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I N T R O D U C T I O N  

The essentiality of Co for legumes grown under symbiotic 
conditions has recently been established ( A h m e d  and E v a n s  1 ~ 8, 
H a l l s w o r t h  et al. v, R e i s e n a u e r  11, D e l w i c h e  et al.6); however 
little is known of the amount of the element required or of its 
function in symbiotic N-fixation. The Co-requirement of symbiotic- 
ally grown legumes can be divided into that  of the microorganism, 
that  of the plant and that of the symbiotic association. N i c h o l a s  
and W il s on 9 have reported that  the Rhizobium spp. have a growth 
requirement, when utilizing nitrate-N, of at least 0.1 ~g of Co per 
liter in the culture. The requirement of the plant per se is known to 
be considerably less than that for N-fixation (A h m e d and E v a n s 8, 
D e l w i c h e  et al.6). The role of Co in animal nutrition is centered 
around the Co-containing vitamin B12 which functions in the 
synthesis of hemoglobin and in protein metabolism (Smi th  12). The 
presence of both vitamin B12 and a form of hemoglobin in N-fixing 
nodule tissue (Levin  et aL s) suggests a similar dependence. 

This paper presents the results of an experiment conducted to 
determine the level of Co associated with maximum symbiotic 
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N-fixation, and the relation of Co-level to the format ion of leg- 

hemoglobin in the root  nodules of a leguminous plant.  

EXPERIMENTAL 

Alfalfa (Medicago saliva) was grown in culture solutions prepared from 
purified chemicals and to which different amounts of radioactive Co were 
added. Ten days after the appearallce oI N starvation symptoms in the plants 
grown with no added Co, the crop was harvested. Treatment eIfects were 
evaluated by measuring the yield, N- and Co-colltent of the plant tops; and 
the weight, volume, and leghemoglobin content of the root nodules. 

Culture methods 

The chemical purification and plant growth procedures used were similar 
to those described by Delwiche  et al. a AlfalIa (variety Vernal) was grown in 
2-liter beakers Iitted with paraffin-coated plaster of Paris lids in which thrëe 
plants were supported. 

The experiment was conducted during June and July in a greenhouse 
which was equipped with an air-circulation system that filtered the illcoming 
air through activated carbon. The air used for aerating the culture solutions 
was Iiltered through glass wool and activated carbon. 

After 46 days growth in the culture solution, the crop was harvested. The 
tops were dried at 60°C, separated into leaves and stems, and ground. The 
roots werë immediately frozen and the nodules hand-picked from the frozen 
tissue. 

Treatments 

The composi t ion of the culture solution is given in Table 1. In  

addi t ion to the nutr ients  listed, all t rea tments  received approxi-  

m a t e l y  16 mg per liter of ammonia-N from the ammonium hydroxide  

added  for p H  ad jus tment  during purification of the culture reagents. 
Calcium carbonate  was added to main ta in  the p H  of the culture 

solutions between 6.5 and 7.0 th roughou t  the course of the ex- 

periment.  

The in t roduced t r ea tment  variables are described in Table 2. 

Rhizobia  were added as 1 ml of a suspension of Rhizobium meliloti 

conta in ing  approximate ly  106 organisms per ml short ly after  the 
seedlings were t ransplanted.  The no-rhizobia t r ea tmen t  (number 6) 
was included to measure the growth allowed by  tha t  N supplied in 

the culture solution and in the seed. 
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T A B L E  1 

Composi t ion of nu t r i en t  solution 

Coneentration in Concentration in 
C o m p o u n d  culture, M C o m p o u n d  cul ture ,  M 

KH2PO4 

IK~SO4 

C a S O 4 . 2 H 2 0  

M g S O 4 . 7 H 2 0  

MnCI~. 4 H 2 0  

Z n S O 4 . 7 H 2 0  

2 X  10 -a 
2 X  10 -3 

3 × 10 -a 
1 × 10 -3 

5 ×  10 -« 

2 ×  10 -« 

HaBOa 

C u S O 4 . 5 H 2 0  

FeCls. 6H20 
(NH4) 2 H 2 E D T A  

Na~Mo04 

CaC03* 

2 .5  × 10 -4 

5 ×  10 -7 

2 ×  10 -5 

2 ×  10 -5 

5 × 10 -7 

( 1 .0 g/liter) 

* Added as dry salt for pH control. 

