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Summary. The competitive ability of inoculated and in-
digenous Rhizobium/Bradyrhizobium spp. to nodulate 
and fix N2 in grain legumes (Glycine max, Vigna 
unguiculata, Phaseolus vulgaris) and fodder legumes 
(Vicia sativa, Medicago sativa, and Trifolium subter-
raneum) was studied in pots with two local soils collected 
from two different fields op the basis of cropping history. 
The native population was estimated by a most-proba-
ble-number plant infectivity test in growth pouches and 
culture tubes. The indigenous rhizobial/bradyrhizobial 
population ranged from 3 to 2x 104 and 0 to 4.4x 103 
cells g-' in the two soils (the first with, the second with-
out a history of legume cropping). Inoculated G.max, P 
vulgaris, and 7: subterraneum plants had significantly 
more nodules with a greater nodule mass than 
uninoculated plants, but N2 fixation was increased only 
in G. max and P vulgaris. A significant response to inoc-
ulation was observed in tile grain legume P vulgaris in the 
soil not previously used to grow legumes, even in the pres-
ence of higher indigenous population (> 103 cells g-1 
soil of Rhizobium leguminosarunt bv phaseoli). No dif-
ference in yield was observed with the fodder legumes in 
response to inoculation, even with the indigenous 
Rhizobium sp. as low as < 14 cells g-1 soil and although 
the number and weight of nodules were significantly in-
creased by the inoculation in T subterraneum. Overall re-
covery of the inoculated strains was 38- 100076, as deter-
mined by a fluorescen~t antibody technique. In general, 
the inoculation increased N,fixation only in 3 out of 12 
legume species-soil combinations in the presence of an in-
digenous population of rhizobial/bradyrhizobial strains. 
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The legume-Rhizobium sp. symbiotic partnership is the 
most promising plant-bacterium association so far 
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known. It is being exploited in many countries to increase 
crop yields, with beneficial strains being introduced to 
ensure effective nodulation (Thompson 1980; Moxley et 
al. 1986; Dauso and Owiredu 1988; Kucey 1989). In Paki
stan, legumes are grown on 2 million hectares, which con
stitutes about 10% of the total 20.9 million ha of land un
der cultivation (Anon 1989). The main leguminous pulse 
crops are chickpeas, mungbeans, blackgrams, lentils, 
peas, and recently, introduced soybeans, while alfalfa, 
clover, sesbania, vetch, and ipil-ipil are widely grown as 
fodder and green-manure crops. Except for chickpeas 
and a few fodder crops, nodulation of these crops is ei
ther poor or completely absent (Hafeez et al. 1987). Inoc
ulated Rhizobium spp. strains often fail to compete with 
indigenous soil rhizobia and do not increase nodulation 
(Bromfield et al. 1986; Singleton and Tavares 1986). The 
successful use of a rhizobial/bradyrhizobial inoculant re
quires knowledge of the indigenous rhizobial/brady
rhizobial populations in terms of number, effectiveness, 
and competitive ability (Bromfield and Jones 1980; Sin
gleton and Tavares 1986; Thurman and Bromfield 1988). 
Further, rhizobia/bradyrhizobia strains differ in their 
ability to survive and nodulate different hosts/cultivars 
under adverse soil conditions (Gaur and Lowther 1982; 
Hafeez et al. 1988, 1991). However, for Pakistani soils, no 
information is available on the effect of the soil environ
ment on the competitive ability of rhizobia. 

The present study was therefore designed to investi
gate the competitiveness of indigenous and inoculated 
Rhizobium/Bradyrhizobium spp. strains in nodulating 
siA leguminous crops at two locations, in order to achieve 
maximum benefits and to establish the need for inocula
tion. 

Materials and methods 

The experiment was conducted in pots using soil collected from two 
fields of NIAB (located in a semiarid region of central Punjab, Paki
stan) selected on the basis of their cropping history. In soil 1,mung
beans, blackgrams, cowpeas, chickpeas and lentils had been grown in 
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the past 6 years, while no leguminous crop at all had been grown in soil 
2. Both soils belong to the Hafizabad series and are non-saline. The 
main soil properties are given in Table I. 

