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Strains in Bradyrhizobiumjaponicum serocluster 123 are the major indigenous competitors for nodulation in
a large portion of the soybean production area of the United States. Serocluster 123 is defined by the serotype
strains USDA 123, USDA 127, and USDA 129. The objective of the work reported here was to evaluate the
ability of two soybean genotypes, PI 377578 and PI 417566, to restrict the nodulation and reduce the
competitiveness of serotype strains USDA 123, USDA 127, and USDA 129 in favor of the highly effective strain
CB1809 and to determine how these soybean genotypes alter the competitive relationships among the three
serotype strains in the serocluster. The soybean genotypes PI 377578 and PI 417566 along with the commonly
grown cultivar Williams were planted in soil essentially free of soybean rhizobia and inoculated with
single-strain treatments of USDA 123, USDA 127, USDA 129, or CB1809 and six dual-strain competition
treatments of USDA 123, USDA 127, or USDA 129 versus CB1809, USDA 123 versus USDA 127, USDA 123
versus USDA 129, and USDA 127 versus USDA 129. PI 377578 severely reduced the nodulation and
competitiveness of USDA 123 and USDA 127, while PI 417566 similarly affected the nodulation and
competitiveness of USDA 129. Thus, the two soybean genotypes can reduce the nodulation and competitiveness
of each of the three serocluster 123 serotype strains. Our results indicate that host control of restricted
nodulation and reduced competitiveness is quite specific and effectively discriminates between B. japonicum
strains which are serologically related.

Results from several studies indicate that between 50 and
90% of the nodules formed by soybeans grown in the
northern midwest United States are occupied by strains of
Bradyrhizobiumjaponicum that belong to serocluster 123 (8,
10, 12, 13, 16, 22). The use of the term serocluster 123 was
suggested by Schmidt et al. (20) to describe the serological
relationship between strains in serogroups 123, 127, and 129.
Date and Decker (9) indicated that serotype strain USDA
123 possesses somatic antigens in common with both sero-
type strains USDA 127 and USDA 129. Strains USDA 127
and USDA 129 do not share major somatic antigens. Thus,
antisera raised against USDA 123 will cross-react with cells
ofUSDA 127 and USDA 129, whereas antisera to USDA 127
will only cross-react with cells of USDA 123 and antisera to
USDA 129 will only cross-react with cells of USDA 123.
The high recovery of serocluster 123 strains from field-

grown soybeans is apparently the result of the exceptional
competitiveness for nodulation of this group of organisms.
Ellis et al. (10) and Moawad et al. (17) documented the
unique ability of indigenous serocluster 123 strains to form a

large proportion of nodules even when equal populations of
an inoculum strain were present in the soybean rhizosphere.
In addition to their competitiveness, strains of serocluster
123 are purported to be relatively ineffective for N2 fixation.
Three different reports (2, 3, 11) indicated that when soy-

beans were grown in soybean rhizobium-free soil and inoc-
ulated with the serotype strain USDA 123, yields were

inferior to those obtained with inoculant-quality strains.
Similarly, Kvien et al. (15) indicated that whenever 50% or

more of the nodules formed were occupied by inoculum
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strain USDA 110 or USDA 138 rather than by indigenous
serogroup 123 strains, significant increases in seed yield
were obtained. These reports support the contention that the
displacement of serocluster 123 strains in favor of more
effective B. japonicum strains should result in increased
soybean productivity.
One approach for increasing nodulation by desirable

strains is by the use of soybean genotypes on which nodu-
lation by serocluster 123 is eliminated or substantially re-
duced. Reduced nodulation by this highly competitive group
of organisms should allow nodulation by other strains and
might provide a means of significantly increasing the nodule
occupancy of an inoculum strain. To achieve this goal, we
identified soybean genotypes that are nodulated poorly with
strain USDA 123 (4). One of these genotypes, PI 377578, was
well nodulated and effectively fixed N2 with inoculant-
quality strains such as CB1809, USDA 110, and USDA 138.
When soybeans were coinoculated with both USDA 123 and
the inoculant-quality strains, most nodules were formed by
the latter strains. This result was in contrast to that obtained
with the commonly grown soybean cultivar Williams, on
which most nodules were formed by USDA 123. Thus, PI
377578 restricts the nodulation of strain USDA 123, thereby
reducing the competitiveness of this strain.
More recently, we identified another soybean genotype,

