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Abstract

Brazilian soils are originally free from soybean bradyrhizobia and the first inoculants were brought to the country in this
century, but a search for adapted strains started immediately and still continues. A strain selection program was established at
Embrapa based on the reisolation of strains after a long period of adaptation to the soils followed by a search for variant
genotypes with higher N, fixation capacity and competitiveness. A second approach of this program consists of searching for
variant colonies of a single strain with higher N, fixation rates and competitiveness, following a short period of adaptation to
the soil. In this study, using both approaches, strains belonging to three serogroups, CB 1809, 532C and SEMIA 5020, were
obtained. In general, the variant strains showed differences in colony morphology (mucoidy) but produced similar protein and
lipopolysaccharide profiles. Within serogroup CB 1809, containing variants obtained via the second approach, a low level of
DNA polymorphism was detected relative to the parental genotype by ERIC and REP-PCR. However, within the two other
serogroups, containing variant strains obtained via the first approach, a high level of polymorphism in ERIC and REP-PCR
fingerprints was observed relative to the putative serologically related parental genotypes. These results show that a great
variability can be detected following adaptation of Bradyrhizobium strains to the soil, although other potential explanations for
the DNA polymorphisms observed are discussed. Some of the variant strains obtained by both methodologies were found to
have higher rates of N, fixation and almost all were more competitive than the parental genotypes, suggesting that it is possible
to select variant strains which can contribute to an improved plant N nutrition status. © 1999 Federation of European
Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction its high protein content (40%), also plays an impor-
tant role in the diet of the population. The success of

Soybean [Glycine max L. (Merrill)] is today the the crop in the country relies on an efficient symbio-
most important export crop in Brazil and, due to sis with N,-fixing bacteria belonging to the genus

Bradyrhizobium. To sustain a mean yield of 2500

kg ha™!, the crop needs about 200 kg of N ha~!.

* Corresponding author; Th.erefore, a .supply qf 300.{100 kg of N ha™! is.re-
E-mail: hungria@cnpso.embrapa.br quired to maintain soil fertility levels. Since chemical
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N fertilizers are very expensive in Brazil, the crop
would be economically impracticable in the absence
of biological N, fixation [12,13,28,32].

Soybean was introduced into Brazil in the last
century, but large-scale commercial crop production
started in the early 1960s. As Brazilian soils are orig-
inally free from soybean bradyrhizobia [8,13,15,
16,29,30], during the establishment of the crop, the
seeds had to be inoculated with strains. The inocu-
lant strains were initially brought from the USA, but
a search for strains adapted to Brazilian conditions
started concomitantly with the expansion of com-
mercial soybean crop production [6,8,15,16,18,19].
The selection of adapted strains usually consisted
of inoculation of an area, followed, after a short
period of time, by reisolation of bacteria from nod-
ules of soybean trap plants. For example, SEMIA
566, a strain used in Brazilian inoculants from
1966 to 1978, was reisolated from an area which
had previously received an inoculant distributed by
Dixie Inoc., probably an inoculant from Nitragin
(Milwaukee, USA) [28]. In the 1960s, soybean was
cultivated in the southern region of Brazil, but dur-
ing the following decade a new agricultural frontier
was opened in the central region, the ’Cerrados’, an
edaphic type of savanna occupying 207 million hec-
tares and representing about 25% of Brazilian land.
The Cerrados are quite distinct from other areas of
Brazil, especially in relation to soil chemical proper-
ties. The absence of nodules in non-inoculated soy-
bean has been reported since the first trials per-
formed in the Cerrados [18,19,29,30] and several
studies were then performed to optimize plant crop-
ping, including the selection of soybean bradyrhizo-
bia adapted to the region [18,19,29,30].

Today, the most successful strain selection pro-
gram is carried out at Embrapa-Cerrados. The pro-
gram has already identified two strains, CPAC
15 and CPAC 7 (belonging to the serogroups of
SEMIA 566 and CB 1809, respectively) [31], which
consistently increase nodulation and yield under
field conditions [9,17,31,32], leading to their use in
commercial inoculants since 1992 [31]. Studies com-
paring CPAC 7 and CPAC 15 with their respective
parental strains indicated several morphological,
physiological and genetic modifications [4,10,11,
17].

