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INTRODUCTION 

I n  1976, t h e  U.S. Agency f o r  I n t e r n a t i o n a l  Development (AID) 
c o n t r a c t e d  w i t h  t h e  U.S. Department of  A g r i c u l t u r e  t o  e s t a b l i s h  t h e  "World 
Rhizobium Study and C o l l e c t i o n  Center"  w i t h i n  t h e  A g r i c u l t u r a l  Research 
S e r v i c e  a t  B e l t s v i l l e ,  Maryland. The purpose  o f  t h e  c e n t e r  is t o  p r o v i d e  
a  s a f e  and p e r p e t u a l  d e p o s i t o r y  and c o l l e c t i o n  c e n t e r  f o r  Rhizobium and 
Bradyrhizobium c u l t u r e s ,  which a r e  a v a i l a b l e  t o  u s e r s  worldwide,  and t o  
p rov ide  r e s e a r c h  and t r a i n i n g  o p p o r t u n i t i e s  i n  t h e  a r e a  o f  
legume-Rhizobium technology t o  s c i e n t i s t s  from deve lop ing  c o u n t r i e s .  The 
o v e r a l l  g o a l  o f  t h i s  p r o j e c t  is t o  i n c r e a s e  legume p r o d u c t i v i t y  through 
enhanced n i t r o g e n  f i x a t i o n .  

S i n c e  1912 t h e  A g r i c u l t u r a l  Research S e r v i c e  h a s  main ta ined  a  
c o l l e c t i o n  o f  Rhizobium, and,  d e s p i t e  l i m i t e d  funds ,  h a s  con t inued  t o  
d i s t r i b u t e  t h i s  germplasm worldwide. The e s t a b l i s h m e n t  of t h i s  p r o j e c t  
w i t h  supp lementa l  funds  from A I D  r e p r e s e n t s  a n  inves tment  on b e h a l f  o f  
lesser developed c o u n t r i e s .  B e n e f i t s  t o  them i n c l u d e  i n c r e a s e d  
c o l l e c t i o n ,  e v a l u a t i o n  and d i s t r i b u t i o n  o f  r h i z o b i a l  germplasm f o r  legumes 
commonly grown i n  l e s s  developed c o u n t r i e s ,  and o p p o r t u n i t i e s  f o r  t h e i r  
s c i e n t i s t s  t o  work w i t h  t h e  e x c e l l e n t  r e r s e a r c h  s t a f f  i n  t h e  Ni t rogen  
F i x a t i o n  and Soybean Gene t i c s  Laboratory.  The combinat ion o f  a n  e x i s t i n g  
Rhizobium c o l l e c t i o n  ( t h e  USDA Rhizobium C u l t u r e  c o l l e c t i o n ) ,  exper ienced  
pe r sonne l  and i n t e r n a t i o n a l  connec t ions  makes t h e  ARS, i t s  f a c i l i t i e s  and 
programs, t h e  b e s t  q u a l i f i e d  i n s t s i t u t i o n  f o r  e s t a b l i s h i n g  and m a i n t a i n i n g  
a  t r u l y  i n t e r n a t i o n a l  c e n t e r  f o r  t h e  c o l l e c t i o n  and s t u d y  o f  r h i z o b i a .  
The c e n t e r  i s  housed w i t h i n  t h e  Ni t rogen F i x a t i o n  & Soybean G e n e t i c s  
Labora to ry ,  where a  m u l t i - d i s c i p l i n a r y  s t a f f  o f  r e s e a r c h  s c i e n t i s t s  
working on n i t r o g e n  f i x a t i o n  i s  a v a i l a b l e  f o r  c o l l a b o r a t i v e  e f f o r t s .  

The World Rhizobium Study and C o l l e c t i o n  C e n t e r  is l i n k e d  t o  numerous 
programs and i n s t i t u t i o n s  worldwide which promote u t i l i z a t i o n  o f  s y m b i o t i c  
n i t r o g e n  f i x a t i o n  i n c l u d i n g  NifTAL, INTSOY, t h e  UNESCO/UNEP/ICRO MIRCENs , 
t h e  I n t e r n a t i o n a l  Research Cen te r s  sponsored by C G I A R ,  L i m i t i n g  F a c t o r s  i n  
BNF ( AID/CSRS) . 

SCOPE OF WORK 

The s p e c i f i c  o b j e c t i v e s  of t h e  p r o j e c t  a r e  t o :  

1 .  C o l l e c t  i s o l a t e s  o f  Rhizobium which f i x  n i t r o g e n  e f f i c i e n t l y  i n  
a s s o c i a t i o n  w i t h  legumes. 

2. C o l l e c t  o t h e r  organisms which f i x  n i t r o g e n  when a s s o c i a t e d  w i t h  
o t h e r  p l a n t s .  

3. C h a r a c t e r i z e  t h e  performance of  newly a c q u i r e d  m i c r o b i a l  germplasm 
wi th  r e f e r e n c e  t o  s p e c i f i c i t y  of h o s t ,  cul t ivar-Rhizobium i n t e r c t i o n s ,  
n i t r o g e n  f i x i n g  e f f i c i e n c y  and environmental  v a r i a b l e s .  

4. Enumerate and c a t a l o g e  germplasm a c c e s s i o n s  f o r  d i s t r i b u t i o n  t a  
. . r e s e a r c h e r s  worldwide. 

5. S e r v e  a s  a  d e p o s i t o r y  of  mic rob ia l  germplasm. 



6. D i s t r i b u t e  upon r e q u e s t  s t o c k  c u l t u r e s  f o r  r e s e a r c h  and commercial  
inoculum p r o d u c t i o n .  

7. T r a i n  r e s e a r c h e r s  and t e c h n i c i a n s  from d e v e l o p i n g  c o u n t r i e s  i n  
t e c h n i q u e s  and s u b j e c t  m a t t e r  f o r  a p p l i e d  r e s e a r c h  and t e c h n o l o g y  o f  
Rhizobium. 

8. C o n s u l t  w i t h  and p r o v i d e  t e c h n i c a l  gu idance  t o  r e s e a r c h e r s  i n  t h e  
a r e a  o f  s y m b i o t i c  n i t r o g e n  f i x a t i o n  i n  d e v e l o p i n g  c o u n t r i e s .  

9. Modify e x i s i t i n g  methods o f  p r e s e r v a t i o n  o f  r h i z o b i a  t o  d e t e r m i n e  
t h e  b e s t  i n e x p e n s i v e  method which c a n  be used i n  d e v e l o p i n g  c o u n t r i e s .  

10. S t u d y  i n o c u l a t i o n  methods i n  r e l a t i o n  t o  p e r s i s t e n c e  and 
c o m p e t i t i o n  among s t r a i n s  o f  Rhizobium. 

PROJECT PERSONNEL 

Deane F. Weber, Ph.D. M i c r o b i o l o g i s t ,  P r i n c i p a l  I n v e s t i g a t o r  
Harold  H. Keyse r ,  Ph.D. M i c r o b i o l o g i s t ,  C u r a t o r  
R i c h a r d  F. G r i f f i n ,  B.S. B i o l o g i c a l  L a b o r a t o r y  T e c h n i c i a n ,  

C o l l e c t i o n  Manager 
Ed Zebov i t ch  B i o l o g i c a l  Aid ( h a l f  t ime)  
M a r t i n  R e i n h a r t  B i o l o g i c a l  Aid ( h a l f  t i m e )  

* * * * * 1985 ACTIVITIES AND ACCOMPLISHMENTS * * * * * 

GERMPLASM 

I n  1985 we d i s t r i b u t e d  852  c u l t u r e s  from 111 r e q u e s t s  f o r  germplasm o f  
Rhizobium. R e q u e s t s  from f o r e i g n  c o u n t r i e s  accoun ted  f o r  41 % o f  t h e  
t o t a l .  C u l t u r e s  were s e n t  t o  t h e  f o l l o w i n g  c o u n t r i e s :  

E t h i o p i a  
T u n i s i a  
I t a l y  
S e n e g a l  
A u s t r a l i a  
Turkey 
Un i t ed  Kingdom 
West Germany 
B r a z i l  
S p a i n  
Romania 

I r a q  
Canada 
F r a n c e  
I n d i a  
Morocco 
S w i t z e r l a n d  
Egypt  
S o u t h  Korea 
Mexico 
A r g e n t i n a  
J a p a n  

A summary of  t h e  1985 r e q u e s t s  by Rhizobiurn s p e c i e s  f o l l o w s :  

Bradyrhizobium japonicum 
Bradyrhizobium s p .  
Rhizobiurn m e l i l o t i  
Rhizobiurn f r e d i i  
Rhizobium lezuminosarum 

c u l t u r e s  
c u l t u r e s  
c u l t u r e s  
c u l t u r e s  

>> 

bv p h a s e o l i  36 c u l t u r e s  
bv t r i f o l i i  54 c u l t u r e s  
bv v i c e a e  45 c u l t u r e s  

Rhizobium l o  t i  6 c u l t u r e s  



Germplasm Depos i t ed  

I n  1985 t h e  N i t r a g i n  Company o f  Milwaukee, Wiscons in  ( a  l e a d i n g  
r h i z o b i a l  i n o c u l a n t  m a n u f a c t u r e r ) ,  d e p o s i t e d  a p p r o x i m a t e l y  1 , 1 1 0  s t r a i n s  
of  r h i z o b i a  i n  o u r  c u l t u r e  c o l l e c t i o n .  The company d e c i d e d  n o t  t o  
c o n t i n u e  ma in tenance  o f  t h i s  l a r g e  r e s e a r c h  c o l l e c t i o n  t h a t  had been 
asembled by t h e  fo rmer  d i r e c t o r  o f  r e s e a r c h ,  D r .  J o e  Burton.  T h i s  
c o l l e c t i o n  c o n t a i n e d  s t r a i n s  i s o l a t e d  from a wide r a n g e  o f  legume h o s t s ,  
and added 84  legume s p e c i e s  t o  o u r  l ist o f  h o s t s  r e p r e s e n t e d  i n  o u r  
c o l l e c t i o n .  T h i s  germplasm would be v e r y  d i f f i c u l t  t o  r e p l a c e ,  a s  i t  was 
accumula t ed  f rom i s o l a t i o n s  made th roughou t  t h e  wor ld ,  i n c l u d i n g  from 
u n c u l t i v a t e d  legumes.  These  i s o l a t e s  were r e c e i v e d  on a g a r  s l a n t s  i n  
co t ton -p lugged  t u b e s .  S e v e r a l  months were s p e n t  t r a n s f e r r i n g  t h e  c u l t u r e s  
t o  f r e s h  s l a n t s ,  c h e c k i n g  f o r  c o n t a m i n a t i o n ,  and f r e e z i n g  c u l t u r e s  i n  
g l y c e r i n  a t  -80°c f o r  permanent  p r e s e r v a t i o n .  T h i s  w i l l  a l l o w  u s  t o  
c h a r a c t e r i z e  t h e s e  c u l t u r e s  a t  o u r  l e i s u r e  i n  t h e  f u t u r e .  A l so ,  s t a f f  
members H. H. Keyse r  and R. F. G r i f f i n  v i s i t e d  t h e  N i t r a g i n  Co. f o r  3 d a y s  
i n  J u n e ,  1985,  t o  copy s t r a i n  r e c o r d s  o f  t h o s e  c u l t u r e s  d e p o s i t e d  i n  t h e  
USDA Rhizobium C u l t u r e  C o l l e c t i o n .  

I would l i k e  t o  add t h a t  Mr. G r i f f i n  h a s  done an  e x t r a o r d i n a r y  j o b  on 
t h e  above  s t r a i n s  u n d e r  d i f f i c u l t  c o n d i t i o n s .  

TRAINING 

Miss B e a t r i c e  Anyango, from t h e  U n i v e r s i t y  o f  N a i r o b i ,  M i c r o b i o l o g i c a l  
+ .. Resource  C e n t e r ,  N a i r o b i ,  Kenya, s e r v e d  as a t r a i n e e  i n  o u r  g roup  f rom 

A p r i l  t h r o u g h  August ,  1985. A program t a i l o r e d  t o  h e r  s p e c i f i c  n e e d s  
i n c l u d e d  t e c h n i q u e s  f o r  Rhizobium s t r a i n  i d e n t i f i c a t i o n  ( s e r o l o g i c a l  and 
a n t i b i o t i c  t e c h n i q u e s ) ,  e v a l u a t i o n  o f  s y m b i o t i c  e f f e c t i v e n e s s  o f  s t r a i n s  
f o r  P h a s e o l u s  v u l a a r i s .  A l b i z z i a  and A c a c i a  s ~ e c i e s .  and d e s i g n  o f  a  

.J - 
program f o r  e v a l u a t i o n  o f  s u r v i v a l  and c o m p e t i t i v e n e s s  among Rhizobium 
p h a s e o l i  i n  Kenya. A l s o ,  s h e  v i s i t e d  Kalo  Inc .  i n o c u l a n t  m a n u f a c t u r e r  i n  
Columbus, Oh io ,  and  t h e  Boyce Thompson I n s t i t u t e ,  I t h a c a ,  New York, a s  
p a r t  o f  h e r  t r a i n i n g  program. A b r i e f  r e p o r t  on h e r  program i s  a t t a c h e d .  

ASSISTANCE AND COLLABORATION 

A s s i s t a n c e  and c o l l a b o r a t i o n  was p rov ided  t o  o t h e r  programs,  both 
n a t i o n a l  and i n t e r n a t i o n a l ,  d e a l i n g  w i t h  t h e  u s e  and promot ion  o f  
b i o l o g i c a l  n i t r o g e n  f i x a t i o n :  

D r .  Keyse r  was i n v i t e d  t o  p a r t i c i p a t e  i n  t h e  F i r s t  U.S.-Spain Program 
Development Workshop on N i t r o g e n  F i x a t i o n ,  Granada ,  S p a i n ,  May 27-29. 
He p r e s e n t e d  t h e  i s s u e  pape r  "Agronomic implications of  Compe t i t i on  
Among R h i z o b i a " ,  and met w i t h  r e s e a r c h e r s  F. Temprano Vera and R a f a e l  
O r i v e  of  S e v i l l a  a b o u t  t h e i r  i n o c u l a n t  p r o d u c t i o n  a c t i v i t i e s ,  and 
f u t u r e  c o l l a b o r a t i o n  w i t h  t h e  group a t  S e l  t s v i l l e .  



D r .  Weber and D r .  Keyser reviewed g r a n t  p r o p o s a l s  f o r  t h e  Board on 
S c i e n c e  and Technology f o r  I n t e r n a t i o n a l  Development's program "Grants  
f o r  Research on B i o l o g i c a l  Ni t rogen F i x a t i o n " .  

D r .  Keyser s e r v e d  on t h e  S o i l  Chemist ry/~gronomy pane l  o f  A I D ' S  
Program i n  S c i e n c e  and Technology Coopera t ion ,  reviewing g r a n t  
p r o p o s a l s  f o r  t h e  program. 

D r .  Weber s e r v e d  on t h e  L i m i t i n g  F a c t o r s  Panel  o f  A I D ' S  Program i n  
S c i e n c e  and Technology Coopera t ion ,  reviewing and p r i o r i t i z i n g  
p r o p o s a l s  f o r  t h e  program. 

RESEARCH ACCOMPLISHMENTS 

The S t a f f  o f  t h e  World Rhizobium Study and C o l l e c t i o n  Cen te r  conduct 
r e s e a r c h  wi th  o t h e r  s c i e n t i s t s  o f  t h e  Ni t rogen  F i x a t i o n  & Soybean Gene t i c s  
Labora to ry ,  u s i n g  t h e  c o l l e c t i o n  a s  a n  e x p l o i t a b l e  base  f o r  r e s e a r c h  on 
impor tan t  i s s u e s .  H i g h l i g h t s  o f  t h e  r e s e a r c h  i n  1985 fo l low:  

Soybean r h i z o b i a  were - t es ted  f o r  t h e i r  a b i l i t y  t o  grow a n a e r o b i c a l l y  
i n  t h e  Presence  of NO and f o r  d i f f e r e n c e s  i n  f i n a l  p roduc t  
fo rmat ion  from a n a e r o a i c  NO 'metabolism. Anaerobic growth i n  t h e  
p resence  of NO -was observe2 i n  270 of 321 s t r a i n s .  None of  t h e  
s t r a i n s  i n  s e r J g r o u p  135 grew a n a e r o b i c a l l y  i n  t h e  p resence  of NO - 
Serogroups  31, 46, 76, and 94 Predomina te ly  l i b e r a t e d  N O S  a s  t h e  3' 

f i n a l  p roduc t  o f  d e n i t r i f i c a t i o n ,  whereas t h e  e v o l u t i o n  o f  N 2  was 
p r e v e l a n t  i n  se rogroups  1 10 and 122. 

The r e l a t i o n s h i p  between u r e i d e  N and N2 f i x a t i o n  was e v a l u a t e d  i n  
greenhouse-grown soybean and l i m a  bean,  and i n  f i e l d  s t u d i e s  w i t h  
soybean. I n  t h e  greenhouse ,  p l a n t  N accumulat ion from N f i x a t i o n  
i n  soybean and l ima  bean c o r r e l a t e d  w i t h  u r e i d e  N. u r e i s e  N 
d e t e r m i n a t i o n s  i n  f i e l d  s t u d i e s  w i t h  soybean c o r r e l a t e d  wi th  N 
f i x a t i o n ,  aboveground N accumula t ion ,  nodule  we igh t ,  and a c e t y  f ene  
reduc t ion .  Ureide-N measurements may be u s e f u l  t o  r ank  s t r a i n s  o f  - B. 
japonicum f o r  e f f e c t i v e n e s s  of N 2  f i x a t i o n .  

Soybean genotypes  have been i d e n t i f i e d  which r e s t r i c t  n o d u l a t i o n  by 
s t r a i n  USDA 123, which is  r e p r e s e n t a t i v e  o f  ind igenous  b radyrh izob ia  
i n  t h e  midwest U.S. T h i s  r e s t r i c t e d  n o d u l a t i o n  of  t h e  o t h e r w i s e  
c o m p e t i t i v e  s t r a i n  USDA 123 p e r m i t s  an  i n o c u l a n t  s t r a i n  t o  form t h e  
m a j o r i t y  o f  t h e  nodu les  on t h e s e  unique soybeans.  The g o a l  of  t h i s  
r e s e a r c h  is t o  breed t h i s  symbio t i c  c h a r a c t e r i s t i c  i n t o  p roduc t ion  
c u l t i v a r s ,  such a s  Wil l iams.  

A genotype of  w i l d  soybean,  Glyc ine  s o j a ,  was p r e v i o u s l y  i d e n t i f i e d  
which is  p r e f e r e n t i a l l y  e f f e c t i v e  a t  n i t r o g e n  f i x a t i o n  wi th  t h e  f a s t  
-growing Rhizobium f r e d i i  a s  compared t o  t h e  slow-growing 
Bradyrhizobiurn japoncium. I n  f u r t h e r  t e s t s ,  we have found t h a t  t h e  R .  
f r e d i i  s t r a i n  USDA 193 i s  a l s o  v e r y  c o m p e t i t i v e  a t  forming nodules  on  
t h i s  w i l d  soybean when competing a g a i n s t  VSDA 123, whi le  j u s t  the  
o p p o s i t e  outcome is found Jn  t h e  soybean c u l t . i v a r  'd i l l ia rns .  C u r r e n t l y  
we a r e  e v a l u a t i n g  c r o s s e s  of  t h e s e  two genotypes  i n  an e f f o r t  to  
deve lop  a  p roduc t ive  soybean t h a t  is  e f f e c t i v e  and competi  t i v e  wi th  
t h e  new R .  f r e d i i  s t r a i n s .  - 



ABSTRACTS AND PUBLICATIONS 

Abs t r ac t s  and pub l i c a t i ons  by t h e  c e n t e r ' s  s t a f f  i n  1985 fol low:  

Keyser,  H. H. and P. B. Cregan. 1985. D i v e r s i t y  o f  nodula t ion  by 
serogroup 123 i s o l a t e d  i n  c u l t i v a t e d  and e x o t i c  soybeans.  Proceedings  
10 th  N. Am. Rhizobium Conf. p. 41. 

Keyser,  H. H. and P. B. Cregan. 1985. Host i n f l u e n c e  on nodu l a t i on  
a b i l i t y  w i th in  Bradyrhizobium japonicum serogroup 123. Am. Soc. 
Agron., Abstr .  p. 158. 

Cregan, P. B. and H. H. Keyser. 1985. Host determined r e s t r i c t e d  
nodula t ion  of s t r a i n  USDA 123. Proceedings  10th N. Am. Rhizobium 
Conf. p. 35. 

Cregan, P. B. and H. H. Keyser. 1985. Use of  t h e  soybean h o s t  
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f i n d i n g s  i n  t h e  f i e l d  of B i o l o g i c a l  N i t r o g e n  F i x a t i o n  i n  
legumes and t h e  r o l e  o f  Mycorrh izae  i n  N i t r o g e n  f i x a t i o n  
i n  legumes and i n  non-legumes l i k e  C a s u a r i n a  s p p .  I t  was 
a l s o  a  p l a c e  f o r  mee t ing  o t h e r  s c i e n t i s t s  f o r  exchange  of  
i d e a s  and  open ing  new avenues  f o r  f u t u r e  c o l l a b o r a t i o n .  
It i s  my s i n c e r e  hope t h a t  I w i l l  c o n t i n u e  t o  g e t  s u p p o r t  
f rom USAID e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  t h r o u g h  o t h e r  
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S i n c e r e l y ,  

B e a t r i c e  Anyango 
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I n t r o d u c t i o n  

The course  was i n i t i a t e d  by Professor  S. 0. Keya, Univers i ty  of Na i rob i ,  

MIRCEN p r o j e c t ,  Nairobi ,  Kenya and Dr. H. H. Keyser of Nitrogen F i x a t i o n  and 

Soybean Gene t ics  Laboratory ,  USDA, B e l t s v i l l e ,  Maryland, USA. The course  was a  

f u l f i l l m e n t  of one of t h e  aims of a  US A I D  funded programme i n  t h e  n i t r o g e n  

f i x a t i o n  l a b o r a t o r y  t o  have t r a i n e e s  and S c i e n t i s t s  from developing c o u n t r i e s  

v i s i t  t h e  l a b o r a t o r y  and a c q u i r e  some techniques  f o r  t h e  s tudy  of  Rhizobium 

ecology. 

