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Leaf curl syndrome of pigeonpea (Cajanus cajan (L )  
M illsp.) is a systemic response to effective nodulation 
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R hizoh ium  s tra in  IC '3342 is a n  u n u su a l b a c te r iu m  tlia t  cau ses a  le a f  cu r l syn rln m u ' in  p ig e o n p e a  
[Cdjanus cajan M illsp .)  G ro w th  c h a ra c ter is t ic s , p la sm id  p ro file , c o n se r v e d  n i f  a n d  nod g e n e  

se q u e n c e s , a n d  n o d u la t io n  h o st r a n g e  o f  th is stra in  resem b le  th a t o f  th e  fa s t-g ro w in g  R hizob ium  
stra in  A N U 2 4 0  ( N G R 2 3 4 ) .  L e a f  cu rl in d u c t io n  occu rred  o n ly  in  h osts e ffe c t iv e ly  n o d u la te d  by 
th is s tr a in . A  p la sm id -c u r e d , n o n -n o d u la t in g  d e r iv a t iv e  fa iled  lo  in d u c e  le a f  cur! sy m p to m s. T h e  
stra in  IC 3 3 4 2  c o m p e te d  p o o r ly  w ith  fa st- a n d  s lo w -g r o w in g  r o o t-n o d u le  b a c te r ia , b u t the 
o b serv ed  n o d u le  o c c u p a n c y  o f  10" ,, w as e n o u g h  lo  p ro d u c e  l e a f  cu rl sy m p to m s. S u p p r e ss io n  o f  
n o d u le  d e v e lo p m e n t  b y  a d d e d  in o rg a n ic  n itro g e n  a lso  p r e v e n te d  sy m p to m  ex p r e ss io n . A p p r o a ch  
g ra ftin g  o f  a  h e a lth y  p ig e o n p e a  p la n t a n d  a  p la n t w ith  le a f  cu rl sy m p to m s resu lted  in  the  
d e v e lo p m e n t  o f  le a f  cu rl sy m p to m s o n  th e  g r o w in g  sh o ots o f  th e  h e a lth y  p la n t w ith in  0  d a y s  o f  
graft u n io n . F u rth er  sy m p to m  ex p ressio n  cea sed  after  gra ft se p a r a tio n . F e e d in g  .xy lem  sa p  from  
th e  le a f  cu r led  p la n t to  a h e a lth y  p la n t  in d u c e d  th e  in it ia l sy m p to m  o f  th e sy n d r o m e , b e n d in g  o f  
th e g r o w in g  le a f  tip . W e  c o n c lu d e  th at th e le a f  cu r l in d u c t io n  is a  sy ste m ic  resp o n se  for w h ic h  
e ffe c t iv e  n o d u la t io n  is an  a p p a r e n t  p rereq u isite .

INTRODUCTION
P la n t—b a c te r i a  in te rac t io ns ,  p a r t i c u la r ly  those  i n v o k i n g  Rhizobium  a n d  Agrobaderiiun, 
h a v e  been  the  su b jec t  o f  m u c h  rece n t  research .  In v es t ig a t io n s  o f  b a c te r ia l ly - in d u e e d  
p l a n t  cell g r o w th  a n d  d e v e lo p m e n t  h a v e  c o n c e n t r a te d  o n  th e  b io logica l m e ch an ism s  
m o d u la t in g  p la n t  g ro w th  a n d  on  the ge ne t ic  c o m p o n e n ts  invo lved  in  th e  process. T h e  
m o rp h o lo g ic a l  a n d  b io c h em ic a l  c h an g es  th a t  o c c u r  d u r i n g  the  in fec tion  process le ad ing  
to the  d e v e lo p m e n t  o f  a  fu n c t io n a l ,  n i t ro g en -f ix ing  n o d u le  h a v e  b een  rev iew ed  [-A 5 ] .  
W h ils t  m os t  R hizobium -\cgunie . in te ra c t io n s  a r e  a d v a n ta g e o u s  to p la n t  g r o w th  u n d e r  
n i t r o g e n - l im i t in g  co nd i t ions ,  in som e cases, such  as ineffec tive n o d u la t io n ,  th e re  m a y

§ T o  w h o m  c o r r esp o n d e n c e  sh o u ld  b e  ad d ressed .
P resen t a d d r e s s e s : C S I R O  D iv is io n  o f  P lan t In d u str y . G P O  B ox 16 00 , C a n b erra  A C T  2 6 0 1 . A u stra lia ;

II D e p a r tm e n t  o f  A g r ic u ltu r e , I'n iver .sity  o f  Q u e e n s la n d . S t Ia ic ia . Q u e e n s la n d  4 0 6 7 , A u stra lia .
A b b r e v ia t io n s  u sed  in  th e  te x t:  A R A , a c e ty le n e  red u ctio n  a c t iv ity ;  B A P R . b e n z y la m in o p u r in c  r ib osid e;  

cfu , c o lo n y  fo r m in g  u n i t ; E S E , e ffe c t iv e  sta n d a rd  error o f  th e  m e a n ; R if. r ifa m p ic in ; S m , s t r e p to m y c in : T V , 
try p to n e  y e a s t;  Y E M , yeast e x tra c t m a iin iio l.
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Fir;. ] .  L e a f  c u r l  s y m p t o m s  in p i g e o n p e a  p r o d u c e d  b y  n o d u l a t i o n  w i t h  H h ir j ib iu m  s t r a in  
I G 3 3 4 2 .  (AJ C o m p a r i s o n  o f  " i l l-day-o ld  p l a n t s  n o d u l a t e d  w i t h  la.' n o r m a l  s t r a in  I H i 'K K )  a n d  ;l>j 
l e a f  c u r l - i n d u c i n g  s t r a in  1 C 3 3 4 2 .  N o d n l a i i o n  b y  th e  s t r a in  I C 3 3 4 2  r e su lt s  in  Ica f-curl int' ,  
s u p p r e s s i o n  o f  a p i c a l  d o m i n a n c e ,  s p r o u t i n g  o f  la t e r a l  b u d s ,  w h e r e a s  M o d u la t io n  b v  i l i r  .>irai»
1I I P 100 resu lt1; in  n orm a! d e v e lo p m e n t  o f  th e  p lartl. U ? T ip  Ix-rifling. in d ic a te d  b y  a!) arrow , is 
th e  in it ia l sv m p to m  o b ser v ed  in a p la n ! n o d u la te d  b y  ih r  sfraij) I ( ’3 3 4 2  an d  starts 2f)- 3 0  d a y s  a lter  
in o c u la t io n . fC'j A d v a n c e d  s t . i i 'o  i lL'b d a y s;  o f  sy m p to m s sh o w in g  severe  le a l-c u r lin g , sp ro u tin g  
o f  se v e r a l la tera l b iu h  'a r r o w ) a n d  s tm ite d  g r o w th . i l ) : A  c lo se -u p  v ie w  o f  tlte  n o d a l reg ion  
s h o w in g  se v e r a l sp r o u te d  b u d s i arrow  i.

be a n  ad ve rse  effect. S o m e  Rhizobitun s t ra ins  m a y  also p r o d u c e  c o m p o u n d s  w h ich  a  He cl 
shoo t  g ro w th .  In t e r a c t io n  be tw ee n  Ghcinc max a n d  p a r t i c u l a r  B radnhi'ob ium  jajnmuum  
s t ra ins  results  in a  t r a n s ie n t  chlorosis  o f  the  leaves [21 ] in d u c e d  by  (he synthesis  of’ 
rh izo b i lo x in e  [75) in the  ro o t  nodules .  H o w ev e r ,  in  c o n t ra s t  to Agrobacterium-inducvd  
tum o rig enes is ,  th e re  is n e i th e r  ev idence  for g e n e  tran s fe r  from  Iihizohium  to  the  leg u m e  
n o r  Cor a  d i rec t  in v o lv e m e n t  o f  p h y to h o r m o n e s  [.'£?}. I n  this co n tex t  the  recen tly  
d iscov ered  in te ra c t io n  b e tw e e n  a  R hi'obium  s t ra in  IC 3 3 4 2  a n d  the  t rop ica l  leg u m e  
p ig e o n p e a  [Cajanus cajan (I.,.) M illsp.)  [K>\ is in te res t ing .  In  a d d i t io n  to a p p a r e n t ly



n o rm a l  n o d u la t io n  a n d  n i trogen  fixation ,  this in te ra c t io n  leads to a  u n iq u e  
d e v e lo p m e n ta l  c h a n g e  in  the  p la n t  shoots  ih y p o n a s ty .  c u r l in g  of  the  leaves, release 
from  ap ica l  d o m in a n c e ,  p ro l ifera t ion  o f  la te ra l  b u d s  a n d  s tu n te d  g ro w th ) .  T h e  
d e v e lo p m e n ta l  c h an g es  dep ic ted  in  Figs l i A j - l i D )  a re  s im ila r  to those r e p o r te d  by 
K u m a r  R a o  <7 al. \1 6 \.

