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Abstract

This study was conducted in an area of Brazil cultivated with soybean since the early 1960's but which for the last 17 yr was
under di�erent tillage (no-tillage, NT; conventional tillage, CT) and crop rotation (soybean, S/wheat, W/maize, M; S/W; M/W)
systems. The area had not received any inoculant for the last 15 yr and our objective was to investigate the e�ects of tillage and
cropping systems on the bradyrhizobia population. The NT system and crop rotations with soybean resulted in high populations

of bradyrhizobia, but even in the treatment where soybean had not been cultivated for 17 yr (M/W) the number of viable cells
in the soil was high. A total of 142 bradyrhizobia isolated from the di�erent treatments were characterized based on colony
morphology, serological reaction, DNA analysis by RAPD, protein and Nod factors pro®les. The analyses resulted in grouping

of the isolates into 16 DNA, ®ve protein and three Nod factors pro®les. A high proportion (37.5%) of the isolates did not react
with any known serogroup. Both NT and crop rotations with soybean resulted in a higher bradyrhizobia diversity, with the
lowest number of genomic patterns occurring in the CT with M/W rotation. However, there was no relationship between the

treatment combinations and genetic relatedness. The evaluation of symbiotic performance under greenhouse conditions showed
that the isolates with higher rates of N2 ®xation were also isolated from NT with S/W or S/W/M crop rotations. Consequently,
the use of agronomic practices such as NT and crop rotation with legumes will not only contribute to agricultural sustainability,
but also help to maintain bradyrhizobia population and diversity. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Sustainable agriculture seeks to provide for the
needs of the present without compromising the poten-
tial in the future. Therefore, practices which produce
suitable yields and economic returns and, at the same
time, enhance an maintain soil quality are preferred
over those that degrade the soil as a resource base. A
component of soil quality maintenance is favoring the
action of bene®cial soil organisms, one of the most im-
portant of which are the root nodule bacteria involved
in the biological nitrogen ®xation process.

Several combinations of legumes and nonlegumes

are used in multiple cropping systems, rotation or

intercropping and contribute to the regenerative pro-

cesses that must operate in a sustainable system (Boh-

lool et al., 1992). Symbiotic nitrogen ®xation plays a

key role in these cropping systems and a right combi-

nation can bring bene®ts in N status of both legumes

and nonlegumes (Nambiar et al., 1982; Crookston et

al., 1991; Hungria et al., 1997a,b).

Di�erent tillage systems also a�ect soil sustainabil-

ity. Conventional tillage, with the traditional practices

of plowing and disking to prepare land, reduces soil

organic matter and increases erosion, especially in the

tropics. As an alternative, no-tillage management, sow-
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ing directly through the mulch, protects the soil
against erosion by water, improves soil structure stab-
ility and moisture content and, with time, also
increases soil organic matter content (Blevins et al.,
1977; Kemper and Derpsch, 1981; Sidiras et al., 1982;
Pavan et al., 1985). Several studies have also indicated
that the no-tillage system increases soil biomass and
the size of the microbial population (Powlson and Jen-
kinson, 1981; Staley et al., 1988; Alvarez et al., 1995).
For no-tillage systems in the south region of Brazil,
di�erences of about 50% in soil biomass and rhizobial
populations, in relation to the conventional tillage,
were reported (Hungria and Vargas, 1996; Hungria et
al., 1997a). Consequently, there has been an appreci-
able increase in the adoption of no-tillage management
by farmers, and the system currently occupies 4.5 �
106 ha in Brazil, mainly cropped with soybean and
maize, representing 30% of the country's cultivated
area (Gassen and Gassen, 1996).

Soybean was introduced in Brazil around 100 yr
ago, but large-scale commercial cultivation did not
begin until the 1960's. Brazilian soils were originally
free of soybean bradyrhizobia but inoculation has
established populations of some few strains in most of
the 12 � 106 ha which are today cultivated with this
crop (Vargas and Hungria, 1997). Previous evaluations
performed in Brazil have demonstrated that some crop
rotations and the no-tillage management system favor
bradyrhizobia populations, nodulation, nitrogen ®x-
ation rates and yield (Voss and Sidiras, 1985; Hungria
and Stacey, 1997; Hungria et al., 1997a). However, the
scale of bradyrhizobia diversity in di�erent agronomic
systems has yet to be determined. Consequently, we
studied an area cultivated with soybeans for more than
30 yr but which was under di�erent tillage and crop
rotation systems for the last 17 yr. The area had not
been inoculated for the past 15 yr. Our objective was
to evaluate tillage and crop e�ects on the soybean bra-
dyrhizobia population.

