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NODULATION OF MEDICAGO S A T I V A  
IN SOLUTION CULTURE 

I. ACID-SENSITIVE STEPS 

by  D. N. MUNNS* 

Division of Plant Industry, CSIRO, Canberra, A.C.T., Australia 

INTRODUCTION 

The sequence of steps which leads to the appearance of root 
nodules on leguminous plants has been studied in detail by  many 
workers 17. For the purpose of this paper the following simplified 
description of the sequence in lucerne is suIficient: (i) development 
of root hairs, (ii) development of a population of Rhizobium near 
the root surface, in the rhizosphere, (iii) curling and infection of 
root hairs, (iv) development of infection threads, (v) formation of 
nodules. 

It  is well established that acidity inhibits nodulation, but  the 
nature of the inhibition is not understood 1 9 14 17 Observations 
that  nodule bacteria can grow at pH too low for nodulation can be 
interpreted to mean that acidity does not inhibit nodulation by  
preventing rhizosphere development s 9 14. But these observations 
are not conclusively relevant. Growth of Rhizobium in bacterio- 
logical media might not be pertinent to its aecumulation in the 
legume rhizosphere; nor is it certain to what extent arhizosphere 
population need develop before further steps in nodulation can be 
initiated. Apart from this, the possibility that  acidity particularly 
affects any one step in the nodulation sequence has not been tested. 
This paper describes experiments designed to define acid-sensitive 
steps in the nodulation of Medicago sativa L. 

The first two experiments were done to provide preliminary data 
on range of effective pH, size of inoculum, and rate of nodulation. 
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The key experiments exploited the ability of nutrient solutions to 
be altered rapidly. They tested the effects of imposing chosen pH 
at chosen times during the course of nodulation on the number and 
distribution of the nodules which subsequently appeared. Con- 
current observations were made to determine the time schedule of 
production of root hairs, accumulation of Rhizobium, curling of 
root hairs, development of infection threads, and advent of visible 
nodules. 

EXPERIMENTAL PROCEDURE 

The treatments and conditions peculiar to each experiment are 
described in the Results section. The following is a general de- 
scription of procedures. 

(i) Glasshouse procedure 

All the experiments except Exper iment  6 were dolle in a glasshouse in 
daylight and without asepsis. (Experiment 6 was done aseptically under 
artificial light - see Results, section vii). Air temperature in the glasshouse 
was maintained at 23°C by day and t9°C by night. The culture solutions 
reached peak afternoon temperatures of 26°C on clear days. 

The seed (var. Hunter  River) was soaked for 10 minutes in 0.1% HgC12, 
rinsed, soaked overnight in aerated water, and spread on cotton mesh over 
half-strength Hoagland's solution to germinate. Seedlings were transplanted 
to the experimental cultures 7-8 days later, when their taproots were usually 
5-6 cm long. The culture vessels were either 3-1irre beakers or 22-1irre steel 
drums, wirb polyethylene bags as liners. 

The solutions were made with demineralized filtered water and reagent- 
grade salts, and were aerated continually with filtered air. The pH was ad- 
justed daily with H2S04 or KOH, and stayed within 0.1 units of nominal 
pH in the 22-1irre cultures, 0.2 Ullits in the 3-1irre cultures. All the solutions 
contained 1 mM MgSO4, 1 m M  KH2PO4, 20 aM FeEDTA, 10 aM KC1, 2 
~M HaBO3, 0.4 aM MnSO4, 0.16 ~xM ZnSO4, 0.04 V21/I CuSO4, and 0.01 aM 
H2MoO4. Calcium sulphate was provided at 3mM concentration in Experi- 
ment  1, and at 8 m M  in the other experiments. Preliminary experiments had 
shown that  variation in calcium eoncentration had little effect on nodulation 
in this high fange. Combined nitrogen was supplied in the first live experi- 
ments to make growth independent of nodulation, to aid pH-control, and 
to make the conditions more pertinent to soff conditions. These solutions 
contained 1 m M  (NH4)zSO4 and either 3 or 5 m M  KNOs. No nitrogen was 
provided in the last three experinaents, partly to check that  the main Iindings 
did not depend on the presence of combined nitrogen, and partly because 
these experiments required precision diffieult to achieve with sparsely nodu- 
lated plants. The nitrogen-free solutions had 1.5 m M  K2SO4 to replace KNOa 
as the main source of potassium. 
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(il) Inoculat ion 

I n o c u t a n t s  were two-  or t h r ee -day -o ld  cu l tu res  in  y e a s t - m a n n i t o l  b ro th ,  
checked  nephe lomet r i ca l ly ,  a n d  d i lu ted  where  necessa ry  in w a t e r  a t  5°C 
i m m e d i a t e l y  before  use. Coun t s  i n d i c a t e d  no  s ign i f ican t  loss of v i ab i l i t y  
d u r i n g  di lu t ion.  

(iii) Bacterial  counts end  phase-contrast observatiom on root hairs 

P l a n t s  w i t h d r a w n  for bac t e r i a l  coun t s  a n d  mieroscopic  o b s e r v a t i o n  were 
s amp led  f rom each  rep l i ca te  of t he  t r e a t m e n t  concerned.  The  sec t ion  of 
t a p r o o t  w i t h i n  3 cm of t he  c rown was d i sca rded  because  nodules  r a re ly  
a p p e a r e d  in th i s  zone. B a c t e r i a l  coun t s  were m a d e  i m m e d i a t e l y  a f te r  sam-  
pling.  Roo t s  for mic roscopy  were  s to red  up  to  four  days  in a s a t u r a t e d  a tmos -  
p h e r e  a t  5°C. D u r i n g  th i s  pe r iod  t h e y  were e x a m i n e d  one rep l i ca te  a t  a t ime.  