Indigenouspopulation 

The population density of indigenous Rhizobium/Bradyrhizobium 
spp. in the soils Aas determined by a plant infection technique (Vincent 
1970) using growth pouches containing an N-free nutrient solution or 
in N-free nutrient agar slents with various hosts (Thble 2). The plants 
were grown in a growth room at 27±2°C with a 15-h photoperiod and

2a photon flux density of 392 gmoles m- S -'. The seeds or alllegumes 
tested were surface-sterilized with I% NaOCI for 2-5 min, except M. 
atropurpureum, which was scarified with concentrated H 2SO 4 for 

5 min followed by repeated rinsing wish sterile water. 
Soil samples were collected in each field by taking 25 cr,es (diameter 

2.5 cm) to 20 cm depth in a grid pattern covering the entire field site af-
ter removing debris and the top I cm of soil. The pooled sample was 

thoroughly mixed and a subsamples of I kg soil were t;ken. The sub-

samplcr vere oven-dried (at 100 C)to determine the moisture content 

and then the soil was diluted on a dry weight basis.
 

Serial fourfold dilutions (4- 1to 4-8) vere prepared and 1ml of 

each dilution was applied directly to the roots of the test legumes, with 

four replicates for each dilution. Every 5th pouch and tube was kept as 

a control. Nodule observations were made daily and data were collected 

after 30 days of planting. Positive results were compared with a stan-

dard most probable number table (Vincent 1970) and 95076 confidence 

limits were applied to estimate the size of the rhizobialibradyrhizobial 

population. 


Competitive plant-growth response 

The competitive experiment in nodulation between the native and th,. 

inoculated strains was carried out in pots under natural light and tem- 

perature conditiors. Three grain legumes (G. max, V unguiculata, and
 
P vulgaris) and three fodder legumes (VicWa sativa, M. sativa and T 

subterraneumwere used as host species. Soil was collected from six lo-

cations in each field by mining the soil up to a depth of 20 cm, after re-

moving litter and the top I cm of soil; the soil was air-dried and sieved 

(0.5 cm). Each pot was filled with 4 kg soil (oven-dry weight -E100°C)
and fertilizer was added at a concentration of (agkg - 1 il) 200 P, 
252 K, 50Mg, 66S, 1.3 Zn, 0.1 Mo, 1.2 Mn, 3.75 Fe, 0.38 Cu, 0.08 Co, 
and 0.86 B.The :xperiment was perfotmed ina completely randomized 
block design with four replicates and three treatments (uninoculated, 
inoculated, and N control). N was applied at 100 and 40-80mg N 
:g-1 soil to the giain and fodder legumes, respectively. The pots were 
watered to field capacity and the soil was allowed to equilibrate for 2-3
days before planting. The host cultivars, bacterial strains, and their flu
orescent antibodies were obtained from NifTAL Project Paia, Hawaii, 
USA, except V urguiculatacv. AC 58 and P vulgaris cv. A 429, which 
were obtained from Mutation Breeding Division, NIAB, Faisalabad, 
and National Agriculture Research Center, Islamabad, Pakistan, respec-
tively. For G.max and P vulgaris, two cultivars were used, each in soil 
from a different field. The seeds were inoculated with a peat-based
multistrain (serolog~cally distinct strains) inoculum, using equal nurn-
bers of each strain, except for M.sativa, in which a single-strain inocu
lur was used, as other inoculant straits had shown cross-reactions with 
strain TAL 380. The number of viable rhizobia! cells was 104 and 107 
per seed at the time of sowing for small and large zeeds, respectively, 

Table 1. Some physicochemical properties oi soils used 

Soil type 	 pH CEC Organic Total 
(H20) (cmolkg- 1) C (070) N (06) 

Soil I Sandy loam 7.6 9.4 0.60 0.06 
Soil 2 Loam t0.07.8 	 0.54 0.06 

CEC. cation exchange capacity 

The plants were thinned to 3 large-seeded and 10 small-seeded legumes 
per pot. The surface of the pots was covered with gravel to prevent 
cross-contamination between treatments. The plants were harvested 
6-8 weeks after planting and nodulation data were recorded. The dry 
weight and total N were determined in shoots (Bremner 1965). Nodule 
occupancy (strai 1 recovery) was studied by the method of Schmidt et al. 
(1968), by randomly taking 25 nodules per replicate of each treatment 
with the respective tluo.'-scent antibodies of the inoculated strains. 

