempe rature for 
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------------------ - -

t he r h i z ob i a , the s o i l  bacteria and the exconj ugants wa s 3 0°C .  The 

s o i l  b a c t e r i a  r e c e i ve d  f r o m  D r . J a r v i s  h a d  adap t e d  t o  t h i s  

tempe rature by the t ime we obt ained them . Liquid cultures were grown 

at 2 8 °C with shaking . E .  c o l i  cultures we re grown at 3 7°C in Luria 

b r o t h  o r  on Lu r i a  aga r ,  but otherwise we re as de s c r ibed f o r  t he 

rhi zobia . 

S t rains PN 1 0 4 ,  PN 2 9 1 ,  PN 4 3 5  and PN 3 0 2  were kindly supplied 

by D r . D .  B .  S cott . The non- rhi zobial st rains used in this study are 

l i sted in Table 2 .  
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TABLE 1 . : S t rains of rhizobia used . 

References listed in the table are as follows : 

( 1 ) . Scott and Ronson , 1 9 8 2 . 

( 2 )  . Jarvis et a l ,  1 9 8 9 .  
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TABLE 1 :  

Laboratory 
des ignat ion 

R .  t ri fo l i i  
2 6 6 8  
MO 8 0 0  
MO 1 0 3  
MO 1 0 4  

MO 1 0 5  
MO 1 0 7  
MO 1 0 9  
MO 1 1 0 / 1 1 1  
PN 1 0 4  
NR 4 1  
NR 4 2  
NR 6 4  
OR 1 6 8  
MO 1 2 0  
MO 1 2 1  
MO 1 2 2  
MO 1 2 3  
MO 12 4 
MO 2 0 1  
MO 2 0 3  
MO 2 0 4  
MO 2 0 5  
MO 8 1 0 - 8 1 3  

Ant ibiotic 
ma rke rs carried 

s 
A/T/K 
A/ T / K  

C /A/T/K 
R/A/ T / K  
S /A/T/K 

nod- / S / R  
Sp 
Sp 
Sp 
Sp 
N 
Sp/N 
Sp/N 
Sp/N 
Sp/N 
S /R/N 
S / R/N 
S /R/N 
S / R/N 
Sp/N/R 

Culture Collect ion 
Number or Deriva t ion 

NZP 5 8 2  

2 6 6 8  x HB1 0 1 (RP 4 )  
s low growing mutant 

of MO 1 0 3  
spont . mutant MO 1 0 4  
spont . mutant MO 1 0 4  
spont . mutant MO 1 0 4  
nodule re-isolates 
NZP 5 1 4  � 
Unknown sp 
Unknown sp 
Unknown sp 
Unknown sp 
2 6 6 8  x E . coli  PN3 0 2  
MO 1 2 0  x NR 4 1  
MO 1 2 0  x NR 42  
MO 1 2 0  x NR 6 4  
MO 1 2 0  x OR 1 6 8  
MO 1 2 1  x PN 1 0 4  
MO 1 2 2  x PN 1 0 4  
MO 1 2 3  x PN 1 0 4  
MO 1 2 4  x PN 1 0 4  
MO 1 2 1  x 2 6 6 8  

Refe rence 

this study 
this study 
this study 

this study 
this study 
this study 
this study 
( 1 )  
( 2 )  
( 2 )  
( 2 )  
( 2 )  
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 

NZP : P a lmerston North Culture Collect ion , D S IR .  A=ampicillin 
C=chloramphenicol . K=kanamyc in . N=neomycin . 
R=rifampicin . S=st rept omycin . Sp=spectinomycin . 
T=tet racyc l ine . 
All ant ibiotic concent rat ions a re 5 0  ug/ml . 
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TABLE 2 . : Non- rhi zobial strains used . 
References listed in the table are as follows : 

( 1 ) . S cott et a l ,  1 9 8 5 . 

( 2 ) . S imon et a l ,  1 9 8 3 . 

( 3 ) . S chofield et a l ,  1 9 8 3 . 
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TABLE 2 :  

Laborat o ry 
de s ignat ion 

Characteristics 
and Ma rke rs 

Escherichia coli 
HB 1 0 1  F -pro leu thi 

l a c Y  S r m 
Endo i re eA 

-

HB 1 0 1  ( RP 4 )  S /A/ T / K  
PN 3 0 2  o r  S /N / K  

H B  l O l ( pSUP 1 0 1 1 )  
PN 2 9 1 T / C  

P N  4 3 5  A 

MO 3 0 0  S /R 

MO 3 0 1  S /R/N+K 
MO 3 0 2  S / R/N+K 
MO 3 0 3  S / R/N+K 
MO 3 0 4  S /R/N+K 

Culture Collect ion 
Number or Derivat ion 

MU 672  
MU 668  
TnS  donat ing 

suic ide vecto r  
nod ABC EcoRI 7 . 2 kb 

fragment f rom bv 
t rifolii ANU8 4 3 

nif KDH EcoRI 5 . 2  kb 
f ragment f rom bv 
t ri folii in pBR3 2 8  

Spent . mutant 
of E .  coli HB 1 0 1  

MO 1 2 1  X MO 3 0 0  
MO 122 X MO 3 0 0  
MO 1 2 3  x MO 3 0 0  
MO 1 2 4  X MO 3 0 0  

Refe rence 

( 1 )  

( 2 )  

( 3 )  

in pBR3 2 8  

this study 

this study 
this study 
this study 
this study 

MU : Mas sey Univers ity Culture Collection, Palmerston North . 
A=amp i c i l l in . K=kanamyc in . N=neomycin . R=rifampicin . 
S=streptomyc in . T=tet racycline . 
All ant ibiotic concent rat ions are 1 0 0  ug/ml , except tet racycline 
which is 5 0  ug/ml . 
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2 . 2 Media Used for St rain Ma intenance 

2 . 2 . 1  T ryp t o n e  Ye a s t  Ext r a c t  B r o t h  ( T Y )  ( B e r i nge r ,  1 9 7 4 )  

contains ( g/ 1 ) : T rypt one ( D i fc o ) , 5 . 0 ; Ye ast Ext ract (Difco ) , 3 . 0 .  

The broth wa s sterili zed by autoclaving at 1 2 1°C for 1 5  minutes . For 

s o l id media ; 12g o f  aga r ( D avis ) was added for base , per l it re of  

broth . The mixture was then autoc laved . I f  the medium was to  be used 

imme d i a t e l y ,  5 m l  s t e r i l e 1 M  C a c l 2 . 6 H 2 o wa s a dde d p e r  l i t r e ,  

otherwise it was stored without any addit ions . This was the standard 

unde f ined growth medium . 

2 . 2 . 2 Luria Broth cont ained ( g/ 1 ) : T ryptone (Difco ) , 1 0 . 0 ; Yeast 

Ext r a c t  ( D i f c o ) , 5 . 0 ; Na C l , 5 . 0 .  For s o l id med i um : 1 2 g  of agar 

(Davi s )  wa s added for base . Aut oclaving condit ions as above . This was 

the st anda rd E .  coli growth media . 

2 . 2 . 3  Nut rient agar was made by dissolving 8 . 0g of nut rient aga r 

b a s e  ( D i f c o ) and 1 5 g o f  agar ( D av i s ) i n  one l i t re o f  wa t e r  and 

autoclaving at 1 2 1°C for 1 5  minutes 

2 . 2 . 4  Y e a s t  E x t r a c t  M a n n i t o l  Aga r ( YEM ) ( Vi n c e n t , 1 9 7 0 )  

conta ined ( g / 1 ) : mann i t o l  ( BDH ) , 1 0 . 0 ;  Yeast ext ract (Difco ) , 0 . 4 ; 

K2 HP0 4 , 0 . 5 ;  MgS0 4 . 6H20 ,  0 . 2 ;  NaCl , 0 . 1 ;  agar (Davis ) , 1 5 . 0 .  The pH 

wa s adjusted to 7 . 5 .  

YEM + act idione was obtained by adding act idione ( Up j ohn Corp . )  

to  0 . 0 0 2  % .  

2 . 2 . 5  S 1 0  Def ined Medium (Chua et a l ,  1 9 8 5 )  

Stock Sol.utions 

S a l t s  ( g / 1 ) : MgS 0 4 . 7 H2 0 ,  2 5 . 0 ;  CaC 1 2 . 2 H 2 o ,  2 . 0 ;  FeC 1 3 , 0 . 6 ; 

Na2EDTA, 1 . 5 ; NaCl , 2 0 . 0 .  

Ammonium Chloride (g/ 1 ) : NH4C l ,  1 8 . 

Vitamins ( g / 1 ) : Thiamine HC l ,  1 . 0 ;  Biotin ( 1  mg /ml ) , 1 . 0  ml ; 

Calc ium Pantothenate,  2 . 0 .  Dissolve with gent le heat ing . 

Trace Element s ( mg / 1 ) : znso 4 . 7 H2o ,  1 5 . 0 ; H3Bo 3 , 2 5 0 . 0 ;  NaMbo3 , 

2 0 0 . 0 ; MnS0 4 , 2 0 0 . 0 ;  CuS0 4 . SH2o ,  2 0 . 0 .  

Phosphates (g/ 1 )  : K2HP04 , 1 0 0 . 0 ;  KH2P94 , 1 0 0 . 0 .  

Carbon Source ( g/ 1 ) : Sodium Succinate , 8 1 . 0 .  

Bromothymo l Blue ( g/ 1 0 0ml ) : 0 . 2 .  
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Medium ( ml / 1 ) : S a lt s ,  1 0  ; t race element s ,  1 vit amins , 1 ; 

2 - ( N -Mo rph o l i n o ) e t h ane s u lph o n i c  a c i d  ( ME S ) , 1 0 . O g ;  

H i s t idine ( BD H ) , 1 0 0 . 0  mg ; bromothymo l blue , 1 0 . Adj u s t  p H  t o  6 . 2  

with cone . NaOH . Add 1 2 g  aga r (Davis ) .  Autoclave for 1 5  minute s  at 

1 2 1°C .  Cool to 5 0°C and asept ical ly add 5 ml sterile phosphates and 

10 ml sterile carbon s ources . S 1 0  is  the standard def ined media f o r  

rhi z obia used in this  lab . 

2 . 2 . 6  Jensen ' s Aga r  Medium (Vincent , 1 9 7 0 )  ( g / 1 ) : CaHP04 , 1 .  0 ;  

K2 HP0 4 , 0 .  2 ;  MgS0 4 . 7 H2 o ,  0 . 2 ;  NaC l ,  0 .  2 ;  FeC 1 3 , 0 . 1 .  Ad j us t  pH to ' 

6 . 5 - 7 . 0 ,  add 1 5g aga r and di ssolve by heat ing . D ispense into requi red 

cont a ine rs and aut oclave . This medium is used f o r  ge rminat ing seeds 

and growing plant s . 

2 . 2 . 7  S t re s s  Medium, adapted f rom Heumann et al  ( 1 9 8 3 , 1 9 8 4 ) . 

S t o c k  s o lu t i o n s  ( g / 1 0 0ml ) : NH 4C l ,  0 . 1 ; KN0 3 , 0 . 1 ;  g l u c o s e ,  0 . 5 ;  

dext rin,  0 . 5 .  

Stre s s  Medium (ml / 5 0  ml ) : S 1 0  salts , 0 . 5  ; S 1 0  t race elements , 

0 . 0 5 , S 1 0  vitamins , 0 . 0 5  ; ME S ,  O . Sg ;  Hist idine , 0 . 0 0 5 g ;  NH 4Cl or  

KN0 3 , 0 . 3 .  Ad j u s t  to  pH 6 . 5 .  F o r  aga r add 0 . 6 g a g a r ( D a v i s ) . 

Aut o c l ave , c o o l  t o  5 0 °C .  Add : S 1 0  phosphat e s , 0 .  2 5  ml ; glucose or  

dext r i n ,  0 . 5  ml . Two c omb inat i ons we re u s e d : g l uc o s e +n i t rate or  

dext rin+ammonium . 

This i s  bas ically a def ined medium in which eithe r t he carbon 

o r  n i t rogen s ou r c e  i s  rep l a c ed with a mo re di f f i c u l t  to ut i l i ze 

ve r s i o n ,  e . g .  No 3
2 - i n s t e a d o f  NH 4

- T h i s  me dium wa s u s e d  f o r  

nit rogen o r  c a rbon s ource stress o f  strains . 

2 . 2 . 8  S e lect ion media (Heumann et a l ,  1 9 8 3 ) . These are the four 

s o l id media ont o which culture was plated after incubat ion in Stress 

Media . All 4 media conta ined 1 5g agar per litre of  media . 

( a )  . MM .  Minimal medium cons isted of  ( g/ 1 )  : KH2 Po 4 , 2 ;  K2 HP04 , 

7 ;  ( N H 4 l 2 s o 4 , 1 ;  t r i s odium c it rate . 2 H2 o ,  0 . 3 ; Mg s o 4 . 7 H 2 o ,  0 . 1 ; 

gluco se , 5 ;  S 1 0  vitamins , 1 ml ; nutrient broth (Difco ) , 1 % .  

(b ) . YEM . As spe c i f ied above . 

( c ) . L L . Lab Lemco conta ined ( g/ 1 ) : lab lemco powde r ( Oxoid) , 

8 .  
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( d) . Azo . Burk ' s n i t rogen - f ree agar c onta ined ( g / 1 ) : KH2 Po 4 , 

0 . 1 ;  K2 HP0 4 , 0 . 9 ;  C a C 1 2 . 2 H2o ,  0 . 1 ; MgS0 4 . 7 H2o ,  0 . 1 ; Na 2Mo0 4 . 2 H2 o ,  

0 . 0 0 5 ;  Feso 4 . 7H20 ,  0 . 2 5 ;  glucos e ,  1 0 ; O . O SN H2 so4 , 2 0  ml . 

2 . 3  Ant ibiot ic Cont aining Media 

Ant ibiotic stock solut ions we re prepared as follows : 

2 . 3 . 1  Ampicillin was prepa red by disso lving 2 0 0mg of  ampic i l l in 

( S igma ) in 2 0  ml di s t i l le d  water for a final concent r a t i o n  o f  1 0  

mg/ml . 

2 . 3 . 2 C h l o ramp he n i c o l  w a s  prepa red by di s s o lv i ng 4 0 0 mg o f  

c h l o ramphe n i c o l  ( S igma ) i n  2 0  ml o f  abs o lute ethano l f o r  a f inal 

concentration o f  20  mg/ml . 

2 . 3 . 3  Kanamyc i n  w a s  prepa red by di s s olving 4 0 0  mg kanamyc in 

sulfate ( S igma ) in 20 ml water for a f inal concent ration of  20 mg/ml . 

2 . 3 . 4  Neomyc in was prepa red by dis solving 2g of  neomyc in sulfate 

( S igma ) in 20  ml o f  dis t i l led water for a f inal concent ration of  1 0 0  

mg/ml 

2 . 3 . 5  R i f amp i c i n  was prepared by di s s o lving 4 0 0mg r i famp i c i n  

( S igma ) in 2 0  m l  methanol for a final concent ration of  2 0  mg/ml . 

2 . 3 . 6  S p e c t i n o m y c i n  w a s p r e p a r e d  b y  d i s s o l v i n g  S O O mg 

spect i nomyc i n  dihydro ch l o ride ( S igma ) in 2 0  ml water f o r  a f inal 

concentration o f  25  mg/ml . 

2 . 3 . 7  St reptomyc in was prepared by dissolving 2g o f  st reptomycin 

( S igma ) in 20 ml of dist i l led water for a f inal concent ration of  1 0 0  

mg/ml . 

2 . 3 . 8  T e t r a c y c l i n e w a s  p r e p a r e d  by di s s o l v i n g 2 0 0 mg o f  

tetracyc l ine HCl in 2 0  ml of  methano l for a final concent ration o f  1 0  

mg/ml . 

A l l  ant ibiot ic s o lut ions we re s t e r i l i zed by passage t hrough a 

0-2 2 m i c r o n  f i lt e r  ( M i l l i p o re ) . S t e r i l e  ant ibio t i c s  we re a dded 

a sept ically to  the media after it had been autoclaved and coo led t o  

5 0°C .  Ant ibiotic s o lutions were stored a t  -2 0°C .  

F ina l c oncent rat ions used a re l i s t ed ( where necess ary) in the 

text . 

- 5 4 -



2 . 4  Gene ral Purpose So lutions 

A l l  s o l u t i o n s  were a u t o c la ved at 1 2 1 °C for 3 0  minutes  a f t e r  

preparat ion . 

2 . 4 . 1  Tris - ( hydroxyrnethyl ) -aminomethane buf fer . This buffer was 

made up at a number of pHs and concent rations . 

( a ) . lM Tris  contained ( g/ 1 ) : Tri zma base ( Serva ) , 1 2 1 . 1 .  This 

wa s di sso lved in 8 5 0  ml of  dis t i l led water ,  the pH adj usted and the 

vo lume made up to  1 l it re . Two pHs were in general use,  7 . 5 and 8 . 0 .  

pH was adj usted with concent rated HCl . 

( b )  . 0-lM T r i s  pH 8 was prepa red by diluting lM T r i s  pH8 1 / 1 0  

with dist i l led water and checking pH prior to autoclaving . 

( c ) . O . lM T r i s  pH 8 + 2 -me rcapt oethanol was prepa red a s  above 

except the 2 -mercapt oethano l was added asept ica l ly after autoclaving . 

Al lowance was made for its  volume in the dilut ion process . 

2 . 4 . 2 Ethylene diamine tet raacet ic acid solut ion . 0 . 2 5M Na2 EDTA 

c o n t a i ne d  ( g / 1 ) : E D TA ( BD H ) , 8 3  di s s o lved in 8 5 0  ml . The pH was 

ad j u sted to 8 with c one . HCl and the volume adj usted t o  1 1 .  This 

solution was also used in con j unct ion with the Tris buffers . 

2 . 4 . 3  T r i s - E D T A b u f f e r  ( T E )  w a s  p r e p a r e d  a t  s e v e r a l  

concent rat ions . Buffers were made from stock so lut ions l isted above . 

( a )  . 5 0 / 2 0  TE was f inal concent rat ion 5 0  mM Tris and 2 0  mM EDTA . 

5 0  ml of  lM Tris  pH 8 and 8 0  ml 0 . 2 5M EDTA we re added t o  8 0 0  ml o f  

wat e r ,  the pH adjusted to 8 . 0  ( i f  needed) and the volume t o  1 1 .  

( b )  . 1 0 / 1  TE wa s f inal concent ration 1 0  mM Tris and 1 mM EDTA . 

1 0  ml of  lM Tris  pH 8 and 4 ml of  0 . 2 5M EDTA were added t o  9 5 0  ml o f  

water,  the p H  adj usted to 8 . 0  ( i f  needed) and the volume t o  1 1 .  

( c )  . 1 0 / 1  TE + s arkosyl was the same buffer containing N- lauryl

sarcos ine to 0 . 1  % added be fore final volume adjustment . 

2 . 4 . 4  SM NaC l w a s  prepared by di s s ol ving 2 9 2 g  Na C l  in 7 0 0ml 

dist i l led water and adjust ing the volume to 1 1 . 

2 . 4 . 5  SDS . 1 0 %  sodium dodecyl sulfate was prepared by dis s olving 

l Og of the solid in 1 0 0  ml of water . Note : care should be taken with 

the powde r ,  inha lat ion can cause lung irritation . 

2 . 4 . 6  Bo rate e lect rophores i s  buffer (·TBE ) conta ined 8 9  mM Tri s ,  

8 9  mM boric acid and 2 . 5 mM EDTA, pH 8 . 2 .  A l O X  stock was prepa red by 

- s s -



dis s o lving in 8 0 0  ml dis t i l led water : 1 0 8g Tris , 55g Boric acid, 9 . 2g 

EDTA . pH wa s checked, as this buffer is  at pH 8 . 2  by virt ue of the 

re lative concent rat ions of the ingredient s ,  and no adjustments were 

requ i red . The volume was adj usted to 1 1 .  

2 . 4 . 7 S t anda rd S a l i ne C i t rate ( S S C )  cont a ined 1 5 0  mM sodium 

chloride and 15 mM sodium citrate , pH 7 .  A 2 0X stock was prepared by 

di s s o lving 1 7 5 . 3g of NaCl and 7 7 . 4 g ( CH2 ) 4 ( COONa ) 2 . 3H2o in 8 0 0  ml 

dis t i l led wate r .  The pH wa s adj usted to 7 and the volume to 1 1 .  This 

solut ion was used at a variety of concent rat ions , most commonly 2 0X,  

2 X  and O . SX .  

2 . 4 . 8  Salt -T r i s -EDTA ( STE)  conta ined 1 0 0  mM sodium chloride ,  1 0  

mM Tris  pH 8 and 1 mM EDTA . It was prepa red by adding 2 0  ml SM NaC l ,  

1 0  m l  1 M  Tris  p H  8 and 4 ml 0 . 2 5M Na2EDTA t o  9 5 0  ml water ,  adjust ing 

the pH to 8 and the volume to 1 1 .  

2 . 4 . 9  D i lution buffer was prepared by adding 2 . 5g Mgso 4 . 7H2o to 

9 0  m l  w a t e r ,  d i s s o l v i ng , a d j u s t i n g  t h e  v o l ume t o  1 0 0  ml and 

autoclaving . 10  u l  of Tween-2 0  was added asept ically afterward . F inal 

concent rat ions of ingredients were 10 mM Mgso4 and 0 . 0 1 % Tween-2 0 . 

2 . 5 Conjugat ion of Bacterial Strains 

A s ingle co l ony of each s t ra in to be c ros sed was inoculated 

into t he appropriate growth medium and grown two days at 2 8°C with 

shaking ( o r  2 4  hrs at 3 7°C with shaking for E .  coli) . The A6 0 0  o f  the 

c u l t u re at t h i s  p o i n t  w a s  0 . 8± 0 . 2 .  F r om t h i s  c u l t u re ,  a 5 0 - fo ld 

di lution wa s made and grown ove rnight at 2 8  °C ( 3 7°C )  with shaking . 

The A6 0 0  of this  culture was 0 . 3±0 . 1 ,  which corresponds to 4±2 x1 0 8 

cells /ml . 

TY agar was used as a ba sal medium for conj ugat ion . A sterile 2 5  

mm diamete r  0 . 4 5 urn pore s i ze fi lter wa s placed on the plate and 1 0 0  

u l  o f  each parent pipetted ont o the filter . Each parent was spotted 

s ep a r a t e l y  on the plate a way f rom the f i lt e r  to ensure that both 

pa rent cultures we re viable and the plate incubated with t he l id off 

for one hour at room tempe rat ure ( =2 0 °C ) . in a laminar f low cabinet 

( A i rpure ) to dry the c ro s s . The plate was inve rted and incubated 

ove rnight at 3 0  °C .  This temperature was standard in this lab and all  
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st rains used grew wel l  at this temperature . 

The f i lt e r  wa s removed and resuspended i n  1 ml o f  d i l u t ion 

buf fe r  ( see 2 . 4 . 7 ) . The mix was di luted to 1 0 - 5 and 0 . 1  ml of  each 

d i l u t i on p l a t e d  on t he s e l e c t ive media . F o r  t he c r o s s e s  between 

HB1 0 1 ( RP 4 )  and 2 6 6 8 ,  the select ive medium was S 1 0 . Nm ( 5 0  ug/ml ) , for 

the c r o s s e s  of 2 6 6 8  and the s o i l  mic roorgan i sms it was TY . Sp ( 5 0  

ug/ml ) . Nm ( 5 0  ug/ml ) , for  the crosses of the 1 2 0  series and PN 1 0 4  it 

was TY . Ri f  ( 5 0  ug/ml ) . Nm ( 5 0  ug/ml ) , for the crosses between the 1 2 0  

series and H B  1 0 1  i t  was Luria . Sm ( 1 0 0  ug/ml ) . Km  ( 1 0 0  ug/ml ) and f o r '  

the c r o s s  between M O  1 2 1  a n d  2 6 6 8  it wa s S 1 0 . Sm ( 5 0  ug/ml ) . Nm ( 5 0  

ug/ml ) . I n  each cross 0 . 1  ml o f  the 1 0 -5 dilut ion was plated o n  media 

appropriate to each of the pa rent s ,  e . g .  HB1 0 1 ( RP 4 )  X 2 6 6 8 ,  the cross 

mix a t  1 0 - 5 was p l a t e d  on L u r i a . Km ( 1 0 0  ug/ml ) t o  enume rate the 

dono rs and at the s ame dilution on S10 to enumerate the rec ipient s . 

F reque ncy o f  t ra n s f e r  o f  t he ant ibiot ic ma rker was c a l cu lated a s  

f o l lows : 

F re qu e n c y  o f  t r a n s f e r  = n o . e xc o n j u g a n t s e xp r e s s i n g  b o t h  

ant ibiot ic ma rkers /no . recipent s expres s ing the appropriate ma rker 

Note 1 :  HB 1 0 1  is  an auxot roph and S 1 0  a de f ined medium lacking 
p r o l ine and leuc ine and with a Carbon s ource not usable by HB 1 0 1 . 
Pure cultures o f  2 6 6 8 ( RP 4 )  and 2 6 6 8 : : Tn2 could be obta ined f rom S 1 0  
plates at lowe r  dilutions where colony density was insuf f ic ient for 
c r o s s feedi ng . D i l u t i o n  i n  t he dilut ion bu f f e r ,  which c o nta ins a 
dete rgent , should maximi ze the probabil ity that s ingle colonies arise 
f rom s ingle cells . 

N o t e  2 :  I n  t h i s  s t udy c u l t u r e s  f o und t o  be r e s i s t a n t  t o  
kanamyc i n  we re a l s o  re s i s t ant t o  neomyc in and vice ve rsa . Cultures 
l i s ted as r e s i s t a nt t o  one we re a s s umed to be re s i s t ant to both . 
Rh i z ob i a  a r e  i nhe ren t l y  kanamyc in re s i st ant , by v i r t u e  o f  the i r  
i n a b i l i t y  t o  u p t a k e t h i s  a n t i b i o t i c ,  a n d  r e s p o n d  p o o r l y  t o  
ampic i l l in ,  with h igh concent rat ions required for inhibition . 

2 . 6  I solat ion o f  Rhizobium f rom Nodules 

Clove r plants we re removed f rom growth tubes in a laminar f low 

cabinet ( A i rpu re ) and any agar c a refully cleaned away . The plant s 

we re examined f o r  ove r a l l  appea rance and the root s  for nodule s i ze 

and color . The roots were carefully washed in sterile water to  remove 

s t ray mat e r i a l .  A sect ion o f  the root carrying t he nodule wa s cut 

away and e a c h  nodu l e  was s u r f a ce s t e r i l i zed independent ly in 0 . 2 % 
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me rcuric chloride for 3 0  sec onds , fol lowed by s ix success ive washes 

in sterile dis t i l led water .  The nodule was asept ica l ly t ransferred to 

a c rusher and broken open . A sample of material was st reaked onto YEM 

+ act idione to se lect rhizobia and on to nut rient agar to check for 

non- rhizobi a l  contaminat ion . Contaminated cultures were disca rded . 

Nodu les chosen were the largest and healthiest present on that 

root . No rma lly only one nodule per plant was examined, except in part 

I ,  whe re two nodu les pe r plant we re te sted . A port ion of  the streak 

f rom the YEM+act idione plate was rest reaked for s ingle colonies . The 

plasmid profile of one or mo re colonies we re subsequent ly determined 

by t he Eckhardt gel elect ropho res i s  procedure and the culture tested 

for ant ibiot ic res i stances ( where appropriate ) . 

2 . 7  Germinat ion of  Seeds, Inoculat ion of  Clove r P lant s and Re 

i s olat ion f rom Nodules 

I n  a l l  exp e r imen t s  the s eeds we re T r i f o l ium repens bv Huia 

wh ich had been obt a ined as ce rt i f ied stock f rom Hodder and Tol ley 

(NZ Ltd) . 

The s eeds were r insed in a pet r i  dish with sterile distil led 

wa t e r  t o  w h i c h  1 0 0  ul 2 0  % s a r k o s y l  had been added to break t he 

s u r f a c e  tens ion . This  was f o l lowed by the addit ion of  a s atu rated 

s olut ion of  Caoc13 to  a f ina l concent ration of  10 % .  The bleach wa s 

mixed in and t he seeds a l lowed to st and for 1 0  minut e s . The seeds 

were washed f i ve t ime s with sterile di s t i l led wat e r ,  and a sample 

f rom the f inal wa sh wa s inoculated into a TY broth culture to  test 

the e ffect iveness of  the procedure . Final ly, 10 ml of  sterile water 

wa s added t o  the dish and the seeds allowed to germinate overnight in 

t h e  dark . A f t e r  t h i s  t ime , t h e  wa t e r  w a s  decanted and the seeds 

placed asept ically ont o Jensens agar plates , sea led and grown for 4 8  

hours  i n  a l ight and tempe rat u re cont r o l led room ( 1 4 hour day at 

2 2°C )  

The seedlings were a sept ically t rans ferred to 2 5  ml volume tube s 

cont aining 5 ml of  Jensens agar set on a s l ope and capped with loose 

p l a s t ic l ids , with two seedl ings per tube . To dete rmine leve l s  of 

nit rogenase act ivity, 1 2 5  ml bot t les with cotton plugs containing 2 5  
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ml of  media we re used for growth of  the seedlings instead of  tubes . 

4 8 -hour cultures we re made f rom s ingle co lonies and overnight 

d i l u t i o n s  p r ep a r e d  f r om t hem a s  h a s  been de s c r ibed p revi o u s ly 

( sect ion 2 . 5 ) . 1 ml o f  thes e  cultures was spun down and resuspended 

in 3 0 0  ul sterile dist i l led water . 2 5 0  ul of the washed culture were 

added a s ept i c a l l y  t o  the t ube and the p lant s t ra n s fe r red to the 

growth room u s ed to grow the s eedl ings de sc ribed above . Negat ive 

c ont ro l s  cons i s ted o f  s eedl ings to which only dis t i l led wat e r  was 

added and 2 6 6 8  was the posit ive control . Nodulat ion by 2 6 6 8  could be ' 

s c o red a f t e r  1 4  days , but the s o i l  o rgani sms took as long as f ive 

weeks . Nit rogen f ixat ion was scored at 3 1 / 2  weeks ( whe re pos s ible ) . 

It was occas ional ly necessary to  demonst rate that the inoculant 

st rain and the nodu lat ing s t rain were the same . Nodules were iso lated 

as described in sect ion 2 . 6 .  Ant ibiotic resistance ma rke r s ,  plasmid 

prof i le and total genomic DNA prof iles were obtained for the isolated 

st rain and compared to the inoculant . 

2 . 8  Microscopic Analys i s  o f  Nodule St ructure and 

Chromatograph ic Ana lys i s  of  Nit rogenase Act ivity 

I t  i s  di f f i c u l t  t o  e s t ima t e  t he ab i l it y  o f  a p l ant t o  f ix 

a t m o s phe r i c  n i t r o g e n  by di r e c t  e x a m i n a t i o n . I t  i s  k n o wn t h a t  

a c e t y le n e  c a n  b e  reduced t o  e t hylene ( e thyne t o  e t he n e ) b y  the 

n it rogenase enzyme and this react ion has been used to quantify the 

nit rogen f ixing abi lity of the plant -mic robe symbios is . 