The fo l lowing  techniques  were acquired;  a g g l u t i n a t i o n ,  f l u o r e s c e n t  ant ibody 

and a n t i b i o t i c  r e s i s t a n c e  markers.  Enzyme l inked  immunosorbent a s s a y  (ELISA) 

and b a c t e r i o p h a  ge could no t  be covered due t o  s h o r t a g e  of time. Apart 

from t h e  l a b o r a t o r y  t echn iques there  were two Rhizobium s t r a i n  e f f e c t i v e n e s s  

exper iments  with common beans ,  Acacia spp and A l b i z i a  spp.  A week's f i e l d  t r i p  

was organized t o  enab le  v i s i t s  t o  an inocu lan t  p roduc t ion  f i rm and a  p l a n t  

r e s e a r c h  i n s t i t u t e .  

S e r o l o g i c a l  t echn iques  

I n  o r d e r  t o  s t u d y  t h e  p e r s i s t e n c e  of Rhizobium i n  t h e  s o i l  i n  t h e  presence 

o f  o t h e r  microorganisms inc lud ing  r h i z o b i a ,  t h e  s t r a i n s  must be d i s t i n g u i s h -  

a b l e .  The a v a i l a b i l i t y  of s e r o l o g i c a l  techniques  f o r  s t r a i n  i d e n t i f i c a t i o n  

permi t s  t h e  success  and p e r s i s t a n c e  of inocu lan t  s t r a i n s  t o  be determined w i t h  

c o n s i d e r a b l e  p r e c i s i o n  provided t h a t  t h e  a p p r o p r i a t e  c o n t r o l s  a r e  used. 

Serology has been used e x t e n s i v e l y  t o  i d e n t i f y  d i f f e r e n t  s t r a i n s  of 

Rhizobium and t o  measure the  s u r v i v a l  of inocu lan t  s t r a i n s ,  compet i t ion among 



i n o c u l a n t  s t r a i n s  and t h e  n a t u r e  of  t h e  ind igenous  s o i l  r h i z o b i a .  S e v e r a l  

s e r o l o g i c a l  t e c h n i q u e s  have been deve loped ,  t h e s e  a r e ,  a g g l u t i n a t i o n ,  

immunoflorescence.  inanunodiffusion and enzyme-linked innnunosorbent a s s a y  ( E L I s A ) ,  

a l l  o f  which a r e  based  on t h e  g e n e t i c  un iqueness  of  microorganisms.  

The inmunof luorescence  (IF) o r  f l u o r e s c e n t  a n t i b o d y  ( F A )  t e c h n i q u e s  makes 

u s e  o f  f l u o r e s c e n t  markers  which c o n j u g a t e  t o  a n t i b o d y  p r o t e i n s  and e n a b l e  

v i s u a l i z a t i o n  of  a n t i b o d i e s  a s  t h e y  p a r t i c i p a t e  i n  a n t  igen-ant  ibody r e a c t  i o n s .  

A g g l u t i n a t i o n  is a  s i m p l e r  method which l i k e  t h e  FA t e c h n i q u e  is based  on t h e  

r e a c t i o n  o f  s p e c i f i c  soma t i c  a n t i g e n s .  The p r e p a r a t i o n  o f  FA from a n t i s e r u m  and 

m i c r o s c o p i c  examina t ion  was cove red .  Crushed nodu le  s u s p e n s i o n  test  w i t h  

s p e c i f i c  FAs was a l s o  done. 

A n t i b i o t i c  R e s i s t a n c e  Markers  

The u s e  of s e r o l o g i c a l  t e c h n i q u e s  f o r  s t r a i n  d i f f e r e n t a t i o n  is  r e l i a b l e  

o n l y  i f  t h e  s t r a i n s  d o  n o t  c r o s s  r e a c t  t o  a n  e x t e n t  t h a t  i t  cannot  be removed b y  

h e t e r o l o g o u s  a d s o r p t i o n .  However, o t h e r  methods of d i f f e r e n t a t i o n  can  be used.  

A n t i b i o t i c  r e s i s t a n c e  markers  p r o v i d e  one  p o s s i b l e  a l t e r n a t i v e  t o  s e r o l o g i c a l  

markers .  Many b a c t e r i a  a r e  i n t r i n s i c a l l y  r e s i s t a n t  t o  low l e v e l s  of v a r i o u s  

a n t i b i o t i c s .  The r a n g e  and concen t  r a t i o n s  of antibiotics t o  which these 

b a c t e r i a  a r e  res is t a n t  , however, v a r y  c o n s i d e r a b l y  even among st r a i n s .  T h i s  

un ique  p a t t e r n  of  i n t r i n s i c  a n t i b i o t i c  r e s i s t a n c e  can  be  a p p l i e d  as  a  g e n e t i c  

f i n g e r p r i n t  of an o rgan i sm and used  t o  r e c o g n i z e  i t .  

B a c t e r i a  c a n  a l s o  r e a d i l y  d e v e l o p  r e s i s t a n c e  t o  f a i r l y  h igh  l e v e l s  o f  

a n t i b i o t i c s  through sponteneous  o r  induced m u t a t i o n .  I f  such muta t ions  a r e  

s t a b l e  t h e n  t h e y  can  be used as  markers  f o r  r e c o g n i t i o n  and i s o l a t i o n  of t h a t  

s t r a i n  from a mixed p o p u l a t i o n .  The methods involved  i n  s t r a i n  s c r e e n i n g  f o r  

a n t i b i o t i c  r e s i s t a n c e  were a c q u i r e d .  Th i s  was done on some 30 Rhizobium s t r a i n s  



from t h e  Na i rob i  Rhizobium MIRCEN. The hos t  p l a n t s  f o r  t h e  s t r a i n s  were comon 

beans ,  Soybeans, cow peas ,  pigeon pea, Lucerne, Desmodium, Leuceana 

l eucocepha la ,  Sesbania  s e s b a n ,  A l b i z i a  f a l c a t a r i a ,  Da lbe rg ia  melanoxylon and 

Acacia a l b i d a .  

S t r a i n s  of common beans and &as-i..a-1,bida were s u b j e c t e d  t o  a  second marker. 

Some double  marked s t r a i n s  were used f o r  e f f e c t i v e n e s s  t e s t s  wi th  t h e  r e s p e c t i v e  

h o s t s  on t h e  26# 7485. The p l a n t s  w i l l  be ha rves ted  f o r  nodules  a f t e r  s i x  weeks, 

t h i s  t e s t  is  be ing  c a r r i e d  o u t  i n  a  growth chamber. 

Experiments 

Apar t  from t h e  l a b o r a t o r y  t echn iques ,  t h e r e  were two exper iments  c a r r i e d  

o u t  wi th  beans and t r e e  legumes. The bean experiment involved t h e  s c r e e n i n g  o f  

23 Rhizobium p h a s e o l i  ~ . ( 6  Nairobi  MIRCEN and 18 USDA s t r a i n s )  w i t h  Pha8eolu.s 

v u l g a r  is c v  p i n t o .  The p l a n t s  have been h a r v e s t e d  and t h e  raw d a t a  i n d i c a t e  

t h a t  f o u r  ou t  of f i v e  s t r a i n s  from t h e  Na i rob i  c o l l e c t i o n  caused good n o d u l a t i o n  

bu t  were poor  a t  n i t r o g e n  f i x a t i o n  whi le  t h e  f i f t h  s t r a i n  showed good n o d u l a t i o n  

and i n t e r m e d i a t e  n i t r o g e n  f i x a t i o n .  Three of t h e  USDA s t r a i n s  were very 

e f f e c t i v e  i n  n i t r o g e n  f i x a t i o n ,  bu t  had few b i g  nodules  which were s c a t t e r e d  

a long  t h e  r o o t  l e n g t h  but  not  n e c e s s a r i l y  a t  t h e  crown reg ion .  Eight  s t r a i n s  

showed i n t e r m e d i a t e  f i x a t i o n  r a t e s ,  whi le  f o u r  were v e r y  poor ,  a t  n i t r o g e n  

f i x a t i o n ,  and t h r e e  of t h e  s t r a i n s  h a r d l y  nodula ted t h e  p l a n t s  a t  a l l .  

The second experiment w a s  c a r r i e d  o u t  wi th  t r e e  legumes namely Acacia Albida  

and t h r e e  s p e c i e s  of A l b i z i a .  The response  of Acacia ~ l b i d a  t o  i n o c u l a t i o n  with 

n ine  Rhizobium s t r a i n s ,  four  from Kenya and f i v e  from USDA, was t e s t e d .  A 

s i m i l a r  t e s t  was c a r r i e d  out with A l b i z i a  j u l i b r i s s i n ,  - A .  f a l c a t a r i a  and A -1ebbek 

us ing  f i v e  Rhizobium s t r a i n s ,  two from Kenya and t h r e e  from USDA. Due t o  j1lL,g. 



germinat ion f a i l u r e  i n  some of t h e  s e e d s ,  on ly  one s e e d l i n g  of A l b i z i a  lebbek 

and e i g h t e e n  s e e d l i n g s  of  A. f a l c a t a r i a  were t r a n s p l a n t e d  t o g e t h e r  w i t h  - A .  

j u l i b r i s s i n  i n  a  "ph.izob-iupl_ f r e e  s o i l "  a t  Marlboro, 15 mi les  from Be1 t s v i l  l e .  

The t r e e  s e e d l i n g s  were t r a n s p l a n t e d  a f t e r  seven weeks and they w i l l  be 

h a r v e s t e d  a t  t h e  end of September f o r  l a b o r a t o r y  a n a l y s i s .  

There was one week's  f i e l d  t r i p  organized f o r  v i s i t s  t o  a  f i r m  and a  

r e s e a r c h  i n s t i t u t e  l i k e  Kalo I n c . ,  an inocu lan t  p roduc t ion  f i rm a t  Columbus, 

Ohio. Kalo I n c .  i s  one of t h e  t h r e e  l a r g e s t  i n o c u l a n t  p roduc t ion  f i rms  i n  t h e  

United S t a t e s .  The p rocesses  involved i n  commercial i n o c u l a n t  p roduc t ion  were 

exp la ined  and demonstra ted  where p o s s i b l e .  Boyce Thomson I n s t i t u t e  f o r  p l a n t  

r e s e a r c h  a t  C o r n e l l  U n i v e r s i t y ,  I t h a c a ,  New York, was t h e  next and t h e  l a s t  

i n s t i t u t e  v i s i t e d  a f t e r  Kalo Inc .  I found t h e  v i s i t s  a t  both  p l a c e s  q u i t e  

i n t e r e s t i n g  and e d u c a t i o n a l .  

On t h e  whole t h e  programme was w e l l  coord ina ted  and I found the  people  very  

h e l p f u l  and n i c e  t o  work wi th .  

I wish t o  thank P r o f .  S. 0 .  Keya f o r  i n i t i a t i n g  t h e  t r a i n i n g  and D r .  H. H. 

Keyser f o r  h i s  c o o p e r a t i o n  i n  o r g a n i z i n g  t h e  t r a i n i n g  programme and f o r  d e v o t i n g  

h i s  p r e c i o u s  t ime i n  t r a i n i n g  me. The f i n a n c i a l  suppor t  from US AID i s  

g r a t e f u l l y  acknowledged. Thanks t o  t h e  Mycology Laboratory  C h i e f ,  D r .  E .  

Rossman, D r .  McKnight and J.  Plaskowitz  f o r  t h e i r  coopera t ion  i n  a s s i s t i n g  me t o  

examine Rhizobium mel i  l o t  ii i n  f i l t e r  , ,lt,d based legume inocu lan t  from Kenya 

us ing  scann ing  e l e c t r o n  microscope. Spec ia l  thanks t o  a l l  s t a f f  members of the  

Ni t rogen F i x a t i o n  and Soybean Genet ics  Laboratory f o r  t h e i r  d i r e c t  o r  i n d i r e c t  

c o n t r i b u t i o n  i n  making my s t a y  i n  t h e  USA comfor tab le .  



Agronomic I m p l i c a t i o n s  of  Compe t i t i on  Among R h i z o b i a  

P r e p a r e d  f o r  t h e  Spain-U.S. Program 
Development Workshop on N i t r o g e n  F i x a t i o n  

Harold  H .  Keyser  
USDA A g r i c u l t u r a l  R e s e a r c h  S e r v i c e  

N i t r o g e n  F i x a t i o n  & Soybean G e n e t i c s  Lab. 
B e l t s v i l l e ,  Maryland USDA 20705 

A ma jo r  e f f o r t  i n  t h e  f i e l d  o f  n i t r o g e n  f i x a t i o n  r e s e a r c h  has  been t h e  
s e l e c t i o n  and a p p l i c a t i o n  o f  t h e  most e f f e c t i v e  s t r a i n s  o f  r h i z o b i a .  Recent  
e f f o r t s  i n c l u d e  t h e  g e n e t i c  development  o f  s t r a i n s  f o r  s u p e r i o r  e f f e c t i v e n e s s  
and e f f i c i e n c y .  However, t h e  e s t a b l i s h m e n t  o f  s u p e r i o r  s t r a i n s  i n  a  s i g n i f i c a n t  
p o r t i o n  o f  t h e  n o d u l e s  formed by a  f ie ld-grown legume has  been ,  and r ema ins ,  a  
c r i t i c a l  problem. Faced w i t h  c o m p e t i t i o n  from i n d i g e n o u s  r h i z o b i a ,  even s t r a i n s  
c o n d i t i o n i n g  t h e  most h i g h l y  e f f e c t i v e  N 2 - f i x a t i o n  a r e  d e s t i n e d  t o  form few 
n o d u l e s  and t h e r e f o r e  have  a  minimal  e f f e c t  upon N2 f i x a t i o n .  

I n  t h e  a l f a l f a - R .  m e l i l o t i  sy s t em,  Weber and L e g g e t t  (1966)  d e m o n s t r a t e d  
t h a t  ' a l f a l f a  s i c k n e s s '  i n  Washington and I d a h o  was r e l a t e d  t o  t h e  p r e s e n c e  o f  
c o m p l e t e l y  i n e f f e c t i v e ,  i n d i g e n o u s  r h i z o b i a .  I n  t h i s  c a s e  t h e  a p p l i c a t i o n  o f  
h i g h  numbers o f  recommended s t r a i n s  s o l v e d  t h e  problem. I n  C a l i f o r n i a ,  a  
s i m i l a r  problem i n  t h e  subclover -R.  t r i f o l i i  sy s t em was overcome o n l y  a f t e r  t h e  
s e l e c t i o n  o f  e f f e c t i v e  s t r a i n s  f o r  c o m p e t i t i v e n e s s  and p e r s i s t e n c e   o ones , 
Bur ton  and Vaughn, 1 9 7 8 ) .  Such s u c c e s s  i n  overcoming i n d i g e n o u s  c o m p e t i t o n  i s  
indeed  d i f f i c u l t  t o  f i n d  i n  t h e  l i t e r a t u r e .  T h i s  is c e r t a i n l y  t h e  c a s e  w i t h  
soybeans  i n  t h e  U.S.  am, 1976; 1980) .  

A t  B e l t s v i l l e ,  o u r  r e s e a r c h  e f f o r t  on c o m p e t i t i o n  i n  t h e  soybean  &.--iaponicum 
s y s t e m  i n v o l v e s  t h e  c o l l a b o r a t i o n  o f  s o i l  m i c r o b i o l o g y  and soybean  g e n e t i c s .  I n  
1966,  C a l d w e l l  e t  a l .  d e f i n e d  t h e  y2 gene  i n  t h e  c u l t i v a r  Hardee  a s  a  s i n g l e ,  
dominant  gene  which r e s t r i c t s  n o d u l a t i o n  by - R. j apon icum s e r o g r o u p s  6  and 122.  
F u r t h e r ,  t h e  gene  r j l  i s  r e s p o n s i b l e  f o r  n o n o d u l a t i o n  i n  soybean ,  w h i l e  genes  
R j 3  and R j 4  r e s t r i c t  o n l y  a  s i n g l e  s t r a i n  each .  Given t h e  p r e c e d e n t  of  s u c h  
h o s t  c o n t r o l l e d  n o d u l a t i o n  a b i l i t y  i n  soybean ,  we (P .  B. Cregan and m y s e l f )  
u n d e r t o o k  a  program t o  d e t e r m i n e  i f  genes  c o u l d  be  found which r e s t r i c t  
n o d u l a t i o n  by some o f  t h e  major  i n d i g e n o u s  &. j a p o n i c u m  p o p u l a t i o n s  i n  t h e  U .S. 

I n  t h e  m a j o r  soybean  p r o d u c t i o n  a r e a  o f  t h e  m i d w e s t e r n  U.S., - R. j apon icum 
s e r o g r o u p  123 i s  t h e  dominant c o m p e t i t o r  f o r  n o d u l e  s i t e s .  Numerous s t u d i e s  
have  con f i rmed  t h e  t e n a c i o u s  c o m p e t i t i v e  a b i l i t y  o f  s e r o g r o u p  123  and t h e  
i n a b i l i t y  t o  d i s p l a c e  t h i s  s e r o g r o u p  w i t h  an i n o c u l a n t  s t r a i n  i n  an e c o n o m i c a l l y  
f e a s i b l e  manner.  Using t h e  s e r o g r o u p ' s  t y p e  s t r a i n ,  USDA 123,  we s c r e e n e d  o v e r  
1300 soybean  p l a n t  i n t r o d u c t i o n s  and i d e n t i f i e d  10  g e n o t y p e s  which do no t  
n o d u l a t e ,  o r  n o d u l a t e  v e r y  s p a r s e l y .  These  geno types  do n o d u l a t e  and f i x  N2 
w i t h  o t h e r  h i g h l y  e f f e c t i v e  s t r a i n s .  Compe t i t i on  s t u d i e s  i n  s o i l  show t h a t  
t h e s e  z e n o t y p e s  r e s t r i c t  occupancy by USDA 123 i n  f a v o r  of t h e  s u p e r i o r  
i n o c u l a n t  s t r a i n .  S t u d i e s  w i t h  s o i l s  from t h e  midwest  [ J . S . ,  c o n t a i n i n g  a 
d i v e r s e  s e r o g r o u p  123 ~ o p u l a t  i o n ,  show t h a t  some i s o l a t e s  of t h i s  s e r o g r o u p  do 
n o d u l a t e  t h e s e  g e n o t y p e s ,  and f u r t h e r  s c r e e n i n g  i s  underway.  These g e n o t y p e s  
have  been c r o s s e d  wi th  commercial  soybean g e n o t y p e s  t o  d e t e r m i n e  t h e  i n h e r i t a n c e  
o f  t h i s  t r a i t ,  and t o  d e v e l o p  n e a r  i s o g e n i c  l i n e s  f o r  subsequen t  f i e l d  t e s t i n g .  



Competi t ion among r h i z o b i a  can have many agronomic i m p l i c a t i o n s .  I n  t h e  
p r e v i o u s l y  mentioned c a s e s  of a l f a l f a  and s u b c l o v e r ,  overcoming c o m p e t i t i o n  
meant t h e  d i f f e r e n c e  between t h e  s u c c e s s  and f a i l u r e  of t h e  crop.  I n  the  c a s e  
of  soybean,  where t h e  indigenous  s t r a i n s  a r e  r a r e l y  complete ly  i n e f f e c t i v e ,  
overcoming c o m p e t i t i o n  could  lead t o  enhanced N2- f ixa t ion  and y i e l d  through 
t h e  d i sp lacement  of a  mediocre s t r a i n  by a  s u p e r i o r  one.  C e r t a i n l y  more 
r e s e a r c h  i s  needed i n  t h e  a r e a  of  c o m p e t i t i o n ,  l e s t  i t  remain a  b o t t l e n e c k  i n  
app ly ing  t h e  r e s e a r c h  p roduc t s  of many Rhizobium workers and r e a l i z i n g  t h e  
b e n e f i t s  from such.  
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D i v e r s i t y  of Nodula t ion  by Serogroup 123 I s o l a t e s  i n  C u l t i v a t e d  and Exo t ic  
Soybeans. 

H .  H.  ~ e ~ s e r *  and P. B. Cregan,  USDA, ARS, B e l t s v i l l e ,  Maryland. 
Genotypes of e x o t i c  soybeans have been i d e n t i f i e d  which r e s t r i c t  nodu la t  ion by 
Bradyrhizobium japonicum s t r a i n  USDA 123. T e s t s  were under taken t o  examine t h e  
d i v e r s i t y  among se rogroup  123 i s o l a t e s  f o r  r e s t r i c t e d  n o d u l a t i o n  w i t h  t h e s e  
genotypes .  I n  t h e  f i r s t  t e s t ,  20 i s o l a t e s  from t h e  U.S. and China were compared 
f o r  nodule  mass p r o d u c t i o n  i n  s o i l  on two USDA 1 2 3 - r e s t r i c t i n g  genotypes and on 
cv.  'Wil l iams ' .  On t h e  r e s t r i c t i n g  genotypes ,  f i v e  o f  t h e  i s o l a t e s  gave reduced 
n o d u l a t i o n  ( l e s s  t h a n  one- th i rd  of  t h e  mass produced by a  m i x t u r e  o f  e f f e c t i v e  
s t r a i n s )  comparable t o  USDA 123, s ix  i s o l a t e s  gave an i n t e r m e d i a t e  r e sponse ,  and 
t h e  ramainder  produced normal nodu la t ion .  A l l  20 i s o l a t e s  produced normal 
n o d u l a t i o n  w i t h  Wil l iams.  I n  a  second s t u d y ,  s i x  s o i l s  from f i v e  midwestern 
s t a t e s  were t e s t e d  i n  t h e  greenhouse f o r  comparat ive  nodule  occupancy by 
ind igenous  123 i s o l a t e s  on the  two USDA 1 2 3 - r e s t r i c t i n g  genotypes  and on cvs .  
'Chippewa 64 '  and Will iams.  I n  f i v e  o f  s i x  s o i l s ,  nodule  occupancy by se rogroup  
123 w i t h  t h e  r e s t r i c t i n g  genotypes was 50% o r  l e s s  than t h a t  found wi th  Chippewa 
6 4  and Wil l iams.  I n  a  s o i l  from Ohio, l i t t l e  d i f f e r e n c e  i n  nodule  occupancy was 
apparen t  between t h e  USDA 1 2 3 - r e s t r i c t i n g  genotypes and t h e  c u l t i v a r s .  These 
r e s u l t s  demons t ra te  t h e  d i v e r s i t y  among t h e  se rogroup  123 p o p u l a t i o n  i n  a b i l i t y  
t o  n o d u l a t e  two USDA 1 2 3 - r e s t r i c t i n g  soybeans,  and i n d i c a t e  t h e  need t o  f u r t h e r  
s c r e e n  e x o t i c  genotypes  w i t h  123 i s o l a t e s  t o  f i n d  a d d i t i o n a l  g e n e ( s )  which can  
be combined t o  r e s t r i c t  most o r  a l l  of  t h e  serogroup.  

~ h i z o c i t o x i n e  P r o d u c t i o n  and Soybean Nodula t ion  by Colony-type D e r i v a t i v e s  of  
Bradyrhizobium japonicum USDA 76. 