T A B L E  2 

Treatment  variables 

F o r m  of added  Co Treatment  
number 

Rhizobia 
added 

yes 

yes 
yes 
yes 
yes 
no 

Concentration 
of added  Co 

33 ppt** 

0 0 
1.66 X 10 -12 0.1 

1.66 X 10 -11 1 

1.66 X 10 -1° 10 

1.66 × 10 -9 100 

1.66 X 10 -° I 100 

Radioactive* Stable  

ppt  p p t  

0 0 

0.1 0 

1 0 
10 0 

10 90 

10 90 

* Suppl ied  as Co 6° of specific act iv i ty  100 ± 4c/g ob ta ined  f rom U. S. Nuclear  Corp., 

Burbank ,  California. 
** Parts per 1012. 

The rhizobia suspension used to inoculate the cultures was a 
mixture of two effective strains * of Rhizobium meliloti. The bacterial 
growth of separate agar slants of each strain was washed with 
redistilled water into a clean centrifuge tube. The suspension was 
centrifuged for 10 min at I0,000 X g to throw down the bacteria and 
the supernatant discarded. The bacteria were suspended with 
redistilled watet and centrifuged as before for a total of three 
times. The washed bacterial suspension was then diluted with 
redistilled watet to give a coneentration of about 106 organisms per 
ml as determined by direct bacterial count. 

• Stra ins  102F28 and  102F30 suppl ied  b y  the Nitragin Co., Inc. ,  Milwaukee,  Wis- 
consin. 
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Statistical methods 
The pots  were ar ranged on the  greenhouse bench in a randomized  block 

design of three  replications.  Each  repl icat ion contained two pots  each of 
T rea tmen t s  1 and 2, and one p o t  each of T rea tmen t s  number  3 t h rough  6. 
Since the  yield and N-con ten t  da ta  f rom the  individual  pots  conta ined  two 
dis t inct  var iance  populat ions,  s tandard  errors of the  mean  were calculated on 
the  da ta  f rom Trea tmen t s  1, 2, 3, and 6 as one populat ion,  and of T rea tmen t s  
4 and 5 as another  populat ion.  

A r~aIytical procedures 

Cobalt  was de te rmined  f rom direct  counts  of 1 g ram samples of p lan t  
mater ia l ,  or sui table evapora ted  al iquots  f rom the  cul ture  solution, using a 
scint i l lat ion counter  equipped wi th  a 2-inch N a I  (Tl) crystal .  A single-channel  
scint i l la t ion spec t rometer  was used to reduce background  and a t  least  
10,000 dis integrat ions were counted  on each sample. Nodule  leghemoglobin 
was ex t rac ted  wi th  Drabkin ' s  solution ( C r o s b y  et al. 4) and measured  
color imetr ical ly  as the  cyanmet leghemoglob in  complex  on the  centr i fuged 
ext rac t .  Nodule  vo lume  was measured  by  liquid d isplacement  using wate r  or 
Drabkin ' s  solution as appropria te .  Ni t rogen analyses were made  by  a 
Kje ldah l  procedure.  

RESULTS AND DISCUSSION 

The fixed N supplied by the nutrient solutions was adequate for 
normal growth of the plants of all treatments for all but the last 
10 days of the growth period. The growth and color differences 
illustrated in Fig. 1 developed during this period. The treatments 
divide into two groups: those in which the level of Co was insufficient 
for symbiotic N-fixation (1 ppt added Co and less), and those in 
which the supply was adequate (10 and 100 ppt of Co in the nutrient 
solution). The plants with insufficient Co showed the characteristic 
symptoms of N-starvation, whereas those that  were nodulated and 
supplied adequate Co appeared normal. 