PI 417566 (6), that was nodulated very well with strain
USDA 123 but restricted the nodulation of B. japonicum
MN1-lc, a serocluster 123 strain. Isolate MN1-lc belongs to
serogroup 127 and formed abundant nodules on the USDA
123-restricting genotype, PI 377578 (14). In addition to
restricting the nodulation of isolate MN1-lc, PI 417566 also
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reduced the competitiveness of MN1-lc in favor of certain
highly effective inoculant-quality strains.
The identification of PI 377578 and PI 417566 indicated the

presence of very specific soybean genotype-serocluster 123
strain interactions in terms of both nodulation ability and
reduced competitiveness. The discovery of these interac-
tions raised the question of the potential interactions of the
two soybean genotypes with the serotype strains USDA 123,
USDA 127, and USDA 129. Therefore, the objectives of the
research reported here were to determine (i) the nodulation
phenotypes of USDA 123, USDA 127, and USDA 129 with
PI 377578 and PI 417566, (ii) the ability of PI 377578 and PI
417566 to reduce the competitiveness of USDA 123, USDA
127, and USDA 129 in favor of the inoculum strain CB1809,
and (iii) the effect of PI 377578 and PI 417566 on competi-
tiveness among strains USDA 123, USDA 127, and USDA
129.

MATERIALS AND METHODS

A greenhouse pot experiment was conducted by using a

randomized complete-block experimental design with a split-
plot arrangement of treatments and four replications. Whole
plots (pots) were inoculation treatments, and subplots were

soybean genotypes. The potting medium was an equal-
volume mixture of Monmouth fine sandy loam (clayey,
mixed, mesic Typic Hapludult) soil and perlite. The soil had
a very low indigenous population of soybean-nodulating
bacteria (<0.4 cells/g of soil), as measured by a most-
probable-number plant infection assay (21). The soil-perlite
mixture was limed to neutrality with dolomite, placed in
2.2-liter pots, and wetted with 400 ml of N-free plant nutrient
solution (5). Seeds of commercial Glycine max cv. Williams
and of soybean genotypes PI 377578 and PI 417566 (original-
ly obtained from E. E. Hartwig, Agricultural Research
Service, U.S. Department of Agriculture, Stoneville, Miss.)
were surface sterilized by immersion in acidified HgCl2 (21)
for 2 min, followed by five rinses in distilled water. Four
seeds of each genotype were planted in each pot in separate
holes 2 cm deep. Before being covered, the seeds (other than
in the case of the uninoculated control) were inoculated with
2 ml of a stationary-phase yeast extract-mannitol (21) broth
culture of 1 of 10 single- or dual-strain B. japonicum treat-
ments. Single-strain treatments included USDA 123, USDA
127, USDA 129, and CB1809, and dual-strain competition
treatments consisted of equal mixtures (volume to volume)
of the strains indicated in Table 1. Seeds were covered with
soil, and a 1-cm-thick layer of autoclaved gravel was placed
on the soil surface to serve as a barrier to prevent contam-
ination by extraneous bradyrhizobia. After emergence,
plants were thinned so that one plant of each genotype
remained per pot. Plants were grown in the greenhouse with

TABLE 1. Competition treatments and primary antibodies used
in the spot-blot analysis to determine nodule occupancy

in B. japonicum competition experiments
Competition treatment Primary antibodies

USDA 123 vs CB1809a .............USDA 123 (nonspecific) and
USDA 122

USDA 127 vs CB1809 ...............USDA 123 (nonspecific) and
USDA 122

USDA 129 vs CB1809 ...............USDA 123 (nonspecific) and
USDA 122

USDA 123 vs USDA 127...........USDA 123 (specific: adsorbed
with USDA 127 and USDA
129 antigens) and USDA 127
(specific: adsorbed with USDA
123 antigen)

