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The pigeon pea strainz of Bradyrhizobium CC-1, CC-8, UASGR(S), and x4 were evaluated for nodulation,
effectiveness for N, fixation, and H, oxidation with homologous and nonhomoloous host plants. Strain CC-1
nodulated Macroptiliury atropurpureum, Vigna unguiculata, Glyciae max, and G. soja but did not nodulate
Pisum sati-um, Phaseclris vulgaris, Trigonella focaum-graecurns, and Trifolium repens. Strain F4 nodulated G.
max cv. Peking and Pf 43493/ (Malayan), but the symbioses formed wer - poor. Similarly, G. r1ax cv. Peking,
cv. Bragg, PI 434937, PR 13-28-2-8-7, and HM-1 were acdulated by strain CC-1, and symbioses were also
poer. G. max ¢v. Williams and cv. Clark were not noduiated. H, cptake activicy was expressed with pigeon pea
and cowpea, but not with shybean. G. max cv. Bragg grown in Bangalore, India, in local soil not previously
exposed to Bradyrhizobium japonicum formed nodules with indigenous Bradyrhizobium spp. Six randomly
chosen isolates, each originating from a different nodule, formed effective symbicses with pigeon pea hust
ICPL-407, nodulated PR 13-28-2-8-7 soybean forming moderately effective symbioses, and did not nedulate
Williams soyhean. These results indicate the six isofates to be pigzon pez strains although they originated from
soybean nodules. Host-determined nodulation ot soybean by pigeon yea Bradyrhizobium spp. may depend upon
the anc ... :l backgrouads of the cultivars. The poor symbioses formed by the pigeon pea strains with soybean
indicatc .1at this crop should be inoculated witii B. japonicurs for its cultivation in soils containing only pigeon

pea Bradyrhizobinm spp.

Cajanus cajan (pigeon pea) is cultivated in puie and mixed
stands in the tropics and subtropics of both hemispheres (1).
Nodulation 1s frequently poor, and crop yielas are not
usually improved by inoculation (23). Although the poor
response of pigeon pea to inoculation could be due to soit
factors, particularly soil N (6), inefficiency for N, fixatior, in
the pigeon pea symbiosis might als. be a contributing factor.
Little information is available ubout the nodulation ability of
pigeen pea Bradyrhizobium spp. and iheir N, fixation poten-
tial on homoiogous and nonhemologous hosts. Therefore,
cur objectives were to determine the host range for nodula-
tion, effectiveness for N, fixation, and H, oxidation capabil-
ities of nireon pea Bradyrhizobinm spp.

MATERIALS AND METHODS

Bucterial strains. The pigeon pea Eradyrhizobium srains
were obtained from Tamil Nadu Agricultural University in
Coimbatore (CC-1), the Indian Agricultaral Research Insti-
tute in New Delhi (F4), and the University of Agricaltural
Sciences in Bangalore {CC-8 and UASGR(S)]. The cowpea
strain, Bradyrhizobium sg. P-132, Rhizobium fredii HH103,
and Bradyrhizobium jeponicum 1-110 were kindly provided
by D. D. Focht, University of California, Riversid«, and H.
H. Keyser and L. D. Kuykendall, U.S. Department of
Agriculture, Peltsville, Md., respectively. The cultures
STI-1 through STI-6 were isolated from nodules of Bragg
soybean grown in soil with indigenous pigeon pea strains and
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without soybean brad yrhizobia. Stock cultures of each of the
strains were mainta-ne’] at 4°C on the yeast-salts-mannitol
agar described by Vincent (26). Yeasi-salts-mannitol broth
was usz2d to prepare inncila.

Plant growth. Soytcan seed Glvcine max cv. Bragg, PR
13-28-2-8-7, and HM-1 were obtained from J. A. Jackobs
(INTSOY; University of Illinc:s, Urbana). Seeds were sur-
face sterilized with acidified 0.1% (wt/vol) HgCl, (26) for 3
min, washed five times with sierile water, and sown in sterile
vermiculite in Leonard jars or 18-cm plastic pots. The pots
had been steriliz>d overnight with a solution of 8§00 .l of
Rocal ! (dimethylbcnzylammonium chloride; National Lab-
oratorics, Montvaie, N.J.) liter ™!, foilowed by rinsing with
tap water (3). Each pot received 10 mi of approximately 10°
cells ml™ from a 7-day-oid culture of bradyrhizobia. The
surface of the vermiculite in each pot was covered with a
1-cm layer of sterile coarse pertite, which scrved as a dry
barrier. An additional precaution was taken to prevent
contamination of the plant cultures by watering them from
the bottom. All of the v conard jars und pots received 250 ml
of full-strength combinec-N-free nutrient solution (19) ini-
tially and 2 and 4 weeks after sowing. Each Leonard jar or
pot contained four plants, and each treatment was in tripli-
cate. The plants v zre grown in a gre *nhouse without sup-
plemental lighting for 42 days.