2. Materials and methods

2.1. Bacteria count and isolation

Samples were taken in 1995. Seventeen years pre-
viously the experiment had been installed in an area
cultivated with soybean since the early 1960's in an
oxisol at the Experimental Station of Instituto
AgronoÃ mico do ParanaÂ , district of Londrina, State
of ParanaÂ , in the south region of Brazil. The exper-
iment was a 2� 3 factorial in a split-plot design, with
three replicates for each treatment. The experimental
plots measured 8 � 25 m and plots were separated by
2.0 m. Tillage treatments consisted of the no-tillage,
NT, with sowing directly through the mulch and the

conventional tillage, CT, with the traditional practices

of plowing and disking to prepare land. Tillage sys-
tems were localized on the main plots and crop ro-

tations (soybean (Glycine max )/wheat (Triticum
aestivum )/maize (Zea mays ), S/W/M; soybean/wheat,

S/W; maize/wheat, M/M) on the subplots. The crops

received fertilizers according to the soil analysis rea-
lized before each cropping. The area had not received

any inoculant for the last 15 yr and N fertilizer was

never applied to the soybean crop.

Five days before soybean (S/W; S/W/M) or maize

(M/W) harvest, ®ve soil samples were recovered
from each subplot (totaling 15 samples per each of

the six treatments). Each one of the ®ve soil

samples consisted of 10 samples randomly collected
within each 8� 25 m plot, at the depth of 0 to 15 cm,

and mixed in a sterilized bag. Soil samples were col-

lected with a soil drill cleaned with alcohol (95%) and
¯amed between samplings. Analyses proceeded im-

mediately, the samples were sieved (4 mm) and divided

for the determination of moisture content, chemical
properties and rhizobia isolation. Chemical analyses

were performed according to Pavan et al. (1992) and

moisture content after drying the soil at 1058C for 4 d.

For both the evaluation of the established bradyr-

hizobia population and for strain isolation, 10 g of
fresh soil of each subplot were serially diluted (to

10ÿ9), with ®ve replicates per dilution. Soil dilutions (1

ml of each dilution) were used to inoculate surface
sterilized (Vincent, 1970) soybean seeds of cultivar BR-

16 (cultivar resulting from the crossing of D69-B10-

M58 and Davis). Three seeds were placed in each
modi®ed Leonard jar (Vincent, 1970) containing sand

and vermiculite (1:2, v/v) and thinned to two seedlings

per jar 3 d after emergence. Plants were grown under
greenhouse conditions, with mean temperatures of 28/

228C (day/night) and received N-free nutrient solution
(Andrade and Hamakawa, 1994). Plants were har-

vested 5 weeks after emergence, divided into shoots

and roots and roots were washed to evaluate nodula-
tion. The number of bradyrhizobia cells was evaluated

by the most probable number (MPN) counting tech-

nique (Vincent, 1970), using the statistical tables of
Andrade and Hamakawa (1994). To express the results

as gÿ1 soil, the correction was made according to the

moisture content. All statistical data processing was
performed by using the version 6 of the package SAS

(SAS, 1990), considering the split-plot design with

three replicates.

From each treatment, 25 nodules were randomly

collected from the dilution 10ÿ2, totaling 150 nodules
for the whole experiment. Rhizobia were isolated from

nodules according to standard methodologies (Vincent,

1970) and reinoculated in soybean cultivar BR-16, to
con®rm their infectivity.
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2.2. Characterization of isolates

2.2.1. Morphological and serological analyses
The morphological and serological characterization

of the isolates were performed as described by Boddey
and Hungria (1997). The isolates were tested against
the antisera of strains SEMIA 527, SEMIA 566 (the
same serogroup as CPAC 15, =SEMIA 5079), 532c
(=SEMIA 5039), SEMIA 587, 29w (=SEMIA 5019),
CB 1809 (=SEMIA 586 and belonging to the same
serogroup as CPAC 7, =SEMIA 5080). These strains
had been used in Brazilian commercial inoculants for
variable periods of time since the early 1960's.