Brazilian soybean yield has increased from 1500

kg ha™! in the 1960s to 2500 kg ha™! today. Con-
sequently, more efficient and competitive strains
adapted to Brazilian soils must continue to be iso-
lated so that the biological N, fixation process can
keep pace with the increasing N demand of soybean
plants. The objective of this study was to identify
new, efficient and competitive Bradyrhizobium strains
belonging to the serogroups CB 1809, 532C and
SEMIA 5020, and to detect morphological, physio-
logical and genetic changes occurring during the
adaptation of the strains to the soil.

2. Materials and methods
2.1. Bacterial strains

Nomenclature and observations about the strains
are shown in Table 1.

2.2. Morphological, serological and physiological
characterization

The morphological characterization proceeded as
described before [4]. Serological reactions against the
antisera of whole cells of 20 strains which had been
used as commercial inoculants since the 1960s were
examined as described by Somasegaran and Hoben
[23].

2.3. Protein and lipopolysaccharide fingerprintings

Protein profiles of all isolates were determined in
300-ul cultures of bradyrhizobia grown on TY me-
dium [3] for 5 days. Cells were centrifuged, washed
three times in 0.85% NaCl and once in 10 mM Tris-
HCI pH 7.6, resuspended in 10 mM Tris-HCI pH 7.6
to a concentration of 10° cells ml™!, and 200 pl of
that suspension was mixed with 200 ul of sterilized
lysis buffer [H,O, 8 ml; 0.5 M Tris-HCI pH 6.8, 2 ml;
glycerol, 1.6 ml; 10% SDS (sodium dodecyl sulfate),
3.2 ml; mercaptoethanol, 0.8 ml and 0.05% bromo-
phenol blue, 0.4 ml]. Cells were boiled for 5 min,
centrifuged and the supernatant was harvested. Sam-
ple running and staining procedures were as de-
scribed by Alfenas et al. [1]. A standard protocol
was employed to obtain lipopolysaccharide profiles
[21].
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Table 1

Bacterial strains used in the experiments

Strain Other designations Observations

SEMIA 566 Isolated in the State of Rio Grande do Sul, from a previously inoculated soil and
recommended commercially from 1966 to 1978

CB 1809 SEMIA 586, USDA 136b, Sent to Brazil by Dr. Norris (CSIRO) in 1966 (originally the strain had been carried from

TAL 379
532C SEMIA 5039

the USA to Australia by Dr. Peter J. Dart, personal communication)

Isolated in the State of Rio Grande do Sul, from an area previously inoculated with a
North American inoculant [18], and recommended in commercial inoculants from 1965 to
1966 and in 1976 and 1978

Strain received from Japan and first tested for N, fixation ability in the State of Rio
Grande do Sul [18]. The strain was not recommended in commercial inoculants, but was

SEMIA 5020 965, BR 95, J5033
used in several field experiments performed by Universities and Experimental Stations in
Brazil

SEMIA 587 Isolated in 1967 in the State of Rio Grande do Sul, from an area previously inoculated

with a North American inoculant and used in commercial inoculants from 1968 to 1975

and since 1979

Strain isolated in the State of Rio de Janeiro, from a soil with a high manganese content

(no record of which strains had been previously inoculated in the area), and used in

commercial inoculants since 1979

Natural variant of CB 1809, obtained under laboratory conditions and characterized by a

higher competitiveness than the parental strain [31], being recommended for commercial

inoculants since 1992

Strain belonging to serogroup SEMIA 566, and isolated from a soil in the Cerrados region

several years after inoculation with that strain [31]. Recommended for commercial

