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Summary. The competitive ability of inoculated and in-
digenous Rhizobium/Bradyrhizobium spp. to nodulate
and fix N, 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 or 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 2x10* and 0 to 4.4x 10’
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 :ignificantly
more nodules with a greater nodule mass than
uninoculated plants, but N, fixation was increased only
in G. max and P, vulgaris. A significant response to inoc-
ulation was obszrved in the grain legume P vulgaris in the
soil not previously used to grow legumes, even in the pres-
ence of higher indigenous population (>10° cells g~'
soil of Rhizobium leguminosaruni by 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~' 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— 100%, as deter-
mined by a fluorescent 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.

Key words: Bradyrhizobium - Competition — Indige-
nous — Inoculated — Nodulation — Rhizobium

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; Danso 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 ieguminous 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 or indigenous and inoculated
Rhizobium/Bradyrhizobium spp. strains in nodulating
six 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 1.

Indigenous population

The population density of indigenous Rhizobium/Bradyrhizobium
spn. in the soils was determined by a plant infection technique (Vincent
1970) using growth pouches containing an N-free nutrient solution or
in N-free nutrient agar slznts with various hosts (Table 2). The plants
were grown in a growth room at 27+2°C with a 15-h photoperiod and
a photon flux density of 392 umoles m ~2S~". The seeds of all legumes
tested were surface-sterilized with 1% NaOCI for 2—5 min, except M.
atropurpureum, which was scarified with concentiated H,SO, for
5 min followed by repeated rinsing with 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 coveving the entire field site af-
ter removing debris and the top | cm of soil. The pooled sample was
thoroughly mixed and a subsamples of 1 kg soil were tuken. The sub-
sample= were 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" 10 4~%) were prepared and 1 ml 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 95% confidence
limits were applied to estimate the size of the rhizobial/bradyrhizobial
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 conditior s. Three grain legumes (G. ntax, V. unguiculata, and
P vulgaris) and three fodder legumes (Vicia sativa, M. sativa and T,
subterraneumn were used as host species. Soil was collected from six lo-
cations in each field by mining the soil up to 2 depth of 20 cm, after re-
moving litter and the top 1 cm of soil; the soil was air-dried and sieved
(9.5 cm). Each pot was filled with 4 kg soil (oven-dry weight ~t 100°C)
and fertilizer was added at a concentration of (g kg~! :il) 200P,
252K, 50Mg, 66 S, 1.3 Zn, 0.1 Mo, 1.2 Mn, 3.75 Fe, 0.38 Cu, 0.08 Co,
and 0.86 B. The uxxperiment was performed in a completely randomized
block design with four replicaies and three treatments (uninoculated,
inoculated, and N control). N was applied at 100 and 40—-80mg N
kg ™! 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. ur.guiculata cv. AC 58 and P vulgaris cv. A 429, which
were obtained from Mutation Breeding Division, NIAB, Faisalabad,
and Mational Agriculture Research Center, Islamabad, Pakistan, respec-
tively. For G. max and P. vulgaris, two cultivars wers used, each in soil
from a different rield. The seeds were inoculated with a pcat-based
multistrain (serologically distinct strains) inoculum, using equal num-
bers of each strain, except for M. sativa, in which a single-strain inocu-
lum was used, as other inoculant strains had shown cross-reactions with
strain TAL 380. The number of viable rhizobia! cells was 10° and 107
per seed at the time of sowing for small and large z2eds, respectively.

Table 1. Some physicochemical properties o: soils used

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 -veeks after planting and nodulation data were recorded. The dry
weight and total N were determined in shoots (Bremner 1965). Nodule
occupancy (strai1 recovery) was studied by the method of Schmidt et al.
(1968), by randomly taking 25 nodules per replicate of each treatment
with the respective fluo.=scent antibodies of the inoculated sirains.

Results ané discussion

The response by inoculated rhizobial/bradyriiizebial
strains in the presence of an indigenous rhizobial popula-
tion was siudied with six legume hosts in two soils. The
indigenous population ranged from 3 :0 2x 10* and 0 to
4.4x10° 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 inoculat:on responses on different legumes (Idris e al.
1986; Hafeez et al. 1987), but these authors did not take
the indigenous population into account.

