
Arch. Microbiol. 123, 195-201 (1979) 

Archives of 

Hicrnbielngy 
�9 by Springer-Verlag 1979 

Plasmid-Mediated Control of Nodulation in Rhizobium trifolii 
Witold Zurkowski* and Zbigniew Lorkiewicz 

Institute of  Microbiology, University M. Curie-Sklodowska, Akademicka 19, 20-033 Lublin, Poland 

Abstract. The nodulation ability was effectively elim- 
inated from different Rhizobium trifolii strains in- 
cubated at elevated temperature (Zurkowski and 
Lorkiewicz, 1978). Non-nodulating (Nod-) mutants 
were stable and no reversion of Nod-  to Nod + 
phenotype was observed. Strains R. trifolii 24 and T 12 
which showed a high percentage of elimination of 
nodulation ability were examined in detail. Two plas- 
raids were detected in strain 24 using neutral and 
alkaline sucrose gradient centrifugation of plasmid 
preparations. Molecular weights of the plasmids pWZ 1 
and pWZ2 were 460 Mdal and 190 Mdal, respectively. 
Rhizobium lysates labeled with 3H-thymidine and 
ultracentrifuged in caesium chloride - ethidium bro- 
mide gradients demonstrated a 40 % reduction of the 
plasmid DNA content in R. trifolii 24 Nod - mutants in 
comparison with the nodulating wild type strain 24. It 
was found further that non-nodulation of mutants 
24 Nod-  was due to the absence of plasmid pWZ2. 
Sucrose gradient data also demonstrated that strain 
T12 contained two plasmids with molecular weights 
corresponding to those of pWZI and pWZ2, re- 
spectively. In Nod - mutant clones derived from strain 
T12, pWZ2 ptasmid was missing. 

Key words: Rhizobium trifolii - Nodulation - Non- 
nodulating mutants - Plasmids - Molecular weight 
of plasmid - Elimination of plasmid. 

The mechanism of genetic regulation of symbiotic 
nitrogen fixation was difficult to study previously 
because of the complex interactions of the symbiont 
with its host plant. The results of recent studies indicate 
that some stages of symbiosis can be mediated by 

* To whom offprint requests should be sent 
Non Standard Abbreviations. CCC = covalently closed circular; OC 
= open circular; Sarkosyl = sodium N-lauroylsarcosinate 

extrachromosomal DNA. The occurrence of endog- 
enous plasmids in different rhizobia was demon- 
strated using physico-chemical methods (Sutton, 1974; 
Klein et al., 1975; Tshitenge et al., 1975; Dunican et al., 
1976; Zurkowski and Lorkiewicz, 1976; Kowalczuk 
and Lorkiewicz, 1977; Nuti et al., 1977; Bechet and 
Guillaume, 1978; Palomares et al., 1978). Several 
authors determined the plasmid size by sedimentation 
analysis (Tshitenge et al., 1975; Dunican et al., 1976; 
;~urkowski and Lorkiewicz, 1976; Nuti et al., 1977; 
Palomares et al., 1978) or by electron microscopy 
(Zurkowski and Lorkiewicz, 1976). Unfortunately, 
functions of the detected plasmids were in most cases 
not determined. Cole and Elkan (1973) and Dunican et 
al. (1976) found in rhizobia plasmids being R factors. 
The results of experiments carried out by Dunican et al. 
(1976) suggested plasmid-borne control of nitrogen 
fixation by Rhizobium. However, it was demonstrated 
recently (Skotnicki and Rolfe, 1978) that the strain used 
by Dunican was more related taxonomically to 
Agrobacterium than to R. trifolii. 

The genetical studies by Higashi (1967) and 
Johnston et al. (1978) indicate indirectly that the 
nodulation specificity of Rhizobium is mediated by a 
plasmid. We have assumed (Zurkowski et al., 1973) on 
basis of the studies on elimination of the nodulation 
character that the ability to nodulate was controlled in 
R. trifolii by plasmids. Parijskaya (1973) obtained sim- 
ilar results in elimination of the nodulation character 
from Rhizobium meliIoti. 

