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In the absence of indigenous rhizobial populations, the pattern of competition between inoculum srainsfor nodule occupancy isfound tobe

a stable characteristic, independent of rhizosphere population size, nitrogen application, or elevation. Soybean (Gydnemax (L.) Marill) ad

common bean (Phaseolus vulgaris L.), inoculated with peat-based rhizobia, were grown with three nitrogen levels at 320- and 150-mstes

along an elevational transect on the island of Maui, Hawaii. Rhizosphere soil of 8-day-old plants was examined by immunofluorescence for
populations of three strains each of Bradyrhizobium japonicum and Rhizobium leguminosarum bv. phassoli, which medeup theinoculagpplied
to the respective host legumes at planting. Nodules were examined for occupancy by specific strains at two sampling times. Site differences and
nitrogen treatment had no significant effect on rhizosphere colonization or nodule occupancy by the three strains. The three inoculum strains
colonized their respective host rhizosphere in approximately equal numbers. In soybean, strain TAL 102 (USDA 110) occupied most of the

nodules, while strain TAL 379 (USDA 1366) was the least competitive in nodule formation in all treatments. In common bean, TAL 182

outcompeted the other two strains in nodule formation, while TAL 1797 (CIAT 899) occupied the least number of nodules. High devation

decreased nodulation by soybean more than that by common bean. Nitrogen application reduced nodule number and mass of both legumes

more at the low-elevation than the high-elevation site; the reductions in nodule mass were more pronounced in common been. The pattern of

nodule occupancy remained stable regardless of the differences in nodule number and mass between elevations, N levels, and sampling times.
Key words: rhizobial ecology, rhizosphere colonization, interstrain competition, immunofluorescence, legumes.
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En "absence de popul ations rhizobiennes indigénes, |e profit de compétition entre des souches d'inoculum pour "occupation des nodosites
Sest revel6 etre une caracteristique stable, inddpendante de la dimension des popul ations des rhizosphéres, des applications d'azote ou des
niveaux d'616vation des sites de culture. Du soya (Glycine max (L.) Merrill) et du haricot commun (Phaseoluswulgaris L.),inocui6sper des
rhizobiums 6tablis dans de la tourbe, ont ete cultives en fonction de trois concentrations d'azote et dans des sites A des niveaux de 320 et
1050m, le long d'un transect d'616vation sur file de Maui, Hawai. Les rhizosph8res de sols porteurs de plantes agees de 8 jours ont fait "objet
d'examens par immunofluorescence, relativement aux populations de trois souches de Bradyr hizobium japonicum et de trois souches de
Rhizobium leguminosarum bv. phaseoli, qui ont servi A inoculer les plantes-h6tes respectives lors des ensemencements. L'occupation des
nodosit6s par les souches spécifiques a dté examinée au cours de deux periodes d'6chantillonnage. Les différences de sites et les traitements
azotes Wont pas eu d'effets significatifs sur la colonisation des rhizosph6res par les trois souches, on sur leur occupation desnodogtes Les
trois souches d'inoculum ont colonist les rhizosphéres des h6tes respectifs dans des nombres approximativement 6gaux. Chez le soya, la soudhe
TAL 102 (USDA 110) aoccup6 la majoritd des nodosit6s, alors que la souche TAL 379 (USDA 1366) a6td la moins compdtitive pour la
formation des nodositds dans tous | es traitements. Chez le haricot, la souche TAL 182 a surpasst |es deux autres souches pour laformation des
nodosit6s, alors que la souche TAL 1797 (CIAT 899) a dte la moins competitive. Le niveau sup6érieur d'616vation a davantage reduit la
formation de nodositds chez le soya que chez le haricot. Les applications d'azote ont réduit le nombre et |a masse de nodosit6s chez les deux
Idgumineuses, mais davantage dans le site de faible 616vation; de plus, les réductions de masses de nodosités ont 6t6 plus prononcees chez le
haricot. Le profit d'occupation des nodosit6s est demeure stable, quelles quaient 6t6 les diff6rences dans |es nombres et les masses de nodosités
entre les niveaux d'616vation, les concentrations en azote et les périodes d'6¢chantillonnage.