P l ant s we re p l a ced in bottles and inocu lated a s  de s c r ibed in 

s e c t ion 2 . 7 .  The plant s we re grown f o r  three t o  four wee ks before 

a s say . The cotton wool plugs in the bott les were replaced by greased 

caps . 1 ml of a i r  was removed f rom each bottle and 1 ml acetylene 

i n j ected in its  place . Samples were taken at 4 ,  6 ,  2 5  and 2 8  hours . 

The p e r c e n t  reduc t i o n  o f  a c e t y l ene t o  e t hylene wa s me a s u red by 

ana lys is  of  a 1 0 0  u l  s ample th rough a Po ropak T co lumn f itted to a 

Va rian Ae rograph series 2 7 0 0  ga s chromatograph (Moduline ) . A measure 

of  nit rogenase act ivity was gained by calculat ing f rom the calibrated 

chart printout of  the pe rcent convers ion of  acetylene to  ethylene . 

In con j unct ion with the chromatographic analys i s  o f  the nodu le s ,  

- 5 9 -



sect ions o f  three and a half week old nodules were made and examined 

by l ight and e lect ron microscopy . The sectioning and photography ( EM) 

we re carr ied out by Mr . D .  Hopc roft and R. Bennett of D S I R  ( P . N . ) and 

the LM demonstrated by D r . C .  O ' Kelly, Dept . of Botany and Z oo logy , 

Mas sey U .  

The f o l lowing is  a brief desc ript ion of  the procedure emp loyed 

t o  f ix ,  s e c t i o n  a n d  ex ami ne t he n o du le s  ( D . H o p c r o f t , p e r s o n a l  

communication ) .  S o lut ions used i n  this procedure were : 

( a ) . P r i m a r y  f i x a t i v e . T h i s  s o l u t i o n  c o n s i s t e d  o f  3 %  

gluta raldehyde , 2 %  fo rma ldehyde in O . lM Na2HP04 buf fer pH7 . 2 .  

( b ) . Pho sphate bu f fe r . This solution cons isted o f  O . lM Na2HP04 

buffer pH7 . 2 .  

( c ) . Osmium tet roxide buf fer . This solut ion cons isted o f  1 %  Oso4 

in Na2 HP0 4 buffer pH7 . 2 .  

( d) . Ace t one / re s in . T h i s  s o lut ion consisted of  a 5 0 / 5 0  mix of  

acetone (AnalR) and Polarbed S12  res in . 

Nodules were excised f rom the root and f resh t is sue wa s s liced 

in t he pr ima ry f ixat ive in a plastic pet ri dis h . The s amples were 

t rans ferred to glass vials and f resh f ixat ive wa s added . The samples 

were left to fix for two hours at room temperature . The s amples were 

wa s h e d  3 t ime s in phosphate bu f f e r  at room t empe rature and t hen 

s t a ined in o smium oxide bu f f e r  for 3 0  minutes at room tempe rature . 

The s amples were washed 3 further t imes in phosphate buffer and then 

dehydr ated by a s e r ie s  of acet one / water wa she s , culminat ing in 2 

wa shes in 1 0 0 %  acetone . The s amples we re infilt rated by s t i rring in 

a n  a c e t o n e / re s i n m i x  o n  a magnet i c  s t i rrer overn ight a n d  t hen 

t ransfe rred t o  a 1 0 0 %  res in so lution for a further 8 hours s t i rring . 

Spec imens were embedded in f resh resin using s i l icone rubbe r moulds 

and cured at 6 0°C for 4 8  hours . 

Th in s e ct ions we re cut us ing a diamo nd knife and a Re i c hert 

U l t racut E microt ome . Sect ions for l ight mic roscopy we re placed on 

s l ide , cove red with covers l ips which we re sea led onto t he s lides with 

clear na i l  polish . Sect ions for elect ron microscopy were picked up on 

copper grids , double sta ined with ethanolic Uranyl Acetate followed 
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by Lead Cit rate . 

S l ide s f o r  l ight micros copy we re examined on a Zeiss Standard 

micros cope equipped with apochromat ic obj ect ive lenses and a Zeiss MP 

6 3  3 5 mm  automa t i c  c ame ra system.  Phot og raphs were t aken on Kodak 

Techn i c a l  Pan f i lm ( C .  O ' Ke l l y ,  pe rsonal communication ) . Grids for 

e lect ron mi c r o s c opy we re examined on a Phil l ips ZOIC t ransmis s ion 

electron microscope and photographed with Kodak Fine Grain Posit ive 

f i lm .  

2 . 9  P la smid Cha racterization by E lect rophoresis  

La rge plasmids a re gene rally fragi le and dif f icult to recover in 

quant ity . A gent le prepa rat ion was required and i n  s itu lys is  reduces 

the probability of  breakage . The method chosen wa s that of Eckha rdt 

( 1 9 7 8 )  . 

2 . 9 . 1  The so lutions for this method were as follows : 

S olut ion 1 contained ( g  / 1 0  ml 1xTBE)  : Ficoll 4 0  0 ( S igma ) , 1 .  0 ;  

Bromophenol blue ( S igma ) , 0 . 0 0 5 ;  RNase , 0 . 0 1 ml . The RNase ( Amersham) 

s o lut ion was at a concent rat ion of 1 0  mg/ml in 5 0 / 2 0  TE pH 8 and wa s 

t reated at 1 0 0°C for 2 minutes to  remove DNase act ivity . Immediately 

p r i o r  to u s e  0 . 1  ml of a 2 mg /ml s o lut ion of egg white lys o zyme 

( S igma ) wa s added per 1 ml of  so lution 1 .  

S o lut ion 2 conta ined ( g / 1 0  ml o f  1 xTBE ) 

1 . 0 ;  s odium dodecyl sulfate ( S igma ) , 0 . 2 .  

F ic o l l  4 0 0  ( S igma ) , 

S o l ut ion 3 conta ined ( g / 1 0  ml o f  1 xTBE ) : Ficoll 4 0 0  ( S igma ) , 

0 . 5 ;  s odium dodecyl sulfate ( S igma ) , 0 . 2 .  

2 . 9 . 2  S ingle c o l o n ie s  we re init i a l l y  removed f rom plates and 

inoculated into 5 ml o f  TY . This culture was incubated at 2 8°C with 

s h a k i ng f o r  4 8  h o u r s  to a n  A6 0 0  o f  0 . 8 ±0 . 2 .  A subcu l t u re a t  a 

concent rat ion o f  1 / 1 0 0  in TY was prepared and incubated overnight ( 1 8 

hours ) with shak ing at  2 8 °C and grew to  an A6 0 0  of  0 . 3±0 . 1 .  In the 

c a s e  o f  s t r a i n s  c a r r y i n g  a n t i b i o t i c  re s i s t a n c e  ma r k e r s , t h e 

app r op r i ate ant ibiot ic was added t o  the l iquid medium t o  ma int a in 

select ion for t he st rain /plasmid . 

0 . 3  ml o f  culture was cent r i fuged at 12 , 0 0 0 g  for 3 minutes at 

room t empe rature in a micro fuge ( Eppendo rf ) .  The cells were washed 
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once with 1 rnl 1 0 / 1  TE + sa rkosyl and once with 1 rnl 1 0 / 1  TE . 2 0  ul 

of s o l u t i o n  1 we re a dded to each p e l let . The pel let was b r ie f ly 

resuspended with t he aut opipette t ip and t ransfe rred t o  the we l l  of  

an 0 . 7  % agarose ( S igrna ) ho rizont al ge l poured at  least four hours 

p r e v i o u s l y . The t r a n s f e r re d  c e l l s  were incubated in situ f o r  1 0  

minutes .  2 0  u l  o f  s olut i on 2 we re added and the ce lls  s t irred gent ly 

t wice . The we l l  was f i l led with solut ion 3 .  The gel was submerged by 

f i l l ing t he t a nk ( 1 2  ern widt h ,  2 7  ern lengt h ,  6 0 0  rnl capa c i t y )  t o  

within 1 ern o f  the top with 1xTBE and the plasrnids elect rophoresed at • 

0 . 6  V/crn for one hour and then ove rnight at 3 V/crn at 4 °C .  

2 . 9 . 3  The ge ls were removed from the tanks and pl aced in t rays 

of  f resh ethidiurn bromide ( Care : ca rcinogen ) at 0 . 5 ug per rnl for 3 0  

minutes and de sta ined i n  dis t i l led water for 1 0  minutes . The gel wa s 

t h e n  e x am i n e d  by u l t r a v i o l e t  l i ght o n  a t r a n s i l l u mi n a t o r  ( UV 

P roduc t s ) and phot ographed at f 1 1  for 1 minute on Kodak T r i -X f i lm 

through a Wratten 2 3A ( red) f ilter . 

2 . 1 0 Rest rict ion Endonuc lease Ana lysis 

The present technique used for obtaining s u f f icient quant ities 

o f  total genomic DNA for analys is  is a modification of  that o f  S cott 

et a l  ( 1 9 8 4 ) . Re s t r i c t i o n  e n z yme a n a l y s i s  i s  a very s e n s i t ive 

approach t o  iden t i f icat ion o f  bacte rial s t rains  and clearly shows 

s imi larities and dif fe rences between test strains . 

2 . 1 0 . 1  The solutions used for this procedure were a s  f o l lows : 

( a ) . P h e no l . P h e n o l  ( An a l R ,  BD H )  was me l t e d  a t  7 0 °C and a 

hydroxyqu ino l ine added t o  0 . 1 % . The phenol was wa shed t wice with 1M 

Tris pHS and twice with 0 . 1M Tris pHS + 2 -rne rcapt oethano l .  The pheno l 

w a s  t e s t e d  t o  e n s u re pH w a s  8 and s t ored a 4°C 

bot t le unde r 0 . 1M T r i s  pH S + 2 -rne rcaptoethano l .  

about 2 months . 

in a b rown g l a s s  

It was s t able for 

(b )  . Chloroform .  The chloroform so lution was actual ly chloro form 

(AnalR, BDH )  and i s o  amyl a lcohol (Ana lR, BDH )  in a 2 4 : 1  mixture 

( c ) . Lys o zyme . Lys o zyme was made f resh eve ry t ime and disso lved 

in sterile dist i l led water at 1 0  rng/rnl . 

( d ) . P ro t e i n a s e  K .  The p r o t e i n a s e  K s o lut ion wa s made f re s h  
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eve ry t ime and dis s o lved in sterile distilled water at 1 2  mg/ml . 

( e ) . S a rkosyl . A s o lut ion of  N-lauryl sarcos ine was made to 6 0  

mg/ml i n  sterile dis t il led water and stored a t  room temperature unt i l  

requ i red . It was a liquoted into 0 . 5 rnl amounts .  

( f ) . Sodium acet ate . 2 4 . 6  g of CH3COONa was dis s olved in 7 0  ml 

of water and the volume adj usted to 1 0 0  rnl .  F inal pH of the s olut ion 

was 4 . 5  and concent rat ion 3M . 

( g )  . Loading Buffer ( TEGS ) This solut ion conta ined (ml / 1 0  ml ) : 

1M Tris  pH7 . 5 , 0 . 1 ; 0 . 2 5M EDTA, 0 . 4 ; Glycerol ( AnalR, BDH ) , 2 ;  1 0 %  

SDS , 0 . 0 5 . The vo lume wa s made t o  1 0  ml and 3 0mg o f  bromophenol blue 

was added . The buffer was stored at room temperature . 

2 . 1 0 . 2 A s ingle colony was picked f rom a plate and inoculated 

into 5 ml of TY broth . The culture was grown f o r  two days at 2 8°C 

with shaking to an A6 0 0  of  0 . 8±0 . 2 .  A 1 / 5 0  subculture wa s made f rom 

t h i s  i n t o  1 0  ml o f  TY and t h i s  wa s grown ove rnight at 2 8 °C with 

shaking to an A6 0 0  o f  0 . 4±0 . 1 .  

The ce l l s we re cent r i fuged at 3 , 0 0 0 g  f o r  1 5  minu t e s  at  room 

tempe rature in a f ixed head cent ri fuge ( Sorva l l )  . The pellet s were 

resupended in 1 ml of 1 0 / 1  TE + sa rkosyl and cent rifuged at 12 , 0 0 0 g  

f o r  2 minutes a t  room tempe rature i n  a micro fuge ( Eppendo r f )  . The 

ce l l s  were washed once with 1 0 / 1  TE and spun as above . 

The c e l l s  we re resuspended in 0 . 2 5  ml o f  1 0 / 1  TE  and 1 0  u l  of  

f resh lysozyme was added to the suspens ion . It was  then incubated at  

3 7°C for 45  minute s .  At this t ime 1 0  ul of fresh proteinase K and 10  

u l  o f  f re s h  s a rkosyl 

overnight . 

we re added and incubation c ont inued at 5 0°C 

The cell  lys ate was vo rtexed for ten seconds at maximum speed . 

0 . 5  ml o f  a 5 0 / 5 0  mix o f  pheno l and chloroform was added t o  each tube 

o f  c e l l  l y s a t e  a n d  t h e  m i x  v o rt e x e d  t h o r o u gh l y . I t  w a s  t he n  

c e n t r i f u g e d  a t  1 2 , 0 0 0 g f o r  1 5  mi n u t e s  a t  R T  i n  a m i c r o f u g e  

( Eppendo r f ) .  The lysate was t rans fe rred to a f resh tube . T h i s  proces s  

was repeated unt i l  t he lysate was clear and the phenol removed with a 

f in a l  ext ract ion with chloroform .  The f inal c lear supernatant was 

precipitated with 1 / 1 0th volume o f  3M s odium acetate ( pH 4 . 5 ) and 2 
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vo lumes 9 5  % ethano l . This was incubated at -2 0°C for 1 hour and then 

c e n t r i f u g e d  a t  1 2 , 0 0 0 g f o r  2 0  m i n u t e s  at 4 ° C in a mi c r o f uge 

( Eppendo rf ) . 

The f inal pel let was resuspended in 5 0  �1 of  distilled water . A 

5 u l  s ample was  mixed with 2 . 5  ul o f  1 ug/ml ethidium bromide and 

spotted onto a sheet of gladwrap placed on a t rans illuminator . DNA 

s t a ndards a t  1 0 0 ,  7 5 ,  5 0 ,  3 5 ,  2 0 ,  and 1 0  ug/ml we re mixed w i t h  

ethidi um b r omide and spotted next t o  the samples .  The ent i re f ie ld 

was photogr aphed a t  f 4 - 5  for 1 second on Polaroid 6 67 Inst ant f ilm 

and c oncent rations est imated by comparison of the standards and the 

unknown ( Ausubel et a l ,  1 9 8 8 )  

2 . 1 0 . 3  DNA digests were ca rried out in a total volume o f  2 5  �1 . 

2 ug s amples o f  DNA were digested by restriction en zyme s ( a l l  BRL ) 

in buf fers provided by the manufacturer .  Digests were from 2 - 3  hours , 

a l though i n f o rmat ion rece ived c a s t s  doubt s on the activity of  some 

enzymes ( Crouse and Arnorese , 1 9 8 6 )  at the end of  this t ime . Table 3 

l i s t s  the enzymes used . After digestion,  8 �1 of  loading buffer was 

added to each sample and it was t rans ferred to the well o f  a 0 . 8 5 % 

a g a r o s e  g e l  ( B io -Rad)  . The ge l was s ubme rged and e lect ropho r e s ed 

overnight at 1 . 5  V / cm in a BioRad DNA Sub Gel™ tank . 

The ge l was s t a ined and phot ographed as  de s c r ibed i n  sect i o n  

2 .  9 .  3 .  
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TABLE 3 :  Res t rict ion endonucleases used . The buffers listed we re 

suppl ied by the manufacturer of the enzyme . 
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TABLE 3 .  

Res t r ict ion enzyme 

Bel I 

Eco RI 

Hin di i i  

Buffe r 

2 

3 

2 

Incubat ion 

Temp (°C )  

s o  

3 7  

3 7  

S ource 

BRL 

BRL 

BRL 

BRL : Bethesda Resea rch Labs . React 2 cons ists  of : 5 0 mM Tris 
( pH 8 ) , 10  mM MgC12 , 50  mM NaCl . React 3 consists of  : 5 0 mM 
Tri s (pH 8 )  1 0  mM MgC12 , 1 0 0  mM NaCl . 
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3 MM 

nitrocellulose 

gel 
glad wrap 

20 x SSC soaked 3MM 
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Diagram 2 .  Assembly of apparatus for Southern blotting ( Maniatis et al . ,  1982 ) . 
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2 . 1 1 P reparat ion of  Gels  for Hybridi zation 

Ge ls were prepa red by the method of  Southern ( 1 97 5 )  with s l ight 

modi f i c a t i o n s  to t he concent rations o f  the solutions and t ime s o f  

immers ion in the s o lutions . 

2 . 1 1 . 1  The s olut ions used in this procedure were a s  follows : 

( a ) . Depu rinat ion . The DNA within the ge ls was depurinated by 

immers ion in 0 . 2 5M HCl .  This was prepared by mixing 1 2 5  ml cone . HCl 

and 4 8 7 5  ml water . 

( b ) . D e na t u r a t i o n . The DNA within the ge l s  was denatured by 

imme rsion i n  0 . 5 M NaOH 0 . 5M NaCl . This wa s prepa red by dis s o lving 

1 0 0 g NaOH and 1 4 6 . 1g NaCl in 4 1  water . The volume was 

then made up to 5 1 . 

( c ) . Neut ra l i ze r . The denaturing s o lut ion was neut r a l i zed by 

immersing t he gel in 0 . 5M Tris pH7 . 4  2 . 0M NaCl . This was prepared by 

di s s o l v i n g  3 0 2 . 4 5 g T r i s  a n d  5 8 4 . 4 g NaCl  in 4 1  wa t e r a n d  t he n  

adj ust ing t he pH to  7 . 4  with cone . HCl . The volume was then adj usted 

to 5 1 .  

2 . 1 1 . 2  Befo re the ge ls were removed from the tanks and the run 

f i n i s h e d ,  1 0  u l  o f  d y e  ma r k e r  w a s  a dd e d  t o  o n e  t r a c k  a n d  

e lect ropho re s i s  cont inued a further 1 5  minutes . The dye was added to 

act as  a c o n t r o l  t o  e n s u r e t he v a r i o u s  s o l u t i o n s  had t o t a l l y  

pene t r a t e d  t he g e l . Aft e r  t he ge l had been phot ographed, exce s s  

aga rose wa s t r immed away with a scalpe l . The gel wa s t hen agitated 

gently in depurinator unt i l  the dye changed color and then a further 

1 0  minutes to ensure that adequate depurination had occurred ( usually 

3 0  m i nu t e s  t o t a l  f o r  E c k h a rdt ge l s ) . The g e l  w a s  r i n s e d  w i t h  

di s t i l led wat e r  and t hen the DNA denatured b y  washing the gel in 

denatu ring s o lution . The ge l was agitated unt i l  t he dye in t he gel 

retu rned to i t s  o r iginal c o l o r  and then 10 minutes mo re to ensure 

c omp l e t e  dena t u r a t i o n  o f  t h e  DNA ( u s u a l ly 3 0  minu t e s  t o t a l  f o r  

Eckha rdt ge l s ) . T h e  g e l  wa s aga in rinsed with dist i l led wat e r  and 

agitated gent ly for 1 hour in 0 . 5  M Tris pH7 . 4  2 M NaCl . The gel was 

placed into a tank l ined with four pieces of Whatman 3 MM paper which 

had been wetted to capacity with 2 0 X S SC . The pape r was covered with 
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gladwrap to  reduce evaporat ion, except f o r  a hole s light ly sma l le r  

than the ge l .  The gel wa s placed i n  the tank and covered with a piece 

of  n i t roce l lu l o se cut s l ight ly large r t han the ge l which had been 

wetted in 2X S SC . A piece of  Whatman 3 MM cut to  the same s i ze as the 

ge l was s oaked in 2 X  SSC and placed ove r the nit rocel lulose . This was 

f o l l owed by t w o  dry p i e c e s  o f  Whatman 3 MM and a s t ack o f  paper 

towel s  to  act as a wick . The towels we re covered with a glass plate 

and a 5 0 0  g weight placed on top ( see diagram 2 ) . The apparatus was 

l e ft to s t and o ve r n ight , w i t h  the addi t i on of sma l l  amoun t s  o f  

2 0 X  SSC t o  keep the base paper wet . 

The fol lowing day , the nitrocellulose was removed, r insed with 

2X S S C ,  placed in an enve lope of  blott ing paper and vacuum dried at 

8 0  °C for two hours . It was then stored unt il requ i red . The gel was 

restained in ethidium bromide to  ensure that the DNA had in fact been 

t ransferred to the nit rocel lulose . 

2 . 12 Recovery of  DNA F ragments f rom Agarose Ge ls 

Th i s  me thod wa s u sed t o  direc t ly rec ove r DNA which had been 

e lect rophoresed into aga rose ge ls . The method is  an adaptat ion of  the 

technique of Thuring et al  ( 1 97 5 ) . 

2 . 12 . 1  S olutions used in this procedure we re as follows : 

( a ) . TE-equil ibrated phenol . Preparat ion is  described in 2 . 1 0 . 1 ,  

except 1 0 / 1  TE pH8 i s  subst ituted for 0 . 1M Tris + 2 -mercaptoethanol .  

( b ) . Chloroform .  P repa ration is described in 2 . 1 0 . 1 .  

2 . 1 2 . 2 The DNA t o  be recove red i s  elect rophoresed normally . A 

h igh purity aga ro s e  was u s ed ( e . g .  SeaP laqu e ,  Ma r ine Colloids ) t o  

minimize DNA-gel inte ract ions . The fragment was visua l i zed briefly on 

a no rma l t rans i lluminator ( UV Produc t s ) but excised under long wave 

length u l t r a v i o l e t . The exc i s e d  f ragment was p l aced in a 1 . 5  ml 

eppendo rf cent ri fuge tube to which an equal vo lume of TE-equilibrated 

phenol was added and placed overnight at -2 0°C .  

The s ample was cent rifuged at 12 , 0 0 0g for 1 0  minutes at 4°C .  A 

clear laye r o f  electrophore s i s  buf fer formed on the pheno l  and this 

wa s recovered for further purification . The aqueous sample was washed 

with phen o l / chloroform and then chloroform . The DNA was precipitated 
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a s  de scribed in s ect ion 2 . 1 0 .  P ure f ragments of  DNA can be quickly 

obt a in e d  t h i s  way a n d  are s u i t able f o r  f u rt he r use s uc h  a s  DNA 

probes . 

2 . 1 3 Rapid I s o lat ion o f  Plasmid DNA 

The rapid boil ing met hod for recove ring plasmids f rom bacteria 

is we l l  known and mo s t  procedures a re based on that of Ho lmes and 

Qu igley ( 1 9 8 1 ) . It is suitable for pla smids of up to 6 0 - 7 0  kb , but 

the efficiency of recove ry dec l ine s with the increase in s i z e . 

2 . 1 3 . 1  The s o lut ion used in this procedure was as follows : 

( a ) . HQ- STET conta ined (ml / 1 0 0  ml ) : 1M Tris pH 8 ,  5 ;  0 . 2 5M EDTA, 

2 0 ;  s ucro se , 8 g .  The mix was made up to  95 ml and aut oc laved, after 

which 5 ml T r iton-X 1 0 0  was added asept ically . F inal concent rat ions 

we re 50 mM Tris pH8 5 0  mM EDTA 8% sucrose 5% t riton-X 1 0 0 . 

2 . 1 3 . 2  A colony o f  ce l l s  containing the plasmid of  int e rest was 

inoculated into 3 ml of LB and grown 1 8  hours with shaking at 3 7 °C 

( ce l l  number is  not c r it ica l )  . 1-4 ml of  this culture we re spun down 

in a bench microfuge and re supended in 3 5 0  � 1  of HQ-STET buffe r . To  

the resuspended cells  25  � 1  o f  f reshly made 1 0  mg/ml lysozyme we re 

added . The cells we re placed in a boil ing water bath for 4 0  seconds 

a n d  t h e n  s p u n  f o r  1 0  m i n u t e s  i n  a m i c r o f u ge . T h e  p e l l e t  o f  

c h r omo s oma l a nd c e l l u l a r  de b r i s  wa s remo v e d  a n d  t he p l a s m i d s  

rema ining in t he supernatant precipit ated with 5 0 0  ul i s opropanol at 

- 2 0 ° C f o r  1 0  m i n u t e s  a n d  t he n  s pun 1 0  m i n u t e s  in a mi c r o f u g e  

( Eppendo r f )  . The DNA pellet s we re washed once with 7 0 %  ethano l ,  dried 

unde r  vacuum f o r  3 0  minutes and resuspended in 5 0  ul of dist i l led 

water . 

A mo re pure p roduct could be obt a ined by phenol p u r i f i c a t i o n  

be f o re p r e c i p it a t i o n ,  a s  w a s  de s c r ibed f o r  t ot a l  D NA i s o l a t i o n  

( sect ion 2 . 1 0 ) . 

2 . 1 4 P reparat ion of Radioactively Labelled DNA Probes 

Radio labe l led DNA was produced by random priming of t he probe 

sequence . The method used was modified f rom that o f  Whit fe ld et a l  

( 1 9 8 2 ) . The probe s used i n  part I were a 5 . 2 k b  EcoRI fragment o f  PN 

4 3 5  carrying n ifKDH and a 7 . 2 kb EcoRI f ragment o f  PN 2 9 1 carrying 
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nodABC . Who le pla smid was digested as described in 2 . 1 0 except a l l  

vo l ume s a re do ub led . H igh -pu r i ty agarose ge l s  ( Seakem ana l yt i c a l  

grade ) were loaded with digested probe , elect rophoresed and stained . 

The bands we re d i s s e cted f r om the ge l a s  di s cussed in 2 . 1 2 .  The 

probes used in part II we re not i s o lated f ragment probe s ,  except 

where indicated otherwise . 

The p r obe DNA was i n c ubated at  3 7 °C for 4 5  minute s  with t he 

e n z yme Hae I I I . 4 �1 o f  random primers at 5 0  mg/ml ( obt a ined f rom 

P ro f . D . B .  Scott ) was added and the mix incubated in a boiling water 

b a t h  f o r  2 m i n u t e s  and t h e n  c o o l e d  on ice f o r  3 0  s e c o nds . The 

ingredient s for t he radiol abe l l ing reaction were added as follows : 

dis t i l led water,  2 . 5 �1 ; react 2 (DNA digest buffer,  BRL ) , 1 . 5  �1 ; 2 0  

mM dATP , dTTP and dGTP (BRL ) , 1 �l ; 32P dCTP ( 1 0  mCi/ml ,  New England 

Nuc l e a r ) , 3 �1 ; K l e n o w  f r a gment of DNA polyme ra s e  ( Bo e h r i nge r 

Mannhe im) , 2 unit s . The re act ion mix was incubated a t  3 7°C f o r  one 

hour and st opped by the addition of 2 �1 of 2 5 0  mM EDTA . 

The c rude probe was ext racted with phenol / chloroform ( described 

in section 2 . 1 0 )  and the pheno l / chloro form back ext racted with water 

u n t i l  t he r a di o a c t i v i t y  w a s  gone . The aque o u s  ph a s e s  we re a l l  

c omb i n e d  ( u s u a l l y  t o  a v o l ume o f  2 5 0  u l )  and e t h a n o l  

p r e c ip i t a t ed a s  de s c r ibed i n  s e c t i o n  2 . 1 0 . The d r i e d  p e l l e t  o f  

r a d i o a c t i ve l y  labe l led DNA w a s  re s u spended i n  1 0 0  � 1  o f  w a t e r ,  

incubated f o r  2 minut es in a boi ling water bat h ,  coo led on ice and 

added t o  t he bag cont a ining the blot as de scribed in t he f o l lowing 

section ( 2 . 1 5 ) . 

2 . 1 5 Hyb r i d i z a t i o n  o f  Ra d i o a c t i v e ly L a b e l l e d  P r o b e  t o  

Nitrocellulose -Bound DNA 

The detection o f  homo logous DNA sequences with a radioact ively 

labe l led p robe is t he st anda rd method of  examining a genome for a 

specific sequence . The method used for this study wa s that of  Scott 

et al ( 1 9 8 4 )  . 

2 . 1 5 . 1  The s o lut ion used in this proc�dure was as follows : 

( a ) . 1 0 X  D e n h a r dt s ' s o l u t i o n  w a s  u s e d  t o  p r e p a r e  t h e 

n i t r o ce l lu l o s e  f o r  hybridi z a t ion and conta ined ( amount / 5 0 0  ml ) : 1M 
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Hepes ( S igma ) pH 7 . 0 ,  2 5  ml ; 2 0  x SSC,  7 5  ml ; 3 mg/ml herring spe rm 

DNA S igma , (pheno l purif ied) , 3 ml ; 1 0  mg/ml E . coli  t RNA ( S igma ) , 1 

ml ; 2 0  % sodium dodecyl sul fate ( S igma ) , 2 . 5  ml ; F ico l l  7 0  ( S igma ) , 

1 g ; b o v i n e  s e r um a lbumin ( S i gma ) , 1 g ;  p o l y v i n y lpy r r o l i d i n e - 1 0  

( S igma ) , 1g . The so lut ions and solids we re added t o  3 0 0  ml sterile 

dis t i l led water and the volume adj usted to 5 0 0  ml . 

2 . 1 5 . 2 Nitrocellulose f i lters we re prehybridi zed for t wo hours 

in 2 5  ml of l O X  Denha rdt s at 60 °C in a sealed plastic bag . At the 

end o f  this  t ime a l l  except 2 ml of the Denhardt s was poured out and 

1 0 0  ul of f re shly boiled probe wa s added and the bag re-sealed . The 

bag was placed in a shaking water-bath and incubated overnight at 6 0  

� -
The probe mix was dec anted and the f i lter removed and was hed 

three t imes in 2 0 0ml o f  2X SSC at 6 0  °C and then once in 0 . 5X S SC at 

room temperature ( about 2 5°C )  . The filter was air dried and placed on 

a piece o f  Whatman 3 MM paper and wrapped in gladwrap . The blot was 

p l a c e d  in a c a s s e t t e  w i t h  a s h e e t  o f  Koda k X - r a y  f i lm and a n  

intens ifying screen o n  both top and bottom . The cassette was stored 

ove rn ight at - 2 0  °C .  The f i lm was developed in an aut omat ic X- ray 

de v e l o p i n g  ma c h i n e  ( K o d a k ) . I f  t h i s  l e ngt h o f  e x p o s u r e w a s  

insu f f ic ient t o  adequately v i s ua l i ze the level o f  hybridi zation o f  

t h e  radi o l abe l led DNA,  a f re s h  p i e c e  o f  f i lm wa s added and t he 

cas sette re-exposed for a longe r period of  t ime . 

