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INTRODUCTION 

In general leguminous plants, with the exception of those of the 
cowpea and lupine group, fail to nodulate and grow in acid soils. The 
limiting pH value for nodulation varies with the plant species and 
the strain of Rhizobium used 4 5 10 11 14. Plants supplied with com- 
bined nitrogen are able to grow at a lower pH value than those 
deriving their nitrogen from symbiosis with the root-nodule bac- 
teria 10 16. Little is known of the inhibitory effect of low pH on tile 
nodulation process. Failure to form nodules has been ascribed to the 
inhibition of bacterial growth at low pH 2 14 15. So far, however, no 
evidence has been presented which shows that the growth of nodule 
bacteria in laboratory media is similar to that in the rhizosphere. 
Furthermore, it is questionable whether the pH in the rhizosphere 
or on the root surface is identical with that of the medium in which 
the root is growing. 

In the present investigation an attempt has been made to eluci- 
date the effect of low pH on different phases of nodule formation by 
exposing the plant roots to nutrient solutions of low pH for different 
periods of time. At the pH value chosen, good plant growth oc- 
curred provided combined nitrogen was supplied, but nodule for- 
mation was inhibited. A preliminary account of the results obtained 
was given at the IX International Congress for Microbiology, Mos- 
cow, 1966 lo 
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MATERIAL AND METHODS 

Seeds of Pisum sativum cv. Rondo were surface-sterilized by shaking for 
20 minutes in 3% H20~ to which a drop of a detergent (Teepol) had been 
added. The seeds were incubated for 5 to 7 days on water agar (1%) at  25°C 
in the dark and then transferred aseptically to tubes containing 180 ml 
nutr ient  solution of pI-I 6.5 of the following composition: K~I-tPO4, 0.36 g; 
KI-I2PO4, 0.12g; MgSO4.7I-I20, 0.25g; CaSO4, 0.25g; Fe (III) citrate, 
30 mg; MnSO4.4 H20, 1 nag; ZnSO4.7 H20, 0.25 mg; CuSO4.5 I-I20, 0.25 mg; 
HaBOs, 0.25 rag; Na2MoO4.2 H20, 0.05 mg; water 1000 ml. 

Two weeks after germination, wllen the roots were susceptible to infection, 
the seedlings were transferred to nutrient  solutions having different p i t  
values and inoculated with the root-nodule bacteria. Nutr ient  solutions of 
different pH values were obtained by  addit ion of dilute I-I2SO4 or NaOH. 
During the experiment the pH was maintained by  adjus tment  once or twice 
daily, except in the case of Exper iment  I I I  where the p i t  was kept  constant  
by  using an automat ic  Ti t ra tor  (Radiometer). 

The effective Rhizobium leguminosarum strain P R E  and the ineffective 
strain P8 were used for inoculation. They were maintained on yeast-mannitol-  
agar slopes. For  inoculation, a 5 days old culture was suspended in 50 ml 
water  and 1 ml of the resulting suspension was added to each jar. 

The plants  were grown in a greenhouse with supplementary light and 
heating during the winter period. However, Experiment  III, in which the pH 
was kept  constant  automatically,  was conducted in a light cabinet. The num- 
bers of nodules were usually counted twice during the experiment viz 7 days 
after inoculation and again 3 to 4 weeks after inoculation at  the time of 
harvesting. For  fresh-weight determinat ion the nodules were detached, the 
adhering water  removed by  blott ing with filter paper  and immediately 
weight. For  dry-weight determination the plants  were first air dried and then 
at  105°C for 30 minutes. Total  nitrogen was determined by  the Kjeldahl  
method. 

RESULTS 

1 The e[]ect o/combined nitrogen and inoculation with R h i z o b i u m  

l e g u m i n o s a r u m  on nodulation and plant growth at di][erent pH 
values 

E x p e r i m  e n t I .  P e a  s eed l ings  we re  t r a n s f e r r e d  a t  t h r e e  d i f f e r e n t  

s t a g e s  (viz 6 d a y s  be fo re  ( - - 6 ) ,  d u r i n g  (0), a n d  6 d a y s  a f t e r  (6) 

i n o c u l a t i o n  w i t h  Rhizobium leguminosarum s t r a i n  P R E )  to  n u t r i e n t  

s o l u t i o n s  of p H  4.5, 5.0, 5.5, 6.0, 7.0 a n d  8.0 r e s p e c t i v e l y .  T h e  p l a n t s  

