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INTRODUCTION 

Symbiotic nitrogen fixation by leguminous plants depends on a 
number of different factors viz a) presence of cells of an effective 
Rhizobium strain in the culture medium, b) increase in numbers of 
Rhizobium cells in the rhizosphere, c) infection of the roots by the 
bacteria, d) growth of the nodules, e) activity of the nodules, and 
f) longevity of the nodules. Environmental conditions may affect 
nitrogen fixation by way of a more or less specific influence on orte 
of the components. Boron deficiency, for instance, inhibits nitrogen 
fixation by preventing the growth of the nodule tissue. It  does not 
seriously affect the mechanism of nitrogen fixation 5. lV[olybdenum 
deficiency, however, primarily affects the nitrogen-fixing process, 
but it has only a slight effect on the development of the nodules 4. 

As to the pH of the culture medium, it is a well-known fact that 
most leguminous plants grow less favourably in acid media than 
under neutral or slightly alkaline conditions la. This is mainly due 
to a reduced nitrogen fixation as may be concluded from the 
improved growth at low pH upon the addition of combined nitrogen. 
There exists much variation, however, amongst different species of 
leguminous plants as to the effect of pH on growth in the presence 
of combined nitrogen. 

The purpose of the present study was to elucidate the observed 
beneficial effect of added calcium carbonate and of some organic 
compounds on symbiotic nitrogen fixation by red clover, growing 
on acid soil. The investigations started in 1957 when mixtures of 
grass and red clover were sown on a series of plots of varying pH. 
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The growth of the clover appeared to be luxurious at pH 6.6 but 
extremely poor at pH values of 5.0 and lower. The latter was due 
to the absence of root nodules. 

On some acid plots which had been treated with stable manure 
a few years before starting the clover experiments, the red clover 
was well nodulated and an excellent growth was made, notwith- 
standing the pH of the soll was somewhat lower than that of 
untreated plots, where the clover suffered from severe nitrogen 
deficiency. This demonstrated that the effect of low pH on nodu- 
lation was eliminated by some unknown substance supplied by the 
stable manure. 

To investigate the effect of pH and of various organic compounds 
on symbiotic nitrogen fixation in red clover a number of pot 
experiments were undertaken with sandy solls and with culture 
solutions. 

METHODS 

Field experiments 
Red clover was grown on a number of plots with different pH values as a 

pure culture in 1959 and in mixture with perennial rye grass (Lolium pere~~e) 
in 1957 and 1953. These plots had been laid down in triplicate more tha• 
thir ty years before on a poor sandy soll (organic marter 2%) in the garden 
of the Laboratory of Microbiology by applying calcium carbonate in the 
following amounts: 1250, 2500, 3750, 5500, and 11000 kg per ha. For main- 
taining the pH levels calcium carbonate was added periodically. The basic 
dressing consisted of superphosphate (100 kg P205 per ha) and potassium 
sulphate (126 kg K20 per ha). 

No clover had been grown on the plots in the years preceding the experi- 
ments and no effort was made to introduce IRhizobium during the 1957-'59 
experiments or earlier. 

Pot experiments 
Soi l  c u l t u r e s .  Use was made of Neubauer glass jars containing 0.5 kg 

of sandy soil. The basic dressing for each pot consisted of 300 mg KH~PO4, 
20 mg Na2HPO4 and 125 mg 1VigSO4.7H20. Approximately twenty plants 
of red clover were grown per pot. In order to prevent the introduetion of 
foreign Rhizobium tri/olii cells into the soil employed, the glass containers, 
watering tubes, and nutrients were sterilized. The seeds were desinfected by 
t reatment  during 15 minutes with a 3 per Cellt H~O2 solution containing a 
few drops of the detergent "Teepol" per 100 ml of solution. Subsequently 
they were washed 5 times with sterile watet  and transferred to the soil. The 
pots were wrapped in cellophane paper until the seedlings had reached a 
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h e i g h t  of a b o u t  two cm. T h e n  the  ce l lophane  was r e m o v e d  a n d  t he  soff was 
covered  w i t h  a orte-cm layer  of glass sand,  wh ich  h a d  been  pa ra f f ined  b y  
t r e a t i n g  10 kg s and  w i t h  10 g of pa ra f f in  w ax  dissolved in one l i ter  benzene .  
Af te r  e v a p o r a t i o n  of t h e  benzene  th i s  s and  h a d  been  ster i l ized for severa l  
hours  a t  100 ° C. For  w a t e r i n g  t he  p lan t s ,  s ter i le  dis t i l led w a t e t  was added  
via  a glass t u b e  filled w i t h  sterile,  coarse  sand  a n d  sealed w i th  a c o t t o n  plug. 
D u r i n g  a u t u m n  and  w i n t e r  t he  p l an t s  were k e p t  in  a g reenhouse  where  t h e y  
»vere p r o v i d e d  w i th  ar t i I ic ia l  l igh t  f rom 4 a.m. to  sunr ise  a n d  f rom sunse t  
un t i l  22 p.m. D u r i n g  spr ing  a n d  s u m m e r  t h e y  were k e p t  ou tdoors  d u r i n g  
d a y  t i m e  a n d  t r an s f e r r ed  to t he  g reenhouse  o v e r n i g h t  a n d  in r a i n y  wea ther .  

C u l t u r e s  i n  n u t r i e n t  s o l u t i o n .  The  cu l tu re  so lu t ion  employed  h a d  
t he  Iol lowing compos i t i on :  KH2PO4 30 mg, K2HPO4 200 mg, N a 2 t t F O 4 .  
2 H 2 0  50 mg, M g S O 4 . 7 H 2 0  250 mg, C a S O 4 . 2 H 2 0  250 mg, NH4NO~ 30 mg, 
FeCla. 6 H 2 0  25 mg, M n S O 4 . 1 H 2 0  1 mg, Z n S O 4 . 7 H 2 0  0.25 mg, CuSO4.5IK20 
0.25 mg, HaBO3 0.25 mg, a n d  N a ~ M o O 4 . 2 H 2 0  0.25 mg  per  l i t re  of dis t i l led 
wate t .  

Counting o~ Rhizobium tri/olii in soil 

To e s t i m a t e  t he  n u m b e r  of R h i z o b i u m  cells in  soff, 10-g samptes  were 
su spended  in 100 ml  of a s ter i le  so lu t ion  of the  fol lowing compos i t ion :  
K2HPO4 1 g, Ca(H2PO4)~ 0.25 g, (NH4)2SO4 0.25 g a n d  M g S O 4 . 7 H 2 0  0.25 g 
per  l i t re  of dis t i l led water .  The  suspens ion  was s h a k e n  v igorous ly  for 5 
m i n u t e s  before  be ing  d i lu ted  b y  serial  t r a n s f e r  of 1 ml  suspens ion  to 9 ml  of 
fresh, s ter i le  m e d i u m  u n t i l  a d i lu t ion  was a t t a i n e d  of 109. E a e h  d i lu t ion  was 
m a d e  in dupl ica te .  One-ml  por t ions  of t he  var ious  d i lu t ions  were t r a n s f e r r e d  
to steri le 20-days  old red-e lover  p l a n t s  growing on  aga r  slopes in 16 x 155 m m  
tubes .  E a c h  t u b e  c o n t a i n e d  7 ml  of t he  n u t r i e n t  solut ion,  employed  in t he  
w a t e r  cul tures ,  solidified w i t h  0.6 per  cen t  Dav i s  agar .  