J.  S. LA FAVRE*, A. K. LA FAVRE and A. R. J. EAGLESHAM, Boyce Thompson I n s t .  
a t  C o r n e l l  Univ. 

P r e v i o u s  s t u d i e s  have sugges ted  t h a t  t h e  a b i l i t y  t o  n o d u l a t e  "non-nodulating" ( r j l  
r j l )  soybeans  [Glyc ine  max (L.) Merr.]  i s  r e s t r i c t e d  t o  Bradyrhizobium japonicum 
s t r a i n s  a b l e  t o  s y n t h e s i z e  t h e  p h y t o t o x i n  r h i z o b i t o x i n e .  I n  r e s e a r c h  r e p o r t e d  h e r e ,  
colony- type d e r i v a t i v e s  d i f f e r i n g  i n  t h e  a b i l i t y  t o  produce r h i z o b i t o x i n e  were  
i s o l a t e d  from B. japonicum USDA 76. R h i z o b i t o x i n e  was d e t e c t e d  i n  t h e  c u l t u r e  
s u p e r n a t a n t  o f a  s m a l l  colony- type d e r i v a t i v e  (14) b u t  n o t  i n  t h e  s u p e r n a t a n t  of  a  
l a r g e  colony type (L4).  Rh izob i tox ine  was n o t  d e t e c t e d  i n  c e l l  e x t r a c t s  of  L4 
produced by s o n i c a t i o n ,  a u t o c l a v i n g  o r  French p r e s s  t r e a t m e n t s .  U t i l i z i n g  t h e  
I n d i a n  i n k  method w i t h  phase microscopy, c e l l s  from a g a r  c u l t u r e s  of  each d e r i v a t i v e  
were examined f o r  e x t r a c e l l u l a r  p o l y s a c c h a r i d e  (EPS). Large amounts of EPS were 
found su r round ing  c e l l s  of L4 b u t  none was obse rved  around c e l l s  of  1 4 .  S e v e r a l  
s m a l l  and l a r g e  colony-type d e r i v a t i v e s  were t e s t e d  f o r  n o d u l a t i o n  a b i l i t y  on 
n o d u l a t i n g  (Rj l  R j  Harosoy and Lee and r j l  r j  1  Harosoy soybeans .  Both s e t s  of 
colony types  were e f f e c t i v e  on R j l  R j l  soybeans  and e q u a l l y  p o o r l y  i n f e c t i v e  
(8-31 nodu les  p l a n t - l  a t  37 days )  on r j l  r j l  soybeans .  Nodule i s o l a t e s  typed t r u e  
t o  t h e  inoculum colony type .  These r e s u l t s  f a i l e d  t o  s u p p o r t  a r o l e  f o r  
r h i z o b i t o x i n e  i n  n o d u l a t i o n  of  non-nodula t ing soybeans  by - B. japonicum. 
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Host Determined Res t r i c t ed  Nodulation of S t r a i n  USDA 123. 
P. B. cregan* and H .  H. Keyser, USDA, ARS, B e l t s v i l l e ,  Maryland. 

In t he  midwestern U.S., s t r a i n s  of serogroup USDA 123 o f t e n  form 65% or  more of 
t h e  nodules on soybeans [Glycine - max (L.) Merr.] i n  production f i e l d s .  S t r a i n s  
of  t h i s  serogroup a r e  very competit ive but r e l a t i v e l y  i n e f f i c i e n t  i n  the  
f i x a t i o n  of N2 when comparkd t o  highly e f f i c i e n t  soybean rh izobia  already 
a v a i l a b l e  o r  those  forthcoming from gene t i c  engineering.  One approach t o  
a l t e r i n g  nodule occupancy i n  favor of a  highly e f f i c i e n t  introduced s t r a i n  i s  
t h e  development of a hos t  p l an t  which r e s t r i c t s  nodulat ion by s t r a i n s  of sero- 
group 123. We i n i t i a t e d  an e f f o r t  t o  i s o l a t e  - G. - max genotypes which r e s t r i c t e d  
nodulat ion by s t r a i n  USDA 123 and i d e n t i f i e d  12 such accessions i n  t h e  USDA 
gemplasm c o l l e c t i o n .  Fur ther  t e s t s  with two of these  genotypes demonstrated 
t h e i r  a b i l i t y  t o  e f f e c t i v e l y  f i x  N2 with ~ r a d ~ r h i z o b i u m  a onicum s t r a i n s  USDA j4 6,  110, and 122. These two genotypes and the  cv. 'Williams were grown in  2. 
'aponicum-free s o i l  from Marlboro, MD i n  which USDA 123 was homogeneously mixed 

$0 a l e v e l  of 106 c e l l s / g  s o i l .  A t  p lan t ing  seeds were inoculated with 109 
c e l l s  o f  e i t h e r  USDA 110, 122, o r  138. I n  t h e  123/110 treatment,.USDA 123 
occupied 79% of  t he  nodules of Williams versus 7% of  the  nodules of the t e s t  
genotypes. S imi l a r  frequencies were obtained i n  t h e  123/122 and 123/138 t r e a t -  
ments. These r e s u l t s  suggest t ha t  the  host may provide an important vehic le  by 
which t o  a l t e r  nodule occupancy d e s p i t e  the  presence of h ighly  competit ive 
indigenous rh izobia .  

Adsorption and Movement of Bradyrhizobium japonicum i n  S o i l s .  
H. YANG and E. P. DUNIGAN*, Louisiana S t a t e  Univ. 

Adsorption and movement of Bradyrhizobium japonicum . i n  s o i l s  was s tudied  under 
l abo ra to ry  condi t ions .  B. japonicum moved v e r t i c a l l y  with t h e  add i t i on  of water  t o  
columns of sand o r  silt  loam s o i l .  They were uniformly d i s t r i b u t e d  through t h e  40 
cm depth i n  a  sand b u t  movement decreased with depth i n  t h e  si l t  loam. Movement 
decreased a s  c l ay  content  increased from 0 t o  12%. L a t e r a l  movement a l s o  followed 
t h e  water  flow p a t t e r n  with more c e l l  movement i n  a  sand than i n  a  s i l t  loam. 
Montmori l loni t ic  c l ay  a d s ~ r b e g  more ~ e l l s + i h a n  df$ kao$$-n+. When $he two clays were 
s a t u r a t e d  wi th  e i t h e r  Na , K , NH4 , Ca , Mg , Fe o r  ~ l +  +, the order  of 
i nc reas ing  adsor t i o n  was monovalent ca t ions  < d i v a l e n t  < t r i v a l e n t  with t h e  S++ 
except ion  of A 1  . Humic ac id ,  corn s t a r c h ,  r i c e  s t raw and calcium phyta te  
exh ib i t ed  low adsorp t ive  c a p a c i t i e s  f o r  t he  - B. japonicum compared t o  t he  clays.  



Nitrogen Fixation Reserach Progress. 1985. H.J. Evans, P.J. Bottomley and 

W.E. Newton (eds). Proceedings of the 6th international symposium on Nitrogen 

Fixation, Corvallis, OR. Martinus Nijhoff Publishers, Dordrecht. I 
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EXMINATION OF HUP EXPRESSION BY SOYBEAN BRADYRHIZOBIA BELONGING 
TO DIFFERENT SEROCROUP PHENOTYPES 

P e t e r  van Berkum, Harold H. Keyrer, Deane F. Weber 
USDA-ARS, BARC-W, B e l t r v i l l e ,  HD 20705, U.S.A. 

. 1. INTRODUCTION . c Eirbrenner,Evanr (1983) repor ted  t h a t  25% o r  l e r r  roybean bradyrh i rob ia  
$ o x i d i z e  82. Hup appearr  t o  be predominantly a r r o c i a t e d  with r t r a i n r  of 
2 t h e  110 and 122 rerogroupr.  Keyrer e t  a1. (1984) reported a  low frequency 
'. of H U ~ +  phenotype8 mong o ther  rerogroups. However, the  Hup c h a r a c t e r  
j: i z a t i o n  ured f ree - l iv ing  c u l t u r e r  under condition. f o r  exprer r ion  of ex 
5. p l a n t a  n i t rogenare  a c t i v i t y  and t r i t i u m  exchange. h e r i c h  e t  a1. ( 1 9 m  
7 
; reported no mearurable i r o t o p e  exchange with b radyrh izobia l  Hup, and 

Robron, Por tga te  (1980) ruggerted the  prerence of  n i t rogenare  a c t i v i t y  t o  
caure  an apparent  exchange reac t ion .  Therefore, we have ured amperometry 
with b a c t e r i a  and b a c t e r o i d r  t o  eva lua te  r e l e c t e d  i r o l a t e r  f o r  Hup. 

2. PROCEDURE 
. The o r i g i n  tuaintainance and p u r i t y  check. of c u l t u r e r ,  p repara t ion  of 
: inoculum, p lan t  c u l t u r e ,  and C2H2 reduct ion were a r  dercr ibed by van 4 Bcrkum, Keyrer (1985). H2 waa determined by gar chromatography and 
'.. amperometry (Hanur e t  a1. 1980). Chemoautotrophic growth war determined 
5 ;: i n  l i q u i d  medium (Hanur e t  a1. 1979). C e l l  rurpenrionr  i n  b u f f e r  of 
f h e t e r o t r o p h i c a l l y  grown b a c t e r i a  were subjected t o  Hup mearurement 
,- according t o  Haier  (1981). 

3. RESULTS 
F i f t y  two i r o l a t e r  of e i g h t  rerogroupr were r e l e c t e d  according t o  t h e i r  
repor ted  Hup phenotype. A l l  were e f f e c t i v e ,  evolving H2 except f o r  t h e  
Bup* 110 and 122 aerogroupr.  Eleven r t r a i n r  (21%) were H U ~ +  a r  bac te ro idr  
and b a c t e r i a ,  although 33 (63%) rhould have been H U ~ + .  Our a n a l ~ r i r  
i d e n t i f i e d  wild-type H U ~ +  6,31 and 123 rerogroup phenotypes, and wild- type 
Hup' 110 and 122 rerogroup phenotyper. Chemoautotrophic growth war 
obrerved by t h e  Nup+ 6 and 3 1  i r o l a t e r ,  but  not by the  H U ~ +  123 r t r a i n s .  

4. CONCLUSIONS 
Our r e r u l t r  rhow t h a t  w e t  of t h e  H U ~ +  rurvey i s o l a t e s  d id  not o x i d i r e  
Hy a r  b a c t e r o i d r  o r  a s  c e l l  suspensions i n  buf fe r .  The d i s p a r i t y  i n  the  
r e r u l t a  between t h e  two r t u d i e r  may i n d i c a t e  a  lower incidence of  s t r a i n s  
i n  r o i l r  aFrors  t h e  USA capable  of forming HUP+ rymbiorer. 
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INicot iana tabacum L.) population (Co) . One t h e  dverdge of  s i x  adapted conrnercial hybr ids  used as checks. 

18% hundred random maternal dihaploid (MDti], SI and A study o f  s e l e c t i o n  erper lments  i n d i c a t e d  no apparent ' r e l a -  
.% full-sib ( F S )  families were produced and evaluated t i o n s h i p  between g e n e t i c  v d r i a b i l i t y  and c y c l e  of  ~ c l e c t l o n .  

for 9 parameters in one environment. The top 10% , , ,,< ;'c ,,: ;t J; ;'; ;'c ;"; ,k ~x ;\ ft 3'; 
Of the 'Or were ldenti 'led 

US; of t h e  Soybean \ los t  Cenotype t o  A l t e r  Nodule Occ~ipnncy and intercrossed to produce CL populations for 
each procedure and parameter. Based upon an . ( +  

by S p e c i f i c  S t r a i n 8  of  Rhizobiurn.. ,P.  8 .  C U M "  and 
> H .  H. KLYSER. USDA-AHS, B e l t s v i l l e .  Hatyland. ; , 
I 
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Reciprocals  w i t h i n  a c r o s e  a r e  o f t e n  ignored by many b r e e d i n g  



I! A g r o n o m y  A b s t r a c t s .  1985. A m e r i c a n  Sii12iety o f  Ap , rono rny  

(j: 158 

E f f e c t  o f  Carbon Source  on I m ~ o b i l i z a t i o n  and Chemical  Din- v u l g a r e  L.), and v h e a t ( ~ r i t 1 c r d  a a s t i v u n  L.) Ln eo lL .  The 

! ! 
t r i b u t f o n  o f  F e r t i l i z e r  N I n  S o i l .  K .  R. KELLEY.* WA, d a t a  o b t a i n e d  shoved  t h a t ,  a l t h o u g h  t h e  o r g a n i c  a c i d s  t e e t e d :  

8 ! F. J. STEVENSON, Univ. o f  T l l l n o i s .  had a n  a d v e r e e  e f f e c t  on need g e m f n a t i o n  and a e e d l l n g  g r m h  
a e i a ~ l e  c a r b o h y d r a t e ,  c a t e c h o l .  a d i p h e n o 1  which i n  s o i l  h e n  t h e  amounts a p p l i e d  v e r e  s u h e t n n t l a l l y  g r e a t e r  t 

r c a d l l y  undergoes  p o l y m e r i z a t i o n  r e a c t i o n 8  t o  p roduce  h u n i c -  t h a n  t h e  a m u n t e  d e t e c t e d  I n  s o f l .  t h e y  had no e f f e c t  o n  seed 
t y p e  compounde, and  a p h e n o l i c  g l y c o s i d e ,  c o n t a i n i n g  carbo-  g e r m i n a t i o n  o r  e e e d l i n g  ~ r ~ h  vhen t h e  amounts a p p l i e d  . 

h y d r a t e  and p h e n o l i c  c o n s t i t u e n t s .  v e r e  added  t o  s o i l  a l o n g  s i m i l a r  t o  t h e  amounts d e t e c t e d  i n  s o i l .  
4 t h  1 5 ~ - l a b e l e d  (Ntl.,)2SOu. The s o l  1 s  were  nampled o v e r  a 
120-day p e r f o d ,  and t h e  amounts of l a b e l e d  and u n l a b e l e d  N 
m i n e r a l i z e d  d u r i n g  i n c u b a t i o n  and c o n t a i n e d  i n  e e v e r a l  i n o r -  Involved I n  the O x l d a t f o n  Of  

-., 
S u l f u r  i n  Saska tchewan Agr icu l  t u r d 1  Sol 1 s .  u a n i c  and o r g a n i c  N f r a c t i o n s  v e r e  de te rmined .  Net i n m o b i l i -  

z a t i o n  o f  t h e  added N reached  a maximum a f t e r  6, 10 ,  and 20 . .  , I ' I E N m  Saska tchewan.  
1 

d a y s  of  i n c u b a t i o n  w i t h  g l u c o s e ,  p h e n o l i c  g l y c o s i d e ,  and  S u l f u r  d e f i c i e n t  s o l  1s i n  w e s t e r n  Canada r e q u i r e  f e r t i l  i z a - .  

c a t e c h o l ,  r e s p e c t i v e l y .  I n  c o n t r a e t  t o  t h e  catechol-amended t i on*  but the I s  
e o i l ,  r e m i n e r a l i z a t i o n  of the  i -b i l i zed  "N o c c u r r e d  more l i m i t e d  by the l o w  to p l a n t  ' , 

r a p i d l y  and  t o  a g r e a t e r  e x t e n t  i n  t h e  g lucone-  and  p h e n o l i c  S04. T h i s  enumerated the popula t ions  Of 

glycoeide-amended e o i l .  Net m i n e r a l i z a t i o n  of "N was h e t e r o t r o p h i c  and  a u t o t r o p h l c  microorgan isms  which o x i d t z e d  
a c c m p a n f e d  by a d e c r e a s e  in amino a c i d  1 5 N .  A f t e r  1 2 0  daye,  5'' i n  a g r i c u l t u r a l  s o i l s  and a s s e s s e d  t h e  p h y s i c a l ,  chemica l  
h i g h e r  p r o p o r t i o n s  of t h e  i-bi l i red "N i n  t h e  glucoee- and  b i o l o g i c a l  f a c t o r s  a f f e c t i n g  o x i d a t i o n .  A s u r v e y  o f  35 
p h e n o l i c  glycoeide-amended e o i l  were d e t e r m i n e d  a s  amino s o i l s  d e t e c t e d  s u b s t a n t i a l  p o p u l a t i o n s  o f  h e t e r o t r o p h l c  

a c i d s ,  NH3-N, and  a c i d - i n s o l u b l e  N t h a n  i n  t h e  g l u c o s e -  microorgan isms  which  o x i d i z e d  So.  These microorgan isms  

amended s o i l .  D i e t i n c t  d i f f e r e n c e s  were  o b e e r v e d  i n  t h e  p roduced  e i t h e r  S203 o r  SO4 a s  t h e  p redominant  end p r o d u c t  
d i s t r i b u t i o n  o f  i n m o b i l i z e d  "N and n a t i v e  e o i l  N. o f  S o  o x i d a t i o n .  No a u t o t r o p h i c  So o x i d i r l n g  t h i o b d c i l l i  

were  d e t e c t e d ,  however n i n e  s o i l s  c o n t a i n e d  d e t e c t a b l e  
p o p u l a t i o n s  o f  a u t o t r o p h i c  5203 o x i d i z i n g  microorgan isms .  

C h a r a c t e r i z a t i o n  o f  A n t i b i o t i c  R e s i s t a n t  I s o l a t e s  o f  The o x i d a t i o n  o f  So i n  s o i l  was s i g n i f i c a n t l y  c o r r e l a t e d  
Bradyrh izob ium japonicum. w i t h  m i c r o b i a l  b iomass  c a r b o n  ( r  = 0.61 , P ~ 0 . 0 1 )  and 3. C. KENNEDY* and A.  G. ~OLLUM I I ,  Nor th  C a r o l i n a  r e s p i r a t o r y  a c t i v i t y  ( r  = 0.88, P <0.01).  b u t  n o t  w i t h  
S t a t e  Univ. a n y  o f  t h e  p h y s i c a l  o r  chemlca l  p a r a m e t e r s  measured .  

Double a n t i b i o t i c  r e s i s t a n t  I s o l a t e s  o f  Bradyrh izob ium -7 s t r a i n s  31 l b l 2 3 .  311bZ4. NC1005. NC1028. NC1033. 
of Aver 

Structural Model of the Suwannee 
and  BR58 were  s t u d i e d  to  d e t e n n i n e  s i m i l a r i t i e s  t o  t h e  
p a r e n t a l  p o p u l a t i o n  w i t h  r e s p e c t  t o  t h e 1  r growth ,  t e m p e r a t u r e  Standard F"lvic Acid by C o n v e r ~ e ~ ~  Independent Analyws- 

I c h a r a c t e r i s t i c s ,  s a p r o p h y t i c  competence ,  c o m p e t i t i v e n e s s ,  J. A. LEENHEER, U.S. Geological  Survey, Denver,  Colorado.  ! 

and  s y m b i o t i c  c a p a b i l i t y ,  The a n t i b i o t i c s  u s e d  were An a t t e m p t  was rnade t o  per form organ ic  s t r u c t u r a l  ana lyses  o n  , 
S p e ~ t  inomycln (Spe)  , s t r e p t m y c i n  ( S t r )  , e r y t h r o m y c i n  (Ery)  , the cOmplex mixture that c o n ~ r i w  the Suwannee 

and  kanamycin (Kan). No d i f f e r e n c e s  i n  s u r v i v a l  o f  t h e  s tandard  fu lv lc  a c i d  of t h e  international Humic  Subs tances  Society.  7. 

i s o l a t e s  e r e  hen t h e  isolates wrg to a sandy If all independent  d a t a  of various s t ruc tura l  moie t ies  converged ,  a ; 

l o a n  soil and  i n c u b a t e d  a t  28 ,  33, or 37 C. I s o l a t e s  hypothe t ica l  s t r u c t u r a l  model  could be w r i t t e n  t h a t  would 

reri s tant  K~~ ere e q u a l  to or less competitive t h a n  the represen t  t h e  a v e r a g e  s t r u c t u r e s  and proper t i es  o f  t h e  fulvic-acid 2 
mixture.  D a t a  f o r  t h e  e l e m e n t a l  composit ion,  molecu la r  weight  and  

t w i t h  parent e q u a l ' q u a n t l t i e s  I n  foning *ules o f  the when p a r e n t  'laced . i n  I s o l a t e s  the rhizosphere r e s i s t a n t  s ize,  n o n e x c h a n g e a b l e  proton distr ibutions,  and carbonyl-group 

t o  . E r y  tended to be mre,competitive than t h e  parent. shoot c o n t e n t  w e r e  reasonably  cons i s ten t  f o r  independent ana ly t ica l  , 

d r y  w i g h t ,  and  weighf p e r  nodule were  g e n e r a l l y  lower in &terminations.  D a t a  f o r  exchangeable-proton* carboxyl,  e s t e r ,  
' 

p l a n t s  n o d u l a t e d  w i t h  Kan resistant isolates, w h i l e  phenolic-hydroxyl, a n d  aliphatic-hydrowyl c o n t e n t s  w e r e  variable.  ' '. 

n o d u l a t e d  w i t h  isolates r e s i s t a n t  t o  Spe ,  S t r ,  or  Ery This variabil i ty was a t t r i b u t e d  t o  e s t e r  fo rmat ion  or hydro1 s i r  i ,  
i !  cmbinationi had shoot and  ,,,,dule dry r igh t  v a l u e s  equal to dur ing  -~YSCS. &termina t ion  o f  distr ibution.  by I!C 

; :: o r  greater t h a n \  t h e  p a r e n t .  nuclear-magnetjc-remmce-spectroscopy, g a v e  . t h r e e  marked ly  
d i f f e r e n t  distr ibutions,  depending o n  whether  t h e  s a m p l e  w a s  in t h e  

b ,. 