In extensive studies on R. trifolii of different sym- 
biotic properties we have detected plasmid DNAs in all 
the eighteen examined strains (in preparation). In many 
strains more than one single-size plasmid species were 
demonstrated. Among R. trifolii strains treated with 
acridine dyes non-nodulating clones were not found. 
On the other hand R. trifolii strains incubated at 
elevated temperature were cured from the nodulation 
trait (Zurkowski and Lorkiewicz, 1978). In this paper 
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the hypo the s i s  o f  the  p l a s m i d  c o n t r o l  o f  n o d u l a t i o n  in 

R. trifolii  was  p r o v e d  by  gene t ica l  a n d  p h y s i c o - c h e m i c a l  

m e t h o d s .  

Materials and Methods 

Bacterial Strains. The nodulating wild-type Rhizobium trifolii strain 
24 was obtained from the Institute of Cultivation and Fertilization of 
Soil at Pulawy, strain TI2 was isolated from clover nodules. Both 
cultures were derived from single clones and maintained on YM agar 
slants. Non-nodulating (Nod-) mutant strains were isolated from 
cultures incubated at elevated temperature (Zurkowski and 
Lorkiewicz, 1978). 

Labelling Procedure of Bacterial DNA. Overnight cultures of 
R. trifolii strains were diluted thrice with fresh yeast-mannitol (YM) 
medium (Zurkowski and Lorkiewicz, 1978) supplemented with 
[6-3H] thymidine up to 10 ~tCi/ml. Deoxyadnosine was not added to 
the medium since wild type strains of R. trifolii, contrary to some 
bacteria of other genera, readily utilized exogenous thymidine 
similarly to the thymine-less mutants of R. trifolii (Zurkowski, 1977). 
Following the addition of thymidine, bacteria were incubated with 
aeration for 4 - 6  h. 

Preparation of Bacterial Lysates. Rhizobium cultures (8 ml) labeled 
with 3H-thymidine were centrifuged at 20,000 x g for i0 rain using 
Unipan 310 centrifuge. Cells were washed with TE buffer (0.05 M 
Tris and 0.01 M EDTA, pH = 8.0), sedimented and resuspended in 
1 ml of 25 % sucrose (nucleases free, E. Merck) solution in TE buffer. 
0.5 ml lysozyme (BDH) in concentration 3 mg per ml of 0.25 M 
buffer Tris-HC[ pH = 8.0 was added to the mixture. Lysozyme 
solution was preincubated at 37 ~ C for 1.5 h before use. After 15 rain 
of incubation bacteria were lysed by addition of 1.5 mI 2 % Sarkosyl 
(0.01 M Tris, 0.05M Na2EDTA, 0.05M NaCI, 2% sodium 
N-lauroylsarcosinate, pH = 8.0). The mixture was then incubated at 
20~ for 15 min. Afterwards lysates were very gently pipetted 
5 - 10 times at flow rate less than 0.2 ml/s using a 5 ml pipette with an 
orifice of 0.7-0.8 mm. 

Ultracentrifugation in Caesium Chloride - Ethidium Bromide 
Gradients. 2.5 ml of labeled cells lysate was added to 6 g of CsC1 
dissolved in 3.4 ml TES (0.05 M Tris, 0.05 M Na2EDTA, 0.05 M 
NaC1, pH = 8.0) in a 10 ml ultracentrifuge tube. Subsequently 0.4 ml 
of ethidium bromide solution (2 mg per ml of TES buffer) was added. 
The preparation was then mixed by gentle rotation of the tube and 
overlaycred with parafin oil. Preparations were centrifuged for 44 h 
using a Ti 10 x 10 ml rotor in a MSE 65 ultracentrifuge at 15~ and 
44,000 rpm. Seven-drop fractions were collected from the bottom of 
the tube. Samples (.10 ~tl) for radioactivity counting were prepared as 
described earlier (Zurkowski and Lorkiewicz, 1977). 