The  p l a n t s  were i n c u b a t e d  du r ing  45 days  in t he  l ight  in a g reenhouse  
before be ing  e x a m i n e d  for effect ive  nodules .  \ ¥ h e n  no nodules  h a d  formed,  
the  p l a n t s  were smal l  a n d  h a d  a n  a lmos t  yel low teaf  colour. N o d u l a t e d  p lau t s  
a lways  h a d  a da rk -g reen  colour  i nd i ca t i ng  t he  presence  of all effect ive Rhizo-  
b i u m  s t ra in .  \ ¥ h e n  effect ive  nodules  were fo rmed  a t  a ce r t a in  di lut ion,  i t  was 
a s sumed  t h a t  a t  leas t  one cell of a n  effect ive s t r a i n  h a d  been  i n t r o d u c e d  
(cf H e l y  et al. 2 a n d  P u r c h a s e a n d  N u l m a n 7 ) .  The  n u m b e r  of v i r u l e n t  
bac t e r i a  was  ea lcu la ted  accord ing  to t he  me~hod descr ibed in " S t a n d a r d  
m e t h o d s  of w a t e r  ana lys i s "  9 

Of each  t r e a t m e n t  two pots  were sampled .  In  t he  case of u n p l a n t e d  soil 
t he  samples  a t  each  sampl ing  t i m e  were t a k e n  f rom the  same pots,  t he  soll 
of which  was mixed  tho rough ly .  Of t he  p l a n t e d  pots  two were h a r v e s t e d  a n d  
sampled  a t  each  e o u n t i n g  da t e  (two samples  per  pot) .  To include the  rhizo-  
sphere  soil in  t h e  sample,  t he  roots  were t r an s f e r r ed  on to  a coarse sieve where  
t h e  b u l k  of the  a d h e r i n g  soil was  r e m o v e d  careful ly  in such  a way  t h a t  t he  
roo ts  a n d  the  nodules  were left  on the  sieve. The rea f t e r  the  roots  were w a s h e d  
twice  w i t h  20 ml  ster i le  »vater a n d  t he  wash ings  added  to t he  soil. Af te r  
t h o r o u g h  m i x i n g  t h e  salnples  were t aken .  



94 E . G .  MULDER AND W. L. VAN VEEN 

Pr@aration o/ extracts o/ Rhizobium, yeast, and stable m a n u r e  

S t e r i l i z e d  R h i z o b i u m  c e l l s .  Ef fec t ive  and ineffective strains of 
R h i « o b i u m  lrißolii were c u l t i v a t e d  on  aga r  p la tes  in  pe t r i  dishes of 11 cm in 
d iameter .  The  agar  med ia  had the fol lowing compos i t i on :  K2HPO4 0.5 g, 
MgSO4.TH20  0.2 g, NaC1 0.1 g, CaCOa 3 g, m a n n i t o l  1.5 g, g lu t amic  acid 
0.2 g, Difco yeas t  e x t r a c t  1 g, co rns teep  l iquor  1 ml, soll e x t r a c t  850 ml  
(prepared  I rom 425 g clay soll), dis t i l led w a t e r  150 mI, Dav i s  aga r  l0 g. Af te r  
three to  four  days '  i n c u b a t i o n  a t  30 ° C, the  s l imy bac t e r i a  layer  of 16 p la tes  
was col lected and suspended in  100 ml  water .  The  suspens ions  were au to-  
c laved  twice  a t  110 ° C for 10 minutes .  The i r  n i t rogen  c o n t e n t  va r ied  f rom 
0.4 to 0.6 m g  per  ml.  

Y e a s t  e x t r a c t .  100 g of bake r s  yeas t  was  h e a t e d  w i t h  200 ml  w a t e r  for 
10 minu t e s  a t  90 ° C. The  suspens ion  was cen t r i fuged  and the clear solut ion,  
co~ltaining a p p r o x i m a t e l y  1 m g  N pe r  ml,  a u t o c l a v e d  a t  110 ° C for 10 m i n u t e s  
and used for t h e  p o t  exper imen t s .  

S t a b t e - m a n u r e  e x t r a e t .  One kg fresh s tab le  m a n u r e  c o n t a i n i n g  
a p p r o x i m a t e l y  24 per  cen t  d r y  m a r t e r  was  cu t  to  smal l  pieces and suspended 
in 3 1 dist i l led water .  The  suspens ion  was shakei1 mechan ica l l y  for 18 h. 
The rea f t e r  i t  was squeezed t h r o u g h  cheese c lo th  and filtered on a B u c h n e r  
funne l  t h r o u g h  asbestos.  The  f i l t r a te  was  c o n c e n t r a t e d  i n  vacuo to  150 rel. 
The l a t t e r  solut ion con t a ined  0.75 m g  N per  ml.  

RESULTS 

1. ENect o/added calcium carbonate on growth and ~zitrogen [ixation 
o/red clover on acid sandy soils 

a. F i e l d  e x p e r i m e n t s .  The effect of pH on yield of red elover 
grown on plots treated with different amounts of calcium carbonate 
is shown in Table 1. It will be seen that an adequate growth of the 
clover took place at pH 6.4 and 6.8. At pH 4.7 and 5.0 the develop- 
ment of the plants was poor due to the absence of root nodules. 
That nitrogen deficiency was the main cause of the restricted 
growth of the clover on the acid plots may also be concluded from 
the results obtained with added fertilizer nitrogen. At pH values 
of 6.4 and higher normal nodulation occurred as a result of which 
the plants were adequately supplied with nitrogen. Since inocu- 
lation of the seed or the soll on these plots had not been performed 
and no clover crops had been grown there before, this demonstrates 
that Rhizobium cells were present in the neutral and alka]ine soils 
but in the acid solls they were either absent or unable to initiate 
the formation of nodules. 

To see which eomponent of the symbiotic nitrogen-fixing system 
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was affected by a low pH, a number of pot experiments with acid 
solls were conducted. 

b. P o t  e x p e r i m e n t s .  Acid sandy soff (pH 5.1, organic matter 
2%), from one of the above-mentioned plots was mixed with 1 g 
sterilized calcium carbonate, 1 g per pot, and transferred to the 
glass containers. Some pots with acid soff and some with calcium 

T A B L E 1  

Effect  of pH and fert i l izer n i trogen  on yie ld  (Iresh weight ,  q / h a  *) of un inoeu la ted  
red c lover  (first eutt ing) ,  grown under  f i e ld -exper iment  condi t ions  

No nitro en added 120 k g  N / h a  
p H  of the  soff 

1957 *** 1959 ? 1959 t 

4.7 

5.0 

5.0 ** 

5.1 
5.6 

6.4 

6.8 

4 

242 

7 

27 

20O 

3O3 

65 

29 

70 

85 

158 

169 

193 

178 

189 

182 

238 

263 

* 1 q = 1 q u i n t a l  = 100 kg.  

** Treated  wi th  s table  m a n u r e  s o m e  years  before s tar t ing  the exper iment .  
*** Single  values .  

t A v e r a g e s  of dupl icate  values .  
In  the form of a m m o n i u m - n i t r a t e  l imestone .  

carbonate-treated soff were inoculated with a suspension of an 
effective strain of Rhizobium tri/olii, the others were left uninocula- 
red. Some further pots with acid soil were provided with 42 mg 
nitrogen as ammonium nitrate. The soff of the latter pots was not 
inoculated with Rhizobium. Red clover was grown as described 
above. The experiment was started on 28 August and finished on 
19 December 1957. 

In the absence of added calcium carbonate or ammonium 
nitrate the growth of the uninoculated clover was very poor. The 
plants were small and yellow-green due to nitrogen deficiency; root 
nodules were absent. A few plants of these control pots showed a 
somewhat greener leaI colour and better development than the 
others. This was brought about by the presence of a few nodules 
which, however, did not give rise to a much better growth. Appar- 
ently the bacteria whieh had given rise to these few nodules had been 
unable to spread in the rhizosphere of the clover roots in the acid 
soil. 
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The plants on the uninoculated, calcium carbonate-treated soil 
at first showed a more or less similar appearance. After an initial 
growth depression owing to nitrogen deficiency some plants turned 
green and developed vigorously (Plate lA). The improved growth, 
which was a result of the formation of nodules, gradually spread 
throughout the pot. In contrast to the acid soil the few Rhizobium 
cells which presumably were present originally, now were able to 
inerease in numbers and to give rise to the formation of large 
numbers of nodules. 