2.2.2. Protein ®ngerprinting
Protein pro®les were determined for all isolates,

using 30 ml of cultures grown on TY medium (Berin-
ger, 1974) for 5 d. Cells were centrifuged, washed three
times in 0.85% NaCl and once in 10 mM Tris±HCl
pH 7.6. Cells were resuspended in 10 mM Tris±HCl
pH 7.6 to the concentration of 109 cells mlÿ1 and 200
ml of this suspension were mixed with 200 ml of steri-
lized lysis bu�er containing: water, 8 ml, 0.5 M Tris±
HCl pH 6.8, 2 ml, glycerol, 1.6 ml, 10% SDS, 3.2 ml,
mercaptoethanol, 0.8 ml and 0.05% bromophenol
blue, 0.4 ml. Cells were boiled for 5 min and centri-
fuged at 10,000 rev minÿ1 for 5 min, harvesting the
supernatant. Samples were run in an acrylamide gel
(29.2 g of acrylamide and 0.8 g of N,N '-methylenebisa-
crylamide in 100 ml). The gel for separation was pre-
pared at 12.5% (containing, in 50 ml: water, 16.75 ml;
1.5 M Tris±base pH 8.8, 12.5 ml; 10% SDS (sodium
dodecyl sulfate), 500 ml; bis/acrylamide, 20 ml; 10%
ammonium persulfate, 250 ml; TEMED (N,N,N ',N '-
tetramethylethylenediamine), 25 ml) and the gel for
concentration was prepared at 3.5% (water, 9.26 ml;
Tris, 3.75 ml; SDS, 150 ml; bis/acrylamide, 1.75 ml;
ammonium persulfate, 75 ml; TEMED, 7.5 ml). The
bu�er contained, lÿ1: Tris±base, 15.1 g; glycine, 72.0 g;
SDS, 5 g. The bu�er for the run consisted of (5�):
Tris±base, 15 g; glycine, 72.0 g; 0.5% SDS. The
samples were run at 100 V for 3±4 h. Gel staining was
as follows: 2 h in 50% methanol: 10% acetic acid; one
night in 5% methanol: 7% acetic acid; washings of 5
min for two times with distilled water; staining for 4 h
with 0.1% of Coomassie brilliant blue in water, fol-
lowed by discoloration for 2 h in 50% methanol: 10%
acetic acid and ®nally several washes with 7% acetic
acid.

2.2.3. Genetic analysis by PCR with arbitrary primers
(RAPD or AP-PCR)

The DNA of all isolates was extracted according to
standard procedures (Sambrook et al., 1989). Ampli®-
cation was performed with a ®nal volume of 25 ml,
containing: water, 11.5 ml; dNTPs (1.5 mM), 5.0 ml;

bu�er 10� (500 mM KCl; 100 mM Tris±HCl pH 8.3),
2.5 ml; 20 mM MgCl2, 3.0 ml; primer (30 ng), 1,0 ml;
DNA (50 ng), 1.0 ml; Taq polymerase, 1.0 ml (1.2 U).
DNA was ampli®ed with 12 10-bp long primers of kit-
S of Operon (Operon Technologies, Alameda, CA,
USA): 1 (5 ' CTACTGCGCT 3 '); 3 (5 '
CAGAGGTCCC 3 '); 5 (5 ' TTTGGGGCCT 3 '); 6 (5 '
GATACCTCGG 3 '), 7 (5 ' TCCGATGCTG 3 '), 9 (5 '
TCCTGGTCCC 3 '), 10 (5 ' ACCGTTCCAG 3 '); 12
(5 ' CTGGGTGAGT 3 '); 16 (5 ' AGGGGGTTCC 3 '),
17 (5 ' TGGGGACCAC 3 '); 19 (5 ' GAGTCAGCAG
3 ') and 20 (5 ' TCTGGACGGA 3 '). The reaction was
carried out in an MJ Research Inc. PT 100 thermocy-
cler using 45 cycles of: at 948C for 1 min, annealing at
358C for 1 min and extension at 728C for 2 min. Each
strain was analyzed with each primer at least twice,
after DNA extraction of independent liquid cultures.
After separation of ampli®ed fragments by horizontal
electrophoresis in 1.5% agarose gels (low EEO, type
I±A) and staining with ethidium bromide, the gels
were photographed under UV radiation and the pre-
sence or absence of bands was transformed in a binary
matrix of presence/absence (1/0). B. japonicum strain
USDA 110 (=I1b110, =TAL102, =RCR3427,
=61A89), received from Dr P. van Berkum (USDA,
Beltsville, MD, USA) was used in these analyses as a
control. Cluster analysis was accomplished with the
NTSYS-PC program (numerical taxonomic and multi-
variate 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 the J (Jaccard) coe�cients.

2.2.4. Analysis of lipo-chitin Nod signals
Thin layer chromatography analysis (TLC) of lipo-

chitin oligosaccharide Nod signals (Nod factors) of 16
isolates representative of the genomic patterns deter-
mined by RAPD was performed with 14C-glucosamine
as described before (Hungria et al., 1996) after induc-
tion with seed exudates of cultivar BR-16.