* .'*. * * * * * * * * * * * * * * * * * * solid s t a t e ,  w a s  in t h e  s a l t  f o r m  solvated by wate r ,  or w a s  in t h e  * Host  ~ b f l u e o c e  on N o d u l a t i o n  A b i l i t y  W i t h i n  B r a d y r h i z o b i u  * free-=id form =lvated in mlvents, average structural i' * jap'onic* Ser08roup ICEYSER* and P * B a  CRecAN* model of t h e  Suwannee  s tandard  fulvic ac id  is p resen ted  for  t h e  
t USM-ARS, B e l t a v i l l e ,  Uary land .  * Genotypes  o f  s o y b e a n  have  been  i d e n t i f i e d  which  r e s t r i c t  nod- 

* b e s t  convergence  of t h e  f ixed  and  variable data. 

u l a t i o n  'by  Brad  r h i z o b i u m  J a p d n i c m  . a t r a i n  USDA k23. S t r a i n s  * * 
b e l o n g i n g  t o  se:ogmup 1 2 3  a r e  d w 6 a n t  compet i to r .  f o r  nod- j, Of Wanic N i M ~ e n  from Amended 

I * u l a t i o n  i n  t h e  m i d v e e t  soybean  p r o d u c t i o n  a r e a .  T e s t s  v e r e  - Soilr W. C. UNDEMANN* and  J. GUITAR, New Mexico 

J; p e r f o r m e d  i n  e o i l  t o  e v a l u a t e  t h e  d i v e r s i t y  a e n g  20 e e r o -  A S t a t e  Universi ty.  
group 123 isolites for nodulation and cumpetitive ability on >kne object've Of thio at'Jdy War to -&= 

* two o f  t h e  r e s t r i c t i v e  genotypee .  S c r e e n i n g  f o r  n o d u l e  maee mineraliratiorr in dudgo Gamma irradiated 

1 .  , . p r o d u c t i o n  r e v e a l e d  t h r e e  c l a s s e s ;  lw, medium and  h igh .  
* rludge W M  applied t o  a mouthern New Mexico, c l a y  l o a m  roil  a t  , . , 

) .  t h e  r a t e s  of 33.6 M g h a  and 67.3 M g h a  i n  1982  .nd 1983. Organic  
t . S e l e ~ t e ~ ~ l 2 3  i e o l a t e e  were  mixed w i t h  t h e  s o i l  t o  a b o u t  1 0  *-*, NH4+-N, NO j+N03--N lereb wur thrmgh k c e l l s  g p r i o r  to p l a n t i n g  t h e  Zvo g e n o t y p e s  and  cv. 
I .  . a  p i l li- d i c h  received 110 peat inwulation. Typing 

lga4* After One earon. 19" 'ludge amended 
.*a 
" o f  n o d u l e e  showed t h a t  USDA 110 c o u l d  out-compete 123 i s o -  p lo t s  minera l ized  43% a n d  t h e  1983 rIudge a m e n d e d  p l o t r  minera l ized  

i: 
I . ;.: l a c e s  from t h e  low n o d u l a t i o n  c l a s s  (80% o f  t h e  n o d u l e s  

* 4 1 %  o f  t h e  o r g a n i c  -N applied in t h e  sludge. A f t e r  t w o  cropping 

formed by USDA 1 1 0 ) ,  "SDA 110 was not  competitive 74S6 and 67' the O%anic -N was Irom 
, ; w i t h  i s o l a t e s  from t h e  medium and h i g h  n o d u l a t i o n  c l a s s e s  J- 

t h e  1982 and  1983 amendments ,  respectively.  A f t e r  t h r e e  cropping 

; ( l e s s  t h a n  20% o f  t h e  n o d u l e s  formed by USDA 110) .  I n  ** seasons. 82% ' o f '  t h e  o rgan ic  -N w a s  m i n e r ~ l ~ z e d  f rom t h e  1982 

c o n t r a s t ,  123 isolates famed a t  l e a s t  942 o f  t t l e  nodules +;amendment.  About 30% o f  t h e  organic -N r e m a \ n c d  i n  s l u d ~ e  

on cv .  W i l l i a m s .  S e r o g r o r ~ p  123 c o n t a i n s  i s o l a t e s  w i t h  a amended  soils  a f t e r  t w o  cropping seasons. but r ,?lneral izat ion a f t e r  

d l v c r s i t y  of  n o d u l a c i o n  and c m p e t i c i v e  a b i l i t i e s  on t h e  f irst  t w o  c ropping  scasons appears t o  be vcry slow. 

s p e c i f i c  soybean  genotypes. .I. 
J- -I- -'- -9. -1- -8- -1- -1. -*- -9- -1- .I. -1. -9- -I. -L -I. -1. -1. .re -1- .I. 
~ ~ ~ . ~ . ~ ~ . ~ . ~ . # . ~ . , . # . , . A , , A ~ ~ ~ , ,  4, 4. d. -I. ,. ~ ~ s t i n a t ~ ~ ~ ~ ~ ~ ~ - : { y ~ ~  

E f  f c c t s  o f  O r ~ ~ n i c  Acids  on S C C Q !  Gcrmi l la t io~ i  and S e e d l i n g  -- AD the ~ ~ s ~ ~ ~ : ~ ~ n f r r r s _ t .  a J. 
Growth i n  S o i l .  H. . I .  K!?O(;l\liiIER* and J .  H. B R I W d E R .  LODGE, C c n t c r  f o r  Enercn and  Env. Hes., 5 a n  J u a n ,  P.R. 
Iohv..a S t a t e  U n i v e r s i t y .  m g a l  b i m a s s  and n u t r i e n t  s t o r e s  have no: pr~?.ic3usl;, Lsen $ 

I t  i s  commonly .assr~ncd t l ln t  t h c  n d v c r s c  c f f c c t  of  p l a n t  s t u d i e d  i n  t r o p i c a l  r a i n f o r e s t s .  l?lese c!.lt~ .>re r l e c d ~ d  t o  % 
r c s i d t l c a  011 c r o p  y f c l d s  i s  l a r g e l y ,  o r  p a r t l y .  d u e  t o  e s t i m a t e  n u t r i e n t  irnnro!>il i z . ~ t i o n .  Five 1131  c m 2  r.>nclo:n T- 

p h y t n t o x  i c  r n n p o ~ l n d s  1 cnc!i(.tl f rcvl. o r  p rndr~ccd  11)' decon- ~ 3 m p l e s  of lit--cr, anti r ~ > i !  t o  10 cx i'i'it!. x*': c !.3?~?. c".'~':? 
p c ~ s i t i i ~ r i  o f .  r!~c..;,- :-cr;it!ucs. nntl i: 11;is !)cxcrr s :~);grstcd t l ~ i ~ t  two weeks f r o 3  J 1  ):.I [ ) lo t  ; ~ t  !.I1 f.!er.,3c lr! I',:r>: t o  i!ic(:~. ':?ib-. 

I ; h t t  c 1 1 !  r I : L C  c I Jones-,Y()l 1 i ~ ~ n  cli : ,,it -c:';i!rt !net!~d vc?5 ' : : : * - 1  :,! ~ j ~ : ~ ~ : : a i r i c ?  
a 

t 0 ~ 3 1  fen(;al ~ o ~ ~ z ) < ~ ,  !I(:: ,? :;:;L-: ~ ) [ > i i p : c ~ c  - , \I:;  ' : . , < < i  L:::.,: 1 ,1<: 0: 
f 

..II-c> org:!:li? . IC  i ( ! s  C ; I IC:~I  :I:; . ~ t . c t  i f .  :t<.id. ! \ ~ ~ : y r i c  ~ ~ c i t ! ,  J:IJ 
t i c  I .  ! : 2 I i s  I ; :  a hemacy tone t c : .  ?\ l i i l c . - : r ~ t * : : . c c p t  t~ , i ! i ! : i  ;::" ' - ' j t .  : . ~ ~ ~ ~ !  t:' 
s t~! t ! i~ :<!  L ~ : C  ( I ~ ~ c - I . :  , ) f  , I !  ff.-r<b:~: .?!X,\~II[S t>f . i c e t i c  , l c f J ,  e s t i m a t e  !;'ii+)al !cn~;:)r:; .\llti tii , l rnete:  :?: 5 :  : ::);:ti i,:: ;. 1:2 : ,3  

! ~ u ~ y r i c  .7c it!, .I:~L! i1r11;) ~ D I I  ! C  .1t-iC1 0 1 1  SC~.,! !;~.rinInatii)n .1tlC1 ~ C C  f r o 3  f o u r  c j a t c s  in,,!'tb!l. .jnd .",.>r. 05 i 9 ! ; 5 .  ! ) I > ;  f : ~ ~ i i j a l  4 
~ 1 : c d l  i nc  [:r-owtl1 of (-or11 (2c.a Innvs I . . )  , Rar lcy  (Ilort!ctin~ - a-.. .- 
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PROMISING DEVELOPMENTS IN RHlZOBlA 
INOCULANT RESEARCH 

HAROLD H .  KEYSER 
USDA-Agricultural Research Service 

Beltsville. M D  20705 

Rhizobia are the soil bacteria which nodulate and fix nitrogen in symbi- 
osis with legumes. In soybean, this process usually accounts for 40% or 
nlore of the plant's total nitrogen. Since rhizobia were discovered, almost 
100 years ago, continual efforts have been made to improve upon the sym- 
biotic system. In this paper, I will briefly summarize recent research efforts 
which are promising, including those that have been field tested as well as 
those that are still in the developmental phase. 

Genetic Improvement of Rhizobium and  Host 

The last decade has seen steadily increasing efforts to improve rhizobia 
through genetic manipulation using the techniques of molecular biology. 
The enhanced functions sought include those of the nitrogenase enzyme 
coi~iplcx, hydrogenasc enzyme, fungicide resistance, host range, and com- 
pctitiveness. With the soybean, attempts have been made to select for 
gellotypes with increased N2 fixation per se and to use host genotypes 
which restrict nodulation by certain rhizobia to influence competition for 
nodule occupancy. 

I'hc ideritificatiorl of rriutants of Hlrizobiu~tl japorlicum with enhanced 
nitrogen fisirig activity has been reported ( l ,2 ) .  More field tests with these 
strains xi11 be required to demonstrate whether they are superior to the 
most cffcctive natural strains in common use as inoculants. 

7hr: hydrogenase (Hup) enzyme in rhizobia enables the bacteria to recy- 
cle k~12 gas which is formed during N2 fixation. The recycling benefits the 
synibiosis because i t  gains elcctroris and ATP in the process. In R. japoni- 
cirru o : ~ l y  254'0 of field isolates have this enzyme (3). Since strains which 
~ O S S C M  \tic erizynie arc considered to be more energy efficient, efforts are 
ur~ilcrwny to find the gcric(s) and transfer i t  to strains lacking the enzyme. 
-1'liis I i i r  bcen acconiplislied with pea rhizobia (4) ,  and for soybean rhizo- 
bin 3 f I L I ~ J  gene barik has been developed ( 5 ) .  Field tests comparing Hupt  
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and Hup- strains (Table 1) have shown that the Hup+ strains increased 
the nitrogen percentage of soybean seed (6). In our USDA Rhizobium Col- 
lection, six of the seven most effective R. japonicum are Hup+.  While the 
extent of the benefit to the soybean from symbiotic association with a 
Hup+ strain is yet to be  shown consistently at  the field level, selection and 
transfer of this characteristic to otherwise effective but Hup- strains is a 
worthwhile effort in improving inoculant strains. 

Species of Rhizobium, and  groups within species, normally have a well 
defined range of legume hosts with which they will nodulate a n d  fix nitro- 
gen. However, among some of the fast-growing rhizobia (for peas, clover. 
beans, and alfalfa) genetic manipulation has changed their host range. 
Transfer among rhizobia of plasmid genes containing the nitrogenase, 
host range, a n d  hydrogenase functions has been accomplished predomi- 
nately with the fast-growing rhizobia (4,7). Such advances have been 
sparse with the slow-growing soybean rhizobia, partly due to the difficulty 
of finding and isolating their plasmids. However, a recently discovered 
group of fast-growing soybean rhizobia from China possesses plasmids 
which carry some of the genes for nodulation and N2 fixation (8,9). While 
this initial group of Chinese isolates was relatively ineffective with several 
North American soybean cultivars ( lo),  another group has been screened 
which contains effective isolates (1 1). Genetic analysis and manipulation 
of these fast growers should accelerate research on genetic improvement of 
R. japoraicun~. 

A major problem exists in the ability of introduced inoculant rhizobia to 
form a significant proportion of the nodules on soybeans in the U.S. The 

Summary of ef fect  of Hup+ and Hup- inoculants 

on N content of soybean seed 

N c o n t e n t  of s e e d s  

I E x p e r l m e n t  Hup Hup- 
% of d r y  m a t t e r  

Corva l l i s ,  1977  6 .02++  5 .69  

H e r m i s t o n ,  1970 6 .384  5 .75  

Corva l l i s .  1970A 7.044-  6 . 6 5  

Corva l l i s .  1 9 7 9 8  6 .59++  5 . 0 2  
- .- -. 

f rom H a n u s  e l  at, 1 0 8 1  



irloculant strains do not compete well with the resident strains and,  there- 
fore, a response to inoculation is difficult to achieve except on new land. 
Any improved strain selected for desirable symbiotic traits will face the 
sariie difficulty when it is eventually utilized in the field. With the excep- 
ti011 of  one report, Rkizobi~rtt~ geneticists have not attacked the problem of 
conlpetition. Benvin et al. (12) found that the transfer of a plasmid be- 
tbveen strains of R. legun~i t~osarr rn~ can influence competitive ability, 
though the recepient's genotype is just as influential. Given the importance 
of the problem, surely more genetic studies on con~petition will be forth- 

. - con-iing. 
The selection of mutants of Rhizobitlnl which are resistant to common 

seed applied fungicides is being pursued in Dr. M. Alexander's lab at  Cor- 
riel1 University (13). These strains are compatible with the seed applied 
fungicide. In addition, the fungicides decrease the population level of pro- 
tozoa, which prey 0x1 rhizobia. This has been demonstrated with several 
rllizobia including R.japotlic~rrn though results from field trials have not 
bee11 reported. 

Efforts to in~prove the soybean host for syn~biotic properties per se have 
been rlicager as compared with the efforts to improve Rl~izobiunr. The  em- 
j~ l~as i s  of soybeari breeders (and a well justified one) has been to select for 
high yiclcl and associated characteristics such as pest and disease resis- 
tance. However, at  the recent World Soybean Research Conference 111, 
researchers from the University of Maryland (W.  J. Kenworthy, M. C. Bol- 
giano, and J .  1. Meisinger) and others at the University of Florida (A. R. 
Soffes. T. R .  Sinclnir, and K.  Hinson) reported on efforts to select soy- 
1-earis ~ i t h  high nitrogen fixation. These efforts are at  least a beginning 
arid shoulcl provide sorne answers as to the value and potential of this ap- 
proach 

I~loculant Delivery Systems 

I ' h c  rl~ost conillion for111 of rhizobial inoculant for soybean is peat, to 
\vhich is atlticd a licjuid contairlirlg the live bacteria. Powdered peat is ap- 
plicii tiirecrly to scctl just prior to plaritirig or grarlular peat can be applied 
to the soil a lung  wi th  secd. Research on an improved inoculant formulation 
i ~ a s  becri repor-ted by Krcrner and IJeterson (14). They have been testing 
tile Iyoi~hilizcd cells of l?l~irobilrt,~ suspended in oil. Compared with peat 
i):isc ir~osulnr~t,  the oil base forriiula provides niore protection to the rhizo- 
Ilia .~gaiils[ tirougi~t a ~ ~ t !  iiigtl tcrrIpcr;lturcs (Table 2)  and has a longer shelf 
life. i'iclti cvaluatioil of this oil based forniuln on peanut, cowpea, and 
1):%;1r1 silo~rcil i t  conil~arcil favorably with peat inoculant. Further field 
s [~~( I i c s  \ t . i ~ t l  soybean arc warrarltcd, as [lie oil base inoculant could be a 
.:iIi~;it)lc altcr~iativc [ ( I  j xa r  under ccrtairi conditioris. 
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Survival of peanut Rhlzoblum CAOOI at 60' C 

Day8 Log MPN p e r  g 

LY 0 011 Peat 

0 10.12 9.36 8.32 

from Kremer  and Peterson,  1983 

The results of a 7-year field trial by Dunigan et al. (15) relates t o  compe- 
tition as  affected by repeated inoculation using high rates of a liquid inocu- 
lum. Against an indigenous competing population of rhizobia they found 
that by the 7th year the inoculant strain had formed an average of 54% of 
the nodules on four soybean cultivars (Figure 1). This is quite a n  improve- 
ment over the 0-15% commonly found in 1-year inoculation studies, and 
this is indeed promising for the eventual delivery and establishment of im- 
proved rhizobia or  other plant-beneficial microorganisms. 

Competition among Rhizobia 

As previously mentioned, competition of inoculant rhizobia with those 
in the soil represents the bottleneck in attaining the benefits from superior 
strains of rhizobia. This problem in U.S. soybean fields is well documented 
(16). Much research has focused on serogroup 123. a subgroup of R. ,ja- 
ponicun~,  that is the major indigenous competitor in the Midwest states. I t  

is indeed tenacious in its con~petitive ability against other strains (17.18). 
Kvie'n. Ham,  and Lambert (19) attempted to use the plant genotype to 
influence this situation by screening soybeans for high noduiation affinity 
with an inoculant strain as compared to the indigenous 123 sirogroup. 
Such types were identified, though one of them failed to show any en- 
hanced affinity in another situation (17). 

Another approach to competition using host control has been put forth 
by Devine (20). The soybean gene rj, prevents nodulation by all but a few 
strains of R. jupot~icunr. Even these few can only sparsely nodulate rj, soy- 
beans in the field. If these strains could be manipulated to nodulate well 
and to  possess high NI fixing potential. then a unique soybean genoupe- 



Increase in nodule occupancy of 110  over seven 
years 

netic improvement of rhizobia have occurred in recent years. Efforts to 
improve the soybean for N2 fixation per se and inoculant delivcry systems 
are also receiving attention. Competition among rhizobia remains a com- 
plex problem which may thwart the successful use of improved rhizobia. 
host genotypes, or  inoculation techniques. Therefore, more emphasis is 
needed on the soil and rhizosphere ecology of rhizobia and on the extent to 
which the soybean genotype can influence competition. In this last regard. 
coordinated research efforts by soil microbiologists and plant breeders 
need to be pursued. 
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Summary The effects of temperature on growth in broth and soil and on co~upetition for 
nodule fornlation between Rhizobium japonicunl serotypes USIIA 76 and 94 compared to 6 
and 110 were studied. Increasing root temperatures of Lee soybean from 20 to  3S0c increased 
the competitiveness of 76 and 94 relative to 6 and 110 for all inoculum ratios such that at  30 
and 3S°C symptoms of Rhizobium-induced chlorosis appeared. Tolerance to elevated 
temperatures was exhibited by 76 and 110, but not 94 and 6 in broth and soil which suggested 
that increased competitiveness of 76 and 94 at high soil temperatures was not dependent upon 
growth at  elevated temperatures. Nodulation and vegetative growth of Lee soybeans were at 
a minimum at  20°C and optimum at 30°C. Differences in conlpetitiveness of 6 to previous 
studies indicated the need to standardize temperatures of assays. Differences in growth 
responses of 76 and 94 to temperature fro111 a previous study suggested a confounding effect 
on different carbon sources in growth media. 

In troduc ti011 

Soil temperature is one component -of the environment affecting the 
successful nodulation of a legume by compatible rhizobia6 and can 
alter strain competition for nodulation on cultivars of soybean, Glycirle 
max L. (Merr.), and white clover, Trifoliunl r ~ ~ ~ c n s ~ * ~ .  The mode of 
action of the effect of soil temperature on serotype con~petition is 
unknown, however as rhizobia differ in their survival and growth 
responses to elevated temperature's4 it can be ilypotl~esized that such 
differences may explain the changed competi tivelless bet ween strains 
as soil temperatures are varied. 

Erdlnan et a1. described Rllizobi~rnz-indud cl~lol-osis (RIC) of 

' * Scientific Article No. A-3721 Contribution No. 6697 of t l ~ c  Xlaryl:~~id ,\grit Esp  SI:I, Il)cpt 
of Agrono~ny, Collcgc I';~rk, XlD 20742, ;i~iri [lie USIIA. AKS.  Ilcltsvillc. bll) 20705. P;~rt 01' 

a tllcsis submittcri by tlic scnior autiior in ~~a r t i a l  I'~rlfillnicn~ of the rcrl i~irc~~ic~its  for tlic b1.S. 
Dcgrcc. 
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soybeans nodulated by USDA 76 and 94, and Weber and Milleri6 
correlated its occurrence at elevated root temperatures wi tli illcreased 
conipetitiveness of 94. The objectives of this research were to investi- 
gate tlie effects of soil temperature on con~petitive~iess and growtli of 
serotypes 76 and 94. 

Materials and methods 

Effects of tetnperatttre on competition of serotypes 76 and 94 in rronsterile soil 
bulked s;lmplcs were obtained f r o n ~  rand0111 cores of the surface plougl~ layer ( 0 -  20~111) 

of an Adclphia sandy loam (Mesic Aquic Hapludult) with no previous l~istory of soybeans 
and negligible level of indigenous R. japonicton indicatcd by the most probable number ~ i i c t l ~ o d  
of enumeration. Linie aniend~iients of 0 .9g Ca (CO),/kg dry soil increased tlie pll fro111 4.8 
to 6.0. No additiocal fertilizers were used because a soil test indicatcd adequate fertility. 

A ~ilixturc of soil and autoclaved perlite ( 3 :  1 ratio by volume) was placed in 20-cm 
diamter pots  which were then partially submerged in thermostatically controlled water baths. 
The tclilperature of the soil in thc pots was nionitored daily from tlier~nocouples at depths of 
2.5.6.5 and 13 cm. 

The pots of soil were incubated in the water baths for one week before seeding to permit 
equilibration to  the desired soil temperatures of 20, 25, 3 0  and 35OC. In order to  minimize 
any extra heating of tlie soil surface by solar radiation. tllc water baths were covered witli 
plastic shading material until after seedling emergence. Air temperature in the greenhouse was 
maintained between 24 t o  3 2OC, and natural photoperiod was extended by incandescent lights 
to  maintain vegetative growtli. Seeds of the cultivar 'Lee', which had been identified as liiglily 
susceptible to  RICS, were surface sterilized with washings of ethanol and Hg(CI2)l5. Eight 
seeds were planted per pot and thinned to final stands of four plants per pot at emergence. 
At planting, the seeds were inoculated with lOml of inoculum of one of four different 1 : 1 
serotype combinations: USDA76tUSDA6, USDA76/USDA I 10, USDA94/USDA6. and 
USDA94/USDA110. 

The experimental design was a split-plot with soil temperature as t l x  niain plot and 
inoculuni as the subplot, with three replications. Observations and recordings of RIC foliar 
symtonis were scored o n  a daily basisS and considered the intensity of the foliar syriiptoms 
and their duration. Plant tops were harvested a t  6 0  days after planting, dried a t  60°C for 4 8  
hours and measured for dry weight/plant. Nodules were collected from the roots of plants, 
washed clean of soil, nodule fresh weightlplant determined, and stored frozen for serotpping. 
Using antisera against the inoculum strains, the tube agglutination method was used t o  scrotype 
twenty-five nodules randomly selected from the total nodule harvest per The antiscra 
had been produced by injecting rabbits with prepared suspensions of serotypes 6 ,  76. 94 and 
110". In the statistical analysis the percentage of nodulation was adjusted with the arcsine 
transformation of the square root of the value for considerations of ho~iiogeneity of variances. 
Nodulation by 76 or  94  was noted as eithcr due t o  single or  double infection. Nodulation by 
indigenous rliizobia was negligible. 