2 . 1 5 . 3  I t  was of  interest to reprobe some of  the f i lters and for 

this purpose it was necessary to  remove the hybridi zed radioact ivity . 

The f i lters  we re washed f o r  2 0  minutes in 2 0  mM s odium hydroxide , 

followed by 1 5  minutes in neut ra li zer ( section 2 . 1 1 )  and f inally 1 5  

minutes  i n  2 x S SC .  The wa shed memb rane was t e sted t o  ensure the 

previous probe had been completely removed by overnight exposure with 

a f re sh f i lm .  The f i lter wa s t hen t reated for DNA hybridi zat ion as 

previous ly described in 2 . 1 5 . 2 .  
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D I SCUSS ION OF RESULTS 

3 . 0  Perspect ive 

This s ect ion is a presentation of the results obtained f rom an 

examinat ion of t he genomic rearrangement of Rhizobium leguminos a rum 

b i o v a r  t r i f o l i i  2 6 6 8 and an int e rpretat ion o f  what these re s u l t s  

m i g h t  me a n  i n  t h e  c o ntext o f  genomic s t ab i l it y . A mo re gen e r a l  

di s c u s s i o n  o f  t h i s  w o r k  i n  re lat ion t o  a n a l y s e s  repo rted i n  t he 

literature will  be presented in the Conc lusions . 

The init ial a im o f  part I was to  use starvat ion ( in t he form o f  

recalcit rant c a rbon and nit rogen source s )  o f  inoculant rhi zobia in 

an attempt to induce a stress response l ike that des cribed by Heumann 

et al ( 1 9 8 3 ; 1 9 8 4 )  as a pos s ible explanation for previous ly observed 

v a r i a b i l i t y  amo n g  f i e l d  i s o l a t e s  ( O ' H a r a , 1 9 8 5 ) . T h e  u s e  o f  

re c a l c i t rant c a rbon and n i t rogen s ou rces wa s cho sen f rom s eve r a l  

s t r e s s  pro cedure s l i sted b y  Heumann et al  ( 1 9 8 3 ;  1 9 8 4 )  a s  i t  wa s 

s imp l e ,  a n d  o f  t h e  t reat ment s used in Heuma nn ' s s t ud ie s , mo s t  

s im i l a r  t o  what might occur in the s o i l . No genomic rearrangement s 

were detected a s  a result o f  the t reatment but a rea rrangement event 

detected a f t e r  t he int roduct ion of t he RP 4 was chosen f o r  further 

cha racte ri zat ion . In terms o f  explaining variat ion in soil isolates , 

t he rearrangement wa s felt t o  have s ome relevance a s  RP 4 has been 

ident i fied in soil  bacteria (Datta and Hedges , 1 9 7 2 )  and is known to  

induce rearrangement s ( Berry and Atherly, 1 9 8 4 ) . D iagram 3 summarize s  

t he experiments o f  part I .  
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2 6 6 8  .., C o n j uga t i o n  

Eckhardt f 1 g. 1 571 8  
REA f 1 g. 1 9-22 
Pl ant f 1 g. 2 

HB 1 0 1  ( R P 4 )  

M O  1 1 0 / 1 1 1 ...,.,..__ p l an t  

� 1 1 1  o6 ? 
rearrangem ent  

" 
MO 1 03 / 1 0 4 
Eckhardt f 1g.  1 5- 1 8  
R E A  f 1 g. 1 9-22 

" 
R e a rrange m e n t  

/ " 
p l an t  

/ 
an t i b i o t i c  

re s i s t a n t  

m u t a n t s  

M O  1 1 0 / 1 1 1  
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p l ant ........__ MO 1 05 

R MO 1 07 Rf 
R MO 1 09 Sm 

D i agram 3 :  Sum m ary o f  the  expe r i m ents perform ed I n  part  1 .  
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The aim o f  part I I  was to  survey the ability o f  pSym to t ransfer 

and be expre s sed in a variety of  host s . A number o f  previous studies 

have examined the effect of  a particular pSym in diffe rent rhi zobial 

species as we l l  a s  A. tumefac iens ( Johnston et al, 1 9 7 8 ;  Hooykaas et 

a l ,  1 9 8 1 ;  1 9 8 2 ;  Ma rt inez et a l ,  1 9 87 ; Espuny et al , 1 9 8 7 )  but only a 

f e w  s t ud i e s  h a ve l o o ke d  f u r t h e r  a f i e l d  i n  t e rms o f  va r i e t y  o f  

potent ia l rec ipient s ( P l a z inski and Rolfe,  1 9 8 5 : Ja rvis e t  al , 1 9 8 9 )  

and t hese have used mobilizing vectors t o  facilitate the t ransfer o f  

pSym . S o i l  isolates obt ained f rom Dr . B . D . W .  Jarvis we re used a s  t he 

initial recipient s ,  both because of the succes s  of  his  study ( Jarvis 

et a l ,  1 9 8 9 )  and to mai ntain s ome relevance to  the s o i l  s ituation . 

Seconda ry t ransfers f rom these strains were pe rformed a s  attempt s to  

f u rt h e r  c h a r a ct e r i z e t he p S ym host  ra nge and t o  p r o vide further 

e v idence f o r  t he p l a u s ib i l i t y  o f  the s o i l  gene po o l  hypot he s i s  

a d v a n c e d  b y  Re a n n e y  e t � ( 1 9 8 3 ) , a t  l e a s t  unde r l ab o r a t o ry 

condit ions . D iagram 4 summarizes the expe riments o f  part I I . 
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2668 
E ck hardt - a 1 1  

REA - a l l  

p l ant f i g. 2 

HB 1 0 1  ( p SU P 1 0 1 1 : : T n 5 )  

l 

PN 1 0 4 

Sy m -

� 
Conj ugat i on 

/ 
2 0 0  s e r i e s  
Eckhardt f i g. 3 0 - 3 2  

p l ant f i g. 9, 1 0  

C o n j u g a t i on -.26 6 8 : : T n 5 ....Co n j u g a t e ..,. 1 20 ( MO 1 2 1 )  • Co n j u g a t i o n _____.. 8 1 0  s e r i e s  

S o i  1 b a c t er i a 
E c k h ardt f i g. 2 3 - 26 

R E A  f i g.  27-29 

p l an t  f i g. 5-6 

ser i e s  

t Eckhardt f I g.  2 3 - 26 

REA f i g. 27-29 

p l an t  f i g. 5-8 2668 

Eckhardt f I g. 3 5 - 3 6  

p l ant f i g. 1 1 - 1 3  

Conj ug a t i on � 300 s e r i e s  
E ckhardt f i g.  3 3 - 3 4  

'E. cofi H B 1 0 1 

D 1 agram 4: Summary of  the  exp e r 1 m ents  perform ed 1 n  p a rt 1 1 . 
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3 . 1  S e lect ion of  S t rains 

R .  leguminosa rum biova r t ri folii 2 6 6 8  was chosen as the s t rain 

t o  b e  s u b j e c t e d to s t r e s s  a n d  a s  don o r  o f  p S ym as i t  wa s t he 

inoculant st rain in t he f ield sampled in t he earlier study ( O ' Ha ra , 

1 9 8 5 )  and i s  cu rrent l y  the s t anda rd inoculant s t r a i n  f o r  past u re 

production in New Zealand . 

T he c r o s s  bet ween 2 6 6 8  and HB 1 0 1 ( RP 4 )  was performed on TY and 

exc o n j uga n t s  se lected on S 1 0 . Nm .  The minima l medium S 1 0  w i l l  not 

s up p o r t  t he g r o w t h  o f  H B 1 0 1  and ne omyc i n  s e l e c t s f o r  t h e RP 4 ' 

replicon . The f requency o f  t rans fer of  RP 4 t o  2 6 6 8 wa s 2 X 1 0 -3 which 

i s  c o mp a r a b l e  t o  t h a t  o b s e r v e d  f o r  s i m i l a r  c r o s s e s  by o t h e r  

inve s t igators ( Beringer et a l ,  1 9 7 8 ;  McLaughlin and Ahmad, 1 9 8 6 ) . Of 

the excon j ugant s examined, one of  the 8 colonies examined in t rial 1 

showed s igns o f  re a r rangement of  the pla smids o f  2 6 6 8 . No further 

rear rangement s  we re obse rved in the 1 6  colon ie s examined f rom t rial 

2 ,  n o r  t he 2 4  c o l o n i e s  of t r i a l  3 ,  nor t he 4 of t r i a l  4 .  I t  is 

impo s s ible t o  set a f requency on the rearrangement observed f rom this 

dat a but l o s s  o f  DNA f rom pSym was obse rved by S oberon-Chavez and 

Na j era ( 1 9 8 9b )  to occur at a f requency between 1 %  f rom growth at the 

normal 3 0°C and 6 5 %  at the e levated temperature of 3 7°C .  Spontaneous 

rea rrangement of  St aphylococcus aureus was observed at a f requency o f  

5 X 1 0 - 6 b y  Genna ro et al  ( 1 9 8 7 ) . Highe r f requencies of  rear rangement 

unde r cert a i n  c ondit ions have been reported ( Sobe ron-Chave z et al , 

1 9 8 6 ;  P a l a c i o s  e t  �, 1 9 8 7 ) . T h e  v a r i a t i o n  i n  f r e q u e n c y  o f  

rea r rangement reported in t he literature makes it difficult t o  even 

gues s  at a f igure . We would sugge st that f requency is 1 0 - 6 or lowe r 

be c a u s e  o f  t he r a r i t y  o f  o b s e rved spont a n e o u s  va r i at i o n  i n  t he 

cultures f rom this part of  the study over long t ime pe riods . 

The s o i l  bacteria NR 4 1 ,  NR 42 , NR 6 4  and OR 1 6 8  were obt ained 

as spect inomyc in res i stant mutants f rom D r . B . D . W .  Ja rvis ( Jarvis et 

a l ,  1 9 8 9 )  . These s o i l - i s o lated bacteria  we re adapted t o  laboratory 

growth media ( TY,  YEM) and tempe rature ( 3 0°C }  when rece ived . 

T h e  e x c o n j u g a n t s f r o m  t h e c r o s s  b e t w e e n  2 6 6 8 a n d  P N  3 0 2  

( HB 1 0 1 [pSUP 1 0 1 1 : : Tn�] ) arose at  a frequency o f  5X1 0 -3 , which is  2 0 -
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1 0 0  t ime s as h igher than other invest igators observed between species 

( S imon et a l ,  1 9 8 3 ;  Christensen and Schubert , 1 9 8 3 ) . I t  i s  unc lear 

why such a h igh f requency of t ransfer of  Tn� was obse rved, as the 

condi t ions o f  the cross are ve ry similar to those used by Chr istensen 

and S chube r t  ( 1 9 8 3 ) . I t  i s  p o s s ible that R .  lequmi no s a rum biovar 

t ri fo l i i  2 6 6 8  is a good rec ipient . 

The s ymb i ot ic p l a smid o f  2 6 6 8  is  approximately 1 9 0 kb and the 

other pla smids sum to about 1 1 6 0 kb ( Harrison et a l ,  1 9 8 8 )  while the 

chromos ome is about 5 2 0 0 kb ( C row et a l ,  1 9 8 1 ) , thus p S ym is about 

1 / 3 2 nd o f  the genome and 2 6 6 8 : : Tn� plasmid inserts should occur in 

about 1 o f  every 3 2  c o l o n i e s , a s suming a random di s t r ibut ion o f  

i n s e r t i o n  s it e s . Rather than i s olat ing a Tn�-ma rked pSym, a plate 

with s u f f i c ient c o l onies to contain at least one pSym : : Tn� ( 5 0 - 1 0 0  

c o l o n i e s )  w a s  r e s u s p e nded i n  S 1 0 . Ne o  l i qu i d  me d i um a n d  g r o w n  

overnight at  2 8 °C with shaking . 0 . 1  ml of t h i s  stock was plated on 

L . Kan to  ensure there were no res idual PN 3 0 2  bacteria present . This 

stock was used as described in section 2 . 5  as the pSym : : Tn� donat ing 

pa rent in further cros ses to the se lected soil bacteria . 

The f requenc i e s  o f  the excon j ugant strains f rom t he va rious 

c r o s s e s  a r e  c ompa red t o  f requencies observed in s imilar studies by 

other wo r ke r s . The f requency o f  NeoR soil  bacteria wa s 3 X 1 0 - 4 for 

2 6 6 8 : : Tn� X NR 4 1  and NR 4 2 ,  1X10 - 4 for 2 6 6 8 : : Tn5 X NR 64 and 7 X 1 0 - 5 

f o r  2 6 6 8 : : T n� X OR 1 6 8 . T h e  s ymb i o t i c  p l a s m i d  has b e e n  s ho wn t o  

t ra n s f e r  a t  a f re quency o f  between 1 0 - 2 ( Jo h n s t o n  et a l ,  1 9 7 8 ;  

S oberon-Chave z and Na j era , 1 9 8 9b )  and 1 0 - 4  ( B rewin et a l ,  1 9 8 0 ; Wang 

et a l ,  1 9 8 6 )  t o  Rhi zobium and Agrobacte rium respectively . F requency 

o f  t ra n s f e r  o f  t he s ymb i o t i c  p l a smid to t he " no n - s ymb i o t i c "  !h. 
leguminos a rum i s olated f rom the soil was not reported ( Soberon-Chavez 

and Na j e ra , 1 9 8 9a )  and both Plazinski and Rol fe ( 1 9 8 5 )  and Jarvis et 

a l  ( 1 9 8 9 )  used broad host range mobilizing plasmids to  t rans fer pSym .  

C r o s s ing o f  the genus ba rrier by broad host range pla smids such as 

RP 4 occurs at between 1 0 - 1 ( Schilf and Krishnapillai,  1 9 8 6 )  and 1 0 - 6 

(Datta and Hedges , 1 9 7 2 )  depending on the actual donor and recipient , 

s o  these f igures ( if the soil  bacteria are of  a different genus and 
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p S ym a b r o a d  h o s t  r a nge p l a s mid) a re plaus ible . The excon j ugant 

bacteria , one colony of which was de s ignated the 1 2 0  series iso late 

for that c ro s s , whe re NR 41 X 2 6 6 8 : : Tn� produced MO 12 1 ( f ig . 2 3 ,  lane 

d) , NR 4 2  X 2 6 6 8 : : Tn2 p roduced MO 1 2 2  ( f ig . 2 3 ,  lane f ) , NR 6 4  X 

2 6 6 8 : : Tn2 p roduced MO 1 2 3  ( f ig . 2 3 ,  lane h )  and OR 1 6 8  X 2 6 6 8 : : Tn� 

produced MO 1 2 4  ( fig . 2 3 ,  lane j ) , were selected for and mainta ined 

on TY . Sp . Nm .  The stabi lity of these strains varied, with dif ferences 

in plasmid profile appea ring during subculture ( di scus sed in sect ion 

3 .  6 )  

The cross  between the 12 0 series iso lates ( MO 12 1 - 1 2 4 )  and the 

pSym- rhizobia PN 1 0 4  was an attempt to  return the symbiot ic pla smid 

to a rhizobial background and observe the effects of pa s s age through 

an alternat ive host . The f requency of t ransfer was 4 X 1 0 -2 for PN 1 0 4  

X MO 12 1 ,  3X1 0 -2 f o r  P N  1 0 4  X MO 122 and MO 1 2 3  and 3X10 -3 for P N  1 0 4  

X MO 1 2 4 ,  which i s  c ompa rable t o  pSym t ra n s f e r  f requencies  among 

r h i z o b i a  ( Johns t o n e t  a l ,  1 9 7  8 ;  Chri s t ensen and S c hube r t , 1 9 8 3 )  

including Rhi zobium ( Hedys arum co ronarium) to R .  leguminosa rum biovar 

t r i f o l i i  t r an s f e r s  ( E s puny e t  al , 1 9 8 7 ) . The 2 0 0  s e r i e s  s t ra ins , 

where one exco n j ugant c o lony o f  each cross  was de s ignated the 2 0 0  

series i s olate for that cro s s ,  whe re MO 1 2 1  X PN 1 0 4  produced MO 2 0 1  

( f ig . 3 0 ,  lane c ) , MO 1 2 2  X PN 1 0 4  produced MO 2 0 2  ( f ig .  3 0 ,  lane e ) , 

MO 12 3 X PN 1 0 4  produced MO 2 0 3  ( fig . 3 0 ,  lane g) , MO 1 2 4  X PN 1 0 4  

produced MO 2 0 4  ( f ig .  3 0 ,  lane i ) , were selected for and mainta ined 

on S 1 0 . Ri f . Nm and we re relat ively stable on subculture . 

The c r o s s  b e t w e e n  t he 1 2 0 s e r ie s and E .  c o l i  H B 1 0 1  wa s an 

attempt to  determine how far taxonomically pSym could be t ransfe rred 

and was also des igned to get the reduced derivat ive into a host f rom 

which it could be readily ext racted and characteri zed . The f requency 

of t he KmR E .  coli  HB1 0 1  wa s 5 X 1 0 - 3 for HB 1 0 1  X MO 12 1 ,  3 X 1 0 -3 for 

HB1 0 1  X MO 1 2 2 , 2X1 0 -3 for HB1 0 1  X MO 123 and 9X10 - 4 for HB 1 0 1  X MO 

12 4 and one c o l ony o f  e ach o f  the progeny label led respect ive ly MO 

3 0 1 ( f ig . 3 3 ' lane f ) , MO 3 0 2  ( fig . 3 3 ,  lane g ) , MO 3 0 3  ( f ig . 3 3 ,  

lane h )  and MO 3 0 4  ( f ig .  3 3 ,  lane i ) . T he only previo u s  s t udy in 

which symbiot ic genes were t ransferred to E .  coli used cloned subsets 
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o f  the symbiotic genes such as nodABC in a mobili zat ion vector and is  

not t he r e f o re compa rable . This  f requency is  similar to  the initial 

f requenc i e s  o f  t ransfer  of the Sym-de r ivat ive to  generate t he 1 2 0  

series . The E .  coli 3 0 0  series strains were selected and ma intained 

on Lu r i a . Sm . Nm a n d  appe a red s t ab l e on subc u l t u re ,  even w i t h o ut 

ant ibiot ic select ion . 

The c r o s s  between MO 1 2 1  ( NR 4 1  X 2 6 6 8 : : Tn�) and MO 8 0 0  ( 2 6 6 8  

SmR) wa s done i n  o rder t o  dete rmine whether the smaller pSym o f  MO 

1 2 1  was compat ible with the full s i ze vers ion in 2 6 6 8 . The f requency ' 

o f  generat ing NmR MO 8 0 0  s t rains was lXl 0 - 3 , s imi l a r  t o  t hat seen 

w i t h  t he c r o s s e s  yie lding t he 2 0 0  series . Eight i s o l a t e s  f rom the 

cross  were examined and a l l  had the same plasmid profile . The first 

four a re s hown ( MO 8 1 0 - 8 1 3 ,  f i g . 3 5 ,  lanes g- j ) . The 8 1 0  s e r ie s  

s t r a i n s  were maintained o n  TY . Ri f . Nm and by the c r iteria o f  pla smid 

profile,  were stable under these condit ions . 

3 . 2  Ident if ication of Soil Bacteria 

The s o i l  bacte ria we re i s o la ted f rom a white c l ove r- ryeg r a s s  

paddock a n d  had only been ident i f ied as gram negat ive rods unable to  

nodu late c l ove r (but with homology to 2 6 6 8 ) . An attempt was made t o  

further ident i fy these o rgan i sms b y  sub j ect ing t hem t o  a st andard 

series of biochemical tests . 

A mot i l it y  test  s howed a l l  four st rains to  be mot ile and they 

grew at 2 2° , 2 5° ,  3 0° but not 3 7°C .  The st rains NR 4 1  and NR 64 show 

no color on TY medium, OR 1 6 8  was faintly yellow and NR 42  showed a 

faint green color in TY broth . Co lony fo rms of  NR 4 1  and NR 42  were 

punctate c i rcles , with f lat tops and ent ire edges . The colony surface 

w a s  smo o t h  a n d  op a que w i t h  a b u t y r o u s  c o n s i s tency . OR 1 6 8  wa s 

s imi l a r ,  except the c o lonie s we re very small and faintly yel low . NR 

6 4  was larger ( l -3mm) , irregular and raised with undulate edges and a 

smooth,  glistening surface . The colonies were very mucoid and st icky . 

D e s c r ipt ive t e rms we re f rom a manual on ident i f ication compi led at 

Wa l l acevi l l e  Anima l Re sea rch Cent re . The biochemical tests on the 

AP I 2 0NE , a s  wel l  a s  several supplementary tests such as l itmus mi lk,  

ga s product i on in suga rs and suga r alcohols and growth on a va riety 
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o f  s o l id med i a  were pe r f o rme d .  Incuba t i o n  and i nocu l a t i o n  o f  t he 

st rips was as sugge sted in the kits : a s ingle colony was resuspended 

in the diluent provided and this was used to inoculate the cupules . 

T e s t s  w e r e  r e a d  a t  4 8  h r s , e xc e p t  we re s pe c i f ie d  by t he k i t 

man u f acturer . S upplementary t e s t s  were inoculated by a loopful o f  

ce l l s  and read a t  4 8 ,  7 2  and 9 6  hours . All st r ips and s o l id tests 

were incubated at 3 0°C under humidif ied condit ions . All l iquid tests 

we re incubated at  2 8°C with shaking . The re s u l t s  of  t he tests are 

shown in t able 4 .  

The key t hat accompanies the AP I 2 0NE lists a number of  species 

and t he various s ugars and othe r compounds that comprise the test . 

With each test and for each species the re is a percentage of  stra ins 

of  that spec ies which are p o s it ive for that test after 2 4 - 4 8  hours 

i ncuba t i o n  at  3 0 °C .  I t  promi sed to be ext remely difficult to  get a 

c l e a r- cut ident i f icat ion a s  mos t  st andard tests relate to  bacteria 

that are pathogenic for humans or  domestic anima l s . A compa rison of  

the soil  bacteria t o  the chart showed that there was some degree of  

s imilarity to  some o f  the organisms listed in the key . 
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TABLE 4 .  Biochemical analysis of  the soil st rains NR 4 1 ,  NR 4 2 , , 

NR 6 4 ,  OR 1 6 8  and t he inoculant 2 6 6 8 . 

�y 

+ = p o s i t i v e  r e a c t i o n / g r o w t h / u t i l i z a t i o n . n e g a t i ve 

react ion/no growt h / ut i l i zat ion . +/ - = weak posit ive 

reaction / growt h / ut i l i zat ion . a = acid produced . al = basic compounds 

produced . g = gas produced . p peptonizat ion of protein . ONPG and 

P N P G  ( o r t h o a n d  p a r a  n i t r o p h e n y l  P - D  g a l a c t op y r a n o s ide )  = p 
ga l a c t o s ida s e  p ro duced . NAG = N acetyl gluco s amine . PAC = phenyl 

acetate . nd = not done . 

Other tests : 

Nit rate : R = reduced, NR = not reduced to nit rite/ nit rogen . EMB 

eosin methylene blue . BG = brilliant green . SS = 

S a lmone l la / Sh ige l la aga r . These last  t hree and MacConkey are tests 

for c o l i f o rm- type o rgan i sms , with MacConkey and S S  being much more 

s p e c i f i c  a n d  d i s c r im i n a t i n g . 0 / F  = ox i d a t i ve o r  f e rme n t a t i ve 

met abo l i sm . The s uga rs are p o s i t ive i f  they will support growth as 

sole carbon and energy sources . 

- 8 2 -



TABLE 4 .  

TEST 2 6 6 8  4 1  4 2  6 4  1 6 8  

Gram react ion -ve -ve -ve -ve -ve 
Form rod rod rod rod rod 
An / ae robe ae robe aerobe aerobe aerobe aerobe 
Mot i lity yes yes yes yes yes 
Oxidase + + + + + 
Cata lase + + + + +I -
ONPG + 
PNPG + + + + + 

Deaminase + + + + + 

Citrate sole 
carbon s ource + + + + + 

H2 S produced 
Urease 
Indole 
V . P . 
Gelatin 
Litmus Milk a l / p  a l /p al/p al/p al/p 

Nit rate NR NR NR NR NR 
0 / F  0 0 0 0 0 
MacConkey 
s s  
EMB + + + + + 

BG + + + + + 

S 1 0  + 
Amygdal i n  nd + 

Adipate 
Arabinose nd + + + + 

Caprate 
Gluconate + 
Glucose * + + , g , a + , g + + 
Ino s it o l * nd 

* Lactose + + , g  +, g 
Malate + + + + I -
Maltose + + + + + 

Mannitol* + + + + + 

Mannose + + + + + 

Me l ibiose nd + + + + 

NAG + + + + I -
PAC + 
Rhamnose nd + + + + 

Sorbito l  nd 
Sucrose + 

On l y  t h o s e  s u g a r s  ma r ke d  we re ·t e s t e d f o r  a c i d  a n d  g a s  

product ion . 
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2 6 6 8  i s  very s imi l a r  t o  OR 1 6 8 ,  with the except ion that 2 6 6 8  

w i l l  grow o n  lactose and PAC and O R  1 6 8  w i l l  not but doe s  grow on 

sucrose which 2 6 6 8  wi l l  not . The other st rains show some differences 

in sugar ut i l i zation , which e specially cons idering the discus s ion of 

c r yp t i c  g e n e s  a n d  o t h e r  r e a r ra ngeme n t s in s e c t ion 1 c annot be 

rega rded as de f i n i t i ve l y  di f f e rentiat ing chara c t e ri s t ic s . I n i t i a l  

i de n t i f i c a t i o n  a s  P s e udomo n a s  pa uc imob i l i s  a n d  F l a v o b a c t e r i um 

mu l t i vo rum wa s probab ly e rroneous and was due to attempt ing to use 

t he c ri t e r i o n  of be s t  f it rathe r t han a de f init ive ident i f icat ion . 

Wh i l e  it i s  l ik e ly t hat t he s o i l  bacteria are members o f  a known 

spec ie s ,  we do not have a sufficient ly la rge data base to  accurately 

ident i fy them . There is  some degree of  DNA homology to 2 6 6 8 ,  but this 

hybridizat ion data was based on a dot blot and is  qualitat ive rather 

t h a n  qua n t i t a t i ve ( Ja rv i s  et  �' 1 9 8 9 ) . Re i nt e rp re t a t i on of the 

biochemic a l  test data has made two things clear . Firstly,  one must be 

ve ry careful us ing biochemical data that does not fit exact ly . I f  t wo 

test pro f iles match exactly then there is a high probability that the 

two i s olates are the same , but any va riation reduces this probability 

d r a m a t i c  a l l y . S e c o n d l y ,  a l t h o u g h  t h e i n f o r ma t i o n  r e g a r d i n g  

b i o c h e mi c a l  t e s t s  o n  s o i l  b a c t e r i a  ( a s  o p p o s e d  t o  p o t e n t i a l  

pathogens )  may exist i n  the l iterature o r  i n  labo rat ories i t  i s  not 

readi ly ava i l able to  be qu ickly used as a data base for ident ifying 

these soil  bacteria . 

In terms o f  the soil  bacteria NR 4 1 ,  NR 42 , NR 6 4  and OR 1 6 8 ,  

the t hree most s imilar bacterial st rains l isted on the key o r  in the 

t e x t s w e r e  P s e u domo n a s  pa u c imo b i l i s , C D C  V E l  a n d  2 6 6 8 . The 

hybridi zation studie s  and the results of biochemical tests and colony 

morphology , a lthough far f rom conclus ive ,  suggest that t hese stra ins 

could be a species o f  Rhi z obium lack ing a Sym plasmid, a s  i s o lated 

and de s c r ibed by S obe ron -Chave z and Na j e ra ( 1 9 8 9b ) . T h i s  rema ins 

speculat ive at present and t he dat a  available is not sufficient to  

p r ope r l y  i de n t i f y t h e  s o i l  i s o l a t e s . A c ompa r i s o n  of  t he t o t a l  

genomic DNA rest rict ion endonuc lease ( f ig . 2 7 ) and plasmid ( fig . 2 3 )  

p r o f i l e s  o f  t h e f o u r  s o i l  b a c t e r i a  s u gge s t  t h a t  t hey a re f o u r  
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different s t rains , not four isolates of the s ame st rain . 

3 . 3  Ant ibiot ic Sensit ivity and Re s istance 

To i s o late bacterial ant ibiotic res i stant mutant s approximately 

5 X 1 0 7 c e l l s  w e r e  p l a t e d  o n  t he s e l e c t i ve me d i um . Mut a n t s  were 

i s o l a t e d a n d  t re a t e d as d e s c r ibed in s e c t i o n 2 . 1 .  Ant ib i o t i c  

res i s t ance appea red t o  be stable,  subculture s  ma inta ined unde r non

s e l e c t ive c ondit ions  s t i l l  displayed the appropriate re s i st ance / s  

when t e s t e d . No obvi o u s  changes i n  the genome were det e cted a s  a 

result o f  se lect ing ant ibiot ic res ist ant mutant s . 

Abbreviat ions used in the course of  this pro ject a re as follows : 

Ap i s  amp i c i l l in ,  Cm i s  chloramphen i c o l ,  Km i s  kanamy c i n ,  Nm i s  

n e o m y c i n ,  N a l  i s  n a l i d i x i c  a c i d ,  R i f  i s  r i f a mp i c i n ,  S p  i s  

spect inomy c i n ,  Sm i s  st rept omyc in and Tc i s  t e t racyc l ine . Un le s s  

s t ated, a l l  concent rations are 5 0  ug/ml . 

S en s i t i v i t i e s  o f  the va rious st rains used in this pro j ect are 

shown in table 5 .  Re s i s t ance leve l  va r ied, with 2 6 6 8  be ing h ighly 

s e n s i t ive to a l l  a n t i b i o t i c s  except Na l .  T he s o i l  b a c t e r i a  had 

relat ively high int rinsic levels of  res istance t o  Ap and Na l .  Other 

re s i s t ances were as would be expected f rom mut at ions selected and 

ma rkers known . MO 1 2 3  and 1 2 4  ( and the i r  parents NR 6 4  and OR 1 6 8 )  

we re ve ry re s i s t ant t o  r i fampicin,  something not appreciated unt i l  

a f t e r  t h e  1 2 0  series X P N  1 0 4  cross . Although r ifampicin w a s  used to  

select aga inst the donor st rains ( the 1 2 0  serie s )  in this cros s ,  the 

1 2 0  series  X PN 1 0 4  c ro s s  is  not inval idated, a s  S 1 0  s t i l l  selects 

aga i n s t  the s o i l  b a c t e r i a  ( t ab le 4 )  and t he p l a smids of t he 2 0 0  

series include the two f rom PN 1 0 4  ( fig . 3 0 ,  lane j ) . High leve l s  of  

res i stance t o  Ap was observed in the s o i l  bacteria,  t he 120  series , 

in MO 2 0 4  but not PN 1 0 4  and in the 3 0 0  series but not in HB1 0 1 . It 

i s  unclea r whe re the res i stances seen in MO 2 0 4  and the 3 0 0  series 

arose , but t hey a re not re levant to  the theme of  observed change in 

plasmid st ructure . 
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TABLE SA . Leve l s  o f  a n t i b i o t i c  resist ance o f  the s t rains  o f  

bacteria gene rated i n  this pro j ect . All concen t rat ions are i n  ug/ml 

and p l at e s  we re made a s  de s c r ibed in sect ion 2 . 3 .  Approximately 5 

Xl0 7 ce lls  were spotted on the plate and growt h / no growth wa s s co red 

a f t e r  t w o da y s . Re s i s t a n c e  t o  n e omyc i n  w a s  a s s umed t o  imp l y  

res i st ance t o  kanamycin i n  this analys is and the abi lity of  kanamycin 

t o  se lect for the pSym derivat ive in E .  coli would suggest that they 

do cross react in this case . 