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

S i m u l t a n e o u s l y ,  p l a n t s  g r o w n  in t h e  p r e s e n c e  of c o m b i n e d  n i t r o g e n  

(100 m g  N p e r  l i t e r  as  Ca(NO3)2) were  also t r a n s f e r r e d  to  n u t r i e n t  
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solutions having different pH values. The results are presented in 
Fig. 1, 2 and 3. They may be summarized as follows: 
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Fig. 1. Ef fec t  of pIK of the  cul ture solution on nodula t ion  and growth of 
pea  plants  when ei ther  inocula ted wi th  Rhizobium legumi~osarum strain P R E  
or supplied wi th  combined ni t rogen (100 mg N per l i ter  as Ca(NO3)2). P lants  
were grown in a neut ra l  solution and then  t ransferred to solutions of different  
p H :  6 days before inoculat ion (--6,  top row), at  t ime of inoculat ion (0, centre 
row) and 6 days  af ter  inoculat ion (6, bottom row). (n: number  of nodules, w:  
d ry  weight  of nodules f rom the  inocula ted plants.  S: shoot  dry  weight.  R :  
root  d ry  weight.  + : plants  supplied wi th  nitrate,  --  : plants  wi thou t  ni trate) .  
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Fig. 2A and 2B. The effect of pH of the nutrient solution on growth of pea 
plants. A inoculated with the effective Rhizobium leguminosaru~ strain PRE 
or B supplied with combined nitrogen, 100mg N per liter as Ca(NOB)2. 
tTrom le/t to right: pH 4.5, 5.0, 5.5, 6.0, 7.0, 8.0. (Experiment I series 0), 

(a) P lan t s  suppl ied wi th  combined  ni t rogen grew equal ly  well at  all 
react ions  be tween  p H  4.5 and  8.0. 
(b) Smal l  differences were observed  among  the  inocula ted  p lan t s  
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Fig. 3. The effect of low pH of the nutrient solution on different stages of 
root-nodule formation by pea plants. Plants on the le/t inoculated with 
Rhizobium leguminosarum strain PRE, plants on the eight supplied with 
combined nitrogen (100 mg N per liter as Ca(NO~)2). The plants were grown 
initially at pH 6.5 and then transferred to a solution of pH 4.5 (A) 6 days 
before inoculation, (B) at inoculation and (C) 6 days after inoculation (Ex- 

periment I). 

a f te r  g rowth  at  different  p H  values  ranging  f rom 5.0-8.0. At  p H  4.5 
nodula t ion  was m a r k e d l y  inhib i ted  in the  case of the  p lants  which 
had  been t rans fe r red  6 days  before or at  the  t ime  of inoculat ion.  
Inh ib i t ion  of nodula t ion  was not  observed,  however ,  when the  t rans-  
fer was de layed  unt i l  6 days  af ter  inoculat ion.  Obvious ly  the  g rowth  
and  N-fixing capac i ty  of the  nodule were not  inhib i ted  b y  t ransfer  
to an acid solut ion once nodules had  been in i t ia ted  a t  a neu t ra l  
react ion.  The  g rowth  of the  shoot  was found  to be corre la ted  wi th  

the  deve lopmen t  of the  nodules  bu t  the  g rowth  of the  roots  was 
v e r y  s imilar  in all t r ea tmen t s .  

2. The e//ecf o/low pH on di//erent phases o/nodulation 

E x p e r i m  e n t I I .  I n  order  to s t u d y  the  effect of ac id i ty  on no du- 
la t ion  in more  detail ,  g roups  of p lan ts  were t r ans fe r red  to nu t r i en t  
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solu t ions  of p H  4.5 at  d i f fe ren t  per iods  of t ime  (0, 1, 2, 4, 6, a n d  8 

days)  a f te r  inocu la t ion .  P l an t s  g r o w n  in a n e u t r a l  so lu t ion  se rved  as 

controls .  Tw o  R h i z o b i u m  st ra ins ,  t he  ef fec t ive  s t r a in  P R E  a n d  the  

inef fec t ive  s t r a in  P8 ,  were  tes ted .  T h e  resul ts  are  shown  in F igures  