Isoiation of hradyrhizobia from nodules. G. max cv. Bragg
was grown in Bangalore, India, to investigate whether indig-
enous bradyrhizobia present in Indian soils are able to
nodulate soybean. Surface-sterilized seeds were sown in
pots filled with a local field soil, which had not been used
previously for the cultivation of soybean and had not been
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exposed to soybean strains. The nodules were excised from
the plants at 6 weeks and were dried and stored over silica
gel in screw-capped tubes. Bradyrhizobia were isolated from
the dricd nodules by the procedure of Vincent (26). Six
randomly chosen isolates, each originating from a different
nodule, were selected and designated STI-1 through STI-6.

Measurements. The plart tops were excised above the
cotyledonary node. dried for 2 days at 60°C, and milled for N
analysis with a Carlo Erba automatic nitrogeu analyzer
(Carlo Erba Strumentazione, Milan, Italy). The above-
ground N from N, fixation, expressed in milligrams plant™?,
was derived by subtracting the values obtained for the
aninoculated controls from ihose of the treaiment plants.
The detached roots were used to measure C,H, reducticn,
expressed as micromoles of C,H, plant™! hour™! as de-
sciibed by Keyser et al. (13). Nodules were detached after
the C,H, reduction assays and dried for 2 days to determine
nodule dry weight, expressed in milligrams plant~!. Bacte-
roid suspensions were prepired by homogenizing approxi-
mately 0.2 g (fresh weight) of nodules in 10 mi of 50 mM
potassium phesphate-2.5 mM MgCl, buffer (pH 7.0) at 4°C
as described by McCrea et al. (17). A 3-ml amperometric
chamber (10) was used to test the bacteroid and cell suspen-
sions for H, uptake (Hup) activity, expressed as nanomoles
milligram ™" hour~!. The dry weights of the cell sisspensions
were determined by comparing measurements of Ag,, with a
standard curve. MADP-linked 6-phusphogluconate dehydro-
genase activity was determined as described by Sadowsky et
al. (22) and by vsing R. fredii HH103 as a positive control.

RESULTS

The four pigeon pea Bradyrhizobiur strains, CC-1. CC-8,
UASGR(S). and Fd, and the cowpea-associated strain, P-
132, nodulated pigeon pea host ICPL-407. Strains CC-1,
CC-2, UASGR(S), and P-132 formed effective N,-fixing
symbioses, whereas F4 was ineffective (Table 1). Acetylene
reduction was detecied in each of the symbioses at the time
of harvest. Different levels of Hup activity were observed
among the five strains. NADP-linked 6-phosphogluconate
dehydrogenase by free-living cultures of the pigeon pea
strains was not detected, indicating that the bacteria can
probably be classified as Bradyrhizobium spp. (22). NADP-
linked 6-phosphogluconate dehydrogenasz activity by
HH103 was detected with the methodology used.

Strain CC-1 was used to evaluate seven different varieties
of pigeon pea hosts for N, fixation, C,H, reduction, and H,
oxidation. No significant variation in N, fixation, C,H,
reduction, and Hup activity was observed among the liosts

TABLE 1. Growth of C. cajon ICPL-407, nitrogenase activily,
and H, oxidation by symbioses formed with five pigeon
pea bradyriizobia®

Acetyle..c

. Aboveground M 1ron N Hup activity

Strain N, i%x:.llion (mg) (L°rg‘(‘)|°‘|:‘3’;) (nr‘:ml h™Y
CC-1 18.3a 2.0ab 16.8a
CC-8 14.6a 1.4ab 1.7d
UASGR(S) 18.6a 2.3a 3.9¢c
P-132 16.7a 2.3a 5.9b
F4 0.5b 1.1b 0.9d

“ Abovegronnd N and acetylene reduction are expressed on a per plant
basis, and Hup activity is per milligram of dry bactercid weight. Numbers in
the same column flanked by the same letter are not significantly different at the
1% level of probability as determined by Duncan’s new multiple-range test.
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TABLE 2. Evafuation of six G. max hosts for nitrogen fixation
and nitrogenase activily in symbioses formed with
strain CC-1¢

Aboveground N from Acetylene reduction

G. max host

N, fixation (mg) (umol h7Y)
Pl 434937 8.7a 8.4a
Peking S.2ab 7.1a
PR 13-28-2-8-7 4.0ab 1.8b
Bragg 3.9ab 0.4bc
HM-1 1.0b 1.2bc

“ Aboveground M and acetylene reducti i are expressed on a per plant
basis. Williams soybzan was not nodulated. Hup activity was not detected
with soybean as the host. Numbers in the same column flanked by the same
letter are not significantly Jifferent at the 197 level of probability as cetermined
by Dusican's new multiple-range test.