Results and discussion 

The response by inoculated rhizobial/bradyrizobial 

strains in the presence of an indigenous rhizobial popula
tion was studied with six legumc hosts in two soils. The 
indigenous population ranged from 3 to 2x 104 and 0 to 
4.4 X 103 cells g - soil in the soils with and without a le
gume cropping history, respectively (Table 2). The esti

mates of the indigenous population in these soils are the 
first to be obtained in this region. There are a few reports 
on inoculation responses on different !egumes (Idris et al.
1986; Hafeez et al. 1987), but these authors did not take 
the indigenous population into account.

The response to inoculation varied among legumespeespd betweenolables 3and 4). T e uma 
species and between soils (Tables 3 and 4). The nodula
tion response was most frequent in the soil where no pre
vious leguminous crop had been grown, indicating thatthis soil was more receptive to introduced inoculantstrains. .nciulation significantly increased nodule nur
bers in 6 cases (legume species-soil combinations) and 

nodule weights in 7 out of 12 cases (Table 3). In general,
the increased numbers and weights of nodules led to a 
significant increase in N2 fixation only in 2507u of the le
gume species-soil combinations. G. max responded sig
nificantly to inoculation in both soils, with a 34- 89016 in
crease in N concentrations in the inoculated plants com

pared with the uninoculated plants. The indigenous pop
ulation was extremely low (0-3 cells g- soil) in both 
soils, as G. max had not previously been grown in either
soil. It has been reported that in tropical areas, where ad
verse soil conditions tend to prevail, substantially lower 

numbers of native R japonicum,compared with the high
 
rhizobial numbers in an inoculant, can provide effective 
nodulation on legumes (Singleton and Tavares 1986;
Owiredu and Danso 1988; Thies et al. 1991). In the pre
sent study, inoculation significantly increased the number 
and dry weight of nodules on P vulgaris in soil 2 (no pre
vious legume crop) in the presence of a natural popula

tion of 4400 cell g- soil, but there %as oi..y a non-sig
nificant increase in nodulation in the other soil, which
had a native population of 2200 cells g- soil (Tables 3, 

NOj-N NH+-N Mineralizable N Annual 
(mgkg - ) (mgkg - i) (mgkg ) rainfall 

(mm) 

18.1 
15.1 

2.8 
1.5 

1.6 
1.2 

310.9±48.9 



Table 2. Population of indigenous Rhizobium/Bradyrhizobium spp. in 

two soils 

Host specie 	 (Estimate Confidence limits (95%) 
(cells g- soil) _In 

Loil Soil 2 	 Soil I Soil 2 

Glycine max 0.3 0.0 0.1-0.8 0 
220.0 440.0 	 81- 94 t63-118Phasolus 

19-140vacropilium 2000.0 52.0 740- 5400 
atropurpureum 

Vicia sativa 1.3 0.9 0.48-3.5 0.3-2.4 
Medicag, sativa 1.3 14.0 0.48-3.5 5.2-37.8 
"lnfoliam 14.0 1.8 5.2-37.8 0.7-4.9 
subterraneum 

Most pr, bable number cou-ts X 10; 950 confidence limits approx-

imately b-tween estimate divided by 2.7 and estimate multiplied by 2.7 

4). A significant increase was observed only ir the num-
ber of nodules in 1: unguiculata in soil 2 in the presence 
of a native bradyrhizobial population of 520 cell g-1 

(Table 3). V unguiculataand R vulgaris produced 2- and 
15-fold more nodules in soil 2, respectively, in response to 
inoculation, but without a significant increase in total N 
in V unguiculata(Tables 3, 4). Kucey (1989) reported thc. 
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plants in soils containing less than 8 X IO R. 
leguminosarum by. phaseoli g- soil and with low levels 

of mineral N showed increased levels of plant N and dry 
matter accumulation in response to rhizobial inoculation. 

our study significantly increased N concen ,'ations 

(25-97,70) were observed in P vulgaris and V 

unguiculata where N fertilizer was applied rather than in
oculation (Table 4), indicating that the NifTAL strains 
(recommended as highly effective) formed inefficient 

symbiosis with their hosts in our soils, so that insufficient 

N2 was fixed to allow the maximum yield. 
Among the fodder legumes T subterraneum respond

ed significantly to the inoculation, with increased 
nodulation in both soils (Table 3). A non-significant inoc
ulation response was obtained with M. sativa and Vicia 

the ndigenous populasativa (Tables 3, 4), even though 
tion was not so high (9- 140 cells g soil). In contrast 
to the grain legumes, neither inoculation nor the applica

tion of N fertilizer led to a significant increase in the total 
re-N concentration of fodder legumes (Table 4). These 

sults support the findings of other authors (Singleton and 

Tavares 1986; Thies et al. 1991) that relatively small indig
enous populations of rhizobia are sufficient to meet the 
host N demand is long as there are some effective strains 
in the population. 