Gro wtlr study in broth and soil of serotypes 76 and 94 at different temperatures 
For the broth experiment, screw-capped test tubes were placed inside temperature-controlled 

incubators calibrated at either 20, 25, 30  or  35°C. Inoculuni treatments of serotypes 76, 94 .6  
and 110 consistcd of purc stock culturcs dilutcd to a concentration of 7.5 X 10' cclls/~iil, :lnd 
1 ril l  of diluted culturc was trnnsfcrrcd to individual tcst tubes of 91111 of sterilc YEXI I)rotll 
\vliicl~ 1i;rd been equilibrated to tlie desired tclnperaturc. TIie sliakcr of each incubator ivas 
set at 100 rplii in order to unifor~nly acrate and stir tile inoculatcd broth. 

For tlic soil c~pzrir i icnt ,  s~iap-cal,pcd tcst tubcs \iferc plnccd inside tc~lipcrature-controlletl 
incubators calibrated at 1 0  or 35°C. I n o c ~ ~ l t ~ ~ i i  trc;lt~iicnts consistcd of purc stock c ~ ~ l t u r c s  
\rliicli {vcrc \\.;islicd CIC;III of )'l.'>l l)rotli b y  cc~i tr i l ' t~g;~t io~i  \ \p i l l1  11c)rl11;1l s;~linc and  adjustcd to ;I 
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Table 1. The orthogonal comparisons for soil temperature (T) effects and tlie I: tcst for 
inoculurn (I) and T X 1 interaction effects for nodule fresh weigllt, vegetative dry weight and 
nodulation of frequencies of serotypes USDA 76 and 94 and of double infections on  Lee 
soybeans grown at four telllperatures 

Component Nodule Vegetative Nodulation frequency 
fresh 
weight 

Serotypes Double 
76 and 94 infections 

TL 
0 0 

TQ I1S 

TC ns 
I ns 
T X I  n s 

', O .Significance a t  the 0.05 and 0.01 levels, respectively TL, Tp, TC Linear, quadratic k c11 bic 
components of temperature, respectively 1 
Temperature X inoculum interaction (F test respectively). 

concentration of 1.0 X 10' cells/ml. At incoulation 1 ml was added to l o g  of autoclaved 
Adelphia soil which had been moistened to 75% water holding capacity (WHC). The test tubes 
were placed in a plastic bag in order t o  control dessication and the nloisture content of the 
soil was maintained at  6 0  to 75% WHC with the addition of sterile, distilled water wllenever 
required. 

Population levels of  the serotypes were measured with a destructive sampling method at 
2, 4, 1 0  and 14 days (broth experiment), and 3, 10,  20, 30 and 4 0  days (soil experiment) 
after inoculation. Enumeration was done with the Miles-Misra micropipet drop t e c l ~ n i q u e ' ~  
using a 20ul  Eppendorf Pipet 4700. Serial dilutions were performed with sterile water amended 
with Tween 8 0  at  a rate of 4 drops per liter. Tlle plate counts were grown o n  YEM agar at 
2S°C, and selected for a range of  20 t o  30  colonies per count. Uninoculated controls were 
included for each harvest date to insure against contamination. With the soil experiment, the 
enumerations were expressed o n  a per gram of dry soil weight basis. In the statistical analysis 
the recorded enumerations of rhizobial populations were all calculated with a log" trans- 
formation for considerations of homegeneity of variances. 

Both experiments were conducted in a completely randomized design. The main treatments 
in this study were inoculum, harvest time (four and five for the broth and soil experiments, 
respectively), and replication (five and four for the broth and soil experiments, respectively). 
Separate experiments were done for each specified temperature. Comparisons across tem- 
perature were done with calculated 95%,confidence limits of population at  the final harvest 
time. 

Results and discussion 

Temperature and inoculum effects on  vegetative dry weight and 
nodule fresh weight for  the cultivar Lee are shown in Table 1. Soil 
temperature demonstrated a significant positive trend which fit a cubic 
equation o n  vegetative growth and a significant linear trend on  nodule 
fresh weight. Figure 1 shows that the ~ninimurn and n ~ a x i n ~ u n l  values 
for both variables were produced at 20 and 30°C, rcspcctively. Webcr 
and Miller16 have also reported that the ~ninim~ii i l  ant! optimum 
temperatures were 20 and 30°C. respectively, for both ilodule and 
vegetative weigllt of soybean cultivar Lee. 
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Fig. 1. Soil tcmperature effects on nodule fresh wcight/plant and vegctativc dry weigl~t/plant 
of Lee soybeans gown in soil and inoculated with 1 : 1 mixtures of R. japonicltm scrotypes 
USDA 76 or 94 with 6 or 110. 

0 20 25 30 35 
S o i l  l e m p e r a l u r e  ( O C )  

Fig. 2. Soil temperature effects on the competitiveness for nodulation of R. japonictrm 
serotypes USDA 76 and 94 in a 1:l mixture inocula with serotypes USDA 6 or 110 and on the 
RIC total scores for foliar symptoms observed on Lee soybeans grown in rhizobia-free Adclpliia 
soil.. 

The mean frequencies of nodulation of serotypes 76  and 94 for each 
1 : 1 inoculum mixture at different te~nperatures are shown in Figure 2. 
A significant positive linear increase in these frequencies was observed 
with maximum values produced at 35OC. The increased presence of 
serotypes 76 and 94 in the nodules was directly related to the occur- 
rence of foliar symptoms of RIC. The total scores for RIC foliar 
symptoms shown in Figure 2 represent the means of three repetitions. 
Note that foliar symptoms of RIC only appeared at  soil temperatures of 
30  and 35OC. The inoculum combiliation of 7616 did not producc 
chlorosis at 30°C even though approximately one third of the nodules 
contained 76. Chlorosis scores increased for all inocular at 3S°C. 

Elevated soil ten~pera tures, therefore, increased the conipe t i t ivc~icss 
of serotypes 76 and 94 ill co~npeti t iot~ with 6 and 1 10. Sesotypc. 76 was 
more c o ~ ~ ~ p e t i t i v c  than 94 when e:icll w:is i l l  coliipctition wit11 6 nlid 
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00 Broth temperature ( C  ) 

Pig. 3. Temperature effects on growth of R. japo~licutn serotypes USDA 76 and 94 co~npared 
to 6 or 110 in YEM broth shake culture. Population lcvcls represent 14 days of incubation 
in separate experiments at each temperature. Values within tclilperature wit11 same lcttcr do not 
differ significantly P = 0.05). 

0 3-5 
S o i l  t o m p o r a t u r c  ( C  

Fig. 4. Soil temperature effects on growth in R. japonicrltn serotypes USDA 76 and 94 com- 
pared to 6 and 110 in sterile Adelphia soil. Population levels represent 40 days of incubation 
in separate experiments at each temperature. Values within temperatures with same letter do 
not differ significantly (P = 0.05). 

110 at all soil temperatures except 30°C, and this agrees with Means 
et al." The dominance of 110 over 76 at 20,25 and 30°C agreed with 
the results at unspecified temperatures reported by caldwel12 and 
Johnson and Means8. However, the dominance of 6 over 76 at the same 
temperatures was not in agreement with Jolmson and MeansS who 
reported 6 to  be a very poor competitor in greenhouse and field studies. 
This suggested that competition studies should be carried out under 
strictly controlled temperature conditions. 

The occurrences of double infections were observed at low frequen- 
cies and were unaffected by temperature. Mean values were averaged 
over temperatures ranged from 0 to 5%. There was an  effect of inocula 
as the 5% double infectioils of inocul~l~n 76/6 was significantly greater 
than the 1 and 0% frequencies of inocula 94/6 and 94/ 1 10, respectively, 
but was not different tllail the 2% frequency of inoculum 76/ 1 10. 

Growth of all strains in broth rind soil was atTectcci by i~lcrcasi~lg 
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teniperatures. At each of the temperatures for both the broth and soil 
experiments, the individual analyses of variance indicated significant 
population differences due to serotype, date of enumeration, and sero- 
type X date interaction (data not shown). All strains exhibited either 
growth or death responses, and the final enumerations are illustrated 
because they are representative of the temperature effects on each 
serotype. In the broth experiment (Figure 3), the population of sero- 
type 76 was relatively constant at  all temperatures in contrast to  94 and 
exceeded 94 at the highest temperatures. In the soil experiment, siriiilar 
growth responses to the broth cultures occurred with serotypes 76 arid 
94 for both 20 and 3S°C (Fig. 4). At the high soil temperature, the 
population level of serotype 76 was again significantly greater than 94. 

M unevarl%eported slightly different growth response for serotypes 
76 and 94 using optical density readings of cultures in HEPES-MES- 
Gluconante (HMG) broth medium. It was reported that serotype 94 
had the greater maximum permissive temperature for growth of 35.2"C 
compared to 33.7OC for serotype 76. This discrepancy may be due to  
the different carbon sources of the broth growth medium as previously 
shown by Kuykendall and Elkanlo who observed that isolates of the 
same R. japonicum stock serotype can exhibit differing carbohydrate 
utilization for growth. Therefore, growth responses in broth to tem- 
perature could be confounded with the effects of different carbon 
sources. It is noteworthy that in this study the temperature effects on 
all serotypes were consistent in broth and soil. 

The differences in survival of 76 compared to 94 at a.soil tempera- 
ture of 35°C did not support the hypothesis that the effect of the 
temperature on competition for nodule formation was entirely due to 
survival or growth at elevated temperatures. In addition, increased 
dominance of serotypes of 76 and 94 were not necessarily shown to 
mean a greater population compared to the competitor serotype (i.e. 6 
or  1 10). Jones and ~ o r l e y ~  reported a correlation between growth and 
competitiveness for two serotypes of R. trifolii at  different pH levels 
that resulted in greater growth for the more competitive serotype and, 
therefore, significantly linked the two responses. In this research, 
however, the two responses of growth and competitiveness were not 
correlated, and it was concluded that a more complex mode of action is 
involved in the soil temperature effects on changing competitiveness of 
Rhizobium serotypes. 
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FASTCROWING SOYBEAN RHIZOBIA 

H. H. Keyser, M. J. Sadowsly, and B. B. Bohlool 

Rbizobium are the bacteria capable of forming a nitrogen-fixing symbiosis with 
leguminous plants. Traditionally, their classification has been based on specific host 
infectivity with the recognition of two broad groups of fast- and slow-growing strains 
(Jordan and Allen, 1974). In addition to  growth rate, the two groups are distinguished 
by several important differences, which has led to  the proposed establishment of a 
separate genus for slow growers (Bmdyrbizobium gen. nov.), while retaining fast 
growers in the genus Rbizobium (Jordan, 1982). 

The soybean-nodulating bacteria, R. japonicum, have been classified as slow 
growers. Recently, however, Keyser et  al. (1982) reported the existence of fast-growing 
isolates obtained from soil and nodules collected in China. Examination of the 11 fast- 
growing isolates for microbiological, genetic, and symbiotic properties has shown them 
to be distinct from the slow growers. They represent a unique and valuable addition of 
Rbizobium germplasm. In this article we present an overview of microbiological and 
symbiotic properties of the fastgrowing soybean rhizobia. Results from genetic studies 
are presented elsewhere in this volume by Atherly et  al. Several investigators are cur- - rently examining these fast growers for various attributes, and knowledge of them 
should increase rapidly. 

ISOLATION 

The 11 fast-growing strains were obtained from three separate collection expedi- 
tions in China (Table 1). Strain USDA 191 was isolated by J .  C. Burton (Nitragin Co., 
Milwaukee) and the others by T. S. Hu and S. N. May in the USDA Nitrogen Fixation 
and Soybean Genetics Laboratory at  Beltsville, Md. The isolates were authenticated by 
three cycles of plant passage through G. max cv. Peking and reisolation of single 
colonies. Careful examination showed no slow-growing colonies that could have been 
masked by the fast-growing type. Subsequent use of fluorescent antibodies confirmed 
their purity. 

CULTURAL CHARACTERISTICS 

The fast growers have generation (doubling) times of 2.9 to 4.8 h at 28 C in yeast 
extract-mannitol-salts (YEM) broth with a concomitant acidic reaction (Keyser et  al., 
1982). This is in contrast to slow-growing R. japonicum, which have generation times 
of 6 or more hours and a neutral to alkaline reaction in YEM media (Vincent, 1974). 
On YEM agar plates the fast growers gave 1 to 5 mm diameter colonies after 6 to 7 



Table 1. Strain history of fast-growing soybean rhizobia from China. - 
---- - - 

USDA accession no. Geographic origin 
and synonyms of isolate 

Source material from which 
isolation was made 

201 (= PRC 201) 

205 (=PRC 205) 

206 (=PRC 206) 

Shanghai, Jiangsu 
Province 

Tsinan, Shantung 
Province 

Taiyuanchen, 
Shansi Province 

Chengchou, Honan 
Province 

Same as 194 

Same as 194 

Sinsiang, Honan 
Province 

Same as 206 

Same as 206 

Same as 206 

Wukung, Shensi 
Province 

Soil: isolated from nodule of trap host G. max 
cv. Jupitera 

Desiccated root system of G. soja: isolated 
from nodule of trap host G. max cv. pekingb 

Desiccated root system of G. soja PI 468397: 
isolated from nodule of trap host G. max cv. 
pekingb 

Desiccated nodule of G. max: direct isolationC 

Same as 194 

Same as 194 

Same as 194 

Same as 194 

Same as 194 

Same as 194 

Same as 194 

aCollected by J. Tanner, Univ. of Guelph, 1979. 
b~ollected by T. S. Hu, Chinese Academy of Agric. Sciences, Peking, 1980. 
CCollected by W. Fehr, Iowa State Univ., and K. Hinson, Univ. of Florida, 1979. 

days, whereas colonies of slow growers are only 0.5 to  1 mm. The fast growers produce 
typical circular, convex, white colonies on YEM agar, with little production of extra- 
cellular polysaccharide (Sadowsky et al., 1983). In liquid media, cells from late-log- 
phase t o  stationary-phase became enlarged and exhibited marked pleomorphism, 
while slow growers remained as typical rods. The growth rate difference between the 
two types of soybean rhizobia is maintained in sterile soil (Sadowsky, 1983). This 
information indicates that the cultural characteristics of the fast-growing soybean 
rhizobia are similar to other fastgrowing Rhizobium species (e.g., R. leguminosarum 
and R. tnjcolii). 

GROWTH RESPONSES 

The fastgrowing soybean rhizobia do not require vitamins (biotin, thiamine, 
pantothenate) for growth in a defined medium (Stowers and Eaglesham, 1984), a 
characteristic shared by slow-growing rhizobia. However, unlike slow growers they 
are tolerant of pH 9.5 and sensitive t o  pH 4.5 (Sadowsky et al., 1983). As with other 
fast growers, they are more sensitive to antibiotics than are the slow growers (Sadow- 
sky, 1983; Stowers and Eaglesham, 1984). Also, in contrast to slow-growing R. japoni- 
cum, the fast growers are tolerant of high levels of NaCl (Sadowsky et al., 1983; Yelton 
et al., 1983; Stowers and Eaglesham, 1984). Likewise, such tolerance is also found 



- among the fastgrowing R. meliloti (Graham and Parker, 1964). Yelton et  al. (1983) 
demonstrated that tolerance of 0.4 M NaCl is accompanied by increased levels of K+ 
and glutamate in USDA 191. Stowers and Eaglesham (1984) found the fast growers, 
with one exception, to be tolerant of 0.17 M NaCl, but completely sensitive to  0.34 M 
NaC1. Sadowsky et al. (1983) found that all 11 of the fast growers made growth at  
0.34 M NaC1, although some strains had growth limited t o  a few tolerant colonies 
after 14  days. None of the slowgrowing R. japonicum tested by Sadowsky et  al. 
(1983) produced any colonies at 0.34 M NaCl. 

CARBOHYDRATE UTILIZATION 

Fastgrowing species of Rhizobium can use many sugars and organic acids for 
growth, whereas the slow growers are more specialized and prefer pentoses (Fred et 
al., 1932). Studies of the carbohydrate utilization by the fastgrowing soybean rhi- 
zobia have shown they match the pattern of other fast-growing rhizobia (Sadowsky 
et al., 1983; Yelton et al., 1983; Stowers and Eaglesham, 1984). Unlike the slow- 
growing R. japonicum the fast growers utilized cellobiose, inositol, lactose, maltose, 
raffinose, glucitol, sucrose, and lactose. The ability t o  use lactose for growth requires 
sufficient activity of P-Galactosidase. Sadowsky et  al. (1 983) demonstrated large differ- 
ences between the fast- and slow-growing soybean rhizobia in levels of PGalactosidase 
activity (Table 2). 

Consistent with the division of the rhizobia into fast- and slow-growing groups 
based on carbohydrate utilization is the division of these organisms based on the 

Table 2. Enzyme activities of fast- and slow-growing soybean rhizobia (Sadowsky et d., 1983). 

Strain 

-- 

Enzyme activities 
6-D. ~alactosidaseb 

Slowgrowing rhizobia 
USDA 31 
USDA 110 
USDA 123 
USDA 136 
USDA 138 
PRC 005 
PRC 113-2 
PRC 1 2 1 6  
PRC B15 

Fastgrowing rhizobia 
USDA 191 
USDA 192 
USDA 193 
USDA 194 
USDA 201 
USDA 205 
USDA 206 
USDA 208 
USDA 214 

a6-phosphogluconate dehydrogenase, expressed as nanomoles of reduced NADP produced per 
min per mg of protein. 

b~xpressed as micromoles of o-nitrophenol produced per min per mg of protein. 



presence and absence of enzymes of the pentose phosphate pathway. Only fast-growing a- , 

rhizobia have NADP-linked 6-phosphogluconate dehydrogenase (6-PGD) activity, a 
key enzyme of that pathway (Keele et al., 1969; Martinez-de Drets and Arias, 1972). 
Table 2 shows the clear differences between the two types of soybean rhizobia in 
6-PGD activity, again linking these fast growers to  other fast-growing rhizobia. Studies 
by Yelton et al. (1983) and Stowers and Eaglesham (1984) also showed the presence 
of 6-PGD activity in these fast-growers. 

Of the 30 strains examined from 6 species of Rhizobium, only the fast-growing 
soybean rhizobia were capable of substantial growth in ethanol (Sadowsky, 1983). 
While the fast growers grew to  final cell densities of 108-109 cells/mL on 0.2% ethanol, 
the slow-growing R. japonicum never reached densities greater than 107 cells/mL on 
any concentration of ethanol. No activity of NAD- or NADP-linked alcohol dehy- 
drogenase was found. 

BIOCHEMICAL ATTRIBUTES 

In comparing the 11 fast-growing soybean rhizobia with 7 isolates of slow-growing 
R. japonicum, Sadowsky et al. (1983) found both groups t o  be positive for catalase, 
oxidase, urease, penicillinase, and nitrate reductase. Neither group produced H2S or 
3-Ketolactose. Bernaerts and DeLey (1963) found that production of 3-Ketolactose 
from lactose is limited to species of Agrobacten'um, a genus closely related to  the fast- 
growing Rhizobium. Graham and Parker (1964) found that production of penicillinase 
was more common in slow-growing rhizobia, though some isolates of the fast-growing 
R. leguminosarum possessed this attribute. 

Gelatinase activity clearly differentiated the two groups. The slow growers were 
negative while the fast growers and an isolate from Leucaena were positive (Sadowsky 
et  al., 1983). 

In a test of litmus milk reactions, 20 of 21 slow growing R. japonicum produced 
an alkaline pH change with no peptonization (Sadowsky et  al., 1983). By comparison, 
10 of 11 fast growers produced peptonization of the medium, though pH changes were 
variable. This response of the fast-growing soybean isolates is typical of other fast- 
growing Rhizobium species (Graham and Parker, 1964). 

The fast growers apparently lack hydrogenase activity, as determined in culture 
and in bacteroid preparations. All seven of the fast growers tested for hydrogenase in 
free-living culture were negative (S. Uratsu, pers. commun.). Yelton et al. (1983) 
found USDA 191 to lack hydrogenase activity in culture as well as in symbiosis with 
G. max cv. Clark and cowpea (Vigna unguiculata [L.] Walp.) cv. Calif. Blackeye 5. 
We have found all 11 of the fast growers also to be negative in symbiosis with G. max 
cv. Peking and G. soja PI 468398. 

SEROLOGICAL RELATIONSHIPS 

The fast-growing soybean rhizobia are serologically related (Sadowsky, 1983). 
Tests with whole-cell antisera indicated that the fast growers shared at least one heat- 
labile antigen in common. Examination with the more specific somatic antigens 
showed at least three serological groups among the fast growers; USDA 192 (3 strains), 
USDA 194 (2 strains), and USDA 205 (6 strains). 

In agglutination tests with somatic antisera from 14 non-cross-reacting strains of 
slow-growing R, japonicum, the only cross reaction we found with the fast growers 
occurred between the USDA 194 group and the USDA 122 group (representing the 



slow growers USDA 122, USDA 136, CB 1809, and others). Sadowsky (1983) found 
the same degree of difference between the fast and slow growers. He also found that 
while USDA 136 cross-reacted with USDA 194 in immunofluorescence reactions, this 
was not detected in immunodiffusion reactions using somatic antisera. 

Immunodiffusion tests with species of Rhizobium other than R. japonicum with 
antisera from three of the fast growers showed some very interesting relationships. 
Fast-growing isolates of R, meliloti, an isolate from Sesbania, and an isolate from 
Lablab purpureus (L.) Sweet had whole-cell and somatic antigens in common with 
the fast-growing soybean rhizobia (Sadowsky, 1983). Slow growers from R. lupini and 
the 'cowpea' groups did not cross react. The fast-growing soybean rhizobia appear to  
be fairly distinct among Rhizobium in their serological relatedness to  both slow grow- 
ers (R. japonicum) and fast growers (R. meliloti and 'cowpea' types), though Trinick 
(1980) reported the same for isolates of Leucaena. 