Ultracentrifugation of Plasmid DNA b~ Neutral Sucrose Gradients. 
Fractions containing plasmid DNA were dialysed against TES buffer 
(0.05 M Tris, 0.005 M EDTA, 0.05 M NaC1, pH = 8.0) for 8 - 1 2  h 
at 0 - 4  ~ C. Samples of the dialysed plasmid DNA were mixed with 
32p labelled DNA of phage P22, and 0.2 ml of the preparation was 
layered on linear 5 - 2 0 %  (w/v) neutral sucrose gradient in TES 
buffer (0.05 M Tris, 0.005 M EDTA, 0.5 M NaC1, pH = 8.0). 
Gradients were centrifuged for 60 rain using Ti 3 x 6.5 ml swing-out 
rotor in MSE 65 ultracentrifuge at 20~ and 32,000 rpm. Gradients 
were fractionated by collecting six-drop fractions directly onto 
Whatman GF/C microfibre discs, and radioactivity was measured 
after precipitation with trichloroacetic acid. For preparative pur- 
poses, fractions of gradients were collected in tubes, and then 25 ~1 of 
the material were removed to determine the radioactivity. In 
preparative gradients the undiluted material collected from caesium 
chloride - ethium bromide gradients was layered onto sucrose 
gradients. 

Alkaline Sucrose Gradients. Linear 5 - 2 0 %  (w/v) alkaline sucrose 
gradients, containing additionaly 0.2 M NaOH and 0.7 M NaCI, 
were centrifuged for 20 rain in an MSE 65 Ti swing-out rotor at 20~ 
and 32,000 rpm. 

Determination of the Molecular Weight of Plasmids. Sedimentation 
coefficients ofplasmid DNA preparations were estimated on basis of 
the linear dependence between distances of the DNA peaks from the 
meniscus, and sedimentation coefficient (Clowes, 1972). 32p labelled 
DNA of phage P22 was employed as the marker. The molecular 
weight of P22 DNA molecule is 28 x 10  6 daltons (Tye et al., 1974). 
The sedimentation coefficient for linear duplex of this size, using the 
formula $2o,,~ = 2.8 + 0.00834 M ~ (Clowes, 1972), corresponds 
to 33.6S. Molecular weights of tested plasmids were estimated on 
basis of the sedimentation coefficient of the covalently closed circular 
(CCC) form of plasmid DNA employing the formula of Bazaral and 
Helinski (1968). 

Results 

El iminat ion  o f  P lasmids  f r o m  R. trifolii  
Incuba ted  at E leva ted  Tempera ture  

R. tri foli i  s t ra in  24 and  T 12 c h a r a c t e r i z e d  by  a h igh  ra te  

o f  e l i m i n a t i o n  o f  n o d u l a t i o n  at  e l eva t ed  t e m p e r a t u r e  

were  e m p l o y e d  in m o l e c u l a r  s tudies  on  cu r ing  o f  bac-  

t e r i a  f r o m  the n o d u l a t i o n  abil i ty.  T h e  cu l ture  24 and  

seven  tes ted  N o d -  m u t a n t s  de r ived  f r o m  it  s h o w e d  the  

p re sence  o f  p l a s m i d  D N A  in cae s ium ch lo r ide  - 

e t h i d i u m  b r o m i d e  dens i ty  g r a d i e n t  c e n t r i f u g a t i o n  o f  

Sa rkosy l  lysates .  A typ ica l  s ample  o f  g r a d i e n t  f rac t io -  

n a t i o n  is p r e s e n t e d  in Fig.  1. I t  was  e s t i m a t e d  tha t  the  

a m o u n t  o f  the  p l a s m i d  D N A  i so la t ed  u n d e r  s t a n d a r d  

c o n d i t i o n s  f r o m  N o d -  m u t a n t s  was  a p p r o x i m a t e l y  