inoculants since 1992

29w SEMIA 5019
CPAC 7 SEMIA 5080

CPAC 15 SEMIA 5079

2.4. PCR genomic fingerprinting with arbitrary short
and specific primers

For the genetic analyses, the DNA from strains
was extracted and amplified by PCR with ERIC
and REP primers (at a concentration of 50 pmol
ul™!) following the methodology of de Bruijn [5].
PCR cycles were slightly modified from the protocol
of Dr. de Bruijn’s laboratory and the analysis was
performed in an MJ Research Inc. PT 100 Thermo-
cycler. For REPIR-1 and REP2I primers, the fol-
lowing cycles were used: 1 cycle at 95°C for 6 min;
35 cycles at 94°C for 1 min, at 45°C for 1 min and at
65°C for 8 min; 1 cycle at 65°C for 16 min; and a
final soak at 4°C. For ERICIR and ERIC2 primers:
1 cycle at 95°C for 7 min; 35 cycles at 94°C for 1 min,
at 52°C for 1 min and at 65°C for 8 min; 1 cycle at
68°C for 16 min; and a final soak at 4°C. After
separation of amplified fragments by electrophoresis
on a 1.5% agarose gel, the presence or absence of
bands was transformed in a binary matrix based
on presence/absence (1/0). For each gel internal
and external standards with defined marker sizes

were used and the combined and normalized data
were put into the matrix for statistical analysis. Clus-
ter analysis was carried out with the NTSYS-PC
program (Numerical Taxonomic and Multivariate
Analysis System, version 1.70, Exeter Software,
New York, USA), using the UPGMA (unweighted
pair group arithmetic average clustering) and the SM
(simple matching) and J (Jaccard) coefficients.

2.5. Nitrogen fixation capacity

Each strain was grown in YM (yeast mannitol)
medium [33], for 7 days, at 28°C, and cultures were
adjusted to a concentration of 10° cells ml~!, accord-
ing to previous analyses performed with each strain
and considering optical density and plate and plant
counts after inoculation with serial dilutions. Soy-
bean [Glycine max L. (Merrill)] seeds of cultivar
BR-16 were surface-sterilized [33] and incubated
with the inoculum (1 ml seed™") for 30 min. Four
seeds were sown in every modified Leonard jar [33]
containing sterile sand and vermiculite (1:2, v/v) and
filled with N-free nutrient solution [2]. Plants were
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Table 2

Nodule number (NN, no. plant™!) and dry weight (NDW, mg nodules plant™'), root (RDW, g plant™') and shoot (SDW, g plant™!) dry
weight, total N accumulated in shoots (TNS, mg N shoot™!") and nodule efficiency (NE, mg N in shoots mg~! of nodules) of soybean cul-
tivar BR-16 inoculated with Bradyrhizobium strains belonging to serogroups CB 1809, 532C, SEMIA 5020, SEMIA 566, 29w and SEMIA

587

Strain NN NDW RDW SDW TNS NE
Serogroup CB 1809

CB 1809 123.0 abc® 248.3 d-g 0.37 def 2.52 a-d 71.1 be 0.286 ab
CPAC 7 153.0 abc 298.8 b—¢ 0.37 def 2.72 abc 73.8 b 0.247 abc
CPAC 390 136.7 abc 460.0 a 0.76 ab 347 a 1125 a 0.244 abc
CPAC 392 84.7 ¢ 286.2 b-f 0.55 a—f 2.20 b-e 59.5 b—e 0.208 a-d
CPAC 393 117.3 abc 321.2 a—e 0.66 a—d 2.74 abc 777 b 0.242 abc
CPAC 394 94.7 abc 421.3 ab 0.80 a 2.97 ab 76.4 b 0.181 cd
CPAC 402 122.0 abe 373.6 a—d 0.66 a—d 2.92 abc 80.1 b 0.214 a-d
CPAC 403 170.3 a 423.4 ab 0.71 abc 2.96 ab 733 b 0.173 cd
CPAC 404 103.0 abc 388.5 a—d 0.76 ab 3.04 ab 71.2 be 0.183 cd
CPAC 405 138.3 abc 3164 a—e 0.64 a—e 2.43 bed 65.7 bed 0.208 a-d
Serogroup 532C

532 C 147.2 abe 145.0 fg 033 f 112 f 26.2 fg 0.178 cd
CPAC 346 164.7 abc 408.0 abc 0.52 a—f 2.20 b-e 60.2 b—e 0.148 cd
CPAC 351 143.3 abc 217.7 efg 033 f 1.52 def 36.6 d-g 0.168 cd
CPAC 357 151.0 abc 198.1 efg 033 f 1.37 ef 359 d-g 0.181 cd
CPAC 360 111.7 abe 194.4 efg 0.34 ef 1.15 f 26.4 fg 0.136 d
CPAC 361 108.7 abc 144.4 fg 032 f 1.03 f 179 g 0.124 d
CPAC 471 87.3 bc 1325 ¢g 0.34 ef 1.11 f 199 ¢ 0.150 cd
Serogroup SEMIA 5020