In the case of plants inoculated with a suspension of Rhizobium 
cells, formation of nodules and development of the clover plants 
on the acid soil were quite satisfactory. This demonstrates that the 
low pH apparently did not depress the infection of the roots and 
the growth and the activity of the nodules (Plate 1B). 

Uninoculated plants treated with ammonium nitrate initially 
made much better growth than those of the control pots. The 
amount of added nitrogen was too low, however, to supply the plants 
with adequate amounts (Table 2). Inoculated plants dressed with 

TABLE 2 

Effect of added CaCO8 and NH4NOa on yield (g dry marter per pot) of inoculated 
and tminoculated red clover, grown on an acid sandy soll 

Treatment Uninoculated Inoculated 

First experiment * 
Control . . . . . . . . . . . . .  
1 g CaC08 per pot . . . . . . . .  
NH4NOa . . . . . . . . . . . .  

Second experiment ** 
Control . . . . . . . . . . . . .  
1 g CaCO8 per pot . . . . . . . .  [ 

0.5 
1.7 
0.6 

3.0 
2.8 
2.0 

0.2 

11.3 

* Single values. 
** Averages of quadruplicate values. 

P l a t e  1. A .  E f f e c t  of  a d d e d  c a l c i u m  c a r b o n a t e  o n  n i t r o g e n  f i x a t i o n  a n d  

g r o w t h  o f  r e d  c l o v e r  o n  ac id  soil.  Leit n o  C aCOa  a d d e d ,  centre a n d  right 1 g 
CaCOa p e r  po t .  Leit a n d  centre u n i n o c u l a t e d ,  right i n o c u l a t e d  w i t h  Rhizobi~m 
tri/olii. B .  Ac id  soil.  Leit  u n i n o c u l a t e d ,  right i n o c u l a t e d  w i t h  R. tri[olii. 
P l a t e  2. E f f e c t  of  R h i z o b i u m  a n d  y e a s t  e x t r a c t s  o n  n i t r o g e n  f i x a t i o n  a n d  

g r o w t h  of  r e d  c lover .  A .  C u l t u r e s  on  u n i n o c u l a t e d  ac id  soll,  ( p H  5.1). Le/t 
con t ro l ,  centre a n d  right 10 m l  per  p o t  of  a s t e r i l i z ed  s u s p e n s i o n  of  i n e f f e c t i v e  

a n d  e f f e c t i v e  s t r a i n s  of  Rhizobium trißolii, r e s p e c f i v e l y .  B .  U ~ i n o c u l a t e d  red  
c l o v e r  o n  ac id  soil.  Leit  (2 po t s )  con t ro l ,  rigM (2 po t s )  2 m l  of  y e a s t  e x t r a c t  

per  po t .  
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ammonium nitrate gave lower yields than those which had received 
no combined nitrogen. This was presumably due to the inhibiting 
effect of ammonium nitrate on nodulation. 

A second pot experiment was carried out from 18 February to 
24 July  1958. The results of this experiment confirmed those of the 
above one viz poorly growing yellow-green clover plants with few 
small nodules in the control pots and vigorously growing dark- 
green plants with large numbers of nodules in the pots treated with 
calcium carbonate (Table 2). The higher yields of the pots with 
calcium carbonate-treated soil as compared with those of the first 
experiment were due to the fact that  the plants were harvested at 
a later growing stage. 

In a third pot experiment which started I8 August and ended 
17 November 1958, the effect of added calcium carbonate on nitrogen 
fixation by  red clover was studied with 5 different sandy and peat 
soils obtained by  courtesy of the Institute for Soil Fertility, Gronin- 
gen. The pH values of these soils varied from 4.3 to 5.0. In this 
experiment the following treatments were compared: a) control, 
b) CaCO3, 1½ g per pot in the case of sandy soil and 3 g with peaty 
soll, c) NH4N03, 120 mg N per pot, d) NH4N03 and CaC03. One 
series of pots was left uninoculated, a second series was inoculated 
with a suspension of an effective strain of Rhizobium tri/olii which 
was mixed through the soil. The ammonium nitrate-treated plants 
were left uninoeulated. 

The results of this experiment were in agreement with those of 
the two preceding. On the uninoculated acid soils growth of the 
red clover was poor with scarcely nodulated yellow-green plants 
which suffered from nitrogen deficiency. Some plants showed a 
bet te t  appearance due to the presence of a few nodules but  there was 
no tendency of the other plants in the same pot to become nodulated. 
This was in contrast to the soils treated with calcium carbonate 

P l a t e  3. Ef fec t  of ca lc ium c a r b o n a t e  on  n i t r ogen  f ixa t ion  a n d  g r o w t h  of r ed  
c lover  on  four  d i f fe ren t  acid s a n d y  solls. Po t s  1 a n d  3 no  ca lc ium ca rbona t e ,  
2 a n d  4 w i t h  1.5 g ca lc ium c a r b o n a t e  per  po t ;  1 a n d  2 un inocu la t ed ,  3 a n d  4 
inocu la ted  w i t h  Rhizobium tri]olii (cf Tab le  3). 
P l a t e  4. E f fec t  of a suspens ion  of s ter i l ized R h i z o b i u m  cells on n i t r o g e n  
f ixa t ion  a n d  g r o w t h  of ino~ulated red  clover,  g rowing  in cultl~re solut ion.  
Leit 3 pots  controt ,  right 3 pots  20 ml  of R h i z o b i u m  e x t r a c t  ( con ta in ing  
a p p r o x i m a t e l y  8 m g  N) per  pot .  
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where all the plants after a lag period of approximately four weeks 
became adequately nodulated and gare normal green plants 
(Plate 3 and Table 3). 

T A B L E 3  

Effect of calcium carbonate and ammonium nitrate on yield * (g dry weight per pot) 
of uninoculated and inoculated red clover, grown in pots on a number of acid solls 

Type of soll Ironstone Sandy Sandy Sandy Sandy 
peat (A) (B) (C) (D) (E) 

Organic matter content % 36 7.8 9.5 6.7 2.9 

Treatment I YieldlpH**] YieldlpH**]  YieldlpH**] Yie ld]pH** I YieldipH*~ 

Uninoculated,  control.  4.5 5.3 
Uninoculated + CaCO8 5.4 5.8 
Inoculated, control . . 4.1 5.3 
Inoculated + CaCOa . 4.0 6.1 
Uninoculated + NH4N08  5.4 5.2 
Uninoculated + NH4NOa 

, and  CaC08 . . . . . .  6.6 5.8 

0.9 4.7 1.1 
3.5 5.1 5.1 
2.5 4.5 4.1 
5.2 4.9 4.8 
3.4 4.5 4.8 

6.7 5 . 0 i 6 . 9  

4.3 0,4 
5.0 1.2 
4.4 2.7 
5.1 5.3 
4.3 3.1 

5.2 3.9 

4.2 0.2 
5.0 1.1 
4.2 1.7 
4.8 3.4 
4.0 1.0 

4.9 2.9 

4.5 
6.1 
4.2 
5.4 
4.5 

5.7 

* Averages of duplicate values. 
** At  harvest.  

Inoculation of the acid soils in general brought about a much 
improved nodulation as a result of which considerably higher yields 
were obtained. Inoculation of the calcium carbonate-treated soils in 
some cases gare also higher yields. In general, nodulation of these 
plants was still more heavy than when inoculation had been omitted. 