USDA 123 vs USDA 129...........USDA 123 (specific) and USDA
129 (specific: adsorbed with
USDA 123 antigen)

USDA 127 vs USDA 129...........USDA 127 (specific) and USDA
129 (specific)

a Strain CB1809 belongs to serogroup 122, for which USDA 122 is the
antigen strain.

natural sunlight supplemented with low-pressure sodium
light to extend the photoperiod to 18 h. Day and night
temperatures were maintained at 25 + 5°C. Plants were
harvested, and nodule number and dry weight were deter-
mined 36 days after planting.

In the dual-strain competition treatments, nodule occu-
pancy was determined by using spot-blot (indirect enzyme-
linked immunosorbent assay) analysis. Nodules were oven
dried at 65°C for 24 h, washed in a 0.1% (vol/vol) solution of
Tween 80, and placed in the wells of a 96-well microdilution
plate. Nodules were crushed in 100 [lI of distilled water,
transferred to nitrocellulose membranes, and treated as

described by Ayanaba et al. (1). The antibodies used for each
competition treatment are listed in Table 1. Primary antibod-
ies with titers greater than 1,280 were produced in rabbits
against the somatic antigens of strains USDA 123, USDA
127, USDA 129, and USDA 122 (serologically identical to
CB1809) by the protocol of Schmidt et al. (19). Primary
antibodies were used at a final concentration of 5 to 10
,ug/ml, while the secondary antibody (goat anti-rabbit horse-
radish peroxidase [Bio-Rad Laboratories]) was used at a
1:4,000 dilution.

RESULTS

When inoculated singly with any of the four B. japonicum
strains, Williams soybeans produced at least four times as

many nodules as were present on the uninoculated Williams

TABLE 2. Mean nodule number and nodule weight of Williams, PI 377578, and PI 417566 grown in a soil-perlite
mixture without inoculation or with single-strain inoculation treatmentsa

Williams PI 377578 PI 417566
Inoculation treatment Nodule no. Nodule wt Nodule no. Nodule wt Nodule no. Nodule wt

(per plant) (mg/plant) (per plant) (mg/plant) (per plant) (mg/plant)

None (uninoculated) 12 b 127 c 9 b 69 c 3 c 85 b
USDA 123 56 a 241 ab 16 b 139 bc 40 a 266 a
USDA 127 48 a 307 a 14 b 96 bc 42 a 271 a
USDA 129 59 a 251 ab 50 a 222 a 5 c 145 b
CB1809 58 a 213 b 38 a 153 ab 26 b 128 b

a Means within a column not followed by the same letter are different at the 5% level of probability.
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TABLE 3. Nodule number and strain nodule occupancy' of soybean genotypes Williams, PI 377578, and PI 417566 in dual-strain
competition treatments between serotype strains USDA 123, USDA 127, and USDA 129 and the inoculant-quality strain CB1809b

USDA 123 vs CB1809 USDA 127 vs CB1809 USDA 129 vs CB1809
Soybean Nodule % Nodules occupied by: Nodule % Nodules occupied by: Nodule % Nodules occupied by:

no. USDA 123 CB1809 no. USDA 127 CB1809 no. USDA 129 CB1809

Williams 46 a 98 a 2 b 62 a 96 a 6 b 35 a 83 a 14 b
PI 377578 15 b 29 b 41 a 20 c 27 b 68 a 32 ab 92 a 8 b
PI 417566 44 a 98 a 7 b 36 b 98 a 3 b 17 b 5 b 89 a

a Strain nodule occupancies for a given genotype which add up to greater than 100% were the result of doubly occupied nodules. Occupancies which add up
to less than 100% were the result of occupancy by native soybean-nodulating bacteria in the soil. In no instance did nodules formed on the uninoculated controls
react with the antisera used in this experiment.