R h i z o b i u m  cells were c o u n t e d  in E x p e r i m e n t  1 b y  tenfo ld  serial  d i lu t ion  
a n d  in fec t ion  t e s t  4. I n  E x p e r i m e n t  5 t o t a l  b a c t e r i a  were p la t e  c o u n t e d  in 
inocu la t ed  a n d  u n i n o c u l a t e d  t r e a t m e n t s  a n d  R h i z o b i u m  e s t i m a t e d  as t he  
difference.  Th i s  e s t i m a t e  was  on ly  possible  because  R h i z o b i u m  grea t ly  ou t -  
n u m b e r e d  t he  c o n t a m i n a n t s .  E x p e r i m e n t  6 was done  asep t ica l ly  to  al low 
d i rec t  p l a t e  c o u n t i n g  of R h i z o b i u m  w i t h  smal l  inocula.  N u m b e r s  of b a c t e r i a  
on  roo ts  were e s t i m a t e d  f rom coun t s  on  wash ings  o b t a i n e d  b y  s h a k i n g  two  
sample  roots  f rom each  cu l tu re  v igorous ly  w i t h  20 ml  cold ster i le  w a t e r  for 
two  m i n u t e s  16 

A l t h o u g h  the  n u t r i e n t  so lu t ions  were  o rd ina r i ly  clean, t h e  roots  r ap id ly  
b e c a m e  so coa t ed  wi t t l  mic ro -o rgan i sms  a n d  ferric h y d r o x i d e  t h a t  t he  roo t  
ha i r s  were  obscured .  (The coa t ing  r e sembled  D a r t  a n d  Mercer ' s  5 ' r h i zosphe re '  
insofar  as i ts  s t r u c t u r e  could be  seen). A l t h o u g h  s h a k i n g  t he  roots  w i t h  w a t e r  
lef t  t h e m  clean, i t  d a m a g e d  t he  roo t  hairs .  Consequen t ly ,  roo t  samples  for 
mic roscopy  were c leaned  w i t h  t he  t ip  of a sable  b r u s h  in 2 %  hemosol .  (This 
c lean ing  p rocedure  was also used as a n  e x p e r i m e n t a l  t r e a t m e n t  in  Expe r i -  
m e n t  5 (Fig. 4)). 

The  resu l t s  of microscope  obs e r va t i ons  were  r ecorded  on  scale m a p s  of each  
root .  Mean  n u m b e r s  of roo t  hairs ,  t o t a l  a n d  curled,  were  e s t i m a t e d  b y  
c o u n t i n g  l ive  to  t e n  r a n d o m  fields w i t h i n  eaeh  fa i r ty  u n i f o r m  zone Oll each  
root ,  m u l t i p l y i n g  m e a n  c o u n t s  b y  l e n g t h  of zone, a n d  s u m m i n g  zones over  
t he  whole  root .  R o o t  ha i r s  were cons idered  ' cur led '  if t h e  t ip  h a d  def lected 
90 ° or more,  or if t h e  h a i r  h a d  a m a r k e d  p r o t u b e r a n c e ,  b rauch ,  or convolu t ion .  

(iv) Observations on nodulat ion 

Planes  were inspec ted  da i ly  in  the  glasshouse  to  d e t e r m i n e  w h e n  t he  f i rs t  
nodules  appea red .  Unless  de layed  b y  t r e a t m e n t ,  nodules  a p p e a r e d  w i t h i n  
four  to  seven  days  of inocula t ion .  T he  ear l ies t  n o d u l a t i o n  occur red  in s u m m e r -  
t ime,  in  heav i l y  inocu la t ed  cu l tu res  free of n i t r a t e .  Af te r  ha rves t ,  t h e  
n u m b e r s  of nodu les  a n d  n o d u l a t e d  p l a n t s  were  c o u n t e d  in t he  t abo ra to ry ,  a n d  
in e x p e r i m e n t s  4, 5, 7 a n d  8 t h e i r  pos i t ion  on  t he  t a p r o o t  or la terMs was 
r ecorded  w i t h i n  successive 2 c m  in t e rva l s  f rom the  crown.  
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RESULTS 

(i) E//ects o/pH in relation to size o/inoculum 
E x p e r i m e n t  1 (Fig. 1): Two p H  t rea tments ,  5.7 and 5.1, were tes ted in 

factorial  combina t ion  wi th  five levels of inoculum ranging from 0 to 10 s 
viable  cells per  li tre of cul ture solution. An addi t ional  t r e a t m e n t  had p H  4.6 
and 1010 cells per  litre. Each  dupl icate  3-1irre cul ture vessel had 12 plants,  
in n i t ra te  medium.  The cultures were inocula ted three  days af ter  planting.  
Numbers  of Rhizob ium counted in samples of the  nu t r i en t  solutions six days 
af ter  inoculat ion had fallen slightly, bu t  were still wi th in  an order  of magni-  
tude  of the  ini t ial  number .  Nodules  appeared Oll the  7th day  after  inoculation,  
and were COUllted af ter  ha rves t  on the  18th day. 

Numbers of nodules increased with increasing inoculurn only 
within a range of small inoculum sizes (Fig. 1). Above 104 cells of 
strain U45 per litre, or above 106 of strain SU47, size of inoculurn 
had no effect, and did not modify the effect of pH. 

(ii) E//ects o/pH on rate o/appearame o/nodules 
E x p e r i m e n t  2 (Fig. 2): Four  t r ea tmen t s  were applied, at  p H  4.8, 5.1, 

5.4 and 5.7. Each  t r ipl icate  cul ture  vessel contained 22 litres of n i t ra te  
med ium and received 24 seedlings. Cultures were inoculated wi th  t0 s cells 
of s train U4S per  litre, three  days af ter  planting.  The  first nodulès appeared 
seven days after  inoculat ion regardless of p H  t rea tment .  E igh t  plants  were 
r emoved  from each cul ture  for Ilodule counts  a t  each of three harvests,  8 
days, 15 days, and 28 days af ter  inoeulation.  