Ammonium nitrate gave green plants with relatively high yields. 
Nodulation of these plants was poor. On calcium carbonate-treated 
soil ammonium nitrate gave still higher yields. Initially nodulation 
of the plants was poor, but the young white roots which appeared 
after the combined nitrogen had been used up contained many 
small nodules. 

From the results of the above three experiments it may be 
concluded that the poor growth of red clover growing on acid soil 
is largely due to nitrogen deficiency as a result of an inadequate 
nodulation. However, infection of the roots and growth and nitro- 
gen-fixing capaeity of the nodules are not severely depressed by the 
low pH of the culture medium. This may be concluded from the 
heavy nodulation and the relatively high yields of plants, grown on 
acid soll inoculated with a suspension of Rhizobium tri[olii. Although 
the latter result might suggest that living Rhizobium cells are not 
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present in the acid soils, this suggestion is refuted by the fact that  
treatment of the solls with sterile calcium carbonate brought about, 
after a retardation of from three to four weeks, a normal nodulation 
and nitrogen fixation. Apparently Rhizobium cells were present 
in small numbers in every acid soil tested, but they were unable to 
spread in the rhizosphere as they did in the solls treated with 
caleium earbonate. As a result formation of nodules was absent or 
restricted to a few localized areas of the root system in the case of 
aeid soil as contrasted to the large numbers of well-distributed 
nodules occurring on the root system of red clover growing on 
neutralized soil. I t  is not known whether this depression of the 
spread of Rhizobium in acid soil depended on an effect of pH on the 
growth and the multiplication of the bacteria or on an effect on 
growth of the plant roots or on excretion by the roots of substances 
required for growth and multiplication of the bacteria. 

c. E f f e c t  of v a r i o u s  c a l c i u m  c o m p o u n d s  a n d  n e u t r a -  
l i z i n g  s u b s t a n c e s  on n o d u l a t i o n .  To investigate whether the 
observed effect of calcium carbonate on nodulation and growth of 
red clover on acid sandy soil was due to its neutralizing effect or to 
its calcium content, three pot experiments with different calcium 
compounds and with trisodium phosphate and sodium carbonate, 
respectively, as the neutralizing agent were carried out. Although 
trisodium phosphate gave a similar rise in pH as calcium carbonate, 
it affected nodulation and growth of the clover plants less favourably. 
The same was true of sodium carbonate. These results might indicate 
that  the observed beneficial effect of calcium carbonate on acid soll 
was due partly to its calcium content. This conclusion was not 
corroborated, however, by the fact that  a mixture of mono-and  
dicalcium phosphates which did not alter the pH, did not affect 
nodulation and plant growth. The same was true of added calcium 
sulphat e. However, application of the latter lowered the pH 
slightly. 

d. C o u n t i n g  of R h i z o b i u m  cel ls  in  ac id  soi l  u p o n  
a p p l i c a t i o n  of c a l c i u m  c a r b o n a t e .  To study the effect of 
added calcium carbonate on numbers of Rhizobium cells in acid 
soll, the following experiment was carried out. Acid sandy soll from 
the garden plots was transferred to Neubauer glass jars with and 
without the addition of 2 g of calcium carbonate per 500 g soil. For 
comparison pots filled with soll from neutral plots were also studied. 
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Some pots  of each series were left  u n p l a n t e d ,  o thers  were sown on 

8 J u n e  1959 w i t h  red  c lover  in  the  u sua l  way.  Coun t s  of R h i z o b i u m  

cells in  the  soll were m a d e  a f te r  va r ious  per iods  of t ime  in  the  w a y  

descr ibed  above .  I n  the  case of u n p l a n t e d  soil t he  same  pots  were 

used  for eve ry  sampl ing .  Of the  p l a n t e d  po ts  two were h a r v e s t e d  

a t  each s a m p l i n g  t ime.  

The first counting was made on 18 ]une when the clover plants were 
approximately 2 cm high and the roots about 5 cm long. Nodules were not 
yet visible. 

The second counting took place on 1 July. The plants were approximately 
5 cm high. Nitrogen deficiency had not yet occurred. The control plants on 
acid soil had no nodules; two of the twenty plants growing on calcium 
carbonate-treated soil had a few nodules, the other plants in this pot and also 
all plants in the second pot of this t reatment had no nodules. The plants 
growing on the neutral soll had from 4 to 8 nodules per plant. 

The third counting was carried out on 17 July. The plants growing on the 
acid soil were approximately 6 cm high; they showed severe symptoms of 
nitrogen deficiency. Root nodules were absent. The plants of the calcium 
carbonate-treated soll were slightly taller. They also were severely nitrogen 
deficient. Some plants showed a darker green leaf colour, however. Many 
nodules occurred on the roots, but  the majority oI them were small and white. 
Plants with green leaves had a greater proportion of pink nodules. The plants 
growing on the neutral soil were approximately 15 cm high, they had many 
pink nodules. 

The fourth counting was made on 9 August. The control plants growing 
on acid soil were extremely nitrogen deficient. A few plants of one pot showed 
a bettet appearance witt?, green leaves. These plants had a number of pink 
rlodules. In the case of calcium carbonate treatment the red clover had now 
made vigorous growth, due to the presence of many pink nodules. The yields 
of dry matter were still lower, however, than those of the clover grown in the 
neutral soil and the leaf colour was somewhat lighter green. 

When the fifth counting took place (27 August) most plants growing in 
the control pots had died. In  one pot oB this series two plants had a better 
appearance. Root nodules were not detected on these plants, however. On 
the calcium carbonate-treated soil the clover plants had made a vigorous 
growth and they had a dark-green leaf colour. Large numbers of pink nodules 
occurred. The neutral soil gave still a somewhat higher yield of clover, 
presumably due to the earlier start of nitrogen fixation. 

T h e  resul t s  of the  b a c t e r i a  c o u n t i n g s  a n d  the  yie lds  of tops  a n d  

roots  are g iven  in  Tab le s  4 a n d  5. I t  will  be  seen t h a t  no  R h i z o b i u m  

cells were de t ec t ed  in  0.1 g of ac id  soil. T r e a t m e n t  w i t h  ca l c ium 

c a r b o n a t e  w i t h o u t  p l a n t i n g  gave  a p p r o x i m a t e l y  one  cell per  0.3 to  
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T A B L E  4 

N u m b e r  of root  nodules per pot  in red  e lover  and  n u m b e r  of Rhizob ium t~'i/olii cells per  0.1 g of 

mois t  soll * as affected b y  ca lc imn ca rbona te ,  yeas t  ex t r ac t ,  and p lan t ing  of the soll wi th  red  c lover  

Days  af ter  sowing 

Soff t r e a t m e n t  10 23 39 60 79 

Nodules  Cells Nod.] Cells Nod. ] Cells Nod. [ Cells Nod. 

/ e i d  soll 
U n p l a n t e d  . . . . . . .  

P l an ted  . . . . . . . . .  

CaCOa, unp l an t ed  . . . .  

CaCOa, p l an ted  . . . . .  

Yeas t  ex t r ac t ,  unp l an t e d  . 

Yeas t  ex t r ac t ,  p lan ted  . . 

Neutmg soil 
U n p l a n t e d  . . . . . . .  

Plan ted . . . . . . .  . . 

o 

o 

0 

0 0 

2 17 

0 0 

115 330 

I 
- -  0 

0 0 

0 

139 490 

- -  0 

5 I 

- [  3 
367 I 3,300 

m m 

93 1 } 

555 13 00 

2 

742 7,900 o 

* W a t e r  con ten t  a p p r o x i m a t e l y  16 per  cent.  