40 % lower  t h a n  tha t  in the  wi ld  type  s t ra in  24. In  the  

cu l tu re  24 the ave r age  yield ( m e a n  o f  7 expe r imen t s )  o f  

the  i so la t ed  p l a s m i d  D N A  re la t ive  to  c h r o m o s o m a l  

D N A  was  3 . 8 %  ( +  1.1), w h e r e a s  in N o d -  m u t a n t s  

2 . 1 %  ( +  0.4). 
P l a s m i d  D N A s  i so la t ed  by  c a e s i u m  ch lo r ide  - 

e t h i d i u m  b r o m i d e  g r a d i e n t  c e n t r i f u g a t i o n  were  re- 

c e n t r i f u g e d  t h r o u g h  l inea r  5 - 2 0  % neu t r a l  sucrose  

grad ien ts .  P l a s m i d  D N A  o f  R. trifolii  s t ra in  24 was 

s e p a r a t e d  in to  5 f r ac t ions  o f  d i f fe ren t  s e d i m e n t a t i o n  

coef f ic ien ts  (Fig.  2A) .  Va lues  o f  s e d i m e n t a t i o n  coef-  

f ic ients  o f  the  f r ac t ions  d e t e r m i n e d  in e igh t  i n d e p e n d e n t  

e x p e r i m e n t s  were  as fo l l ows :  I - 173S (_+ 5.6); I I  - 

119S ( +  1.9); I I I -  95S (_+ 1.1); IV - 70S ( +  1.7); 

V - 46S (+_ 2.3). P l a s m i d  D N A s  o f  the  seven  tes ted  

N o d -  m u t a n t s  de r ived  f r o m  the  s t ra in  24 were  sepa-  

r a t ed  in to  three  f r ac t ions  o f  d i f fe ren t  s e d i m e n t a t i o n  

coeff ic ients .  I n  all the  seven  tes ted  N o d -  m u t a n t s ,  

f r ac t ions  II  a n d  IV were  miss ing.  A typ ica l  sed imen-  

t a t i o n  p ro f i l e  o f  p l a s m i d  D N A  i so la t ed  f r o m  the  N o d -  

m u t a n t s  is p r e s e n t e d  in Fig.  2B.  
P l a s m i d  D N A  o f  R. tri foli i  s t ra in  T 12 d e m o n s t r a t e d  

also f ive f r ac t ions  like the  wi ld  type  s t ra in  24 (Fig.  3A).  
S e d i m e n t a t i o n  coef f ic ien ts  o f  the  f r ac t ions  f r o m  I to V 
were  as fo l lows  ( m e a n  o f  3 i n d e p e n d e n t  expe r imen t s )  : 
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3 Fig. 1. Caesium chloride - ethidium bromide gradient ultracentrifugation of Sarkosyl lysates of H-thymidine labeled nodulating Rhizobium 
tHfolii strain 24 (A) and non-nodulating mutant 24 Nod - (B) 

Fig. 2. Neutral 5 - 2 0  ~ sucrose gradient centrifugation of plasmid DNA of nodulating Rhizobium trifo/ii strain 24 (A) and non-nodulating 
mutant 24 Nod-  (B) 

181S, 121S, 92S, 73S and 42S. Sedimentation coef- 
ficients of the corresponding plasmid fractions isolated 
from the strain 24 Nod  + were alike to those of TI2 
Nod + . In the examined T12 N o d -  mutant the 
fractions II and IV were missing (Fig. 3 B). 

Molecular Characteristic of  R. trifolii Plasmids 

Plasmid DNA isolated from R. trifolii strain 24 was 
subjected to further analysis. Additional experiments 
were carried out to determine properties and the 
character of particular DNA fractions separated by 
sucrose gradient ultracentrifugation. For  that purpose 
sedimentation profiles of plasmid DNA stored at 4~ 
were determined. Additionally, DNA of particular 
fractions isolated from preparative sucrose gradients 
were resedimented in neutral and alkaline sucrose 
gradients. In neutral sucrose gradient eentrifugation 
two plasmid forms are usually detected, fast 
sedimenting CCC form and slowly sedimenting OC 
form (Clowes, 1972). Storage or ionizing radiation 
brings about the transformation of  the CCC to OC 
form and subsequently to linear form of DNA. 

