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Abstract 

Soybean is the most important leguminous crop in Brazil and the nitrogen required for plant growth is supplied by 
Bradyrhizobium bacteria through the symbiotic relation established by the inoculation process. Since 1992, two 
new strains, CPAC 7 and CPAC 15, which have been shown to increase yields in several field experiments, have 
been recommended in Brazilian commercial inoculants. CPAC 15 is a natural variant of the B. elkanii SEMIA 566 
strain, and was isolated after several years of adaptation to a Brazilian Cerrado soil, while CPAC 7 is a variant of B. 
japonicum strain CB 1809, selected under laboratory conditions for higher nodulation and yield. The comparison 
between parental and variant strains, under greenhouse conditions, showed that both CPAC 15 and CPAC 7 
increased N2 fixation rates in relation to the parental strains. The better performance of CPAC 15 was related to an 
increase in nodule efficiency (rag N2 fixed rag- l nodule) while with CPAC 7 the higher N2 fixation rates were due 
to increased nodulation. Both CPAC 15 and CPAC 7 increased nodule occupancy, when co-inoculated at a ratio 
of l : l  with B. elkanii 29w, in relation to their parental strains. Variant strains also differed from parental in their 
ability to increase numbers of root hairs (Hai phenotype) either when inoculated onto plants, or when supernatants 
of bacteria exposed to seed exudates were used as inoculants. This results lead to the hypothesis that a modification 
in some of the "common" nodulation genes had occurred. However, the increase in Hai phenotype with CPAC 7 
was dependent on the soybean cultivar, indicating a possible alteration in some genotypic specific nodulation gene. 
Apparently, there were no differences in Nod metabolites produced by strains CPAC 15 and SEMIA 566, but a more 
detailed chemical analysis would be required to rule out subtle differences. On the contrary, significant differences 
were found between CPAC 7 and the parental strain CB 1809, in the profile of Nod metabolites. Consequently, it 
may be possible that diffusable molecules, responsible for Hai phenotype, would be related to nodulation ability, 
competitiveness, and N2 fixation, resulting in the higher yields that have been associated with CPAC 7 and CPAC 
15. For the CPAC 7 strain, the increase in Hai phenotype could be attributed to the differences found in the Nod 
molecules. Consequently, a high degree of physiological and genetic variability can result from the adaptation of 
rhizobial strains to the soil. Also, this variability can be found under laboratory conditions, when searching single 
colonies with specific properties. 

Introduction 

The successful symbiosis between leguminous plants 
and rhizobia starts with the formation of effective nod- 
ules, where N2 fixation takes place. Although nodule 
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formation has been studied for several decades, it was 
only recently reported that, before any root phenotypic 
modification can be observed, the symbionts commu- 
nicate, exchanging molecular signals. These signals 
can induce or repress the activity of genes that play 
a role in nodulation or they can modify the products 
of these genes. First, diffusable substances that induce 
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the transcription of nodulation (nod) genes in bacteria, 
the majority of which have been identified as phenolic 
compounds of the fiavonoid family, are released by the 
host seeds and roots (Hungria et al., 1991a,b; Kosslak 
et al., 1987; Peters et al., 1986). In a second stage, 
the bacteria, by the action of nod gene products, pro- 
duce specific molecular signals (Faucher et al., 1989; 
Sanjuan et al., 1992; Van Brussel et al., 1986; Zaat et 
al., 1987), called Nod signals, that have been chemi- 
cally defined as lipo-chitin oligosaccharides, or LCOs 
(Lerouge et al., 1990). These specific bacterial signals 
induce modifications on the roots that are typical of 
the pre-infection process, such as Tsr (thick and short 
root), Had (hair deformation), Hai (hair induction) and 
Hac (hair curling) (van Brussel et al., 1986; Zaat et al., 
1987). 