P each  le a f  cu rl  caused  by  the  fungus Taphrina deformans (Berk .)  T u l .  a n d  lea f  curl 
sv m p to m s  in fa.sciation or  w i tc h ’s b r o o m  caused  by Connebacterium facian.s {Tilford} 
D o w son  h a v e  been a t t r i b u t e d  to h o r m o n a l  im b a la n c e  a n d  specifically to cv tok in in  
o v e r -p ro d u c t io n  [ 19, 27  ]. By an a lo gy ,  the  l e a f  cu rl  s y m p to m s  in p ig e o n p e a  ina v  be due  
to h o r m o n a l  im b a la n c e  resu lt ing  from  n o d u la t io n  by  the  Rhizobium  s t ra in  IG 3342 .  If  
so, th e  sys tem  co uld  serve as a  m od el  to s tu d y  h o r m o n e  p r o d u c t io n  in o th e rw ise  well 
c h a ra c te r iz e d  rh izo b ia  w h ich  a re  a m e n a b le  to g enetic  m a n ip u la t io n ,  a n d  to invest igate  
fu r th e r  d ie  re la t io n sh ip  be tw een  root d e r iv e d  h o rm o n e s  a n d  shoo t  d e v e lo p m e n t .

In  this  p a p e r  w e  r e p o r t  on  the physio logical a n d  gene t ic  ch a rac te r is t ic s  o f  Rhizobium  
s t ra in  IC 3 3 4 2 .  its host ra n g e  a n d  its co m peti t iv eness  in n o d u le  o c c u p a n c y  w ith  o th e r  
fast a n d  slow g ro w in g  ro o t -n o d u le  b a c te r ia .  W e  also r e p o r t  on  the  n a tu re ,  p ro b a b le  
site o f  p r o d u c t io n  a n d  factors g ov e rn in g  th e  p ro d u c t io n  o f  the le a f  cu r l  in d u c in g  
pr inc ip le .

M ATER IALS A N D  M ETHODS

Bacterial strains. plasmids and host plants
R hizobium /B uuhrhizobium  s tra ins ,  the ir  ch a rac te r is t ic s  a n d  sources  a re  listed in T a b l e  1. 
P lasm id  D N A  pf)A a n d  p R i5 8 7 ,  co n ta in in g  n i/T I/D  f rom  Rhizobium  spp.  A N U 2 4 0  ( i ) 
an d  nod genes  from  R. leguminosarum b iov ar .  trifolii A X  L'843 (126), respectively ,  were 
k ind ly  su p p l ie d  by  J .  M . W atso n .  G S I R O  Division o f  P l a n t  In d u s t ry ,  C a n b e r r a ,  
A u s tra l ia .  Seeds  w ere  o b ta in e d  from  ,J. Broekwell ,  M .  T r in ic k  a n d  M . Peoples, 
G S I R O .  G a n b e r r a ,  A u stra l ia .

Bacteriological media and growth conditions
Y E M  [^5] a n d  T Y  m e d ia  [2] were used  for Rhizobium  a n d  Bradyrhizobium. Inocu la r i t  
s t ra in s  w ere  g ro w n  a t  29 °G to la te  log p h a se  as sh ak e n  cu l tu re s  (250  r  m i n -1 o rb i ta l ) .  
A n t ib io t ic s  (S m  a n d / o r  Rif) w ere  used a t  c o n c e n t ra t io n s  o f  100 Jig m l -1 . F o r  b ac te r ia l  
g ro w th  m e a su re m e n ts  5 ml o f  a  fresh c u l tu re  ( a p p ro x .  10s cfu m l-1 ) was in o c u la te d  in to  
100 m l Y E M  b ro th  in  a  500 -m l flask w i th  a  s id e -a rm .  A b s o r b a n c e  ( K le t i ri0(l.-7II n tI l j  was 
m e a su re d  a n d  v iab le  co un ts  w ere  e s t im a ted  a t  va r io u s  in te rva ls  by  the  d r o p  p la te  c o u n t  
m e th o d  [A ?] .

Plasmid visualization and location o f  n i f  and n o d  genes
Plasm ids  w e re  v isualized  by  a  m odified  E c k h a r d t  m e th o d  [22 ]. S o u th e r n  tran s fe r  on to  
a  n i troce llu lose  m e m b r a n e  was ca rr ied  o u t  as d e scr ibed  by  Schofield  el al. [26'|.  A  3-2 kb 
£VoRI f ra g m e n t  c loned  (p lasm id  pnA ) f ro m  the  fa s t -g ro w in g  Rhizobium  A N U 2 4 0 ,  
c o n ta in in g  n ifH  a n d  niJD  [7 J, a n d  a  14 kb  / - /M d l l l - i f a m H I  f r a g m e n t  c lo ned  (p R t5 8 7 )  
from  R . leguminosarum b iov ar .  trifolii s t ra in  A N U 8 4 3 ,  c o n ta in in g  nod g e n e  sequences  [26' ] 
w ere  rad io a c t iv e ly - la b e l le d  w ith  ,12P  as d e scr ibed  p rev ious ly  [3V]. H y b r id iz a t io n s  at 
h igh  s t r in g en cy  w e re  ca rr ied  o u t  a c c o rd in g  to Schofield  e! al. [26 J.
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Plasmid curing
T h e  Rhizobium  s t ra in  A N U 1 2 9 8  (a  S m r R iP  d e r iv a t iv e  o f  the  s t ra in  IC 3 3 4 2 )  was 
sub jec ted  to h e a l  t r e a tm e n t .  T h e  s t ra in  w as  s t reak e d  o n to  T Y  a n d  Y E M  a g a r  plates 
a n d  i n c u b a te d  a t  37 °C  for 7 days. W h i le  the  s t ra in  was still g ro w in g ,  the  in c u b a t io n  
t e m p e r a tu r e  was inc reased  to 39 °C  a n d  in c u b a t io n  c o n t in u e d  for a  f u r th e r  7 days.  T h e  
colonies w h ich  su rv iv ed  this h e a t  t r e a tm e n t  w ere  ag a in  s t re ak e d  o n to  a  fresh p la te  a n d  
in c u b a te d  a t  40  °C  for 10 d a y s  a n d  th e n  a t  33 °C  for 5 days.  T h e  colonies g ro w in g  on 
this p la te  w ere  selec ted  a n d  re -s treaked ,  a n d  20 single co lonies  tested for the  loss o f  
n o d u la t io n  ab i l i ty  w i th  Macroplilium a/ro/mrpurium i 'D.C.) U r b . ( s i r a t ro )  u n d e r  te s t- tube  
g ro w th  co nd i t ions .  T h e  p la sm id  profile w as v isualized  a n d  p ro b e d  w i th  rad io a c t iv e ly -  
lab e lled  n i j  a n d  nod g e n e  sequences  as d e sc r ib ed  earlier.

Plant growth conditions
P lan ts  w ere  ra ised  in a  so la r  e n e rg y  co n se rv in g  g lasshouse  m a in ta in e d  a t  d a y  
t e m p e r a tu r e s  be tw ee n  25 a n d  33 °C  a n d  a  m in im u m  n ig lu  t e m p e r a t u r e  o f  15 °C. 
Plas t ic  po ts  (e i th e r  10 o r  20 cm  top  d ia m e te r )  w ere  filled w i th  p re -w a sh e d  a n d  s team e d ,  
s a n d  a n d  v e rm ic u l i te  (6 0 :4 0 ,  v / v )  m ix tu re .  O n e  d a y  p r io r  to sowing , po ts  were 
s a tu r a te d  w i th  F a h ra e u s  n u t r i e n t  so lu t ion  [7 J c o n ta in in g  0 '9  niM N  in th e  fo rm  of 
p o ta ss iu m  n i t r a te .  Seeds w e re  soaked  in 3 %  h y d ro g e n  p e ro x id e ,  w a sh ed  w i th  w a te r ,  
soak ed  w ith  4 %  so d iu m  h y p o c h lo r i te  a n d  w a sh ed  severa l t imes w ith  w a te r .  Seeds with  
a  h a r d  seed c o a t  w e re  scarif ied  w i th  c o n c e n t ra te d  su lp h u r ic  ac id  for  10 m in  p r io r  to 
surface  s te r i l iza t ion .  P re -g e rm in a te d  seeds w ere  sown a n d  in o c u la te d  w ith  5 m l o f  the 
in o c u la n t  c u l tu re s  ( a p p ro x .  10° cfu m l -1]. N u t r i e n t  so lu t ion  w as  a p p l ied  two o r  three  
t imes a  week. E a c h  t r e a tm e n t  w as re p l ic a ted  in two o r  lo u r  po ts  a n d  e ach  e x p e r im e n t  
w as re p e a te d  a t  least once.

