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Summary. Strains of Bradyrhizobium influenced root
colonization by a species of vesicular-arbuscular
mycorrhizae (VAM), and species of VAM influenced
root nodulation by strains of Bradyrhizobium in pot
experiments. In a field experiment, the effects of VAM
on competition amongst inoculated bradyrhizobia
were less evident, but inoculation with Bradyrhizobi-
um strains increased root colonization by VAM. Cer-
tain VAM/ Bradyrhizobium inoculum strain combina-
tions produced higher nodule numbers. Plants grown
without Bradyrhizobium and VAM, but supplied with
ammonium nitrate (300 pgml ') and potassium
phosphate (16 pg ml™"), produced higher dry-matter
yields than those inoculated with both symbionts in
the pot experiment. Inoculation with either symbiont
in the field did not result in higher pod and haulm
yields at harvest.

Key words: N, fixation — Arachis hypogaea — Vesic-
ular-arbuscular mycorrhizae (VAM) — Bradyrhizobi-
um — Groundnut

Many legumes benefit from the symbiotic association
with bradyrhizobia and with VAM. In this tripartite
assoctation, the symbiotic partners interact with each
other. Nodules formed by bradyrhizobia on legumes
fix atmospheric N,, while the major role of VAM is
aiding plant nutrition, mainly by improving phosphate
uptake (review by Hayman 1986). The extraradical
VAM fungal hyphae are broadly analogous to extra
root hairs that increase the volume of soil exploited for
nutrients. By improving the P status, the VAM indi-
rectly enhance the N status of the legumes (Hayman
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1986). The benefits of VAM are mainly observed on
plants grown with insoluble P sources, such as rock
phosphate. Benefits from inoculation with VAM and
bradyrhizobia have been reported in many legumes
(Daft and El-Giahmi 1976; Smith and Daft 1977;
Bagyaraj et al. 1979; Azcon-Aguilar et al. 1982; Par-
vathi ¢t al. 1985; Hayman 1986; Karunaratne et al.
1987; Subba Rac and Krishna 1988). Inoculation with
strains of bradyrhizobia have increased groundnut
yields under certain circumstances. Inoculation with
one strain, NC 92, has increased groundnut pod vields
in many trials. However, inoculation with another
strain, NC 43.3, did not, although strain NC 43.3
showed a greater N,-fixing efficiency in glasshouse
experiments and formed a similar percentage of nod-
ules to that formed by NC 92 in the field in competi-
tion with native bradyrhizobia (Nambiar 1985). Inoc-
ulation with VAM species has also increased pod
vields in fieids (ICRISAT 1987). We examined the ef-
fect of these symbionts on each other in a pot experi-
ment and in field experiments, in order to study
competition among strains of Bradyrhizobium and
VAM for groundnut (Arachis hypogaea L..) root infec-
tion, to determine the effecis of both symbionts on
plant growth, and to assess the usefulness of dual in-
oculation in the field is a viable strategy.

Materials and methods

Bradyrhizobium strains NC 92, NC 43.3, and TAL 176 were ob-
tained from North Carolina State University, Raleigh, and NifTAL,
Hawaii, USA). These three strains ranked high in N;-fixing effi-
ciency in pot experiments with over 50 strains. Strains FB 103, FB
105, and IC 6012 were isolated from nodules collected from ground-
nut plants grown in ICRISAT (Patancheru) fields, and were includ-
ed in the pot experiment as representatives of the most efficient lo-
cal field bradyrhizobia. The Bradyrhizobium inoculation was car-
ried out as described by Nambiar et al. (1983, 1987). Species of my-
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corrhiza (Table 1) were obtained from D, J. Bagyaraj (University of
Agricultural Sciences, Bangalore, India} and from A.S. Rao (Nagar-
juna University, Guntur, India). The VAM species were multiplied
on Chloris gayana, grown in pots containing a mixture of soilrite
and perlite {1:1), and inoculated as described by Sreenivasa and
Bagyaraj (19884, b). The bradyrhizobia were inoculated at the rate
of 108 cells seed™ !, and the VAM at 50 spores pot !