N o t e : T he RP 4 p l a s m i d  i s  c a r r i e d  by H B l O l  a n d  P N  3 0 2  i s  

pSUP l O l l : : TnS . 

TABLE 5B . F requencie s o f  i s o lat ion of  t he various ant ibi o t ic 

res istant mut ant s after plat ing 4±2 x1 0 8 cells on select ive media . 
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TABLE SA . 
STRAIN Ap Cm Nal Nm Ri.f Sp Sm Tc 

----- - - - - ------------------------ ----------------------
2 6 6 8 6 < 3  1 2 . 5  <3 <3 6 < 3  < 3  
MO 1 0 3  s o  6 1 2 . 5  s o  3 3 3 5 0  
MO 1 0 4  s o  6 1 2 . 5  s o  3 6 3 s o  
MO 1 1 0  2 5  3 1 2 . 5  6 3 6 3 3 
MO 1 1 1  s o  3 12 . 5  6 3 6 3 3 
RP 4 * s o  3 3 s o  <3 < 3  s o  s o  

PN 3 0 2  6 s o  < 3  s o  3 s o  < 3  
NR 4 1  s o  3 s o  6 < 3  s o  < 3  
MO 1 2 1  s o  3 s o  s o  < 3  s o  < 3  
NR 42  s o  3 2 5  3 3 s o  12 . 5  
MO 1 2 2  s o  3 2 5  s o  3 s o  12 . 5  
NR 6 4  2 5  6 s o  3 s o  s o  6 
MO 1 2 3  s o  6 5 0  s o  s o  s o  6 
OR 1 6 8  12 . 5  < 3  12 . 5  < 3  s o  s o  <3 
MO 12 4 s o  < 3  1 2 . 5  s o  s o  s o  < 3  

PN 1 0 4  3 < 3  < 3  <3 s o  3 s o  
MO 2 0 1  6 < 3  < 3  s o  s o  3 5 0  
MO 2 0 2  < 3  < 3  < 3  s o  5 0  3 s o  
MO 2 0 3  6 < 3  < 3  s o  s o  3 s o  
MO 2 0 4  2 5  < 3  < 3  s o  s o  3 s o  

MO 3 0 0  12 . 5  < 3  < 3  s o  s o  <3 s o  
MO 3 0 1  s o  < 3  < 3  s o  s o  <3 5 0  
MO 3 0 2  s o  < 3  < 3  s o  s o  < 3  s o  
MO 3 0 3  s o  < 3  < 3  s o  5 0  < 3  s o  
MO 3 0 4  s o  < 3  < 3  s o  s o  < 3  s o  

MO 8 0 0  2 5  < 3  1 2 . 5  <3 6 3 5 0  
MO 8 1 0  5 0  < 3  1 2 . 5  5 0  6 3 s o  
MO 8 1 1  5 0  < 3  12 . 5  s o  6 3 s o  
MO 8 1 3  s o  < 3 12 . 5  s o  6 3 s o  

- - ---- - - - ------------ -------------- - - - - ------------
TABLE S B . F re qu e n c i e s  o f  appe a rance o f  a n t ib i ot ic re s i stant 

mutant s . 
STRAIN DERIVAT ION FREQUENCY OF I SOLAT ION 
MO 8 0 0  smR 2 6 6 8  2X10 -7 

MO 1 0 5  CmR MO 1 0 4  4X10 -7 

MO 1 0 7  RifR MO 1 0 4  1X10 -7 

MO 1 0 9  SmR MO 1 0 4  6X1 0 - 8 

MO 3 0 0  RifR HB 1 0 1  6X10 -7 
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F requen c i e s  o f  i s o la t i on o f  the va rious ant ibiotic  re s i st ant 

mut ants a re shown in t able 5B . The antibiotic res istance of the soil  

b a c t e r i a  t o  s p e c t i n o my c i n  a n d  of  P N  1 0 4  to s t rept omy c i n  a n d  

r i f amp i c i n  were c o n f i rmed . Ant ibiot i c  res i st ant mut ant i s o l a t ion 

f requencies a re s l ight l y  h ighe r than others pub l ished for Rhi z obium 

( E spuny e t  a l ,  1 9 8 7 ; 1 9 8 9 ) . S t ra ins we re ma inta ined o n  s e lect ive 

medi a . 

Init i a l l y  the three antibiot ics chosen to act as  ma rkers for MO 

1 0 4  ( Cm for MO 1 0 5 ,  Rif for MO 1 0 7  and Sm for MO 1 0 9 )  we re thought t o '  

have little o r  n o  e ffect o n  nodulat ion effectivenes s  ( Schwinghamme r ,  

1 9 6 7 ) . There appea red to be s ome effect of antibiotic res i st ance o n  

nodu lat ion e f ficiency of  s ome of  the st rains ( di s cus sed i n  3 . 4 ) 

3 . 4  P lant Tests and I s o lat ion from Nodules 

In e a c h  c a s e  approximat ely 1 0 8 cells  were inoculated per tube 

and the tube incubated as described in section 2 . 5 .  Nodules appeared 

on the 2 6 6 8  inoculated plant s a fter about two weeks , but took as long 

as  f i ve wee k s  with s ome s t rains . Each t rial cons isted o f  t wo tubes 

per inoculant and each tube cont ained two plant s . Generally f rom two 

to f ive nodu l e s  f o rmed on e a ch plant , but pos i t ive nodulat ion was 

s c o red a s  1 nodule on 1 p l a n t  in e i t h e r  of t he replicate t ube s . 

N i t r ogen f i xa t i o n  e f f i c i ency was  not co rrected f o r  the number o f  

nodu les , i t  wa s based o n  that part icular symbiotic as soc iat ion . For 

examp l e ,  if t he re was only one nodule in a b o t t le t he acet ylene 

reduct ion e ff i c iency i s  based on fixation by that nodule and i f  mo re 

nodules increa sed t he efficiency then it was taken into account only 

in t he increased leve l  of  acetylene reduced . 

The nodu les that fo rmed we re of  two types in gene ral appea rance 

with those of 2 6 6 8 ,  the 2 0 0  and the 8 0 0  series being typica l ly wel l 

fo rmed, rounded, la rge and pink-red . Those of MO 1 0 3 / 1 0 4 ,  1 1 0 / 1 1 1  and 

the 1 2 0  series were sma ller and only s lightly pink . It wa s commented 

by t he e le c t ron m i c r o s c o p i s t  (Mr . D .  Hopc r o f t , D S I R ,  P a lme rs t on 

No rth)  that t h i s  wa s atypical  for biovar trifolii and that it made 

t h i s  set ( MO 1 0 3 / 1 0 4 ,  1 1 0 / 1 1 1 ,  1 2 0 s e r ies ) di f f i c u l t  t o  sect ion . 

P la n t s  were o ften a l lowed t o  grow f o r  periods of  approximately two 
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wee k s  after nodules appeared to a llow them to increase suffic ient ly 

in s i z e  t o  a l l o w  t hem t o  be readily f ixed and s e c t i o ned . As a 

consequence t he nodu les may have begun to senesce and the decay and 

d i s rup t i o n  o b s e rved in s ome e l e c t ron mi c r og r ap h s  ma y be due t o  

s e n e s c e n c e  r a t h e r  t h an c h a r a c t e r i st i c  o f  t h e  p a r t i c u l a r  p l a n t 

bacteria symbiosis  unde r examinat ion . 

Re i s o l at ion o f  s t ra i n s  f rom nodules was performed a numbe r of 

t imes a s  des c ribed in sect ion 2 . 6 .  Inoculation of  plant s with either 

MO 1 0 3  or 1 0 4  or t he mut ants MO 1 0 5 ,  1 0 7  or  1 0 9  resulted in t he ' 

i s olation o f  MO 1 1 0 / 1 1 1 -type st rains { 2 6  nodules in four t rials , f ig . 

1 ) . Inoculat ion with MO 1 0 5  { CmR) ,  1 0 7  { Ri fR) or  1 0 9  { SmR) resulted 

in the p r o duct i o n  o f  MO 1 1 0 / 1 1 1 -t ype s t rains  with the ant ibiot ic 

re s i s t a n c e s  a pp r o p r i a t e  to  t h e i n o c u l a n t . F o r  examp l e ,  CmR MO 

1 1 0 / 1 1 1 - t yp e  n o du l e r e - i s o l a t e s  w e r e  r e c o v e r e d  f r o m  MO 1 0 5  

inoculant s . The appropriately marked nodule re isolates we re obse rved 

in both t r ia l s  in which ant ibiotically marked inoculant s we re used . 

St ra ins isolated f rom nodules inoculated with MO 1 1 0 / 1 1 1 -type st rains 

we re a l s o  MO 1 1 0 / 1 1 1 - t ype in the four nodules  f rom t wo t ri a l s  in 

wh ich t h i s  inocu l a t i o n  was tested . Thus , this profile is  stable on 

plant pas s age so far . 

The va r iou s  nodules generated by t he s t rains  dis c u s sed above 

we re at least partly ef fect ive {table 6a and 6b , see sect ions 3 . 5  and 

3 . 6 ) and n i t rogen w a s  f ixed by a l l  the s t rains . In part I ,  s ome 

variability was not iced in the four trials . 2 6 6 8  nodulated 4 t imes in 

4 t ri a l s , MO 1 0 3 ,  1 0 4 ,  1 1 0 , 1 1 1  all  nodulated 3 t imes in 4 t rials . 

The ant ibiot ically marked s t rains MO 1 0 5 ,  1 0 7  and 1 0 9  had a reduced 

nodu lat ion e f f i c iency ( t able 6 a )  and in the case of MO 1 0 9 ,  this was 

seriously reduced to but one of  the four nodulat ion t ri a l s  being a 

succes s . There is  s ome evidence to  suggest st rept omycin res istance 

a f fe c t s  t he ab i l it y  o f  a s t rain to nodulate red c l ove r { Ze l a zna

K o w a l s k a , 1 9 7 1 )  and o u r  re s u l t s  s ugge s t  t hat in s t r a i n  MO 1 0 9  

nodu lat ion o f  white c l ove r i s  a l s o  inhib ited . Not all  st rept omyc in 

res i stant st rains were inhibited, MO 8 0 0  ( 2 6 6 8  SmR) and PN 1 0 4  ( RifR 

SmR) nodulated s a t i s factorily in t he t rials in which they were used 
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a n d  t h e  p o o r  n o du l a t i o n  o f  MO 1 0 9  ma y have noth ing t o  do w i t h  

s t r e p t o my c i n  r e s i s t a n c e , a l t h o u g h  t h e r e a r e n o  o t h e r  k n o w n  

di f f e r e n c e s b e t w e e n  M O  1 0 4  a n d  MO 1 0 9 .  S p e c t i n omyc i n  re s i s t ant 

mutants a re known t o  have t he nodu lation ef fect ivenes s  reduced, but 

n o t  a l l  s pe c t i n omyc i n  re s i s t ant mut a n t s  exhibit t h i s  inhib i t i o n  

( S chwinghamme r a n d  Dudma n ,  1 9 7 3 ) . Another fact o r  wh ich c a n  a f fect 

nodulat ion e f f i ciency i s  t he presence o f  RP 4 ( Hynes and O ' Conne l l ,  

1 9 8 8 )  

The nodu les o f  plant s inoculated with 2 6 6 8  appea red healthy and' 

n o d u l e  s e c t i o n s  s h o we d  n o rma l de ve l opment ( f i g . 2 a ) . E l e c t r on 

mic rographs s howed norma l bacte roids within the pl ant cells  and the 

p r e s e n c e  o f  o t h e r  s t r u c t u re s  a s s o c i a t e d  w i t h  n o du l e s , s u c h  a s  

mitochondria ( f ig . 2 b ) . S imi l a r l y ,  the nodule fo rmed by MO 1 0 5  (MO 

1 0 4  cmR) s howed normal development from plant cortical t is sue ( fig . 

3 a )  and wel l -di fferent iated bacteroids in the plant cells ( f ig . 3b) . 

By cont rast , the nodule fo rmed by MO 1 1 0  was white and sma l l ,  with a 

dis rupted and decaying inte rna l st ructure ( f ig . 4 a ) . An examinat ion 

of sect ions f rom t h i s  nodule by EM showed dis rupted and sene s c ing 

nodule s ,  suggest ing this nodule wa s either too old when i s o lated or  

perhaps w a s  damaged when removed ( f ig . 4 b )  o r  t h a t  t h e re was a 

p r ob lem w i t h  t he symb i o s i s . The d i f f i culty o ften a r o s e  that s ome 

s t r a i n s  wo u l d  n o du l a t e  we l l  be f o re others  and the l i ne betwe e n  

hea lthy a n d  senes cent was occas iona lly very sharp . 

A compa rison o f  nit rogen f ixing ability of  the s t rains de rived 

in part I is shown in table 6 a . None of the derivat ives fix nit rogen 

as we l l  as 2 6 6 8 and t he antibiotic re s i stant mut ant s of MO 1 0 4  are 

part icularly poor . Gene rally, MO 1 0 3 / 1 0 4  and MO 1 1 0 / 1 1 1  we re 6 0 - 8 0  % 

a s  e f f e c t ive a s  2 6 6 8 ,  w h e r e  n i t rogen f ixat i o n  e f f e c t ivene s s  i s  

measured a s  acetylene reduced pe r bott le . 

T h e r e  i s  i n s u f f i c i ent ev idence t o  conc lude whether the poor 

n o du l a t i o n  and n i t r o g e n  f i x a t i o n  of  MO 1 0 5 ,  1 0 7  a n d  1 0 9  i s  

s igni f icant at this t ime . 
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F igure 1 .  C omp o s i t e  p i c t u r e  show ing t he nodule re - i s o l at e s , 

de s ignat ed a s  MO 1 1 0 / 1 1 1 -t ype , from plants inoculated with MO 1 0 3 ,  

1 0 4 ,  1 0 5  and 1 0 7 . T racks : a=2 6 6 8 ,  b=MO 1 0 3 ,  c=MO 1 0 4 ,  d=MO 1 1 0 ,  e and 

f=MO 1 1 0 / 1 1 1 -type (MO 1 0 3  inoculant ) ,  g and h=MO 1 1 0 / 1 1 1 -t ype ( MO 1 0 4  

inoculant ) , i and j =MO 1 1 0 / 1 1 1 -type (MO 1 0 5  inoculant ) ,  k and l=MO 

1 1 0 / 1 1 1 -type ( MO 1 0 7  inoculant ) . 
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TABLE 6 a : N o du l a t i o n  a n d  N i t r o gen F i xa t i on S t a t u s  S t ra i n s  

Derived in P a rt I .  

A l l  pe rcentages o f  n i t rogen f i xed are in relation to  ( c . f . )  

2 6 6 8 . 

nd=not tested . 

1 .  Scott and Ronson,  1 9 8 2 . 
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TABLE 6a . 

STRAIN STATUS TRIALS NOD+ %N F I XED c . f .  2 6 6 8  DERIVATION 

PN 1 0 4  Nod-

MO 1 0 3  

MO 1 0 4  

MO l l O  

MO 1 l l  

MO 1 0 5  

MO 1 0 7  

MO 1 0 9  

Nod+ 

Nod+ 

Nod+ 

Nod+ 

Nod+ 

Nod+ 

Nod+ 

4 / 4  

0 / 4  

0 / 4  

3 / 4  

3 / 4  

3 / 4  

3 / 4  

2 / 4  

2 / 4  

1 / 4  

TRIAL1 

1 0 0  

0 

0 

7 1  

5 9  

6 5  

6 9  

nd 

nd 

nd 
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TRIAL2 

1 0 0  

0 

0 

7 7  

6 2  

0 

6 3  

3 9  

4 4  

9 

inoculant 

s t e r i le water 

Sym- mutant ( 1 )  

this  study 

this study 

this  study 

this  study 

this  study 

this  study 

this  study 



F igure 2 .  L i gh t  and e l e c t ron mi c r ographs of  nodu le sections 

taken from a plant inoculated with 2 6 6 8 . 

2 a . Light micrograph , xl 6 0 . Size bar is 7 0  urn .  

2b . E lect ron mic rograph, xl l , 4 0 0 . S i ze bar i s  1 urn . b=bacte ro id, 

cw=cell wal l ,  m=mitochondr ion, v=vacuo le . 
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F igu re 3 .  L ight and e le c t ron mic rographs of  nodu le sect ions 

t aken f rom a plant inoculated with MO 1 0 5 . 

3a . Light micrograph , x 1 6 0 . Size ba r is 7 0  urn . 

3b . Elect ron mic rograph , x1 1 , 4 0 0 . S i ze ba r is  1 urn . b=bactero id, 

m=mitochondrion , pm=pe ribacteroid membrane . 
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F igure 4 .  L i ght and e l e c t ron mic rog raphs o f  nodu l e  sect ions 

taken f rom a plant inoculated with MO 1 1 0 . 

4a . Light micrograph , x1 6 0 . Size bar is 7 0  urn . 

4b . E lect ron micrograph, x1 1 , 4 0 0 . S i ze ba r is 1 urn . b=bacteroid, 

sb=senescent bacteroid, v=vacuo le . 
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Re i s o l a t i o n  f rom nodu les inoculated with the 12 0 ,  2 0 0  and 8 1 0  

series was only carried out once and only 1 nodule from each st rain 

was examined . In all cases the reisolated st rain was the same a s  the 

i n o c u l a n t , i n  a n t i b i o t i c  r e s i s t a n c e  a n d  p l a smid p r o f i le . T h i s  

examinat ion i s  admit tedly cursory,  but i n  keeping with the rest of  

this  sect ion was intended a s  a survey,  not a detai led invest igat ion . 

The re i s  much to  be ga ined from a more exhaust ive examinat ion o f  t he 

e f fect o f  p l ant pa s s age , a s  there is  evidence t o  sugge s t  this can 

a f fect plasmid profile (Wang � al , 1 9 8 6 ;  Espuny et al, 1 9 8 9 ) . 

The 1 2 0  s e r ie s  proved t o  be able to  nodulate clove r plant s in 

t he laboratory setting of  a c ontrol led environment ( figs . 5 and 6 ) . 

None o f  the s o i l  bact e r i a  we re able t o  nodulate clover and it was 

o n l y  the excon j ugant s t r a i n s  contain ing the pSym-de r iva t ive whi c h  

could form nodules . Howeve r ,  some strains were much more e f f icient at 

i n du c i n g  n o du l e s , i n  t e rms of t he numbe r of t r i a l s  in w h i c h  a 

positive re sult wa s observed . MO 122 proved to be part icularly poor, 

nodu lat i ng only once i n  f ive t r ials (table 6b) . The low nodulat ion 

e f f i c iency made mea s u rement s of nit roge n f ixat i o n  e f f i c iency very 

di f f icult and only one a cetylene reduct ion a s say was pe rformed . As 

they a re the results of only one tria l ,  the acetylene reduct ion as say 

f igures mus t  be t reated with some caut ion . However ,  it is  poss ible to  

state with mo re conf idence that the pSym-derivat ives present in the 

excon j ugant s o i l  bacteria a l low them to fix nit rogen at between 5 4 -

6 9 %  the leve l  o f  2 6 6 8  i n  this t rial . MO 1 2 2  f ixes nit rogen the mo st 

p o o r l y ,  wh ich may be the result of  the mult iple symbiot i c  p l a smid 

bands ( f igs . 2 3 -2 6 ,  lane f ) . It has been reported by Harri s on et a l  

( 1 9 8 8 )  t h a t  t he presence o f  mo re than one copy o f  pSym can reduce 

nit rogen f ixation e f f ic iency . 

The i n t e r n a l  s t ruc t u re o f  the nodu l e s  f o rmed by t w o  o f  t he 

excon j ugant s o i l  bacteria was relat ively norma l compared with that of  

2 6 6 8  ( f ig .  2 )  but a few anomalies were noted . In both cases some of  

the bacteroids appear fused ( f ig . 7a and 8 a )  as oppo sed to the norma l 

di s c rete cells  as in 2 6 6 8  ( fig . 2 a )  and MO 2 0 1  ( fig . l O a ) . The nodule 

i ndu ced by MO 1 2 1  appe a re d  o n l y  h a l f  i n f e c t e d  and many o f  t he 
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bacteroid- containing nodule c e l l s  of  plant s inoculated with MO 1 2 1  

and 1 2 4  we re beginning t o  senes ce a s  shown by the clear zones between 

the c o re of the bacteroid and t he peribacteroid membrane ( figs . 7b 

and 8b) . An example of  a fully senes cent bacte roid is labe l led by the 

des ignation sb in f ig . Sb . 
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F igure 5 .  Phot ographs of  clover plants inoculated with parents 

and exc on j ugant s f rom the cross between 2 6 6 8 and the soil  bacte ria . 

The inoculant is  shown to the right of the plant . 

S a . The who le plant . 

Sb . Closeup showing root and nodules . 
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F ig u r e  6 .  P ho t o g r a p h s  o f  c l over plant s ino c u l at e d  w i t h  p a rent s 

and exc o n j ug a n t s f rom t he c r o s s  bet ween 2 6 6 8 and t he s o i l  b a c t e r i a . 

T h e  i n o c u l a n t  i s  s h o wn t o  t h e  r ight o f  the p lant . 

6 a . T h e  who l e  p l ant . 

6 b . C l o s eup s howing r o o t  and nodu le s .  
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F igu re 7 .  L i gh t  and e l e c t r o n  mi c r ographs o f  n o du l e  s e c t i on s  f rom 

a p l a n t  i n o c u l a t ed w i t h  MO 1 2 1 .  

7 a . L ight mi c rograph , x 1 6 0 . S i z e b a r  i s  7 0  urn . 

7 b . E le c t ron mic ro g r ap h , x 1 1 , 4 0 0 . S i z e  b a r  i s  1 um . b =b a c t e r o i d ,  

c w= c e l l  wa l l ,  m=mi t o c h o ndr i o n , pm=pe ribact e r o i d  memb rane . 
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F i gu re 8 .  L i ght and e l e c t ron mic rographs o f  n o du l e  s e c t i o n s  f rom 

a p l an t  ino c u l a t ed w i t h  MO 1 2 4 .  

S a . L ight mi c r og raph , x 1 6 0 . S i ze b a r  i s  7 0  urn . 

S b . E le c t r o n  mi c ro graph , x 1 1 , 4 0 0 . S i z e b a r  i s  1 urn . b=ba c t e r o i d ,  

cw=c e l l  wa l l ,  s b = s e ne s c ent b a c t e r o id, v=vacuo l e . 
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TABLE 6 b . Nodu l a t i o n  a n d  N i t rogen F i x a t i o n  S t at u s  o f  S t r a i n s  

I s o l a t e d  i n  P a rt I I . 

Al l pe r c e n t a ge s o f  n i t rogen f i xed a re re l a t ive t o  2 6 6 8 . 

n d= n o t  done . 
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TABLE 6b . 

S TRAIN S TATUS TRIALS NOD + %N F I XED c . f .  2 6 6 8  DERIVA T I ON 

NR 4 1  
NR 4 2  

NR 6 4  
OR 1 6 8  
MO 1 2 1  
MO 1 2 2  
MO 1 2 3  
MO 1 2 4 

P N  1 0 4  
MO 2 0 l a 
MO 2 0 lb 
MO 2 0 2  
MO 2 0 3  
MO 2 0 4  

HB 1 0 1  
MO 3 0 1  
MO 3 0 2  
MO 3 0 3  

MO 3 0 4  

MO 8 1 0  
MO 8 1 1  
MO 8 1 3  

nod 
nod
nod

nod 
nod+ 

nod+ 

nod+ 

nod+ 

nod 
nod+ 

nod+ 

nod+ 

nod+ 

nod+ 

nod 
nod 
nod 
nod 

nod 

0 / 5  
0 / 5  
0 / 5  
0 / 5  
4 / 5  
1 / 5  
3 / 5  

3 / 5  

0 / 2  
2 / 2  
2 / 2  
2 / 2  
2 / 2  
1 / 2  

0 / 2 
0 / 2 
0 / 2 
0 / 2 
0 / 2 

2 / 2  
2 / 2 
2 / 2  

0 
0 
0 
0 
6 9  
5 4  
6 2  
6 7  

0 
1 0 0  
5 4  
8 5  
7 3  
nd 

0 
0 
0 
0 

0 

1 0 7  

5 4 

3 6  
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s o i l  bacte ria 
soil  bacteria 
soil  bacteria 
soil bacteria 
2 6 6 8 : : Tn 5 XNR 4 1  
2 6 6 8 : : Tn 5 XNR 4 2  
2 6 6 8 : : Tn 5 XNR 6 4  
2 6 6 8 : : Tn�XOR 1 6 8  

p S ym- rhi z obia 
MO 1 2 1XPN 1 0 4  
MO 1 2 1 X PN 1 0 4  
MO 1 2 2 XP N  1 0 4  
MO 1 2 3 XPN 1 0 4  
MO 1 2 4 XP N  1 0 4  

E .  coli  st rain 
MO 1 2 1 XHB 1 0 1  
MO 1 2 2 XHB 1 0 1  
MO 1 2 3 XHB 1 0 1  

MO 1 2 4 XHB 1 0 1  

MO 1 2 1 X2 6 6 8  
MO 1 2 1 X2 6 6 8  
MO 1 2 1 X2 6 6 8  



T h e  2 0 0  s e r i e s ,  w i t h  t h e  p l a s m i d / s i n  a k n o w n  r h i z o b i a l  

ch romo s oma l b a c kground, wa s much bet t e r  at nodu l a t ing and MO 2 0 1 -2 0 3  

nodu l a t e d  we l l  i n  b o t h  t r i a l s . The nodu les formed by the 2 0 0  s e r i e s  

appe a red t o  b e  l i ke t h o s e  o f  2 6 6 8 ( l a rge , pink a n d  h e a l t h y )  w i t h  t he 

except ion o f  MO 2 0 4  wh i c h  f o rmed sma l l ,  whi te , s ic k ly nodu l e s  ( f ig . 

9 )  . PN 1 0 4 ,  the pSym- Rh i z ob ium , did not f o rm nodules at a l l  and the 

2 6 6 8  cont r o l  f o rmed nodu l e s  in both t r i a l s . The s t ru c t u re of nodu l e s  

f o rmed i n  t he 2 0 0  s e r i e s  wa s examined in more det a i l  in M O  2 0 1 .  The 

i n t e r n a l s t r u c t u r e o f  t h e n o du l e  ( f i g . l O a )  w a s  v e r y  s i m i l a r  

i n t e r n a l l y t o  t he n o du l e  f o rmed by 2 6 6 8  ( f i g . 2 a )  b u t  a c l o s e r  

e x amin a t i o n  o f  t he b a c t e r o i d s  ( f ig . l O b )  s h owed t ha t  a l t ho ugh t he 

b a c t e r o ids appe a red h e a l t h y ,  there were a number o f  vacuo l e s  p re s ent 

i n  t he s t r a i n . 

N i t rogen f ixa t ion w a s  s omewhat mo re va riab l e , with o ne i s o l a t e  

o f  M O  2 0 1  b e i n g a s  e f f e c t i v e  a s  2 6 6 8  and a n o t h e r o n l y  h a l f  a s  

e f fect i ve ( t ab l e  6b ) It i s  po s s ib le that t h i s  wa s due t o  t e c hn i c a l  

di f f ic u l t i e s  a s  s ome mino r i n t e rmit t ent ma l funct i on wa s a f fe c t i ng t he 

G a s  Ch roma t og r a p h  du r i n g  t h i s  t r i a l . The e f f e c t ivene s s  o f  t he 2 0 0  

s e r i e s  w a s  8 0 - 1 0 0 %  t h a t  o f  2 6 6 8 ,  with the except ion o f  t he s e c ond MO 

2 0 1  i s o l a t e . 
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F i g u r e  9 .  P h o t o g r a p h s  o f  c l o ve r  p l a n t s  i n o c u l a t e d  w i t h  t h e 

r e c i p i e n t  a nd e xc o n j ugant s f rom t he c ro s s  between t h e  1 2 0  s e r i e s  s o i l  

b a c t e r i a  a n d  P N  1 0 4 . T h e  i n o c u l a n t  s t ra in i s  l is t e d  t o  t he r ight o f  

t he p l an t . 

9 a . T h e  e n t i re p l a nt s . 

9 b . C l o s e - up s ho w i ng t he root s and nodu l e s .  
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F i gu re 1 0 . L i g h t  a n d  e l e c t r o n  m i c r o g raph s o f  n o du l e  s e c t i o n s  

f rom a p l a n t  i n o cu l a t ed w i t h  MO 2 0 1 . 

l O a . L ight mi c rograph , x l 6 0 . S i z e b a r  i s  7 0  urn . 

l O b . E l e c t r o n  m i c r o g r a p h , x l 1 , 4 0 0  S i z e b a r  i s  1 u rn . 

b=ba c t e r o i d ,  c w=c e l l  wa l l ,  m=mi t o chondr i o n , v=v a cu o l e . 
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Two p l ant nodu l a t ion t r i a l s , with the 3 0 0  s e r i e s  a s  i n o c u l a nt s ,  

we re c a r r ied out and no nodu l e s  we re fo rmed in e i t h e r  t r i a l  by any 

s t r a i n  o t h e r  t h a n  t h e  2 6 6 8  c o n t r o l  ( t a b l e  6 b ) . T h i s  w a s  n o t  

s u rp r i s i n g  a s  mo s t  o t h e r re s e a r che r s  have been unab l e  t o  gene r a t e  

nodu l e s  w i t h  pSym i n  an E . co l i  h o s t . The only except i o n  o f  wh i c h  we 

a r e a w a r e  i s  t h e  f o rma t i o n  o f  p s e u donodu l e s  by an E .  c o l i  h o s t  

c o n t a i n i ng R .  me l i l o t i nod genes c l oned into pLAFR1 ( H i r s c h  e t  a l ,  

1 9 8 4 )  . 

T h e  e f f e c t  o f  t w o  c o p i e s  o f  t h e  s ymb i o t i c  p l a smid o f  2 6 6 8  i n  

2 6 6 8  w e r e  e x am i n e d  i n  t h e  c r o s s  b e t w e e n  MO 1 2 1  a n d  2 6 6 8 . T h e  8 1 0  

s e r i e s  n o du l at e d  t w i c e  i n  t w o  t r i a l s . The nodu l e s  appe a red h e a l t h y  

a n d  the p l a n t s  grew a s  we l l  i f  n o t  bet t e r  t h a n  p lant s inocula ted w i t h  

2 6 6 8  ( f ig . 1 1 ) . 