SEMIA 5020 138.1 abc 145.0 fg 033 f 1.37 ef 26.7 fg 0.193 bed
CPAC 520 137.0 abc 256.9 c-g 0.46 b-f 1.68 def 404 c-¢g 0.157 cd
CPAC 527 131.0 abc 2474 d-g 0.38 def 1.61 def 33.1 efg 0.134 d
Serogroup SEMIA 566

SEMIA 566 160.3 abc 2458 d-g 0.47 b-f 235 b-e 60.9 b—e 0.248 abc
CPAC 15 167.0 ab 237.0 d-g 0.42 cf 2.45 bed 61.9 b—e 0.300 a
Serogroup 29w

29w 124.0 abc 274.8 b-g 0.37 def 1.94 cf 48.8 b-g 0.178 cd
Serogroup SEMIA 587

SEMIA 587 98.0 abc 277.0 b-g 0.54 a—f 2.51 a—d 54.0 b-f 0.195 bed

@Mean of five replicates. Values followed by the same letter did not show statistical difference (Tukey, P = 0.05).

grown under greenhouse conditions, with a 12-h
photoperiod and temperature of 28/23°C (day/night,
with a standard deviation of *2.8°C) and thinned to
two plants per jar 4 days after emergence (DAE).
Nutrient solution was replenished every other day
and plants were harvested at 45 DAE. The parame-
ters evaluated were nodule number and dry weight,
shoot and root dry weight and total N content of
shoots. The N content was determined by the indo-
phenol blue colorimetric method of Feije and Anger
[7]. The experiment was performed in a randomized
block design, with five replicates and statistically an-
alyzed by Tukey’s test (P =0.05).

2.6. Nodule occupancy

The nodule occupancy experiment was carried out
as described in Section 2.5, except that each strain
(10° cells mI~") was inoculated in a proportion of
1:1 with strain 29w (10° cells ml™!), which is highly
competitive and belongs to a different serogroup
than all the strains to be tested. In addition to the
parameters analyzed in the previous experiment, 60
nodules per treatment were randomly collected and
their bradyrhizobia analyzed for serological reactions
[23] against the antisera of each inoculated strain and
of 29w. The experiment was performed in a random-
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Fig. 1. A: Protein profiles of strains belonging to serogroup of
CB 1809: 1, CPAC 390; 2, CPAC 392; 3, CPAC 393; 4, CPAC
394; 5, CPAC 402; 6, CPAC 404; 7, the parental CB 1809. B:
Lipopolysaccharide profiles of strains 1, CPAC 390; 2, CB 1809.
C: Protein profiles of strains belonging to serogroup 532C:
1, CPAC 346; 2, CPAC 351; 3, CPAC 357; 4, CPAC 360;
5, CPAC 361; 6, the putative parental 532C. The arrow on the
right side indicates a band which differs among the putative pa-

rental and the variant strains. S indicates the protein standard
with the size markers in kDa on the right side.

ized block design, with five replicates, the plants were
collected at 45 DAE and the results were statistically
analyzed by Tukey’s test (P =0.05).

3. Results

3.1. Strains selected for this study

3.1.1. Strains belonging to serogroup CB 1809
Strain CB 1809 was classified as very efficient in

terms of nitrogen fixation [6], and was commercially
recommended in 1977, but showed low competitive-
ness and was unable to nodulate an important com-
mercial cultivar of the 1970s, IAC-2 [18]. Therefore
the main objective within this serogroup was to ob-
tain variant strains with a higher competitiveness
and adapted to the soil conditions of the Cerrados
region. The methodology employed to obtain the
strains was based on the method of Peres et al. [20]
and had been used before to obtain strain CPAC 7
[9,31]. Several individual colonies from a pure cul-
ture were tested in Leonard jars for competitiveness,
with nodule occupancy evaluated by serology [23].
Promising strains were used in field experiments, in
Cerrados soils which had not been previously inocu-
lated and where the soybean control treatment
showed zero nodulation. Bacteria were reisolated
from soybean nodules of the inoculated treatments
characterized by the best symbiotic performance
(nodulation) and yield. As the strains were obtained
under laboratory controlled conditions, CB 1809 is
here called the parental genotype. Eight isolates from
serogroup CB 1809 were selected and used in this
study: CPAC 390, CPAC 392, CPAC 393, CPAC
394, CPAC 402, CPAC 403, CPAC 404 and CPAC
405. The strain grouping is shown in Table 2.