FPort experiment. The plants were grown in a glasshouse at tempera-
tures of 28°+4°C and 23+4°C day and night, respectively. The me-
dium used was a sterilized mixture of soilrite and perlite (Sreenivasa
and Bagyaraj 1988a), at the rate of 500 g in a 15-cm diameter pot,
and incorporating rock phosphate (5 gkg~! of soilrite/perlite). The
plants were supplied with a nutrient solution as described by Nam-
biar et al. (1983), except that no P was included. Other growth con-
ditions were similar to those described by Nambiar et al. (1987).
Eight seeds were sown per pot, which were thinned to three plants
soon after emergence. Nine strains of VAM and one control P treat-
ment were tested with two N-source treatments (Tables 1 and 2). Un-
der the first treatment, seeds were inoculated with the following
Bradyrhizobium strains: (1) A mixture of NC 92 and NC 43.3; (2)
a mixture of NC 92 and three native strains (FB 103, FB 105, and
IC 6012); and (3) a mixture of NC 43.3 and three native strains (FB
103, FB 105, and IC 6012; all mixtures contained 10° cells per seed
of each strain). The second N-source treatment comprised plants
grown without a source of symbiotic N but with mineral N only,
supplied a5 ammoniuns nitrate (300 pgml '), This was the control
treatment. The treatments were arranged in a factorial design, with
four replications. The volumes of nutrient solution added to each
pot were: 100 ml until 10 days after sowing; 200 ml until 20 days af-
ter sowing; 300 ml undl 30 days after sowing; 400 ml until 40 days
after sowing; and 500 ml until 50 days after sowing. The plants were
harvested 50 days after sowing. The cultivar used was Robut 33-1.

Field experiment. Two field experiments were conducted in Alfisol
fields, Chemical properties of Alfisols at the ICRISAT Center, in
general, are pH 6.3, organic C 0.62%, total N 0.06%, total P
140mg kg™ soil, and NOF 1.7mgkg™! soil. All plots were fertil-
ized with 40 kg ha ! P,0; as single superphosphate. The indige-
nous rhizobial population in these soils was 104 to 10° cells g ' dry

soil (by most probable number counts). Each plot comiprised a
1.5-m bed with four rows 30 cm apart and plants spaced at 10 cm
within the rows. Other growth conditions were as described earlier
(Nambiar et al. 1984 a). Inoculants, using y-iradiated peat as a carri-

. &f, were used in these experiments. The inoculum was prepared by

thoroughly mixing the peat in water (0.7 g litre~ 1y and pouring the
mixture below the seed (4— 5 ml seed ™'Y into the furrow, to give a
minimum population of 10° cells seed™!. Uninoculated plots,
nodulated by the native Bradyrhizobium population, served ag a
control. in the first experiment, which was conducted during the
1986 rainy season, five genotypes (Robut 33-1, JL 24, T 11, PI
259747, and NC Ac 2821} inoculated with three strains of
bradyrhizobia (NC 92, NC 43.3, TAL 176, and a non-inoculated
control) were tested in a factorial design. The seeds were sown on
23 June 1986, and the plants were sampled 60 days after sowing and
harvested on 20 October 1986. In the second experiment, tests were
conducted during the 1986-- 1987 postrainy seasom on the nine
strains of VAM and two strains of bradyrhizobia, with nen-inoc-
ulated control treatments for both symbients, The treatments were
arranged in a split-plot design with strains of mycorrhiza as the
main plot and strains of Bradyrhizobium as the subplot; there were
four replications. The genotype used was Robut 33-1. The plants
were irrigated during the postrainy season at intervals of 7— 10 days,
and were regularly sprayed for protection against insect pests. The
crop was sown on 2 December 1986; the plants were sampled 70 days
after sowing and harvested on 6 April 1987,

Observations. The nodules were separated and 50 nodules per treat-
ment were typed for the idenity of the nodulated strain by enzyme-
linked immunosorbent assay as described by Nambiar et al.
(1984b). The roots were stained with 0.1 % trypan blue, and the per-
centage of roots infected with mycorrhizae weré recorded as de-
scribed by Phillips and Hayman (1970). The N ard P contents in
plant tissues were determined by Technicon (Autoanalyser II, indus-
trial method 218-72 A, 11, Technicon Industrial Systems, Tarry-
town, NY 10591, USA).

Statistical analysis. The results were analyzed using conventional
techniques. Wherever necessary, the data were transformed to the
arcsine variable for the analysis of variance. All results were tested
for significance at the 5% level of probability,

Table 1. Effect of vesicular-arbuscular mycorrhizae and bradyrhizobia on dry matter production {g plant~ ) in pot experiment

Strains of mycorrhiza Bradyrhizobium strains

Ammonium oitrate?