T A B L E  5 

Effect  of added  ea lc ium c a rbona t e  and yeast  ex t rac t ,  respect ive ly ,  on yield * 

(g d ry  weight  per  pot) of red-c lover  tops 

Soll and t r e a t m e n t  p H  of soll at  Days  af ter  sowing 
3rd count ing  80 

Cells 

- -  0 

0 780 
1 

1,120 28,000 

- -  0 

266 78 

- -  17 

1,327 4,600 

Aeid soi] . . . . . . . . . . . .  

Acid soil + CaCOa . . . . . . .  

Acid soil + yeast  e x t r a c t  . . . .  

Neu t r a l  soll . . . . . . . . . .  

4.7 

6.6 

4.7 

6.7 

39 50 

0.3 0.3 

0.3 1.4 

0.4 0.6 

0.7 3.0 

0.3 

4.7 

1.3 

8.3 

* Averages  of dupl ica te  values.  

0.5 g of soff, a number which did not vary very much in the course 
of approximately two months. This demonstrates that  Rhizobium 
tri/olii did not increase in numbers upon liming of the acid soff. 
In the neutral soll the number of Rhizobium cells was much higher 
than in the acid soil viz about a hundred per gram of soil. This 
value varied somewhat during the experimental period. 

Planting with red clover resulted in an enormous rise in numbers 
of Rhizobium cells. In the neutral soff this rise started at an earlier 
date than in the neutralized acid soff, presumably owing to the larger 
numbers of eells initially present. In the acid soil a distinct increase 
of bacteria numbers was observed in a few pots. 

I t  must be stressed that  the number of Rhizobium cells in the 
planted neutral and CaCOa-treated acid soll had increased con- 
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siderably between the first and the second countings i.e. during a 
period in which nodulation was still restricted and liberation of 
bacteria Irom the nodules was unlikely to occur. Apparently the 
increase of the number of bacteria depended on favourable nu- 
tritional conditions in the rhizosphere. 

e. E f f e c t  of n u m b e r  of a d d e d  R h i z o b i u m  cel ls  on 
n o d u l a t i o n  of r ed  c l o v e r  g r o w i n g  on an  ac id  soil. I f i t  
is assumed that  the poor nodulation of red clover growing on acid 
soil is due to an inadequate growth of Rhizobium tri/olii in the 
rhizosphere, it may be supposed that  relatively large numbers of 
the symbiotic bacteria have to be introduced into the soil to attain 
an adequate nodulation. Therefore an experiment was conducted 
in which the inoculation of the acid soll was made with various 
dilutions of a suspension of Rhizobium tri/oIii. 

The results of this experiment are recorded in Table 6. I t  will be 
seen that  more than 60,000 bacteria had to be introduced into 500 g 
of acid soil to attain an optimal nodulation. This was in contrast 
to the results obtained with sterile clover plants growing on an agar 
medium in culture tubes, where introduction of one Rhizobium cell 
resulted in the formation of a normal number of nodules. This 
demonstrates that  conditions for growth and multiplication of the 
bacteria in the latter case were rauch more favourable than in the 
acid soll. 

T A B L E  6 

Ef fec t  of n u m b e r  of a d d e d  R h i z o b i u m  cells on  l aodu la t ion  a n d  y ie ld  of tops  of r e d  

c lover  g r o w n  on  ac id  soff 

N u m b e r  of i n t r o d u c e d  
Rhizobium lrifolii cells, 

Pe r  po t  Pe r  g of soff 

6 x 106 12,000 
6 x 104 120 
6 ×  102 1 

6 0 

Tops ,  

g d r y  w e i g h t  per  po t  

(dupl ica tes)  

2.45;  2.50 
1.07; 2.88 

0 .47;  0.89 

0 .28;  0.29 

N o d u l a t i o n  

M a n y  sma l l  nodu le s  on  m o s t  roo t s  

Few,  l a rge  nodules ,  c o n c e n t r a t e d  

in  a few a reas  
No  nodu le s  

f. B e h a v i o u r  of R h i z o b i u m  t r i [o l i i  cel ls  a d d e d  to 
v a r i o u s  solls.  To study the effect of pH and organic matter  on 
behaviour of Rhizobium tri/olii in soll, a dense suspension of this 
bacterium was added to three different sandy solls from the garden 
plots of the Laboratory of Microbiology. These soils were the acid 
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orte of pH 5.0 which was employed in the above-mentioned pot 
experiments, a neutral one of pH 7.5, and a slightly acid one (pH 5.6) 
which had been treated with stable manure for several years. 

At different periods of time after the addition of the bacterium 
suspension, the numbers of effective Rhizobium cells in the soils 
were estimated by the above-described technique. The results of 
these countings are recorded in Table 7. It will be seen that during 
the first 10 days the numbers of effective Rhizobium cells in the 

T A B L E  7 

N u m b e r s  of e f f ec t ive  R. tri]olii cells per 0.2 g of m o i s t  soil d i f ferent  periods  of  t i m e  

after  the  add i t i on  of a s u s p e n s i o n  of the  bacter ia  * to the  soiI  

I n e u b a t i o n  A c i d  soll N e u t r a l  soi l  So i l  + s tab le  m a n u r e  

t i m e  Control  I I n o e u l a t e d  Control  I n o e u l a t e d  

2 hours  

1 d a y  

2 d a y s  

3 »7 

10 , 

15 , 

23 , 

37 ,7 

04 , 

4.9 x 10 v 

2.3 x I0 s 

1.7 X lO s 

7.9 x 10v 

3.3 × 107 

2.3 × 10* 

9.5 x 105 

4.9 × 10~ 

3.3 X 10 a 

Control  I n o c u l a t e d  

3.3 × 10 s 

3.3 x I03 

4.9 x 107 

2.3 x 10~ 

3.3 × 10 7 

1.1 X 10 7 

- -  4.9 X 10 6 

1.3 X 10 4 1.3 X 10 6 

2.2 X 10 5 

4.6 X 103 

3.3 x 10 a 

1.3 × 108 

4.9 X 107 

7.9 × 107 

1.2 × 107 

2.3 X l0 G 

2.3 x 10 8 

1.1 x I0~ 

2.8 x 10 5 

* 1.3 X 10 s c e l l s p e r 0 . 2 g s o i l .  

three soils approximated that of the number added. After an incu- 
bation time of 15 days considerably lower numbers were counted in 
all three soils. After 64 days, the acid soff was found to contain a 
much lower number than the other two soils. 

2. E//ect o~ organic compounds o~¢ nitrogen /ixation aud growth o~ 
red clover 

The effect of organic matter on nitrogen fixation by red clover 
was noticed in the above-described field experiments. Some of the 
acid plots had been treated with stable manure a few years before 
starting the experiment. On these plots nodulation and growth of 
the clover were excellent notwithstanding the fact that the pH was 
not higher than on similar plots without manurial treatment where 
no nodules were formed (Table 1). 