Table 3. Comparison of nodulation in grain and fodder legumes by competition between inoculated and indigenous rhizobial/bradyrhizobial strains 

Host species/cultivars 

G. max cv. Lee (cv. William*) 
P. vulgans cv. Bush Bountiful 
(A429") 
V. unguiculata cv. AC58 
Vi. sativa 
A. sativa cv. Florida 77 
T. subterarum cv. Mt. Bakcr 

Soil I Soil 2 

Number (plant-i) Dry weight 
(mg plant-) 

Number (plant-) Dry weight 
(mg plant t ) 

INO UINO INO UINO INC UINO INO UINO 

19.2a 0.2b 43.1a 0.3b 54.0a Ob 220.Oa Ob 

1.8a 
24.6a 
22.4a 

8.7a 
27.1 a 

la 
21.5ab 
16.3 a 
7.3a 
9.1 b 

1.5a 
65.Oa 
89.2a 

l.7a 
10.6a 

Oa 
72.5a 
52.9b 

1.8a 
2.4b 

91.7a 
a7.1a 
24.7a 
15.3a 
19.2a 

6.2b 
21.Ob 
16.7a 
ll.6a 
7.5 b 

158.Oa 
65.5a 
13.7a 
7.5a 
8.1 a 

16.6b 
55.7a 
6.8ab 
4.2b 
2.7 b 

Means of four replicates. Numbers between INO and UINO columns fol:owed by the same letter are not significantly different at P = 0.0! by Dun-
Vicia; M, Medicago; T., Trifolium;

can's Multiple Range Test; INO, Inoculated; UINO, Uninoculated; G., Glycine; P,Phaseolas; V., Viona; Vi., 

* cultivars used only in soil 2 

dry matter ind total N concentration in grain and fodder 
Table 4. Com, arison or inoculated and indigenous rhizobial/bradyrhizobial strains on 

legumes 

Host species Soil I 

Dry matter (g plant 

INO UINO 

G.max 2.1 a 2.1 a 
P. vulgaris 1.6b 1.9b 

V. unguiculata 1.2a l.Oa 
V. sativa 0.7a 0.7a 
M. sativa 0.3a 0.4a 
T. subterraneum 0.5a 0.4a 

NC, N control; for other explanations, see 

Soil 2 

i Total N (mg plant -) Dry matter (g plant-i) Total N (mg plant-s) 

NC INO UNIO NC INO UINO NC INO UINO NC 

2.2a 
2.4a 
1.8a 
0.7a 
j.3a 
0.5a 

51 a 
53b 
34b 
24a 
16a 
18a 

38b 
55b 
27b 
22a 
15a 
14a 

54a 
91a 
67a 
20a 
18a 
13a 

3.Oa 
1.9a 
1.4a 
0.8a 
0.5a 
0.3a 

2.7a 
1.8a 
1.3a 
0.7a 
0.5a 
0.3a 

2.5a 
2.1a 
1.6a 
0.7a 
0.5a 
0.3a 

72a 
48b 
37ab 
21a 
13a 
17a 

38b 
26c 
31 b 
21a 
Ila 
la 

90a 
67a 
69a 
24a 
18a 
17a 

footnotes to Table 3 
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Table 5. Relative abilities of inoculated strains to nodulate grain and fodder legumes in two soils 

P. vulgaris T. subterraneumG. max 

Strain Nodule Strain Nodule Strain Nodule 
numbc ,, .cci:pancynumber occupancy number occupancy 


(TAL) (o) (TAL) (mo) (rAL) (%) 