A test lu b e  p la n t  g ro w th  system  also w as used w ith  M . utropurpurium as the  test p la n t .  
A  g ro w th  c h a m b c r  w i th  a  w a t e r  b a th ,  m a in t a in e d  a t  20  °C  n ig h t  (10 h)  a n d  28  °C  d a y  
(14 h), i l lu m in a te d  by  a  m e rc u r y  h a l id e  l a m p  p r o d u c in g  a  l igh t  in te ns i ty  o f  a p p ro x .  
600  JtE m _1 s-1 a t  p l a n t  level was used. T e s t - tu b e s  (25 x  200 m m )  filled to a p p ro x .  
15 m m  w i th  s an d  +  v e rm ic u l i te  ((50:40, v / v )  s a tu r a t e d  w i th  F a h ra e u s  n u t r i e n t  so lu tion ,  
w e re  c a p p e d  a n d  a u to c la v e d .  P re -g e rm in a te d  s i ra i ro  seed w as sow n  in the  c e n t re  o f  
c a p p e d  test tubes,  i n c u b a te d  for a  d a y  in the  d a r k  a n d  th e n  in  th e  g ro w th  c h a m b c r  for 
a n o t h e r  d a y .  A  sterile  c o t to n  p lu g  w as  th e n  p laced  j u s t  be low  the  l ip o f  the  p lum u le .  
A  sterile  P a s te u r  p ip e t te  w as  p u sh e d  tip d o w n  th r o u g h  th e  c o t to n  p lu g  to reac h  the 
g ro w th  m e d iu m  level, a n d  this was used to in o c u la te  a n d  su b s e q u e n t ly  w a te r  th e  test 
tube .  'Fhe o p e n  p ip e t ie  en d  w as p lug ged  w i th  s terile c o t to n  wool. T h e  o p e n  e n d  o f  the 
test tu b e  w as  co v ered  w i th  a lu m in iu m  foil a f te r  the p l a n t  sh o o t  h a d  g ro w n  o u t  o f  the 
tu b e  to f u r th e r  r e d u c e  the  ch an ce s  o f  c ro s s -c o n tam in a t io n .

Host range experiment
D iffe ren t  leg u m e  host  p la n ts  (see T a b le  2) w e re  g ro w n  in two rep l ic a te  po ts  in o c u la te d  
w i th  th e  s t ra in  IC 3 3 4 2 .  A p p r o p r i a t e  Rhizobium /Bradyrhizobium  s t ra ins  w ere  used as 
posit ive contro ls .  O b se rv a t io n s  w ere  m a d e  a f te r  45 d a y s  o n  n o d u le  n u m b e r ,  n o d u le  
w e igh t ,  n i t ro g e n a se  a c t iv i ty  [10\ a n d  on  le a f  cu rl ing .
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T a i u .e  2
. nilrof’e n - j im lim  an d  lea)' cm ! induction in different legume host p la n ts  hr the R h iz o b iu m  strain  

IC 31142 in annparisvti w ith  respective iwdiilnting strains u f  those h in t p la n tt

l lu ^ i [ilanl C u lliv a r S tra in
P lan t
No.

S hoot 
cl. wt

(B)
N o d u le

N o.

N o d u le  
d . \vt
(tn i'i A R A 1

I.e a f
cu rl

L a lin rM  i/i/urn 1.. CIM 31616 ic ::J3 12 2 0 55 (1 0 0 _
R I.3 0 0 0  6!! >  200 1-lfl 352

Vina (aha I.. F io rd 1(13342 2 l-Oli 0 0 0 -
R L 30 0 2 2-52 >  200 160 1088 -

I ’iswn uitnum  L. D un lield IC 3342 o 0-48 0 0 0 —
111.300 o 1-21 >  200 73 520 -

(,'icer anctinum I„. T y so n  IJeM IG 3342 2 0-43 0 0 0 -

R L 30 0 2 0-40 0 0 0
T r jv l iu m R e d q u in 1C3342 a 0-07 0 () t) ■

pratense I.. ANUH43 tl 0-11 63 32 31 -
r iia ia d u i R u tla n d 1C3342 2 1-42 >  200 43 3K -

L. P io n eer CC511 2 1 92 >  200 168 736 -
Mrilicago u it iia  I.,. H u n te r IC 334 2 4 0 0 5 0 0 0 -

R k e r SU 47 4 0-29 110 82 158
l.ntm major Scop. - 1G3342 2 0-01 0 0 0 -

G C 829 2 0 01 10 3 0 —
(iin iicutiitu i I,. . . . . 1C3342 2 0-01 0 0 0 -

SU 343 2 0 01 4 3 12 -
Chcmr max F o rres t 1C3342 2 1-51 0 0 0 -

i]-.j M c rr. C B  11)09 2 2 15 7 35 164 -
mimfo R e q u r IC ‘3342 2 0-20 54 45 19 +

< L .j H q ip c r CDT.ili 2 0-17 5 7 42 —

I', ttuliata lie rk m n IC 334 2 2 0EKS 166 •W 109 -f
'L . '  W ilczck CD756 2 0-41 5 29 6 -

1. uni’uiculiUa V ita  3 1(13342 2 01!') HI! 1 tin 116 +
I L .) W alp . C B756 0 (Mil 41 85 66 -

Arachi) A 72/2H IC 334 2 1 1-00 0 0 0
h\po îea (L .i CIB11109 1 1-10 25 46 352

Leucaena C u n n iiii’h a r IC 3342 3 0-20 12 16 13 -

IcufoccjjIiaJji N G R 93 3 0-25 44 25 278 -
i l .a m . i  d e W it.

Dtmodium ( ire c n le a l ' 1G3342 14 (MM 47 18 2 -
in to r tu m  Urcl. 11-11*100 14 0-42 151 50 612 -

Caf.mii i cajan H u n t 1C3342 <> 0-59 ill 105 376 4-
iL .j M ilU p. IH P 1 0 0 2 0G 4 65 110 428 -

Sedianm ruttrtih i — IC 3342 3 0-20 103 23 5 —
Drum. O iic n u . WF.7 3 0-19 79 111 1 -

.1 Iticm jitilu im  (S rn it ro ) — IG 3342 3 0-13 92 211 61 +
atri'frnrfmriutn I I I  I’ lOO 3 0-26 34 35 70 -
(D .C . j U rh .

“ A c e ty le n e  r ed u ct io n  a c t iv ity  o f  exc ised  rou ts o i'4 5 -d a y -o ld  p la n ts , fo llo w in g  I ii in c u b a tio n  
w ith  15 " ,, C ^H j.

A R A  exp ressed  in  n m o l C 2H 4 p er p m  p er  h ou r.
V a lu e s  are a v e ra g e  a t (m i  c e p lic .t ic  p o is.