Exami n a t i o n  o f  the i n t e rn a l s t ructure of nodu l e s  induced by the 

i n o c u l a n t s  MO 8 1 0  a n d 8 1 2 s h o we d  s o me s i g n s  o f  f u s i o n  o f  t h e  

b a c t e r o i d s  ( f i g s . 1 2 a  a n d  1 3 a )  a nd t h a t  the re w e r e  s ome s i gns o f  

s e n e s c e n c e  i n  t h e s e  nodu l e s .  T h e r e  a re s ome obvious di f f e rences in 

t he s t ruct u re s  o f  the bacte ro ids fo rmed in re sponse t o  inoc u l a t ion by 

MO 8 1 0  ( f i g . 1 2 b ) , MO 8 1 2 ( f i g .  1 3 b )  a n d 2 6 6 8 ( f i g .  2 b ) . T h e  

e l o n g a t e d  c e l l  s t r u c t u r e v i s i b l e  i n  MO 8 1 0  a n d 8 1 2 m a y  b e  

a t t r i b u t a b l e  t o  t h e  a n g l e  o f  t h e  s e c t i o n s  b u t  t h e  b a c t e r o i d 

c o n t a i n i ng nodu le c e l l s  o f  p l a n t s  inoculated w i t h  MO 8 1 0  appe a red t o  

b e  di s t r ibuted in a much l e s s  o rgani zed ma nne r t ha n  t h e  nodu le c e l l s  

o f  p l a n t s i n o c u l a t e d  w i t h  2 6 6 8 . T h e  numb e r  o f  b a c t e r o i d  c o n t a ining 

c e l l s  appe a red lowe r ,  p a rt i c u l a rly in the nodu le f o rmed by MO 8 1 2 . It 

is not c le a r  if the s t ru c t u re o f  the 8 1 0  series nodu l e s  is an e f fect 

o f  nodu le age o r  mu l t ip l e  copies o f  pSym, but examinat ion o f  othe r 

e le c t ron mi c r o s cope f ie lds f rom t h i s  nodu le sugge s t s  t h a t  it i s  a 

gene r a l  p rope rt y . I t  would be u s e f u l  to examine the nodu le st ruct u re 

i nduced by o t h e r  mu l t i -pSym s t r a in s , such a s  MO 1 2 3  and 2 0 3 ,  t o  s e e  

i f  t he unu s u a l  o rga n i z at i on i s  a feature o f  mu lt i -pSym s t ra in s . 

The re wa s some v a r i a t i o n  in n i t roge n f ixing ab i l it y  o f  t he 8 1 0  

s e r i e s  s t r a i n s . Two o f  the i s o l a t e s  were only 3 5 - 5 5  % a s  e f f e c t ive a s  

2 6 6 8 ,  but one w a s  mo re e f f ect ive ( t able 6 b ) . The reduced e f f i c iency 
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o f  n i t r o g e n  f i x a t i o n  o f  t h e  t w o  s t r a i n s  a g re e s  w i t h  a s t udy by 

H a r r i s o n et a l  ( 1 9 8 8 ) , w h i c h  s u gge s t e d  t h a t  mu l t i p l e  s ymb i o t i c  

p l a smids i n h ib i t ed symb i o s i s . The high leve l  o f  n i t rogen f ixat ion by 

p l a nt s  i n o c u l a t e d  w i t h  MO 8 1 0  do e s  n o t  a g re e  w i t h  t he r e s u l t s  o f  

H a r r i s o n  e t  a l  b u t  w i t h  o n l y  t h ree s amp l e s  a n d  o n e  t r i a l ,  n o  f i rm 

comp a r i s o n s  between the two s t udies c a n  be made . 
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F i g u r e  1 1 . P h o t o g r a p h s  o f  c l o v e r  p l a n t s  i n o c u l a t e d  w i t h  o n e  

p a rent and t h e  e xc o n j ugant s  f rom t h e  c r o s s  between t h e  s o i l  b a c t e r i um 

MO 1 2 1  and t he i n o c u l ant 2 6 6 8 . The i n o c u lant s t r a i n  i s  l i s t e d  t o  t he 

r i gh t  o f  t h e  p l ant . 

1 1 a . T h e  whole p l a n t . 

1 1b .  C l o s e -up o f  t he r o o t s and nodu l e s . 

- 1 2 0 -



a 

b 

1 21 



F ig u r e  1 2 . L ig h t  and e l e c t r o n  micrographs o f  nodu le s e c t i o n s  

f rom a p l ant inoculated w i t h  MO 8 1 0 . 

1 2 a . L ight mi c rograph , x l 6 0 . S i ze bar i s  7 0  urn . 

1 2 b . E l e c t r o n  m i c r o g r a p h , x l l , 4 0 0 . S i z e  b a r  i s  1 u rn . 

b=ba c t e r o i d ,  cw=c e l l  wa l l . 
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F i g u r e  1 3 . L i gh t  a n d  e l e c t r o n  mi c ro g ra p h s  o f  n o du l e  s ec t i o n s  

f rom a p l a n t  i n o c u l a t e d  w i t h  MO 8 1 2 . 

1 3 a . L i ght mi c ro graph , x 1 6 0 . S i ze b a r  i s  7 0  um . 

1 3 b . E l e c t r o n  m i c r o g r a p h , x 1 1 , 4 0 0 . S i z e b a r  i s  1 u m . 

b=b a c t e r o i d ,  cw=ce l l  w a l l ,  v=va c u o le . 
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3 . 5  Re a r r a ngeme n t  o f  a S t r a i n o f  R .  1 equmin o s a rum b i o v a r  

t rifo1ii c a r rying RP 4 

The u s e  o f  re c a l c i t rant c a rbon and nit rogen s ou rc e s  ( in t he f o rm 

o f  de xt r i n ,  a h ig h l y  c ro s s - l inked glucose polyme r a nd No 3
2 - i n s t e ad 

o f  NH 4
+ ) and s e l e c t i ve s o l id agar plates enabled Heumann et a l  ( 1 9 8 3 ;  

1 9 8 4 )  t o  ident i fy a numb e r  o f  dif fe rent DNA r e a r r a nged v a r i an t s  o f  an 

i n i t i a l  s t r a i n . I n  t h i s  s t udy , a s imi l a r  use o f  c a rbon and n i t roge n 

s t re s s  media wa s u s e d  in an attempt to i s o l ate r e a r r angement s o f  2 6 6 8 '  

w h i c h  r e s e mb l e d  s t r a i n s  i s o l a t e d  i n  a p r e v i o u s  p r o j e c t  ( O ' H a r a , 

1 9 8 5 ) . A g r a ph i c  s umma r y  o f  t he expe r iment a l  de s i gn o f  t h e  s t re s s  

t e s t  i s  shown i n  diagram 5 .  

The broad h o s t  r ange p l a smid RP 4 was int roduced into 2 6 6 8  i n  an 

a t t emp t to det e c t  a ny p i e c e s  o f  DNA that we r e  b e i n g  t ra n s l o c a t e d  

du r i ng re a r r a ngeme n t . T h e o ret i c a l l y ,  i f  D N A  w a s  mov i n g  a r ound t h e  

gen ome du r i n g  re a r r a ngeme n t  s ome might inse rt i n t o  RP 4 ( un le s s  the 

re a r rangement s we re s ite - spe c i f i c only) and c o u ld then be detected by 

E c kh a rdt ge l e l e c t roph o re s i s  and i s o l a ted by c r o s s ing the modi f ied 

RP 4 b a c k  out of 2 6 6 8 a nd into an E .  c o l i  s t r a i n . 

O n e  c o l o n y  o f  f i f t y - t w o  f r om t h e c r o s s  b e t w e e n  2 6 6 8  a n d  

HB 1 0 1 ( RP 4 )  s howed a n  a lt e red p l a smid profile ( f i g . 1 5 ,  l ane c ) . The 

d i s c ove ry o f  t h i s  s t ra in was ent i rely fort u i t o u s  but s h o wed e x a c t l y  

the t ype o f  re a rr angement w e  we re look ing f o r ,  a lb e i t  a s  a n  appa rent 

c o n s e qu e n c e  o f  i n t r o du c t i o n  of RP 4 r a t he r t h a n  a c o n s eque n c e  o f  

s t re s s . T h e  s t r a i n ,  de s i gn a t ed MO 1 0 3 ,  w a s  i n c l uded i n  t h e  s t re s s  

e xpe r iment i n  a n  a t t empt t o  force it to unde rgo f u r t he r 

r e a r rangement . 
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Diagram 5. 
Flow chart depicting steps for sampling and analysis of carbon 
and n itrogen stress of bacterial strains. 
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Three bacterial strains we re grown in stre s s  medi a cont aining a 

rec a l c i t rant c a rbon o r  nit rogen source . 4 tube s o f  C - s t re s s  and 4 

tubes o f  N - s t re s s  medium were inoculated with the t e s t  s t ra ins as 

fol lows : 

1 .  2 6 6 8 

2 .  2 6 6 8 ( RP 4 )  

3 .  MO 1 0 3  

4 .  MO 1 0 3  with neomyc in at 5 0  ug/ml added t o  stre s s  medium . 

The inoculated tubes we re incubated at 2 8 °C with shaking . One 

t ube of C-s t re s s  and one tube of N- stress  were removed f rom each test 

l ine per week and plated onto four dif ferent s o l id media ( YEM, MM, LL 

and Azo ) des igned t o  select for re arrangement s ,  which we re suppo sed 

to be detectable by color and colony morpho logy change s ( Heumann et 

a l ,  1 9 8 4 ) . The compos i t ion of the media is described in sect ion 2 . 2 .  

Each week t h i rt y-two co lonies f rom the plates ( two f rom each 

s t re s s  medium, 4 se lect io n s ,  4 s t rains ) we re e xamined by Eckha rdt 

e l e c t roph o re s i s and sub c u l t u r ed o n t o  TY ( di a gram 5 )  O f  t h e  6 4  

i s o l a t e s  f rom e a c h  t e s t  s t r a i n  examined ( 2  s t re s se s , 4 wee k s , 4 

selection plate s ,  2 colonies per plat e )  none appeared di f ferent from 

the original inoculant . Some examples are shown in fig . 1 4 . A co lony 

f rom the MO 1 0 3  test  line that included neomycin (N s t res s ,  co lony 6 ,  

week 4 )  grew more s lowly than the other seven colonies iso lated f rom 

that t reatment and was des ignated MO 1 0 4 . It proved to have the same 

plasmid ( f ig .  1 5 ,  lanes b and c )  and total genomic DNA re st rict ion 

dige st profile ( f ig . 1 9 ,  lanes c and d)  as MO 1 0 3  and s ubculture in 

TY a l l e v i a t e d  t h e  g rowt h impedime n t . No di f f e rence between t he 

i n i t i a l  s t r a i n  and any s ubs e quent i s o late wa s o b s e rved and a s  

c o n f i rma t o ry expe r iment s h a ve n o t  been publ i s hed b y  Heumann o r  

c o l l eague s ,  t h i s  approach t o  generat ing DNA rearrangement i s  now 

rega rded with some scepticism .  Howeve r,  the rearrangement o f  2 6 6 8  to 

give MO 1 0 3  seemed clear cut and even though subsequent attempt s t o  

reproduce it have been unsucce s s fu l ,  presumably because it i s  a low 

frequency event , rear rangements of this type are discus sed in sect ion 

1 . 5  and Terzaghi and O ' Hara ( in press ) .  
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Comp a r i s on o f  the Eckha rdt plasmid profile o f  2 6 6 8 ,  MO 1 0 3  and 

MO 1 0 4  s ugge sted t hat MO 1 0 3 / 1 0 4  had unde rgone a de let ion in the 

second l a rge st pla smid (band 2 of 2 6 6 8  in fig . 1 5 ,  lane a ) . The four 

bands o f  2 6 6 8  and the la rge bands in the other st rains are shown more 

clearly in f ig . 1 5 A . The second plasmid of 2 6 6 8  wa s measured as 3 5 6  

k b  by H a r r i son e t  a l  ( 1 9 8 8 ) , but the plasmid i n  MO 1 0 3 / 1 0 4  and MO 

1 1 0 / 1 1 1  i s  approximately 3 0 0  kb , a s  measured from the other pla smids , 

wh i c h  i s  a f a i r ly s ub s t a nt i a l  de let ion . It a l s o  appea r s  that one 

member of the doublet of pla smids (bands 3 and 4 of 2 6 6 8  in fig . 1 5 ,  

lane a )  has been completely lost . I f  the bands we re running together 

one much hea vie r band wo uld be v i s ible and if there were a larger 

de let ion the band would be seen further down the gel . It is di f f icult 

t o  tell if the mi s s ing band is band 3 or band 4 ( f ig .  1 5 ,  lanes b and 

c )  . The RP 4 pla smid cros sed into t he stra in wa s present ( band 6 in 

lanes b and c, fig . 1 5 )  and was express ing the appropriate ant ibiot ic 

re s i stances ( table 5 )  . 
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F i g u r e  1 4 . S ome o f  t h e  s t r a i n s  i s o l a t e d  a s  a r e s u l t o f  t h e  

s t re s s  t re a tme n t  o f  t h e  t e s t  s t r a i n s  l i s t ed above . The s t ra in s  a re 

l a b e l l e d  f i r s t  b y  t h e  s t r e s s  t re a tme nt ( C o r N ) , s e c ondly by t he wee k  

o f  i s o l a t i o n  ( 1 - 4 )  and f i n a l ly b y  c o l ony number ( 1 - 8 ) . 

F i g . 1 4A .  2 6 6 8  t e s t  s t r a i n ,  C a nd N s t re s s ,  wee k s  1 - 4 . a =2 6 6 8 ,  

b=MO 1 0 3 ,  c = N 1 - 4 ,  d=N2 - 4 ,  e = N 3 - 4 ,  f=N4 - 4 ,  g=C 1 - 4 ,  h=C3 - 4  and i =C 4 - 4 . 

F i g  1 4 8 .  MO 1 0 3  t e s t  s t ra i n , C and N s t re s s ,  weeks 1 - 4 . a =2 6 6 8 ,  

b=MO 1 0 3 ,  c =C 1 - 2 , d=C2 - 2 , e =C 3 - 2 , f=C 4 - 2 , g=N l - 2  and h=N3 - 2 . 

F i g  1 4 C . T o t a l  g e nomi c D N A . 2 6 6 8  t es t  s t ra in , C and N s t re s s ,  

w e e k  1 - 4 . a = 2  6 6 8 , b =N 1 - 4 ,  c =N 2 - 4 , d=N 3 - 4 ,  e =N 4 - 4 ,  f=C 1 - 4 ,  g = C 2 - 4 ,  

h =C 3 - 4  a n d  i = C 4 - 4 . 
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A S ou t h e r n  b l o t  o f  an Eckha rdt ge l w a s  p r obed w i t h  nodABC , 

which hybridized to  a pla smid in 2 6 6 8  ( f igs . 1 6  and 1 7 , lane a )  and 

which did not hybr idi ze to MO 1 0 3  or 1 0 4  ( f igs . 1 6  and 1 7 ,  lanes b 

and c )  . The DNA probe s ugge s t s  t hat t he mi s s ing pla smid is pSym or 

some part o f  it , although if  it i s  only part of pSym it is not c lear 

where the rest i s . H a r r i s on et a l  ( 1 9 8 8 )  have det e rmined that the 

sma l lest plasmid of 2 6 6 8  is pSym and assuming there is no di f fe rence 

between their  pSym and ou r s ,  it is mo s t  l i kely pSym t hat ha s been 

lost f rom MO 1 0 3 / 1 0 4 . Alternat ively,  only the symbiotic genes of pSym 

might have been lost  and a l l  o f  t he other p l a smid o f  the pair also 

lost . It i s  not clear f rom the Eckha rdt gel which plasmid i s  mi s s ing, 

a lthough it is l ikely that it is the sma l le st plasmid . Howeve r ,  the 

c r u c i a l  o b s e rv a t i o n  i s  t h a t  n o dABC i s  no l o nge r de t e c t ab l e  by 

hybridi zat ion in MO 1 0 3 / 1 0 4 . 

Howeve r ,  when MO 1 0 3  o r  MO 1 0 4  wa s i n o c u l a t e d  ont o p l a nt s ,  

nodules were f o rmed . The nodules we re pink and hea lthy and appea red 

e f f e c t ive in t h e  f o u r  t r i a l s  whe n  e i t h e r  MO 1 0 3  o r  MO 1 0 4  were 

inoculated onto plant s . Strains with the appearance o f  MO 1 1 0  and MO 

1 1 1  ( fig . 1 5 ,  lanes d and e )  were recovered f rom a l l  nodules in three 

t r i a l s  and in the f ou rth no nodu l e s  were f o rmed ( see a l s o  sect ion 

3 . 4 ) . MO 1 1 0 / 1 1 1  had the same s i ze band 1 as  2 6 6 8 ,  the same s i ze band 

2 a s  MO 1 0 3 / 1 0 4 ,  a doub l e t  o f  bands ( 3  and 4 )  s imi l a r  but not 

ident ica l to  2 6 6 8  and a band ( band 5 in  f ig .  1 5 ,  lanes d and e )  o f  

a b o u t  1 2 5  kb a s  e s t ima t e d  f r om t he s i z e s  o f  t h e  b a n d s  o f  2 6 6 8  

( Harrison et a l ,  1 9 8 8 ) . The f i fth band is not f ound in the s t rains 

2 6 6 8 ,  M O  1 0 3  and M O  1 0 4 . This new band wa s initially a s s umed to be 

RP 4 with a substant i a l  insert but a probe con s i s t ing of the ent i re 

RP 4 repl icon fai led to  show any homology to the new band ( f ig .  1 5 ,  

lanes d and e ,  fig . 1 8 ,  lanes d and e ) . The RP 4 probe ident ified RP 4 

in MO 1 0 3 / 1 0 4  ( f ig . 1 5 ,  l anes b and c ,  fig . 1 8 , lanes b and c )  and 

showed weak homology to some of the other pla smids in a l l  f ive lanes 

e x c e p t  t h e 1 2 5 k b p l a s m i d  in M O  1 1 0 / 1 1 1  ( f i g . 1 8 ) . T h e  mo s t  

interest ing re sult wa s with a probe o f  nodABC t o  a Southern blot 

conta ining MO 1 1 0 / 1 1 1 . The nodABC probe ( f igs . 1 6  and 1 7 )  showed the 
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reappe a ra n c e  o f  p S ym in MO 1 1 0 / 1 1 1  ( f i g s . 1 6  a n d  1 7  l an e s  d a n d  e ) . 

The p S ym o f  MO 1 1 0 / 1 1 1  wa s o f  approxima t e ly t he s ame s i z e  a s  p S ym o f  

2 6 6 8  ( f i gs . 1 6  a n d  1 7 ,  l a ne a ) . 
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F igure 1 5A .  Eckha rdt pla smid profile of the five s t rains de r ived 

in part I .  The lanes are : a=2 6 6 8 ,  b=MO 1 0 3 ,  c=1 0 4 ,  d= 1 1 0 ,  e= 1 1 1 . The 

bands ma rked 1 to 4 and 6 are approximately ( kb) : 6 0 0 ,  3 5 6 ,  1 9 9 ,  1 8 8  

and 6 0  re spective ly .  From the s i zes o f  these bands , t he new band ( �) 
i s  calculated at approximately 1 2 5  kb . 

F igure 1 5 B . As 1 5 A except the large st band ( approx . 6 0 0  kb in 

2 6 6 8 )  i s  vis ible in the s t rains on this ge l .  It is di f f icult t o  set 

condit ions that will clearly show all of the plasmids because of  the 

s i ze range . 

F igure 1 6 . S outhe r n  b l o t  o f  Eckha rdt ge l probed with nodABC . 

Lane s : a=2 6 6 8 ,  b=1 0 3 ,  c=1 0 4 ,  d= 1 1 0  and e=1 1 1 . The hybridiz ing plasmid 

is approximately 1 8 8  kb . The blot is of the gel shown in f igure 1 5A• 
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F i gu re 1 7 . S o u t h e rn b l o t  o f  E c k h a rdt g e l  p r o b e d  w i t h  n o dABC . 

L a ne s : a =2 6 6 8 ,  b = 1 0 3 ,  c= 1 0 4 ,  d= l 1 0  and e = 1 1 1 . The h yb r i di z i n g  p l a smid 

is a pp ro x ima t e l y  1 8 8  kb . The b l o t  is o f  t he ge l s hown in f i gure 1 5A .  

F i g u r e  1 8 . S o u t h e r n  b l o t  o f  E c k h a r d t  g e l p r o b e d  w i t h  R P 4 .  

L a n e s : a = 2 6 6 8 ,  b = 1 0 3 ,  c = 1 0 4 ,  d= 1 1 0  a n d  e= 1 1 1 . T h e  h yb r i di z in g  p l a smid 

( RP 4 )  is appro x ima t e l y  6 0  kb . The blot is of t he gel s hown in f i gure 

1 5A .  
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The total  genomic DNA wa s isolated from the strains 2 6 6 8 ,  MO 1 0 3  

MO 1 0 4 ,  MO 1 1 0  a nd MO 1 1 1 ,  dige s t ed with EcoRI and the f r agment s  

e l e c t ropho r e t i c a l l y  s e p a r a t ed . T h e  f i r s t  difference obse rved was 

between the total genomic DNA restriction digest pro f i le o f  2 6 6 8  and 

MO 1 0 3 / 1 0 4  ( f ig . 1 9 ,  lanes b ,  c and d) which appe a r  subs tant ially 

di f f e rent . S e c o ndl y ,  MO 1 0 3  and MO 1 0 4  appe a red ident ical  to  one 

a n o t h e r ( f i g . 1 9 ,  l a n e s  c and d) a nd MO 1 1 0  and 1 1 1  l i ke w i s e  

ident ical t o  one another ( f ig . 1 9 ,  lanes e and f ) . The 

e lect rophoretic band patte rns of MO 1 0 3 / 1 0 4  and MO 1 1 0 / 1 1 1  showed a 

high degree o f  s imi larity,  sugge st ing that the stra ins were c losely 

related . 

P robing o f  S outhern blot s o f  the total  genomic DNA digests  o f  

these f ive st rains with t h e  5 . 2  kb ni fKDH sequence ident i f ied a 5 . 2  

kb band in 2 6 6 8  ( f ig . 2 0 ,  lane b )  and in MO l l O  and 1 l l  ( f ig .  2 0 ,  

lanes e and f )  . No hybridi z ing band was observed in MO 1 0 3  or MO 1 0 4  

( f ig . 2 0 ,  l anes c and d) . The 7 . 2  kb nodABC probe detected bands o f  

7 . 2 ,  1 . 2 and 1 . 0  kb in 2 6 6 8  ( fig . 2 1 ,  lane b ) , MO 1 1 0  ( f ig . 2 1 ,  lane 

e) and MO 1 1 1  ( f ig . 2 1 ,  lane f ) . No hybridi z ing bands we re detected 

in MO 1 0 3  or 1 0 4  ( f ig . 2 1 ,  lanes c and d) . A probe consist ing of the 

ent i re RP 4 replicon ident i f ied a s ingle ve ry la rge band in MO 1 0 3 / 1 0 4  

( f ig . 2 2 ,  lanes c and d) cons istent with the s ingle EcoRI s ite o f  RP 4 

and no bands o f  hybridi zat ion in 2 6 6 8  ( f ig . 2 2 ,  lane b )  or  MO 1 1 0 / 1 1 1  

( f ig .  2 2 ,  lane s  e and f ) . The lack o f  hybridi zat ion t o  RP 4 by 2 6 6 8  

and MO 1 1 0 / 1 1 1  and the presence o f  a hybridi z ing band in MO 1 0 3 / 1 0 4 

is con s i s tent with the antibiotic res is t ances displayed by the f ive 

st rains ( t able 5 )  . 
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F igu r e  1 9 .  E l e c t r o ph o r e t i c  p r o f i l e  o f  an E c o R I  d i ge s t  o f  t h e  

t o t a l  genomic DNA o f  t he f i ve s t r a in s . Lane s : a = Lambda p h a ge ma r k e r  

( H ind I I I  c ut ) , b=2 6 6 8 ,  c= l 0 3 ,  d= l 0 4 ,  e = l l O  a n d  f= l l l . T h e  s i z e s  o f  

t h e  l a mb d a  f r a gm e n t s  a r e  2 3 ,  9 .  4 ,  6 .  6 ,  4 .  4 ,  2 .  3 a n d  2 .  0 k b  

r e s pe c t ive l y . 

F igure 2 0 . S ou t h e r n  b l o t  o f  t ot a l  genomic D NA dige s t  p robed w i t h  

n i fKD H . L a ne s : a = L ambda , b = 2 6 6 8 ,  c=MO 1 0 3 ,  d= 1 0 4 ,  e = 1 1 0 , f = 1 1 1 . The 

h yb r i d i z ing band i s  5 . 2 kb . T h e  s i z e s  o f  t h e  lambda f ragme n t s a re 2 3 ,  

9 . 4 , 6 . 6 , 4 . 4 , 2 . 3  a n d  2 . 0  kb r e spe ct ive l y . T h e  b l o t  i s  o f  t h e  ge l 

s hown in f i gu re 1 9 ,  s t r ipped and re -probe d . 
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F igure 2 1 .  S outhe rn blot of total genomic DNA digest probed with 

nodABC . Lane s : a=Lambda , b=2 6 6 8 , c=MO 1 0 3 ,  d= 1 0 4 ,  e= 1 1 0 , f = 1 1 1 . The 

hybridiz ing bands are 7 .  2 ,  1 .  2 and 1 .  0 kb . The s i zes  of the lambda 

f ragments a re 2 3 ,  9 . 4 , 6 . 6 , 4 . 4 , 2 . 3  and 2 . 0  kb re spect ively . The 

blot is of the gel shown in f igure 1 9 . 

Figure 2 2 . S outhe rn blot o f  total genomic DNA probed with RP 4 .  

L a n e s : a =  L a mb d a  , b = 2 6 6 8 , c =M 0 1 0 3 , d = 1 0 4 , e = 1 1  0 , f = 1 1 1  . T h e  

hybridiz ing band i s  = 6 0  kb . The s i zes  o f  the lambda fragment s a re 

2 3 ,  9 . 4 , 6 . 6 , 4 . 4 , 2 . 3  and 2 . 0  kb respect ively . This blot i s  not f rom 

the gel shown in f igure 1 9 ,  but the t rack loadings a re compa rable 
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The lack o f  hybridi zation in MO 1 0 3 / 1 0 4  and the a lte rat ion o f  

t he plasmid profile i s  cons istent with a los s  of  pSym o r  a t  least the 

symbiot ic gene s . Howeve r ,  it is  not clear whe re the nodABC and nifKDH 

g e n e s  o b s e r v e d  i n  MO 1 1 0 / 1 1 1  h a v e c o me f r om . T h e  a p p a r e n t  

disappearance and reappearance o f  pSym ( o r  parts of  it ) was t reated 

with some s cept icism, yet in four trials inoculat ion with MO 1 0 3 / 1 0 4  

re sulted i n  nodules f rom which were iso lated MO 1 1 0 / 1 1 1 . Inoculat ion 

of plant s with MO 1 0 5  re sulted in CmR MO 1 1 0 / 1 1 1  strains rei s o lated 

f rom t he n odu l e s . S imi l a r l y  ino c u l a t i o n  w i t h  MO 1 0 7  and MO 1 0 9 ' 

re s u l t ed i n  t he re i s o l at i o n  o f  Ri fR and SmR MO 1 1 0 / 1 1 1  s t ra ins , 

respect ive ly ( fig . 1 ) . 

I t  mu s t  be remembered that although t he plants are inoculated 

with MO 1 0 3 / 1 0 4  what is  recovered is a s t rain with the 

p l a s m i d / re s t r i c t i o n p r o f i l e  o f  MO 1 1 0 / 1 1 1 . T h i s  r e a r r a ngement 

includes the l o s s  of RP 4 ,  but whether this occurs dur ing t he pl ant 

infection proce s s  or be forehand is unknown . Also unknown is whether 

the plant is act i ng to t r igge r the rearrangement of MO 1 0 3 / 1 0 4  t o  

y i e l d  M O  1 1 0 / 1 1 1  w h i c h  t h e n  n o du l a t e  o r  i f  t h e MO 1 0 3 / 1 0 4  

rea rrangement occurs spont aneous ly in cu lture and the plant selects 

the strains that can nodulate . 

There i s  a clear cont radict ion obse rved with the re sult s o f  this 

sect ion . On the one hand,  the re s t r ict ion endonuclease and plasmid 

p r o f i l e s  o f  2 6 6 8 ,  MO 1 0 3 / 1 0 4  and MO 1 1 0 / 1 1 1  a re ve r y  s t ab l e  i n  

l abo rat o ry s ubc u l t u re and elect rophore t i c  p r o f i le s  o f  t he s t rains  

made three years apart are indistinguishable . Yet ,  unde r appropriate 

condit ions  re a rrangement can be recove red . P resumably the st imulus 

t h a t  c a u s e s  t he a l t e r a t i o n of 2 6 6 8  to y ie ld MO 1 0 3 / 1 0 4  is t h e  

int roduction of  RP 4 ,  although the evidence for t h i s  is c i rcumstant ial 

and no mechanism has been propo sed which would explain the obse rved 

rearrangement s . In the case of the alterat ion of MO 1 0 3 / 1 0 4  to yield 

MO 1 1 0 / 1 1 1 ,  the rea r rangement seems to occur ve ry readi ly, but it is 

unclear whether the s t imu lus is  provided by the plant or whether it 

is  s ome other endogenous or  exogenous facto r .  

The hybridi zat ion studies with nodABC and nifKDH and the plant 
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inoculation tests  suggest that pSym is not detectable by convent ional 

hybridi zat ion ( no bands in lanes b and c ,  figs . 16 and 1 7  nor lanes c 

a nd d ,  f igs . 2 0  and 2 1 )  but i s  neve rthele s s  present in MO 1 0 3 / 1 0 4  

cultures i n  some hidden but ret rievable form ( they nodulat e )  . I f  the 

s ymb i o t i c  genes we re t ra n s l o c a t ed e l sewhere in t h e  gen ome , they 

s hould s t i l l  be det ectable in MO 1 0 3 / 1 0 4  by DNA hybridi z at ion with 

nodABC and nifKDH probes , which they are not . I f  the genes had been 

completely lost these s t rains (MO 1 0 3 / 1 0 4 )  could not produce nodules 

when they were inoculated onto plants . 