SYMBIOSIS WITH LEGUMES 

The fast-growing soybean rhizobia nodulate and fix N2, to  varying degrees of effec- 
tiveness, with G. max and G. soja genotypes and with some legumes of the cowpea 
cross inoculation group. Similar host range is found with the slow-growing R. japoni- 
cum (Leonard, 1923; Van Rensburg et  al., 1976). The fast growers do  not nodulate 
hosts of other fast-growing species (R. meliloti; R. trifolii; R. phaseoli; R. legumino- 
sanrm) (Keyser et  al., 1982; unpublished data). Many adapted genotypes of North 
American soybeans form ineffective symbioses with the fast growers (Keyser et al., 
1982). Table 3 shows the response of four cultivars. In most cases the fast-growers 

Table 3. Top dry weight of  soybean cultivars inoculated with fast- and slowgowing soybean 
rh i~obia .~  

Strain 
Cultivars of G. maw 

Wilson4 Bedford Clark 

Slow growers 
USDA 110 
USDA 122 

Fast growers 
USDA 191 
USDA 192 
USDA 193 
USDA 194 
USDA 201 
USDA 205 
USDA 206 
USDA 208 
USDA 217 

Uninoculated 

aTests conducted in vermiculite-Leonard jar assemblies, grown for 5-6 weeks in a growth cham- 
ber. 

b ~ a c h  value is a mean of 3 replicates, 3 plants per replicate. Values followed by the same letter 
within a column are not significantly different (P ( .05) according to Duncan's New Multiple Range 
Test. 



were not significantly better than an uninoculated control, as well as being significantly - 
inferior to  the reference slow grower. Nodule production on these cultivars ranges from 
normal (with cultivars Bedford and Hardee) to  sparse and atypical (with cultivars 
Clark, Kent, and Lee). Similar ineffective responses by North American soybeans have 
been reported by Van Rensburg et al. (1983) and Stowers and Eaglesham (1984). 
This general ineffective response is not without exception as Yelton et  al. (1983) 
reported USDA 191 to  be effective with Clark, and Dowdle (pers. commun.) found 
three of the fast growers to  be effective with other cultivars, based on acetylene- 
reduction. 

Peking forms an effective symbiosis with the fast growers (Table 4). Peking is an 
unimproved selection of a line from China. Also, Stowers and Eaglesham (1984) found 
the fast growers to be very effective with three "Asian-type" soybeans. Van Rensburg 
e t  al. (1983) found an effective symbiosis between the fast growers and two South 
African soybeans (Table 5). Cultivar Geduld is a selection from a cross of Dixie and a 
line from China, while Usutu was selected from crosses in which Geduld was involved. 
Perhaps, the low frequence of effectiveness with the U.S. cultivars is atypical of soy- 
bean germplasm in general and simply results from the narrow germplasm base of U.S. 
cultivars, which may be built upon accessions with a very low frequency of effective- 
ness with the fast growers. 

Cowpea forms an effective symbiosis with the fast growers (Table 4). This has been 
confirmed by Stowers and Eaglesham (1984) and Yelton et  al. (1983). While they are 

TaMe 4. Shoot nitrogen content in three legumes inoculated with fast- and slow-growing soybean 
rhizobia: 

Strain 

Host legume 

G. max cv. G. soja Vigna ungnnicuhta cv. 
Peking PI 468398 Calif. Blackeye-5 

Fast growers 
USDA 191 
USDA 192 
USDA 193 
USDA 194 
USDA 201 
USDA 205 
USDA 206 
USDA 208 
USDA 214 
USDA 2 1 7 
USDA 257 

Slow growers 
USDA 122 
176A22' 

Uninoculated 

46.3 stu 
63.8 r 
50.4 s 
38.7 tu 
45.9 stu 
45.3 stu 
49.1 st 

97.6 rstu 
88.8 rstuv 

103.0 rst 
63.5 vw 
78.3 tuv 
93.6 rstu 
49.5 w 
78.8 tuv 
73.2 uvw 
82.9 stuv 

104.9 rs 

%ee footnote a, Table 3. 
b ~ e e  footnote b, Table 3. 
CA slowgrowing reference strain of R. sp. 'cowpea miscellany'. 



.- Table 5. Dry mass and nodulation of cultivars of G. max inoculated with slow- and fastgrowing 
strains of R. japonicum (from Van Rensburg et al., 1983). 

Cultivar of Cultivars of 
American origin South African origin 

Strain Forrest SSS3 Geduld Usutu 

Slow grower 
WBl 2.72 

Fast growers 
USDA 193 
USDA 194 
USDA 201 
USDA 205 
USDA 206 

Uninoculated 0 . 8 2 ~  

aAverage of 3 replicates LSD (P ( 0.01 ) = 0.52; C.V. = 28.4%. 
b ~ o  nodules formed. 

also effective with pigeon pea (Cajanus cajan [L.] Huth) the fast growers are ineffec- 
tive with mung bean (Vigna radiata [L.] ) and species of Sesbania and Macroptilium 
(Keyser et  al., 1982; Stowers and Eaglesham, 1984). 

The most interesting comparison of host preference between the fast- and slow- 
growing soybean rhizobia is found in their reaction with different genotypes of wild 
soybean (G. soja). Keyser et  al. (1982) reported the fast growers to  be effective at  
N2-fixation with a line from China (Table 4). Subsequent tests with seven other G. 
soja genotypes demonstrated significant effectiveness interactions with both rhizobia 
groups (Keyser and Cregan, 1984a). The response of two genotypes with opposite 
group preferences is shown in Figure 1. PI 468397 exhibits a general specificity for 
effectiveness with the fast growers as opposed t o  slow growers. This very unusual 
reaction has not yet been found in G. max, and indicates there is a large range of 
symbiotic adaptations in G. soja germplasm. 

CONCLUSIONS 

The fast-growing soybean rhizobia from China are distinct from the slow-growing 
R. japonicum. Several distinguishing bacteriological properties used t o  separate the 
slow-growing Bradyrhizobium from the fast-growing Rhizobium place these new 
isolates in the Rhizobium genus. However, the similar host range with the slow growers 
points out the difficulty of including both the bacteriological and the host related 
properties in the classification system of root nodule bacteria. 

China is considered to  be the gene center of the G. max and G. soja, and apparently 
it is also the gene center of two types of soybean rhizobia. The occurrence of the fast 
growers in China is not rare, as they were found in five provinces. In the collection 
made by Fehr and Hinson, 8 of 69  nodules contained fast-growing isolates. In con- 
trast, the occurrence of the fast growers in U.S. soils is apparently very low at  best, 
though most workers would probably discard such isolates as suspected contaminants. 

Genetic studies of the fast growers have also shown them to  be distinct from the 



Figure 1. 

Olyclne 8oJa genotype 

Tad shoot N in two C. soja genotypes in symbiosis with fast- and slowgrowing strains of 
rhizobia. Strains are listed by USDA number, UC = uninoculated control. Values within a 
G. soja genotype encompassed by the vertical bar are not significantly different (P d 0.05) 
as tested by Duncan's New Multiple Range Test from Keyser and Cregan, 1984b). -. 

slow growers (see the chapter by Atherly et al., this volume). Their potential for ge- 
netic manipulation, combined with their differential symbiotic reactions with G. max 
and G. soja genotypes, provides researchers with valuable organisms for use in increas- 
ing our understanding of the soybean-rhizobia symbiosis. 

NOTES 

H. H. Keyser, USDA, ARS, Nitrogen Fixation and Soybean Genetics Laboratory, Beluville, 
Maryland 20705; M. J. Sadowsky, Department of Biology, Genetic Manipulation Research Group, 
McGill University, Montreal, Canada H3A 1B1; 9. B. Bohlool, Department of Microbiology, Uni- 
versity of Hawaii, Honolulu 96822. 
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ABSTRACT 

The relationship between ureide N and N2 tixation was evaluated in 
greenhouse-grown soybean (Glycine max L. Merr.) and lima bean (Pha- 
seolus lunatus L.) and in field studies with soybean. In the greenhouse, 
plant N accumulation from N2 fixation in soybean and lima bean corre- 
lated with ureide N. In soybean, N2 fixation, ureide N, acetylene reduc- 
tion, and nodule mass were correlated when Nz fixation was inhibited by 
applying KNOj solutions to the plants. The ureide-N concentrations of 
different plant tissues and of total plant ureide N varied according to the 
effectiveness of the strain of Bradyrhizobium japonicum used to inoculate 
plants. The ureide-N concentrations in the different plant tissues corre- 
lated with N2 fixation. Ureide N determinations in field studies with 

, , soybean correlated with N2 fixation, aboveground N accumulation, nodule 
weight, and acetylene reduction. N2 fixation was estimated by '%I isotope 
dilution with nine and ten soybean genotypes in 1979 and 1980, respec- 
tively, at the V9, R2, and R5 growth stages. In 1981, we investigated the 
relationship between ureide N, aboveground N accumulation, acetylene 
reduction, and nodule mass using four soybean genotypes harvested at 
the V4, V6, R2, R4, R5, and R6 growth stages. Ureide N concentrations 
of young stem tissues or plants or aboveground ureide N content of the 
four soybean genotypes varied throughout growth correlating with acet- 
ylene reduction, nodule mass, and aboveground N accumulation. The 
ureide-N concentrations of young stem tissues or plants or aboveground 
ureide-N content in three soybean genotypes varied across inoculation 
treatments of 14 and 13 strains of Bradyrhizobium japonicum in 1981 
and 1982, respectively, and correlated with nodule mass and acetylene 
reduction. In the greenhouse, results correlating nodule mass with N2 
fixation and ureide N across strains were variable. Acetylene reduction 
in soybean across host-strain combinations did not correlate with N2 
fixation and ureide N. N2 fixation, ureide N, acetylene reduction, and 
nodule mass correlated across inoculation treatments with strains of 
Bradyrhizobium spp. varying in effectiveness on lima beans. Our data 
indicate that ureide-N determinations may be used as an additional 
method to acetylene reduction in studies of the physiology of N2 fixation 
in soybean. Ureide-N measurements also may be useful to rank strains 
of B. japonicum for effectiveness of N2 fixation. 

nodules. Various methods are used to estimate the magnitude of 
N2 fixation, which principally depends upon the effectiveness of 
the host-strain combination and/or the quantity of combined N 
available to the plants (1  5). Acetylene reduction has been exten- 
sively used in the study of physiology of N2 fixation in soybeans. 
Host and strain symbiotic performance has usually been evalu- 
ated by acetylene reduction in combination with determinations 
for nodule mass, plant dry matter, and total N. Estimates of N2 
fixation based on methods with 15N have also been made, but 
the expense incurred and the complex experimental designs have 
prohibited widespread use of this technique. 

In several legumes, allantoin and allantoic acid, originating 
predominantly from N2 fixation (4), are the principal forms of 
N transported (8). The relative ureide-N concentration in green- 
house-grown soybeans has been shown to decline with the addi- 
tion of combined N to the plants, which was reported to indicate 
a quantitative relationship between ureide-N concentration and 
N2 fixation (6, 1 1-1 3). However, ureide-N concentrations rela- 
tive to measurements for NZ fixation made by comparing the 
total N of NZ fixing and control plants in greenhouse studies 
have not been reported. Patterson and LaRue (17) reported a 
quantitative relationship between ureide-N concentration and 
acetylene reduction in studies with field-grown soybeans. How- 
ever, ureide-N concentration relative to measurements for "N 
isotope dilution, aboveground N accumulation, and nodule mass 
have not been reported. Our objectives were to evaluate ureide 
N measurements in greenhouse- and field-grown plants as esti- 
mates of NZ fixation based on total N accumulation, I5N isotope 
dilution, acetylene reduction, and nodule mass determinations. 

MATERIALS AND METHODS 

Plant Material. Seed of Glycine max cv 'Clark' nodulating and 
nonnodulating (Clark rjlrj,) isolines, and Phaseolus lunatus cv 
'Jackson Wonder' were surface sterilized with acidified 0.1 % (w/ 
v) HgC12 (22) for 3 min and washed five times with sterile distilled 
H2O. Surface sterile seeds were sown in sterile vermiculite moist- 
ened with 1.0 L nutrient solution (14), covered with a 2-cm layer 
P 
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Table I. Correlation (r) between Measurements for Ureides, Acetylene Reduction, Nodule Mass, and 
Nitrogen Fixation Determined with G. rnax cv 'Clark' x USDA122 Grown with Eight Dlferent Rates of 

KN03 Addition 
All correlation coefficients are significant at P = 0.01. Determinations were made with plants 47 d after 

sowing. 

Ureide-N 'Iant Top Nodule Mass Acetylene Reduction Concn. Ureide-N Concn. 
mg Nlg dry wt mglplan t pmollplant h 

N from N2 fixation' 0.88 0.89 0.84 0.9 1 
Plant ureide-N ~oncn .~  1.00 0.94 0.97 
Plant top ureide-N ~oncn .~  0.95 0.98 
Nodule mass 0.93 
Acetylene reduction 
' N2 fixation was determined from the difference in total N between the nodulating and nonnodulating 

isolines. 
Ureide-N concentrations were corrected by subtracting the values obtained with the nonnodulating isoline. 

of sterile perlite, in 23-cmdiameter pots rinsed in 1 % Clorox4 
solution followed by three rinses of water. The nutrient solution 
was N free except for a combined N experiment in which KN03 
and KC1 were added to final concentrations of 0, 0.5, 1 .O, 1.5, 
3.0,4.5, 6.0, and 12.0 mM NO3- and 12.0 mM K'. Each pot was 
inoculated with 10 ml of a culture of approximately lo9 cells/ml 
of Bradyrhizobium, which were grown for 7 d in yeast-mannitol 
salts broth (21). The strains of Bradyrhizobium were obtained 
from the USDA Rhizobium Collection at Beltsville (9). The pots 
were placed in saucers and watered from below. In the combined 
N experiment, the plants were watered with distilled H20  to 
which KN03 and KC1 had been added in the same proportions 
as the initial additions in nutrient solution. Four plants were 
grown per pot in a greenhouse without supplemental lighting 
and each of the treatments was tested in triplicate. The pots of 
the NO3- experiment contained two nodulating and two non- 
nodulating isolines of Clark rj I rj inoculated with USDA 122 at 
each level of NO3- addition. 

Nitrogen fixation of soybean grown in "N-enriched field plots 
was determined during the 1979 and 1980 seasons using the 15N 
dilution technique (1 9). The soil orgarlic matter was enriched 
with 15N in 1977 (19). The experimental design was randomized 
complete block with a split plot arrangement of the treatments. 
Whole plots consisted of harvest dates corresponding to the V9, 
R2, and R5 growth stages (3). Subplots were the G. rnax geno- 
types, 'Ware', 'Bonus', 'Emerald', 'Kent', L74-9 14, A 75-3020 17, 
'Wabash', D66-5566, 'Delmar', and 'Clark'. In 1979, the plots 
consisted of single 0.6 m rows spaced 0.7 m apart. Each plot was 
bordered by a 0.6 m row of the nonnodulating genotype 'Clark 
rjlrjl'. In 1980, plots consisted of a single 0.3 m row with 0.7 m 
between rows. A 0.3 m plot of Clark rjlrjl was planted within 
the row adjacent to each nodulating genotype. At each harvest 
date, aboveground plant tissues from the plots were harvested 
for determinations of NZ fixation and ureide N. 

Soybean genotypes Bonus, Emerald, Clark, and Delmar were 
grown in a low N sandy loam soil at the Beltsville Agricultural 
Research Center in 1981 to examine the relationships among 
aboveground N accumulation, ureide-N, acetylene reduction, 
and nodule mass. The plants were grown in six replicate 15 m 
long rows spaced 0.6 m apart. Inoculum was not applied to the 
seed at sowing because the soil contained B. japonicum. At 
specific growth stages (V4, V6, R4, R5, and R6), aboveground 
N, ureide N, acetylene reduction, and nodule mass were deter- 

' Mention of a trademark, proprietory product, or vendor does not 
constitute a guarantee or warranty of the product by the United States 
Department of Agriculture and does not imply its approval to the 
exclusion of other products or vendors that may also be suitable. 

Table 11. Correlation (r) between Measurements for Ureides, Per Cent 
N, and N2 Fixation with Greenhouse-Grown G. rnax cv 'Clark' 

Inoculated with 18 Strains of B. japonicum 
All correlation coefficients are significant at P = 0.0 1. Determinations 

were made 55 d after sowing. The strains of B. japonicum used were: 
USDA6, USDA24, USDA3 1, USDA33, USDA46, USDA6 1, USDA7 la, 
USDA76, USDA 1 10, USDA 1 17, USDA 122, USDA 123, USDA 136, 
USDA 138, USDA 140, USDA205, USDA243, USDA309. 

Ureide-N Plant N Concn. Nitrogen Fixation' 

Concn. in young stem tissue 
(mg/g dry w) 

Concn. in plant tops (mg/g 
dry w) 

Concn. in roots and nodules 
(mg/g dry w) 

Concn. in whole plants (mg/g 
dry w) 

Total (mg/plan t) 
Concn. in the xylem sap (pgl 

ml) 
Flow rates in xylem (pg/h) 

" Nz fixation was determined from the difference in total N between 
the nodulating and nonnondulating isolines. 

ND = not determined. 

mined using five replicate plants from each row. 
Soybean genotypes Williams, Kent, and Essex were grown on 

assayed B. japonicum free-soil at the University of Maryland 
Tobacco farm station at Upper Marlboro. Plants were grown in 
a randomized complete block design, each plot consisting of 
three 6 m rows spaced 0.6 m apart. The seed was coated with 
45% neutralized gum arabic and peat inoculum was applied at a 
rate of 0.2 g/200 seeds before sowing. The peat inoculum con- 
tained approximately lo9 cells of B. japonicumlg dry weight. 
Three plants were taken from three replicate plots at R4 in 198 1 
and R3 in 1982 to determine ureide N, acetylene reduction, and 
nodule mass. Several of the strains used in this study (5507, 
PRC3, PRC43, PRC 127, PRC143, PRC205, PRC 160, SIa, YIa, 
WB19, WB69, R54a, 315, 29W, 587, PRCB-15, THA-1, and 
PRC 1 13-2) have recently been assigned USDA accession num- 
bers (USDA 145, USDSA 146, USDA 1 59, USDA 184, USDA 1 89, 
USDA205, USDA22 1, USDA243, USDA244, USDA270, 
USDA273, USDA277, USDA285, USDA309, USDA310, *,- 

USDA322, USDA325, and USDA335, respectively). 
Measurements. Ureide-N concentration was determined with 

an autoanalytical procedure (20) with xylem sap collected ac- 
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Table 111. Correlation (r) between Measurements for Ureides and 
Acetylene Reduction, Nodule Mass, Per Cent N, and N2 Fixation 
Determined with Greenhouse-Grown G. max cv 'Clark' across 15 

Strains of B. japonicum 
Determinations were made 55 d after sowing. The strains of B. 

japonicum used were: USDA 122, USDA 145, USDA 146, USDA 1 84, 
USDA189, USDA22 1, USDA270, USDA273, USDA277, USDA285, 
USDA309, USDA310, USDA322, USDA325, USDA335. 

Young Stem Plant Ureide-N Total Plant 
Ureide-N Concn. Concn. Ureide-N 

mg Nlg dry wt mgNl 
plant 

% N 0.75** 0.7 1 ** 0.80** 
Nitrogen fixation' (mg 

Nlplant) 0.79** 0.82** 0.85** 
Acetylene reduction 

(rmol/plant - h) 0.22 NS 0.1 1 NS 0.23 NS 

Nodule mass (mdplant) 0.17 NS 0.13 NS 0.24 NS 

a N2 fixation was determined from the difference in total N between 
the nodulating and nonnodulating isolines. 

**, Significant at P = 0.01. 

Table IV. Correlation (r) between Measurements for Ureides and 
Acetylene Reduction, Nodule Mass, Per Cent N, and N2 Fixation 
Determined with Greenhouse-Grown G. max cv 'Clark' across 18 

Strains of B. Japonicum 
Determinations were made 77 days after sowing. The strains of B. 

japonicum used were: USDA6, USDA24, USDA3 1, USDA33, USDA46, 
USDA6 1, USDA7 16, USDA7b, USDA 1 10, USDA 1 17, USDA 122, 
USDA 123, USDA 136, USDA 138, USDA 140, USDA205, USDA243, 
USDA309. 

Young Stem Plant Ureide-N Total Plant 
Ureide-N Concn. Concn. Ureide-N 

mg N/g dry wt mg Nl 
plant 

% N 0.79** 0.96** 0.87** 
Nitrogen fixation8 (mg 

Nlplant) 0.60** 0.90** 0.78** 
Acetylene reduction 

(rmol/plant - h) 0.24 NS 0.39 NS 0.42 NS 

Nodule mass (mdplant) 0.29 NS 0.52* 0.66** 

" N2 fixation was determined from the difference in total N between 
the nodulating and nonnodulating isolines. 

**, Significant at P = 0.0 1; *, significant at P = 0.05. 

cording to the method described by McClure et al. (1 3) or with 
plant material dried at 60°C for 2 d and milled with a Udy 
Cyclone Sample Mill (Udy Corporation, Boulder, CO). Young 
stems were obtained by cutting the main stem above the node of 
the second uppermost, fully expanded trifoliate and removing 
the leaves. Extracts of the ground plant material used for ureide 
determination were prepared according to the method described 
by van Berkum and Sloger (20). Total N of the milled dry plant 
tissues were determined by Kjeldahl digestion (1) followed by 
measurement of NH4+ with an autoanalytical procedure (2). N2 
fixation in the greenhouse experiments was derived from the 
difference in total N between nodulated plants and the nonno- 
dulated controls. N2 fixation was determined by 15N dilution in 
soybean tissue using the nonnodulating isoline of Clark j l r j l  as 
control and with the samples prepared and analyzed for I5N 
according to the methods described by Talbott et al. (19). An 
autoanalytical procedure was used to determine NO3- concen- 

, , ~ b ? '  tration (7) of dried-milled soybean tissue extracted in distilled 
H20 at 80°C for 30 min. Acetylene reduction was determined 
with the roots from detopped plants according to the method 

z 
0 a I I I 

o 2 4 e 
u re ide -N  concent ra t lon  

(mg N/p lan t )  

FIG. 1. Relationship between plant top ureide-N concentration and 
N in the plant top originating from N2 fixation (y = 22 .0~  + 28.4). The 
data were obtained by combining the results from all the soybean 
experiments. 

described by Keyser et al. (10). The nodules were removed from 
the roots after acetylene reduction, dried at 60°C for 2 d, weighed, 
and in greenhouse studies returned to .the dried root tissues for 
milling. 

RESULTS 

The addition of NO3- to greenhouse-grown Clark soybean 
inoculated with USDA 122 significantly decreased N2 fixation 
determined from the difference in total N between the nodulating 
and nonnodulating isolines at each rate of application. Total 
plant N originating from N2 fixation ranged from 124 to 0 mg 
N/plant for the control and 12 mM NO3- treatments, respec- 
tively. The total N of the nodulating soybean plants among NO3- 
treatments were similar and of the nonnodulating controls in- 
creased significantly with higher rates of NO3- application. The 
NO3- treatment decreased nodule development, the rate of ni- 
trogenase activity, and the concentration of ureide N of the 
nodulating plants. The ureide-N concentrations of the nonno- 
dulating plants without NO3' and with 12 mM NO3- addition 
were similar. The variation in ureide-N concentration of the 
nodulating plants across the NO3- additions correlated with 
nitrogen fixation, nodulation, and nitrogenase activity (Table I). 
Nitrogen fixation, ureide-N concentration, nodulation, and ni- 
trogenase activity were negatively correlated with the NO3- con- 
centrations of the nodulating plants across the NO3- treatments 
(r = -0.99, -0.89, -0.85, and -0.93, respectively; P = 0.0 1). 