NC 92+NC 43.3

NC 92+ 3 strains®

NC 43.3+ 3 strains?

1. Glomus fasciculatus (D)

E3 35 15
2. Acaulospora spp. (ICR) 33 3.5
3. Glomus monosporus 4.5 4.9
4. Gigaspora calospora (B)

ICR 4.8 5.0
5. Acaulospara laevis 5.0 5.0
6. Glomus fasciculatus 3.5 4.8
7. Glomus macrecarpus

(local) 4.0 5.7
8. Gigaspora spp. 4.0 4.8
9. Gigaspora calospora

(Nedlands) 4.4 5.1
10. P control 4.1 7.5

LSD 1.37

4.2 12,8
4.6 12.5
5.8 13.8
51 13.3
4.4 13.2
4.5 15.8
4.9 13.3
4.4 12.8
5.4 13.4
7.9 15.8

2 FB 103, FB. 103, IC 60i2
® Values excluded for statistical analysis

SEM +0.16 comparing Bradyrhizobium and mycorrhiza inoculation treatments
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Results
Pot experiment

Plant growth and yield. Growth was highest in the
plants supplied with ammonijum nitrate, either inocu-
lated with Glomus fasciculatus or grown with soluble
P (Table 1). The local strains mixed with NC 92 or NC
43.3 showed a better N,-fixing ability than the mix-
ture of NC 92 and NC 43.3, as reflected in the dry-
matter production of plants grown with soluble P.
These results suggest strong interactions among
Bradyrhizobium and VAM inoculation treatments. In
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some instances, there was a negative effect on plant
growth from VAM colonization in the pot experiment.
Gigaspora spp. inoculated with NC 92+ NC 43.3 colo-
nized 89% roots, but produced only 4 g dry matter
plant~!, whereas Glomus monosporus inoculated
with NC 43.3 and local strains colonized only 7%
roots, but produced 5.8 g dry matier plant ~! (Tables 1
and 2).

Effect of bradyrhizobia and VAM on competition,
Strains of VAM significantly influenced nodule for-
mation by strains of Bradyrhizobium. In the absence

Table 2. Effect of bradyrhizobia on root colonization by vesicular-arbuscular mycorrhizae (percentage infected roots} in pot experiment

Strains of mycorrhiza Bradyrhizobium strains

Amrionium nitrate

centrol
NC 92+NC 43.3 NC 92+ 3 strains® NC 43.3 + 3 strains?®
1. Glomus fasciculatus (D)

E3 24 22 20 66
2. Acaulospora spp. (ICR) 44 36 46 84
3. Giomus monosporus 11 13 7 41
4. Gigaspora calospora (B)

ICR 36 34 17 36
5. Acaulosporg lgevis 33 23 30 56
6. Glomus fasciculatus 17 24 11 68
7. Glomus macrocarpus 37 43 23 - 49
8. Gigaspora spp. 89 72 22 66
9. Gigaspora calospora

{Nedlands) 27 52 24 57

10. P control® ND ND ND ND

LSD 457

2 FB 103, FB 105, 1C 6012
b ND, not detected

Table 3. Effect of vesicular-arbuscular mycorrhizae on percentage of total nodules formed by strains NC 92 and NC 42.3 in pot experiment

Strains of Bradyrhizobium strains

mycorrhiza®
Nodules formed by NC 92

Nodules formed by NC 43.3

NC 92+NC 43.3

NC 92 + 3 strains?

NC 92 + NC 43.3 NC 43.3+ 3 strains®

1. Glomus fasciculatus (D)

E3 78 41
2. Acaulospora spp. (1CR) 63 38
3. Glomus monosporus 84 35
4. Gigaspora calospora (B)

ICR 67 35
5. Acaulospora laevis 86 41
6. Glomus fasciculatus 49 38
7. Glomus macrocarpus