The response to inoculation varied among legume
species and between soils (Tables 3 and 4). The nodula-
tion response was most freguent in the soil where no pre-
vious leguminous crop had been grown, indizating that
this snil was more receptive to introduced inoculant
strains. Incculation sigaificantly increased nodule nura-
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 N, fixation only in 25% of the le-
gume species-soil combinations. G. max responded sig-
nificantly to inoculation in both soils, with a 34~89% 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 B. japonicum, compared with the high
rhizobial numibers 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 nuinber
and dry weight of nodules on £ vulgaris in soil 2 (no pre-
vious legume crop) in the presence of a natural popula-
tion of 4490 cell g~' soil, but there was or..y a non-sig-
nificant increase in nodulation in the other soil. which
had a native population of 2200 cells g~' soil (Tables 3,

Mineraliznblc N

Soil type pH CEC Organic Total NO;y-N NH;-N Annual
(H;0)  (emolkg™!)  C () N (%) (mgke™")  (mgkg~") (mgkg™" rainfal!
(mm})
Soil t  Sandy loam 7.6 9.4 0.60 18.1 2.8 1.6 310.948.9
Soil 2 Loam 7.8 10.0 0.54 is.1 1.5 1.2

CEC, cation exchange capacity
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Table 2. Population of indigenous Rhizobium/Bradyrhizobium spp. in
‘two soils

Host species Estimate Confidence limits (95%)
(cells g~ soil)
Loil 1 S0il 2 Soil ! Soil 2
Glycine max 0.3 0.0 0.1-0.8 0
Phaseolus 2200 440.0 81594 163 - 11388
vulgaris
Macroptilium 2000.0 52.0 740 - 5400 19-140
atropurpureum
Vicia sativa 1.3 0.9 0.48-3.5 03-2.4
Medicagn sativa 1.3 14.0 0.48-3.5 52-137.8
Trifolium 14.0 1.8 5.2-237.8 0.7-4.9
subterraneum

Most prr bable number courts X 10; 95% confidence limits approx-
imately brtween 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 ), unguiculata in soil 2 in the presence
of a native bradyrhizobial population of 520 cell g™
(Table 3). V. unguiculata and P. 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 ¥, unguiculata (Tables 3, 4). Kucey (1989) reported thot

Table 3. Comparison of nodulation in grain and fo
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plants in soils containing less than 8x10° R.
leguminosarum bv. phaseoli g~ ! soil and with low levels
of mineral N showed increased levels of plant N and dry
matter accurnulation in response o rhizobial inoculation.
In our study significantly increased N concen‘rations
(25-97%) were obscrved in R vulgaris and W
unguiculata where N fertilizer was applicd 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
N, was fixed to allow the maximum yield.

Among the fodder legumes 7. 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
sativa (Tables 3, 4), even though the indigenous popula-
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
N concentration of fodder legumes (Table 4). These re-
sults support the findings of otlier 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 s long as there are some effective strains
in the population.

dder legumes by competition between inoculated and indigenous rhizobial/bradyrhizobial strains

Host species/cultivars Soil 1 Soil 2

Number (plant™") Dry weight Number (plant ™" Dry weight

(mg plant ™) (mg plant™")

INO UINO INO UINC INC UINO INO UINO
G. max cv. Lee (cv. William*®) 18.2a 0.2b 43.1a 0.3b 54.(a 0b 220.0a 0b
P. vulgans cv. Bush Bountiful
(A429*) 1.8a Ta 1.5a 0a 91.7a 6.2b 158.0a 16.6b
V. unguiculata cv. ACS8 24.6a 21.5ab 65.0a 72.5a 47.1a 21.0b 65.5a 35.7a
Vi. sativa 22.4a 16.3a 89.2a 52.9b 24.7a 16.7a 13.7a 6.8ab
M. sativa cv. Florida 77 8.7a 7.3a 1.7a 1.8a 15.3a 11.6a 7.5a 4.2b
T. subterrarcum cv. Mt. Baker 27.1a 9.1b 10.6a 2.4b 19.2a 7.5b 8.1a 2.7b

Means of four replicates. Numbers betweer.

can’s Multiple Range Test; INO, Inoculated; UINO, Uninoculated; G., Glycine;

* cultivars used only in soil 2

Table 4. Com, arison of incculated and indigenous rhizobial/brad
legumes

INO and UINO columns foliowed by the saine letter are not significantly different at P = ¢.0! by Dun-

P, Phaseolus; V., Vi na; Vi., Vicia; M, Medicago; T., Trifolium;

yrhizobial strains on dry matter 1nd total N concentratior in grain and fodder

Host species Soil 1

Soil 2

Dry matter (g plant ™ ")

Total N (mg plant™")

Dry matter (g plant~") Total N (mg plant™")