Two exp lanat ion s  a re s ugge s t ed f o r  these result s ,  name l y  the 

t r ivial  exp l anat ion of c a r ry-through of a nod+ contaminant and the 

mo re i nt e re s t ing p o s s ib i l i t y  of DNA a rc h ivi l i z at ion . Cons ide ring 

first t he pos s ibility o f  a contaminant , it could be hypothes i zed that 

a few members of the populat ion of MO 1 0 3 / 1 0 4  bacteria ma intain pSym 

no rma l ly and a lthough they a re not detected by e lect rophore s i s  or  DNA 

p r ob e ,  t h ey a r e  s u f f i c i ent i n  number t o  nodu l a t e  p l a nt s . I t  i s  

di f f icult t o  understand how this hypothes is could be correct a s  the 

MO 1 0 3 / 1 0 4  strains we re sub j ected to several rounds o f  ve ry care ful 

s i n g l e  c o l o n y  s e l e c t i o n , i n c l u d i n g  l i m i t  d i l u t i o n  i n  b u f f e r  

conta ining dete rgent t o  separate the cell s ,  a s  described by Ma rt inez 

et a l  ( 1 9 8 5 ,  s e e  section 2 .  4 ) . The MO 1 0 5 ,  1 0 7  and 1 0 9  s t rains a l l  

we nt t h r o ugh f u r t h e r  rounds o f  s ing le c o lony pu r i f i c a t ion in t he 

c o u r s e  o f  s e le c t i o n  o f  t he s e  ant ibiot i c  re s i s t ant de rivat ive s . I f  a 

s t ra in wa s se lected and pur i f ied that was maint a ining pSym no rmally 

it would have been detected by the probes . Even i f  the gene s had been 

displaced to another s ite in the genome , the nodABC and ni fKDH probes 

o f  the t o t a l  DNA digests  would have found them . This explanation is 

t herefore ve ry unl ike ly at best . Simila rly unlikely, also because o f  

t he ant ib i o t i c  ma rke r s ,  i s  the pos s ib i l ity of a cont aminant st rain 

f rom the labo ratory environment . 

The explanation at pre sent cons idered the most l ikely, although 

ma inly by de f a u l t , is DNA a rchivi li zat ion . It is pos s ible that the 

DNA i s  s t i l l  present somewhe re in the genome , the refore the s t ra ins 

can s t i l l  nodu late , but i s  in a form which cannot be de tected by 
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convent ional hybridi zat ion . Such an archival form of  DNA was proposed 

in o rde r to exp l a i n  the l ibe rat ion of a P 2 2  bact e r i ophage f rom a 

s t r a i n  o f  S a lmone l l a  typh imu r i um wh i c h  ma n i f e s t e d  n o ne o f  t he 

characterist ics t o  be expected of  a P22 lysogen , such a s  immunity o r  

h yb r i d i z a t i o n  w i t h  P 2 2  p r o b e s  ( D ow n s  a n d  R o t h ,  1 9 8 7 ) . I f  t he 

symbiotic DNA is  a rchived then either the interaction with the plant 

c a n  t r igge r de -a rc h ivi l i z at ion or a low f requency o f  bact e r i a  per 

gene r a t i o n  spon t a ne o u s ly unde rgo de - a rchiv i l i z at ion and t hey are 

se lected by t he plant for nodule init iat ion . The rea rrangement of  MO 

1 0 3 / 1 0 4  t o  y i e l d  t he MO 1 1 0 / 1 1 1  f o rm i s  hypo t he s i z e d  t o  be a 

consequence o f  t h i s  proces s .  Howeve r ,  what actually is  invo lved in 

the initial archivil i zat ion of DNA, if it does occur at a l l ,  is not 

known . 

At t h i s  s t age t he r e  i s  i n s u f f ic ient ev ide n c e  t o  p r op o s e  a 

me c h a n i s m  w h i c h  m i g h t  e xp l a i n t h e  app a r e n t  d i s appe a r a n c e  a n d  

subs equent reappea rance o f  the symbiotic genes . A number of  t rials 

have been performed and a l l  confirm the init ial observat ion , namely,  

inoculation of  a plant with a st rain of bacteria that does not appear 

t o  carry symbiotic genes (MO 1 0 3 / 1 0 4 )  is  followed by the format ion of  

nodules f rom which a re isolated st rains (MO 1 1 0 / 1 1 1 )  de rived f rom the 

S ym- f o rm w h i c h  n o w  c a r r y  and expre s s  t he s ymb i o t i c  gene s . The 

inab i l ity to  detect the symbiotic DNA and to devise experiment s which 

could adequately test the hypothes i s  of archived DNA led re luctant ly 

to  abandonment of  this sect ion of the pro j ect , unt i l  such a t ime as 

rigo rous and informat ive expe riment s could be devised . Some poss ible 

exper iments are sugge sted in the conclusions . 

3 . 6  T ransfer o f  the Symbiot ic Plasmid of  R. lequminosarum biovar 

t rifolii 2 6 6 8  t o  a Range o f  Rec ipients and Expres s ion of Symbiotic 

Genes 

This sect ion o f  the pro j ect was an attempt to  label pSym with a 

select able ma rke r ( Tn2) and to  then see if other bacter i a l  st rains , 

i n  part icul a r  certain s t rains  i s o lated from the soi l ,  could accept 
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and expre s s  pSym . This s ection was des igned to expand on the work of  

Ja rvi s et a l  ( 1 9 8 9 )  by inve st igating the ability of  pSym t o  t ransfer 

without the involvement of  a broad host range carrier plasmid . 

3 . 6 . 1 Conjugation o f  2 6 6 8 : : Tn� and Nod- soi1 bacteria 

The recipient s chosen for the initial cro s s  bet ween 2 6 6 8 : : Tn� 

were four s t rains o f  soil  bacte ria which could expres s  pPNl ( a  biovar 

t rifolii  pSym Rt r 5 a / R6 8 . 4 5 co integrate ) ,  the nodABC-carrying plasmid 

u s e d by Ja r v i s  � .21. ( 1 9 8 9 ) . T h e  c o n d i t i o n s  o f  t h e  c r o s s  a n d  

f requencies of  t ransfer of  pSUP l O l l : : Tn� into 2 6 6 8 and then t rans fe r  

o f  a p l a sm i d-b o rne Tn� f rom 2 6 6 8 : : Tn2 t o  t h e  s o i l  bac t e r i a  a re 

d i s c u s s e d  i n  s e c t i o n  3 . 1 .  An a t t empt wa s made t o  mo re c l e a r l y  

ident ify the s o i l  microo rganisms ( discussed in sect ion 3 . 2 )  but this 

was unsucc e s s ful . 

Many o f  the experiment s  li sted in the following sect ion appear 

to  be c u r s o ry ,  but t h e y  we re c once ived mo re a s  a s u rvey t h a n  a 

t ho rough evaluat ion of  the consequences of  t rans fer to  a va riety of  

ho s t s  t o  the s t ructure o f  pSym .  F o r  this rea s o n  very few i s o lates 

we re examined at each step . In the cross between 2 6 6 8 : : Tn� and the 

soil bacteria only one co lony f rom each cros s was examined and in the 

l ight of s ubsequent resu l t s  this  was insufficient . It is accepted 

t h a t  f o r  t h i s  r e a s o n it i s  n o t  p o s s i b l e  t o  d r a w  c o n c l u s i o n s  

conce rning t he pot ent ial range o f  rearrangement s .  However ,  i t  must 

aga i n  be e mpha s i z e d  that t he s u rvey wa s de s igne d to a n s w e r  t wo 

gene ral que s t ions : 

1 .  I s  pSym o f  2 6 6 8  mob i l i z able t o  othe r s t ra i n s  without the 

p r e s e n c e  o f  e i t h e r  a h e l p e r p l a s m i d  o r  a c o i n t e g r a t e d  s e l f 

mobili zable plasmid? 

2 .  I s  it expre s sible in the recipient s t rain s ?  

The obse rvat ion of  the various plasmid rearrangements i n  the few 

i s o l a t e s  e xamined w a s  not e xpe c t e d ,  and in h i nds ight a tho rough 

inve s t igat ion of  the fate of  pSym in one cross may have been the more 

interest ing and perhaps more fruitful pro j ect . The reade r is a s ked to 

bear  in mind the sma l l  s amp le s i z e  in t he fol lowing report but it  

s hould also be remembe red that no special attempt was made to  i s o late 
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rearranged st rains and yet such st rains were observed regularly . This 

imp l i e s  t h a t  DNA r e a r r a ngeme n t  i s  v e r y  f r e q u e n t  u n de r t h e s e  

conditions o f  t ransfer between diffe rent stra ins o r  specie s . 

I n  t he c r o s s e s  between 2 6 6 8 : : Tn� and the soil  bacteria it was 

po s s ib l e  t o  i s o l at e  ne omy c i n  r e s i s t a nt de r i va t ives o f  t he s o i l  

bacteria a t  about 1 per 1 0 4 cells . I n  a l l  of  the 1 2 0  serie s  st rains 

( whe re 2 6 6 8 : : Tn� X NR 41 yie lds MO 1 2 1  etc ,  see section 3 . 1 ) one new 

plasmid was init ially obse rved in the excon j ugant soil  bacteria ( f ig . 

2 3 )  . Howeve r ,  t he p l a smid profiles of the 1 2 0  serie s  we re unstable ' 

and subsequent Eckhardt plasmid elect rophoresis profiles o ften showed 

mu l t i p l e  n e w  b a n d s . T h i s  w a s  p a r t i c u l a r l y  o b v i o u s  w i t h  MO 1 2 2  

( compare fig . 2 3  lane f with fig . 3 0  lane d) and MO 1 2 4  ( compare fig . 

2 3  lane j with fig . 3 0  lane h ) . The source of  the ext ra bands seen in 

t racks o f  MO 1 2 2  and 12 4 is not known but they could be a rte factual 

open -c i r c u l a r  f o rms of the norma l covalent c losed c ircular pla smid 

DNA, delet ion de rivat ives ( such as occurs in the init ial t rans fer of 

the S ym-de r ivat ive f r om 2 6 6 8  t o  t he s o i l  b a c t e r i a ) ,  r e a r ranged 

variants o f  the t ransferred plasmid or multimeric fo rms ( which might 

look like f igs . 3 0  and 3 1 ,  lane h ) . 

S o u t h e r n b l o t s  o f  t h e E c k h a r dt g e l s  w e r e  p r o b e d  w i t h  

pSUP 1 0 1 1 : : Tn� i n  o rde r t o  dete rmine whether o r  not the new plasmid 

b a n d s  w e r e  de r i v e d  f r om 2 6 6 8 : : T n� a n d  w i t h o u t  e x c ept i o n  t h e 

pSUP 1 0 1 1 : : Tn� p robe hybridi zed to the new plasmid/s  ( f ig . 2 4  lanes 

d, f ,  h a n d  j )  in MO 1 2 1 - 1 2 4 .  In t he c a s e  o f  MO 1 2 2  t h re e  bands 

hyb ridi zed to t he p SUP 1 0 1 1 : : Tn� probe and there appea rs to  be more 

t h a n  one h yb r idi z i ng band in MO 1 2 3 .  The re f o re a l l  o f  these new 

plasmids were t rans fe r red f rom 2 6 6 8  to the soil bacteri a ,  or at least 

o n e  p l a s m i d  w a s  t r a n s f e r r e d  a n d  t h e  r e s t  g e n e r a t e d  t h r o u gh 

re a rrangement within the recipient . Hybridizat ion analys is with the 

PN 4 3 5  (nifKDH gene cluster in pBR32 8 )  probe identified t he symbiotic 

p l a smid of 2 6 6 8  ( f ig . 2 5 ,  lane a) and showed t hat a l l  of the new 

plasmids of MO 1 2 1 - 1 2 4  a l s o  ca rried this sequence ( lane s d, f , h  and j )  

but that it wasn ' t present on any of the plasmids of  the pa rent soil  

st rains NR 4 1  ( lane b ) , NR 4 2  ( lane e ) , NR 64  ( lane g )  o r  OR 1 6 8  
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( lane i ) . Hybr idi zat ion with the PN 2 9 1  ( nodABC gene c lu s t e r  in 

pBR32 8 )  probe ident i fied the same plasmid band as the PN 4 3 5  ( ni fKDH)  

probe did in 2 6 6 8  ( fig . 2 6 ,  lane a )  and in the exconjugant 12 0 series 

( lanes d , f , h and j )  with MO 122 showing three bands of  hybridi zation 

and MO 1 2 3  pos s ibly two . The PN 2 9 1  ( nodABC ) probe also identi f ied 

a l l  of t h e s e  bands . No bands o f  hybridi zat ion a re obse rved in the 

p a r e n t s o i l  s t r a i n s  ( l a n e s  b , e , g  a n d  i )  Ta k e n  t o g e t h e r ,  t h e  

hyb r i d i z a t i o n  p a t t e rns o f  t he 1 2 0  s e r i e s  w i t h  t h e  t h r ee p r obe s 

s ugge s t  that e a ch o f  t he new bands is  a Tn�-ma rked de r i vat ive o f · 

pSyrn . I t  i s  c le a r  f rom the relat ive s i zes of  the plasmids in 2 6 6 8  

and the excon j ugant s ( e . g .  compare f ig . 2 3 ,  lanes a and d)  that only 

a port ion of  pSyrn has t ransfe rred to the recipient s . 

One other re sult of  s ome interest is that of  the four plasmids 

in 2 6 6 8 ,  only pSyrn appears to be mobi le . All of the mobi le bands we re 

s hown t o  be de r ived f rom 2 6 6 8  by v i rtue of the Tn� hybridi zat ion 

( f ig . 2 4 ) . The mobile bands also hybridi zed to nodABC ( PN 2 9 1 ,  f ig . 

2 6 )  and nifKDH ( PN 4 3 5 , fig . 2 5 ) . Hybridi zat ion with nodABC ( f ig . 2 6 )  

and ni fKDH ( f ig .  2 5 )  t o  2 6 6 8  only ident i fies one pSyrn band, s o  there 

is  only one pos s ible dono r .  The hybridi zat ion data sugge sts that all  

o f  the new b a n d s  i n  the 1 2 0  s e r i e s  a re de r i ved f r om p S ym and 

t he re f o re that only pSyrn i s  mob i l e . It is  not clear why only pSyrn 

should be mob i l e  but the eco logi c a l  implicat ions are discus sed in 

section 4 . 6 .  

The total  genomic DNA was is olated from 2 6 6 8 ,  the soil  bacteria 

and the exco n j ugant s f rom the c r o s s  between 2 6 6 8 : : Tn� and the soil  

bacteria . These DNA samples we re digested with EcoRI and sub j ected to 

ge l e lect rophores i s  ( f ig . 2 7 ) . The soil  bacteria and the excon j ugants 

a re basically ident ical in res t rict ion profile with the except ion of  

a s ingle large band in each of  the excon j ugant st rains ( e . g .  compare 

f ig .  2 7  lane c and d ) . P re s umably t h i s  la rge band is part of the 

t ra n s f e r red p l a smid . Howeve r ,  t h i s  la rge band is not seen in 2 6 6 8 ,  

f rom whence it i s  a s sumed t o  have come , which suggests there has been 

s ome r e a r rangement invo l ving s ome of the EcoRI r e s t r ict ion e n z yme 

s it e s . Alte rnat ive ly,  some methylat ion of the DNA might be protect ing 
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s ome o f  t he s ites . 

The t o t a l  genomi c DNA re s t r i c t i on dige st pro f i l e s  o f  these 

bacteria were t ransferred t o  nit rocellulose and probed with Tn2 and 

nodABC / n i fKDH . The Tn2 p robe , which wa s p SUP l O l l : : Tn�, ident i f ied 

s ingle bands in MO 1 2 3  ( f ig . 2 8 ,  lanes h and j ) , a poorly def ined 

band in MO 1 2 �  ( f ig . 2 8 ,  lane d) and nothing in MO 1 2 2  ( f ig . 2 8 ,  lane 

f )  . The nodABC/ n i fKDH,  which included the vector pBR3 2 8  DNA, detected 

s ingle la rge bands in MO 1 2 1  and MO 1 2 3  ( fig . 2 9 ,  lanes d and h ) , the 

expected 5 . 2 kb band for ni fKDH and 7 . 2  kb band for nodABC plus two 

bands at 1 . 2  and 1 kb in 2 6 6 8  and MO 1 2 4  ( fig . 2 9 ,  lanes b and j ) , 

and nothing in MO 1 2 2  ( fig . 2 9 ,  lane f ) . Several independant blot s 

showed the s ame results a s  are presented in figu res 2 8  and 2 9 . The 

blots a re no whe re near as clear as those obt ained with the Eckha rdt 

plasmid gel s  ( f igs . 2 4 -2 6 ) . Despite the reproduc ibil ity o f  the total 

genomic DNA res t r ict ion dige st profile blot s ,  these results should be 

interpreted caut ious ly unt i l  clearer auto radiographs are obta ined . 

I t  should be noted that for this series o f  blot s ,  in cont rast to  

part I ,  f ragment s contain ing nodABC , ni fKDH and Tn2 in part II  were 

not i s o lated and whole pla smids were labe l led and used as probes . 

Despite t he pos s ib i l ity o f  cross hybridi zat ion between pSUP 1 0 l l : : Tn2 

and pBR3 2 8 ,  we have no reason to bel ieve our results are inva l idated, 

ma inly because these s t rains form nodules . It wa s cons idered po s s ible 

that pSUP l O l l  integrated in toto , rather than act ing as a suicide 

ve c t o r  a n d  s e r v i n g  o n l y a s  a de l i ve ry veh i c le f o r  T n� .  T h i s  i s  

t hought t o  b e  u n l i k e l y  f o r  two rea sons . F i r s t ly,  pSUP l O l l  i s  not 

report ed to do s o  ( S imon � al , 1 9 8 3 ;  nume rous othe r s tudies us ing 

Tn2 ma rking)  . S e c ondly, t he st rains do not show any re s i s t ance to 

chloramphenicol ( see t able 5 ) , which is carried by pSUP l O l l . 
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F i g u r e  2 3 . E c k h a r d t  p l a s m id p r o f i l e o f  t h e  p a r e n t s a n d  

e x c o n j ugant s  f r om t h e  c r o s s  between 2 6 6 8  and the s o i l  bacter ia . 

Lane s : a=2 6 6 8 ,  b=NR 4 1 ,  d=MO 1 2 1 ,  e=NR 4 2 ,  f=MO 1 2 2 ,  g=NR 6 4 ,  h=MO 

1 2 3 ,  i=OR 1 6 8 ,  j =MO 12 4 .  The 2 6 6 8  band s i zes are approximately 6 0 0 ,  

3 5 6 ,  1 9 9  and 1 8 8  re spe c t i ve l y . T rack labe l c has been left out to 

corre spond with the Southern blot s . 

F i gu r e  2 4 . S o u t h e rn b l o t  o f  t h e Ec kha rdt gel p r obed w i t h  

p S UP 1 0 1 1 : : T n 5 . L a n e s : a= 2 6 6 8 ,  b= 4 1 ,  c=blank,  d= 1 2 1 ,  e= 4 2 , f = 1 2 2 ,  

g= 6 4 ,  h= 1 2 3 ,  i = 1 6 8 ,  j = 1 2 4 .  T h i s  blot i s  not f rom the gel shown in 

f igure 23 and has been s t r ipped and re-probed from the blot shown in 

f igure 2 6 .  
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F igure 2 5 . Southern blot o f  an Eckha rdt ge l probed with nif  KDH 

in pBR3 2 8 . Lanes : a=2 6 6 8 ,  b= 4 1 ,  c=blank , d= 12 1 ,  e=42 , f=12 2 ,  g= 6 4 ,  

h=12 3 ,  i= 1 6 8 ,  j = 1 2 4 .  The 2 6 6 8  band is approximately 1 8 8  kb . This blot 

is  not f rom the ge l shown in f igure 23  and ha s been stripped and re 

probed from the blot shown in figure 2 6 . 

F igu re 2 6 .  S o u t h e rn b l o t  o f  o f  an Eckha rdt ge l p robed with 

nodABC in pBR3 2 8 .  Lanes : a=2 6 6 8 ,  b=4 1 ,  c=blank , d=1 2 1 ,  e= 42 , f=12 2 ,  

g= 6 4 ,  h=12 3 ,  i= 1 6 8  and j = 1 2 4 . This blot i s  not f rom the gel shown in 

f igure 2 3 . 
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F igu re 2 7 . Tot a l  genomi c DNA re s t rict ion digest profile us ing 

the enzyme EcoRI of DNA i s o lated f r om the parent al and excon j ugant 

strains  f r om t he 2 6 6 8 / so i l  bacterium cro s s . Lanes : a=lambda Hindi i i  

st anda rd, b=2 6 6 8 ,  c=NR 4 1 ,  d=MO 12 1 ,  e=NR 4 2 ,  f=MO 1 2 2 , g=NR 6 4 ,  h=MO 

1 2 3 ,  i=OR 1 6 8  and j =MO 12 4 .  The s i zes o f  the lambda pieces are 2 3 ,  

9 . 4 , 6 . 6 , 4 . 4 , 2 . 3  and 2 . 0  kb respectively . 

F igure 2 8 . Southern blot o f  total genomic DNA rest riction digest 

profile us ing the enzyme EcoRI o f  DNA iso lated from the pa renta l  and 

exc o n j ugant s t r a i n s  f r om t h e  2 6 6 8 / s o i l  b a c t e r ium c r o s s . L a n e s : 

a=lambda Hindi i i  standa rd, b=2 6 6 8 , c=NR 4 1 ,  d=MO 1 2 1 ,  e=NR 42 , f=MO 

1 2 2 , g=NR 6 4 ,  h=MO 1 2 3 ,  i=OR 1 6 8  and j =MO 1 2 4 .  The s i zes  o f  the 

lambda pieces a re 2 3 ,  9 . 4 , 6 . 6 , 4 . 4 , 2 . 3 and 2 . 0  kb respect ive ly . 

Th i s  b l o t  i s  not f rom t he gel s hown in f i gu re 2 7 . The p r obe i s  

pSUP 1 0 1 1 : : Tn.2_ . 
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F igure 2 9 . Southern blot of total genomic DNA re st rict ion digest 

profile us ing the enzyme EcoRI of DNA iso lated f rom the pa rent a l  and 

e x c o n j u g a n t  s t r a i n s  f r om t h e  2 6 6 8 / s o i l  ba c t e r ium c r o s s . L a n e s : 

a = l ambda B s t E I I  s t anda rd, b=2 6 6 8 ,  c=NR 4 1 ,  d=MO 1 2 1 ,  e=NR 4 2 ,  f=MO 

1 2 2 ,  g=NR 6 4 ,  h=MO 1 2 3 ,  i=OR 1 6 8 and j =MO 1 2 4 . The s i ze s  o f  the 

lambda pieces a re 8 .  4 ,  7 .  2 ,  6 .  7 ,  6 .  4 ,  5 .  7 ,  4 .  8,  4 .  3 ,  3 .  6 ,  2 .  3 and 1 .  9 

kb re spectively . This  blot i s  not from the gel shown in f igure 2 7 . 

The probes a re nodABC in pBR32 8 and ni fKDH in pBR32 8  combined . 
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3 . 6 . 2 Conjugation between the 120 series and a Nod biovar t rifolii 

strain , PN 1 0 4  

The s e c o n d  c r o s s  s e r i e s  w a s  between t he f o u r  1 2 0  s e r i e s  

bacteria  a nd t h e  p S ym- rhi zobial s t rain, PN 1 0 4 . The select ion and 

f requency of t ransfer of  the pSym-derivat ive f rom the 1 2 0  serie s t o  

PN 1 0 4  i s  discus sed i n  sect ion 3 . 1 .  There wa s s ome inte rest in the 

ability of the 2 0 0  series ( where MO 121 X PN 1 0 4  yields MO 2 0 1  etc ) 

t o  nodulate and f ix nit rogen as  PN 1 0 4  is a known R .  leguminosa rum 

biova r t ri f o l i i  s t rain ( discus sed in sect ion 3 . 4 ) . 

The pSym-de rived plasmids observed in the 1 2 0  series we re able 

to t ransfer to PN 1 0 4  ( f ig .  3 0 ) . It is still not clear whether or not 

these pla smids a re self -t ransmissable as  any of  the plasmids of  the 

1 2 0  series donors might be providing the transfer funct ions . A s ingle 

band of hybridi z at ion with both pSUP 1 0 1 1 : : Tn2 and PN 2 9 1  (pBR3 2 8  with 

a nodABC insert ) i s  obse rved in MO 2 0 1  ( f igs . 3 1  and 3 2 ,  lane ·c ) 

corresponding approximately in s i ze to the band in MO 12 1 ( f igs . 3 1  

and 3 2 ,  lane b ) . MO 1 2 3  shows two hybridi zing bands ( f igs . 3 1  and 3 2 ,  

lane f )  but t ransfers only one t o  yield MO 2 0 3  ( figs . 3 1  and 32 , lane 

g ) . MO 1 2 4  shows four or f ive bands of hybridi zat ion ( fig . 3 1 )  and 

t ransfers t wo bands t o  yield MO 2 0 4  ( f igs . 3 1  and 32 , lane i ) . MO 1 2 2  

shows t hree bands o f  hybridi z at ion ( f ig .  3 1 ,  l ane d)  and t ransfers 

all three to yield MO 2 0 2  ( figs 31 and 32 , lane e)  . PN 1 0 4  does not 

hybridi ze to e it her probe ( f igs . 3 1  and 3 2 ,  lane j ) . 

At p re s e n t  i t  i s  n o t  po s s ible t o  s t a t e  t h e  o r igin o f  t h e  

mult iple bands in t he 2 0 0  s e ries with any cert a inty . They may have 

a l l  a risen in t he donor 1 2 0  se ries and t rans ferred during con j ugat ion 

o r  a s ingle band may have t r ans ferred and unde rgone s ome unknown 

change s t o  gene rate the mu lt iple bands . The que s t i on i s  therefore 

e ither one o f  t rans fer of  mult iple bands or of 

alteration/ rea rrangement of  the plasmid after t ransfer o r  poss ibly a 

c omb in a t i o n  o f  t h e  t wo . Howeve r ,  t he pla smid p r o f i le o f  the 2 0 0  

s e r ie s  rema i ned s t ab l e  on labo r a t o ry subc u l t u re ove r a s ix month 

pe r iod . Secondly , t he bands in the 2 0 0  series appea r  ve ry s imilar  in 

s i ze t o  the i r  counterpart s in the 1 2 0  series and unle s s  the type o f  
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r e a r ra ngement o c c u r r i ng i s  ve ry spe c i f ic and o n l y  yie lds c e r t a i n  

p l a smid s i z e s ,  it could caut ious ly b e  suggested t h a t  the mu lt iple 

p l a smid b a nds o b s e rved i n  t he 2 0 0  s e r i e s  a r o se a s  the result of 

con j ugat ion . 

The symbio s i s  o f  the 2 0 0  series and its results f o r  plant s wa s 

d i s c u s s e d  in section 3 . 4 .  The poor nodulation and appearance of  MO 

2 0 4  ( f i g . 9 )  c o u l d  b e  d u e  t o  t h e  l o s s  o r  i n a c t i v a t i o n o f  

symb i o t i c a l l y  import ant ge nes ( ot he r  than nodABC ) a s  a result o f  

passage through the s o i l  bacterium O R  1 6 8 but with the small sample , 

s i ze no f i rm conclusions can be drawn . In general ,  the e f ficiency of  

the symb i o s i s  is better in the 2 0 0  series than in the 120  serie s . 
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F i g u r e  3 0 . E c k h a rdt p l a s m i d  p r o f i l e  o f  t h e  p a r e n t s a n d  

exconj ugant s f rom the cross between the 12 0 series of modif ied s o i l  

bacteria and R .  leguminosarum biovar t rifolii  PN 1 0 4 . Lanes : a=2 6 6 8 ,  

b=MO 1 2 1 ,  c=MO 2 0 1 ,  d= MO 1 2 2 ,  e= MO 2 0 2 ,  f=MO 12 3 ,  g=MO 2 0 3 ,  h=MO 

1 2 4 ,  i =MO 2 0 4 ,  j =P N  1 0 4 .  The s i z e s  o f  t he p l a smids in 2 6 6 8  a re 

approximately 6 0 0 ,  3 6 5 ,  1 9 9  and 1 8 8  kb respective ly . 

F i g u r e  3 1 . S o u t h e r n b l o t o f  a n  E c kh a rdt g e l  p r obed w i t h  

pSUP 1 0 1 l : : Tn� . Lane s : a=2 6 6 8 ,  b=MO 1 2 1 ,  c=MO 2 0 1 ,  d= MO 1 2 2 , e =  MO 

2 0 2 ,  f=MO 1 2 3 ,  g=MO 2 0 3 ,  h=MO 12 4 ,  i=MO 2 0 4 ,  j=PN 1 0 4 . The blot is 

not derived f rom the ge l shown in figure 3 0 . 
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F igure 3 2 . S outhe rn blot of an Eckha rdt ge l probed with nodABC 

in pBR 32 8 .  Lanes : a=2 6 6 8 ,  b=MO 1 2 1 ,  c=MO 2 0 1 ,  d= MO 1 2 2 , e= MO 2 0 2 ,  

f=MO 1 2 3 ,  g=MO 2 0 3 ,  h=MO 1 2 4 ,  i=MO 2 0 4 ,  j =PN 1 0 4 . The blot i s  not 

de r ived f rom the ge l shown in figure 3 0 . 
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3 . 6 . 3  Conjugation between the 120 series and E .  coli HB1 0 1  

One a im of  this pro j ect was t o  deve lop a labo ratory mode l which 

could explain the re sults f rom an earlier field tria l . This a im has 

been uppermost in prio rity throughout this pro j ect and especially in 

the c ro s s  between t he 12 0 series and E .  coli HB 1 0 1 .  Th is  cross was 

des igned to act as a test of the pSym to cross intergene ric barriers 

and to  t ransfer pSym to a host which had no other pla smids in o rde r 

to  faci l it ate characterizat ion of  pSym. 

The Tn�-marked pSym t rans ferred from the 120  series to  HB1 0 1  to  

yield the 3 0 0  s e r ies . The 3 0 0  series excon j ugant s we re examined by 

the Eckha rdt ge l electropho res i s  procedure ( f ig .  3 3 )  and a Southern 

blot of  the Eckhardt probed with PN 2 9 1  ( nodABC in pBR3 2 8 ,  fig . 3 4 ) . 

In a l l  but one case (MO 3 0 2 , figs . 33 and 3 4 ,  lane g) only a s ingle 

p l a smid is t ransfe r red f rom t he 1 2 0  series donor,  despite mult iple 

bands of  hybridi zat ion in the donors MO 1 2 3  ( f igs . 33 and 3 4 ,  lane d) 

and MO 1 2 4  ( f igs . 3 3  and 3 4 ,  l a ne e ) . The PN 2 9 1  ( nodABC ) probe 

hybridi zes to pSym in 2 6 6 8  ( f ig .  3 4 ,  lane a ) , to the s ingle bands in 

MO 3 0 1  ( lane f ) , MO 3 0 3  ( lane h) and MO 3 0 4  ( lane i ) , the two bands 

o f  MO 3 0 2  ( lane g) a nd t he various bands o f  t he 1 2 0  series donors 

( lanes b, c,  d and e ) , but not to  HB1 0 1  ( lane j ) . This indicates t hat 

the nodABC genes a re ca rried on the pSym de rivat ive t ransfe rred f rom 

the 1 2 0  series . 