N2 fixation, determined 55 d after sowing from the difference 
in total N between nodulated and nonnodulated Clark soybean 
inoculated with 18 strains of B. japonicum ranging from 0 to 
138 mg N/plant correlated with ureide concentrations in young 
stem tissues, plant tops, roots and nodules, xylem sap, and whole 
plants, and with total plant ureide contents and ureide-N flow 
rates in the xylem (Table 11). The per cent N of the plants ranged 
from 0.8 to 2.5 across treatments and also correlated with ureide 
N in the different plant parts. Ureide N in the young stem tissues 
correlated with ureide-N concentrations in the plant tops, whole 
plants, xylem sap and with total plant ureide N and with ureide 
N flow rates in the xylem (r = 0.97, 0.96, 0.72, 0.95, and 0.63, 
respectively; P = 0.0 1 ). 

Ureide-N concentration in the young stems and plant tops, 
and total plant ureide-N contents correlated with N2 fixation and 
per cent N in a second examination with 554-old Clark soybean 
inoculated with different strains of B. japonicum (Table 111). 
Total plant N accumulation originating from N2 fixation ranged 
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Table V. Correlation (r) between Measurements for Ureides, Nz Fixation, Acetylene Reduction, Nodule 
Mass, and Per Cent N Determined with Greenhouse-Grown Phaseolus lunatus cv 'Jackson Wonder' across 19 

Strains of Bradyrhizobium sp. 
All correlation coefficients are significant at P = 0.01. Determinations were made 33 d after sowing. The 

strains of Bradyrhizobium used were: USDA3250, USDA3251, USDA3252, USDA3252, USDA3254, 
USDA3255, USDA3256, USDA3257, USDA3258, USDA3259, USDA3260, USDA3261, USDA3313, E12, 
E16, El 7, A4, AS, TAL22. 

N Nodule Mass Acetylene Reduction Plant Ureide-N 
Concn. 

Nitrogen fixation' 0.96 0.80 
% N 0.86 
Nodule mass 
Acetylene reduction 
Ureide-N concentration 

mg N/ g 
dry wt 

'Nz fixation was determined from the differences in total N between the inoculated plants and the 
uninoculated control. 

FIG. 2. Comparison of nitrogen fixation and ureide N determined growth stages (Fig. 2). The measurements for N2 fixation among 

with nine or ten field-grown soybean genotypes at V9, R2, and R5 growth nine or ten genotypes at each harvest date were not significantly 

stages during the 1979 and 1980 seasons (A and B, respectively). The different. 
determinations were made with total aboveground plant tissues. The relationship between ureide-N content of soybean and 

acetylene reduction, nodule mass, or total aboveground N ac- 

h c. 

rates of acetylene reduction did not correlate with the three 
ureide-N determinations. Acetylene reduction, also did not cor- 
relate with N2 fixation and per cent N (r = 0.37 and 0.42, 
respectively). Nodule mass correlated with plant ureide-N con- 
centration and total plant ureide-N content, but not with young 
stem ureide-N concentration (Table IV). Nodule mass also cor- 
related with N2 fixation (r = 0.67; P = 0.01), and acetylene 
reduction (r = 0.5 1; P = 0.05), but not with % N (r = 0.37). 

The results obtained from the investigations with soybean were 
combined to test whether the ureide-N concentration determined 
under variable conditions correlated with the N in the plant tops 
originating from N2 fixation. Ureide-N concentration and N2 

Nitrogen Fixation (QNI~IO~) Nitrogen Fixation (g~lpiot) fixation correlated. (r = 0.84; P = 0.01) and a regression line was .,, 
h 
c. used to describe the relationship (Fig. 1). 

from 4 to 132 mg N/plant from the poorest to most effective 
host x strain combinations, respectively. Acetylene reduction 
did not correlate with the three ureide-N determinations nor 
with N2 fixation and per cent N (r = 0.33 and 0.39, respectively). 
Similarly, nodule mass did not correlate with the three ureide-N 
measurements (Table 111), nor with N2 fixation and per cent N 
(r = 0.29 and 0.42, respectively). However, acetylene reduction 
correlated with nodule mass (r  = 0.79; P = 0.01). 

Ureide-N concentration in the young stems and plant tops 
and total plant ureide-N contents correlated with N2 fixation and 
per cent N in a third examination with 774-old soybean plants 
(Table IV). Total plant N accumulation originating from N2 
fixation ranged from 5 to 2 10 mg N/plant from the poorest to 
most effective host x strain combinations, respectively. However, 

4 
0 

2 3.0 

cumulation was investigated using four of soybean. 
The ureide-N concentrations in the young stem tissues and plants 
and aboveground ureide-N content during plant development 
correlated with the rate of acetylene reduction, nodule mass, and 
aboveground N accumulation (Table VI). The plant ureide-N 
concentration, aboveground N accumulation, acetylene reduc- 
tion, and nodule mass varied across the growing season of the 
four soybean genotypes with 1.1 1 mg ureide N/g dry weight, 35 
mg/plant, 9.6 pmol C2H4/plant- h, and 69 mglplant at the first 
harvest date ranging to 2.65 mg ureide N/g dry weight, 1396 
mglplant, 47.6 pmol C2H4/plant.h, and 900 mg/plant for the 

\#.*I highest recorded levels, respectively. Aboveground N accumula- 
tion across the six dates correlated with acetylene reduction and 
nodule mass (r = 0.77 and 0.9 1, respectively, P = 0.01), and the 

ule mass were observed in P. lunatus cv Jackson Wonder inoc- 
ulated with 19 strains of Bradyrhizobium sp. (Table V). Total 
plant N accumulation originating from N2 fixation ranged from 
0 to 34 mg N/plant from the poorest to most effective host x 
strain combinations, respectively. 

The relationship between ureide-N and N2 fixation determined 
by I5N dilution was examined with aboveground soybean tissue 
using nine or ten genotypes and the nonnodulating (rj I) isoline 
of Clark as control during the seasons of 1979 and 1980. Corre- 
lations between N2 fixation and ureide N were derived across 

Nitrogen Fixation (g~lp iot )  Nitrogen Fixation (~Nlplot) three harvest dates during late vegetative and reproductive 

e a 
- 

500 - 6 Correlations between measurements for N2 fixation, per cent 
N, plant ureide-N concentrations, acetylene reduction, and nod- 



UREIDE N AND N2 FIXATION IN SOYBEAN 

Table VI. Correlation (r) between Measurements for Ureides and Acetylene Reduction, Nodule Dry Weight, 
and Aboveground N Accumulation Determined Six Times across the Growing Season of Four Genotypes of G. 

m u  
Growth stages of aboveground N accumulation determinations were V4, V6, R2, R4, R5, R6. 

Young Stem Aboveground Plant Ureide-N Ureide-N 
Ureide-N Content Concn. Concn. 

Above ground N (g Nlplant) 
Acetylene reduction (rmollplant . h) 

mg Nlplant mg N/g dry Wt 

Nodule mass (mg dry wtlplant) 0.8 1 ** 0.66** 0.69** 

' **, Significant at P = 0.0 1.  

Table VII. Correlation (r) of Ureide Analysis with Acetylene Reduction and Nodule Dry Weight 
Determinations with Field-Grown Glycine m u  cv 'Williams' and 'Kent' at R4 in the 1981 Season and 'Kent' 

and 'Essex' at R3 in the 1982 Season Across Inoculation Treatments of B. japonicum 
In 198 1 ,  the treatments were: USDA 1 10, USDA 145, USDA 146, USDA 159, USDA24 1, USDA243, 

USDA270, USDA277, USDA285, USDA309, USDA3 10, USDA322, USDA325, USDA335, and uninoculated 
control. In 1982, the treatments were: USDA3 1, USDA I 10, USDA 122, USDA 145, USDA 184, USDA 189, 
USDA22 1, USDA243, USDA273, USDA277, USDA309, USDA3 10, USDA335, and uninoculated control. 

Young Stem Ur- Plant Ureide-N Aboveground Ur- 
eide-N Concn. Concn. eide N 

198 1 Wiliams Kent Williams Kent Williams Kent 
1982 Kent Essex Kent Essex Kent Essex 

mglg dry wt mglplant 
Rate of acetylene reduction 198 1 0.52'" 0.75** 0.70** 0.64** 0.67** 0.77** 

(rmol/plant. h) 1982 0.54* 0.73** 0.61** 0.75** 0.81** 0.77** 
1981 0.61** 0.65** 0.87** 0.66** 0.68** 0.87** 

Nodule mass (g dry wtlplant) 1982 0.70** 0.69** 0.73** 0.58* 0.68** 0.60* 

-, Significant at P = 0.05; **, significant at P = 0.01. 

rate of acetylene reduction and nodule mass across the six dates 
also correlated (r = 0.85; P = 0.0 1). 

The relationship between the variation of ureide N and acet- 
ylene reduction or nodule mass at one sampling date was inves- 
tigated two successive years using three genotypes of soybean 
across inoculation treatments of B. japonicum varying in effec- 
tiveness for N2 fixation. The concentration of ureide N in the 
young stem and plant tissues and aboveground ureide-N content 
of Williams and Kent in the 198 1 season correlated with acety- 
lene reduction and nodule mass (Table VII). Correlations were 
also observed for each genotype between acetylene reduction and 
nodulation across inoculation treatments (r  = 0.68 and 0.9 1, 
respectively; P = 0.01). The analyses of ureide N of Kent and 
Essex in the 1982 season also correlated with acetylene reduction 
and nodulation (Table VIT). Correlations were also observed for 
each genotype between acetylene reduction and nodulation 
across inoculation treatments (r = 0.85 and 0.8 1, respectively; P 
= 0.0 1). 

DISCUSSION 

We report that in a greenhouse study with soybean and lima 
bean, plant N accumulation from N2 fixation correlated with 
ureide N, that ureide N in field studies with soybean genotypes 
correlated with N2 fixation estimated by I5N isotope dilution, 
and that across inoculation treatments of B. japonicum ureide N 
correlated with nodule weight and acetylene reduction. N2 fixa- 
tion was modulated in our study by using different strains of 
Bradyrhizobium varying in their effectiveness for N2 fixation, by 
sampling across growth season, or by inhibiting N2 fixation with 

b u d  solutions of KNO3. 
The relative ureide content of xylem sap (12, 13) or plant 

tissue (6, 11)  has been suggested to indicate N2 fixation in 

greenhouse-grown soybean plants supplied with solutions of 
combined N. However, in these studies N2 fixation was estimated 
from the enrichment of xylem sap with I5N from KI5NO3 (1 3), 
nodule mass determinations (1 1, 12), or measurements of acet- 
ylene reduction (6). Our approach was to measure N2 fixation 
across the NO3- treatments by determining the difference in total 
N between nodulated and nonnodulated plants grown in the 
same pots. N2 fixation, nodulation, acetylene reduction, and the 
ureide-N concentrations decreased proportionately as the NO3- 
concentrations supplied to the plants were increased. Therefore, 
the data from our study support the suggestions of a quantitative 
relationship between ureide N and N2 fixation in greenhouse- 
grown soybeans supplied with nutrient solutions containing dif- 
ferent concentrations of combined N. 

McClure et al. (1 3) proposed widespread applicability for the 
use of relative ureide content of xylem sap as indicators of N2 
fixation in greenhouse-grown soybean. The ureide-N analyses of 
soybean xylem sap and different plant tissues in our study 
correlated with each other as well as with measurements for N2 
fixation among inoculation treatments with 18 strains of B. 
japonicum. Therefore, either the measurement of ureide-N in 
the tissues or xylem sap may be used to indicate N2 fixation in 
greenhouse studies with soybean. Plant ureide-N concentration 
correlated with the total N in the plant tops originating from N2 
fixation when we combined the greenhouse data of the experi- 
ments with soybeans. Therefore, the ureide-N concentration can 
probably be used to estimate N2 fixation in greenhouse-grown 
Clark soybean. Similar regression lines could possibly be used 
with other soybean genotypes to estimate N2 fixation. 

In field studies with soybean, we determined that ureide N 
and acetylene reduction were correlated similar to the observa- 
tions reported by Patterson and LaRue (1 7). We also have shown 
that the ureide-N concentration in field-grown soybean increased 
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as N accumulated from N2 fixation when estimated by I5N 
dilution or aboveground N accumulation. Patterson and LaRue 
(1 7) suggested that the ureide-N concentration of plants ranked 
genotypes of soybean for nitrogenase activity. We were unable 
to determine whether ureide-N concentration of plants ranked 
genotypes of soybean for N2 fixation because estimates at each 
date of sampling were similar. However, our data indicate that 
the ureide-N concentration of field-grown soybeans may rank 
strains of B. japonicum for nitrogenase activity and nodulation. 

Acetylene reduction and nodule mass measurements did not 
always correspond with N2 fixation by soybeans in greenhouse 
studies indicating these parameters by themselves to be unsuita- 
ble for evaluation of strain effectiveness of B. japonicum. The 
spectrum of effectiveness among strains used in the field was 
narrower than in the greenhouse, probably causing the disparity 
between the two results. Ureide N and acetylene reduction in 
greenhouse-grown lima beans correlated indicating that the sym- 
biotic characteristics among strains may influence the relation- 
ship between different methods to evaluate N2 fixation. Never- 
theless, tissue ureide N may be more appropriate than nodule 
mass or acetylene reduction to evaluate strain effectiveness in 
the greenhouse, because ureide N correlated with Nz fixation. 

Our data indicate that ureide-N determinations may be used 
as an additional method to acetylene reduction in studies of the 
physiology of N2 fixation of soybean. Ureide-N measurements 
also may be useful to rank strains of B. japonicum for effective- 
ness of N2 fixation. Patterson and LaRue ( 17) have .previously 
suggested that ureide-N concentration also ranks soybean geno- 
types for N2-fixing ability. The potential advantages of the ureide 
analysis in N2 fixation research are that many determinations 
can be made inexpensively and plants need not be destroyed if a 
portion of the young stem is sampled. Furthermore, the meth- 
odology used to determine plant tissue ureide N (20) is conven- 
ient because the simple analyses are made rapidly with samples 
which can be stored without significantly affecting the results (6, 
16). 
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We screened soybean rhizobia originating from three germplasm collections for the ability to grow 
anaerobically in the presence of NO3- and for differences in final product formation from anaerobic NO3- 
metabolism. Denitrification abilities of selected strains as free-living bacteria and as bacteroids were compared. 
Anaerobic growth in the presence of NO3- was observed in 270 of 321 strains of soybean rhizobia. All strains 
belonging to the 135 serogroup did not grow anaerobically in the presence of NO3-. An investigation with 
several strains indicated that bacteria not growing anaerobically in the presence of NO3- also did not utilize 
NO3- as the sole N source aerobically. An exception was strain USDA 33, which grew on NO3- but failed to 
denitrify. Dissimilation of NO3- by the free-living cultures proceeded without the significant release of 
intermediate products. Nitrous oxide reductase was inhibited by C2H2, but preceding steps of denitrification 
were not affected. Final products of denitrification were NO2-, N20, or N2; serogroups 31, 46, 76, and 94 
predominantly liberated NO2-, whereas evolution of N2 was prevalent in serogroups 110 and 122, and all three 
were formed as final products by strains belonging to serogroups 6 and 123. Anaerobic metabolism of NO3- 
by bacteroid preparations of Bradyrhizobium japonicum proceeded without delay and was evident by NO2- 
accumulation irrespective of which final product was formed by the strain as free-living bacteria. Anaerobic 
C2H2 reduction in the presence of NO3- was observed in bacteroid preparations capable of NO3- respiration 
but was absent in bacteria that were determined to be deficient in dissimilatory nitrate reductase. 

Anaerobic metabolism of nitrate (NO3-) by free-living 
cells and bacteroid preparations of Rhizobirrm sp. and Brady- 
rhizobium sp. has been reported (2-4, 7, 14, 18, 20, 25, 26). 
Most bradyrhizobia grow anaerobically in the presence of 
NO3-; growth is mediated by the ability of the organism to 
denitrify (2, 3, 14). However, denitrification among rhizobia 
is rare (3, 25), and few strains have been reported to grow 
anaerobically in the presence of NO3- (3, 7). The dissimila- 
tion of NO3- to gaseous products (N20 or N2) by Brady- 
rhizobium japoniclrm has been suggested as a characteristic 
of uptake hydrogenase-positive (Hup') phenotypes, whereas 
uptake hydrogenase-negative (Hup-) cultures produced ni- 
trite (NO2-) from NO3- (14). However, inferences of the 
relationship between growth or Hup character and denitrifi- 
cation in B. japonic~tm have been made from the analysis of 
only 20 different strains. 

Several studies have indicated the absence of nitrite 
reductase in bacteroids of B. japonicum (2, 20), although 
most of the strains tested anaerobically as free-living cells 
produce gaseous products from NO3- (3, 25). A methodical 
examination of B. japoniclrm relating the characteristics of 
denitrification by free-living cells with those of denitrifica- 
tion by bacteroid preparations of the same strains has not 
been reported. 

Isolations made from root nodules and soil samples of the 
People's Republic of China have yielded soybean-nodulating 
rhizobia which are physiologically and biochemically dif- 
ferent from B. japonicum (9, 10, 19). Furthermore, a survey 
of B. japonicum distribution in 12 states of the United States 
(12) has furnished strains belonging to nine different sero- 
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groups charactertized for Hup phenotype. Our objectives 
were (i) to characterize anaerobic growth in the presence of 
NO3- and determine products of denitrification in strains of 
soybean rhizobia and bradyrhizobia from the People's Re- 
public of China, the U.S. survey, and the U.S. Department 
of Agriculture collection; (ii) to relate the product of an- 
aerobic NO3- metabolism with the serogroup of each organ- 
ism; (iii) to determine the relationship between denitrifica- 
tion and anaerobic growth by the soybean rhizobia from 
China; (iv) to investigate Hup phenotype and product of 
anaerobic NO3- metabolism in the U.S. survey germplasm; 
and (v) to compare denitrification abilities in free-living and 
bacteroid preparations of selected characterized strains of 
bradyrhizobia. 

MATERIALS AND METHODS 

Bacterial strains and growth conditions. The strains of 
soybean rhizobia and bradyrhizobia used in this study orig- 
inated from three germplasm collections; the U.S. Depart- 
ment of Agriculture (USDA) culture collection ( l l ) ,  isolates 
from the People's Republic of China (9, lo), and a survey of 
serogroup identity and hydrogenase phenotype distribution 
in the United States (12). Of the U.S. survey isolates used in 
this study, hydrogenase-positive and -negative (Hup+ and 
Hup-) representatives for each serogroup, except for sero- 
group 135, were chosen to test for a relationship between 
hydrogenase and denitrification. Stock cultures of each strain 
were maintained at 4OC on yeast-salts-mannitol agar (22). 
Yeast-salts-mannitol broth (YMB) was used to prepare ino- 
cula for experiments. In the case of strains belonging to 
serogroup 135, the YMB was modified by replacing the 10 g 
of mannitol per liter with 2.5 g each of mannitol, arabinose, 
and sodium glutamate per liter. Anaerobic growth in the 
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presence of 6 mM KN03 was determined at 30°C in 3 ml of 
YMB or modified YMB under 1 ml of sterile mineral oil in 
10-ml stoppered serum vials inoculated with approximately 
lo7 cells as described by Daniel et al. (3). Products formed by 
anaerobic metabolism of NO3- were determined with 19-ml 
turbid broth cultures (approximately 5 x lo8 cells per ml) in 
36-ml serum vials 3 days after the addition of 20 pmol of 
sterile KN03 per ml and 3 ml of sterile mineral oil. The 
formation of N2 from NO3- was detected by the disappear- 
ance of NO3- and by the formation of N20  in the presence of 
1% (vol/vol) C2H2 (24). Aerobic growth with KN03 as the 
sole N source in a defined growth medium (22) was deter- 
mined at 30°C with strains failing to grow anaerobically in the 
presence of NO3-. Strain USDA 33 was tested for growth in 
the presence of KC103 by the method of Stephens and Neyra 
(20) to select for dissimilatory nitrate reductase-negative 
mutants of B. japonicum. 

Serogroup determination. Isolates were grown as de- 
scribed to a density of approximately lo9 cells per ml, and 
the heat-labile flagellar antigens were destroyed by heating 
the cultures to 100°C for 30 min. Rabbit antisera prepared 
against serotype strains USDA 6, USDA 31, USDA 46, 
USDA 76, USDA 94, USDA 110, USDA 122, USDA 123, 
and USDA 135 were used in agglutination tests at a 1:100 
final concentration. Each isolate was tested against all 
antisera with the short agglutination procedure (22). 

Plant culture and bacterial preparation. Seeds of soybean 
(Glycine max L. Merr.) cv. Williams were surface sterilized 
with acidified 0.1% (wt/vol) HgC12 (22) for 3 min and washed 
five times with sterile distilled water. Surface sterile seed 
was sown in vermiculite moistened with 100 ml of an N-free 
nutrient solution (17) in modified Leonard jars (13) sterilized 
with steam for 4 h. Each jar was inoculated with 4 ml of 
approximately lo9 B. japonicum cells per ml, grown as 
described above for 7 days. The strains used were USDA 6, 
USDA 24, USDA 33, USDA 61, USDA 110, USDA 135, 
USDA 147, USDA 154, USDA 176, USDA 221, USDA 227, 
LA3 2a, and NC4 5c, selected on the basis of their charac- 
teristic of anaerobic NO3- utilization as determined in 
vegetative cells. Bacteroids were prepared at 4OC under Ar 
with a Sorvall homogenizer with approximately 2 g (fresh 
weight) of nodules in 50 ml of phosphate-ascorbate buffer 
(pH 7.4) containing 4 g of acid-washed polyvinylpolypyrro- 
lidone and 30 mg of sodium dithionite (5). The homogenates 
were passed through four layers of cheesecloth and centri- 
fuged at 5,000 x g for 10 min. The bacteroids were washed 
once with and resuspended in 50 ml of Tris buffer (pH 8.0) 
under Ar. Nitrate respiration and NO3--supported anaerobic 
C2H2 reduction were determined at 25°C with 36-ml serum 
vials containing 2 ml of bacteroid preparation, 2 ml of 250 
mM sodium succinate-50 mM KN03, and 12 ml of 50 mM 
Tris buffer (pH 8.0) under Ar with or without 12% (vol/vol) 
C2H2. 