The results of this observation might be explained in various 
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ways :  i) The s table  m anu re  could have  in t roduced  some inorganic 
fac tor  which p rom o t ed  in some way  ni t rogen fixation. 2) I t  could 

have  in t roduced  some organic component .  3) I t  could have  formed 
pockets  of higher p H  in which the bac te r ia  could have  survived.  
4) I t  could have  improved  the  carbon dioxide content  of the soll. 
Therefore  a n u m b e r  of pot  exper iments  were carr ied out  to elucidate 
the observed  effect of s table  manure .  

a. P o t  e x p e r i m e n t s  w i t h  a c i d  s o i l  in  N e u b a u e r  g l a s s  
j a r s  

In the first experiment the following treatments »vere compared: 
1) Nitrogen, 42 mg per pot, in the form of ammonium nitrate. 2) Casamino 
acids (Difco), enriched with 20 mg tryptophane per 2.1 g, in amounts equal 
to 42 mg nitrogen per pot. 3) Concentrated yeast extract, 4.75 ml, containing 
42 mg nitrogen, added per pot. 4) Stable manure, 10 g per pot, containing 
approximately 42 mg nitrogen. 5) Sterilized stable manure, 10 g per pot. 6) 
Ash of 10 g stable manure incinerated for 4 hours at 300 ° C. 7) KH2PO4, 
0.5 g per pot. 8) Sterilized cultures of an effective and an ineffective strain of 
Rhizobium tri/olii, respectively. These bacteria were grown as described above. 
Ten-ml aliquots of suspensions of the bacteria, containing 0.4 mg nitrogen 
per ml, were added per pot. Two pots of each treatment were left uninoculated, 
two further pots were inoculated with an effective strain of Rhizobium 
l«iiolii. 

The experiment was started on 28 August and finished on 19 December 
1957. 

The  results  are recorded in Table  8. The  following conclusions 
m a y  be drawn f rom the pots  wi th  uninocula ted  s o i l : -  In  the  un- 
t r ea t ed  soil the yield of the clover was ve ry  low due to ni t rogen 
deficiency. A m m o n i u m  ni t ra te  gave  an improved  growth  bu t  the 
a m o u n t  appl ied a p p a r e n t l y  was too low to produce  m u c h  higher 
yields. Ni t rogen supplied in the form of amino acids gave  sl ightly 
be t t e r  results. In  bo th  cases the fo rmat ion  of nodules was poor. 
Yeas t  ex t r ac t  gave  be t t e r  yields t han  was in accordance wi th  its 
n i t rogen content .  This  was p r e s u m a b l y  due to the  fact  t h a t  a 
considerable n u m b e r  of nodules »vere present  on the roots. Stable 
manu re  ini t ial ly did not  affect  the  growth  of the  plants .  At  ha rves t  
t ime,  however ,  the  leaf colour and  the  appearance  of a n u m b e r  of 
p lants  were clearly improved ,  p r e s u m a b l y  due to the  nodules which 
had  developed.  Sterilized s table  manure  had  a less favourable  eIfect 
whereas  ash of s table  m anu re  had  no effect a t  all. In  the case of 
phospha te  t r e a t m e n t  the  yields were even lower t han  those of the  
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control plants. The most remarkable faet was the favourable efIect 
of dead cultures of effective and ineffective Rhizobium strains. 
After a retardation period of several weeks, many nòdules were 
formed which brought about a vigorous growth of the plants 
(Plate 2 A). 

T A B L E  8 

Effect  of dif ferent  organic  and  inorganic  subs tanees  on yield of tops (g dry  weight  
per pot) of un inocu la ted  and inocu la ted  red c lover  grown on acid soff 

(Averages  of dupl icate  values)  

T r e a t m e n t  U n i n o c u l a t e d  Inocula ted  

Control  . . . . . . . . . . . . . . . . .  

N H 4 N 0 3  * . . . . . . . . . . . . . . . .  

C a s a m i n o  a c i d s  * . . . . . . . . . . . . .  

Yeas t  e x t r a c t  * . . . . . . . . . . . . . .  

Stabte  m a n u r e  * . . . . . . . . . . . . . .  

Steri l ized s table  m a n u r e  * . . . . . . . . .  

Incir lerated s table  m a n u r e  . . . . . . . . .  

K H ~ P O 4  . . . . . . . . . . . . . . . . .  

Steri l ized e f f e c t i v e - R h i z o b i u m  e x t r a c t  * * .  . . 

Ster i l ized i n e I I e c t i v e - R h i z o b i u m  ex trac t  ** . . 

0 . 5  

0 . 6  

0 . 9  

1 .0  

0 . 5  

0 , 4  

0 . 4  

0.1 
2 . 5  

2 . 0  

3 . 0  

2 . 0  

2 . 7  

1.9 

2 . 3  

3 . 0  

1 .4  

2 . 9  

2 . 4  

2 . 4  

* Corresponding wi th  4 2  m g  N per pot.  
** Corresponding wi th  4 mg  N per pot.  

In the case of inoculated soff no clear effect of the various treat- 
ments on nodulation and yield of the red clover was observed. 

This was in contrast to the results of a previous experiment in 
which stable manure and extract of stable manure were found to 
have a pronounced effect on yield of inoculated red clover. That 
experiment was conducted from 28 June to 30 September 1957. 
Stable manure was applied in amounts of 5, 10, and 20 g per pot, 
corresponding with 21, 42, and 84 mg N respectively. An extract 
of stable manure, prepared as described above, gave similar results. 
Twenty ml of this extract, prepared from 130 g of stable manure 
and containing 0.75 mg N per tal, was applied per pot. A treatment 
of 2.5 mg sodium molybdate per pot which was also included in this 
experiment gave a slightly improved growth. The results of this 
experiment are given in Table 9. The observed effect of stable 
manure was not brought about by its nitrogen content. This may 
be concluded from the fact that a concentrated extract of stable 
manure, containing only 15 mg N, gare the same results, whereas 
ammonium nitrate (supplied in amounts of 21, 42, and 84 mg N per 
pot) depressed nodulation and gave lower clover yields. 
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T A B L E  9 

Effect  of added  stable m a n u r e  and  s t ab l e -mannre  

ex t r ac t  on yield (g d ry  weight  per  pot) of 

inoeula ted  red  clover,  g rown on acid soll 

T r e a t m e n t  (per pot) Yield of tops 

Control  . . . . . . . . . . .  . 

Na2MoO4.2H20  2.5 m g  . . . . .  

Stable manu re ,  5g (21 m g  N) . . 

. . . .  10g (42 m g  N) . . 

. . . .  20g (84 m g  N) . . 

ex t r ac t  (15 m g  N).  

3.6 * 

4 .4*  

4.7 ** 

5.4 ** 

6.3 ** 

6.0 *** 

A v e r a g e  va lues  of the yields of four *, two **, and  six *** pots, 

respect ive ly .  

A third experiment with sterilized cultures of Rhizobium tri/olii 
and with yeast extract added to acid soll was started on 18 February 
1958. A treatment with sodium molybdate was also included in this 
experiment. Each treatment was present in quadruplicate. Inocu- 
lation with Rhizobium tri/olii 
described above were taken 
soll with this bacterium. 

Without  treatment and in 

did not take place and precautions as 
to prevent the contamination of the 

the presence of added molybdate the 
growth of the clover plants on the acid soll was extremely poor 
owing to nitrogen deficiency. Treatment with the sterilized Rhi- 
zobium suspension and with yeast extraet, respectively, gave an 
improved growth due to the development of root nodules. 
The response of the plants in the four replications of each treatment 
was quite irregular, however, as may be seen from Plate 2B and 
from the yield data in Table 10 where the weight of tops of each 
individual pot is recorded. This irregularity was also observed in the 
number of plants per pot which responded to treatment. In general 
no more than from 2 to 6 of the 20 plants originally present in each 
pot showed an improved growth and were responsible for the higher 
yields. No explanation can be given of the irregular response to the 
added extracts. The beneIicial effect of these extracts on nodulation 
was, however, undoubted (see Table 10). 