Mots clis : 6cologie rhizobienne, colonisation des rhizospMres, comp6titions intersouches, immunofluorescence, 16gumineuses.
[Traduit par larevue]

Introduction
Successful nodulation and nitrogen fixation by legumes inoculated
with rhizobia depend on genetic and environmental factors. Once
introduced, rhizobia must multiply in the rhizosphere
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and infect their host plant to initiate the symbiotic processes. The
genetic factors include the strain's competitiveness, its ability to
survive in the soil, as well as its compatibility with the host (for
reviews see Ham 1980; Dowling and Broughton 1986). Among the
environmental factors, soil temperature, soil characteristics,
indigenous rhizobia populations, and combined nitrogen have been
reported to influence rhizobia ecology and the success of inoculation.
However, evidence also indicates that the competition pattern by
rhizobia strains for nodulation is a stable feature of indigenous
populations (Demezas and Bottomley 1986; Kamicker and Brill 1986)
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or of multiple strains introduced as inoculum into soils devoid of the
same species of rhizobia (George et al. 1987; Kosslak and Bohlool
1985; May and Bohlool 1983).

The symbiotic system, when beneficially established, operates at
highest nitrogen-fixing efficiency in nitrogen-limiting systems,
especially when other physiological requirements are adequately
supplied. Combined nitrogen has been found to reduce nodulation and
nitrogen fixation (Munns 1977). However, Semu et al. (1979) showed
that nitrogen application of 50, 100, or 200 kg N - ha ™ did not change
the population size of Bradyrhizobium japonicum in a soybean field
at three sites in 2 consecutive years. Evidence from studies in sand
culture suggests that combined nitrogen can ater nodule occupancy
of two strains on soybean (McNeil 1982). Gibson and Harper (1985)
have also shown that different strains of B. japonicum have varied
tolerances to external nitrogen application in their nodulation and
nitrogen fixation characteristics.

The experiments described in this paper were designed to evauate
the effect of soil type, soil temperature due to elevation, and applied
nitrogen on interstrain competition for rhizosphere colonization and
nodule occupancy in field-grown soybean and common bean.

Materials and methods

Experimental design

The treatments were elevations of 320 and 1050 m; inoculated and
uninoculated soybean, Glycine max (L.) Merrill, and common bean, Phaseolus
vulgaris (L.); and nitrogen levels of 0, 40, and 300 kg N - ha*. The
experimental design was arandomized complete block with three replications
at each elevation. At each site, thetrestmentswere arranged in asplit-split plot
with soybean and common bean assigned to main plots, inoculation to
subplots, and the three levels of nitrogen to sub-sub plots.

Site characteristics and amendments

Two fields sites at elevations of 320 and 1050 m were selected on the
island of Maui, Hawaii, and are referred to herein as Kuiaha and Olinda,
respectively. The average soil/air temperatures during the experiment were
25/24°C at the Kuiaha site and 22/20°C at the Olinda site. The soil at the
Kuiahasite was a clayey, ferritic, isohyperthermic Humoxic Tropohumult and
that at the Olinda site was a medial over loamy-skdetd, mixed, isomesic Entic
Dystrandept. The sites were determined to be free of indigenous rhizobia for
soybean and common bean by the most probable number method (Woomer et
al. 1988). Soil at both sites was amended before the start of the experiment to
minimize differences in soil environment by equalizing pH and applying
nutrients except N in recommended amounts (George et al. 1987). Soil pH &
the two sites was adjusted between 5.5 and 6.0 by incorporating lime 4 weeks
before planting. Nutrients added (kilograms per hectare) were 600 P; 300 K;
75 Mg; 25 Zn; 3 B; and 2 Mo. Extractable N (KCl) at planting was 0.05 and
0.10 g N kg soil™* at the 320- and 1050-m site, respectively.

Inoculum strains

Bradyr hizobium japonicum strains TAL 102, TAL 377, and TAL 379
(USDA strains 110, 138, 136b, respectively) and Rhizobiumleguminosarum
bv. phaseoli strains TAL 182, TAL 1383, and TAL 1797 (NifTAL origind,
CIAT 632, and CIAT 899, respectively) were obtained from the Nif TAL
Project germ-plasm collection, Paia, Hawaii. All strains were serologically
distinct.

Seed sources and inoculation method

Seeds of Glycine max (L.) Merrill “Clark' (nodulating and nonnodulaing
isolines; USDA, Beltsville, MD) and Phaseolus vulgaris (L.) ‘Brazl' (CIAT,
Columbia) were increased in number at Nif TAL for usein this experiment.
Strains were checked for purity on yeast extract mannitol (YEM) agar
containing either Congo red or bromothymol blue. Immunofluorescence
(Schmidt et al. 1968) was used to verify the identity of each strain.
Single-strain inoculants were prepared in

sterilized peat according to the protocol described by Somasegaran and Hoben
(1985) and enumerated by spread plate method on YEM agar medium
(Vincent 1970). Multistrain inocul ants for soybean and common bean were
prepared by mixing proportionate amounts of each peat culture to provide an
equal number of each of the three strainsin the final product.