4 a n d  5, and  P l a t e  1. These  resul ts  con f i rm  the  p rev ious  o b s e r v a t i o n  

( E x p e r i m e n t  I) t h a t  once  n o d u l a t i o n  has  been  in i t ia ted ,  no  inhi-  

b i t ion  of nodu le  g r o w t h  and  f u n c t i o n i n g  t a k e  place.  
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Fig. 4. Effect of low pI-I of the culture solution on nodulation and growth 
of pea plants inoculated with the effective Rhizobium leguminosarum strain 
PRE. Plants were kept for different periods of time after inoculation in 
culture solution of pH 6.5 (as indicated on the horizontal time scale) before 
being transferred to a solution having a reaction of pH 4.5. (Nn: nodule 
number; Sw: shoot dry weight; Rw: root dry weight; C: control plants 

grown for the whole period at pH 6.5). 

Plate 1. The effect of low pH of the nutrient solution on different stages of 
root nodule formation by pea plants inoculated with Rhizobium leguminosa- 

rum strain PRE. (Experiment II, Fig. 4). 
A. From left to right: C, control plants grown at p i t  6.5; plants grown initial- 

ly at pI-I 6.5 and then transferred to pI-I 4.5 at 0, 1, 2, 4, 6 and 8 days, 
respectively, after inoculation. 

B. Roots of plants transferred to pI-I 4.5 at time of inoculation (0). 
G. Roots of plants transferred to pH 4.5 four days after inoculation (4). 
D. Roots of plants grown for the whole period at pH 6.5 (C). 
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Fig. 5. Effect of low pFI of tile culture solution on nodulation and growth of 
pea plants inoculated with the ineffective Rhizobium leguminosarum strain 
PS. Plants were kept for different periods of time after inoculation in culture 
solution of pFI 6.5 (as indicated on the horizontal time scale) before being 
transferred to a solution of pH 4.5 (Nn: nodule number; Sw: shoot dry 
weight; Rw: root dry weight; C: control plants grown for the whole period 

at pit 6.5). 

The number of nodules of pea plants inoculated with strain PRE 
was higher the longer the plants were kept in nutrient solution at 
neutral reaction before being transferred to the acid solution. No 
further increase in the number of nodules developed was observed 
when the transfer to the acid solution was delayed longer than 4 
days. Shoot weight did not increase when the transfer took place 
1 or 2 days after inoculation but it did increase when transfer took 
place 4 days or more after inoculation. Since combined nitrogen had 
not been applied to these plants, the increase in dry weight must 
have been resulted from nitrogen fixation (see also Fig. 6). Obviously 
nitrogen fixation takes place in the nodules of pea plants growing in 
a nutrient solution of pH 4.5 although at a slower rate than in the 
nodules of plants grown in a nutrient solution of neutral reaction. 

In contrast to the plants inoculated with strain PRE,  those in- 
oculated with strain P8 showed no increase in the number of nodules 
when the time of exposure to low pH was delayed up to 2 days. 
With increasing interval of time between inoculation and transfer a 
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gradual increase in nodulation was observed which reached a maxi- 
mum when the interval was 6 days. Since nitrogen fixation does not 
take place in pea plants inoculated with the ineffective strain P8, 
root and shoot growth was the same in all treatments. 

E x p e r i m e n t  I I I .  The previous experiment, as far as it con- 
cerned the effective strain P R E  of Rhizobium, was repeated except 
that  an automatic t i trator was used to maintain the pH of the 
nutrient solution constant during the experimental period. This was 
necessary since the pH of the solution tended to rise even when 
the pH was adjusted twice daily. The plants were grown in a 
light cabinet having a day temperature of 22°C and a night 
temperature of 16°C. Light was supplied by  fluorescent tubes 
(30.000 ergs/cm 2 sec) for 16 hours per day. The relative humidity 
was 70O/o . The nutrient solution was aerated vigorously and the 
utmost care was taken to keep the whole root system immersed 
in the nutrient solution to prevent the formation of nodules 
on that part of the root which was not in contact with the acid so- 
lution. 