Acidity inhibited nodulation for the duration of the experiment 
(Fig. 2). Acidity did not delay the appearance of the first nodules, 
but Iewer nodules appeared at pH 5.1 than at 5.4 or 5.7 and fewer 
still at 4.8. These differences enlarged over the hext three weeks, 

~.. 

I~.J 4 
O n  

izla- 
l ~m 2 

w o  

STRAIN U45 STRAIN SU47 

P"»" / / / . - - -~ pù 5., 

~ ,  , , , . ' F / /  / p ù .  ~ /  °76 oV~- / , , ~_ 
IOZ 104 106 108 I-0 I0 0 I02 I04 106 108 I0 I0 

SIZE OF INOCULUM NO. OF VlABLE CELLS 
PER LITRE 

Fig. 1. (Exp. 1). Effects  of p H  and inoculum size on number  of imdules per  
plant .  P lants  were inocula ted  3 days, and harves ted  18 days af ter  plant ing.  
D a t a  are means of 2 replicates,  each hav ing  12 plants  (nitrate medium).  
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Fig ,  2. ( E x p .  2). E f f e c t s  o f  p H  a n d  t i m e  a f t e r  inocula t ioI1  o n  n o d u l e  n u m b e r  

a n d  p e r c e n t a g e  of p l a n t s  n o d a l a t e d .  I n o c u l a t e d  3 d a y s  a f t e r  p l a n t i n g  w i t h  

l0  s ce l ls  o f  s t r a i n  U 4 5  p e r  l i t te .  D a t a  a r e  m e a n s  of  3 r e p l i c a t e s ,  e a c h  h a v i n g  

i n i t i a l l y  24 p la l l t s .  E i g h t  p l a n t s  w e r e  r e m o v e d  f r o m  e a c h  e u l t u r e  a t  e a c h  

h a r v e s t  ( n i t r a t e  m e d i u m ) .  

ba t  most of this enlargement oeeurred between the second and third 
harvests. The data suggest that  early and fairly stable effects of pH 
on nodule number could suitably be measured between two and 
seven days after the first nodules appear. 

(iii) E//ects o/ pH be/ore and alter inoculation 
E x p e r i m e n t  3 ( T a b l e  1): P r e i n o c u l a t i o n  a n d  p o s t - i n o c u l a t i o n  p H  t r e a t -  

m e n t s  w e r e  t e s t e d  in  t h e  c o m b i n a t i o n s  s h o w n  in  T a b l e  1. T h e  p r e i n o c u l a t i o n  

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

T A B L E  1 

Effecis of pH applied before and after inoculation (Expt. 3). 
Preinoculatioil t rea tments  were imposed on plants alld the 
fulty grown inoculum broth for the 6 days befor6 inoculatioil. 
Nodule counts  were made 10 days after inoculation. The data  
are means  of 2 replicates, each having 12 plants  in a 3 litre 

cultilre 

pH- t rea tmen t  

Pre-inoculation 

Host  Plant  [ Rhizobium 

4.9 
6.0 
6.0 
4.9 
4.9 
6.0 
6.0 
6.0 

Post-inoculatioil 

6.0 
4.9 
6.0 
4.9 
6.0 
4.9 
6.0 

uninoeulated 

4.9 
4.9 
4.9 
6.0 
6.0 
6.0 
6.0 
6.0 

Meail no. of 
Ilodilles per p lant  

0.7 
0.0 
1.0 

10.5 
12.7 
13.3 
13.2 
0.0 
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culture of Rhizobium (Strain SU47), for six days between planting and in- 
oculation. Each duplicate culture had 12 plants  in three litres of ni t rate  
medium. Inoculation level was 10 v cells per litre. Harvests  and nodule 
counts were made ten days after inoculation. 

T h e  p l a n t s  p r o d u c e d  10-13 n o d u l e s  if t h e  p H  was  6.0 a f t e r  

i n o c u l a t i o n ,  b u t  o n l y  one  n o d u l e  or  less  a t  p H  4.9. Th i s  h e l d  r e g a r d -  

less of p H  i m p o s e d  on t h e  p l a n t s  or  i n o c u l u m  d u r i n g  t h e  s ix  d a y s  

b e f o r e  i n o c u l a t i o n  (Tab l e  l) .  

(iv) E/[ects o/ changing the pH a/ter inoculation and o~ delaying 
inoculation 

E x p e r i m e n t  4 (Fig. 3): Par t  (a) of Experiment  3 was devised to test 
whether acid sensit ivity is restricted to a part icular  stage of the nodulation 
process. Par t  (b) was devised to indicate the nature of recovery after an 
inhibitory pH is raised. Each of the eleven t reatments  is described with its 
results in a separate diagram in Fig. 3. The pH t reatments  are shown on the 
horizontal bars parallel  to the time scale, pH 5.7 where a horizontal bar  is 
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Fig. 3. (Exp. 4). Effects of varying pH during nodulation, and of delaying 
inoculation, on numbers and distr ibution of nodules which appeared subse- 

quently. 
The pI-I treatments are shown on the horizontal time scale thus: 

pH 4.7-4.8, I--I pH 5.7-5.8. Inoculated with 109 U45 per litre at times 

indicated ~. Seven plants were removed from each of the 3 replicate cultures 

at each of 3 harvests, and the mean nodule counts per 7 plants are indicated 

thus : 

for to ta l  number of nodules, for nodules on taproots.  (nitrate medium). 
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white,  p H  4.7 where black. Cultures were p lan ted  one day  before the  day  
indicated 0 on the  t ime scale, and inocula ted wi th  109 U45 per  l i tre ei ther on 
day  0, 2, 4, or 6, as showll. There  were t r ipl icate  cultures, each hav ing  22 
litres of n i t ra te  med ium and il l i t ially 24 plants.  Seven plall ts  were harves ted  
f rom each cul ture  at  each of three  harvests .  The t imes of ha rves t  are shown 
by  the  positions of the  ver t ica l  bars, and the  numbers  of nodules per  seven 
plants  are shown by  the  heights  of the  ver t ica l  bars. To ta l  nodules and tap-  
root  nodules are shown separately,  as black ver t icals  and whi te  ver t icals  
respect ively.  