Howeve r ,  in MO 3 0 1 ,  3 0 2  and 3 0 3  ( F igs . 3 3  and 3 4 ,  lanes f , g and 

h )  the new band in HB 1 0 1  which hybridi zes to nodABC i s  not the s ame 

s i ze a s  the hybridiz ing band/ s in the dono r .  This  i s  p a rt icula rly 

o b v i o u s  whe n t h e do n o r  MO 1 2 1  ( f ig s . 3 3  a n d 3 4 ,  l a ne b )  a n d  

exc o n j ugant MO 3 0 1  ( f igs . 3 3  a n d  3 4 ,  lane e )  a re comp a red . The 

pla smid band obse rved in MO 3 0 1  is  of similar  size  to  pSym o f  2 6 6 8  

and cons ide rably larger than the pSym de rivative o f  MO 1 2 1 .  At least 

one of the bands of  MO 3 0 2  ( f igs . 3 3  and 3 4 ,  lane g)  is  l a rge r than 

the bands of  the donor MO 1 2 2  ( figs . 33 and 3 4 ,  lane c ) . S imilarly 

the band seen in MO 3 0 3  ( f ig . 33 and 3 4 ,  lane h)  seems la rger than 

e i t h e r  of the b a n ds in MO 1 2 3  ( f igs . 33 a nd 3 4 ,  l a ne d)  S ome 

dramat ic re a rrangement s invo lving s i ze changes are occurring dur ing 
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o r  as  a re sult of  this cross ( see sect ion 3 . 6 . 5 ) . 

The 3 0 0  series cross demonstates that the pSym-de r ivat ive o f  the 

1 2 0  s e r i e s  is a b r o a d  h o s t  ra nge p l a smid . I t  is  s t i l l  not c l e a r  

whether t he pSym of  2 6 6 8  is  a broad host range plasmid . A l l  of  the 

p l a smids involved in t ra n s f e r  are de letion de rivat ive s o f  pSym o f  

2 6 6 8  and the de letion may be required to " activat e "  t he plasmid f o r  

t rans fe r . E a r l i e r ,  unpre sented dat a  invol ving c on j ugat ion o f  2 6 6 8  

with other rhizobia sugge sted that the t ransfer frequency o f  pSym was 

2 0 - 5 0  t ime s lowe r  than was observed for the c r o s s  between the 12 0 

s e r i e s  a nd PN 1 0 4 . The a c t ivat i o n  o f  the p S ym-de r i v a t i ve c o u l d  

invo lve e ither t he reduct o n  o f  the p l a smid s i ze t o  a n  appropriate 

level or  switching on specific genes by deletion of  inte rvening DNA, 

a s  is seen with ni fKDH of  Anabaena ( Go lden et a l ,  1 9 8 7 )  . 
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F i g u r e  3 3 . E c k h a rdt p l a s m i d  p r o f i l e o f  t h e  p a r e n t s  a n d  

excon j ugant s from the cross between the 12 0 series o f  modif ied soil  

bacte ria and E .  coli HB 1 0 1 . Lanes : a=2 6 6 8 ,  b=MO 1 2 1 ,  c=MO 1 2 2 , d=MO 

1 2 3 ,  e=MO 1 2 4 ,  f=MO 3 0 1 ,  g=MO 3 0 2 ,  h=MO 3 0 3 ,  i=MO 3 0 4 ,  j =HB1 0 1 .  The 

2 6 6 8  p l a s m i d s  a r e a p p r o x i ma t e l y  6 0 0 ,  3 5 6 ,  1 9 9  a n d  1 8 8  kb 

respectively . 

F igure 3 4 . Southern blot of  an Eckha rdt gel probed with nodABC . 

Lanes : a=2 6 6 8 ,  b=MO 12 1 ,  c=MO 1 2 2 , d=MO 1 2 3 ,  e=MO 1 2 4 ,  f=MO 3 0 1 ,  g=MO 

3 0 2 , h=MO 3 0 3 ,  i=MO 3 0 4 ,  j =HB 1 0 1 .  The 2 6 6 8  band is approximately 1 8 8  

kb . The blot i s  not de rived from the ge l shown in f igure 3 3 . 
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3 . 6 . 4  Conjugation between MO 12 1 and a Nod+ biovar trifolii stra in , 

2 6 6 8 

The f i n a l  c ro s s  between MO 1 2 1  and 2 6 6 8 was done in o rde r to 

answer two quest ions : 

1 .  D o e s  t h e  s m a l l  p l a s m i d  o f  MO 1 2 1  s t i l l  c a r r y t h e 

incompat ib i l it y  det e rminants and what will happen to  pSym i f  it is  

t ransfe rred back into 2 6 6 8 ?  

2 .  I f  the pSym o f  MO 12 1 i s  compat ible with pSym o f  2 6 6 8 ,  what 

will  be the e f fect of two copies of the symbiot ic pla smid? 

The a n s we r  t o  que s t ion 1 is shown clearly in f igure 3 5 ,  which 

shows the ent i re l ineage of  the pSym-derivative throughout one series 

of c r o s se s . Lane a is  2 6 6 8 ( t he original dono r ) , lane b is MO 12 1 

( t he exc o n j ugant f rom the c r o s s  2 6 6 8 : : Tn� X NR 4 1 ) , lane c is the 

pSym Rhi z obium PN 1 0 4 ,  lane d is MO 2 0 1  (the exconj ugant f rom the 

cross  MO 12 1 X PN 1 0 4 ) , lane e is MO 3 0 1  ( the excon j ugant from the 

cross MO 12 1 X HB 1 0 1 ) , lane f is HB 1 0 1  and lanes g- j a re excon jugant s 

f rom the cross  MO 12 1 X 2 6 6 8 ( t he 8 1 0  serie s ) . The 8 1 0  series show 

the presence of p S ym of 2 6 6 8  and the pSym de r ivat ive f rom MO 1 2 1 . 

T h i s  band i s  c o n f i rmed a s  a pSym plasmid when a PN 2 9 1  ( nodABC in 

pBR3 2 8 ) p robe is  hybr idi zed to a Southern blot of MO 8 1 0 - 8 1 3 ( f ig . 

3 6 ,  lanes g- j )  . This  sugge s t s  that the plasmid in MO 1 2 1  no longer 

has the same incompat ibility determinant s as pSym of  2 6 6 8 and clearly 

answers quest ion 1 .  

The answe r  t o  the second quest ion was answered by plant tests 

a nd is d i s c u s s ed i n  det a i l  in s e c t i o n  3 . 4 .  A f t e r  t h i s  wo rk was 

pe rformed we bec ame awa re of  the work of  Harrison et al ( 1 9 8 8 )  who 

sugge sted that mu lt iple copies of pSym inh ibited nit rogen f ixation 

e f f i c i ency . We do not h a ve enough samples to  p r o v ide a c lea rcut 

agreement or  rebut t a l  of the proposal of Ha rrison and c o l league s . A 

mo re de t a i l ed s u rvey w i t h  g r e a t e r  numbers o f  p l a n t s  a nd seve r a l  

dif fe rent c r o s s e s  would prove use ful . 
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F i gure 3 5 . E c k h a rdt p l a smid pro fi le of  t he par�nts f rom t he 

cross  between the soil  bacterium MO 1 2 1  and the original donor 2 6 6 8 . 

Lanes : a=2 6 6 8 ,  b=MO 1 2 1 ,  c= PN 1 0 4 ,  d= MO 2 0 1 ,  e=MO 3 0 1 ,  f=HB 1 0 1 ,  

g=MO 8 1 0 ,  h =MO 8 1 1 ,  i =  MO 8 1 2 ,  j =MO 8 1 3 . The 2 6 6 8  p l a smids a re 

app roximately 6 0 0 ,  3 5 6 ,  1 9 9  and 1 8 8  kb respectively . 

F igure 3 6 . Southe rn blot of  an Eckha rdt gel probed with nodABC 

in pBR32 8 .  Lanes : a=2 6 6 8 ,  b=MO 12 1 ,  c= PN 1 0 4 ,  d= MO 2 0 1 ,  e=MO 3 0 1 ,  

f=HB 1 0 1 ,  g=MO 8 1 0 ,  h=MO 8 1 1 ,  i= MO 8 1 2 ,  j =MO 8 1 3 . The blot i s  de rived 

f rom the ge l shown in f igure 3 5 . 
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3 . 6 . 5 D iscuss ion of t ransrnissabi1ity and variation of �tructure 

of pSym . 

The i n i t i a l  host  fo r pSym was a group o f  gram negat ive s o i l  

b a c t e r i a  i s o l a t e d  f r om a w h i t e  c l o v e r - rye g r a s s  p a s t u re . T h e s e  

b a c t e r i a  h a d  s ome ch romo s oma l homo logy to 2 6 6 8 based on a c o l ony 

hybridi zat ion test using the genome of a pSym- 2 6 6 8  as a probe . The 

soil  bacte r i a  were able to  accept and expres s  pSym and we re primary 

ho sts in this  study . The soil  bacte ria cont aining the pSym de rivat ive 

were des ignated the 1 2 0  series . The 1 2 0  series st rains we re used a s  

donors to  t h e  sec onda ry h o s t s  which we re the pSym- rh i z obia P N  1 0 4  

( 2 0 0  series ) ,  HB 1 0 1  ( 3 0 0  serie s )  and 2 6 6 8  ( 8 1 0 series ) . The 1 2 0 ,  2 0 0  

and 8 1 0  se ries bacteria showed full exp res s ion o f  pSym,  nodulat ing 

clover and f ixing nit rogen in clove r nodules . 

The rat ionale behind these crosses wa s to demonstrate,  at least 

in the labo rat ory,  that pSym could t rans fe r to  common s o i l  bacteria 

and from t he soil  bacteria to  othe r potent ial hosts . Thi s  l inking of  

bacte r i a l  s t rains by p l a smids is  one o f  the cent ral t hemes of  the 

" l i n k e d  g e n e  p o o l "  h yp o t h e s i s  o f  Re a n n e y  rt g ( 1 9 8 3 ) . T h e  

demons t ration that pSym has a broad host range indicates that i t  is  a 

g o o d  c a n d i da t e  f o r  ma i n t a i n i n g l i n k s  a mo n g  b a c t e r i a  i n  t h e 

rhizosphe re by t ransfer among species res ident there . 

The va riation in plasmid profile ( in terms of  s ize and number of  

plasmids ) was obse rved f i rst in the 120  se ries and later in the other 

rec ipient s . A comparison of  s i zes and numbers of  bands among a serie s  

o f  excon j ugants is  presented in the di scuss ion o f  each c r o s s  series . 

I n  t h i s  s e c t ion we w i l l  recap on these re sult s ,  but i n s t e a d  o f  a 

hori zont a l  compa rison ( among one excon j ugant series e . g .  2 0 0  serie s )  

we will examine the variability ve rt ically ( e . g .  2 6 6 8  to  MO 1 2 1  to  MO 

2 0 1 ,  MO 3 0 1 ,  MO 8 1 0 - 8 1 3 ) . T h e  re s u l t s  o f  a l l  t he c r o s s e s  a r e 

summa r i zed in di agram 6 ,  which shows the re lative s i ze s  o f  the new 

ba nds in t h e  exc o n j ugant s .  The o r igin of t he bands is discus sed 

below . 
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The pSym s een in MO 1 2 1  is  smaller than the pSym o f  2 6 6 8 ,  but 

hybr idi z e s  to Tn�, nodABC and nifKDH and is there fore derived f rom 

it . The pSym plasmid in MO 2 0 1 ,  donated by MO 12 1 ,  is o f  s imilar s i ze 

t o  the pSym of  MO 12 1 .  This is  also t rue for the new pSym plasmids in 

MO 8 1 0 - 8 1 3 . These pla smids a l l  carry the nodABC , a s  demonstrated by 

DNA hybridi zat ion . Howeve r ,  the pSym in MO 3 0 1 ,  donated by MO 1 2 1 ,  is  

cons iderably larger than the pSym in MO 1 2 1  and mo re s imila r in s i ze 

to p S ym of 2 6 6 8 . Only a s i ngle band of hybridi z a t i o n  w i t h  PN 2 9 1  

( nodABC in pBR32 8 )  i s  seen in all  o f  the exconj ugants in this l ine ' 

( MO 1 2 1 ,  2 0 1 ,  3 0 1  and 8 1 0 - 8 1 3 )  but the s i ze of  the hybridi z ing band 

is variable . 

The pSym seen in MO 1 2 2  is  sma l ler than t he pSym in 2 6 6 8 ,  but 

hyb r idi z e s  t o  nodABC , ni fKDH and Tn� and is therefore de rived f rom 

it . Three bands are visible in MO 1 2 2 , the smallest of which is about 

the s ame s i z e  as the band in MO 1 2 1 . Three bands of very s imil a r ,  i f  

n o t  ident ical s i ze ,  a re seen i n  MO 2 0 2 . In t h i s  l ine t he band s i ze 

seems st able , but the band number varies , with initially one band in 

MO 1 2 2  ( f ig .  2 3 ,  lane f) which later was obse rved to be three ( f ig .  

3 0 ,  l ane e ) , three bands in MO 2 0 2  and two in MO 3 0 2 . All o f  these 

bands carry nodABC , a s  shown by DNA hybridi zation . 

The p Sym seen i n  MO 1 2 3  is smaller than t he pSym in 2 6 6 8 ,  but 

hybridi z e s  t o  nodABC , ni fKDH and Tn� and is  therefore de rived f rom 

it . The s i z e  of the band in MO 2 0 3  appears to be the same s i ze as the 

band i n  t he dono r ,  MO 1 2 3 ,  but t he band in MO 3 0 3  appe a r s  t o  be 

s l ight l y  l a rge r . This  ve rs ion o f  pSym, a ft e r  t he init i a l  de let ion 

f rom the pSym of  2 6 6 8 ,  appears to  be the mo st stable in terms o f  s i ze 

and numbe r .  

The p S ym seen in MO 1 2 4  is  sma l le r  than t he pSym in 2 6 6 8 ,  but 

hyb r idi z e s  t o  nodABC , ni fKDH and Tn� and is the re fore derived f rom 

it . The st rain MO 1 2 4  init ially appeared to have only ga ined a s ingle 

new plasmid band f rom 2 6 6 8  ( fig . 2 3 ,  lane j )  but hybridi zat ion dat a 

( f igs . 2 4 -2 6 ,  lane j ;  3 1 ,  lane h ;  3 4 ,  lane e )  suggested t hat there 

wa s f o u r  o r  f ive bands present . Two bands of s imi l a r  s i ze to t he 

sma l lest bands o f  MO 1 2 4  were visible in MO 2 0 4  and a s ingle band in 
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MO 3 0 4 . This ve rtical series (MO 12 4 ,  2 0 4 ,  3 0 4 )  and the series o f  MO 

12 2 ,  2 0 2 , 3 0 2  we re the mo st variable in terms of s i ze and the numbe rs 

of  plasmid bands . 

Despite the variat ion o f  numbers o f  bands and s i z e s  o f  bands 

seen in the Ec kha rdt gels and that hybridi zed in Eckhardt gel blot s 

w i t h P N  2 9 1  ( n o dA B C  i n  p B R 3 2 8 )  a n d p S U P 1 0 1 1 : : T n2_, a l l  o f  t h e  

excon j ugant s b a r  t he 3 0 0  s e r ie s  we re able t o  e f fect ive l y  nodu late 

plant s . It is  unclear whether the s i ze and number va riat ion seen in 

the various excon j ugants is  functiona l ly s igni f icant o r  due to random 

rear rangement as a result of some unknown proce s s . I nve s t igat ion of  

the st ructure of the pSym de rivat ives in the 3 0 0  series may enable us 

gain some understanding of  the process that fo rmed them . 
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CONCLU S I ONS 

As a preface to this conc lus ion , it must be stated that we feel 

the informat ion gained in the course of this pro j ect is incomplete . The 

first part of the pro j ect , namely the seeming di sappearance and 

reappea rance of nod and nif DNA, has been confirmed in a number of 

t rials  but no mechanism or readily testable hypothes i s  has been 

gene rated . The second part of  the pro j ect a imed to characte r i ze the 

host range of the pSym of  R .  leguminosarum biovar t rifolii by 

con j ugat ion between 2 6 6 8 and a number of potent ial rec ipient st rains . A 

variety of  pla smid DNA rearrangement s we re obse rved during the analysis 

o f  the excon j ugant s ,  but the s t ructural deta i l  and the mechanism of 

t hese rea rrangement s is not yet understood . 

The conclus ions de rived from the experimenta l  work o f  this 

proj ect can be s umma r i zed ve ry loosely into four statement s :  

1 .  The genome of  rhi zobia can undergo rearrangement . 

2 .  Symbiotic informat ion is present in MO 1 0 3 / 1 0 4  and can be 

expres sed unde r appropriate condit ions . 

3 .  The symb iot ic plasmid of  2 6 6 8  can t ransfer to and be expre s sed 

in a va riety of  hos t s . 

4 .  The s i ze of  the symbiotic plasmid and the number of  pla smids 

showing homology to the symbiotic genes can va ry . 

These statements a re used as  sub j ect headings and a re expanded on 

in t he fo l lo wing text . A c ompa r i s on i s  made between our r e s u l t s  and 

studies and f rom related work in the literature . 

1 .  The genome of rhizobia can undergo rearrangement . 

S t ra ins of  rhi zobia isolated f rom the nodules of  field grown 

clove r plants showed a great diversity of  plasmid p ro f ile s ,  despite 

inoculation with a homogeneous populat ion of rhi zobia and the lack of 

an a l ready exist ing populat ion of clover rhizobia in the so i l . It was 

hoped that by us ing laborato ry-based procedure s ,  we could gene rate 

variant s s imilar to those seen among the field nodule isolates . Stress 

o f  various k inds was used by Heumann et al ( 1 9 8 3 : 1 9 8 4 )  to  gene rate an 

enormous number and variety of  va riants and it wa s hoped that by us ing 
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the methods publi shed by this group , we could derive variant s similar 

t o  the rhi zobia iso lated f rom the previous field study ( O ' Hara , 1 9 8 5 ) . 

It  was rea s oned that some form of  stress might cause genomic 

rearrangement and be respons ible for the variant plasmid profiles 

obse rved . No rea rrangements we re obse rved us ing Heumann ' s methods . The 

one rearrangement obse rved wa s MO 1 0 3  which was isolated f rom among 

the exconj ugant s of a cross between 2 6 6 8 and HB1 0 1 (RP 4 ) . The RP 4 

plasmid had been int roduced to act as a genet ic sponge in the stress 

expe riment as discussed in sect ion 3 . 5 .  

The rearrangement of  2 6 6 8  to  produce MO 1 0 3  is  as sumed, for the 

lack of evidence to the cont ra ry or  an alternat ive explanat ion , to  be 

due to  the pre sence and poss ibly act ive invo lvement of RP 4 .  The 

f requency of this rearrangement is  not known but is thought to  be 1 0 - 6 

o r  lower on the bas i s  of  publi shed data from s imilar expe riment s ( see 

sect ion 1 . 6 ) . Whi le no other experiment s reported in the literature are 

direct ly compa rable to  this study , as they were performed for di fferent 

purpo se s ,  s ome f igures for the f requency of rearrangement and 

chromo somal mobi l izat ion assoc iated with RP 4 have been publ ished . The 

f requency of chromos oma l t rans fer in R .  leguminosarum mediated by RP 4 

and R 6 8 . 4 4 wa s obse rved to be 1 0 - 9 and for R 6 8 . 4 5 to be 1 0 -7 ( Beringe r 

and Hopwood, 1 9 7 6 )  . Mut at ion involving loss or  rearrangement o f  RP 4 

due t o  the insert ion sequence I SR1 of  R .  lupini has been reported to be 

a s  h igh as 1 0 - 1 ( P riefer et a l ,  1 9 8 0 )  . Broad host range plasmids have 

been used a s  vectors and mob i l i z ing replicons but a systemat ic study o f  

f requencies o f  rearrangement and mut at ion induced by the I ncPa 

pla smids has not been carried out . 

Rea rrangement s involving the symbiotic genes of Rhi z obium species 

have been repo rted by a numbe r of  workers and include rearrangement s 

and recombinat ions of  two different Sym plasmids in the same s t rain 

( Christensen and Schube rt , 1 9 8 3 )  and evidence for rearrangement s in a 

series o f  natural isolates ( S chof ield et a l ,  1 9 8 7 ) . Howeve r ,  f requency 

data and systematic examinat ion des igned to elucidate a mechanism for 

rearrangement s is  only available for R .  phaseo li . Symbiot ic pla smids 

were shown to lose nod and nif genes at a high ( 62 % )  f requency but not 
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a lt e r  in s i z e . P robes o f  nod and nif genes fa iled to detect homologous 

sequences on the rea rranged plasmids ( Soberon-Chavez et a l ,  1 9 8 6 ) . The 

three copies of the nif genes that a re lost are spread over 1 2 0  kb of  

DNA and t he authors suggest that the lost DNA is replaced but no source 

f o r  the replacement DNA is ident ified . Another poss ibility is that the 

rearrangement s only invo lve nod and nif , perhaps recombining at 

specific sequences as sociated with the symbiotic genes . It is  known 

that reite rated sequences are a s sociated with symbiotic genes in biovar 

t ri f o l i i  ( S cott e t  a l ,  1 9 8 4 )  . Close examination of  the Sym plasmid by 

S oberon-Chave z and others ( S oberon-Chave z and Na j era , 1 9 8 9b :  Ollero et 

a l ,  1 9 8 9 )  have led to  suggest ions of  repeat sequence involvement in the 

Sym plasmid rea rrangement s .  

The lack o f  nod and nif genes in MO 1 0 3 / 1 0 4  and apparent delet ion 

of pSym was at first regarded as  a rare type of rea rrangement or  an 

RP 4 -promoted de let ion , as in mo st stra ins pSym and RP 4 could coexist 

with no appa rent alte rat ions . F requencies of  pSym rea rrangement 

involving loss  o f  nod and nif can be as high as 1 %  in R .  pha seoli 

( S obe ron-Chave z et a l ,  1 9 8 6 )  . Although the actual rea rrangement was of  

interest in rega rd to providing some explanat ion of the numerous f ie ld 

i s o late plasmid pro f i les , the field iso lates were all ext racted f rom 

nodules and we re therefore Nod+ . The Nod- ( with reference to the nodABC 

radioact ive p robe dat a )  MO 1 0 3 / 1 0 4  st rain was regarded, at least unt i l  

the nodu l a t i o n  t e s t s  we re pe r f o rmed, t o  be o f  interest but not o f  

s igni ficance in the context of  the altered plasmid pro f i les o f  the 

f ield iso lated s t ra ins f rom the earlier study . 

2 .  Symbiotic information is present in MO 1 0 3 / 1 0 4  and can be expressed 

under appropriate conditions . 

I n  this section the crux of  the f i rst part of  this study is  

reviewed but t o  set this discu s s ion in context , the reader is  reminded 

o f  some type s of DNA reorganizat ion , discus sed in more detail  in the 

int roduct ion . 

The most wel l  studied set of  " c rypt ic " genes a re the bgl ( �
glucos ide ut i l i z ation)  genes of  E .  c o l i  investigated by H a l l  and e o 

wo rke rs ( Hal l ,  1 9 8 3 ;  Kricker and Hall , 1 9 8 4 ;  Parke r and Hal l ,  1 9 8 8 ;  
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Ha l l ,  1 9 8 8 ) . Most interest ing is  the react ivat ion of  an operon which 

codes for t he ut i l i zation of  salicin (a �-glucos ide ) . The operon 

contains t wo mutations which upon revers ion to wild type resto res the 

operon to  full act ivity at a frequency much highe r than would be 

expected based on the revers ion f requency of each mutat ion separately 

( Ha l l , 1 9 8 8 )  . The react ivat ion of the gene was only observed when the 

o rganism was grown on s a l icin,  as if the presence of the substrate was 

st imulat ing the react ivat ion o f  the gene . Act ivation of  some s i lent 

genes , notably promoterless genes of the hist idine operon , has been 

shown to be cons ide rably stimulated by the insertion of t ransposons 

( Wang and Roth ,  1 9 8 8 )  . The expre s s ion of  polysaccharide production 

gene s in a mar ine P seudomona s sp is  cont rol led by the inse rt i on and 

exc i s ion of a 1 . 2 kb DNA element ( Bart lett et a l ,  1 9 8 8 ) . Studies o f  

regulation and di fferent iation i n  old co lonies suggest that a colony i s  

n o t  necessarily a homogenous accret ion of  bacterial cel ls  express ing 

t he same gene s  ( Shapiro , 1 9 8 5 : 1 9 8 8 ) . Many of the studies of bacteria 

t hat have been published recent ly, some of  which are listed above and 

mo re of which are reviewed by Terzaghi and O ' Hara ( in pres s ) , suggest 

t hat the bacterial genome is  much more plastic than hithe rto believed . 

How can the appa rent existence o f  the nod and nif genes in MO 

1 0 3 / 1 0 4  ( a s  manifested by the product ion o f  nodules ) ,  but t he i r  

appa rent indetectability ( a s  shown by the lack of  hybridi zat ion 

s igna l ) ,  be expla ined? At present , this cont radict ion ( genes present 

but not detectable ) cannot be reso lved but a plausible hypothesis  can 

be suggested, namely that the Sym genes are still  present in the genome 

( s omewhe re ) but a re in a form o f  DNA which either is lost dur ing 

conventional DNA preparat ion or which does not hybridi ze to probes . 

Such DNA has been des ignated " a rchiva l "  by Downs and Roth ( 1 9 8 7 )  and 

in the case they describe a Salmone lla P22  bacteriophage can be induced 

and i s olated in the supe rnat ant of a culture but hybridi zation to the 

genome with a P 2 2  bacteriophage probe does not detect the lysogenic 

sequences ( see sect ion 3 . 5 ) . The authors suggest that the DNA is  

modif ied s o  that most rest riction s ites are not ava ilable for cutt ing 

and t herefore the DNA does not sepa rate elect rophoret ically into a form 
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which is  acces s ible t o  DNA probes . We have no evidence to  suggest that 

the Sym genes are a rchived, but we have no other plausible explanation 

at present for the cont radict ory observat ions . We a re sat i s f ied with 

the precaut ions we have taken to  exclude the pos s ibility of cont aminant 

st rains forming the nodules by the use of  appropriate negat ive cont rols 

and ant ibiot ic ma rkers . I f  a rchivil i zation of  the DNA is the reason 

that we a re unable to  detect Sym gene s ,  then this raises a further 

question,  namely what is  the s ignal to  "de-archivilize" the DNA? It is 

pos s ible that the process is t riggered by a s igna l  of  plant o rigin,  

such as  the f lavones that initiate the plant -microbe inte raction, in a 

manne r ana logous to  the de-c rypt i f ication of  the sa l icin genes in the 

presence of  sa l icin ( Ha l l ,  1 9 8 8 )  but it is impos s ible to s o  state at 

this early stage . Alternat ively,  a few bacteria may spont aneously 

revert to the " non-archiva l "  state and it is  these bacteria which 

induce nodule fo rmat ion . Some experiment s which might shed l ight on t he 

proces s  a re dis cus sed later . 

3 .  The symbiotic plasmid of 2 6 6 8 can transfer to and be expres sed in a 

variety of hosts . 

The Sym plasmid of  2 6 6 8  was label led with Tn� to provide a 

se lect able ma rker and was shown to  t ransfer,  in a modif ied form, to  

s ome uncla s s i f ied s o i l - i solated bacteria ( 12 0  series ) , f rom t he soil  

bacteria t o  a p S ym- Rhi z obium ( 2 0 0  se ries ) ,  to E .  coli  HB1 0 1  ( 3 0 0  

series ) and back t o  2 6 6 8  ( 8 1 0 serie s )  . I n  a l l  strains , with the 

except ion of E .  co l i ,  the plasmid-bacteria combinat ion is  able to 

induce nodulat ion of white c l ove r and fix nit rogen to  a greater or 

lesser extent . 

Once it became known that gene s impo rtant in the plant - legume 

symbiosis we re carried on plasmids , there wa s interest in the t ransfer 

of  these Sym plasmids to  other rhi zobia and in their abil ity to  

funct ion in t he new host . Initially the t ransfers we re between species 

of  Rhi zobium ( Johnston et al, 1 9 7 8 )  and then . rhizobia and 

Agrobacterium, also  of the Rh i z obiaceae, ( Hooykaas et a l ,  1 9 8 1 ;  1 9 8 2 ; 

Pankhurst et a l ,  1 9 8 3 )  . The nodules formed by A .  tumefac iens and some 
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of the other rhizobia were ine f fect ive , but the Sym plasmid of  R .  

phaseoli could gene rate nit rogen-fixing nodules on plants when carried 

by A .  tumefac iens (Ma rtinez et a l ,  1 9 8 7 )  . Invest iga t ion of t ransfer of  

pSym to taxonomically mo re dist inct rec ipients has shown that the Sym 

plasmid of  biovar t rifolii  can t rans fer to a stra in of  Rhi zobium which 

nodulates the t ropical legume Hedysa rum corona rium and a l low this host 

to  form inef fect ive nodules on white clover ( Espuny et al,  1 9 8 7 )  . Other 

bacterial species have been t he recipient s of symbiotic gene s . The nod 

genes of  R .  me l ilot i a l lowed E .  coli to form pseudonodu les on a l f a l f a  

( Hirsch e t  a l ,  1 9 8 4 )  and the nod genes of biova r t r ifolii  we re able to  

induce the f o rmation o f  nodules on clover when present in a Lignobacter 

sp host and nodule- l ike s t ructures on c lover when a P seudomonas sp 

carried the nod genes ( P la z inski and Rolfe , 1 9 8 5 )  . Bacte ria i s o lated 

f rom the soil  which show chromosoma l DNA homology , based on an 

unquant ified dot blot , t o  a biovar t rifolii strain we re able to  form 

nodu les on white clove r i f  supplied with the nodulat ion genes ( Ja rvis 

et al,  1 9 8 9 ) . A pos s ibly rel ated observat ion was t he isolat ion of  

bacteria resembl ing R .  leguminosarum, but lacking symbiot ic gene s ,  

which could nodulate peas i f  provided with the appropriate genes 

( Sobe ron-Chave z and Na j era , 1 9 8 9a )  . There is ample evidence presented 

there and f rom our studies to  suggest that the symbiotic genes can be 

ma intained and expre s sed in a variety of host backgrounds . The dat a  

f rom t h i s  study would further suggest that pSyrn ( o r  a reduced portion 

o f  pSym )  has a broad range of  hosts in which it can funct ion . 

In this study, a s  in most others , attention has focused on pSym .  