2.3. Symbiotic performance

2.3.1. Host range
Strain host range was veri®ed with isolates represen-

tative of the 16 genomic patterns obtained by RAPD.
The experiment was performed in modi®ed Leonard
jars containing N-free nutrient solution as described in
the bacteria isolation item. Host range was tested
using surface disinfected seeds of the following
legumes: Leucaena leucocephala, Phaseolus vulgaris and
Macroptilium atropurpureum.

2.3.2. N2 ®xation rates
A greenhouse experiment (mean temperature of 28/

238C, day/night) was performed also with 16 isolates
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representative of genomic patterns obtained by RAPD.
The experiment used modi®ed Leonard jars ®lled with
N-free nutrient solution, as described in the item of
bacteria isolation. Inoculant preparation (109 cells
mlÿ1), seed inoculation and plant growth conditions
were as previously described (Hungria et al., 1996).
Controls included noninoculated plants and plants
inoculated with the strains currently recommended for
the use in Brazilian commercial inoculants: SEMIA
587, 29w (=SEMIA 5019), CPAC 7 (=SEMIA 5080)
and CPAC 15 (=SEMIA 5079). Plants were harvested
at 45 d after emergence and measurements of nodule
number and dry weight, shoot and root dry weight
and plan total N (N-Kjeldahl of shoot N+root
N+nodule Nÿseed N) were recorded. The experiment
was performed in a randomized block design with ®ve
replicates. The results were submitted to analysis of
variance (SAS, 1990) and the treatment means were
separated by the Tukey's test at PR 0.05.

3. Results and discussion

Although the soil chemical analysis was unrepli-
cated, the aluminum content for the crop rotation S/
W/M was higher, while under the NT both magnesium
and phosphorus contents were higher (Table 1).
Although the sampling was made in a long-term exper-
iment, few data were published through the years, but
soon after the plot establishment it was demonstrated
that NT improved soil structure stability, moisture
content, reduced soil temperature and increased soil
organic matter content (Kemper and Derpsch, 1981;
Sidiras et al., 1982; Pavan et al., 1985). In the samples
taken during this experiment, carbon content was
slightly higher (about 10%) under the no-till (Table 1),
but an important feature was that the mean soil tem-
perature during the 12 months before the collection
was 68C lower for the NT, with maximum temperature
under the CT during the summer frequently reaching
42±448C (data not shown).

The number of soybean bradyrhizobial cells was
higher under the no-tillage system and under the crop
rotations including soybean (Table 2), con®rming
results obtained in Brazil (Hungria and Stacey, 1997;
Hungria et al., 1997a). Increases in population due to
cropping with the homologous host legume were also
reported for other rhizobial species, e.g. cowpea bra-
dyrhizobia (Thies et al., 1995). Of 150 bacteria isolated
from soybean nodules randomly collected from plants
inoculated with soil dilutions from the six di�erent
agronomic systems, 142 have shown slow growth and
alkali production in YM medium and eight were
characterized by a faster growth and acid production.
This study has characterized the 142 Bradyrhizobium
isolates.T
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Of the four methodologies we employed, i.e., mor-
phological characterization, serological reaction, pro-
tein pro®le and DNA ®ngerprinting after PCR
reaction with arbitrary short primers (RAPD or AP-
PCR), the last one was the most discriminating to
characterize the isolates. Using the RAPD, the 142 iso-
lates have shown 16 distinct genomic patterns and the
presence of each of these pro®les in the di�erent agro-
nomic systems is shown on Table 2. A higher Bradyr-
hizobium diversity was observed in soils under NT
with the crop rotations with S/W/M, while the lowest
occurred in soils under CT and the M/W rotation. The
presence of soybean in the crop rotation signi®cantly
a�ected bradyrhizobia diversity, increasing the number
of genomic patterns (Table 2).

The majority of the isolates were ampli®ed by the
PCR reaction with the 10-bp long primers used in this
study and, when one isolate was not ampli®ed by one
primer, ampli®cation was obtained by the others. For
example, the isolate with the genomic pattern 11 was
not ampli®ed by primer 7, but ampli®cation was
obtained with primer 20 and a contrasting situation
occurred with isolate 2 (lines 11 and 2, Figs. 1A and
B). Di�erences were detected also among primers in re-
lation to the grade of polymorphism obtained. For
example, the use of primer 7 resulted in a lower level
of polymorphism, with isolates 3, 4, 5, 7 and 12 show-
ing similar ®ngerprintings (Fig. 1A). However, other
primers were able to detect polymorphic bands among
these same isolates, e.g. primer 20 (Fig. 1B).