{local) 68 41
8. Gigaspora spp. 63 31
9. Gigaspora calospora

(Nedlands) 73 15

10. P control 89 34

LSD 12.9

52 38
55 T 39
49 39
38 39
24 31
68 3
51 39
61 H
47 29
34 20

® FB 103, FB 105, IC 6012

b Strains 1,2,3, 4,5 7, and 9 were obtained from D. . Bagyaraj and 6 and 8 from A.S. Rao
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of any VAM, when mixtures of NC 92 and NC 43.3
were inoculated, strain NC 92 occupied more nodules
(89%) than strain NC 43.3 (34%) (Table 3). In the
presence of some strains of mycorrhiza also, NC 92
formed more nodules than strain NC 43.3; e.g., in the
presence of Acaulospora laevis, 86% nodules in the
NC 92+ NC 43.3 mixture were formed by NC 92, but
the presence of Glomus fasciculatus reduced the com-
petitive ability of strain NC 92 (49% NC 92 nodules),
Strain NC 92 was less competitive when mixed with lo-
cal Bradyrhizobium strains; only 34% nodules were
formed by NC 92 in the absence of VAM, but in this

case, the addition of mycorrhizae did not significantly
influence the competitive ability of NC 92 against the
local strains. However, inoculation with VAM strains
increased the formation of nodules by NC 43.3 when
inoculated with the mixture of local strain.

Effect of Bradyrhizobium strains on VAM infection.
In some instances, a higher root colonization by VAM
was observed in the plants supplied with ammonium
nitrate supplied than in the nodulated plants. Root
colonization by Gigaspora spp. was significantly high-
er (72%) in the presence of NC 92 mixed with local

Table 4. Effect of vesicular-arbuscular mycorrhizae and bradyrhizobia on number of nodules plant ~! in pot experiment

Strains of mycorrhiza Bradyrhizobium strains

Ammonium nitrate®

NC 92+ NC 43.3

NC 92+ 3 strains®

NC 43.3+ 3 strains?

1. Glomus fasciculatus (D)

E3 55 34
2. Acaufospora spp. (ICR) 52 35
3. Glomus monosporus 90 56
4. Gigaspora calospora (B)

ICR 117 55
5. Acaulospora laevis 82 70
6. Glomus fusciculatus 81 51
7. Glomus macrocarpus

(local) 80 635
8. Gigaspora spp. 102 47
9. Gigaspora calospora

{Nedlands) 84 58
10. P control {43 112

LS 30.6

57 3
57 9
75 8
74 20
53 20
62 5
79 15
61 3
73 4
136 5

a FB‘103, FB 103, IC 6012
® Values excluded from statistical analysis

Table 5. Effect of vesicular-arbuscular mycorrhizae and bradyrhizebia on N assimilation (mg plant ~!; dry marter percentage N in paren-

theses) in pot experiment

Strains of mycorrhiza Bradyrhizobium strains

Ammonium nitrate

NC 92 +NC 43.3

NC 92+ 13 strains®

NC 43.3+3 strains?

. Glomus fasciculatus (D)

E3 95 2.7 98 (2.7} 121 (2.9) 375 (2.9)
2. Acaulospora spp. {ICR) 81 {2.6) 104 (3.00 136 {3.0) 351 (2.8)
3. Glomus monosporus 133 3.0y 144 (2.9) 209 (3.6) 354 (2.6)
4. Gigaspora calospora (B)

ICR 143 3.0 151 (3.0) 151 3.0y 368 (2.8)
3. Aeaulospora lgevis 152 (3.1) 156 (3.1) 133 3.09 368 (3.5)
6. Glomus fasciculatus 100 {2.8) 141 (2.9 131 (2.9} 363 (2.3)
7. Glomus macrocarpus

(local) 115 (2.9) 166 (2.9) 146 (3.0) 365 (2.8)
8. Gigaspora spp. 109 (2.7) 150 (3.1) 123 (2.8) 347 (2.7)
9. Gigaspora calospora

{Nedlands} 129 2.9) 155 (3.0 155 2.9) 387 (2.9)

10. P control 118 (2.9 228 (3.0) 238 (3.0} 420 (2.7)

LSD 64.4 (0.56)

* FB 103, FB 105, IC 6012
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Table 6. Effect of vesicular-arbuscular mycorrhizae and bradyrhizobia on P uptake (mg plant

in pot experiment
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~ ! dry matter percentage N in parentheses)

Strains of mycorrhiza Bradyrhizobium strains

Ammeonium nitrate

NC 924+ NC 43.3

NC 924 3 strains®

NC 43.3 +3 strains?