UAPS-120, HY-3C, Lam Rg-36. BDN-1, ICPL-407, ICPL-
399. and ICPL-87. The range ot aboveground N from N,
fixatiop was 14.5 to 21.3 mg plant™!, the range of C,H,
reduction was 2.6 to 5.8 pmol of C,H, plant ~' h™!, and the
runge of Hup activity was 20.0 to 28.5 nmol mg™! h™%,

Nodulatio of Pisum sativem cv. Alaska, Phaseolus vul-
caris ¢v. Lake Shasta, Trigonella foenum-graecum (fenu-
greek), Trifolinm repens (white clover) Tillman FC no.
40109, Macroptilium atropurpureum (Siratro), Vigna ungui-
culata (cowpea), seven varicties of G. max (soybean), and
two plani introducunns of Glvcine soja (wild soybean) was
also investigated. Nodules were formed by CC-1 with Sira-
tro, cowpea, G. suja, and soybean with the exception of
cultivars Williams and Clark.

The nodulation ability of the pigeon pea tradyrhizobia
with cowpea and soybesn was explored further by examin-
ing the physiology of the symbioses formed. The five strains
nodulated cowpea. forming effective N,-fixing and H,-oxi-
dizing symbioses. The range of aboveground N from N,
fixation was 23.0 to 35.8 mg plant™!, and the range of C,H,
reducticn was 5.0 to 6.1 umol of C,I4, plant™! h™?, but the
data were not significantly different. The rate of Hup activity
by F4 (80.6 nmol mg™* h™!) was significantly higher (P =
0.€1) than that of the other strains, which varied from 29.8 to
46.8 nmol mg™ ! h™l,

Nodulation «nd N, fixation by strains CC-1 and F4 with
soybean were invesiigated by using six and threc host
varieties for CC-) and F4, respectively. Soybeans were
nodulated by CC-1 and F4 with the exception of cultivar
Williams. The aboveground N from N, fixation and C,H,
reduction differed significartly among the soybean hosts
with CC-1:Table 2). The strain F4 was ineffective on Peking
and PI 434937 (data not shown). Hydrogen oxidation by
isolated bacteroids of CC-1 from symbicses with the soy-
bean hosts was not det~ctable.

Nodulation of soybean by nigeon pea bradyrhizobia was
examined further by growing Bragg soybean in soil with an
indigenous population. The plants nodulated when growing
in Bangalore, ladia, in a local soil not pieviously exposed to
B. japonicum. However, the symbioses formed were poor
because the plants remained light green in color. Isolates
from the nodules were tested for nodulation and N, fixation
with pigeon pea ICPL-407 and the soybeans PR 13-28-2-8-7
and Williams. The six isolates nodulate< and formed N,-
fixing symbioses with pigeon pea (Table 3). The soybean PR
13-28-2-8-7 was also nodulated by the six isolates, but N,
fixation was poor compared with 1-110. Wiiliams soybean
was not nodulated by the six isolates. The isolate STi-1 also
nodulated Bruagg soybean. but N, fixation was poor com-
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TABLE 3. Symbiotic effectiveness of isolates from nodules of G. max cv. Bragg with C. cajan ICPL-407 and G. max PR 13-28-2-8-7¢

Aboveground N from N,

Nadule dry wt (mg) with:

Acctylene reduction

Isolate or fixation (mg) with: (umol h™1) with:
strain
Pigeon pea Soybean Pigeon pea Soybean Pigeon pea Soybean

STI-1 10.8b 13.1b 27.7bc 66.7b 2.7cd 15.8a
STI-2 12.3b 6.7b 34.7abe 53.0b 5.1bc 12.2a
STI-3 i7.9ab 10.5b 57.7a 75.3b 7.8ab 18.8a
STI-4 24.5a 13.9¢ 5a.3a 79.Gab 10.3a 22.1a
STI-S 15.1ab 17.3b 41.0ab 115.7ab 6.8abc 26.6a
STI-6 14.4ab 13.3b 39.3ab 90.Mab S.6abc 29.7a
I-110 0.0c 42.6a 12.0c 156.74 0.1d 32.0a

“ All units are expressed on a per plant basis. Numbers in the sam column flanked by the same letter arc not significantly different at the 1% tevel of probakb ity
as determined by Duncan’s new multiple-range test. Values for the pigeon pea Ny-deperdent N accumulation were statistically analyzed by using the log(x + 1)
transformation to satisfy the assumptions of analysis of variance. Untransformed data ar= presented.

pared with I-110. Values of aboveground N from N, fixation
were 15.6 and 0.5 mg of N plant™! with pigeon pea and
soybean, respectively, wherezs the 1-110-Bragg combina-
tion accumulated 20.8 mg of N plant™* from N, fixation.