The cluster analysis using the PCR products
obtained by the ampli®cation with the 12 short and
arbitrary primers has indicated a high degree of genetic
diversity among the 16 genomic patterns obtained.
Using both the SM (Fig. 2) and the Jaccard (Fig. 3)
coe�cients, several clusters were formed. With the SM

coe�cient, a major cluster included isolates 1, 2, 13,
17, 15, 16 and 12, which linked to another cluster con-
taining isolates 3, 4, 5, 7 and 6 at the level of 0.738.
Finally, isolates 8 and 11 were linked to these two
groups at a level of 0.669, followed by isolates 14, 9
and 10, this last one linked at a level of 0.649 (Fig. 2).
With the Jaccard coe�cient, which is more discrimi-
nating, producing discrete clusters at lower levels of
similarity (Goodfellow et al., 1985), a higher number
of clusters was obtained, with B. japonicum strain
USDA 110 occupying a position isolated from all
other isolates (Fig. 3). However, there was no relation-
ship between genetic relatedness and tillage/cropping
systems. For example, isolates 4, 12, 13 and 15,
detected in the agronomic system with lower bradyrhi-
zobia diversity (CT with the M/W rotation), were far
distant from each other on the cluster analysis. Also
the isolates which appeared more frequently, 1, 9, 11
and 12, were not genetically related.

Since the advent of the polymerase chain reaction
(PCR) (Saiki et al., 1988), this method has been used
in an increasing number of studies and the same has
happened with the RAPD (Random Ampli®ed Poly-
morphic DNA), a variation of PCR which utilizes pri-
mers with arbitrary sequences to begin DNA copy and
ampli®cation (Welsh and McClelland, 1990; Williams
et al., 1990). PCR analysis with arbitrary or speci®c
primers (particularly the repetitive sequences ERIC,
REP and BOX) has also proven to be a useful tech-
nique for identi®cation and characterization of rhizo-
bia strains, being less laborious than other methods
(de Bruijn, 1992; Harrison et al., 1992; Versalovic et
al., 1994; Richardson et al., 1995; Selenska-Pobell et
al., 1995; Hungria et al., 1998). However, in a bean
(Phaseolus vulgaris ) rhizobia study the RAPD detected
more genetic diversity than the ERIC and REP-PCR

Table 2

Population size of soybean bradyrhizobia and genomic patterns identi®ed by PCR using arbitrary short primers of isolates from soils under

di�erent tillage and crop rotation systems for the last 17 yr. The area had been cultivated with soybean since the early 1960's and has not

received any inoculant for the last 15 yr

Tillage systema Crop rotationb Bradyrhizobium (No. cells gÿ1 soil) Genomic patternc No. of genomic patternsc

NT S/W/M 4.47� 103 ad 1, 2, 3, 5, 7, 8, 9, 11, 13, 14, 16 11 a

NT S/W 5.01� 103 a 1, 3, 4, 6, 9, 10, 11, 12, 14, 15 10 ab

NT M/W 5.24� 102 bc 4, 7, 9, 11, 12, 16 6 bc

CT S/W/M 1.51� 103 ab 1, 2, 3, 4, 6, 8, 9,10, 12 9 ab

CT S/W 1.58� 103 ab 1, 5, 6, 9, 11, 13, 15, 16 8 abc

CT M/W 2.88� 102 c 4, 12, 13, 15 4 c

dms for tillage system 1.51� 102 n.s.

dms for crop rotation 1.15� 102 3.7

a NT, no-tillage; CT, conventional tillage.
b S, soybean; W, wheat, M, maize.
c Genomic patterns obtained after the analysis of 25 nodules from each treatment. For the number of genomic patterns, values followed by the

same letter did not show statistical di�erence (Tukey, PR 0.05).
d Means of 15 values (®ve soil samples from each of three replicates) followed by the same letter did not show statistical di�erence (Tukey,

PR 0.05). The dms (PR 0.05) for individual e�ects of tillage system and crop rotation is also shown, n.s. means not signi®cant.
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Fig. 1. DNA fragments obtained by PCR ampli®cation using arbitrary primers, of 16 soybean bradyrhizobia isolates representative of the geno-

mic patterns obtained under di�erent tillage and crop rotation systems. Ampli®cation was obtained with primers OPS-07 (A) and OPS-20 (B) of

Operon. The last lane indicates the DNA standard (S) with the size markers in bp in the right side.