1. Glomus fasciculatus (D)

E3 12 (0.39) 11 {0.33) 13 (0.32) 36 (0.28)
2, Acaulospora spp. (ICR) 1t {0.34) 12 {0.36) 15 (0.33) 39 (0.31)
3. Glomus monosporus 17 (0.37) 16 (0.34) 18 (0.32) 40 (0.29)
4. Gigaspora calospora (B}

ICR 16 (0.33) 15 (0.31) 15 (0.30) 39 (0.30)
5. Acauiospora laevis 16 (0.32) 16 {0.33) 15 (0.38) 38 (0.35)
6. Glomus fasciculatus 12 (0.34) 15 ¢0.32) 14 (0.32) 43 (0.27)
7. Glomus macrocarpus

(local) 13 (0.34) 17 (0.31) 16 (0.33) 37 {0.28)
8. Gigaspora spp. 14 (0.35) 16 (0.33) 14 (0.31) 34 (0.26)
9. Gigaspora calospora

(Nedlands) 14 (0.32) 16 (0.31) 18 {0.39) 43 (0.32)

10. P control 21 (0.50) 34 (0.46) 36 (0.46) 75 (0.47)

LSD 6.2 (0.056)

2 FB 103, FB 105, IC 6012

Table 7. Effect of Bradyrhizobium inoculation on root coloniza-
tion by vesicular-arbuscular mycorrhizae (percentage infected
roots) in the field during the 1986 — 1987 postrainy season

Strains of Bradyrhizobium strains  Non-inoculated
mycorrhiza (without
NC 92 NC 43.3 bradyrhizobia)
1. Glomus 27 33 3
Jasciculatus (D) E3
2. Acaulospora 32 27 32
spp. (ICR)
3. Glomus
MONOSPOrUS 29 51 24
4. Gigaspora 40 31 42
calospora (B) ICR
5. Acaulospora
laevis 49 50 49
6. Glomus
Sasciculatus . 44 46 38
7. Glomus 50 34 50
macrocarpus (local)
8. Gigaspora spp. 47 51 39
9. Gigaspora
calospora 37 24 17
(Nedlands)
10. Non-inoculated 45 25 3
control (without
mycorrhiza)
LSD 15.4

strains, but only 22% in the presence of strain NC 43.3
(Table 2). The presence of NC 92 increased root colo-
nization by Gigaspora spp. (72% —89%, compared to
23% in the absence of strain NC 92).

Effect of VAM on nodulation. Apart from their effect
on the competitiveness of individual Bradyrhizobium

strains, the VAM strains also influenced the total num-
ber of nodules formed on each plant (Table 4). For ex-
ample, when mixtures of NC 92 and NC 43.3 were in-
oculated, the maximum nodulation among the VAM-
inoculated plants occurred with Gigaspora calospora
(117 nodules plant™'), and the minimum with
Acaulospora spp. (52 nodules plant ~'). However, the
overall maximum nodulation was observed in the
plants grown with soluble P alone.

Accumulation of N and P. The N and P accumulated
in plants and the percentages of N and P at harvest
also varied considerably with the bradyrhizobia-VAM
combinations used (Tables 5 and 6). The application
of ammonjum nitrate did not significantly influence
the percentage of N, but did promote a higher N up-
take. Among the plants that were dependent on symbi-
otic N, those supplied with soluble P accumulated the
highest N levels, followed by those inoculated with
Glomus monosporus and NC 43.3 with the three local
isolates (Table 5). The plants inoculated with local
strains mixed with NC 92 and NC 43.3 and supplied
with soluble P absorbed more P and N than those in-
oculated with mixtures of NC 92+ NC 43.3. The high-
est level of P was accumulated in the plants supplied
with soluble P and ammonium nitrate (Table 6).
Among the VAM strains, Gigaspora calospora
(Nedlands) in combination with NC 43.3 and local
bradyrhizobia strains accumulated 18 mg P plant !,
while NC 92+NC 43.3 with Acaulospora spp. accu-
mulated 11 mg P plant !, The differences in the per-
centage of dry-matter P were greater than the differ-
ences in the percentage of N, Certain
BradyrhizobiumVAM combinations gave N levels
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comparable to those in the plants supplied with am-
monium nitrate, but the P level was high in all soluble-
P supplied plants, the highest being in those inoculat-
ed with mixtures of strains NC 92 and NC 43.3 (Tables
5 and 6).