DISCUSSION

The cultivation of a variety of crops in mixed stands
including pigeon pea is common in many countries (18).
Pigeon pea forms N,-fixing symbioses with cowpea-type
Bradyrhizobium spp. (1, 14, 25). Cowpea-type bradyrhizobia
with the ability to nodulate a wide range of tropical legumes
are commonly widespread in tropical soils (1, 25). There(ore,
leguminous crops cultivated in the same soil may well form
symbioses with bradyrhizobia having wide host ranges for
nodulation. A wide host range for nodulation could result in
low yield, because the symbioses formed with some crops
are not necessarily effective. For example, Keyser rt al. (13)
reported that B. japonicum established effective symbioses
with soybean and cowpea, but many strains were ineffective
with Siratro although nodulation occurred. This study shows
that pigeon pea strains nodulate Siratro, cowpea, G. soja,
and specific soybean varieties. The strain F4 nodulated both
pigeon pea and cowpea, and the symbioses formed were
poor and fully effective, respectively. Nodulation of soybean
by the pigeon pea strains resulted in symbioses which were
less effective for N, fixation than nodulation by B. japoni-
cum 1-110. The poor symbiosis of the pigeon pea strains with
soybean indicates that this crop should be inoculated with B.
Japonicum for its cultivation in soils containing only pigeon
pea bradyrhizobia. Whether the pigeon pea strains compete
with B. japonicum for nodulation of soybean remains to be
demonstrated.

Nodulation of soybean by strains isolated from other host
plauts is more restricted than other legumes that form
symbioses with bradyrhizobia (5, 24). Bradyrhizobia isolated
from pigeon pea have been reported not to nodulate soybean
(15, 21). Raju (21) concluded that cowpea and soybean
bradyrhizobia are related but diffc in their ability to nodu-
late soybean. However, there is a pr=cedence in soybean for
host plant-determined nodulation by cowpea strains because
Pulver et al. (20) reported that soybean lines of Southeast
Asian origin nodulated effectively with cowpea bradyrhizo-
bia, whereas cultivars from the United States were not
nodulated. Similarly, we report host-determined nodulation
by pigeon pea bradyrhizobia in soybean. The pigeon pea
strains nodulated Bragg, PI 434937, Peking, PR 13-28-2-8-7,
and HM-1 but did not nodulate cultivar Williams or Clark.

Our observations and those of Pulver et al. (20) of host-
determined nodulation in soybean by cowpea bradyrhizobia

differ bscause the pigeon pea strains nodulated soybean
cultivars orniginating from the United States. Varieties of
soybean cultivated in the United States are divided into two
major groups (11). The cultivars Clark (11) and Williams (2),
which did not nodulate with the pigeon pea strains, are
varieties produced for cultivation in the Northern States and
have a common ancestory. The cultivar Bragg (12) was
produced for cultivation in the southern United States, and
its ancestory is different from that of Clark and Williams.
The cultivars HM-1 and PR 13-28-2-8-7 have in their an-
cestory one or more lines adapted for soybean production in
the southern United States (E. E. Hartwig, personal com-
munication). Soybean strain HM-1 was bred for cultivation
in India, and PR 13-28-2-8-7 is an FS line by pedegree
selection originating from Puerto Rico. Therefore. host-
determined nodulation of American soybean by pigeon pea
bradyrhizobia may depend upon the ancestral backgrounds
of the cultivars.

Hydrogen oxidation capability by the soybean-Bradyrhi-
zobium symbiosis has been suggested to be a beneficial
property resulting in significant yield increases compared
with symbioses without H,-recycling capabilities (7, 8, 16).
Strain CC-1 formed H,-oxidizing symbioses with pigeon pea
and cowpea, but symbioses with soybean were Hup™. It has
been suggested that Hup activity is induced both by H, and
by a coordinate regulation with nitrogenase (16). Nitroge-
nase activity was detected in the pigeon pea bradyrhizo-
bium-soybean symbioses, indicating that the absence of Hup
activity cannot be explained by the inability of the pigeon
pea strains to induce nitrogenase activity or to produce H,.
A possible explanation for the absence of Hup activity in the
soybean-pigeon pea Bradyrhizobium symbioses is that H,
oxidation is controlled by the host plant as has been reported
in Rhizobium leguminosarum (4), cowpea Bradyrhizobium
spp. (9), and soybean Bradyrhizobium ~»p. (13).
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