b Means within a column not followed by the same letter are different at the 5% level of probability.

control (Table 2). Thus, while the soil mixture was not free
of soybean-nodulating bacteria, the population was well
below that necessary for normal nodulation. The weight of
the nodules produced by the uninoculated Williams control
was also lower than that obtained with any of the four
single-strain treatments. When PI 377578 was inoculated
with USDA 123 or USDA 127, neither the nodule number
nor the mass exceeded that of the uninoculated control.
Thus, in addition to restricting the nodulation of strain
USDA 123 (4), PI 377578 also restricts the nodulation of
strain USDA 127. Similarly, neither the nodule number nor
the mass produced by PI 417566 with USDA 129 exceeded
that of the uninoculated control. Thus, PI 417566 restricts
the nodulation of USDA 129, the third serotype strain that
defines serocluster 123. When PI 417566 was inoculated with
CB1809, the nodule number significantly exceeded that of
the uninoculated control, but the nodule mass did not (Table
2). The low nodule mass suggested that PI 417566 may act to
partially restrict nodulation by CB1809; however, in previ-
ous experiments we did not find this to be the case (6).
When Williams was inoculated with strain USDA 123,

USDA 127, or USDA 129 in competition with CB1809,
greater than 80% of the nodules formed contained the
serocluster 123 strain (Table 3). This result confirms the
highly competitive nature of the serocluster 123 strains on a

typical North American soybean cultivar. As compared with
Williams and PI 417566, PI 377578 (which restricted the
nodulation of USDA 123 and USDA 127) also reduced the
nodule occupancy of USDA 123 and USDA 127 when in
competition with CB1809 (Table 3). As compared with
Williams and PI 377578, PI 417566 (which restricted the
nodulation of USDA 129) also reduced the nodule occu-

pancy of USDA 129 when in competition with CB1809.
In the dual-strain competition treatments with the three

serocluster 123 strains on Williams, the nodule occupancy

data indicated that USDA 123 and USDA 129 were equally
competitive and that both strains were somewhat more
competitive than USDA 127 (Table 4). When PI 377578 was
inoculated with USDA 123 and USDA 127 (which were both
restricted by this genotype), relatively few nodules were
formed and the nodule occupancy of the two strains was
similar. When PI 377578 was inoculated with a restricted
strain and an unrestricted strain (USDA 123 versus USDA
129 or USDA 127 versus USDA 129), the unrestricted
competitor (USDA 129) formed greater than 85% of the
nodules. When PI 417566 was inoculated with USDA 123
and USDA 127, neither of which was restricted by this
genotype, nodule occupancy was similar to that of Williams.
When PI 417566 was inoculated with an unrestricted strain
and a restricted strain (USDA 123 versus USDA 129 or
USDA 127 versus USDA 129), the restricted competitor
(USDA 129) was recovered from only 1% of the nodules.

DISCUSSION

We have identified soybean genotypes that effectively
restrict the nodulation of the three serotype strains that
define serocluster 123. PI 377578 restricts the nodulation of
USDA 123 and USDA 127, and PI 417566 restricts the
nodulation of USDA 129. In addition to restricting the
nodulation of specific serotype strains, the soybean geno-
types correspondingly reduce the competitiveness of these
strains in favor of the inoculant-quality strain CB1809. The
two soybean genotypes also alter the competitiveness be-
tween the three serocluster 123 strains when compared with
the standard North American soybean cultivar Williams.
Our data clearly show a close positive relationship between
restricted nodulation and reduced competitiveness. Without
exception, when a host genotype restricted the nodulation of

TABLE 4. Nodule number and strain nodule occupancy' of soybean genotypes Williams, PI 377578, and PI 417566 in dual-strain
competition treatments between serotype strains USDA 123, USDA 127, and USDA 129b
USDA 123 vs USDA 127 USDA 123 vs USDA 129 USDA 127 vs USDA 129

Soybean Nodule % Nodules occupied by: Nodule % Nodules occupied by: Nodule % Nodules occupied by:
no. USDA 123 USDA 127 no. USDA 123 USDA 129 no. USDA 127 USDA 129