Seeds were coated with gum arabic (Somasegaran and Hoben 1985) before
adding the peat inoculum. Theinoculated seeds were stored at 4°C and planted
within 4 h.

Planting and nitrogen application

The two sites were planted within 7 days of each other. Seedsweresownin
rows 60 cm apart in plots 9.5 x 3.0 m to attain afinal plant population of 400
000 plants - ha-'. The nonnodulating isoline of “Clark' soybean and
uninoculated common bean served as controls in the experiment. A
drip-irrigation system was used to maintain soil moisture at approximately 3.0
x 10* Pa throughout the experiment. Nitrogen was applied at planting as
(NH4)2S04 solution, uniformly sprayed onto the soil at rates of 3, 40, and 300
kgN ha*

Sampling of rhizosphere soil

Eight days after planting, 8 to 12 seedlings per replicate treatment were
sampled at random for rhizosphere soil. Nonrhizosphere soil was removed
from the root systems by gently shaking the loosely adhering soil off the root
surface. Large soil aggregates that adhered to the root surfaces were then
removed by hand. Rhizosphere soil was considered as soil which remained
closely associated with the root after the shaking. The roots were kept in
plastic bags and conveyed to the laboratory for recovery of rhizobiafromthe
rhizosphere.

Recovery and treatment of rhizosphere soil

The entire contents of replicate plastic bags were .treated for the recovery of
inner rhizosphere soil by the procedure of Kingsley and Bohlool (1981), using
the flocculating mixture of Demezas and Bottomley (1986). To calculate the
dry weight of the rhizosphere soil, the remaining dispersed soil mixture was
carefully washed into preweighed aluminum pans and dried at 100°C for 3
days. The weight was corrected for the amounts of solutes andtheflooculaing
agent in the mixture.

Nodule sampling

Nodules were harvested from 8 to 12 roots collected at random from each
inoculated plot at 21 days after planting (early) and at 50% flowering (late).
After determining nodule number, nodules were oven-dried a 60°C for 48 h
and weighed. A subsample of 30 nodules were then selected at random per
inoculated plot and smears were prepared for identification of strains later.

Strain identification

Rhizosphere filter samples and nodule smears were treated with
strain-specific fluorescent-antibody as described by Kingsley and Bohlool
(1981) and Schmidt et al. (1968), respectively, using hydrolyzed
gelatin-rhodamine conjugate to reduce nonspecific staining (Bohlool and
Schmidt 1968). Fluorescent antibody treated rhizobia were observed with a
Zeiss standard microscope 13 equipped with an Osram HBO 50-W
mercury-vapor light source. Thirty microscopic fields were examined and
counted per filter and cell populations were converted to cells per gram of
oven-dried rhizosphere soil (Schmidt 1974). The recovery of added rhizobia
(Kingdey and Bohlool 1981) (percent recovery + standard deviation) was 67 +
17 and 75 + 21 % for B. japonicum and 61 + 14 and 69 + 9% for R.
phaseoli from the Kuiaha and Olinda soils, respectively. In the case of
nodules, smears reacting with fluorescent antibodies of more than one strain
were counted positive for each of the strains.

Satistical analysis

Analyses of variance were performed separately for legume species and
sampling time. Datafor each legume from individual sites were combined and
subjected to analysis of variance (Mclntosh 1983). Percent nodule occupancy
data were transformed to arc sine and rhizosphere counts were transformed to
logwo before analysis of variance. When treatment effects or interactionswere
not significant, data were averaged for presentation in tables.
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TABLE 1. summary of statistical significance for rhizosphere population (log;o) and percent nodule occupancy by inoculum
strains of Bradyrhizobium japonicum and Rhizobium leguminosarum bv. phaseoli in soils devoid of host rhizobia at two
elevations at different applied N levels*

Rhizosphere population

% Nodule occupancy

R. leguminosarum

Source of

variation df B. japonicum

R. leguminosarum
bv. phaseoli

B. japonicum bv. phaseoli

Earlyt Late? Early Late

Elevation E 1

Error A

Block B x (E)
Nitrogen N
E XN

Error B
E X N X B (E)

Strain S
EXS
N XS
EXNXS

Error C
N)X(EYXBXS 24

CV (%) 2

ns

»

ns
ns

NN

sk
ns

ns
ns

AN

*%

ns
ns

ns
*%

ns
ns

1

ns ns ns ns

ns ns ns

ns

ns
ns

ok k k%K kKoK Aok %

ns
ns
ns

ns
ns
ns

ns
ns
ns

ns
ns
ns

17 26 22 16

NOTE: *, **, and ***, significant at the 0.05, 0.01, and 0.001 probability levels, respectively. ns, not significant. (N), (E) designate three N treatments and

two elevations, respectively. All others are df.