The effect of the Co-concentration of the nutrient solution on 
N fixation, and on the yield and Co-content of the nodulated alfalfa 
plants is shown in Fig. 2, and of the plants of all treatments in 
Tables 3 and 4. No N was fixed by the plants receiving 0, 0.1, and 
1.0 ppt of added Co, whereas 30 and 44 mg of N were fixed by the 
plants receiving 10 and 100 ppt respectively. The difference between 
the amounts of N fixed at the two higher levels of added Co is not 
statistically significant, and as illustrated is somewhat exaggerated 
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by the logarithmic scale of the x-axis. The plant-top yield curve is 
similar to the N fixed curve and again statistically significant 
differences exist only between the yields from those treatments of 
1 ppt or less, and 10 ppt or more of added Co. Plant growth on the 
non-N-fixing treatments was very uniform whereas that  on the 
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Fig .  2. T h e  e f fec t  of  C o - c o n c e n t r a t i o n  of t h e  n u t r i e n t  s o l u t i o n  on N f i x a t i o n ,  

a n d  on  t h e  y i e l d  a n d  C o - c o n t e n t  of t h e  t o p s  of n o d u l a t e d  a K a l f a  p l a n t s .  

TABLE 3 

The Co-content of plant  tops 

Co in pIant tops Co-concentration in: 
Trea tment  

number 
Co added 

/xg/pot 

2 X  10 -4 

2 ×  10 -a 
2 ×  10 -2 

2 ×  10-~ 
2 ×  10-~ 

,ag/pot % of added 

6.4 X 10 .6 3 
7.5 x 10 -a 4 
2.2 × 10 -3 11 
2.4 × 10 .2 12 
1.8 × 10 .2 9 

Stems Leaves 
ppt  ppt  

1 3.3 
6 38 

100 750 
1700 9000 
24OO 8200 

I 

Tops 
ppt  

1.8 
20 

486 
4900 
4500 

N-fixing treatments varied widely, resulting in two distinct plant 
yield variante populations (Table 4). Since N was the primary 
factor limiting growth, and since the plants were harvested soon 
after the initial meager supply of chemically fixed N was exhausted, 
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T A B L E  4 

Yield and N-content of plant tops 

Treatment  

Co added 

ppt 

i00 

0 

0.I 

I 

I0 

I00 

Rhizobia 
added 

n o  

yes 
yes 
yes 
yes 
yes 

Yield of 
plant tops 

g/pot Sx* 

4.02 0.07 

3.60 0.07 

3.53 0.07 
3.69 0.07 

4.53 0.37 

4.90 0.37 

N-content of plant tops 

% 

0.80 

0.80 

0.88 
0.82 

1.38 
1.56 

Sx mg/pot  

0.02 32.1 
0.02 28.8 

0.02 31.1 
0 .02 30.1 

0.09 62.5 

0.09 76.2 

Sx 

0.5 

0,5 
0.5 

0.5 
9.4 

9.4 

N fixed 

mg/pot  

nil 

nil 

ni~ 

nil 

30.5 
44.2 

* Standard error of the mean. 

the time of initiation of symbiotic N-fixation and the rate of this 
process controlled growth on the N-Iixing treatments. Considerable 
variation between plants existed in either the time of initiation or 
the rate of symbiotic N-fixation, or both. 

The Co-concentration in the plant tops was an exponential 
function of the initial concentration of Co in the nutrient solution 
(Fig. 2). The approximate equation for this relation was found 
to be: 

Co in tops = 25 (Co added) 1.145 

Measures of the distribution of Co among the different phases of 
the culture systems at the conclusion of the experiment revealed 
that 3 to 12 per cent of the added Co was in the plant tops (Table 3), 
approximately 50 per cent in the solution phase, and about 25 per 
cent associated with the CaCO3 at the bottom of the beaker. 

In this experiment 10 ppt of Co in the rooting medium was 
adequate for maximum symbiotic N-Iixation by alfalla. There were 
no significant differences in any of the measurements made between 
the 10-ppt and 100-ppt levels. In an experiment with soybeans, 
A h m e d  and E v a n s  2 3 obtained no significant differences between 
100 ppt and 1000 ppt of Co added to the culture. Maximal func- 
tioning of the symbiotic N-fixing mechanism was obtained here 
with 10 ppt of Co in the rooting medium. This is only 1/10 of the 
reported growth requirement of the rhizobia ( N i c h o l a s  and 
W i l s o n )  and may explain the dilficulties encountered in obtaining 
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adequate nodulation of plants growing in low-Co cultures (De 1- 
wiche  et al.6). Cobalt aecumulation by the plant roots would 
assure an adequate level within the root nodule. No N was fixed by 
the plants growing in the cultures receiving 0.1 and 1.0 ppt of Co, 
indicating that a minimum Co-level is necessary for the symbiotic 
N-fixing mechanism to become functional. This threshold Co-level 
is between 1 and 10 ppt in the rooting medium. 