Williams 47 a 75 a 58 a 49 a 65 b 65 b 52 a 46 b 70 a
PI 377578 14 b 42 b 46 a 36 a 1 c 97 a 36 b 3 c 87 a
PI 417566 47 a 78 a 58 a 47 a 100 a 1 c 35 b 100 a 1 b

a Strain nodule occupancies for a given genotype which add up to greater than 100% were the result of doubly occupied nodules. Occupancies which add up
to less than 100% were the result of occupancy by native soybean-nodulating bacteria in the soil. In no instance did nodules formed on the uninoculated controls
react with the antisera used in this experiment.

b Means within a column not followed by the same letter are different at the 5% level of probability.
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a strain, the competitiveness of that strain was also severely
reduced. The very large effect of plant genotype upon
competition for nodulation among strains of B. japonicum
indicates that the soybean host must be carefully defined in
studies whose objective is the assay of bradyrhizobial com-
petition.
One aspect of the data presented here is the possible

occurrence of the phenomenon whereby a strain whose
nodulation is restricted by a particular host genotype func-
tions to block nodulation by another strain that would,
by itself, nodulate normally. Daitloff and Brockwell (7)
reported this type of soybean-bradyrhizobium interaction in
the case of cultivar Hardee, which restricts the nodulation
of strain CB1809. When inoculated with other strains on
Hardee, CB1809 tended to block the nodulation of the
competing strain. Our data suggest that in instances in
which a host genotype restricted the nodulation of a strain in
the single-strain inoculation treatments (PI 377578 with
USDA 123 and USDA 127; PI 417566 with USDA 129),
nodulation in the dual-strain competition treatments was
often reduced in relation to Williams (Table 3). This was
particularly true in the USDA 123-versus-CB1809 and the
USDA 127-versus-CB1809 competition treatments, in which
the nodulation of PI 377578 was only about one-third that of
Williams. Likewise, in the USDA 129-versus-CB1809 com-
petition treatment, the nodulation of PI 417566 was about
one-half that of Williams. Furthermore, the strain effecting
the blocking, as well as the strain whose nodulation was
blocked, apparently affected the degree of nodulation block-
ing. This was evident from the facts that the nodulation of
CB1809 on PI 377578 was blocked by USDA 123 and USDA
127 (Table 3) but that these two strains appeared to demon-
strate less nodulation blocking when coinoculated with
USDA 129 (Table 4). Similarly, on PI 417566, USDA 129
blocked the nodulation of CB1809 but not USDA 123. We
have not previously noted the phenomenon of nodulation
blocking with the soybean genotypes and serocluster 123
strains with which we have been working. Studies have been
initiated to further define the conditions associated with
nodulation blocking.
Our data demonstrate that host control of competitiveness

is quite specific and that the soybean plant can effectively
discriminate between B. japonicum strains that are serolog-
ically related. Because soybean genotype PI 377578 (and a
similar genotype, PI 371607) tended to restrict only the
nodulation of B. japonicum strains classified as serogroup
123 (14), we had previously suggested that there was a
relationship between restricted nodulation and serological
classification (18). However, the results of the current work
indicate that there is a more complex relationship between
serology and restricted nodulation. Keyser and Cregan (14)
reported that of five serogroup 127 field isolates tested, the
nodulation of none was restricted by PI 377578 or PI 371607.
Clearly, the restricted nodulation and reduced competitive-
ness of USDA 127 on PI 377578 reported here indicate that
USDA 127 reacts differently than the five serogroup 127
strains mentioned above. The interaction of PI 417566 with
isolates of serogroup 127 is also inconsistent. This genotype
does not restrict the nodulation of USDA 127 but does
restrict the nodulation of isolate MN1-lc, which belongs to
serogroup 127 (6). These findings suggest the necessity to
further define the possible relationship between the serolog-
ical classification of B. japonicum and the ability of a strain
to nodulate a particular soybean genotype.
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