3.1.2. Strains belonging to serogroups 532C and
SEMIA 5020

The methodology used to select strains belonging
to these serogroups was also based on Peres et al.
[20] and had been used before to obtain CPAC 15
[9,31]. First, areas of the Experimental Station of
Embrapa-Cerrados that two decades before had
shown zero nodulation and were at that time planted
with soybean seeds inoculated with either 532C or
SEMIA 5020 strains were identified. Soybean seeds
were surface sterilized, the control without inocula-
tion had zero nodulation and inoculants were pre-
pared under laboratory conditions with pure cul-
tures. For this study bacteria were reisolated from
these areas, from field-grown soybean nodules show-
ing a diameter of 2-3 mm and internal pink color.
Nodules were grouped according to their serological
reactions [23] using antisera of all strains which had
been officially used in Brazilian commercial inocu-
lants or in field trials performed at the Experimental
Station. The strains were then tested individually for
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Fig. 2. ERIC-PCR fingerprint patterns obtained for the following strains. A: Serogroup CB 1809: lane 1, CPAC 390; 2, CPAC 392;
3, CPAC 393; 4, CPAC 394; 5, CPAC 402; 6, CPAC 403; 7, CPAC 404; 8, CPAC 405; 9, CPAC 7; 10, CB 1809. B: Serogroup 532C:
lanes 11, CPAC 346; 12, CPAC 351; 13, CPAC 357; 14, CPAC 360; 15, CPAC 361; 16, CPAC 471; 17, 532C. C: Serogroup SEMIA
5020: lanes 18, CPAC 520; 19, CPAC 527; 20, SEMIA 5020 (from Embrapa-Cerrados). The last lane shows the DNA molecular mass

standard (S) and the size markers are indicated in bp on the right side.

N, fixation capacity under greenhouse conditions.
Strains 532C and SEMIA 5020 will be called here
‘putative’ parental strains, since the variant strains
were reisolated two decades after inoculation with
these strains and reacted exclusively against the anti-
serum of 532C or SEMIA 5020. Promising strains
belonging to serogroups 532C and SEMIA 5020
were used in field experiments, also in areas free of
soybean bradyrhizobia. Bacteria were reisolated
from nodules of the treatments with the best sym-
biotic performance (nodulation) and yield. Six
strains belonging to serogroup 532C (CPAC 346,
CPAC 351, CPAC 357, CPAC 360, CPAC 361 and
CPAC 471) and two belonging to serogroup SEMIA
5020 (CPAC 520 and CPAC 527) were selected and

used in this study. The strain grouping is shown in
Table 2.

The serogroups of CB 1809, 532C and SEMIA
5020 were confirmed by the serological analysis of
agglutination with antibodies of whole cells, and
with antibodies of bacterial cellular wall lipopolysac-
charides, both visually and using ELISA.

3.2. Morphological, physiological and genetic
characterization of the strains

The main difference in colony morphology found
between parental strain CB 1809 and the variant
strains belonging to this serogroup was that the var-
iant strains produced more mucus. Protein and lip-
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Fig. 3. REP-PCR fingerprint patterns obtained for soybean Bradyrhizobium strains. The order of the lanes is the same as in Fig. 2.

opolysaccharide profiles of variant strains belonging
to this serogroup were similar to that of the parental
CB 1809. The protein profiles of six of the eight
variant strains used in this study are shown in Fig.
1A, and the lipopolysaccharide profiles of variant
strain CPAC 390 and the parental CB 1809 in Fig.
1B.