M ixed inoculation experiment
S tra in  A N U 1 2 9 8  w as  used  a lo n e  a n d  in c o m b in a t io n  w i th  a  fas t -g ro w in g  Rhizobium  
A I N U l  o r  a  s lo w -g ro w in g  B . japonkum  3 2 H 3 .  In o c u la t io n s  ( a p p ro x .  10° clii p e r  pot)  
w e re  d o n e  im m e d ia te ly  a f te r  sow ing  p ig e o n p e a .  E a c h  t r e a t m e n t  w as  rep l ic a te d  in four 
pots. N o d u le s  w ere  h a rv e s te d  a l te r  45 days ,  w a sh ed  in w a te r ,  a n d  then  surface-  
s teril ized in d iv id u a l ly  w i th  the  a p p a r a t u s  des ign ed  by  G a u l t  el a(. [8 j. T h e  n od u les  in



llii.s sys tem  w e re  first r insed  in 95 %  ( v /v )  e th an o l  for 15 s th e n  w i th  ( H " 0 ( w /v )  
m e rc u r ic  ch lo r id e  lor  30 s followed by  five to six w a te r  washes ,  a n d  finally  rinsed in 
p ro to p la s t  d i lu t io n  b u l fe r  ( 0 2 5  m  so rb i to l ,  0 2 5  m  m a n n i to l ,  2 n u t  K J - I P O ,, 2 
C a C l 2 p H  5-8). N o d u le  o c c u p a n ts  w e re  iso la ted  on  C o n g o  red  Y E M  a n d  Y E M  S m  R i f  
a g a r  m e d ia .  S t ra in s  w ere  iden tif ied  a c c o rd in g  to th e i r  g r o w th  ra te s  a n d  g ro w th  
p a t t e rn s  o n  the  two m ed ia .

t i t r a te  cjfeci experiment
N it ro g e n  levels o f  0, 3-6, 7*2, 14-4 a n d  36  mw w ere  su p p l ie d  to p o t -g ro w n  p ig e o n p e a  
th r o u g h  the  n u t r i e n t  so lu t ion  in the  fo rm  o f  po ta ss iu m  n i t r a te .  N i t r a t e  a d d i t io n  was 
s ta r te d  a t  sow ing  in o n e  set o f  t r e a tm e n ts  a n d  10 d ay s  a f te r  sowing , i.e. a f te r  n o d u le  
in i t ia t ion ,  in a n o t h e r  set (each  w ith  fo u r  rep l ica te  po ts) .  Suff icient n u t r i e n t  so lu t ion  
c o n ta in in g  K N O . ,  a t  th e  a b o v e  co n cen t ra t io n s ,  was a d d e d  to the po ts  to flush the 
san d  +  v e rm ic u l i te  w i th  the  n e w  m e d iu m .  Noclule n u m b e r ,  n o d u le  d r y  w eight ,  shoo t  
d ry  w e ig h t ,  n i t ro g e n ase  ac t iv i ty  a n d  l e a f  cu r l in g  w ere  r e c o rd e d  on  d a ) '  33. N i t ro g e n a s e  
ac t iv i ty ,  as ace ty len e  r e d u c in g  ac t iv i ty  (A R A )  in  th e  nodules ,  w as  m e a su re d  on 
d e c a p i t a t e d  n o d u la t e d  roots [/()}.

Grafting experiment
P la n ts  w ere  g r o w n  in s e p a r a te  pots, a n d  spliced a p p ro a c h  g ra f t in g  [11\ w as  p e r fo rm ed  
w i th  two s tem s o f  the  s a m e  size. In  this m e th o d ,  a  slice o f  b a rk  a n d  w o od ,  2 ‘5 c m  long  
a n d  0-5 m m  wide, w as  cu t  f ro m  b o th  stems k ee p in g  the  slice as flat as possible. T h e  two 
cu t  surfaces w e re  th e n  b o u n d  t igh t ly  to g e th e r  w i th  g r a f t in g  tape.

Xylem exudate, plant extracts, bacterial extracts and cytokinin feeding experiments 
X y le m  e x u d a te ,  l e a f  e x t ra c t  a n d  n o d u le  e x t ra c t  fro m  p la n t s  n o d u la t e d  by  s t ra in  
IG 3 3 4 2  a n d  a n o r m a l  s t ra in  I H P 1 0 0 ,  a n d  cell-free ex tra c ts  o f  s ta t io n a ry  p h a se  cu ltu res  
o f  these s t ra in s  w ere  fed, e i th e r  bv  a p p ly in g  to the  g r o w th  m e d iu m ,  o r  by  a  w ick  
m e th o d  to test tu b e -g ro w n  h e a l th y  p ig e o n p e a  plants .

P o t -g ro w n  p la n ts ,  3 5 - 4 0  d a y s  old ,  w e re  cu t  3 c m  a b o v e  the  g r o u n d  level. A  flexible 
s ilicone r u b b e r  tu b e  w as p u sh e d  over  th e  s tu m p  o f  the  s tem  to serve as a  re servo ir  to 
collect the  b le e d in g  sap .  S a p  co llec tion  b e g a n  a t  11 a .m .  o n  a  b r ig h t  d a y  a n d  w as  
co m p le te d  w i th in  I h o f  c u t t i n g  the  s tem . T h e  .sap was s to red  a t  —20 °C  in a  v ial w ith  
tw ice  its v o lu m e  o f  m e th a n o l  c o n ta in in g  5 %  ( v / v )  acet ic  ac id .

F resh  leaves (10 g) o r  fresh n od u les  (5 g) w e re  m a c e r a te d  in 100 m l o f  p h o s p h a te  
b u l fe r  (100 h i m , p H  6-5) a n d  k e p t  a t  4 °C! o v e rn ig h t  to  a l low  d e b r is  to  settle.  T h e  
s u p e r n a t a n t  w as  d e c a n te d  ca re fu l ly  a n d  passed  th r o u g h  a  0*22 | im  m e m b r a n e  filter. 
T h e  f i l tra te  v o lu m e  w as  r e d u c e d  to  10 m l  by  v a c u u m  e v a p o r a t io n  (45 °C ) .  T o  p r e p a r e  
cell-free c u l tu re  ex trac ts ,  100 m l o f  s t a t io n a ry  p h a se  c u l tu re  in Y E M  b r o th  w as  c larified 
by  c e n t r i fu g a t io n ,  passed  th r o u g h  a  0-22 [Am m e m b r a n e  filter  a n d  v a c u u m  ev a p o ra te d  
to 10 ml.

A  wick-feecling m e th o d  [12 | w as  e m p lo y e d  for feed ing  th e  s a p  o r  t h e  cy tok in in  
B A P R .  A  ho le  w as  m a d e  th r o u g h  the  xy lem  a n d  p i th  o f  th e  s tem  b e tw ee n  the  second 
a n d  th i rd  y o u n g es t  leaves o f  a  2 0 -2 5 -d a v - o ld  p l a n t  a n d ,  us ing  a  n eed le ,  a  d o u b le d  
co t to n  th r e a d  w as  passed  th r o u g h  the hole . T h e  o th e r  en d  o f  the  wick  was im m e rsed
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in a  sm all  vial c o n ta in in g  (he s a p  o r  cy tok in in ,  A  fresh h o le  w as m a d e  da ily ,  ju s t  ab ov e  
tiie p rev ious  one ,  a n d  d ie  p ro c e d u re  re p e a te d  lo r  2 or  3 days.

L e a f  a n d  n o d u ie  ex trac ts ,  cell-free c u l tu re  ex tra c ts  a n d  d if fe ren t  c o n c e n t ra t io n s  o f  
th e  cy to k in in  B A P R  (0, 2-8 jim , 28 |iM, 280 fiM, 2-8 mM a n d  28 mitr) w e re  fed to  the 
g r o w th  m e d iu m  in  the  test tu be .  T h is  ap p l ic a t io n  w as  d o n e  e i th e r  a t  the  t im e  o f  sow ing  
o r  to  10-dav-o ld  seedlings.  T h e  eH'ects w e re  rec o rd ed  a f te r  25 days.

RESULTS

Growth characteristics
T h e  le a f  cu r l  in d u c in g  s t ra in  IG 3 3 4 2  w as  c o m p a r e d  w i th  the  w e l l -c h a ra c te r ized ,  fast- 
g ro w in g  Rhizobium  s t ra in  A N U 2 4 0  (a S m r N G R 2 3 4 ) .  B o th  s tra ins  g re w  well in Y E M  
a g a r  m e d iu m  a n d  d id  n o t  a b s o rb  C o n g o  red  d ye  on  a g a r  p la tes  ( d a t a  n o t  sh o w n ) .  Both  
the s t ra ins  p ro d u c e d  co p io u s  a m o u n ts  o f  ex t ra c e l lu la r  po ly sacch a r id es .  T h e  s t ra in  
IC 3 3 4 2  h a d  less m u c o id  g ro w th  t h a n  A N U 2 4 0  as m e a su re d  b y  d ie  a b so rb a n c e  
(K le t t501,_571)Jim). B ro th  c u l tu re  m e d iu m  ( Y E M )  o f  s tra ins  IG’3342  a n d  A N U 2 4 0  with  
ap p ro x .  10<J cfu h a d  the  K l e t l  r e a d in g  o f  225 a n d  360, respectively .  T h e  g ro w th  ra te  o f  
s t ra in  IC 3 3 4 2  in  this m e d iu m  was s im i la r  to t h a t  o f  A N U 2 4 0 .  I n  a  sh ak e n  c u l tu re  
(29 DC ),  the  s t ra in  IC 3 3 4 2  h a d  a  g e n e ra t io n  t im e  o f  3-47 h a n d  a  g r o w th  c o n s ta n t  (k) 
o f  0-29 a t  log phase .  U n d e r  s im ila r  co nd i t ions ,  s t ra in  A N U 2 4 0  h a d  a  g e n e r a t io n  t im e 
of  3-22 h  a n d  a  k v a lu e  o f  0-31.