ND 

SoI Soil 2 Soil I Soil 2Soil I Soil 2 

107 
,77 
379 

10 
0 
4 

8 
I 
3 

182 
1797 
1383 

ND 
ND 
ND 

22 
19 
0 

1826 
1827 
1828 

0 
0 
0 

ND 
ND 
ND 

102+377 34 33 182+1797 ND 49 1826+ 1827 50 

102+379 9 8 182+1383 ND 0 1826+ 1828 0 ND 

377+379 11 9 1383+1797 ND 0 1827+1828 0 ND 

102+377 32 38 182+1383 ND 3 1826+ 1827 30 ND 
+ 1826
+1797
+379 


ND, not detected; for other explanations, see footnotes to Table 3 

Despite some increases in nodulation due to inocula-
tion, no significant increases iriplant dry matter were ob-
served for any of the legume-soil combinations (Thble 4). 
This suggests that under some soil conditions, factors 

main constraints on plantother than soil N are the 

growth (Owiredu and Danso 1988; Weiser et al. 1990). 


Strain identification in nodules from the inoculated 

treatments indicated the pzattern of competition between 
the inoculated and indigenous strains (Table 5). Nodule 
occupancy by inoculant strains ranged from 38 to 1000o. 
Thies et al. (1991) reported that nodule occupancy by in-

oculant strains ranged from 7 to 1000% and was inv..'rsely 
related to the number of indigenous rhizobia. In the pre-
sent study, the inoculant strains formed nodules on all or 

was thealmost all the inoculated plants. The exception 
cowpea, where only 38-44% of the nodules were partly 
occupied by TAL 169 in both soils, indicating that this 

poor competitor against a large indigenousstrain is a 
population. Another cowpea bradyrhizobial inoculant 
strain, TAL 658, completely failed to compete with the in

digenous rhizobia for nodule occupancy in this region. 
Nodule occupancy on f. vulgaris, however, indicated bet-
ter competitior. against a moderately high native popula-
tion (4400 cells of R. leguminosarum bv. phaseoli g-
soil 2). The mixed strain inoculation used in this study 
showed vast differences in the competitiveness of individ
ual strains for nodule occupancy. Single-, double- and tri-
pie-strain occupancy of nodules was high in G. max, R. 

vulgaris, T subterraneumand Vicia saliva(Tbie 5), indi-
cating that the strains inoculated were relatively competi-
tive in this respect. A heterogenous nodule occupancy by 

ino-:ulant strains has also been reported by Beynon and 
(1981), Gaur and Lowther (1982), Danso andJosey 

Owiredu (1988), and Owiredu and Danso (1988). The re-

suits of the present study support the findings of Thies 
et al. (1991) and indicat. that the inoculant strains were, 
in general, very successful in competing with indigenous 

there was commonlyrhizobia for occupancy. However, 
no yield response, even when the inoculant rhizobia ocu 
nopiedhespjory en wnole iaoccu-
pied the majority of nodules, 

This study examined the population of soil rhizobia 
on six leguminous crops representing various cross-in-

V. sativa M. sativaV. unguiculata 

Strain Nodule Strain Nodule Strain Nodule 

number 
(TAL) 

occupancy 
(010) 

number occupancy 
(TAL) (07) 

number 
(TAL) 

occupancy 
(%) 

Soil I Soil 2 Soil I Soil 2 Soil I Soil 2 

1397 30 97 169 38 44 380 100 100 

1399 0 0 658 0 0 

1397+1399 70 0
 

oculant groups, and varied responses to inoculation with 

selected rhizobia, were observed. In general, the inocula
tion led to an increased N2 fixation, with 2.5 times more 
nodules in the inoculated than the uninoculated plants 
(Singleton and Tavares 1986). Our data clearly demon
strate that low native rhizobial/bradyrhizobial popula
tions are not the only criterion for success with inocula
tion. In addition, the host cultivar, the soil type and envi

ronmental factors may also affect the establishment of 
active N2-fixing symbioses. Thus the inoculated plants 
of G. max, P vulgaris and T sublerraneumhad 2.5 times 

more nodules than the uninoculated plants, and yet N2 
fixation increased only in G. max and R. vulgaris. More
over, some plants (ft vulgaris) showed a significant re
sponse to the inoculation, even in the presence of higher 
native rhizobial population (103 cells g-I soil), and even 
though no difference in nodulation, total N, or dry mat
ter yield was observed in M. salivaand Vicia salivain the 

presence of native rhizobia at less then 14 cells g- soil. 
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