When the pH was held at 5.7, nodules appeared six days after 
inoculation and nodule numbers had stabilized by day 8 (Fig. 3a). 
When the pH was held at 4.7 virtually no nodules appeared. 
However, two days at pH 5.7 following inoculation was enough to 
induce the subsequent appearance of nodules. After two days at 
pH 5.7 the pH could be lowered without delaying nodulation or 
substantially reducing nodule number (Fig. 3a). 

Keeping the pH at 4.7 for 2, 4 or 6 days after inoculation, before 
raising it to 5.7, delayed the subsequent appearance of nodules 
for a corresponding 2, 4 or 6 days (Fig. 3b). I t  did not reduce nodule 
number. The longer the delay the fewer nodules were produced 
on the taproots and the more on the laterals, which had begun to 
grow root hairs on day 2. Delaying the provision of the higher pH 
had almost the same effects as delaying inoculation for an equal 
time (Fig. 3b). Thus the effect of acidity was demonstrably irre- 
versible only in that  it delayed the inception of nodulation. 
This seemed to allow older sites to become obsolete; and the nodules 
then formed on newer sites which would otherwise not have been 
used. 

(v) EMects o/varying the time and duratiorL o/ exposure to high pH, 
and o/disrupting the rhizosphere 

E x p e r i m e n t  5 (Fig. 4): The previous exper iment  indicated t h a t  the  
cri t ieal  effects of ac idi ty  opera te  in the  early stages of nodulat ion.  This 
exper iment  tests pH- t rea tmel l tS  of shorter  durat ion,  the  effect of physical ly  
d is rupt ing  the  rhizosphere,  and the  effeets of ac idi ty  on root  growth,  pro-  
duct ion  and curl ing of root  hMrs. The  plants  were small  a t  the  s ta r t  of the  
exper iment ,  so t h a t  few nodules developed Oll laterM roots  and only to ta l  
numbers  are recorded.  Harves t s  on days 9 and 11 gave  similar  results which 
were therefore  pooled. There  were two replicates.  In  all o ther  respeets the  
procedure  was as in E x p e r i m e n t  4. 
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As many nodules were initiated in three days at pH 5.7 as in the 
control with pH 5.7 for the whole eleven days (Fig. 4). Fewer 
nodules were initiated in two days at pH 5.7, and fewer still in one 
day. At the beginning of this experiment root hairs were sparse 
(see Fig. 5a and section (vi) below). If the one-day exposure to pH 
5.7 was applied later, more piliferous root was available and more 
nodules were produced, with a modal position further down the 
taproot (Fig. 4). Late inoculation also produced nodules Iurther 
down the taproot (and was the only treatment to produce a signifi- 
cant proportion (15%) of the nodules on lateral roots). 

A large population of Rhizobium accumulated on the roots 
within the first day after inoculation (see Section (vii) and Fig. 6c 
below). Brushing the roots to free the coating which contained most 
of this population of bacteria did not prevent normal production 

T I M E'--'~,(D AYS) T I~~,~E'---,t- ( DAYS ) 
0 2 4 6 G I0 0 2 4 6 8 I0 

i i . . . .  
• , ' , ' ~ ' ,-~lo.o0 ' i n ' J 0.00 

I°.~~ Io.~, 
{C I N ~ (4-6cm) ~[ N m,i (8_12 cm } 

(B) 

~ ~ n ~ a J  0"29 
(4-6cm) 

mo.i9 ~__ N |0.22 
! (2-4C('R) (6-8Cm) 

Roots ¢teoned 

,~ ù mO.,, !~~ ù o . o »  
- -  (4-6cm) " (2-6cm) 

Roots cleoned II O.3B 
I O. 24 

N 
(8-10cm) , (6-8 cm) I 

(A) (c) 

Fig. 4. (Exp. 5) (a). Effects of short exposures to pH sufficiently high for 
nodulation, on number of llodllles which appeared subsequelltly; (b). Effects 
of delaying ~noclllation; (c). Effects of cleaning roots during initial stages. 
On the horizontal time scale n illdicates t reatment  at pH 4.7, I - - l  
pH 5.7. The symbol $ indicates time of inoculation; C, i, and N respectively 
indicate times at which curted root hairs, infection threads, and nodules were 
first seen. The mean value of logl0 (1 + number of nodules per plant) is 

m 

shown thus I and also numerically; the least difference significant at 
m 

p 0.05 = 0.12. The figures in parentheses indicate modal positions of nodules 
on the taproot, in cm from the crown. Harvests of 10 plants from each 
dnplicate culture on days 9 to 11 yielded the same results, which were pooled 

(nitrate medium). 
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of nodules if the  p H  remained  a t  5.7; bu t  it suppressed nodula t ion  

if the  p H  was lowered to 4.7 af ter  the  cleaning (Fig. 4, lower right).  