Plasmid profile and location o f  n i f  and n o d  genes
H o r iz o n ta l  gel e lec tropho resis  o f  the  cell lysates  p r e p a r e d  by  a  m od ified  E c k h a r d t  
m e th o d  sh ow ed  th re e  m e g a p la sm id s  in s t ra in  IG 33 42 ,  the  la rgest  o f  w h ich  was 
d e le c ta b le  on ly  w h e n  the  s t ra in  h a d  b een  r e p e a te d ly  s u b c u l tu r e d  two to th ree  t imes in 
Y E M  [Fig. 2 (A )] .  T h e  two la rgest  m c g ap la sm id s  w e re  s im ila r  in size to those in s t ra in  
A N U 2 4 0 ,  w h ic h  h a v e  e s t im a te d  m o le c u la r  w e igh ts  o f  >  4 50  x  10(’ a n d  310 x  10'' [22 j. 
T h e  es t im a te d  m o le c u la r  w e ig h t  o f  th e  th i r d  p la sm id  w as  200 x  10r>.

B oth  A N U 8 4 3  (R . leguminasarum b iov ar .  trifolii) nod a n d  A N U 240 n i f  g e n e  probes  
a p p a r e n t l y  h y b r id iz e d  to the  s am e  m e g a p la sm id  [Fig. 2(B) a n d  2 (G )] .  I n  a  s e p a ra te  
e x p e r im e n t  w i th  e x te n d e d  e lectrophores is ,  the  secon d  la rgest  p la sm id  h y b r id ized  to  the 
n i f  a n d  nod g e n e  p ro b e s  ( d a t a  n o t  show n )  in d ic a t in g  it to  be th e  sym b io t ic  (Sym) 
p la sm id .  W h e n  an  E c o R l  d igest  o f  to ta l  D N A  w as h y b r id iz e d  w i th  nod g ene  sequences,  
seven  h y b r id iz in g  f ra g m e n ts  w e re  v isualized  [Fig. 3 (A )] .  R e p r o b i n g  (a f te r  d e -p ro b in g )  
o f  the  s am e  b lo t  w i th  w / s e q u e n c c s  sho w ed  two s im i la r lv -s t ro n g  h y b r id iz in g  f ragm ents  
o f  9 k b  a n d  2-5 kb  [Fig. 3 (B )] .  T h ese  d a t a  suggest t h a t  in IC 3 3 4 2  the  .symbiotic genes 
a re  p la sm id  b o rn e ,  r e i t e r a te d  a n d  h ig h ly  conse rv ed ,  espec ially  a m o n g  s tra ins  A N U 24 Q  
a n d  IC 3 3 4 2 .

Effect o f  plasm id curing on nodulation and le a f curling
T e s ts  for the  effect o f  p la sm id -c u r in g  on  s y m p to m  d e v e lo p m e n t  w e re  c a r r ie d  o u t  in  an  
ax en ic  test tu b e  g ro w th  system  us ing  s i ra t ro  as th e  test host  p la n t .  O f  th e  20 h e a t-  
t r e a te d  isolates  tes ted ,  o n ly  A N U 3 0 2 7  (A N U 1 2 9 8  N o d " )  d id  n o t  n o d u la t e  s i ra t ro  o r  
in d u c e  l e a f  cu r l in g .  U n d e r  the  c o n d i t io n s  used for v isua liz ing  p lasm ids,  on ly  the
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F h;. 2 . P la sm id  v isu a liz a t io n  b y  h o r iz o n ta l g e l e lec tro p h o re s is  a n d  h y b r id iz a tio n  w ith  n i f  an d  
nod  g e n e  p rob es. (A ) M c g a p la sm id s' p r e se n t in  th e stra in  IG 3 3 4 2  v isu a liz e d  b y  a  m od ified  
E c k h a rd t m e th o d  [2 2 ] ,  A u to r a d io g r a m s o f  a  S o u th e r n  b lo t  o f  th ese  p la sm id s  h y b r id iz e d  w ith  
'" P -lab elled  nad  g e n e  (p R t5 8 7 )  se q u e n c es  from  A N U R 4 3  iBj a n d  m / g e n e  f p 5 A  j se q u e n c es  from  
A N U 2 4 0  CC).

in te rm e d ia te -s iz e d  p la sm id  w as  fo un d  in this s t ra in  a n d  th e  o th e r  two co u ld  n o t  be 
v isual ized .  T h e  wi/’a n d  nod g ene  p robes  h y b r id iz e d  to this s ingle p la sm id  su g g es t in g  th a t  
it w as  th e  S y m  p la sm id  ( d a t a  n o t  sh ow n ).

Host range
T h e  s t ra in  IC 3 3 4 2  n o d u la t e d  Phascolus vulgaris, Vigna mungo, V. radiata, V. unguiculata, 
Desmodium intortum, Cajanus cajan, Leucaena leucoaphala, Sesbania rostrata a n d  Alacroptilium  
atropurpuriinn (T a b le  2).  H o w e v e r ,  on ly  nod u les  f ro m  mungo, f". radiata. F. unguiculata, 
C. cajan a n d  M . atropurpuriinn w ere  a b le  to fix n i t ro g en ,  as ev id en c ed  by  n i t ro g e n a se  
ac t iv i ty  (A R A )  a n d  o n l y t h e s e  p lan ts  p r o d u c e d  le a f  cu r l  sy m p to m s .  A l th o u g h  IC 3 3 42  
in d u c e d  n u m e r o u s  n o d u les  in  P. vulgaris, as d id  th e  h o m o lo g o u s  s t ra in  G C 5 1 1, th e  A R  
ac t iv i ty  w as  m a rk e d ly  less c o m p a r e d  to  t h a t  p r o d u c e d  bv  C C 5 11  n o d u la t io n ,  a n d  no 
l e a f  c u r l in g  sy m p to m s  w e re  observed .  P lan ts  f ro m  o th e r  c ro ss - in o cu la t io n  g ro u p s  w ere  
n o t  n o d u la t e d  by  s t ra in  IG 3 3 4 2  a n d  w ere  svm ptom less .  All p lan ts  ex cep t  Cicer arietinum
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23-13 Kb

----  6 -5  Kb

----  4*3? Kb

—  2 -3 2  Kb 

----  2*07 Kb

3 . H y b r id iz a tio n  o f  IC .3342 D N A  w ith  n i f  a n d  nod g e n e  p rob es, A u to r a d io g r a m  o f  
S o u th e r n  b lo ts  o f  £ c » R I  d ig e s te d  I'cnnm ie D i \ A  from  th e  str;iin  I C 3 3 4 2  h y b r id iz e d  u-itb  
la b d k 'd  nod  g e n e  s e q u e n c e s  from  A N U 8 4 3  (A ) a n d  n ij  g e n e  se q u e n c es  from  A N U 2 4 0  iB i .

w ere  effectively n o d u la t e d  b y  h o m o lo g o u s  s t ra in s  o f  rh izo b ia .  P ig e o n p e a  (C. cajan) was 
d ie  first p l a n t  to h a v e  le a i - t ip  b e n d in g  w h ich  was o bserved  w ith in  24 day s  o f  
in o c u la t io n .  P ig e o n p e a  also h a d  the  h ig h es t  A R A  a n d  th e  m os t  severe  l e a f  curl  
sy m p to m s  a m o n g  d if fe ren t  host  p lan ts .