The results given in Figure 6 are in general agreement with those 
of the previous experiment. The number and the weight of nodules 
increased with increasing time of exposure up to 7 days to the 
neutral solution. However, the effect on nodulation of an interval of 
2 days between inoculation and transfer to a solution of pH 4.5 was 
less pronounced than that in Experiment 2 (Fig. 4). Shoot weight 
and the amount of nitrogen fixed increased with increasing amount 
of nodule tissue. I t  is of interest to note that  tile amount of nitrogen 
fixed per unit of nodule fresh weight was very similar for plants 
transferred to nutrient solution of pH 4.5 after different intervals of 
time after inoculation. These values were significantly higher than 
those for plants grown for the whole period in a nutrient solution of 
pH 6.5 (Table I). I t  may be assumed that under these experimental 
conditions the nodules of the plants grown in the neutral solution 
fixed less nitrogen per unit of nodule tissue, because of the large 
amount of nodule tissue present on these roots. 

E x p e r i m e n t  IV. In the preceeding experiments nodule initi- 
ation was allowed to take place in a neutral solution, but  subsequent 
development had to take place under acid conditions. In these ex- 
periments it was observed that  the adverse effect of low pH on 
nodulation was confined to the early stages of this process and was 
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Plate 2. The effect of pH on root-hair formation and the production of a 
mucous layer. A, plants grown at p i t  6.5 and B, plants grown at pH 4.5. In 
both cases the plants were inoculated with Rhizobium leguminosarum strain 

PRE (Experiment III).  
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Fig. 6. Effect of low pH of the culture solution on nodulation, nitrogen 
fixation and growth of pea plants inoculated with the effective Rhizobium 
leguminosarum strain PRE. Plants were kept for different periods of time 
after inoculation in a solution of pH 6.5 (as indicated on the horizontal time 
scale) before being transferred to a solution maintained at a reaction of 
pH 4.5 by an automatic titrator. (Nn: nodule number; Nw: nodule fresh 
weight; Sw and Rw: dry weight of the shoot and root, respectively; SsI and 
R•: total nitrogen of the shoot and root, respectively; C : control plants grown 

for the whole period at pH 6.5). 

l imi ted  to a per iod of 4 to 6 days  a f te r  inoculat ion.  To de te rmine  
more  precisely which p a r t  of the  nodula t ion  process was affected b y  
the  ac id i ty  of the  cul ture  med ium,  p lan ts  p r ecu l t i va t ed  for two 
weeks in a neu t ra l  solut ion were subsequen t ly  exposed to the  acid 
solut ion for a shor t  per iod va ry i ng  f rom 1 to 10 days  and  then  
r e tu rned  to the  neu t ra l  solution. In  series I these t r e a t m e n t s  s t a r t ed  
d i rec t ly  a f te r  inoculat ion.  Since the  nodules developing on the  p lan t s  
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TABLE 1 

The effect of exposure to a nutrient solution of low pH, at different times after 
inoculation with Rhizobium leguminosarum strain PRE, on nodulation * and 

nitrogen fixation * of Pisum sc~tivum cv. Rondo 

Nodule number 
per plant 

Nodule fresh 
weight per plant (g) 

Amount of nitrogen fixed 
mg N per mg fresh nodule tissue . 

Plants transferred from a nutrient 
solution of pFI 6.5 to a solution of 
pH 4.5 at .. days from inoculation 

0 days I 2 days I 

0 8.2 

0 0.052 

0 0.666 

6 days 

90.8 

0.118 

0.619 

I 7 days 

104.6 

0.146 

0.616 

Control 
plants 
pH 6.5 

104.0 

0.203 

0.438 

* Mean values of 10 plants at the time of harvesting. 

of series I could have been derived from infections taking place in 
the neutral solution, after the exposure to the acid solution, a second 
series of plants (series U) was included to test this hypothesis. The 
plants of the latter series were treated in the same way as those of 
series I, except that  inoculation was postponed until the plants were 
returned to the neutral solution. If the nodules formed in series I 
arose from infections whilst the plants were in the neutral solution, 
after the exposure to the acid medium, then the plants of series I 
and U might be expected to have the same nodulation picture. The 
results from this  experiment (Table 2) demonstrate the following 
points: 
(a) In general more nodules developed on plants of series I than on 
those of series U. This suggests that  the nodules formed on plants of 
series I were not only derived from infections taking place after 
exposure to the acid solution as was the case with plants in series U. 
Presumably some of the early stages of nodule formation take place 
at low pH. 
(b) Pea plants exposed for one day to the acid solution had the 
lowest number of nodules if the plants had been exposed during the 
second or third day (Ii-~ and I2-3) after inoculation. Only slight 
reduction in nodule number was observed when the plants had been 
exposed at the first (I0-1) or fourth (I3-4) day after inoculation. 
These results suggest that  the first stages of the nodulation process 
(bacterial multiplication, infection?) are less strongly affected by 
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T A B L E  2 