Measurements. In all experiments, samples of liquid (0.1 
ml) and gas (0.2 ml) were taken for analyses. The qualitative 
analysis for NO2- was as described by Neyra and van 
Berkum (16). Quantitative analyses for NO3- and NO2- 
were accomplished by using an automated procedure (8). 
Denitrification of NO3- to N20  by cultures with or without 
the addition of 1% (vol/vol) C2H2 was determined by gas 
chromatography (26). The analyses of C2H2 and C2H4 were 
as described by van Berkum and Sloger (21). Bacteroid 
preparations were lysed by boiling for 5 min in 0.1 M NaOH 
(20), and protein concentrations were determined as de- 
scribed by Bradford (1) with bovine serum albumin as 
standard. 

RESULTS 

B. japonicum USDA 31, USDA 122, USDA 138, USDA 
147, USDA 154, and USDA 221 grown in YMB without 
NO3- supplement were tested for denitrification with or 
without C2H2 addition by time course analyses (Fig. 1). 
Acetylene was used to inhibit nitrous oxide reductase to 
identify denitrification of NO3- to N2 as the final product in 
preparations without C2H2 (24). The results with USDA 138, 
USDA 122, and USDA 31 were similar to those with USDA 
147, USDA 154, and USDA 221, respectively. The metabo- 
lism of NO3- after a delay of approximately 4 h was evident 
in all of the strains tested by the disappearance of NO3- from 
the culture solution. Accumulation of NO2- was observed 
with USDA 31 and USDA 221, whereas significant concen- 
trations of NO2- were not detectable in the culture solutions 
of the other four strains. USDA 138 and USDA 147 formed 
N20  from NO3-, whereas USDA 122 and USDA 154 accu- 
mulated N20 only in the presence of C2H2. The kinetics of 
NO3- disappearance from culture solution in all the strains 
and final product formation in USDA 31, USDA 138, USDA 
147, and USDA 221 were not affected by C2H2. Agglutina- 
tion tests indicated that USDA 31, USDA 122, USDA 138, 
and USDA 147 belong to serogroups 31, 122, 6, and 6, 
respectively. USDA 154 and USDA 221 did not agglutinate 
with any of the nine antisera used. 

Anaerobic growth in the presence of KN03 was observed 
with 26 of the 28 strains of B. japonicum tested belonging to 
the USDA culture collection (Table 1). Anaerobic growth in 
the presence of KN03 by USDA 33 was poor, and no growth 
was detected with USDA 135. Aerobic growth was observed 
with USDA 33 but not with USDA 135 when KN03 was 
supplied as the sole N source. USDA 33 also grew at 
reduced p02 on yeast-salts-mannitol agar supplemented with 
10 mM KC103. Among the 26 strains able to grow anaerobi- 
cally in the presence of KN03, 42% produced NO2-, 23% 
evolved N20, and 35% liberated N2 as final products of 
NO3- metabolism. With the exception of USDA 145, USDA 
273, USDA 277, and USDA 325, the 28 strains were ob- 
served to have antigens in common with the nine serogroups 
tested. Strains in serogroups 31, 46, 76, and 94 predomi- 
nantly produced NO2- from KN03, whereas those in sero- 
groups 6, 110, 122, and 123 evolved N20  or N2, except for 
USDA 3, which produced NO2-. 

Anaerobic growth in the presence of KN03 was observed 
with 150 of the 195 isolates of B. japonicum which originated 
from a survey study in the United States (Table 2). All 
isolates belonging to serogroup 135, two in serogroup 110, 
and one each in serogroups 31 and 6 did not grow anaerobi- 
cally in the presence of KN03. Five of these strains were 
tested aerobically with KN03 as the sole N source and did 
not grow. Isolates in serogroups 31, 46, 76, and 94 predom- 
inantly produced NO2- from KN03. Two isolates each in 
serogroups 31, 76, and 94 evolved N2, and one isolate in 
serogroup 94 liberated N 2 0  during denitrification. Isolates in 
serogroups 110 and 122 predominantly evolved N2 during 
denitrification except for two serogroup 122 isolates which 
produced NO2-. All three products of NO3- respiration 
were detected with different isolates belonging to serogroups 
6 and 123. Isolates belonging to serogroup 135 did not respire 
NO3- anaerobically, since the NO3- concentrations in the 
culture solutions at the end of the experiment were un- 
changed from the initial addition. We studied 70 Hup+ 
survey isolates, of which 40, 11, and 46% produced NO2-, 
N20, and N2, respectively, and 3% liberated no product. 
The survey also included 125 Hup- isolates, of which 46, 9, 
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FIG. 1. Time course analyses of NO3- N (a), NOz- N (O), and NzO N (x)  concentrations during denitrification by free-living B. 
japonicum USDA 147, USDA 154, and USDA 221 incubated with or without 1% (vollvol) CzH2. Cultures (20 ml; approximately 5 x 10' cells 
per ml) were incubated in 36-ml stoppered serum bottles under 3 ml of mineral oil at 25°C. Subsamples (0.1 ml for liquid and 0.2 rnl for gas) 
were removed periodically for the determination of NO3-, NOz-, and N 2 0 .  Values are the means of four determinations. 

and 10% produced NO2-, N20, and N2, respectively; no 
product was formed by 34%. 

Ninety-eight isolates of soybean rhizobia and bradyrhi- 
zobia from the People's Republic of China were tested for 
anaerobic growth in the presence of KN03. Eleven of the 
isolates belonging to this germplasm have been reported to 
be more closely related to the rhizobia than to bradyrhi- 
zobia, based on growth rate in culture (9) and biochemical 
characterization (19). Agglutination tests of the bradyrhi- 
zobia indicated that the majority have antigens in common 
with serogroups 6, 76, and 123. Only three and one of the 
strains reacted with antisera prepared for serogroups 31 and 
110, respectively. Eleven of the strains were determined to 
have antigens in common with two serogroups, whereas 34 
isolates did not react with the nine antisera used (Table 3). 
Anaerobic growth in the presence of KN03 was observed 
with all but four of the strains, which were also unable to 
grow aerobically with KN03 as sole N source. Final prod- 
ucts of denitrification by the bradyrhizobia were observed to 
be predominantly N20  or N2, except for the three isolates in 
serogroup 31 and six isolates of undetermined serogroups, 
which produced NO2- from KN03. All 11 soybean rhizobia 
grew anaerobically in the presence of KN03 with N20  as the 
final product, except for USDA 257, which liberated N2. 

Selected strains of B. japonicum were used to inoculate 
J soybean to compare characteristics of denitrification be- 

tween bacteroidal and free-living states. Time course analy- 
ses for NO3- respiration and anaerobic NO3--supported 

C2H2 reduction were made with bacteroids of USDA 147, 
USDA 154, and USDA 221. The results obtained with the 
three strains were similar. The concentration of NO3- 
declined immediately upon its addition to the bacteroid 
preparations, and NO2- accumulated proportionately as the 
NO3- was used (Fig. 2). The concentration of accumulated 
NO2- remained constant for more than 24 h after the NO3- 
had been completely used by the bacteroids (Fig. 2, inset). 
Anaerobic NO3- respiration by USDA 147, USDA 154, and 
USDA 221 supported C2H2 reduction. The rate of C2H2 
reduction declined when the bacteroids had converted most 
of the NO3- to NO2-. 

Fixed-time assays were used to investigate the relation- 
ship between the characteristics of denitrification by USDA 
6, USDA 24, USDA 33, USDA 61, USDA 110, USDA 135, 
USDA 176, USDA 227, LA3 2a, and NC4 5c in the free-liv- 
ing state and those of anaerobic NO3- respiration-supported 
C2H2 reduction in the bacteroids (Table 4). With the excep- 
tion of USDA 24, bacteroids from the strains capable of 
NO3- respiration under free-living conditions reduced C2H2 
anaerobically in the presence of NO3- and produced NO2-. 
Respiration of NO3- and C2H2 reduction did not occur with 
bacteroid preparations of USDA 24 or the strains not capa- 
ble of growing aerobically or anaerobically with KN03. 
Anaerobic growth in the presence of NO3- and products of 
denitrification by free-living USDA 33 were not detected, 
although anaerobic bacteroid preparations respired NO3- to 
NO2-, supporting C2H2 reduction. 
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TABLE 1. Anaerobic growth on  nitrate and products of nitrate TABLE 3. Anaerobic growth on  nitrate and products of nitrate 
reduction by USDA culture collection strains of B. juponicltm reduction by B. juponicurn isolates obtained from the People's .k 

Production of the 
Anaerobic following by NO3- 

Strain Serogroup growth on reduction: 
NO3" 

N O ?  N1O N? 

USDA 3 
USDA 6 
USDA 24 
USDA 31 
USDA 33 
USDA 44 
USDA 46 
USDA 61 
USDA 71a 
USDA 76 
USDA 94 
USDA 110 
USDA 117 
USDA 122 
USDA 123 
USDA 135 
USDA 136 
USDA 138 
USDA 140 
USDA 143 
USDA 145 
USDA 270 
USDA 273 
USDA 277 
USDA 285 
USDA 309 
USDA 310 
USDA 325 

" Growth was determined by scoring turbidity after 21 days of incubation at 
30°C. +, Positive result; -, negative result; +I- ,  trace of growth. 

No agglutination with the nine antisera used. 

DISCUSSION 

We studied 3 2 1  strains of soybean rhizobia and bradyrhi- 
zobia originating from three germplasm collections for the 
ability to grow anaerobically in the presence of NO3- and for 
differences i n  p r o d u c t  f o r m a t i o n  f r o m  a n a e r o b i c  NO3- m e -  
tabolism. The ability to grow anaerobically in the presence 
of NO3- varied among strains and serogroups. In general, 
free-living cultures of B. japonicum capable of anaerobic 
growth in the presence of NO3- also metabolized NO3- 

TABLE 2. Anaerobic growth on  nitrate and products of nitrate 
reduction by U.S. survey isolates of B. juponicum 

Anaerobic % Production of the follow- 
No. of growth on ing by N O ,  reduction: 

Serogroup isolates  NO^ (% 
tested positive)" NO2- N 2 0  N1 

" Growth was determined by scoring turbidity after 21 days of incubation at 
30°C. All isolates grew aerobically in the same media. 

Republic of China 

Anaerobic % Production of the fol- 
No. of lowing by NO,- 

Serogroup isolates On 
N01-  reduction: 

tested 
(% positive)" NO?- ~~0 N~ 

" Growth was determined by scoring turbidity after 21 days of incubation at 
30°C. 

No agglutination was observed with the nine antisera used. 

anaerobically as bacteroids, but differences were observed 
in final product formation. 

Most bradyrhizobia are capable of anaerobic growth in the 
presence of NO3-, whereas denitrification is rare among the 
rhizobia (3, 7 ,  25). In our study, 270  strains were capable of 
anaerobic growth in the presence of NO3-, including the 11 
soybean rhizobia from China. The soybean rhizobia have 
been shown to express nitrate reductase (19), which proba- 
bly operates under anaerobic conditions in the presence of 
NO3- to promote growth. Among the other rhizobia, only R.  
meliloti has been shown to denitrify (3), and R.  trifolii TA1 
was reported to respire NO3- (7). The 51 strains in our study 
that were not capable of anaerobic growth in the presence of 
NO3- are bradyrhizobia and include all of serogroup 135. i 

FIG. 2. Time course analysis of NO3- N ( e ) ,  NO2- N (O), and 
CzH4 (0) concentrations during denitrification by anaerobic bacte- 
roid preparations of B. juponicum USDA 154 incubated with 12% 
(vollvol) C2H2. The inset shows a time course analysis of N O 3  N 
( e )  and NOz- N (0) in anaerobic bacteroid preparations of USDA 
147. Stoppered serum vials (36 ml) contained 2 ml each of the 
bacteroid preparations plus 50 mM KNOl in 250 mM sodium 
succinate-50 mM Tris buffer (12 ml; p H  8.0) under Ar  atmospheres 
with o r  without 12% (vollvol) C2H2. The USDA 147 and USDA 154 -. 
bacteroid preparations contained 460 and 450 pg  of protein per ml, 
respectively. Values are the means of three determinations. 
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Failure to grow anaerobically in the presence of NO3-, 
together with the inability to aerobically use NO3- as the 
sole N source, indicates the lack of nitrate reductase(s) or 
gene products essential for NO3- metabolism. Although 
USDA 33 grew aerobically with NO3- as the sole N source, 
little anaerobic growth in the presence of NO3- was de- 
tected. Similarly, Zablotowicz et al. (25) reported USDA 33 
to be negative for denitrification and NO3- respiration. 
Although USDA 33 is dissimilatory nitrate reductase defi- 
cient, our results indicate that this strain does express 
assimilatory nitrate reductase. 

The dissimilation of NO3- by B. japoniclrm proceeded 
without the significant release of intermediate products. 
Denitrification was evident by the disappearance of sub- 
strate and the accumulation of product. We observed C2H2 
to inhibit nitrous oxide reductase in soybean rhizobia and 
bradyrhizobia, as  has been reported in Pseudomonas deni- 
trificans, Pseudomonas aerrrginosa, Micrococcrrs denitrij- 
cans, and Azospirillum spp. (16, 24), and was useful for 
characterizing strains producing N2 anaerobically from 
NO3-. 

We observed distinct differences among serogroups 110, 
135, and 31, 46, 76, and 94 combined for product of denitri- 
fication, a characteristic which indicates physiological simi- 
larities for NO3- metabolism within isolates of specific 
serogroups. Several of the isolates were different, with 
respect to denitrification, from the majority of the strains 
within each serogroup tested, similar to the reported varia- 
tion in characteristics among the members within the 123 
serogroup (6). Vincent (23) cautions that relationships be- 
tween serogroup affinity and other properties may be coin- 
cidental, and we wish to emphasize that this may be the case 
also with our data. 

The anaerobic metabolism of NO3- by bacteroid prepara- 
tions of B. japonicum proceeded without delay upon the 
addition of substrate, although plants had been grown with- 
out supplemental KN03. The presence of nitrate reductase 
in nodule homogenates of soybean grown without a source 

TABLE 4. Dissimilation of NO3- by bacteroid preparations from 
nodules formed by strains of Brudyrhizobium juponicum with 

Glycine max cv. Williams 
Final 

product 
of anaero- 

Strain" Serogroup bic NO,- NO,- N NO,- N Acetylene 
reduction producedh producedb reduction'' 
by free- 

living 
cells 

USDA 6 
USDA 24 
USDA 33 
USDA 61 
USDA 110 
USDA 135 
USDA 176 
USDA 227 
LA3 2a 
NC4 5c 

" Bacteroid preparations contained 190, 38, 158, 368,290, 250,338,220, and 
263 ~g of proteinlml, respectively. Data are the means of three determina- 
tions. 

Expressed as milligrams of N per bottle. 
' Expressed as nanomoles of C2H, per milligram of protein per milligram of 

NO,- formed. -. No product was detected with free-living cells cultured anaerobically 
with 6 mM KNO,. 

of combined N has been established by others (2, 4, 7), 
indicating that bacteroids in soybean nodules express nitrate 
reductase constitutively. The anaerobic metabolism of NO3- 
by soybean bacteroids was evident by the disappearance of 
substrate and the accumulation of NO2- irrespective of 
which final product was formed by the strain when tested as 
a free-living culture. Nitrite accumulated as the final product 
of anaerobic NO3- metabolism in soybean bacteroid prepa- 
rations because the absence of nitrite reductase activity (2, 
20) prevents further metabolism of this intermediate. 

We have observed that anaerobic C2H2 reduction is sup- 
ported by the reduction of NO3- in soybean bacteroid 
preparations similar to that described by Rigaud et al. (18). 
Our data show that aaaerobic C2H2 reduction is dependent 
upon NO3- respiration because strains characterized to be 
deficient in dissimilatory nitrate reductase under free-living 
conditions did not respire NO3- and reduce C2H2 anaerobi- 
cally as  bacteroids. Similarly, mutant strains selected for 
nitrate reductase deficiency under free-living conditions re- 
portedly did not accumulate NO2- from NO3- as bacteroids 
(7), but effects on anaerobic C2H2 reduction were not 
communicated. 

The results obtained with strains USDA 24 and USDA 33 
have further implications for the relationship between the 
symbiosis and nitrogen fixation or NO3- respiration by 
soybean bacteroids. USDA 24 formed ineffective nitrogen- 
fixing symbioses with soybean and denitrified under free-liv- 
ing conditions. The bacteroid preparations of USDA 24 did 
not metabolize NO3- anaerobically, indicating that an effec- 
tive symbiosis may be a prerequisite for the expression of 
constitutive nitrate reductase by the bacteroids. Bacteroids 
of USDA 33 produced NO2- anaerobically from NO3-, 
although under free-living conditions this strain only ex- 
presses assimilatory nitrate reductase. Our observations 
with USDA 33 may indicate that dissimilatory nitrate reduc- 
tase is expressed by USDA 33 in symbiosis with soybean or  
that assimilatory nitrate reductase operates producing NOz- 
from NO3- because nitrite reductase is reportedly absent (2, 
20). 

ACKNOWLEDGMENTS 

We thank Michael B. McMahon for technical assistance. 
This study was supported in part by the U.S. Department of 

Agriculture, the University of Maryland under cooperative agree- 
ment 58-32U4-3-370, and by the U.S. Agency for International 
Development RSSA 4-76. 

LITERATURE CITED 
1 .  Bradford, M. M. 1976. A rapid and sensitive method for the 

quantitation of microgram quantities of protein utilizing the 
principle of protein-dye binding. Anal. Biochem. 72:248-254. 

2. Daniel, R. M., and C. A. Appleby. 1972. Anaerobic-nitrate, 
symbiotic and aerobic growth of Rhizobium japonicum: effects 
on cytochrome P450, other haemproteins, nitrate and nitrite 
reductases. Biochim. Biophys. Acta 275346354. 

3. Daniel, R. M., A. W. Limmer, K.  W. Steele, and I. M. Smith. 
1982. Anaerobic growth, nitrate reduction and denitrification in 
46 Rhizobium strains. J .  Gen. Microbial. 128:1811-1815. 

4. Evans, H. J. 1954. Diphosphopyridine nucleotide-nitrate reduc- 
tase from soybean nodules. Plant Physiol. 29:298-301. 

5. Evans, H. J., B. Koch, and R. Klucas. 1972. Preparation of 
nitrogenase from nodules and separation into components. 
Methods Enzymol. 24:47W76. 

6. Gibson, A. H., W. F. Dudman, R. W. Weaver, J. C. Horton, and 
I. C. Anderson. 1971. Variation within serogroup of 123 of 
Rhizobium juponicum. Plant Soil Special Volume, p. 33-37. 

7. Gibson, A. H., and J. D. Pagan. 1977. Nitrate effects on the 
nodulation of legumes inoculated with nitrate-reductase-defi- 



VOL. 49, 1985 DENITRIFICATION IN SOYBEAN RHIZOBIUM GERMPLASM 777 

cient mutants of Rhizobium. Planta 13417-22. 
8. Jackson, W. A., C. E. Frost, D. M. Hildreth. 1975. Versatile 

multirange analytical manifold for automated analysis of nitrate- 
nitrogen. Soil Sci. Am. Proc. 39592-593. 

9. Keyser, H. H., B. B. Bohlool, T. S. Hu, and D. F. Weber. 1982. 
Fast-growing rhizobia isolated from root-nodules of soybean. 
Science 215:1631-1632. 

10. Keyser, H. H., P. van Berkum, and D. F. Weber. 1981. Nitro- 
genase activity and hydrogen evolution by Rhizobium japoni- 
cum in symbiosis with siratro and cowpea, p. 374. In A. H. 
Gibson and W. E. Newton (ed.), Current perspectives in 
nitrogen fixation. Australian Academy of Science, Canberra. 

11. Keyser, H. H., and D. F. Weber. 1979. USDA Beltsville 
Rhizobium Culture Collection Catalogue. Plant Physiology In- 
stitute Report 16. Agriculture Research Service, U.S. Depart- 
ment of Agriculture, Beltsville, Md. 

12. Keyser, H. H., D. F. Weber, and S. L. Uratsu. 1984. Rhizobium 
japonicum serogroup and hydrogenase phenotype distribution 
in 12 states. Appl. Environ. Microbiol. 47:613415. 

13. Leonard, L. T. 1923. Nodule production kinship between the 
soybean and the cowpea. Soil Sci. 15:277-283. 

14. Neal, J. L., G. C. Allen, R. D. Morse, and D. D. Wolf. 1983. 
Anaerobic nitrate-dependent chemolithotrophic growth by Rhi- 
zobium japonicum. Can. J .  Microbiol. 29:316-320. 

15. Neyra, C. A., J. Dobereiner, R. Lalande, and R. Knowles. 1977. 
Denitrification by N2-fixing Spirillum lipoferum. Can. J .  Mi- 
crobiol. 23:300-305. 

16. Neyra, C. A,, and P. van Berkum. 1977. Nitrate reduction and 
nitrogenase activity in Spirillum lipoferum. Can. J .  Microbiol. 
23:306-310. 

17. Norris, D. 0. 1964. Techniques used in work with Rhizobium. 
Commw. Bur. Pastures Field Crops Hurley Berkshire Bull. 

k 

47:186-198. 
18. Rigaud, J., F. J. Bergersen, G. L. Turner, and R. M. Daniel. 

1973. Nitrate dependent anaerobic acetylene-reduction and ni- 
trogen fixation by soybean bacteroids. J. Gen. Microbiol. 
77:137-144. 

19. Sadowsky, M. T., H. H. Keyser, and B. B. Bohlool. 1983. 
Biochemical characterization of fast- and slow-growing rhizobia 
that nodulate soybeans. Int. J. S yst. Bacterial. 33:716-722. 

20. Stephens, B. D., and C. A. Neyra. 1983. Nitrate and nitrite 
reduction in relation to nitrogenase activity in soybean nodules 
and Rhizobium japonicum bacteroids. Plant Physiol. 71:731-735. 

21. van Berkum, P., and C. Sloger. 1979. Immediate acetylene 
reduction by excised grass roots not previously preincubated at 
low oxygen tensions. Plant Physiol. 64739-743. 

22. Vincent, J. M. 1970. A manual for the practical study of 
root-nodule bacteria. IBP Handbook no. 15. Blackwell Scien- 
tific Publications, Oxford. 

23. Vincent, J. M. 1982. Serology, p. 235-273. In W. J. Broughton 
(ed.), Nitrogen fixation, vol. 2. Rhizobium. Oxford University 
Press, New York. 

24. Yoshinari, T., and R. Knowles. 1976. Acetylene inhibition of 
nitrous oxide reduction by denitrifying bacteria. Biochem. Bi- 
ophys. Res. Commun. 69:705-710. 

25. Zablotowicz, R. M., D. L. Eskew, and D. D. Focht. 1978. 
Denitrification in Rhizobium. Can. J. Microbiol. 24757-760. 

26. Zablotowicz, R. M., and D. D. Focht. 1979. Denitrification and 
anaerobic, nitrate-dependent acetylene reduction in cowpea 
Rhizobium. J. Gen. Microbiol. 111:445448. 