(vi) Root hairs, curling, and in[ectio~ threads 
E x p e r i m e n t  5 and 7 (Fig. 5): Plants were subsampled fröre glasshouse 

cultures for mieroscope examinations of their taproots during the first few 
days of Experiment 5 (section (v)), and Experiment 7 (seetion (viii), below). 
Each datum in Fig. 5a represents a mean of two sample plants from Experi- 
ment 5, and each datum in Fig. 5b represents a mean of three sample plants 
from Experiment 7. 

Cul ture  solutions too acid to pe rmi t  nodula t ion  did not  inhibi t  

g rowth  of roots  or p roduc t ion  of root  hairs,  hu t  t hey  did p reven t  
curling and  subsequen t  steps.  The  onset  of curling was ear ly 
enough to comprise  one of the  events  of the  acid-sensit ive stage. 
Infec t ion  threads ,  on the  other  hand,  appea red  in the  root  hairs  
af ter  the  acid-sensi t ive s tage had  passe& This  was par t i cu la r ly  
clear in E x p e r i m e n t  7, where  infect ion th reads  could not  be  seen 

(A) Exp. 5 (B)Exp. 7 
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Fig. 5. (Exp. 5, Exp. 7). Growth of taproots, production of root hairs (no. 
per plant), curling of root hairs, and time of appearance of infection threads. 
Curling data, and time of appearance of infection threads indicated by *, 
refer to the higher pH treatments. Each datum in Fig. 5a is a mean from 2 
plants subsampled /rom Exp. 5 (nitrate medium). Each datum in Fig. 5b 

is a mean from 3 plants subsampled from Exp. 7 (nil-nitrate). 
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until two days after inoculation (Fig. 5b) although only 24 hours 
at pH 5.5 was necessary for the subsequent production of 20 nod- 
ules per plant (see Table 2 below). (The more numerous root hairs, 
more extensive curling, and earlier infection in Experiment 7 are 
probably consequences of the absence of nitrate). 

(vii) Establishment o/Rhizobium p@ulations on the root 
E x p e r i m e n t  6 (Fig. 6a, 6b): Aseptic  condit ions were main ta ined  so tha t  

Rhizob ium could be direct ty  pla te-counted.  The  exper iment  was done under  
artificial  l~ght a t  20-26°C. The  seed was immersed 30 minutes  in 0.1% 
HgC12, and the  r insed seed was sowll onto sterile plates of yeas t  manni to l  
agar  so t h a t  seedlings wi th  microbial  con tamina t ion  could be de tec ted  and 
rejected.  The  seedlings were t ransp lan ted  to solut ion cultures when the  roots 
were only 2 to 3 cm long, to minimize  t ransfer  of nutr ients  I rom the  agar. 
Af ter  four days  of growth wi th  dai ly p H  check and adjustmel l t ,  the  roots 
had  lengthened  to 7 to 8 cm. Samples of the  solutions, and of roots cu t  off 
4 cm below the  crown, were then  taken  from each cul ture  for ini t ial  p la te  
counts  to ensure t h a t  asepsis had been mainta ined.  The  cultures were then  
inocula ted wi th  ei ther  5 × 10 a or 1 × l0 s cells of s train U45 per litre. 
Fu r the r  counts  and pH-ad jus tmen t s  were made  during the  course of the  
exper iment .  The  solution cultures and reagents  had been au toc laved  1 hour  
a t  15 lb pressure. Aera t ion  air was Iiltered, and the  electrodes of the  p H - m e t e r  
were rinsed wi th  aleohol and sterile water .  Uninocula ted  cultures remained  
aseptic. Each  t r ipl icate  cul ture i l l i t ially had  10 plants,  in 3 litres of nil- 
n i t ra te  solution. 

E x p e r i m e n t  5 (Fig. 6c): Es t imates  of l lumbers of Rhizob ium in the  
rhizosphere were also avai lable  from E x p e r i m e n t  5, described previous ly  
(Sections (v) (vi)). This exper iment  was not  aseptic, bu t  the  inoculum was 
heavy  ellough for Rhizob ium to ou tnumber  col l tamil la t ing bacter ia  by 
approx imate ly  20 times. P la te  counts  were made  oll inocula ted alld un- 
inoculated cultures,  and Rhizob ium ean be es t imated  by  differellce. These 
es t imates  serve to suppor t  ex t rapola t ion  f rom the  aseptic, art if icially li t  
condi t ions of E x p e r i m e n t  6 to glasshouse conditions. 

When the inoculum was srnall (5 x 10 a cells/litre) an initial 
rapid, pH-independent accumulation of bacteria on the roots was 
followed by  a pH-dependent multiplication (Fig. 6a). Thus after 
1 to 2 days at pH 5.4, but  not at 4.8 or 4.4, the root population 
developing from the small inoculum had approached the magnitude 
of the population on heavily inoculated roots (Fig. 6b). The Rhi- 
zobium multiplied somewhat in the culture as a whole, possibly 
because the experiment was done aseptically and no other bacteria 
were competing for whatever small energy source was available 
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(In Expe r imen t  1, which was not  aseptic, Rhizobium numbers  had  

decreased slightly). 
F r o m  the large inoculum (10S/litre, Fig. 6b) a root -popula t ion  

of 103 cells per cm was reached by  two hours and 104 per cm b y  
seven hours regardless of the pH.  A relat ively slower, smaller 
increase followed. The da ta  for the glasshouse exper iments  using 
n i t ra te  medium were consistent  with this (Fig. 6c). The initial de- 
ve lopment  of the rhizosphere popula t ion in the first seven hours 
was too rapid to be accounted  for by  mult ipl icat ion with a mean  
generat ion t ime of the order  of four hours (as found b y  B e r g e r s e n 2 
for shaken cultures) ; bu t  the la ter  slower phase is compat ible  with 
a generat ion t ime of this order. Thus  the rhizosphere popula t ion 
p robab ly  developed as a result  of an initial meehanieal  accumulat ion 
followed by  some bacter ia l  mult ipl icat ion at the root  surface. 