Competitiveness
T h e  S m rR i l r d e r iv a t iv e  s t ra in  o f  IC 3 3 4 2  (A N U 1 2 9 8 )  w as  as effective in n i t ro ge n -  
fixation as the  p a r e n t  ( d a t a  n o r  sh o w n ) .  I t  fo rm ed  s im ila r  n u m b e r s  o f  n o d u les  on  
p ig e o n p e a  a n d  s i ra t ro .  T h e  fa s t-g ro w ing  Rhizobium  s t ra in  M N U 1 a n d  th e  s low -g ro w in g  
s t ra in  3 2 H I  w e re  tested  for com pet i t iv en ess  w ith  A N U 1 2 9 8 .  N o d u le  r e p re s e n ta t io n  by 
s t ra in  A N U 1 2 9 8  is p re sen te d  in T a b l e  3. F o r  p lan ts  in o c u la te d  w i th  A N U 1298 alone,  
9 0 %  o f  th e  n od u les  w e re  fo u nd  to  co n ta in  the  in o c u lu m  s tra in .  T h e  recovery  o f  the 
s t ra in  A N U 1 2 9 8  w h e n  c o m p e t in g  w i th  s t ra in  M N U l .  w a s  o n ly  1 1 %  a n d  9 %  w ith  
s t ra in  3 2 H 1. H o w ev e r ,  m o s t  o f  the  in i t ia l ly - fo rm ed  ( m a tu re )  n o d u les  w e re  o c cu p ie d  by 
s tra in  A N U 1 2 9 8  ( d a t a  n o t  sh o w n ) .  T h is  level o f  n o d u le  o c c u p a n c y  w as  sufficient to 
p r o d u c e  th e  le a f  cu r l  s y n d r o m e  in these d o u b ly - in o c u la te d  p lan ts .



Leaf curl syndrom e and Rhizob ium  nodu la tion 367

T a b l e  3
E jfcct o f  m ixed inoculation o f  the stra in A .X U I2 9 8  w ith  fis t-g ro w in g  and do ir-grow ing  root-nodule 

bacterial strains on nodule occupancy and lea/ curl induction

In o cu lu m
N o d u le

N o .

N o d u le s  
form ed  by 
A N U 1 2 9 8

o c c u p a n c y  
b y  A N U 1 2 9 H

L e a f
curl

A N  U  i 29 8 I l l ) LH) 90 +
A N U 1 2 9 8  +  M N U 1 13(5 15 11 4-
A N U 1 2 9 8  +  3 2 H ! 124 11 9 +
E S E 3-7 4'2

E S E  =  e lfe e tiv e  sta n d a rd  error o f  th e  m ea n .
V a lu e s  are a v e ra g e  of fou r re p lic a te  p la n ts  h arvtisied 45) d a y s  a fter  so w in g .

T a b l e  4
E ffect o f  inorganic nitrogen on nodulation. nitrogen fixation and le a f  curlins,

stra in 1C3342
in pigeonpeai produced by the

N o d u le N o d u le S iio o t L e a f
T r e a tm e n t  (N  in  m u ) a N o . d . w t (m g i A R A '1 d. w t (g) curl

S t a l le d  a i so w in g
0 93 57 127 0 2 4 +
3'fi 56 108 36 4 0-93 +
7-2 37 47 101 1-25 —

14-4 27 18 19 !-24 _

3(3-0 7 5 1 1-04 _

S ta r te d  after  10 d
0 72 45 95 0-21 +
3-2 71 88 38 0 0-74 +
7-2 72 6 4 176 1-05 —

1 4 4  54 32 50 1-09 —

3(3-0 76 20 ') 0-73 —

liS F , B-2 8-4 50-4 0 0 9 0

11 F la m s  w ere  su p p lied  w ith  n u ir ic iu  s o lu t io n +  N  in  d ie  form  of K N O .,.
’’A c e ty le n e  red u ctio n  a c t iv ity  (ex p ressed  as n m o l C „H 4 p er p la m  per h _ l ; o f  e x c ised  roots 

fo llo w in g  1-1) in c u b a t io n  in  1 5 ° ,,
V a lu e s  are a v e ra g e  o f  fou r  r e p lica te  p la n ts  h a rv es te d  33 d a y s  a lter  so w in g .
E S E  =  K ll'eclive s ta n d a r d  error o f  th e  m ean .

Effect o f  nitrate
A m o n g  p ig e o n p e a  p la n ts  in o c u la te d  w ith  s t ra in  IC 3 3 4 2  a n d  d if fe ren t  levels o f  n i t ra te ,  
n o d u le  n u m b e r  de c rea se d  w h en  in c reas ing  n i t r a te  levels w e re  su p p l ie d  fro m  the  d a y  o f  
so w in g  (T a b le  4). P lan ts  rece iv ing  no  n i t ro g e n  fo rm ed  a n  a v e ra g e  o f  93 n od u les  per  
p la n t ,  w h ile  those rece iv ing  36 itim N  h a d  a n  a v e ra g e  o f  on ly  seven  n o d u les  p e r  p lan t .  
H o w ev e r ,  w h e n  the  n i t ro g e n  t r e a tm e n t  w as  d e la y ed  lo r  10 days ,  n i t r a te  level h a d  no 
sign if ican t  effect o n  n o d u le  n u m b e r .  N o d u le  w e ig h t  also d ec rea sed  w ith  inc reas ing
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Fk j . 4 . T h e  lo w er  p o r t io n  o f  a  h e a lth y  p la n t o r ig in a lly  gra fted  o n  lo  a  le a f  cu rl p la n t , th en  
sep a r a te d  from  th e le a f  cu r l p la n t a fter  2 8  d a y s  a n d  a llo w ed  to  g r o w  for a n o th er  '-!(] d a y s, (a) 
H e a lth y  sta lk , (b ) r eg io n  o f  gra ft, (c> sh o o ts  d e v e lo p e d  after  gra ft u n io n  a n d  (d ) sh o o ts  d e v e lo p e d  
after  gra ft se p a r a tio n .

levels o f  n i t r a te  b e y o n d  3-6 rriM. "I’h e  A R A  also followed the  s a m e  t ren d  w ith  m ost 
ac t iv i ty  for p la n t s  rece iv ing  3-6 niM N. F o r  b o th  t imes o f  n i t r a te  a p p l ic a t io n  th e re  was 
no  A R A  a t  th e  36 niM N  level. In te re s t in g ly ,  p la n ts  rece iv ing  0 a n d  3*6 msi N  d e ve lo p ed  
le a f  cu r l  s y m p to m s  in b o th  n i t ro g e n  ap p l ic a t io n  reg im es  w hile  l a rg e r  a m o u n t s  o f  n i t r a te  
co m p le te ly  p r e v e n te d  s y m p to m  expression.

Grafting experiments
T w o  3 0 -d a y -o ld  p ig e o n p e a  p la n ts ,  o n e  n o d u la t e d  by  lea l’c u r l - in d u c in g  s t ra in  IC 3 342  
an d  th e  o t h e r  n o d u la t e d  b y  th e  n o rm a l  stra in  I H P 1 00. w e re  a p p r o a c h  g ra f te d  n e a r  the 
second n o d a l  reg ion . S y m p to m s  s ta r te d  to d e v e lo p  on  the  g ro w in g  shoots  o f  the 
IH P lO O -n o d u la te d  p lan !  w i th in  8 days.  A f te r  a  f u r th e r  20 days ,  sy m p to m s  aiso 
d e v e lo p ed  o n  shoots  be low  the  reg ion  o f  the  g raft .  A t this s tage ,  the  p la n ts  w ere  
s e p a ra te d  a n d  a l lo w ed  to g ro w  for a n o th e r  20 days .  T h e  lea f  cu rl  s y m p to m s  persis ted 
in th e  o ld  leaves (Fig. 4 j .  H o w ev e r ,  n e w  shoots  d e v e lo p ed  w i th o u t  th e  l e a f  curl 
sy m p to m s.  T h i s  in d ic a te d  th a t  the  l e a f  cu r l - in d u c in g  p r in c ip le  w a s  p ro d u c e d  in the 
r o o ts /n o d u le s  a n d  w as  t ran s lo ca te d  lo the  g ro w in g  shoots.  T h e s e  results suggested  th a t  
the  effect o f  the  in d u c in g  p r in c ip le  w as  on  the  m e r is te m a t ic  tissue a n d  t h a t  the  effect 
was irreversib le .
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Feeding experiments
H e a l th y  p ig e o n p e a  p lan ts  w ere  fed w ith  le a l 'ex trac t ,  noclule ex t ra c t  a n d  x y lem  ex u d a te  
(sap) from  I G 3 3 4 2 - n o d u la te d  p ig e o n p e a  p la n ts  a n d  ce ll-lrec (1 0 3 3 4 2 )  c u l tu re  ex trac ts  
to s tu d y  th e ir  ab i l i ty  to in d u c e  l e a f  cu rl ing .  E x t ra c ts  f rom  p la n ts  n o d u la te d  b y  a  n o rm a l  
s t ra in  I H P 1 0 0  a n d  cell-free I H P 1 0 0  c u l tu re  ex tra c ts  w e re  used as con tro ls .  In i t ia l  
sy m p to m s  o f l e a f c u r l i n g ,  i.e. t ip  b e n d in g ,  w ere  o bserved  in h e a l th y  p la n ts  fed by  the 
w ick  m e th o d  w i th  a  10 fold c o n c e n t r a te d  x y lem  sa p  co llec ted  f ro m  a  lea f  cu r le d  p lan t .  
T i p  b e n d in g  w as also o bserved  in p lan ts  fed th r o u g h  the  ro o t in g  m e d iu m  w i th  lea f  
e x t ra c t  f ro m  le a f  cu r l  p la n ts ,  w h ile  o th e r  t r e a tm e n ts  failed. N o  s y m p to m  w as observed  
in p la n ts  fed w i th  x y le m  sap ,  o r  va r io u s  ex trac ts  f ro m  I H P 1 0 0  n o d u la t e d  p lan ts  o r  
IH P 1 Q 0  c u l tu re  m e d ia .