The effect  of a sho r t  exposure  of the  roots  to n u t r i e n t  so lu t ion  of p H  4.5, for v a r y i n g  t imes,  on n o d u l a t i o n  of 
pea  p l a n t s  i nocu l a t ed  w i t h  Rhizobfum leguminosarum s t r a in  P R E .  P l an t s  of series I were al l  i nocu l a t ed  a t  zero 
t ime  (2 weeks  a f te r  ge rmina t ion )  before  t r ans fe r  to the  ac id  so lu t ion .  P l an t s  of series  U were i nocu l a t ed  a f te r  

the exposure  to low pH,  when  t h e y  were r e t u r n e d  to the n e u t r a l  so lu t ion  

Per iod  of N u m b e r  
exposure  of 

to ac id  nodu les  * 

~olutiont I0 I Uo 

O-  1 

0 - 2  

0 - 3  
0 - 4  
0 - 6  
0 - I 0  

1 7 5  91 
124 87 

87 - -  
64 77 
77 98 
59 - -  

Per iod  of 
exposure  

to acid 

so lu t ion  t 

1 - 2  

1 - 3  
1 - 4  
1 - 6  
1-10 

N u m b e r  
of 

nodules  * 

I1 [ Ux  

136 78 
141 - -  
107 77 
62 66 
60 - -  I 

Per iod  of [ N u m b e r  

exposure  I of 
to ac id  . n o d u l e s *  

s o l u t i o n t  12 I U2 

i 
2 -  3 142 83 
2 -  ~ - -  81 
2 -  ~ !161 67 

2-1 ) I 161 - -  

Per iod  of N u m b e r  Per iod  of 

exposure  of exposure  
to  ac id  nodules  * to ac id  

s o l n t i o n t  la I Us s o l u t i o n t  

3 - 4  
3 - 6  
3 -10  

1 7 5  84 
148 73 4 - 6  

4 -10  

N u m b e r  
of 

nodu les  * 

I4 ] U 4  

180 -- 

206 -- 

Control ,  20S nodules  per  pIant ,  g rown for the  whole per iod  a t  pH  6.5. 

* Mean va lues  of 6 -9  p l an t s .  

t 0 is t ime  of i nocu l a t i on  of p l a n t s  f rom series  I, 1 is 1 day,  2 is 2 d a y s  a f te r  i nocu la t i on  etc.  

acidity than the processes occurring during the second or third day. 
In agreement with the preceeding experiments it was found that  
once nodule initiation had taken place at a neutral reaction, nodule 
growth and functioning were not inhibited by low pH. 
(c) Nodule numbers of plants, transferred to the acid solution di- 
rectly after inoculation or one day thereafter (I0 and I1) decreased 
with increasing time of exposure to low pH. The decrease was less or 
absent in plants in which nodule initiation was allowed to take place 
under neutral conditions for two or more days, before being trans- 
ferred to the acid solution (series I2, Is and I4). 

3. The effect o/ low pH on the nodule bacteria growing in the root 
medium 

From the above-mentioned experiments it is evident that  a rela- 
tively short period of contact (4 to 6 days) between the legume roots 
and the rhizobial cells at a neutral reaction is sufficient to ensure 
optimal nodulation in pea plants in an acid medium. To investigate 
whether this effect is due to inhibition of multiplication of the bac- 
teria in the rhizosphere in acid media an experiment was carried out 
in which the acid nutrient solution (pH 4.5) was inoculated with 
different numbers of nodule bacteria. The highest number of bac- 
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teria added was approximately 5.10 7 per ml and the lowest 10 2 
However, addition of larger numbers of nodule bacteria did not 
increase nodulation under acid conditions, showing that poor nodu- 
lation in acid nutrient solution is not due to inhibition of multipli- 
cation of the rhizobia. 