The  volume occupied by  the bacter ia  on the roots ean be esti- 
m a t e d  variously,  and onty approximate ly ,  as the 1/~1 of »vater 
adhering per cm of root,  or the 2 to 3 #1 root  volume per cm, or 
the 5 #1 per cm hollow-cylinder space containing the  root  hairs. 
Any  of these est imates indicates tha t  the popula t ion of Rhizobium 
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Fig. 6. Accumulation of Rhizobium on roots, in relation to pH and time. 
Counts on root washings, expressed per cm of root are joined by solid lines, 

and counts oi1 culture solutions, expressed per litte, by broken lines. 

Fig. 6a and 6b represent Exp. 6, done aseptically so that all bacteria counted 
were Rhizobium. 

Fig. 6c represents data from Exp. 5 done in the glasshouse nonaseptically. 
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in the rhizosphere was 50 to 100 times denser than in the bulk 
nutrient solution, despite continuous stirring by the aerators. 

(viii) E//ect o/ inoculum size on the length o/ time required at high pH 
E x p e r i m e n t  7 (Table 2) : A t  p H  4.5 a large rh izosphere  popu la t ion  can 

develop wi th in  a few hours  following h e a v y  inoculat ion,  b u t  root  hairs  
remain  uncur led  and uninfected.  This indicates  t h a t  a s tep  following rhizo- 
sphere  deve lopmen t  is acid-sensi t ive;  b u t  it  does no t  indicate  w h e t h e r  a 
Iarge rh izosphere  popu la t ion  of Rh izob ium is necessary  for nodula t ion .  If  
a large popu la t ion  m u s t  develop before t he  acid-sensi t ive s tep can proceed,  
t h e n  the  comple t ion  of t he  acid-sensi t ive s tep will be delayed if t he  inoculum 
is small. E x p e r i m e n t  7 compares  the  length  of t ime t h a t  t he  p H  taus t  be kep t  
a t  p H  5.4 to produce  nodules,  following a h e a v y  or a l ight  inoculat ion.  Each  
t r ip l icate  cul ture  had  24 p lan t s  in 22-1itres of n i l -n i t ra te  medium.  On day  1 
of the  exper imenta l  period, two  days  af ter  p lant ing,  the  cul tures  were in- 
oculated to  provide  ei ther  109 or 104 cells of s t ra in  U45 per  litre. (Obser- 
va t ions  of root  hai r  deve lopmen t  and curling were m a d e  on p lan t s  sub-  
sampled  f rom the  heavi ly  inocula ted  t r ea tmen t s ,  and  have  been p resen ted  
in sect ion (vi), Fig. 5b). Nodule  number s  were pooled f rom harves t s  t aken  
9 and 13 days  af ter  inoculat ion (Table 2). 

Given nine days at pH 5.4, inocula of 104 or  109 cells per litre 
both yielded about 20 nodules per plant Table 2). The smaller 

TABLE 2 

Effects of short-term pH treatments and iaoculum slze on nodule number and 
distribution (Expt. 7) 

Cultures were held at pH 2,4 except when indicated * in first column. All cultures 
were inoeulated on day 1, 2 days after planting. Nodulation data were pooled from 
harvests made 9 and 13 days later, and are means of 3 replicates, each having 24 

plants. 

Mean distance be- 
Mean no. of Mean distance from tween topmost and 

Treatment nodules per lowest nodule on erown to topmost 
plant taproot ( c m )  taproot nodule (cm) 

Inoculum, eells/litre 1 109 [ 104 

pH 5.4 starting day 1 : 
for 9-13 days 
for 48 hr* 
for 24 hr* 
for 12 hr* 

pH 5.4 starting day 2: 
for 24 hr* 
for 12 hr* 

Control pH 4.4 

109 [ 104 

23.7 20.2 
k 24.7 2.7 

20.0 0.3 
13.0 0.2 

19.9 Õ.1 
12.7 0.0 
0.0 0.0 

109 [ 104 

5.1 8.0 
5.0 2.7 
3.4 
2.6 

4.4 
3.4 

5.6 
5.3 
5.8 
6.3 

7.7 
7.5 

I 
I - 
I - -  

I - 

7.4 
6.9 

Least difference 4.8 1.0 0,5 
significant, P0.05 
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inoculum had produced nodules later (in five days rather than four) ; 
and the nodules developed further down the taproot and were spread 
further apart (Table 2). With the large inoculum, a pH of 5.4 had 
to be provided for only twelve hours to allow an average 13 nodules 
per plant to develop subsequently at pH 4.4. Doubling the time at 
pH 5.4 to 24 hours allowed nodulation on a greater length of de- 
veloping root, and a full complement of about 20 nodules was pro- 
duced, not greatly exceeded by longer treatments. Delaying the 
h.igh-pH treatments from day 1 to day 2 did not affect nodule 
number; it merely delayed the appearance of nodules and shifted 
their distribution downwards. With the small inoculum, nodulation 
did not proceed until the pH had been at the high level for 48 hours 
after inoculation. This delay corresponds reasonably with the time 
a large Rhizobium population took to develop on the roots from a 
similarly small inoculum in Experiment 6 (Fig. 6a). 