T h e  cy to k in in  B A P R  was also sup p l ied  to the roots  o f  10-day-o ld  p ig e o n p e a  
seedlings,  g r o w n  in  s a n d  +  v e rm ic u l i te  a t  v a r io u s  c o n ce n t ra t io n s .  T h e  B A P R  a t  
c o n c e n t ra t io n s  less t h a n  2-8 jim h a d  no  visual  effect. H v p o n a s ty  a n d  ro o t  v o lu m e  
r e d u c t io n  w e re  o b se rv e d  in p lan ts  w h ic h  rece ived  28  jam B A P R  a n d  th e  effects w ere  
severe a t  h ig h e r  c o n c en t ra t io n s .  A t  c o n c e n t ra t io n s  g r e a t e r  t h a n  2-8 niM, la te ra l  buds  
d e v e lo p ed  in d ic a t in g  a  release fro m  ap ica l  d o m in a n c e .  H o w e v e r ,  B A P R  d id  n o t  in d u c e  
the  l e a f  cu r l in g  o r  i r r e g u la r  l e a f  surface  d e v e lo p m e n t  seen  in  p lan ts  n o d u la t e d  by  the 
s t ra in  IG 3342 .

DISCU SSIO N

A n  u n u su a l  ro o t  n o d u le  b a c t e r iu m  IG 3 3 4 2 ,  w h ic h  causes  l e a f  c u r l  s y n d ro m e  in  the  
tro p ica l  l e g u m e  p ig e o n p e a ,  was fu r th e r  ch a ra c te r iz e d .  T h e  n o d u la t io n  hos t  r an g e ,  
physio log ica l  a n d  g e n e t ic  c h a ra c te r s  o f  the  s t ra in  IC 3 3 4 2  a re  co ns is ten t  w i th  those o f  
the  fa s t -g ro w in g  Rhizobium  A N U 2 4 0  (N G 2 3 4 ) .  G en e ra l ly ,  Rhizobium  s t ra in s  n o d u la t in g  
trop ica l  leg u m es  a r e  s lo w -g ro w in g  a n d  h a v e  b een  classified rece n t ly  in to  the  n e w  genus  
Bradyrhizobium  [/•/].  H o w e v e r ,  few fas t -g ro w in g  rh izo b ia  such  as N G R 2 3 4 ,  h a v e  been 
isola ted  fro m  tro p ica l  leg um es  [28] w h ic h  h a v e  a  w id e  host  r a n g e  [1 7 ,2 8 ] . Fas t-  
g ro w in g  s t ra in  IC 3 3 4 2  w h ich  was or ig ina l ly  iso la ted  fro m  a  t rop ica l  leg um e,  p ig e o n p e a  
[1 6 1, effectively n o d u la t e d  p ig e o n p e a ,  species o f  I'igna a n d  s i ra t ro ,  b u t  ineffectively 
n o d u la t e d  P. vulgaris {co m p ared  to its n o d u la t io n  w ith  th e  h o m o lo g o u s  s t ra in  C G 511 ),  
L. leucocephala a n d  S. ro.strata. H o w ev e r ,  these leg um es  w e re  r e p o r t e d ' t o  be  effectively 
n o d u la t e d  b y  s t ra in  AN7U 2 4 0  [17, 2 8 \.

S im i la r  p la sm id  profiles, S y m  p la sm id  a n d  n i f l l / D  g e n e  re i te ra t io n s  re in fo rced  the 
close s im ila r ly  b e tw ee n  s t ra ins  IC 3 3 4 2  a n d  A N U 2 4 0 .  E v e n  th o u g h  the  s ign if icance  of  
m o re  t h a n  o n e  c o p y  o f  a  p a r t i c u l a r  gene  is n o t  k n o w n ,  sucli r e i te r a t io n  o f  genes  has 
been  r e p o r te d  in Rhizobium  s t ra in s  a n d ,  in som e cases, b o th  h a v e  b e en  sho w n  to be 
fu n c t io n a l  [20, 23, 2 4 \. G e n e  re i te ra t io n s  h a v e  also b een  r e p o r te d  in R . leguminosarnm 
b iov ar .  trifolii nod genes [26J. H y b r id iz a t io n  w i th  R . leguminosarnm b io v a r .  trifolii 
(A N U 8 4 3 )  nod genes sugg es ted  s im ila r  re i te ra t io n s  in the  s t ra in  IC 3 3 42 .

T h e  l e a f  cu r l  in d u c in g  s t ra in  c o m p e te d  p o o r ly  in  fo rm in g  n o d u le s  w i th  the  tw o  o th e r  
s t ra ins  o f  th e  c o w p e a  g r o u p  rh izob ia .  T r in ic k  f t  al. [29\ also r e p o r te d  a  po o r  
c o m p e t i t io n  o f  s t ra in  N G R 2 3 4  ag a in s t  s lo w -g ro w in g  rh iz o b ia  u n d e r  w a r m  (30 °C) 
p l a n t  g ro w th  co nd i t ions .  T h is  m ig h t  e x p la in  w h y  le a f  cu r l  sy m p to m s  a re  n o t  observed



u n d e r  tropica)  field c o n d i t io n s  [76'J. H o w e v e r ,  the  s t ra in  used w as a  s p o n ta n e o u s  
m u t a n t  (S m r R iP )  o f  the  o r ig ina l  s t ra in  IC 3 3 4 2 ,  a n d  its co m pet i t iv en ess  in n o d u le  
fo rm a t io n  is n o t  k n o w n .  I n  p o t  trials, n o d u le  o c c u p a n c y  o f  a b o u t  1 0 %  w as suffic ient 
to p r o d u c e  l e a f  cu r l  sy m p to m s .  W e  d id  n o t  d e te r m in e  w h e th e r  y o u n g  p la n ts  w ith  
m ixe d  n o d u le  p o p u la t io n ,  b u t  w i th  l e a f  cu r l  sy m p to m s,  w o u ld  reco v e r  f ro m  the 
sy m p to m s.

G ra f t in g  stud ies  i n d ic a te d  th a t  the  cu r l - in d u c in g  p r in c ip le  is a  sys tem ic  fac to r  
p ro d u c e d  in the; roots  a n d / o r  nodu les  a n d  t ran s lo ca ted  to th e  d e v e lo p in g  shoots  to 
p r o d u c e  th e  sy m p to m s .  A  co n t in u o u s  flow o f  this  systcmic fac to r  is essentia l  for the 
co n t in u o u s  m a n i fe s ta t io n  o f  the  sy m p to m s .  T h is  suggests t h a t  the  system ic fac to r  is 
a  h o rm o n e - l ik e  c o m p o u n d  r a th e r  t h a n  a  v irus  o r  b a c te r iu m .  T h e  n o r m a l  d e v e lo p 
m e n t  o f  th e  shoots  e m e rg in g  on  the  h e a l th y  sta lk a f te r  g ra f t  s e p a ra t io n  co u ld  h ave  
resu l ted  f ro m  m e tab o l ic  in a c t iv a t io n  a n d / o r  d i lu t io n  o f  the  in d u c in g  princip le .  
F u r th e rm o r e ,  on lv  th e  m e r is te m a t ic  tissues w e re  a ffec ted  a n d  n o t  fu l ly -developed  
le a f  tissue.