In order to obtain the preparation as open circular 
forms, plasmid DNA isolated from the strain 24 was 
stored at 4~ for 4 days. This DNA subjected to 
sedimentation analysis in neutral sucrose gradient 
showed a reduction of the content of  fractions I and II 
(Fig. 4). Sedimentation analysis of the freshly isolated 
DNA is presented in Fig. 2A. The results indicated that 
fractions I and II were CCC forms of two different 
plasmids. 

The plasmid DNA isolated from marked peaks of 
preparative neutral sucrose gradient (Fig. 5) were re- 
sedimented in neutral (Fig. 6) and alkaline sucrose 
gradients (Fig. 7). DNA collected from the peak I was 
separated by neutral sucrose gradient centrifugation in 
two fractions which corresponded to the fractions I and 
III (Fig. 6A and 5). DNA of the peak II was also 
separated in two fractions. Sedimentation coefficients 
of these fractions corresponded with the coefficients of 
the fractions II and IV (Fig. 6B and 5). In profiles of 
the resedimented material from the fractions III and V 
no additional peaks were observed (Fig. 6 C, D and 5). 

In aIkaline sucrose gradients the CCC form of DNA 
sediments three to four times more rapidly than linear 
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Fig. 3. Neutral 5 -  20 % sucrose gradient centrifugation of plasmid DNA of nodulating Rhizobium trifolii strain T 12 (A) and non-nodulating 
mutant T12 Nod- (B) 

Fig. 4. Neutral 5 - 20 % sucrose gradient centrifugation of plasmid DNA of Rhizobium trifolii strain 24, stored for 4 days at 4 ~ C 
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Fig. 5. Preparative neutral 5 -  20 % sucrose gradient centrifugation 
of plasmid DNA of Rhizobium tr~olii strain 24. Marked fractions 
were collected for resedimentation 

or open circular D N A  (Clowes, 1972). DNAs isolated 
from the peaks I and II sedimented rapidly in alkaline 
sucrose gradient (Fig. 6A and B). 

It  was shown above by three different tests that  the 
fractions [ and [ I I  were CCC and OC forms, re- 
spectively of  one plasmid, designated according to 

Nowick et al. (1977) as pWZ 1, whereas fractions II and 
IV were configurational forms of the other plasmid 
designated pWZ2. 

It  seems probable that deficiency of  the fractions II 
and IV in Nod  - mutants resulted from the loss of  one 
plasmid, pWZ2.  The fraction V centrifuged in alkaline 
sucrose gradient sedimented slowly. It  is more likely 
that this fraction contained the degraded D N A  of large 
plasmids and/or fragments of  the chromosomal D N A  
but not CCC D N A  of a smaller plasmid. 

By application of  the Bazaral and Helinski (1968) 
formula, molecular weights of  the plasmids carried by 
R. trifolii strain 24 were estimated. D N A  of the CCC 
and OC forms of the respective sedimentation coef- 
ficients 173S (+_ 5.6) and 95S ( +  J.1) corresponded to 
the large plasmid pWZ1 of the molecular weight 457 
(___ 35) Mdal. The molecular weight of  the plasmid 
p W Z 2  having sedimentation coefficients of  119S 
( +  1.9) for CCC and 70S ( •  1.7) for OC form was 191 
(_+ 7) Mdal. 