(ix) Relatiomhip o/ the acid-semitive stage to rhizo@here devd@ment 
and curling o/root hairs 

E x p e r i m e n t  8 (Fig. 7) : The  p H  was raised from p H  4.5 to p H  5.5 for 
short  in tervals  ranging f rom 4 to 24 hours and then  re turned  to 4.5. These 
short  exposures to p H  5.5 followed ei ther of two equal ly  heavy  inoculat ion 
t rea tments ,  appl ied a t  different  t imes. In  one, the  inoculum (109 U45/litre) 
was added as the  p H  was raised, so tha t  the  rhizosphere popula t ion  would  
have  to develop dur ing the  exposure to p H  5.5. In  the  other,  the  inoculum 
was added 16 hours earlier, to allow the  rhizosphere to develop a t  p H  4.5 
before the  exposure to p H  5.5 began. Each  t r ipl icate  cul ture  sotution had 
24 plants  in 22 litres of ni l -ni t ra te  medium.  One p lan t  was subsampled f rom 
each cul ture  for microscope observat ion,  a t  the  t ime  the  p H  was re tu rned  to 
4.5 to end the  exposure to p H  5.5. One more p lan t  was subsampled the  
fol lowing day,  also for microscope observat ion.  The  results of the  microscope 
observat ions  are in Fig. 7a. Nodnles were counted on tlalf the  remaining 
plants  in each cul ture  after  7 days and on the  rest  af ter  ten  days, wi th  
results which were similar and have  been pooled (Fig. 7b). 

The two inoculation times were included to test the supposition 
that  a rhizosphere population which accumulates from a heavily 
inoculated culture at pH 4.5 is competent to induce curling of root 
hairs and subsequent nodulation; i.e. that  the stage of bacterial 
accumulation in the rhizosphere contains no acid-sensitive events 
essential to nodulation when the limitation on increase in bacterial 
numbers is overcome by heavy inoculation. If this supposition is 
correct, the earlier inocu!ation should advance the onset of curling 
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and shor ten  the  m i n i m u m  exposure  to the high p H  necessary for 

nodula t ion  to ensue. The  t ime  ' saved '  in this w a y  b y  the  earlier 
inoculat ion should equal  the  t ime  needed for the la ter  inoculat ion 
to establish a compe ten t  rhizosphere populat ion.  A second purpose  

of the exper iment  was to tes t  indicat ions f rom earlier exper iments  
t ha t  root  hairs  can cont inue  curling at  low p H  af ter  a shor t  t r ea t -  
m e n t  at  p H  high enough to ini t ia te  curling. A th i rd  purpose  was to 
de te rmine  whe ther  nodula t ion  remained  sensi t ive to p H  af ter  root  

hairs had  curled. 
The  earlier inoculat ion made  the  root  hairs  curl two hours  earlier 

(Fig. 7a); mos t  of the  hairs  t h a t  curled did so within 6 hours  af ter  

the  p H  was raised f rom 4.5 to 5.5 in the  p lan ts  inocula ted  early,  

bu t  not  unt i l  8 hours  when the  inoculum was added  as the p H  was 
raised. A p p a r e n t l y  the la ter  inoculat ion took  two hours  a t  p H  5.5 
to establ ish a rhizosphere popula t ion  as compe ten t  to induce 
curling as the  popula t ion  which had  a l ready establ ished f rom the 

B 

NO. OF ROOT HAIRS PER PLANT I . I  
/Total 

I0,000 ,~, Hairs 1.0 kk.z----~--x 
5,000 -x--X------SC~x - x -  0.9 

- -  Curled 
2,000 ~ 0.8 
I000 ~ 0,7 

- 0.6 
500 , 0.4 
200 ~'~ 0.4 

I00 0.3 
50 0.2 

4 6 8 110 12 24 

LOG IO(I+NODULES PER PLANT) 

0.05 

I , t ~ I \ , I 
4 6 8 I0 12 " 24 

TIME-HOURS OF HIGH-pH TREATMENT 
• Inoculoted at tirne O, os pH roised to 5.5. o lnoculated 16 hours previously. 

Fig. 7. (Exp. 8). Effects of time of inoculation and duration of treatment at 
pH 5.5 on (a) number of root hairs curled, and (b) number of nodules pro- 
duced subsequently. Cultures held at pH 4.5 except during the high pH 

treatment. 
Inoculum, 109 U45 per litre, was added either 16 hours before the pH was 

raised to 5.5, or at the same time as the pH was raised. The root hair data 
(Fig. 7a) are means of counts on taproots of 3 plants, one sampled randomly 
from each replicate culture. The broken lines indicate counts on plants 
sampled the day following high-pH treatment. The nodulation data (Fig. 
7b) are means of counts on the remaining plants, pooled from harvests at 7 
days and 10 days. (Nitrogen-deficient medium). 
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earlier inoculation. The early, rapid, mechanical phase of bacterial 
accumulation would be sufficient for this. To curl some root hairs 
required only 4 hours at pH 5.5. On plants that gor this treatment, 
more hairs curled after the pH was dropped to 4.5, as shown by  
observations on plants sampled the following day. Nodule number 
increased gradually as the exposnre to pH 5.5 increased from four 
to twelve hours (Fig. 7b). This made it impossible to define a 
minimum exposure necessary for nodulation to ensue. However, 
the early inoculation did increase the number of nodules developed 
after the short exposures. The statistical main-effect of the early vs  

late inoculation treatments on nodule number was significant at 
p 0.01. The interaction between inoculation treatments and duration 
of exposure to pH 5.5 was not significant. It  was difficult to ger 
precise nodulation data from pH treatments as short as these. 
Nevertheless, it is clear that  the number of nodules continned to 
increase as the exposure to p H  5.5 extended up to twelve hours, i .e .  

nodulation remained sensitive to acidity for a few hours after 
curling was completed. 