M.C. Ferreira et al. / Soil Biology & Biochemistry 32 (2000) 627±637632



with speci®c primers (Hungria et al., 1999). In this
study, the PCR with arbitrary primers has also con-
®rmed to be a reliable technique, since the patterns
were reproducible in several reactions and with DNA

extracted from independent liquid cultures. Further-
more, RAPD is a simple and inexpensive technique
and was able to detect a high degree of diversity within
the soybean bradyrhizobia.

The 142 isolates were morphologically characterized,
but their grouping according to the colony character-
istics was di�cult. Table 3 shows the morphological

Fig. 2. Dendrogram showing the 16 soybean bradyrhizobia isolates

representative of the genomic patterns obtained under di�erent til-

lage and crop rotation systems. The cluster analysis considered the

PCR products obtained with 12 short primers and the Simple

Matching (SM) coe�cient; strain 17 is Bradyrhizobium japonicum

USDA 110.

Fig. 3. The same as Fig. 3, but using the Jaccard (J) coe�cient.

Table 3

Morphological and serological characterization of 16 soybean Bradyrhizobium isolates representative of the genomic patterns identi®ed in soils

under di�erent tillage and crop rotation systems

Isolate Diameter (mm) Colora Elevation Shape Mucus Margin Serogroupb Systemc

Tillage Rotation

1 < 1.0 cream convex circular ++ regular n.r. CT M/W

2 1.0 white convex circular +++ regular n.r. CT S/W/M

3 1.0 white ¯at circular ++ regular 29w NT S/W/M

4 1.0 cream convex circular ++ regular 29w NT M/W

5 1.0 cream convex circular ++ regular 29w CT S/W

6 1.0 white convex circular ++ regular 532c CT S/W/M

7 <1.0 white ¯at circular +++ regular n.r NT M/W

8 1.0 white convex circular ++ regular n.r NT S/W/M

9 <1.0 white convex circular ++ regular 29w CT S/W

10 1.0 white convex circular ++ regular 532c CT S/W/M

11 1.0 white ¯at circular +++ regular 566 NT S/W

12 1.0 white ¯at punctiform + irregular n.r CT S/W/M

13 1.0 white convex circular ++ regular 566 CT M/W

14 1.0 white convex circular ++ regular n.r NT S/W/M

15 1.0 white convex circular ++ regular 532c CT M/W

16 1.0 cream convex circular ++ regular 532c CT S/W

a In relation to the transparency, the isolates were all opaque.
b The isolates were tested against the antisera of isolates SEMIA 527, SEMIA 566 (same serogroup as CPAC 15), 532c, SEMIA 587, 29w and

CB 1809 (same serogroup as CPAC 7), which had been used in commercial inoculants for variable periods of time since the early 1960's; n.r.

means no reaction with any of the tested serogroups.
c CT, conventional tillage, NT, no-tillage, S, soybean; W, wheat; M, maize.
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characterization of 16 isolates representative of the
genomic patterns, as well as the source of each strain
used for this characterization. Di�erences among the
isolates were veri®ed on several properties, e.g. color
and mucosity. However, there was no evident relation-
ship between the colony morphology and the presence
or absence of the isolates in each agronomic system.

A high percentage (37.5%) of the isolates did not
react with any known Brazilian serogroup, so this
technique was also not adequate to group the isolates
(Table 3). The only isolates belonging to the same ser-
ogroup which were grouped in the same cluster by
RAPD were 3, 4 and 5 and the isolates 15 and 16. The
majority of the isolates (62.5%) reacted with three ser-
ogroups belonging to strains established in many Bra-
zilian soils cropped with soybean (Vargas and
Hungria, 1997). Those three strains, as well as most of
the strains established in Brazilian soils, have been
classi®ed as Bradyrhizobium elkanii (Boddey and Hun-
gria, 1997), justifying the genetic distance observed
between B. japonicum USDA 110 and the 16 isolates
(Fig. 3). In relation to the isolates without a known
serological reaction, in a survey of 28 Brazilian areas
traditionally cultivated with soybeans, the presence of

isolates which did not react with any known serogroup
was frequent and represented up to one-third of the
bradyrhizobia population (Vargas and Hungria, 1997).
Consequently, more detailed genetic studies would be
necessary to clarify if those isolates have had modi®-
cations in their serological properties or if they were
symbionts of native legumes or nonsymbiotic bradyrhi-
zobia which have acquired the symbiotic genes from
an inoculant strain upon the introduction of the host
legume, as describe for Mesorhizobium loti in New
Zealand (Sullivan et al., 1995, 1996).