Stability o f  the N o d -  Mutants  

Many tests have shown that for seedlings of  leguminous 
plants grown in or on agar, 1 - 2  rhizobia per tube 
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Fig. 6. Resedimentation in neutral sucrose gradient of plasmid DNA collected from neutral sucrose gradient from peaks marked on Fig. 5 

Fig. 7. Resedimentation in alkaline sucrose gradient of plasmid DNA collected from neutral sucrose gradient from peaks marked on Fig. 5 
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being usual ly  sufficient for a posi t ive resul t  o f  nodu-  
la t ion  (Vincent,  1970). A p p r o x i m a t e l y  550 clover  seed- 
lings were inocula ted  with  cul tures  o f  R. trifolii 24 
N o d  - and  R. trifolii T12 N o d -  mutants .  A m o n g  them 
100 p lan ts  were inocu la ted  with  a large inocu lum 
(8 >( 10 9 cells/ml) o f  one R. trifolii 24 N o d -  mutan t .  In  
any o f  these exper iments  as well as in tests wi th  N o d -  
mutan t s  i sola ted  f rom other  s t rains  o f  R. trifolii by 
incuba t ion  at  e levated t empera tu re ,  no  revers ions to 
N o d  + were observed.  

Discussion 

It  was found  tha t  many  strains  o f  Rhizob ium trifolii 
incuba ted  at  e levated t empera tu re  lost  their  nodu la t ing  
abi l i ty  (Zurkowsk i  and  Lorkiewicz,  1978). G r o w t h  at  
e levated t empera tu re  was first e m p l o y e d  by  M a y  et al. 
(1964) and  Te rawak i  et  al. (1967) to  cure S taphy lococc i  
and  Proteus  f rom plasmids .  

Two strains,  R. trifolii 24 and  T12,  which showed  a 
high rate  o f  e l imina t ion  o f  the nodu la t i ng  abi l i ty  by 
incuba t ion  at  e levated tempera ture ,  were examined  in 
detai l  in the present  study.  P lasmid  D N A s  o f  b o t h  
strains sed imented  in neut ra l  sucrose g rad ien t  were 
separa ted  into five f ract ions  o f  different  sed imen ta t ion  
coefficients.  It was shown by. three different  tests 
(changes in sed imenta t ion  profi les  o f  s to red  p la smid  
D N A ,  r e sed imen ta t ion  o f  ind iv idua l  f rac t ions  o f  p las-  
mid  D N A  in neutra l ,  or  in a lkal ine  sucrose gradients)  
tha t  f ract ions  I and  I I I  were C C C  and  O C  forms,  
respect ively o f  one p la smid  des igna ted  p W Z  1, whereas  
f ract ions  II  and  IV were conf igura t iona l  forms o f  the 
o ther  p l a smid  des igna ted  p W Z  2. In  seven tested N o d  - 
mutan ts ,  i so la ted  f rom the s t ra in  24 after  incuba t ion  at  
e levated tempera ture ,  the f ract ions  II  and  IV were 
missing. Deficiency o f  b o t h  D N A  fract ions  was also 
observed in the N o d -  m u t a n t  i sola ted  f rom strain  24 
by t r ea tmen t  with UV i r radia t ion .  On  the o ther  hand  in 
one tested nodu la t ing  clone isola ted  f rom R. trifolii 
s t ra in  24 after  7 days  o f  i ncuba t ion  at  35~ bo th  
p lasmids ,  p W Z  1 and  p W Z  2, were detected.  The above  
results  indicate  to a cor re la t ion  be tween the loss o f  the 
nodu l a t i on  charac te r  and  the e l imina t ion  o f  the plas-  
mid  p W Z 2 .  The  d i sappea rance  o f  the nodu l a t i on  
abi l i ty  o f  R. trifolii s t ra in  T 12 was also cor re la ted  with  

the loss o f  the p lasmid .  
The mechan i sm of  the infect ion o f  l eguminous  

p lan ts  wi th  Rhizob ium and  the nodule  f o r m a t i o n  are 
no t  well known.  The detected by  us mode l  o f  the 
p l a smid  cont ro l  is sui table  to  s tudy these processes.  

I t  is interest ing to  note  tha t  also in Agrobac ter ium 
which is t axonomica l ly  re la ted to Rhizobium,  a large 
p la smid  responsible  for  infectiveness and t u m o r  for- 
m a t i o n  in p lan ts  was detected (Van La rebeke  et al,, 
1974). 
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