*Analysis of variance was performed separately for Rhizobium sp. and sampling time.

tEarly sampling was at 21 days after planting.

tLate sampling was at flowering, which was 35 and 51 days after planting of soybean and 41 and 55 days after planting of common bean at 320- and

1050-m elevations, respectively.

Results and discussion
We studied rhizosphere colonization and interstrain competition

for nodule occupancy by three inoculum strains each of soybean and
common bean across differences in soil temperature, soil type, and
applied N levels in the field. We generated the treatment differences
by planting soybean and common bean in soils devoid of indigenous
rhizobia at sites differing in soil type and temperature in an
elevational transect and applying N at different rates. The effects of
variables other than the treatment were minimized by equalizing pH
between sites, planting different sites within a relatively short period
of time, and by supplying adequate amounts of nutrients and water.

The results of this study showed that inoculum strains of both
soybean and common bean colonized their respective host
rhizosphere in equal numbers, but they differed significantly in their
competitive ability in forming nodules. The competition pattern (the
proportion of nodules formed by each of the three strains) was a
stable character and was not related to rhizosphere colonization,
environmental variables like soil type, soil temperature, and applied
N, sampling time of nodules, and the number and mass of nodules.

The summary of datistical significance presented in Table 1
indicates that treatment effects were significantly different only in
few instances. The most striking difference was in the competitive
ability of the inoculum strains, reflected in their nodule occupancy.
The few significant differences in rhizosphere populations observed
between eevations and strains may have no biologicd significance,
since the population of individual strains of both B. japonicumand R
leguminosarum bv. phaseoli varied within the same logarithmic
(logyo) scale (Table 2). The results also show that N application, even
at the highest level, did not influence the colonization of the
rhizosphere by

strains of either legume, a finding in agreement with that of Semu et
al. (1979). Thus, the strains could be considered equally successful in
host rhizosphere colonization despite differences in site environment
and N level. In contrast, the percent of nodules occupied by each of
three strains was significantly different, with the pattern being
remarkably similar between elevations, N treatment, and sampling
times for both legumes. Lack of correlation between rhizosphere
populations and competitive success of rhizobia strains has been
reported previously (Bushby 1984; Moawad and Bohlool 1984;
Moawad et al. 1984; Robert and Schmidt 1983).

In soybean, TAL 102 was consistently a better competitor than
TAL 377 and TAL 379 irrespective of site differences and rate of
nitrogen application, occupying 68 to 78% of the nodules. George et
al. (1987) aso observed such dominance of TAL 102 in nodules of
soybean from five maturity groups along the same elevationa
transect, thus establishing that site differences, soil type, and host
genotype did not alter the competitive patterns of TAL 102, TAL 377,
and TAL 379 in nodulation of soybean. In common bean, TAL 182
was the best competitor compared with TAL 1383 and TAL 1797,
occupying a similarly high proportion of nodules as soybean. This
strain has also been shown to be highly effective on several cultivars
of common bean (Pacovsky et al. 1981). Abaidoo and van Kessd
(1989) recently observed the same pattern of competitiveness for
these strains when common bean was intercropped with maize.

Our treatments of elevation and N levels generated substantia
differences in nodule number and weight in both legumes (Tables 3,
4, and 5). The higher elevation site, with a mean air temperature of
20°C, markedly decreased nodulation by both legumes, the effect
being most pronounced on nodule mass of soybean. Similar results
have been reported earlier by George
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TaBLE 2. Rhizosphere population (logo) and nodule occupancy (%) by inoculum strains of
Bradyrhizobium japonicum and Rhizobium leguminosarumbv. phaseoli in soils devoid of host
rhizobia at two elevations and different applied N levels*

Rhizosphere populationt

% nodule
occupancy

Strain 320 m 1050 m Mean Early} Late$
B. japonicum
TAL 102 — — 5.8(0.11) 68(6) 78(12)
TAL 377 — — 5.7(0.08) 33(7) 25(8)
TAL 379 — — 5.8(0.11) 37(6) 26(5)
R. leguminosarum
bv. phaseoli
" TAL 182 5.7(0.07) 5.9(0.05) — 68(7) 78(7)
TAL 1383 5.7(0.11) 5.8(0.06) — 27(8) 28(6)
TAL 1797 5.8(0.10) 5.8(0.08) — 6(2) 5(2)

NoTE: Values in parentheses are standard deviations.