Field experiments

Pod and dry-matrer yields, In both field experiments,
inoculation with VAM, alone or in combination with

Table 8. Effect of Bradyrhizobium inoculation on root coloniza-
tion by vesicular-arbuscular mycorrhizae (percentage infected
roots) in the field during the 19386 rainy season

Bradyrhizobium strain Root colonization by VAM (%)?

Nomn-inoculated control 48"
NC 92 72
NC 43.3 66
TAL 176 63
LSD 11.5

* Means of five genotypes: Robut 33-1, JL 24, 1 11, P1 259747,
and NC Ac 2821; no VAM was inoculated
® Non-inoculated plants were nodulated by native bradyrhizobia

Table 9. Effects of vesicular-arbuscular mycorrhizae on the number
of nodules® plant~! and the competitiveness of inoculated brady-
rhizobia in the field during the 1986 — (987 postrainy season

Strains of Bradyrhizobium strains Non-inoculatedd
mycorrhiza® (without
NC92° NC43.3°  bradyrhizobia)

1. Glomus 135 (25) 106 (17} 132 (~)
Jasciculatus (D) B3

2. Acaulospora 141 (30) 108 (30) 137 (-)
spp. (ICR}

3. Glomus
MONOSPOris 128 (24) 146 (18) 143 (=)

4. Gigaspora 165 (22) 121 (23) 100 (=)

calospora {(B) ICR
5. Acaulosporg

faevis 141 26) 122 (18) 132 ()
6. Glomus

Sasciculatus 150 21) 136 (22) 136 (-)
7. Glomus 164 (27) 129 (23) 106 (—)

macrocarpus (local)
8. Gigaspora spp. 130 (31) 128 (19) 122 (=)
9. Gigaspora

calospora 121 30 175 (23) 137 ()

(Nedlands)

10. Non-incculated 122 (26) 125 20) 117 (=)

control (without

mycorrhiza)

LSD 41.2 (8.7)

* Percentage of nodules formed by inoculant strains given in pa-
rentheses; —, not detected

® Percentage of NC 92 nodules

° Percentage of NC 43.3 nodules

4 Neither NC 92 nor NC 43.3 was detected in non-inoculated con-
trol

Bradyrhizobium, did not significantly influence the
pod yields. No response to Bradyrhizobium or VAM
inoculation was observed in these experiments (mean
haulm  yield 4200kgha™!, and pod yield
4000 kg ha™"),

Root colonization by VAM. Inoculation with strains
of bradyrhizobia had a marked effect on the VAM
root colonization. It was not possible to differentiate
colonization by native mycorrhizae and by inoculated
VAM strains. Glomus monosporus inoculated with
NC 43.3 gave 51% root colonization, but Glomus
monosporus inoculated with NC 92, or without any
added Bradyrhizobium inoculant, gave only 29% and
24% root colonization, respectively (Table 7). Inocula-
tion with strain NC 92 resulted in better root coloniza-
tion by native VAM (45% compared to 31% non-inoc-
ulated), This specificity was more evident in a second
field experiment when four genotypes were tested.
Since the genotype mean and genotype  x
Bradyrhizobium mean interactions were not signifi-
cantly different, the means of four genotypes only are
presented (Table 8). Inoculation with strain NC 92 in-
creased root colonization by native VAM to 2%,
while only 48% of the roots were colonized by VAM
without additional Bradyrhizobium inoculation.

Nodules formed by bradyrhizobia, Both the Bradyrhi-
zobium strains tested, NC 92 and NC 43.3, formed less
nodules in the field (24% —33%) compared with pots
when mixed with three isolates from similar fields (Ta-
ble 5). The influence of inoculated VAM strains on the
percentage of nodules formed by the inoculated
Bradyrhizobium strain was only marginal, But inocu-
lation with specific combinations of both symbionts
under certain combinations increased the total num-
ber of nodules (Table 9; e.g., Gigaspora calospora (B)
ICR and Glomus macrocarpus (local) inoculated with
NC 92 and Gigaspora calospora {Nedlands) inoculat-
ed with NC 43.3).