The effect of added yeast extract on numbers of Rhizobium cells 
in unplanted and planted acid soll was studied in the experiment 
described on page 101. The results of the countings are recorded 
in Table 4 and the corresponding yields of the clover plants in 
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T AB L E  10 

Effect of sterilized suspensions of Rhi~obium t«i/olii and of yeast extract  on yield 
of tops (g dry weight per pot) and nodulat ion of red clover, grown on acid sandy soil 

Trea tment  (per pot) Nodulation 

Control 

Na2MoO4.2H2(), 2.5 mg 

Yeast extract ,  2 n-d 

5 ml 

, 10  m l  

Sterilized ] 
Rhizobium 
suspension 

5 ml 

t0 ml 

Yield 

a * 0.18 
! 

b 0.05 [ 
c 0.35 l 

d 
a 

b 
c 

d 
a 

b 

c 

d 

a 

b 

c 

d 
a 

b 
c 

d 

a 

b 
c 

a 

b 

c 

d 

Small numbers  of small white or brown 
nodules. 

Similar to control plants. 

Large numbers  of normal  nodules. 

A few very large composite nodules on the 
roots of a few plants which had  a bet tet  
appearance. 

Poor. 
Many small white nodules and a few large 

composite ones on the roots of plants 
with a bet tet  appearance. 

Poor. 

Many small nodules. 
Many small white nodules and a number  

of large ones. 
Large numbers  of normal  nodules. 
Moderate, with white and brown nodules. 
Poor. 
Large numbers  of normal nodules. 

Small numbers of small white and brown 

nodules. 

* a, b, c, and d, replieates of orte t reatment .  

Table 5. It will be seen that yeast extract had no influence on the 
number of bacteria in unplanted soll and a slight effect in the case 
of acid soil planted with red clover. 

b. E f f e c t  of v a r i o u s  o r g a n i c  c o m p o u n d s  on n o d u l a t i o n  
of i n o c u l a t e d  red  c lover  g rowing  in c u l t u r e  so lu t ion  

Ste r i l e  p l a n t s  o l  r ed  c l o v e r  w e r e  t r a n s p l a n t e d  o n  23 A u g u s t  1957 to  l a r g e  

t u b e s  c o n t a i n i n g  a p p r o x i m a t e l y  150 m l  o f  a n u t r i e n t  m e d i u m  of  t h e  a b o v e -  

m e n t i o n e d  c o m p o s i t i o n .  O n  t2  S e p t e m b e r  t h e  p l a n t s  we re  i n o c u l a t e d  w i t h  
a n  a c t i v e  s t r a i n  of  Rhi zob ium trifolii. T w o  d a y s  l a t e r  t h e  fo l lowi l lg  s u b s t a n c e s  

we re  a d d e d :  a) 15 m l  of  a s u s p e n s i o n  o f  k i l l ed  R h i z o b i u m  cel ls  c o n t a i n i n g  

0 .42  m g  N p e r  m l .  b) 3ä  m l  of  conc .  y e a s t  e x t r a c t  c o n t a i n i n g  3 m g  N p e r  ml .  c) 10 
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m g  n i t r o g e n  in t h e  f o r m  of a m i n o  ac ids  de r ived  f r o m  h y d r o l y s e d  caseine  

supp l i ed  w i t h  1 m g  t r y p t o p h a n e  per  tube .  d) 10 m g  n i t r o g e n  in t h e  f o r m  of  

g l u t a m i c  acid, a s p a r t i c  ac id  a n d  ~-alanine,  r e spec t ive ly ,  e) 10 m g  n i t r o g e n  

in t h e  f o r m  of a m m o n i u m  s u l p h a t e  a n d  p o t a s s i u m  n i t r a t e ,  r e spec t ive ly .  

E a c h  t r e a t m e n t  w a s  p r e s e n t  in q u a d r u p l i c a t e .  

One week after inoculation the first root nodules appeared. Two 
weeks later pronounced differences in nodulation between different 
treatments were observed. Plants provided with a suspension of 
killed Rhizobium cells were well nodulated with large, pink nodules. 
This contrasted with the untreated control plants where the 
nodules were similar in number hut rauch smaller and white in 
colour. The pH values of both series were similar, viz approximately 
5.9. Added yeast extract gave also relatively large, pink nodules. 
The pH of the latter solution had increased to 7.6, presumably 
due to bacterial decomposition of some compound of the yeast 
extract. In the case of added amino acids, nodulation was more or 
less depressed. 

The results of this experiment indicate that some unknown 
component present in the Rhizobium or yeast extracts may promote 
the development of root nodules (Table 11). That amino acids are 
responsible for this effect is improbable in view of the results 
obtained with the addition of these compounds. 

TABLE 11 

EfIect of various organic and inorganic compounds on 
nodulation oi red clover grown in culture solution 

Dry weight of nodules 
Treatment from four different plants, 

mg per plant 

Control . . . . . . . . . .  
Sterilized Rhizobium extract * 
Yeast extract ** . . . . . .  
Casamino acids ** . . . . . .  
Glutamic acid ** . . . . . .  
Aspartic acid ** . . . . . . .  
a-Alanine . . . . . . . . .  
(NH4)2SO4 ** . . . . . . . .  
KN08 ** . . . . . . . . . .  

1.1, 1 .7 ,  4.4, 1.4 
3.1, 0.7, 4.0, 3.4 
4.3, 3.0, 4.7, 1.8 
0.0, 0.3, 0.4, 0.9 
0.4, 0.8, 0.7, 0.3 
0.2, 0.4, 0.7, 1.3 
0.1, 0.2, 1 .0 ,  0.0 
0.0, 0.3, 0.3, 0.0 
0.3, 0.2, 0.5, 0.3 

* Corresponding with 6.3 mg N and ** with 10 mg N, respectively. 

The beneIicial effect of sterilized suspensions of Rhizobium cells 
on nodulation and growth of red-clover plants was shown in two 
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further culture-solution experiments. Inoculated plants treated with 
these suspensions were more heavily nodulated and fixed con- 
siderably larger amounts of nitrogen than untreated control plants. 
This was particularly true of plants growing at pH 4.8; at pH 6.8 the 
differences were less pronounced. Plate 4 shows the effect of Rhi- 
zobium extract at pH 4.8. Yield of tops (mean dry weight of 5 
plants) : control 0.58 g, treatment 1.46 g, and of roots 0.18 and 0.37 g, 
respectively. 

c. E I f e c t  of a d d e d  v i t a m i n s  on n o d u l a t i o n .  To see whether 
vitamins could affect nodulation of red clover plants, two experi- 
ments »vere earried out. 

The first experiment lasted from 14 December 1957 to 29 March 
1958. Sterile red-clover plants were grown in tubes containing an 
agar nutrient medium of the above-mentioned composition. A 
comparison was made between Rhizobium and yeast extracts and 
a mixture of four vitamins (0.05 to 0.4 ml of a solution containing 
10 mg thiamine, 10 mg riboflavin, 10 mg/~-alanine, and 4 mg biotin 
per 100 ml H20). Although the plants treated with the extracts and 
with the vitamin solution tended to be darker green than the 
-control plants, no signifieant increase in nitrogen content of the 
plants due to treatment was found. 

In a second experiment which lasted Irom 3 April to 28 July  1958, 
the agar used in the culture tubes had been purified by  washing 
it daily with distilled watet  for a period of 14 days. The following 
vitamins were tested singly: thiamine, nicotinic acid, riboflavin, 
pyridoxine, pantothenic acid, fl-alanine, p-amino benzoic acid, and 
biotin. The vitamins were supplied in amounts of: 10, 20, and 30#g 
per tube except biotin which was given in amounts of 4, 3, and 
12 ~~g per tube. The results of this experiment were inconclusive 
as to the importance of the added vitamins for nodulation. 