Putative parental strains 532C and SEMIA 5020
also produced less mucus than the adapted variant
strains belonging their respective serogroups. The
protein profiles obtained with adapted strains be-
longing to serogroup 532C were similar to that
found with the putative parental strain. Fig. 1C dis-
plays the results obtained with five of the six variant
strains as well as the putative parental genotype. A
slight difference was detected in all variant strains,
which did not show a band above 43 kDa detected in
the parental 532C (Fig. 1C) (protein profiles con-

firmed four times). The lipopolysaccharide profiles
of variant strains and the putative parental 532C
were identical (data not shown). Identical protein
and lipopolysaccharide profiles were obtained for
the putative parental strain SEMIA 5020 and the
two adapted variant strains belonging to this se-
rogroup (data not shown).

Using ERIC-PCR genomic fingerprintings, a very
limited level of polymorphism, especially in the re-
gion between 600 and 1000 bp, was detected between
CB 1809 (Fig. 2, lane 10) and the variant strains
belonging to this serogroup obtained under labora-
tory conditions, and exposed to a short period of
adaptation in soil (Fig. 2, lanes 1-9). Similar ge-
nomic fingerprinting profiles within this serogroup
were also obtained by REP-PCR, with only a few
polymorphisms being detected between the parental
and the variant strains, such as a missing band in
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Fig. 4. Nodule occupancy (% of nodules occupied by each strain) by variant and parental strains when mixed in a ratio of 1:1 with strain
29w. Occupancy was evaluated by the serological analysis of 60 nodules, from five replicates, at 45 days after emergence. Strains are rep-
resented by the following numbers: Serogroup CB 1809: 1, parental CB 1809; 2, CPAC 7; 3, CPAC 390; 4, CPAC 392; 5, CPAC 393;
6, CPAC 394; 7, CPAC 402; 8; CPAC 403; 9, CPAC 404; 10, CPAC 405; Serogroup 532C: 11, putative parental 532C; 12, CPAC 346;
13, CPAC 351; 14, CPAC 357; 15, CPAC 360; 16, CPAC 361; 17, CPAC 471; Serogroup SEMIA 5020: 18, putative parental SEMIA
5020; 19, CPAC 520; 20, CPAC 527; Serogroup SEMIA 566: 21, parental SEMIA 566; 22, CPAC 15; Serogroup SEMIA 587: 23,
SEMIA 587. Within the same serogroup, columns with * indicate that nodule occupancy by the variant strain was statistically different

from the parental genotype (Tukey, P=0.05).

strains CPAC 390, CPAC 394 and CPAC 402 in the
region between 500 and 600 bp (Fig. 3, lanes 1, 4 and
5).

A different result was found with strains isolated
after a long period of adaptation to the soil. Within
serogroup 532C, the ERIC-PCR profiles of five of
the six strains (Fig. 2, lanes 11-15) were similar, but
the genomic fingerprinting of strain CPAC 471 (Fig.
2, lane 16) differed considerably from the other var-
iants. Furthermore, all variants were quite distinct
from the putative parental strain 532C (Fig. 2, lane
17). An even higher level of dissimilarity, in relation
to the putative parental strain, was observed within
serogroup SEMIA 5020, since the two variant strains
belonging to this serogroup showed similar profiles
(Fig. 2, lanes 18 and 19), while a completely different
profile was obtained with the putative parental gen-
otype (Fig. 2, lane 20). The profiles obtained with
REP primers confirmed these differences reported
for serogroups 532C and SEMIA 5020 (Fig. 3). To
rule out the possibility of mislabeling parental strains
532C and SEMIA 5020, they were recovered from
the Brazilian germ plasm bank at FEPAGRO (RS),
where they were originally deposited in the 1960s.
They were also recovered from the rhizobium bank
at Embrapa-Cerrados, which received these strains

20 years ago; these represent the strain source for
the inoculant produced at that time. Strains 532C
and SEMIA 5020 from both laboratories were not
identical, but showed a high level of similarity with
both ERIC and REP primers (data not shown).
Antibodies of whole cells and antibodies of bacterial
cellular wall lipopolysaccharides of 532C and
SEMIA 5020 from both laboratories were prepared
and the adapted strains reacted positively with both
of them and with none of the 20 other antibodies of
strains which had been used as commercial inocu-
lants in Brazil. When the bradyrhizobium collections
from Embrapa-Cerrados, Embrapa-Soja and FEPA-
GRO were analyzed, including strains which were or
were not used in commercial inoculants, none of the
strains showed similar ERIC and REP-PCR profiles
to 532C and SEMIA 5020.