Maximum symbiotie-N fixation by alfalfa is associated with 
0.0005 ppm of Co in the plant tops and 0.0008 ppm of the element 
in the leaves. Compared to the other plant nutrient elements, the 
Co-requirement of alfalfa is exceedingly low, being on ly  1/300 of 
that for molybdenum (Re i senaue r  10) on an atomie basis. The 
plant-top Co-content found here to be associated with maximum 
growth is approximately 1/100 of the eoncentration of the element 
in the forage considered adequate for the well-being of ruminants 
(Davis a). Since the Co-requirement of legumes is so mueh lower 
than that of animals, crop responses to fertilization with the element 
should be expected only on soils producing Iorage supplying in- 
sufficient Co for animals. 

A measnre of the parasitism of the rhizobia-legume association 
was obtained as a comparison of the growth of the non-nodulated 
and nodulated but non-N-Iixing plants. All components of the 
symbiotic N-fixing mechanism except the Co-factor are present in 
the nodulated Co-deficient plants as evidenced by the rapid acti- 
vation of N-fixation upon the addition of Co (Delwiche et ed.6). 

TABLE 5 

Weight, volume, and leghemoglobin COlltent of nodules 

Trea tment  

Co added 
Rhizobia 

added 
ppt 

Nodule 
volulile 

cc/pot 

Nodule 
weight** 

g/pot 

Leghemoglobin 
in nodules 

mg/co 

0 
0.1 
1 

10 
100 
100 

yes 
yes 
yes 
yes 
yes 
no 

2.4 
1.7 
3.2 
1.7 
1.5 
0 

2.72 
1.96 
3.51 
1.92 
1.70 
0 

Trace 
Trace 
Trace 
0.73 
0.73 
0 

* Fresh weight, 
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Production and maintenance of the symbiotic N-fixing mechanism 
cost the plant 10 per cent of its growth capacity under the conditions 
of this experiment. 

The data showing the effect of Co-level on the weight, volume, and 
leghemoglobin content of the nodnles are in Table 5. The plants of the 
pots inocnlated with rhizobia nodulated profusely throughout their 
entire root system. Only one nodule was found in the noninoculated 
series. The Co-level of the culture had no measurable influence on 
either the weight or volnme of nodules formed. Leghemoglobin was 
produced in measurable qnantities only at the two higher levels of 
added Co. The nodutes from the plants receiving 0, 0.1 and 1.0 ppt 
of added Co »vere white and contained only traces of leghemoglobin. 
Plants receiving 10 and 100 ppt of added Co yielded nodules that 
were pink and contained 0.73 mg of leghemoglobin per cc of nodule 
tissue. Nitrogen was fixed only in those nodules containing leghemo- 
globin. 

SUMMARY 

Alfalfa was grown in purif ied cul ture solut ions to which d i f ferent  a m o u n t s  
of rad ioac t ive  Co were added.  T r e a t m e n t  effects were eva lua ted  by  measur ing  
the  yield, N and  Co con t en t  of the  p l an t  tops ;  and  the  weight ,  vo lume and 
leghemoglobin  con ten t  of the  root  nodules.  The Co r equ i r emen t  of symbio t i c  
N f ixat ion was mer  w i th  10 p p t  of the  e lement  in the  root ing  med i u m;  th is  
a m o u n t  g a r e  p lan t s  conta in ing  0.0005 p p m  of Co in the i r  whole tops  and  
0.0008 p p m  of Co in the i r  leaves. Leghemoglobin  was found in measurab le  
amoun t s  only  in nodules  whieh  were fixing N a t  t he  t ime  of harves t .  The  
l eve l  of added  Co h a d  no effect  on the  weight  or volume of root  nodules  
formed,  no t  were  t he  Co levels suppl ied  re la ted  to  the  leghemoglobin  co n t en t  
of t he  nodules .  

Reeeived January 3, 1963 
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