INO UINO NC INO UNIO NC INO UINO NC INO UINO NC
G. max 2.1a 2.1a 2.2a S1a 38h 54a 3.0a 2.7a 2.5a 72a 38b 90a
P. vulgaris 1.6b 1.9b 2.4a 53b 55b 91a 1.9a 1.8a 2.1a 48b 26¢ 67a
Y. unguiculata 1.2a 1.0a .8a 34b 27b 67a 1.4a 1.3a 1.6a 37ab 3tb 69a
V. sativa 0.7a 0.7a 0.7a 24a 22a 20a 0.8a 0.7a 0.7a 2{a 21a 24a
M. sativa 0.3a 0.4a J.3a 16a 15a 18a 0.5a 0.5a 0.5a 13a i1a 18a
T. subterraneum 0.5a 0.4a 0.5a 18a f4a 13a 0.3a 0.3a 0.3a 17a tha 17a

NC, N control; for other explanations, see footnotes to Table 3
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Table 5. Relative abilities of inoculated strains to n

odulate grain and fodder legumes in two soils

G. max P. vulgaris T. subterraneum V. sativa V. unguiculatu M. sativa
Strain  Nodule Strain Nodule Strain Nodule Strain Nodule Strain Nodule Strain Nodule
number occupancy number occupancy numbew «ccrpancy  number occupancy number occupancy number occupancy
(TAL) (") (TAL) (") (TAL) (%) (TAL) (%) (TAL) (%) (TAL) (%)
So‘l 1 Soil 2 Soil | Soil 2 Soil 1 Soil 2 Soil | Soil 2 Soil 1 Soil 2 Soil | Soil 2

107 10 8 182 ND 22 1826 0 ND 1397 30 97 169 38 44 380 100 100
377 1} 1 1797 ND 19 1827 0 ND 1399 0 0 658 0 0
379 4 3 1383 ND 0 1828 0 ND 1397+1399 70 0
102+ 377 34 33 18241797 ND 49 1826+ 1827 SO ND
102+379 9 8 182+ 1383 ND 0 1826+ 1828 0 ND
377+ 379 t! 9 1383+ 1797 ND 0 1827+1828 0 ND
102 +377 32 38 182+ 1333 ND 3 1826+ 1827 30 ND

+379 +1797 + 1826

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

Despite some increases in nodulation due to inocula-
tion, no significant increases in plant dry matter were ob-
served for any of the legume-soil combinations (Table 4).
This suggests that under some soil conditions, factors
other than soil N are the main constraints on plant
growth (Owiredu and Danso 1988; Weiser et al. 1990).

Strain identification in nodules from the inoculated
treatments indicated the pzttern of competition between
the inoculated and indigencus strains (Table 5). Nodule
occupancy by inoculant strains ranged from 38 to 100%.
Thies et al. {1991) reported that nodule occupancy by in-
oculant strains ranged from 7 to 100% and was inv. rsely
related to the number of indigenous rhizobia. In the pre-
sent study, the inoculant strains formed nodules on all or
almost all the inoculated plants. The exception was the
cowpea, where only 38—44% of the nodules were partly
occupied by TAL 169 in both soils, indicating that this
strain is a poor competitor against a large indigenous
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 P, 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-
ple-strain occupancy of nodules was high in G. max, P
vulgaris, T. subterraneum and Vicia sativa (Tabie 5), indi-
cating thai 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
Josey (1981), Gaur and Lowther (1982), Danso and
Owiredu (1988), and Owiredu and Danso (1988). The re-
sults 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
rhizobia for occupancy. However, there was commonly
no yield response, even when the inoculant rhizobia occu-
pied the majority of nodules.

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

oculait groups, 2nd varied responses to inoculation with
selected rhizobia, were observed. In general, the inocula-
tion led to an increased Nj 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 Nj-fixing symbioses. Thus the inoculated plants
of G. max, P, vulgaris and T. subterraneum had 2.5 times
raore nodules than the uninoculated plants, and yet N,
fixation increased only in G. max and P. vulgaris. More-
over, some plants (P vuigaris) showed a significant re-
sponse to the inoculation, even in the presence of higher
native rhizobial population (10* cells g~' soil), and even
though no difference in nodulation, total N, or dry mat-
ter yield was observed in M. sativa and Vicia sativa in the
presence of native rhizobia at less then 14 cells g~ soil.

Acknowledgments. Thc/lﬁy was partially supported by USNSF,
WREMN Project, Nif TAL, Paia, Hawaii, USA. We thank Dashir Ahmad
and M. Tariqg Mahmood for their technical assistance. We are gratefu!
to Dr. G. D. Bowen, FAO/IAEA expeit, for improving the revised manu-

script.