3.3. Symbiotic performance

Regarding the N, fixation capacity, evaluated
under greenhouse controlled conditions, the best
symbiotic performance in terms of nodule mass,
shoot dry weight and N accumulation in shoots
was achieved by inoculation with variant strains be-
longing to serogroup CB 1809 (Table 2). The highest
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rate of N, fixation resulted from inoculation with
strain CPAC 390, which allowed an increase of
58% of N accumulated in soybean shoots in relation
to the plants inoculated with the parental CB 1809;
these increases were 58%, 130% and 108% in relation
to three other strains used today in commercial in-
oculants, CPAC 15, 29w and SEMIA 587, respec-
tively. The good symbiotic performance of CPAC
7, which belongs to this serogroup and is also rec-
ommended in Brazilian inoculants, was confirmed in
this experiment. In relation to the other strains ob-
tained in this work, only CPAC 346, belonging to
serogroup 532C, showed a good symbiotic perform-
ance (Table 2).

The great majority of variant strains obtained in
this study showed higher nodule occupancy than
their respective parental genotypes (Fig. 4). Within
the serogroup of CB 1809, increases of up to 132%
(CPAC 390 and CPAC 403) in nodule occupancy
were obtained in relation to the parental strain. In-
creases in nodule occupancy were also verified even
when variant strains were obtained from more com-
petitive parental genotypes, such as 532C and
SEMIA 5020 (Fig. 4).

4. Discussion

Brazilian soils are usually very poor in N and are
originally free of soybean bradyrhizobia [8,13,15,
16,29,30]. Therefore, with the introduction of the
soybean crop to the country, inoculants contain-
ing foreign strains were used. However, with the
crop’s expansion a selection program for strains
adapted to Brazilian soils was started. Efficient and
competitive strains were obtained over the years, al-
lowing an adequate supply of N in response to the
increasing demands of more productive cultivars.
The country today has specific legislation for quality
control of commercial inoculants, which can only
contain strains recommended by a committee of mi-
crobiologists. Four approved strains exist for soy-
bean, SEMIA 587, 29w, CPAC 7 and CPAC 15,
all obtained by reisolation from previously inocu-
lated soils after a long or short period of adaptation
[8,12,13,28,32].

The selection program for soybean bradyrhizobia
strains, performed at Embrapa, is today based on the

identification of variant strains adapted to the soils
showing a higher N, fixation capacity and higher
competitiveness than the parental genotypes. Two
strains obtained in this program, CPAC 7 and
CPAC 15, are today recommended for commercial
inoculants, since they have proved to increase nod-
ulation, N, fixation and yield significantly
[12,13,17,28,31,32]. The variant strains, CPAC 7
and CPAC 15, differ from the parental genotypes
in other parameters, such as mucus production, syn-
thesis of IAA, Hai phenotype, Nod factor profile
and DNA fingerprints with arbitrary or specific
primers [4,10,11,17]. Other variant adapted strains,
belonging to serogroup SEMIA 566, were also supe-
rior to the parental genotype with respect to Nj
fixation rates, competitiveness and agronomic traits
[11]. The efficiency of the selection program was con-
firmed in this paper, since some of the variant strains
have shown an outstanding performance in terms of
N, fixation rates and especially in relation to com-
petitiveness.

In the USA, where soybean is also an important
crop, there are frequent reports of a lack of response
to inoculation in soils with few cells of established
bradyrhizobia [22,27]. Contrarily, in Brazil field re-
sponses to inoculation can be obtained even in soils
with up to 10° cells of soybean bradyrhizobia g=! of
soil [9,10,12,13,17,28,32]. Possible explanations for
this could reside in a higher competitiveness of bra-
dyrhizobium strains established in North American
soils, or in the necessity of adding bacteria in a prop-
er physiological state under the environmentally
stressful conditions present in Brazil. However, re-
sponses to inoculation and also a higher contribution
of the N, fixation process reported in Brazil may
result from an intense search for more efficient and
competitive strains.