*Means were averaged over elevations and nitrogen levels when their effects were not significantly different and
unless significant interactions were encountered.

‘tDetermined 8 days after seed inoculation.

{Early sampling was at 21 days after planting.

§Late sampling was at flowering, which was 35 and 51 days after planting of soybean and 41 and 55 days after
planting of common bean at 320- and 1050-m elevations, respectively.

TaBLE 3. Summary of statistical significance for nodule numbers and nodule weight of soybean and
common bean inoculated with rhizobia in soils devoid of host rhizobia at two elevations at different applied
N levels*

Nodule number

Common
Soybean bean Nodule weight
Source of
variation df Earlyt  Latef Early Late Soybean Common bean
Elevation E 1 * * ** * *Ek *
Error A
Block B X (E) 4
Nitrogen N 2 kK Hkok sk * %ok Kook KKk
E XN 2 * ns ns *okok ok Kok
Error B
(E) X B XN 8
CV (%) 19 16 24 7 8 14

NoTE: *, ¥*, and ***, significant at the 0.05, 0.01, and 0.001 probability levels, respectively. ns, not significant. (N), (E) designate
three N treatments and two elevations, respectively. All others are df.

*Analysis of variance was performed separately for Rhizobium sp. and sampling time.

‘tEarly sampling was at 21 days after planting.

Late sampling was at flowering, which was 35 and 51 days after planting of soybean and 41 and 55 days after planting of
common bean at 320- and 1050-m elevations, respectively.

TaBLE 4. Effect of elevation and nitrogen application on nodule numbers (per plant) by soybean and common

bean
Soybean Common bean
Nitrogen Early* Latet Early Late
applied
(kgN-ha™ 1) 320m 1050 m 320m 1050 m 320m 1050 m 320m 1050 m
3 29(3) 15(3) 46(10)  28(9) 49(7) 25(7) 120(13) 56(11)
40 18(2) 17(2) 36(4) 20(6) 44(10) 2203 87(13) 67(12)
300 9(3) 14(4) 24(1) 18(3) 19(4) 13(4) 45(13)  42(7)

NortE: Values in parentheses are standard deviation.

*Early sampling was at 21 days after planting.

‘tLate sampling was at flowering, which was 35 and 51 days after planting of soybean and 41 and 55 days after planting of common
bean at 320- and 1050-m elevations, respectively.

95
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TaBLE 5. Effect of nitrogen application on nodule mass (mg/plant) of
soybean and common bean at flowering stage

Nitrogen Soybean Common bean
applied
(kgN-ha™") 320 m 1050 m 320m 1050 m
3 188Q21)* 84(1) 170(22) 101(22)
40 150(13) 50(15) 116(19) 73(17)
300 66(6) 41(6) 9(2) 28(5)

NOTE: Values in parentheses are standard deviation.

et al. (1987) for five soybean cultivars grown in the same elevational
transect. This study indicates that nodulation in common bean is also
sensitive to low temperature.

The effect of applied nitrogen on legume-Rhizobium symbiosis is
unequivocal. Nitrogen application resulted in reduced nodulation in
soy bean and common bean at both sampling times at both elevations.
While N application reduced nodule number and mass by both
legumes, the effect was more pronounced at the low-elevation than
the high-elevation site. This may indicate that these legumes
responded more readily to N application at the warmer site compared
with the cool high-elevation site. At both elevations, nodule mass of
common bean was greatly reduced by N application compared with
soybean, indicating a greater response to N application by common
bean.

Despite the substantial differences in nodule numbers between
sites and N levels, the proportion of nodules formed by each strain
remained stable. Moreover, the increase in nodule number with time
also had no effect on the pattern of nodule occupancy. As reported
earlier (George et al. 1987), the competition pattern seems to have no
relationship with the number of nodules eventually formed by the
plant.

Results in this paper suggest that despite the pronounced effect of
elevation and nitrogen goplication on nodulation, the competitiveness
of individual strains to form nodules on their respective hosts
remained unaltered. Moreover, the population size of the strainsin the
rhizosphere had no influence on the proportion of nodules formed by
each strain. Our results may have particular significance in strain
selection for superior competitiveness. Under the experimental
conditions we employed and with the strains used in this study, the
outcome of interstrain competition was mostly determined by the
genetic traits of the strains and their compatibility with the host.
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