D I S C U S S I O N  

In these experiments, nodulation began on any part of the root 
system which bote young root hairs and a sufficient Rhizobium 
population at the time suitable pH was provided. If suitable pH 
was maintained indeflnitely, initiation of nodules on new roots 
ceased or slowed after two or three days. This phenomenon appears 
to be common, and several workers have oIfered explanatory 
hypotheses 6 is 15. The results in this paper do little to test these 
hypotheses, except to make it clear that  plants restrained from 
nodulating do continuously produce new roots which are inherently 
capable of nodulating, and that this capability is transitory. 

The distribution and number of nodules was further restricted 
when adequately high pH was provided for only a short interval. 
Nevertheless, plants treated in this way tended to continue initiating 
nodule production, even on sections of root produced after the pH 
had been lowered. This tendency was particularly clear in the final 
experiment. The data on nodule position together with the root 
lengths measured during the microscope examinations in the first 
24 hours indicated that  many plants bore some of their nodules on 
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roots which could not have existed when the pH was high. Though 
small, this tendency was erratic enough to vitiate attempts at high 
precision. The implication that effects of previous treatment are 
transmitted to new roots tissue is puzzling. 

The progress of nodulation into the curling stage had to await 
the development of a large Rhizobium population in the rhizosphere, 
and was prevented if the rhizosphere was disturbed. These indi- 
cations that nodulation requires a large rhizosphere population are 
consistent with findings of some other workers. For example, B h a- 
d u r i  ü showed that  nodulation of Phaseolus depended transiently 
on inoculum size until multiplication obliterated the differences. 
P u r c h a s e  and N u t m a n ' s  16 evidence that  the rhizosphere need 
contain few virulent Rhizobium to initiate nodulation of lucerne 
is not contradictory. Their experiments were designed to test the 
supposition that  in a large population, only a single virulent bac- 
terium is needed to produce one infection. Their virulent bacteria 
were therefore diluted with large numbers of an avirulent strain. 
This leaves the possibility that a large population is needed to pro- 
vide the environment at the root which enables the virulent 
members to infect. 

When the bacteria have to multiply extensively from a small 
inoculum, acidity could conceivably limit nodulation by slowing the 
development of the rhizosphere population enough to prevent ade- 
quate numbers developing at a site before the site becomes obsolete. 
This might explain benefits to nodulation from heavy inoculation 
in acid soils. 

Nevertheless, even when a large Rhizobium population accumu- 
lates rapidly, nodulation remains pH-dependent, perhaps over a 
slightly lower critical range of pH. In the special case of the heavily 
inoculated solution culture, dense rhizosphere populations develop 
quickly, and independently of pH and of extensive multiplication. 
They are capable of initiating nodulation as soon as a high enough 
pH is provided, and only then. The requirement for the high pH 
continues until a short while after the root hairs curl. Subsequently, 
the pH can be lowered without preventing development of infection 
threads and growth of the nodule; and Jensen 10 has shown that  
established nodules on Medicago sativa can fix nitrogen at pH 4.5 
to 4.8. 

How acidity interferes with events of the acid-sensitive stage 
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remains  unclear.  Microscope observat ions might  help elucidate this 
if F a h r a e u s ' s  7 slide technique  could be coupled with adequate  
pH-control .  In  the present  exper iments ,  the only readi ly  visible 
even t  during the acid-sensitive stage was the curling of root  hairs. 
Bu t  acidi ty  only  p reven ted  the onset of curling. If curling had 
begun, the  number  of curled hairs could cont inue increasing even 
if the  p H  was lowered. Also, in Expe r imen t  8 nodule product ion  
remained  sensitive to  acidi ty  for a few hours  af ter  curling had  
completed.  Thus  curling appears  to be mere ly  con temporary ,  and 
only  approx imate ly  con tempora ry ,  with some acid-sensitive event  
which is necessary for the subsequent  product ion  of nodules. 

The  t iming of infect ion in relat ion to the other  known events  in 
nodula t ion  has not  been established, except  t ha t  it  mus t  precede 
the  appearance  of an infect ion th read  within the body  of the root  
hair. Perhaps  infect ion and curling are roughly  concur ren t  symptoms  
of changes in the  cell walls of root  hairs, induced b y  products  of the 
rhizosphere popula t ion  if the p H  is high enough. The significance of 
such produc ts  need not  be pure  supposition. There  is evidence tha t  
indole-3-acetate  and bacter ia l  inducers  of polygalacturonase  pro- 
duct ion  p lay  a pa r t  in the curling and infect ion of root  hairs 11 1~ is 

SUMMARY 

Acidity reduced nodule numbers at pH below 5.5, and virtually prevented 
nodulation at pH 4.5. In this range (pH 5.5 to 4.5) it did not afIect root 
growth or the number of root hairs. 

In lightly inoculated solution cultures, acidity inhibited the extensive 
multiplication of Rhizobium which was necessary to establish a rhizosphere 
population sufficiently large to induce nodulation. 

In heavJly inoculated solutions, containing 10 s to 10 9 Rhizobium cells per 
litre, Rhizobium rapidly accumulated in the rhizosphere by a pH-independent 
process which seemed to be largely mechanical and to involve little multi- 
plication. Thus targe rhizosphere populations accumulated within a few 
hours eren at pH 4.4. Nevertheless, acidity still prevented root hairs from 
curling and becoming infected. Raising the pH from 4.4 to 5.4 at this stage 
allowed curling and subsequent steps to proceed without delay. 

Shortly after curling was completed, the pH could be lowered to 4.4 
without hindering the development of infection and the normal completion 
of nodulation. I-Ience the prevention of nodulation by acidity, in heavily 
inoculated solution cultures, can be attributed to prevention of a step which 
approximately coincides with the curling of root halts. This step occupied 
less than 12 hours of the 4 to 7 days required for visible nodules to appear. 
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