In this study, when the variant strains belonging to
serogroups CB 1809 were compared with the paren-
tal genotype, and those belonging to serogroups
532C and SEMIA 5020 were compared with their
respective putative parental genotypes, differences
were detected in colony morphology and on ERIC
and REP-PCR profiles. For serogroup CB 1809,
with variant strains selected under laboratory condi-
tions followed by a short period of adaptation to the
soil, the magnitude of the differences in ERIC and
REP-PCR profiles was similar to that observed in
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the USA for serogroup USDA 123 [14]. However,
quite distinct DNA profiles were obtained between
variant and putative parental strains within se-
rogroups 532C and SEMIA 5020, although the soy-
bean seeds used 20 years ago were surface sterilized,
the control treatment without inoculation at that
time had zero nodulation and inoculants were pre-
pared under laboratory conditions with pure cultures
of strains 532C and SEMIA 5020.

Until now, the identification of strains by the Bra-
zilian laboratories has been based exclusively on the
serological properties and well defined groups with
different serological reactions have been established.
It is possible that foreign inoculants used in Brazil
during the first years of the crop’s introduction car-
ried contaminant strains, but for years the serologi-
cal analysis of nodules collected in the field showed
that the known strains occupied most of the nodules
[8,10-13,16-20,29-32]. To be able to establish in the
soil in such high proportions, these contaminant
strains should be extremely competitive and dissem-
ination from other producing areas would have oc-
curred.

The DNA fingerprinting analysis has raised an
intriguing question in relation to strains belonging
to serogroups 532C and SEMIA 5020. The putative
parental genotypes were genetically very distant from
the adapted strains. However, the variant strains re-
acted exclusively with the serogroup corresponding
to their respective parental genotypes. Three hypoth-
eses could be proposed to explain the genetic diver-
sity observed in this study. First, contaminant
strains, without records in the Brazilian germ plasm
bank and belonging to the same serogroups, were
carried in the first inoculants and disseminated to
the experimental area, miles away from the first
grain-producing sites. The second hypothesis is that
the stressful conditions of the Cerrados, character-
ized by environmentally inhospitable conditions, es-
pecially subjection to long periods of water stress
and high temperatures (> 40°C), as well as soil fer-
tility problems, such as low pH (<5.0) and alumi-
num toxicity, caused considerable genomic rear-
rangements in the parental genotypes, resulting in
an enormous genetic variation in the variant strains.
The third hypothesis would be raised in light of the
results obtained in New Zealand soils [25,26] with
Lotus corniculatus and Mesorhizobium loti, showing

that non-symbiotic rhizobia persist in soils in the
absence of host legume, acquiring the symbiotic
genes from an inoculant strain upon the introduction
of the host legume. Therefore, diverse strains arose
by transfer of chromosomal symbiotic genes from
the inoculant M. loti strain ICMP3153 [25,26]. The
transfer of the chromosomal symbiotic genes, later
termed symbiosis island, to non-symbiotic mesorhi-
zobia was confirmed under laboratory conditions
[24]. Consequently, the variant strains belonging to
serogroups 532C and SEMIA 5020 could well be
resident bacteria (saprophytic), unrelated to the pu-
tative parental strains which became good nodula-
tors and N, fixers, possibly via transfer of nodula-
tion, nitrogen fixation, and other competition-related
genes from the inoculum strain. The following step
of this study will be to investigate this third hypoth-
esis, using the approach of Sullivan et al. [26].

The results obtained here indicate the necessity of
obtaining DNA fingerprints to classify and identify
rhizobium strains in the germ plasm banks world-
wide; these fingerprints should be related to the
characteristics used before to classify the strains,
usually serology. It is possible that other laboratories
will also find similar differences between putative pa-
rental genotypes and their serologically related var-
iant strains. Studies will continue to clarify the na-
ture of the genetic diversity found for strains
reisolated from soils after a long period. When var-
iant strains were obtained under laboratory condi-
tions and subjected to a short-term exposure to the
soils, genetic variability was lower. However, in both
cases, within the variability detected it was possible
to select variant strains with higher N, fixation ca-
pacity and competitiveness, contributing to a better
plant N nutrition status.
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