This finding is in agreement with the results of experiments in 
which rhizobia were grown in exudates of isolated pea roots, which 
had been grown according to the R a g g i o  technique la, at pH 6.5 
and 4.5 respectively. Although exudates from roots grown at pH 6.5 
supported a heavier growth than exudates from roots grown at pH 
4.5, there was considerable increase in the number of the bacterial 
cells in both cases. 

The roots of pea plants which were kept, after inoculation, for 
different periods of time in a neutral solution before being transferred 
to the acid solution (Experiment III,  Fig. 6), were subjected to 
microscopical examination 12 days after inoculation. It was found 
that  roots which had been growing throughout the experimental 
period at pH 6.5, were surrounded by a thick mucous layer, con- 
sisting almost entirely of bacteria (Plate 2 A). The long root hairs 
were also covered with this layer. The roots of plants grown in a 
culture solution of pH 6.5 for 5 days before being transferred to the 
acid solution, had almost the same appearance as those grown for 
the whole period at neutrality. However, the roots of plants kept for 
only two days in the neutral solution before being transferred to the 
acid medium, had shorter root hairs and only a thin mucous layer. 
The development of root hairs and the mucous layer were still 
further reduced in the plants grown for the whole period in the acid 
nutrient solution (Plate 2 B). 

To ascertain whether the rhizobial cells, added to the acid nutri- 
ent solution have lost the capacity of inducing root nodules, samples 
of the culture solution of pH 4.5 were removed at different periods 
of time after inoculation of the roots, and assayed for the presence 
of nodule forming bacteria by inoculating pea plants, growing in a 
neutral culture solution. All the pea plants became well-nodulated 
indicating that at least some of the bacteria were still alive and 
capable of inducing root nodules. 
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DISCUSSION 

Pea plants growing in an acid culture solution of pH 4.5 were 
found to be almost devoid of root nodules in spite of the presence 
of a large number of nodule bacteria. It  was shown that the failure 
to nodulate under such conditions was due to the inhibitory effect of 
acidity on the early stages of the nodulation process. Nodule de- 
velopment and nitrogen fixation proceeded at low pH once nodule 
initiation had taken place in a neutral medium. Total nitrogen fixed 
by  these plants was less, but  calculated per unit of nodule tissue 
(efficiency) was considerably higher than that of plants growing in a 
neutral culture solution. These results are in partial agreement with 
those obtained by  J e n s e n 6 for lucerne and subterranean clover; in 
this case it was demonstrated that  nitrogen fixation was possible at 
a pH too low for nodule formation. In contrast with the results of 
the present investigation, however, the efficiency of nitrogen fixation 
was lower in the case of lucerne plants and unaltered in subterranean 
clover. 

The above-mentioned failure of nodulation, associated with the 
acidity of the culture solution, is apparently different from the 
findings described in experiments using acid soils 9 15. In the latter 
case the poor nodulation was found to be due to the restricted 
survival of the nodule bacteria and their inability to increase in 
number in the rhizosphere of leguminous plants. Inoculation of the 
acid soils with a large number of rhizobial cells, without altering the 
pH of the soil, resulted in well-nodulated plants. 

Inhibition of the growth of the nodule bacteria was not the cause 
of the failure of nodulation of pea plants growing in acid culture 
solution. This m a y  be concluded from the following facts: 
(a) Addition of much larger numbers of nodule bacteria to the acid 
nutrient solution did not improve nodulation. 
(b) Root exudates from pea roots growing in an acid nutrient so- 
lution supported the growth of nodule bacteria. 
(c) Acid nutrient solution inoculated with nodule bacteria and in 
which pea roots failed to form nodules, still contained active nodule 
bacteria capable of inducing root nodules. 

In the present investigation the adverse effect of low pH on nodu- 
lation presumably depends on more than one factor in the initial 
stages of nodulation. Tile pronounced difference ill the appearance 
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of the root surface of plants grown in acid and neutral nutrient so- 
lution, indicate the importance of root hairs and a slime layer in the 
nodulation process. The roots of pea plants growing in a neutral 
solution, inoculated with the nodule bacteria were covered with a 
slime layer or bacterial ceils, which resembled the 'rhizosphere' of 
D a r t  and M e r c e r  8. In the acid nutrient solution only a thin slime 
layer was present, but  the thickness of the layer increased when the 
roots were kept for increasing periods of time in a neutral solution 
before being transferred to the acid medium. It  is of interest to know 
whether such a mucous layer protects the roots from the injurious 
effect of H-ions when the plants are transferred from the acid to the 
neutral culture solution. If this were to be the case the pH of tile 
root surface would be different from that of the nutrient solution. 