References

Anon (1989) Agriculture statics of Pakistan 1983-89. Govt Pak
Ministry Food Agri Coop. Food Agri Div, Islamabad, pp 33-44
Beynon JL, Josey DP (1981) Demonstration of heterugeneity in natural
population of Rhizobium phaseoli using variation in intrinsic antibi-
otic resistance. J Gen Microbiol 118:437-442

Bremne: JM (1965) Total nitrcsen. Inorganic forms cf nitrogen. In:
Black CA, Evans DD, White JL, Ensminger LE, Clark FE (eds)
Methods of soil analysis. Am Soc Agron, Madison, Wisconsin, pp
11491237

Brom/ield ESP, Jones DG (1980) Study on double strain occupancy of
‘1odules and competitive ability of Rhizobium trifolii on red and
white clover grown in soil and agar. Ann Appl Biol 94:51 -59

Bromfield ESP, Sinha IB, Wolynetz MS (1986) Influence of location,
host cultivar and inoculation on the composition of naturalized pop-
ulation of Rhizobium meliloti in Medicago sativa nodules. App! En-
viron Microbiol §1:1077 1084



Danso SKA, Owiredu JD (1988) Competitiveness of intryduced and in-

* digenous cowpea Bradyrhizobium strains for nodule formation on
cc vpeas [Vigna unguiculata (L.) Walp] in three soils. Soil Biol
B\ chem 20:305-310

Idris M, Ashraf M, Malik KA (1986) Response of lentil (Lens culinaris
Medic) to Rhizobium inoculation and phosphorus application for ef-
fective nodulation and nitrogen fixation under field conditi~i.
Sarhad J Agric 2:145-153

Gaur YD, Lowther WL (1982) Competitiveness and persistence of intru-
duced rhizobia on oversown clover: Influence of strain, inoculation
rate and lime pelleting. Soil Biol Biochem 14:99-102

Hafeez FY, Idris M, Malik KA, Asad S, Malik IA (1987) Screening of

chickpeas (Cicer arietinum L.) and lentils (Lens culinaris Medic) for
their nitrogen fixation potential. In: Ilahi I, Hussain F (eds) Modern
trends of plant science research in Pakistan. Jadoon Printing Press,
Peshwar, pp 140-144

Hafeez FY, Aslam Z, Malik KA (1988) Effect of salinity and inocula-
tion on growth, nitrogen fixation and nutrient uptake of Vigna radi-
ata (L.) Wilczek. Plant and Soil 106:3—~8

Hafeez FY, Asad S, Malik KA (1991) The effect of high temperaturc on
Vigna radiata nodulation and growth with different bradyrhizobial
strains. Environ Exp Bot 31:285-294

Kucey RMN (1989) Responses of field bzan (Phaseolus vulgaris L.)to
levels of Rhizobium bv. phaseoli inoculation in soils containing effec-
tive R. leguminosarum bv. phaseolt population. Can J Plant Sci
69:419-426

Moxley JC, Hume DJ, Smith DL (1986) N, fixation and competitive-

1"t

ness of Rhizobium phaseoli strains isolated from Ontario soils. Can
J Plant Sci 66:825-836

Owiredu JD, Danso SKA (1988) Response of soybean [Glycine max (L.)
Merrill] to Bradyrhizobium japonicum inoculation in three soils in
Ghana. Soil Biol Biochem 20:311-314

Schmidt EL, Bakole RO, Bohlool BB (1968) Fluorescent antibody, ap-
proach to study of rhizobia in soil. J Bacteriol 95:1987—1992

Singleton PW, Tavares JW (1986) Inoculation response of legumes in re-
lation to number and effectiveness of indigenous Rhizobium popula-
tion. App! Environ Microbiol 51:1013-1018

Thies JE, Singleton PW, Bohlool BB (1991) Influence of the size of in-
digenous rhizo*ial populations on establishment and symbiotic per-
formance of introduced rhizobia on field-grown legumes. Appl Envi-
ron Microbiol 57:19-28

Thompson JA (1980) Production and quelity control o1 legume in-
oculants. In: Bergerson FJ (ed) Methods for evaluating biological ni-
trogen fixation. Wiley, New York, pp 439--534

Thurman NP, Bromfield ESP (1988) Effects of variation within and be-
tween Medicago and Mel:lotus speices on the composition and dy-
namics of indigenous populations of Rhizobium meliloti. Soil Biol
Biochem 20:31-38

Vincent JM (1970) A manual for the practical study of root nodule bac-
teria. 1BP Handbook 15, Blackwell, Oxford

Weiser GC, Skipper HD, Wollum AG II (1990) Exclusion of inefficient
Bradyrhizobium japonicum serogroups by soybean genotype. Plant
and Soil 121:90-105