DISCUSSION 

Nodulation of red clover and other leguminous plants, growing 
on acid soil, in general is poor or abseht. As a result development 
of these plants is restricted and yields are low, mainly due to nitro- 
gen deficiency. It  could be suggested that  the poor nodulation is a 
result of the absence of Rhizobium cells or of the inability of either 
the plant root or the bacteria, or of both, to develop eIfective 
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nodules. In the present study inoculation of a number of acid soils 
with an effective strain of Rhizobium tri/olii gave well-nodulated 
red-clover plants which grew vigorously as contrasted with plants 
growing in uninoculated soil which were poorly nodulated and gave 
low yields. This shows that  the infection of the roots and the for- 
mation and functioning of the nodules may be quite normal on such 
soils, when sufficient numbers of the symbiotic nitrogen fixers 
are brought into the soll. By using bacterial suspensions of various 
densities it was found that  at least 60,000 Rhizobium cells had to 
be introduced into 500 g acid soff to obtain adequate numbers of 
nodules on the clover roots. 

Although the results of the inoculation experiments might 
suggest that  no Rhizobium cells occurred in the acid soils, the 
experiments with calcium carbonate and with various mixtures 
of organic compounds have shown that  Rhizobium tri/olii was not 
completely absent from the solls tested. The bacteria may occur in 
very low numbers, but they increase rapidly when conditions are 
made more favourable for their multiplication. This may be con- 
cluded from the experiments with planted and unplanted soll in 
which numbers of Rhizobium cells were counted. A pronounced 
increase took place in planted, acid soll which had been treated with 
catcium carbonate. Without planting there was no such effect. 
Planting of acid soil as such did hardly afIect the numbers of 
Rhizobium cells. 

From these experiments and from the observation that  nodu- 
lation, when it occurs at low pH, is restricted to a few, localized 
areas from which it practically does not extend, it may be concluded 
that  the poor nodulation of red clover growing on acid soils is due 
to the inability of Rhizobium tri/oZii to grow and spread in the 
rhizosphere. Whether this depends on a direct effect of pH on 
multiplieation of the bacteria or on an indirect effect, dependant on 
a limited growth of the plant roots, or on a limited excretion of 
organic substances required for the growth of the bacteria, is not 
yet known. The results obtained by L o n e r a g a n  and D o w l i n g  3 
indicate that  the critical pH value for the multiplication of Rhizo- 
bium tri/olii in a yeast-extract / mannitol medium lies between 4.5 
and 5.0. V i n c e n t  12 found that  Rhizobium tri/olii added to acid 
solls did not survive when the pH of the soll was below 5. This 
result was not in agreement with the behaviour of Rhizobium 
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tri/olii added to the acid sandy soff employed in the present study. 
Up to ten days after the addition of a heavy suspension of the 
bacteria to the acid soll no decline in number of Rhizobium was 
found. The values reported by  L o n e r a g a n  and D o w l i n g  a ap- 
proximate those found for the acid soils used in the present study. 
This fact could indieate that  the inhibited growth of the bacteria 
in the acid solls is the result of a direct effect of the low pH on the 
growth of the bacteria. This is not in agreement, however, with the 
beneIicial influence of suspensions of killed Rhizobium cells and of 
yeast extract on nodulation as it has been observed in the present 
s tudy with acid soils as well as with culture solutions. Although 
the possibility of the occurrence of a slight temporary rise in pH 
following the addition of the extracts to the acid solls can not be 
excluded, the fact that  the efIect of these substances was also ob- 
served with clover plants growing in culture solutions where the pH 
was kept at a constant level, renders it improbable that it de- 
pended on a ehange of pH. 

The experiments of A l b r e c h t  and D a v i s  1 and of L o n e r a g a n  
and D o w l i n g  3 have demonstrated that the inhibiting effect of a 
low pH on nodulation might be counteracted to a large extent by  
increasing the calcium supply of the culture medium. Calcium 
would Iunction in the Iormation of nodules and high hydrogen-ion 
concentrations would depress calcium uptake. In the present 
s tudy induced calcium deficiency apparently was not responsible 
for the poor nodulation of red elover in acid media. This may be 
eoncluded from the Iact that added calcium sulphate, calcium 
phosphates, and incinerated stable manure had no effect on nodu- 
lation. On the other hand neutralization with trisodium phosphate 
and sodium carbonate worked less favourably than calcium earbon- 
ate. 

No explanation can be given of the observed effects of the 
extracts of yeast, sterilized Rhizobium cells, and stable manure. 
These extracts not only may promote multiplication of Rhizobiurn 
Eri/dii and infection of the roots but  also the growth of the nodules. 
The stimulative eIIect of these substances when added to acid solls 
is less consistent than that of ealcium carbonate, however. 

The nature of the component, responsible for the activity of the 
extracts, is unknown. Experiments with a number of added vita- 
mins (thiamine, nicotinic acid, riboflavin, pyridoxine, pantothenic 
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acid, /3-alanine, p-aminobenzoic acid, and biotin) did not con- 
clusively answer the question whether the effect of the extracts 
depended on the presence of some vitamin. 

The existence of unknown unspecific substances, secreted by 
plant roots, particularly those of legumes, which may stimulate the 
growth of Rhizobium strains and nodule initiation is recorded by 
N u t m a n  6. In higher concentrations these substances inhibit 
nodulation. Treatment of nutrient media containing these inhibitors 
with charcoal might remove them and result in an improvement of 
nodulation (Turner  10). V a n t a s i s  and B o n d  11, growing pea 
plants in "used" culture media, found that treatment with charcoal 
gave lower numbers of pea nodules. Growth of these nodules and 
nitrogen fixation were considerably improved, however. R u d i n  s 
obtained more nodules in pea plants treated with extracts of leaves 
of pea or maize plants than in control plants without this treatment. 

SUMMARY 

1. Red clovër grown on acid soil under  field condi t ions  and  in po t  ex- 
pe r iments  was found to be poorly nodula ted  or to lack nodules.  As a resul t  of 
this  the  p lants  suffered severely f rom ni t rogen deficiency and  gave low yields. 

2. Inocula t ion  of the  acid soils wi th  a suspension of an effective s t ra in  of 
]~hizobium tri/olii gave wel l -nodula ted  p lan ts  which  grew vigorously.  More 
than  60,000 Rh izob ium cells had  to be in t roduced  into 500 g soil to a t t a in  a 
normal  nodulat ion.  

3. Calcium carbona te  added  to the  acid solls in amo u n t s  of one or two 
grams per  500 g of soff b rough t  about ,  af ter  a r e t a rda t ion  of app rox ima te ly  
four weeks, a normal  nodula t ion  of the  clover plants .  Since p recau t ions  had  
been t aken  t h a t  no foreign Rh izob ium cells were in t roduced  into the  soil a f ter  
neutra l izat ion,  it  was assumed t h a t  the  bac ter ia  had  been  originally p re sen t  
in the  acid soil in low numbers .  

By  count ing  the  number s  of effective IRhizobium cells, it  was Œound t h a t  
neut ra l iza t ion  of the  acid soil w i thou t  p lan t ing  of red clover had  no effect  
on the  mul t ip l ica t ion  of the  bacter ia .  In  the  presence of red clover plants ,  
however,  an, enormous rise iI1 Rhizobium tri[olii was found to oecur in neut ra l -  
ized acid soil bu t  no t  in acid soil. This demons t r a t e s  t h a t  inabi l i ty  of the  
bac ter ia  to grow and  spread in the  rhizosphere  p re sumab ly  is responsible  for 
the  poor nodula t ion  of the  clover p lants  on aeid soils. 

4. T r e a t m e n t  of acid soils wi th  yeas t  ex t r ae t  or a steri l ized suspension of 
effective or ineffect ive Rhizobium tri[olii p romo t ed  nodula t ion  of red clover 
growing on these  soils. This effect  was less regular  t h a n  t h a t  of added  calcium 
carbonate .  Stable  manu re  and  s tab te -manure  ex t r ac t  in some cases reacted  
similarly. So rar the  subs tance  responsible for the  s t imula t ive  ef{ect has no t  
been found. 
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