The analyses of the protein pro®les detected a lower
variability among the isolates in comparison to the
RAPD. The 16 DNA genotypes have been grouped
into ®ve protein pro®les, with most of the isolates in
group 1 (1, 2, 3, 4, 5, 6, 7, 9 and 10). Pro®le 2 was
obtained for isolates 8 and 12; pro®le 3 characterized
isolate 14, and these three ®rst pro®les had several
bands in common; pro®le 4 included isolates 11, 15
and 16 and pro®le 5 was detected exclusively on isolate
13 (Fig. 4). The protein pro®les were also not related
to the serogroups.

Nod factors were investigated in the 16 representa-
tive isolates, trying to better understand the relation-
ships between rhizobia molecular signals, biodiversity
and nodulation. Three pro®les were identi®ed: Nod
factor pro®le 1 was similar to that obtained for
SEMIA 566 (Hungria et al., 1996); this pro®le was
detected in the majority of the isolates (2, 4, 5, 6, 7, 9,
13 and 16). Nod factor pro®le 2 was detected after nod
gene induction of isolates 8, 10, 11, 12, 14 and 15.
This pro®le was similar to that shown by strain CPAC
7 (belonging to serogroup CB 1809) (Hungria et al.,
1996), a strain usually absent or present in just a very
low percentage in Brazilian soils (Vargas and Hungria,
1997) and which did not react serologically with any
of the isolates in this study. Finally, pro®le 3 was
detected on isolates 1 and 3 and was very similar to
pro®le 2, except for one band below that observed in
pro®le 2 (data not shown). It has been reported that
certain soil management practices such as no-tillage
and crop rotation or intercropping with legumes may
allow a higher accumulation in the soil of compounds
acting as nod gene inducers, resulting in higher nodula-
tion and N2 ®xation rates (Hungria and Stacey, 1997;
Hungria et al., 1997b). It could well be that those ¯a-
vonoids accumulated in the soil would also stimulate
the survival of bradyrhizobia strains producing di�er-
ent Nod factors, since the three pro®les identi®ed in
this study were detected under no-tillage and crop ro-
tation with legumes.

In relation to the symbiotic evaluations, none of the
isolates was able to nodulate Phaseolus vulgaris or
Leucaena leucocephala, but all nodulated Macroptilium
atropurpureum. The greenhouse experiment with the 16
isolates representative of genomic patterns has shown

Fig. 4. Protein pro®les of soybean bradyrhizobia isolated from soils

under di�erent tillage and crop rotation systems. The area had not

received any inoculant for the last 15 yr. Line 1 corresponds to iso-

lates with the genomic patterns 1, 2, 3, 4, 5, 6, 7, 9 and 10; line 2

corresponds to isolates 8 and 12; line 3 to strain 14; line 4 is repre-

sentative of genomic patterns 11, 15 and 16 and line 5 of strain 13.

The last lane indicates the standard (S) with the size markers in kDa

in the right side.
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that some of them were as e�ective as the four strains
which are currently in use in Brazilian commercial
inoculants (Table 4). The most e�cient isolates were
found in the NT and crop rotation systems including
soybean at least every other year and some of them,
such as isolates 1 and 8, did not react with any known
serogroups.

Our results have shown that the type of tillage and
crop rotation system may quantitatively and qualitat-
ively a�ect soybean bradyrhizobia populations. Besides
soybean (Hungria and Stacey, 1997; Hungria et al.,
1997a), e�ects of no-tillage or cropping with the
legume host plant resulting in an increased rhizobia
population have also been reported for bean rhizobia
(Hungria et al., 1997b) and Sinorhizobium meliloti (Tri-
plett et al., 1993). Furthermore, in our study high
numbers of bradyrhizobia cells were detected even in
the absence of the host plant for 17 yr (M/W rotation),
supporting earlier suggestions that soybean bradyrizo-
bia populations are quite persistent (Triplett et al.,
1993). In relation to the qualitative di�erences, a
higher bean rhizobia diversity was also reported under
no-tillage and in the presence of the host plant in
monoculture or intercropping, when compared with