Discussion

Plants grown without Bradyrhizobium inoculation
and without mineral N showed stunted growth and
started defoliating around 25 days after sowing; these
were not included in the final observation. The resuits
were similar when the plants were not supplied with
any source of P. :

The application of ammonium nitrate increased
dry matter production threefold, but the N concentra-
tion in the plants was not affected. The Bradyrhizobi-
um strains used in these experiments were among the
top 10 strains for efficiency in N, fixation selected by
screening experiments on 62 Bradyrhizobium strains
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from different parts of the world. In these, as well as
in many other experiments conducted earlier (P. T.C.
Nambiar and V. Anjaiah 1986, unpublished data)
plants supplied with ammonium nitrate consistently
grew better than those inoculated with the most effi-
cient Bradyrhizobium strain. In contrast, in the field,
the application of fertilizer N even at 200 kg N ha™!
did not significantly influence the growth and yield of
this groundnut cultivar, Robut 33-1 (Nambiar et al.
1986). The difference between the root growth of pot-
ted plants and that of plants grown in the field, and
the difference in the availability of nutrients and water
could result in a variable nutrient uptake, but it is dif-
ficult to account for such a high level of variation be-
tween the pots and the field. The three most effective
Bradyrhizobium strains from these fields were also in-
cluded in the pot experiment, but the plants inoculat-
ed with these strains also grew poorly compared to
those supplied with ammonium nitrate. There were no
significant differences in N content.

Total N and P uptake is well correlated with plant
growth in pot experiments (r>=0.98 for N and
r* = 0.85 for P; Fig. 1). The total nodule number and
plant growth (excluding values for the ammonium
nitrate treatment) were poorly correlated (r2 = 0.27),
mainly because of the interference from P sources. In
earlier pot experiments when only N was the limiting
factor, we observed a high correlation between nodule
numbers and plant growth (Narmbiar et al. 1983). This
indicates that even if the number of nodules is in-
creased as a result of Bradyrhizobium inoculation, un-
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der P-limiting conditions this may not result in better
plant growth and yield.

Concentrations of N and P in the plants were in-
fluenced by VAM and the P status, and by the -
Bradyrhizobium and ammonium nitrate treatments.
In the Bradyrhizobium treatment with mixtures of NC
92 and NC 43.3, there was a higher P uptake by the P-
supplied plants, but this was not reflected in the dry
matter; this high P uptake represents either luxury
consumption or differences in metabolism under dif-
ferent nutritional conditions.

Species of VAM differ in their root colonization
abilities and this is well documented (Hayman 1983).
Strains of bradyrhizobia influence this process. Hicks
and Loynachan (1987) observed that while the in-
oculation of soybeans with Glomus mosseae did not
alter the competitiveness of Bradyrhizobium strains
USDA 123 and USDA 110, P fertilization influenced
the nodule occupancy of the native Bradyrhizobium
strains in the field. They also observed that the relative
competitive abilities of the two Bradyrhizobium
strains were unrelated to the level of infection by
Glomus mosseae in a glasshouse experiment, Ames
and Bethlenfalvay (1987} observed that neither VAM
nor P application affected the competitive interaction
by bradyrhizobia for nodule formation on cowpea
roots. Contrary to these reports, we observed that
VAM strains influenced the competitiveness of Brady-
rhizobium strains, and that Bradyrhizobium strains
also influenced the root colonization by VAM.

Several Bradyrhizobium inoculation trials have
been conducted in fields at the ICRISAT center (Nam-
biar 1985), and in none of these experiments have we
observed an increase in the number of nodules as a re-
sult of Bradyrhizobium inoculation. However, the da-
ta presented here indicate that under certain combina-
tion of VAM and Bradyrhizobium inoculation, the to-
tal number of nodules was higher on plants grown in
the inoculated plots. The metabolic processes in the
rhizosphere are complex, and interactions between the
symbiont and the host plant could influence the recog-
nition, infection, and establishment of effective Sym-
bioses. The magnitude of these interactions could be
large when the total microftora in the rhizosphere is
considered. Ames et al. (1984) studied changes in
rhizospheric bacterial populations in mycorrhizal and
non-mycorrhizal roots, and observed that populations
of only one bacterial isolate were significantly in-
creased by the presence of Glomus mosseae. Krishna
et al. (1984) reported an antagonistic interaction be-
tween a2 VAM fungus and an actinomycete, There are
several other reports on similar interactions (Barea et
al. 1975; Azcon et al. 1976; Bagyaraj and Menge
1978). These factors will influence experiments de-
signed to test responses to inoculation in different lo-
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cations and will make it difficult to explain any incon-
sistencies in yield responses. However, we have ob-
served no significant responses to inoculation in the
vields of field experiments.
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