Exposure of the roots to the acid solution for selected periods of 
time revealed that  the strongest inhibition of nodulation was ex- 
certed on the second day or third day after inoculation. Since inhi- 
bition was less pronounced when the plants were exposed to the acid 
solution for one day starting immediately after inoculation, some 
stages in nodule formation, subsequent to bacterial multiplication 
and presumably also subsequent to root-hair infection may also be 
affected by  low pH. Once these stages have been completed no 
inhibition of nodulation by  an acid reaction was observed. I t  is of 
interest to know whether the acid-sensitive period coincides with 
the commencement of cell division in the roots prior to nodule for- 
mation. In crown-gall, caused by  Agrobacterium tume/aciens, a sensi- 
tive period immediately after infection has been demonstrated 1 
Such a sensitive period was also detected in aider plants by  Quis-  
pe112, who found that an exogenous supply of phosphate, during 
the period after infection, was indispensable for nodule formation. 

The demonstration that nodule formation and nitrogen fixation 
may take place at low pH, provided that an initial period of neutral 
conditions is maintained, may  be one of the explanations of the 
successful use of lime-pelleted seeds in acid soils s. 

SUMMARY 

A n u m b e r  of expe r i m en t s  was  car r ied  ou t  w i t h  pea  p l a n t s  growing in  a 
n u t r i e n t  so lu t ion  of low pH,  i n h i b i t o r y  to  nodu le  f o r m a t i o n  b u t  no t  to  p l a n t  
g r o w t h  w h e n  c o m b i n e d  n i t r ogen  was avai lable .  I t  h a s  been  t o u n d  t h a t  o n  
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t ransferr ing plants  from a neut ra l  cul ture  solution to an acid solut ion of 
p H  4 .5  a t  different  periods of t ime af ter  inoculation,  nodula t ion  is reduced 
when the  exposure to low p H  takes place dur ing the  first  days af ter  inocu- 
lation, and par t icu la r ly  on the  second or th i rd  day.  Once nodula t ion  has been 
ini t iated,  nodule growth and ni t rogen f ixat ion proceed normal ly  in an acid 
solution. Fai lure  of nodu la t ion  at  low pH,  under  the  condit ions of these ex- 
per iments ,  was no t  due to the  inhibi t ion of bacter ia l  growth.  F r o m  these 
results  an acid-sensi t ive period, occurr ing dur ing the second or th i rd  day  
af ter  inocula t ion ,  was demonst ra ted .  

Note added in proo[ 
Afte r  finishing this paper,  a pape r  by  D. N. ~ u n n s  appeared in this journal  

(D. N. 3/funns,  Nodula t ion  of 2VIedicago saliva in solution cul ture  I. Acid 
sensit ive steps. P l an t  and Soil 28, 129-146 (1968). l ~ u n n s  obta ined  results 
using lucerne plants  which are in agreement  wi th  our findings for pea plants  
t h a t  a short  period of exposure,  immedia te ly  af ter  inoculation,  in nu t r i en t  
solut ion of neut ra l  reaction,  is required to enable nodula t ion  in an acid cul ture  
solution. According  to l ~ u n n s ,  only  a short  period, even less t han  12 hours, is 
requirred for the curling of the  root  hairs to take  place. When  the  l a t t e r  
process had  been induced, deve lopment  of the  infect ion th read  and the  nodule 
proceeded even a t  low pH.  However ,  lVfunns concluded tha t  the  roo t s  of 
plants,  exposed for different  periods of t ime to an acid solution and then  
re turned  to a neut ra l  solution, only  possessed nodules which had developed 
f rom infections t ak ing  place dur ing exposure  to the  l a t t e r  solution. This is a t  
var iance  wi th  t he  results recorded in the  present  paper  (Table 2, E x p e r i m e n t  
IV). 
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