the monoculture with maize (Hungria and Vargas,
1996; Hungria et al., 1997b), The positive e�ects of
no-tillage, especially under tropical conditions, could
be attributed to several factors, such as a lower soil
temperature, higher soil moisture content, preservation
of soil aggregates and a higher carbon content, favor-
ing soil biomass and many classes of microorganisms,
including rhizobia (Powlson and Jenkinson, 1981; Sta-
ley et al., 1988; Alvarez et al., 1995; Hungria and Var-
gas, 1996; Hungria et al., 1997b). Besides that, the
host legume would also favor rhizobia population and
diversity, mostly due to rhizosphere e�ects (PenÄ a-Cab-
riales and Alexander, 1983). Finally, nodulation of the
legume host could also represent a rhizobial survival
mechanism. In our study, an inadequate soil manage-
ment, crop rotation exclusively with grasses, reduced
bradyrhizobia diversity, and a lower diversity of bean
rhizobia was also reported as an e�ect of addition of
N fertilizers (Caballero-Mellado and MartõÂ nez-
Romero, 1999).

In previous studies we have shown that the adap-
tation to environmentally stressful conditions which
frequently occur in the tropics will result in a high
degree of morphological, physiological and genetic
changes of soybean bradyrhizobia (Hungria et al.,
1996; Nishi et al., 1996; Boddey and Hungria, 1997;
Hungria et al., 1998). However, it is possible to take
advantage of this diversity and soil adaptation to select
more e�cient and competitive strains. Indeed, three of
the four strains which are currently recommended in
Brazilian commercial inoculants, SEMIA 587, 29w and
CPAC 15, were selected after a period of adaptation
to the soils (Vargas et al., 1992; Vargas and Hungria,
1997). In this study it was also shown that within the
higher diversity detected under the no-tillage and crop
rotations with soybean it is possible to select more e�-
cient strains. An intriguing question that arises is why
there is usually no ®eld response to soybean inocu-
lation in some countries, such as the USA, even in
soils with few bradyrhizobia cells (Dunigan et al.,
1984; Ellis et al., 1984; Thies et al., 1991), while in
Brazil ®eld responses can be obtained for both soy-
beans (Vargas et al., 1992; Nishi et al., 1996; Hungria
and Vargas, 1996; Vargas and Hungria, 1997; Hungria
et al., 1998) and beans (Hungria et al., 1999). It could
be that the competitiveness of established or natura-
lized strains is di�erent in both countries. It could also
be that due to the stressful tropical conditions there
would be an increase in nodulation due to the inocu-
lation with more e�cient bacteria in an appropriate
physiological state. Lastly, it is possible that the selec-
tion program in Brazil has paid more attention to the
search of more e�cient, competitive and adapted
strains.

In conclusion, the results reported here have high-
lighted the potential bene®ts of agronomic practices,

Table 4

Nodule number, nodule dry weight and total N accumulated by soy-

bean plants of cultivar BR-16 inoculated with 16 Bradyrizobium iso-

lates representative of the genomic patterns found in soils under

di�erent tillage and crop systems. Plants harvested at 45 d after

emergence

Isolate Nodulation Total N in plantsa

(mg N plantÿ1)
Number

(No. plantÿ1)
Dry weight

(mg plantÿ1)

1 86.7 abb 276.2 a 119.4 a

2 61.7 a±g 249.4 abc 79.7 bcd

3 65.0 a±f 260.0 ab 118.8 a

4 22.3 h 42.1 f 20.3 h

5 62.0 a±g 258.3 abc 88.3 bc

6 53.7 c±h 205.2 cd 71.3 b±e

7 43.5 d±h 160.3 e 52.6 efg

8 75.1 a±d 268.2 a 92.6 ab

9 45.2 d±h 150.5 e 50.3 efg

10 54.6 b±g 210.6 bcd 68.2 b±f

11 52.0 c±h 195.4 de 65.3 b±g

12 31.2 gh 81.3 f 38.4 gh

13 33.8 fgh 90.5 f 40.1 fgh

14 51.6 c±h 190.2 de 60.2 c±g

15 41.8 e±h 161.2 e 55.3 efg

16 51.7 c±h 180.7 de 55.7 d±g

29w 78.3 abc 270.4 a 121.1 a

SEMIA 587 70.6 a±e 265.0 ab 94.8 ab

CPAC 7 88.2 a 292.6 a 118.6 a

CPAC 15 85.1 a 290.5 a 120.3 a

a N shoot+N root+N nodulesÿN seed.
b Means of ®ve replicates followed by the same letter did not show

statistical di�erence (Tukey, P<0.05).
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such as the no-tillage system and crop rotations with
legumes, in agricultural sustainability and maintenance
of rhizobia populations and diversity. Furthermore,
within this diversity it is possible to select adapted
strains with high rates of N2 ®xation.
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