F e e d in g  e x p e r im e n ts  rev ea led  the  p resence  o f  th e  in d u c in g  p r in c ip le  in  the  xv lem  sap 
a n d  also in  l e a f  ex tra c ts  w h ich  is f u r th e r  ev id en ce  for its sys tem ic n a tu re .  E x ogenous  
ap p l ic a t io n  o f  th e  cy to k in in  B A P R  co u ld  in d u c e  on lv  p a r t i a l  s y m p to m s  c o m p a r e d  to 
those p r o d u c e  b y  IG 3 3 4 2  n o d u la t io n .  Possible d ifferences  in the  effects o f  e n d o g e n o u s  
p r o d u c t io n  a n d  ex ogen o us  ap p l ic a t io n  co u ld  ex p la in  this. F ee d in g  e x p e r im en ts  d id  n o t  
in d ic a te  the  p resence  o f  the  system ic fac to r  in the  n o d u le  ex tra c ts  o r  in cell-free c u l tu re  
ex trac ts  o i' Rhizolriitm s t ra in  IG 3 3 4 2  b u t ,  as these w e re  c ru d e  ex trac ts ,  th e  results  a re  no t  
conclusive.  I t  is possible also t h a t  the  in d u c in g  p r in c ip le  is p ro d u c e d  o n ly  a f te r  the 
R /nzo b ium -p h in i  symbiosis  is established.

E x a m in a t io n  o f  a  n o n -n o d u la r in g  d e r iv a t iv e  s t ra in ,  o b ta in e d  a f te r  g r o w th  a t  40  °G, 
d e m o n s t r a t e d  the  loss o f  a t  least  the  sm alles t  m e g a p la sm id .  T h e  loss o f  the  largest 
m e g a p la s m id  is q u e s t io n a b le  because  o f  the  difficulties in r e p ro d u c ib ly  v isua liz ing  it 
w i th  th e  m e th o d  e m p lo y e d .  H y b r id i z a t io n  o f  n / / ' a n d  no t/gene  p robes  to  th e  r e m a in in g  
p la sm id  o f  th e  p la sm id -c u re d  s t ra in  suggested  th a t  this w as  the  S y m  p la sm id .  T h e  lack 
o f  n o d u la t io n  co u ld  also resu l t  from  e i th e r  a n  in te rn a l  d e le t io n  in  th e  S y m  p la sm id  in 
the  re g io n  w h ich  affects n o d u la t io n ,  o r  the  c u re d  p la sm id  (s) m a y  also c a r r y  
d e t e r m in a n t s  n ecessa ry  for  n o d u la t io n ,  in  ad d i t io n  to those  ca r r ie d  o n  th e  S ym  
p la sm id .  D e le t ions  a [  nod -n if seq uen ces  a r e  c o m m o n  a m o n g  s t ra in s  su rv iv in g  grow 'th  at  
e leva ted  t e m p e r a tu r e s  \6. 9  J a n d  re p e a te d  sequences  o f  D N A  fo u n d  in  Rhizobium [33] 
a r e  im p l ic a te d  in su ch  de le tions .  F u r th e r m o r e ,  m u ta t io n s  o th e r  t h a n  in  the  n i f  
s t ru c tu r a l  genes  h a v e  b e en  m a p p e d  on  the  ind ig en ou s  p la sm id  a n d  th e  c h ro m o s o m e  in 
Rhizobium  s t ra in s  [3, 25]. T h e re fo re  it  is possible  t h a t  tire c u re d  p la sm id (s )  m a y  c o n ta in  
n o d u la t io n  d e te r m in a n ts .  H o w ev e r ,  the  lea f  curl  s y m p to m s  a p p e a r  to d e p e n d  on 
n o d u le  fo rm at io n .

L e a f  cu r l  i n d u c t io n  w as  o bserved  on ly  in  those hosts  w h e re  th e re  was effective 
n o d u la t io n ,  su g ge s t in g  th a t  the  d e v e lo p m e n t  o f  fu n c t io n a l  n o d u les  w as  necessary  for 
the  p r o d u c t io n  o f  th e  l e a f  c u r l - in d u c in g  p r inc ip le .  E v e n  th o u g h  the  n o d u les  fo rm e d  in 
P. vulgaris e x h ib i ted  so m e  A R  ac t iv i ty ,  it w a s  m a rk e d ly  less c o m p a r e d  to those  in 
n o d u les  fo rm ed  by  s t ra in  C C 5 1 1. T h u s ,  th e  effectiveness o f  s t ra in  IC 3 3 4 2  in P . vulgaris 
w as  n o t  sufficient to p r o d u c e  lea f  cu r l  sy m p to m s .  T h i s  w as  c o n fi rm e d  b y  s tud ies  writh
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n i t r a te .  L e a f  cu r l in g  w a s  p r e v e n te d  w h e n  n i t r a te  a d d i t io n  a l lo w ed  n o d u le  fo rm at io n ,  
b u t  n o t  n i t ro g e n ase  ac t iv i ty .  T h e  d e lay ed  a d d i t io n  o f  n i t r a te  a l lo w ed  n o d u le  fo rm a t io n  
b u t  in h ib i te d  th e ir  p r o p e r  g ro w th  a n d  d e v e lo p m e n t .  W h e n  a  lo w  level o f  n i t r a te  
(3*6 mM) s t im u la te d  n o d u le  d e v e lo p m e n t ,  l e a f  cu rl  sy m p to m s  also d ev e lo p ed .  H o w ev er ,  
p la n t s  rece iv ing  7-2 mM n i t ro g e n  h a d  effective no d u les  b u t  n o  le a f  cu r l  s y m p to m s  w ere  
observed .  T h is  co u ld  be d u e  to d e la y ed  d e v e lo p m e n t  o f  n o d u les  in the  p resence  o f  
7-2 mM N. A l th o u g h  n o d u les  h a d  s u b s ta n t i a l  n i t ro g e n ase  a c t iv i ty  by  d a y  35, th e y  m ig h t  
n o t  h a v e  h a d  t im e  to i n d u c e  a  suffic iently  la rg e  a m o u n t  o r  c o n c e n t ra t io n  o f  th e  l e a f  curl  
i n d u c in g  p r in c ip le  to in d u c e  sy m p to m s .  T h e  e n h a n c e d  g ro w th  of  shoots  resu l t ing  from 
th e  7-2 mM N  t r e a tm e n t  m ig h t  also h a v e  effectively d i lu te d  th e  cu r l  i n d u c in g  p r inc ip le  
be low  th e  cr it ica l  level necessary  for s y m p to m  in d u c t io n .

T h e  results  o f  ibis s tu d y  in d ic a te  t h a t  a  c u r l - in d u c in g  p r in c ip le  is p r o d u c e d  d u r in g  
effective n o d u la t io n  b y  s t ra in  1G3342 a n d  th a t  this p r in c ip le  is t r an s lo ca te d  to the 
shoots  to p r o d u c e  the  sy m p to m s .  I n  o th e r  studies, w e  h a v e  sh o w n  t h a t  Rhizobium - 
in d u c e d  l e a f  curl  s y n d r o m e  i.s a  m u l t i -g e n e  p h e n o m e n o n  (to be  p u b l ish ed )  a n d  p rov id e  
ev id en c e  for  the in v o lv e m e n t  o f c y to k in in s  in th e  process [30, 3 1 1. T h u s ,  th e  system  has 
the  p o te n t ia l  to serve as a  m od el  for th e  s tu d y  o f  h o r m o n e  a c t io n  in Rhizobium—leg u m e  
in te ra c t io n s  a n d ,  m o re  im p o r ta n t ly ,  in o th e r  l e a f  cu rl  ty p e  diseases.

W e  th a n k  D rs  M .  T r in ic k ,  M .  Peoples  a n d  J .  B rockwel),  G S I R O  D iv is ion  o f  P la n t  
I n d u s t ry ,  A u s t r a l i a  for p ro v id in g  Rhizobium  s t ra ins  a n d  le g u m e  seeds. W e  th a n k  D r  J .  
M .  W a tso n ,  G S I R O  D iv ision o f  P l a n t  I n d u s t ry ,  D r  J .  R .  L. W a lk e r  a n d  D r  P. 
B ro ad v ,  P l a n t  a n d  M ic ro b ia l  Sciences, U n iv e rs i ty  o f  C a n t e r b u r y ,  N e w  Z e a la n d  for 
th e ir  c o m m e n ts  on  the  m a n u sc r ip t .
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