I t  i s  not clear f rom our study whether o r  not pSym i s  self

t ransmi s s able o r  whether another plasmid supplies t he Tra genes . I n  a 

few cases whe re the general e f fect of  other plasmids has been examined, 

it seems that l arge numbers of plasmids in a stra in can have a 

deleter ious ef fect on symbiosis ( Thurman et a l ,  1 9 8 5 ;  Harrison et a l ,  

1 9 8 8 )  . A few funct ions have been attributed t o  the c rypt ic plasmids , 

inc luding t ransmissability ( Bedrnar and Oliva re s ,  1 9 8 0 )  and an 

unspecified helpful e f fect on symbiosis  ( Bromfield et al,  1 9 8 5 )  but in 

mo st cases , inc luding this pro j ect , the function of  the other plasmids 
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is  unknown . 

In most studies to  date Tn� has been used to ma rk the symbiotic 

pla smid prior to  t rans fer ( e . g .  Beringer et al,  1 97 8 ) . Howeve r ,  once 

p re sent in a st rain the Tn� element does not neces s a rily become 

quies cent and t ranspo s it ion f requenc ies from one site to another on the 

E .  coli  chromos ome can be as high as  1 0 -2 ( Berg,  1 9 7 7 ) . Given the known 

mutagenic p rope rties of t ransposons and other evidence suggest ing that 

TnS can act ivate s i lent genes ( Wang and Roth,  1 9 8 8 ) , what is  t he effect 

of  Tn� insert ions on the symbiot ic pla smids ? It is  pos s ible that some 

( o r  a l l )  o f  t he rea rrangement s observed in this study ( and others ) a re 

due to  the e f fect s o f  Tn� . Two copies of  Tn� on the same molecule could 

provide homo logous sequences for the format ion of  invers ions , as suming 

no other fact o rs prevent invers ion ( Segal l  and Roth ,  1 9 8 9 ) , delet ions 

and c ointegrat ions . Furthermore,  the actual insert ions can act ivate or 

inact ivate a variety of  genes . 

In mo st strains examined, the symbiotic plasmid of the rhizobial 

st rain could be mobili zed or  was a self -t ransmissable replicon . The 

s ignificance of this is discus sed later in answer to the quest ion of  

why t he symbiotic genes should be located on a t ransmissable repl icon . 

4 .  The size o f  the symbiotic plasmid and the number of bands showing 

homology to the symbiotic genes can vary . 

T he p S ym-de r ivat ive seen in the 1 2 0  series was much sma ller than 

pSym of 2 6 6 8 and rema ined approximately the same s i z e  in the 2 0 0  and 

8 1 0  series excon j ugant s . Some of  the p lasmids of  the 3 0 0  series s t ra ins 

had increased in s i ze . Where tested for by hybridi z at ion the ma rkers 

which for our purpo ses de fine pSym ( Tn�, nod, nif) we re still present . 

Variation in symbiotic plasmid s i ze and loss of pSym,  apparent ly as  a 

result o f  con j ugat ion , has been observed . Loss of  t ransferred symbiotic 

function is  obse rved in R.  pha seoli either by incompatibility o r  as  a 

re sult of  plant passage ( Espuny et a l ,  1 9 8 9 )  . Delet ions invo lving the 

nod genes of pSym ( H . c o rona rium) we re observed after this pla smid was 

t ransfe rred to biovar t rifolii ( O l le ro et a l ,  1 9 8 9 )  . Tota l  loss  of  pSym 

as  a re sult of  con j ugat ion has been observed when biovar viceae pJBSJI 
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i s  t ransfe r red to a biovar t ri folii strain, as  wel l  as sma l ler scale 

de letions ( D j o rdj evic et a l ,  1 9 8 2 )  . Interact ions which result in 

de letion have been observed between Sym plasmids ( Christensen and 

Schube rt , 1 9 8 3 )  as  wel l  as  de letions due to some type of unspecified 

funct iona l incompat ibility appa rently se lected for by the host plant . 

The loss  o r  de letion o f  inco rrect host nodulation plasmids was 

f requent ly obse rved and succe s s ive plant selection resulted in mo re 

extens ive de let ion ( Wang et a l ,  1 9 8 6 ) . 

This is  not meant to  imply that delet ions of pSym a lways occur as  

a re sult o f  t rans fer,  as  this  is  certainly not the case ( Hooykaas et  

al,  1 9 8 1 ;  1 9 8 2 )  but rather that there are precedents for deletions such 

as those obse rved in this pro j ect . Several authors have suggested that 

repeat sequences a re invo lved in these delet ions ( Soberon-Chave z and 

Na j e ra , 1 9 8 9b ;  Ollero et a l ,  1 9 8 9 ) . It is pos sible that the re is  an 

opt imum plasmid s i ze for t rans fer into a new host such that plasmids 

a re t r immed e it her before or a fter trans fer . We have no evidence for 

any mechani sm o r  funct ional necess ity which might account for the 

deletions a t  present , although it has been shown by Innes et a l  ( 1 9 8 8 )  

that not a l l  o f  pSym i s  requ i red for effect ive nodulat ion . 

All o f  the pSym-derivat ives ident ified by Eckhardt gel 

e lect rophoresis  and DNA hybridi zat ion were init ially derived f rom 2 6 6 8 . 

Yet ,  the number of  bands in Eckhardt gels that hybridized and 

t rans fe rred in the various cros ses was very variable . The va riat ion was 

more s imi l a r  to the variability observed between field isolated stra ins 

o f  rhi z obia ,  than between laboratory isolates . The number of  plasmids 

in as few as 2 1  isolates has been shown to be as disparate as 2 and 1 0 ,  

but how many o f  these were pSym bands was not determined ( Thurman et 

a l ,  1 9 8 5 )  . Variat ion wa s also obse rved in the rhizobia nodu lat ing 

chickpea s ,  a lthough the nif genes of this st rain a re chromosomally 

located one i s o late also  had a plasmid that hybridi zed to a nif probe 

( Cadahia et a l ,  1 9 8 6 )  . In the 1 92 st rains examined by Brockman and 

Be zdicek ( 1 9 8 9 )  a number of di fferent plasmid profiles were ident i f ied . 

Interest ingly, a st udy by Harrison et al ( 1 9 8 8 )  of st rains f rom a l l  

a round t h e  wo r ld demonst rated a huge range o f  plasmid profiles and a 
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number of  st rains with mult iple Sym plasmid bands . Admittedly,  a l l  o f  

these studies examine field isolate s ,  which might be expected to show 

variat ion , and this pro j ect dea l s  with va riat ion in the labo ratory ,  but 

it wa s des igned to attempt to reconst ruct element s of the natural f ield 

environment and it is  therefore ve ry grati fying to f ind natural 

i s olates with characteristics s imi lar to  the labo rat o ry generated 

va riant s . 

The difference between labo rat ory culture s ,  which exist in safe , 

nut rient rich and unchal lenged environment s and the f ield iso lates 

which may exist in very ma rgina l envi ronment s must be kept in mind, 

howeve r . While there is no direct select ion for stability in the 

labo ratory cultures , at least not in this study , there is certainly not 

the need for metabo lic f lexibility which might be needed in s o i l  

dwell ing rhi zobia . 

This study , unl ike most others of  which we a re aware,  did not use 

rhizobia as the donors of pSym in subsequent crosses . It is  therefore 

di f f ficult to  make direct comparisons with other t rans fer studies . It 

will  prove interest ing to  further examine the mult iple bands in an 

attempt to determine whether they are artefactual open c i rcular fo rms , 

which have never been observed in 2 6 6 8 ,  or semi -stable de rivat ives o f  

the origina l pSym-de rivat ive . At present the second pos s ibility is  more 

p laus ible as bands of the same s i ze are seen in donor and rec ipient and 

open c i rcular plasmid forms a re not known to t ransfe r . A systemat ic 

study of  a series of  the s i ze- reduced pSym plasmids may also cont ribute 

to  our understanding of  the minimal requi rement s for a funct ional pSym 

under labo ratory and/ or field condit ions . Furthe rmore , it may be 

poss ible to determine whether or not the pSym de letions a re random or 

occur at de fined places on the plasmid, to yield some form of  "sym 

cassette " . 

The init ial purpose of this pro ject was to devise labo ratory 

experiment s that could provide plaus ible simulat ions of  proces ses that 

occur in the s o i l  and examine the effect on the genome . The end re sult 

wa s a different set of  experiment s ,  which while perhaps not direct ly 

app licable t o  what had been obse rved in the field is olates f rom the 
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earlier study ,  neve rtheless provided us with further evidence of 

microbi a l  genomic plasticity . The summation of  this pro ject is 

therefore divided into several sections : 

5 .  How might the various DNA t ransactions ( a rchivi l i z at ion,  

rea rrangement and t ransfer)  a f fect the structure and funct ion of  the 

bacterial genome ? 

6 .  What a re the ecological consequences of  bacterial plastic ity 

for Rhi zobium? 

7 .  How can laboratory s imulat ions help us understand mic robial 

responses t o  t he f ield envi ronment ? 

8 .  Future direct ions for invest igat ion . 

The re i s  cons ide rable ( and intentional )  ove rlap between parts 5 

and 6 ,  but the two parts a re considered sepa rate as  part 5 is  focused 

on the bacterium and part 6 is  focused on the act ion of  the bacterium 

in the envi ronment . 

5 .  How might the various DNA transactions affect the structure and 

function of the bacterial genome? 

A discuss ion o f  this quest ion has recurred throughout this  thesis  

and has been cent r a l  t o  t he expe riment s we have pe rformed and the 

l iterature we have reviewed . 

The app a rent a rchivili zat ion of DNA reported here for pSyrn and 

discus sed in det a i l  for P 2 2  by Downs and Roth ( 1 9 8 7 ) is  the mo st 

unusua l form o f  sto rage o f  genetic informat ion we have ident i f ied in 

the l iterature . DNA a rchivi l i zat ion could be considered part of  a 

h iera rchy o f  DNA management st rategies invo lving express ion and 

regulat ion of genes . It is pos s ible to divide expre s s ion and regu lat ion 

into four categories and a s s ign genes to each category on the bas i s  of 

t heir f requency and mechanism of  regulation of express ion . These 

hypothet ical catego ries can be label led the const itut ive 

( " housekeeping" ) , inducible , c rypt ic and a rchiva l . The housekeeping 

funct ions include those genes that are always expressed in t he cell 

such a s  the glycolytic pathway . Inducible genes include the various 

cat abo l ite -repressed operons such as  lac and � and the amino acid 

synthes i s  pathways . The c rypt ic gene s ,  such as  the bgl operon ( P a rker 
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and H a l l ,  1 9 8 8 ) , a re genes which may be useful to the cell on a mo re 

intermittent bas i s . The f inal category , the archived gene s ,  could be 

funct ions that may disadvant age the cell if expres sed inappropriately 

or  funct ions that may be only rarely required . Whi le it is clear that 

the f i rst two catego ries of  genes exist in the cell ,  the pre sence of 

the other two categories as  o rgani zed and regulated mechanisms of  gene 

storage , rema ins conj ectural . 

What might be the va lue to the cell of archival DNA? I f  we 

accept the the s i s  o f  Jacob ( 1 9 7 7 )  that evolut ion works like a t inkere r ,  

u s ing whateve r t o o l s  and materials a re ava ilable , then i t  would be 

foolish to waste potentially useful " ingredient s " . Therefore , genes not 

immediately requi red by a bacterium can perhaps be stored in a way 

which will not t ax the cell by express ion of current ly unnecessary 

funct ions , but these funct ions are not lost . Why exactly this should 

occur in this case with the symbiotic functions is not known , but it is 

pos s ible we have managed to isolate a rare event . 

A great divers ity o f  plasmid profi les were obse rved in this 

proj ect and was s imilarly obse rved with R.  me liloti ( Adachi et a l ,  

1 9 8 3 ) , chickpea rhizobia (Cadahia e t  a l ,  1 9 8 6 ) , R .  leguminosarum biovar 

phaseoli (Ma rtine z  et al,  1 9 8 5 ; Soberon-Chavez et al,  1 9 8 6 ;  Palacios et  

a l ,  1 9 8 7 ;  S obe ron-Chave z and Na jera,  1 9 8 9b ) , biova r t rifolii ( Watson 

and S chofie ld, 1 9 8 5 ;  Thurman et al,  1 9 8 5 ;  Harrison et al,  1 9 8 8 )  and 

biovar viceae ( Young and Wexle r ,  1 9 8 8 ;  Brockman and Bezdicek ,  1 9 8 9 ) . 

P lasmid rea rrangements s imilar to  those observed in this study have 

been reported elsewhe re ( Quinto et a l ,  1 9 8 2 ;  Ma rt ine z et a l ,  1 9 8 5 ;  

F lore s  et a l ,  1 9 8 7 ; S obe ron-Chavez and Na jera,  1 9 8 9a ) . What i s  not 

clear f rom this  study,  nor f rom published material is whether the 

obse rved rearrangements a re the re sult of  random recombinat ions o r  

purpo seful ( even i f  t h i s  purpose is  unknown ) reorgani zat ion o f  t he 

genome . Two examp le s  o f  apparent ly directed mutation have been reported 

in the l iterature ( Ca i rns et a l ,  1 9 8 8 ; Hall, 1 9 8 8 ) . In both cases the 

implication seems to be that the potent ial exists within a bacterium to 

di rect adaptat ion to a changing environment . Further study will be 

requi red before the extent to which a bacterium can cont rol its own 

- 1 8 5 -



evolut ion is  known . 

6 .  What are the ecological consequences of bacterial plasticity for 

Rhi zobium'? 

The po int of departure of this pro j ect was to isolate va riants in 

the labo rat o ry that a re like those iso lated from the f ield . The 

quest ion posed above is the next one that must be addres sed once 

s imilar va riants can be shown to a rise in the labo ratory and overlaps 

cons iderably with the quest ion posed in the previous sect ion . As suming 

t hat the n iche exploitation is of primary import ance for mic robial 

surviva l ,  t hen the abil ity to  alter genome st ructure and funct ion could 

be e spec i a l ly useful for adapt a t ion to envi ronment a l  variat ion . 

The rea rrangements we have obse rved in the laboratory may re flect 

a bacterial system which enables the bacteria to  di rect a lterat ions in 

re sponse to t he appropriate s t imulus . Repo rt s of "directed mutat ion" 

have been made by Cairns et a l  ( 1 9 8 8 )  and implied by Hal l  ( 1 9 8 8 ) , but 

we do not yet have sufficient informat ion to compare our study with 

thei rs . Alte rnat ively,  the rea rrangement s may re f lect a " last -ditch" 

e ffort of a genome under stress to cope with adve rse condit ions , as  

proposed by Heumann et a l  ( 1 9 8 3 )  or  a random variat ion a s  a result of  

con j ugat ion . At  this st age it is  difficult to  tell . Ce rt a inly, the 

ent i re symbiotic plasmid is not absolutely required for e f fect ive 

symbiosis  in R .  legumino sarum biovar t rifolii ( Innes et a l ,  1 9 8 8 )  and 

sugge sted by the results of P a rt I I . 

There appears currently to  be two schools of  thought rega rding the 

variability o f  soil bacterial s t ra ins . One group proposes that the 

st rains a re e s sent ially genotypically fixed and while gene t ransfer and 

DNA reorganizat ions do occur , it is on a sufficient ly sma l l  scale that 

in the short term the re is  l it t le influence on the st ability of a 

populat ion ( Young, 1 9 8 5 ;  Young et a l ,  1 9 8 7 ; Young and Wexle r ,  1 9 8 8 ;  

Harrison et a l ,  1 9 8 8 ) . The second group suggests that the populat ion i s  

much mo re plastic and that bacteria can readily adapt t o  challenges 

provided by the environment (McArthur et a l ,  1 9 8 8 ;  Brockman and 

Bezdice k ,  1 9 8 9 ) , that t ransfer of  plasmids can occur at an appreciable 
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f requency ( Schof ield et a l ,  1 9 8 7 ;  Demezas et a l ,  1 9 8 8 )  and that genomic 

rearrangement could play a ma j o r  role in bacte rial variab i l ity 

( P alacios et al,  1 9 8 7 ; Soberon-Chave z and Na jera , 1 9 8 9b ) . Indeed, it 

has been suggested that rather than di st inct lineages of symb i ot ical ly

competent bacteria , the re is a cont inuum of symbiot ically proficient 

strains in the soil  ( B roughton et a l ,  1 9 8 7 ; Mo zo et a l ,  1 9 8 8 ) . 

I f  the Sym plasmid can t rans fer to  many di ffe rent bacteria,  then 

the l imit ing step of  the bacteria -plant symbiosis w i l l  be the 

e f f iciency with which the bacterial rec ipient can exploit t he symbiot ic 

genes in compet ition with other Nod+ bacteria . This would imply that 

t he bacteria which a re the most saphrophyt ically competent and which 

could most compet it ive ly nodulate a legume would be the first to  gain 

access to  t he protected nodule envi ronment . The actua l nit rogen f ixing 

abi l ity of  these st rains might be re lat ively unimpo rtant to the 

bacteria in terms of  its surviva l . 

Therefo re , the ecological consequences of bacterial variability in 

Rhi zobium could be an increased gene pool from which Nod+ s t r a ins can 

be iso lated and the ability to a lter genotype , and p o s s ibly phenotype , 

in response to  cert a in stimuli . This would make the s t ra ins ve ry 

adaptable and the iso lat ion of nonsymbiotic strains , which can 

neve rthele s s  be made Sym+ ( Ja rvis et al, 1 9 8 9 ;  Sobe ron-Chave z and 

Na j e ra , 1 9 8 9 a )  means t hat not all rhi zobia live in nodules and models 

o f  the l i fe st rategy o f  Rhizobium must take that into account . 

7 .  How can 1aboratory simu1ations he1p us understand microbia1 

responses to the fie1d environment ? 

The init ia l  approach of  sc ience to  a problem i s  to  reduce it to  

its  component parts and then gradually reconst ruct the f ramework via 

s imple interact ions o f  a few component s of  the system unt i l  it is  

po s s ible to  underst and the es sent ial features of  the system in the i r  

totality . 

With the reduct ionist approach,  which we employed in this  pro ject , 

it becomes a matter of  combining data f rom a va riety of  s ou rces in an 

attempt to generate a coherent and inte rna lly consis tent p icture . The 
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st rict ly t heoretical mode ls o f  genome interaction in the soil  ( Knudsen 

et a l ,  1 9 8 8 ) combine with mo re pract ical studies (Weinberg and Stot zky, 

1 9 7 2 ; Brockwe l l  et a l ,  1 9 8 2 ;  T revo rs and Starodub , 1 9 8 7 ; Saye et a l ,  

1 9 8 7 ; Richaume e t  a l ,  1 9 8 9 )  t o  give a clearer unde rstanding of  what i s  

pos s ible . With Rhi zobium the e f fect o f  the plant i s  another important 

variable which must be taken into account ( Demezas  and Bottomley,  1 9 8 6 a 

and 1 9 8 6b ,  Wang et a l ,  1 9 8 6 )  . Othe r factors which must be borne in mind 

inc lude variation in symbiot ic propert ies that can arise within a 

culture ( Weave r and Wright , 1 9 8 7 )  and most important ly, we must be 

aware that what we obse rve in the laboratory may not necessa r i ly 

t rans late direct ly to  what occurs in the soil ( Demezas and Bottomley,  

1 9 8 7 ) . Yet , unt i l  soil -ba sed experiments have been performed we must 

proceed caut ious ly,  for  i f  the labo ratory results do not t ruly re f lect 

the f ield envi ronment we are experiment ing in a vacuum . 

F rom the result s of  this study , the fol lowing conc lus ions can be 

drawn . Firstly,  that R .  leguminosa rum biova r t rifolii 2 6 6 8  has the 

ability to  undergo rea rrangements invo lving chromosomal and 

ext rachromos oma l  element s .  Secondly, the symbiotic plasmid can 

t ransfer /be t rans ferred to a va riety of hosts and provide symbiotic 

funct ions suffic ient to  a l low s ome of these hosts to nodulate white 

clove r . There is  suppo rt in t he l iterature for these conclu s ions , f rom 

both l abo rat o ry and f ield studies which have been discus sed previously 

in this the s i s , but will be briefly reviewed here . 

The existence o f  a recomb inat ion system would a llow the rhizobia 

t o  accept DNA f rom other sources and integrate it into the genome and 

a ls o  give t he genome the abi lity to  respond to stress by gene 

shu f f l ing . La rge scale genomic changes are obse rved in R .  phaseoli 

which a re be l ieved to be due to recombinat ion between repeat e lements 

( Pa lacios et a l ,  1 9 8 7 ; Ollero et a l ,  1 9 8 9 ;  Soberon-Chavez and Na j e ra ,  

1 9 8 9b ) . There i s  potent i a l  for the rhi zobia to accept DNA f rom 

taxonomica l ly distant s ou rces in the soil ( Richaume et a l ,  1 9 8 9 )  and 

f rom other rhi zobia ( Schofield et a l ,  1 9 8 7 ; Harrison et a l ,  1 9 8 8 ;  Young 

and Wexler,  1 9 8 8 ) . The accept ance of DNA from other stra ins and 

t ransfer of  pSym might a l low the bacterial populations to  opt imize the 
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p lant -bacteria symbiosis  by accret ion of funct ions f rom other stra ins . 

A t ransmi s s able symbiot ic plasmid could spread to bacteria in the 

s o i l  other than those bacteria ident if ied as rhi zobia ( Ja rvis et a l ,  

1 9 8 9 ;  Soberon-Chavez and Na j e ra , 1 9 8 9a )  and s o  a l low the symb iotic 

phenotype t o  spread . Howeve r ,  this poses the di lemma of  soil  bacteria 

which can accept and express nodulat ion funct ions , but that a re not 

norma l ly recove red f rom nodules in the field, and a re accordingly not 

c l a s s i fied as  rhizobia . Several so lutions suggest themselves . Firstly,  

i f  the organism was s imilar enough to the rhi zobia in a l l  c riteria 

except the possess ion o f  a Sym plasmid, then it is  unlike ly t o  be 

detected in the non- symbiotic form .  I f  it gained a symbiotic plasmid 

and nodulated then it is likely to be accepted as a f ield adapted 

variant a lready present . The non- symbiotic form would be unlikely to be 

detected explic itly unless  looked for ( as was done by Ja rvis et a l ,  

1 9 8 9  and S oberon-Chave z and Na j e ra,  1 9 8 9a )  . Secondly, the plant itself 

may tend to select mo re specifically for a part icul a r  strain,  based on 

characterist ics not necessarily carried on pSym .  Thi rdly,  the re will be 

compet ition among Nod+ s t rains , in which the most competit ive will 

occupy the ma j o rity o f  nodules and the symbiot ically-adapted rhizobia 

a re l ikely to have an advantage he re . This may not be the case , as 

recent analyses in labo ratory trials suggests that the st rain which 

reaches and invades the p lant first will occupy the ma j or ity of the 

nodules ( Bianchin, pe rsonal communication) . 

To discu s s  the value of  laboratory studies in a mo re gene ral way, 

t wo ma j o r  advantages of  cont rol led envi ronment s sugge st themselve s . 

F i r s t ly,  ana lys is  o f  the many components that make up the eco logy o f  

the Rhizobium- legume inte ract ion in the labo ratory a l lows us  to  build a 

p icture of  what might occur in nature . Secondly, the laborat o ry study 

can a l low t he researche r to propose a testable hypothes i s , f rom which 

expe r iments can be de s igned and applied to the natural environment 

( Wimpenny et a l ,  1 9 8 3 )  . Re sults from controlled natural studies , such 

as sma l l  scale f ield t rials , and from sampling exist ing natural 

populat ions a l low hypotheses to  be refined unt i l  a c learer p icture of  

what occurs in nature is  obta ined . However,  without the init i a l  
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f ramework obt a ined f rom labo ratory studies int o which f ield dat a  can be 

f itted, it is ext reme ly diff icult to draw any logica l  conc lus ions 

regarding the impo rtance of  each component in the overall plant 

bacteria interact ion unde r f ield conditions . 

8 .  Future directions for investigation . 

The test o f  the ut i l ity of  a labo rat ory simulat ion is its  abi l ity 

to  predict events which can then be detected in the rea l  system which 

was be ing modeled . With the pos s ible except ion of  the a rchived DNA, 

the re is  nothing comp letely new that has been suggested in this 

pro j ect . The cont ribut ion of this pro ject has been the attempt to  l ink 

s ome of the informat ion in the literature , part icularly the work o f  

Soberon-Chave z and col leagues o n  DNA rea rrangement and s o i l  rhizobia 

with the studies of  Young and colleagues of field i s o lates o f  rhi zobia 

and those o f  Jarvis and colleague s on the isolat ion o f  soil bacte ria 

t hat can accept pSym, all of  which are discus sed in more deta i l  in 

section 1 . 8 .  Howeve r ,  as  was stated at the beginning of  this conclus ion 

it is felt that this work is incomplete and the fol lowing expe riments 

a re sugge sted as  means of  obt a ining a more complete p icture o f  what has 

happened to 2 6 6 8 and its pSym . 

In the case of  the "dis appearing DNA" we a re faced with two 

problems : what t r igge rs the loss  and reappearance of  the DNA and by 

what mechani sm does it occur? At this point it is  felt that the mo re 

informat ion we obtain about what t riggers the rearrangement , the easier 

it will  be t o  propose and test for a mechanism . The easier po rt ion of  

the dis appea rance/ reappea rance sequence to examine is  the reappea rance 

as the plant p rovide s  either a useful t rap for a relat ive ly low 

f requency event or  is  a source of  some compound that t r igge rs the 

reappea rance . It should be po s s ible to detect the MO 1 0 3 / 1 0 4  to MO 

1 1 0 / 1 1 1  rea r rangement by t ransfer of the DNA from a numbe r o f  colonies 

of MO 1 0 3 / 1 0 4  cells on a plate ont o nitrocellulose by the co lony blot 

procedure . The f i lters can be probed for nif and nod, and any colonies 

that hybridi ze can be examined more closely by iso lat ion o f  t hat colony 

f rom a repl icate plate . Furthermo re , one series of plates could contain 

root exudate in an attempt to  determine whether or not the plant and/or 
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the compounds it produces is a factor in the rearrangement to  MO 

1 1 0 / 1 1 1 -type strains . The frequency of the rearrangement f rom MO 

1 0 3 / 1 0 4  to MO 1 1 0 / 1 1 1  is  not known but it is envisaged that more than 

1 0 4 colonies will have to  be sc reened . With appropriate di lutions about 

5 0 0  co lonies can be s c reened per plate and this should make t he 

sc reening procedure feasible . 

It is  not clear f rom the results to date exactly what sequences 

a re not hybridi z ing . The nodABC and nifKDH probes suggest that neither 

of  these two sequence s  a re present in a phys ically detectable form and 

the results of p lant nodulat ion t rials suggest that they a re . It seems 

that at least s ome o f  the symbiotic genes are archived, but despite the 

appa rent disappea rence of  the ent ire pSym f rom MO 1 0 3 / 1 0 4  there is 

insuffic ient evidence to  state that the ent i re symbiotic plasmid has 

been a rchived . Furthermore,  although a plasmid of  s imilar  s i ze to  pSym 

is vis ible in M O  1 1 0 / 1 1 1  the re is  no evidence to  suggest t hat this is  

the same plasmid a s  was  " lost " f rom 2 6 6 8  original ly . The symbiotic 

genes make up only a sma l l  portion of  pSym and it will be necessary to 

use a wide r s e lection o f  pSym to determine exactly what DNA is  being 

a rchived . I f  in fact only port ions of  pSym are archived, then it will 

be interest ing t o  determine whether or  not the re is  anything special 

about the borde r regions of  the a rchived DNA . S imi la rly, it is 

important t o  know i f  the rea rrangement s of pSym obse rved in P a rt I I  

occur a t  spec i fic s ites on pSym and in fact whether the DNA in the pSym 

derivat ives o f  P art I I  is  cont iguous or  is the result o f  DNA splicing . 

A great dea l  mo re needs to  be known about the st ructure o f  pSym and of  

the f ine det a i l  o f  DNA sequence . 

I s o lat ion and rest riction mapping of the pSym-de rivat ives of  the 

3 0 0  ( E . col i )  series will al low the phys ical st ructure of  t he pSym

derivat ives to be dete rmined . P robes to the digested plasmids will 

a llow the loc a l i z at ion o f  nodABC , ni fKDH and the Tn� insertion s ite . It 

may p rove pos s ible to  determine whethe r the delet ions we observe a re 

random or have de fined endpoints by isolat io� of further 3 0 0  series 

st rains f rom a cross and subj ect ing them to rest riction mapping and DNA 

sequencing o f  appropriate po rt ions . If a l l  isolates f rom separate 
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crosses had the same physical map ,  this would be st rong evidence for a 

Sym cassette . Secondly , the use of the 3 0 0  series as  donors will enable 

us  to dete rmine if the pSym-de rivat ives are all self-t ransmi s s able , as 

t here a re no other plasmids in E .  coli . If it is self-transmi s s able it 

will  be able to move to a new host . 

Othe r work envisaged is more in the nature of  conf i rmat ion . Only a 

very few s amples of  the excon j ugant s at each step are ava i lable in part 

I I . It would probably prove useful to choose two of  the s o i l  bacteria 

a s  pSym recipients and examine many more excon jugant s o f  a s o i l  

bacteria X 2 6 6 8 : : Tn� c r o s s  and more excon j ugants i n  the subsequent 

crosses in orde r to determine whether the event s described in this 

the s i s  represent s ingle most probable event s or whethe r they a re one 

set of event s among a la rge number of pos s ible event s . 

In summa ry, in this pro j ect we have acheived the following : 

1 .  We have demonst rated gross  modif icat ions of pSym in the f o rm of  

DNA a rchivi l i za t ion and DNA rearrangement s and have isolated bacteria 

which a re s imi lar to  field- isolated bacteria . 

2 .  We have generated material with which we can examine the 

det a ils  of  rea rrangement s ,  in particular the 1 1 0 / 1 1 1 -type st rains and 

3 0 0  series whe re the pSym de rivat ive is in an E .  coli st rain . 

3 .  Re lated to 2 .  above we have generated a pSym de rivat ive which 

can be mapped and characteri zed . 

4 .  We have out lined a further set of expe riment s for checking the 

general i zability of  the result s . 

This study wa s des cribed as  an attempt to gene rate variants o f  

2 6 6 8  i n  the laborato ry that resembled variants iso lated f rom the f ield 

and could at this st age be said to  be a qua l i fied succes s . We obt a ined 

evidence to suggest that rea r rangement and DNA trans fer on a f a ir ly 

l a rge s cale was poss ible in the laboratory . There was suffic ient 

evidence in the l iterature ( referred to earlier in this sect ion)  to 

indicate that our results we re unde rstandable within the present 

context of mo lecular bio logy and microbial eco logy . The re is  no reason 

t o  believe that this labo ratory-based study is mere a rtefact with no 

re levance to  what is  occurring in nature and good reason to  believe 

t hat furthe r work may enable us to make some fundament a l  cont ribut ions 

to t he study of the e f fect of  DNA rearrangement on genome st ructure , 

bacterial inte ract ion and bacterial adaptat ion . 
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