Soybean [Glycine max (L.) Merrill] is the most 
important leguminous crop in Brazil, and the nitro- 
gen (N) required for plant growth is almost completely 
supplied by Bradyrhizobium bacteria through the sym- 
biotic relation established by the inoculation process 
(Cattelan and Hungria, 1994; Hungria et al., 1994). 
Since 1992, two new strains have been used in Brazil- 
ian inoculants, CPAC 7 and CPAC 15, which in many 
field trials, performed over seven years, were able to 
increase yield by up to 750 kg ha - l ,  in comparison with 
the other strains commercially recommended (Vargas 
et al., 1992). CPAC 15 is a natural variant of SEMIA 
566, and this last strain was isolated in southern Brazil 
in 1966 from a soil that had been inoculated for one 
year with a North American inoculant. The natural 
variant CPAC 15 was isolated from a Brazilian savan- 
na soil ("Cerrado") (Vargas et al., 1992), originally 
free of soybean rhizobia (Vargas et al., 1982), about 15 
years after the last inoculation with SEMIA 566. Both 
strains share serological properties and, since the area 
has been inoculated exclusively with SEMIA 566, it 
seems that CPAC 15 is a natural variant obtained by 
several years of stressful conditions, including high 
temperatures and low soil moisture, typical of the Cer- 
rado region. CPAC 7 is also a natural variant, but of 
strain CB 1809 (received from Australia in 1966), and 
it was obtained during a selection program of screening 
and testing single colonies for higher nodulation and 
yield. In contrast to the parental strain, CPAC 7 is also 
able to nodulate the soybean cultivar IAC-2, which 
was largely cultivated in the Cerrado region during the 
last decade (Vargas et al., 1992). 

Although economically very important in Brazil, 
since these two new strains have been preferential- 
ly used in commercial inoculants, only a few basic 

studies were performed comparing rhizobial charac- 
teristics associated with the higher field performance. 
The only data available compared some characteris- 
tics of Bradyrhizobium species, such as Hup pheno- 
type, rhizobitoxine and indole acetic acid synthesis, 
and restriction to nodulation with Rj4 soybean culti- 
var. The results demonstrated that CB 1809 and CPAC 
7 show typical properties of the species B. japonicum, 
while SEMIA 566 and CPAC 15 resemble B. elkanii 
(Nishi et al., 1996). Also, genetic differences, between 
parental and variant strains, were seen in DNA pro- 
file, obtained by RAPD analysis with 23 short primers 
(Nishi et al., 1996). 

In this study we have confirmed, under axenic con- 
ditions, the higher rates of N2 fixation obtained with 
CPAC 15 and CPAC 7, as well as the higher competi- 
tiveness, in co-inoculation studies with strain 29w, in 
comparison with their parental strains. We have also 
studied the variant strains with regard to parameters 
related to the exchange of molecular signals between 
microsymbiont and host plant. The long term goal of 
this research is to identify characteristics that could be 
related to the achievement of higher yields observed 
when soybean is inoculated with the variant strains 
CPAC 7 and CPAC 15 in the field. 

M a t e r i a l  a n d  m e t h o d s  

Bacterial strains 

- SEMIA 566, isolated in the State of Rio Grande 
do Sul, Brazil, in 1966, from large, pink nodules 
on soybean roots grown on a soil that had been 
inoculated, one year before, with a North Ameri- 
can inoculant from Nitragin (today LiphaTech Inc., 
Milwaukee, WI, USA). SEMIA 566 was recom- 
mended in Brazilian commercial inoculants from 
1966 to 1978. 

- C B  1809 (= SEMIA 586), strain received from 
CSIRO, Australia, in 1966. 

- C P A C  15 (= SEMIA 5079), strain isolated from 
a savanna soil (Cerrado) in the central region of 
Brazil, at EMBRAPA-CPAC (Empresa Brasileira 
de Pesquisa Agropecuriria, Centro de Pesquisa 
Agropecufiria do Cerrado), and serologically relat- 
ed to strain SEMIA 566. (Vargas et al., 1992). 

- CPAC 7 (= SEMIA 5080), strain selected from a 
single colony of CB 1809, under laboratory con- 
ditions at EMBRAPA-CPAC (Vargas et al., 1992), 
according to the methodology proposed by Peres 



et al. (1984), which tests individual colonies for 
higher N2 fixation rates (total N in shoots under 
axenic conditions), and screened also for higher 
nodulation. Both CPAC 15 and CPAC 7 increase 
soybean yield under field conditions and have been 
used in Brazilian commercial inoculants since 1992 
(Vargas et al., 1992). 

- 29w (= SEMIA 5019), B. elkanii strain isolated in 
Brazil, from soybean line IAC-70-559, and used in 
Brazilian commercial inoculants since 1979. 

Plant genotypes 

Two soybean [Glycine max (L.) Merrill] cultivars were 
used (genealogy in parenthesis): BR-16 (D69-B10- 
M58 X Davis) and IAC-2 (La 41-1219 X Yelnan- 
da). The seeds and information about the cultivars 
were obtained from the EMBRAPA-CNPSo (Centro 
Nacional de Pesquisa de Soja) germplasm bank. 

N2 fixation rates 

Each of the four bacterial strains was grown in YM 
(Yeast Manitol) medium (Vincent, 1970), for seven 
days, at 28°C, and equalized to a concentration of 
l09 ceils mL - j .  Soybean seeds of cultivars BR-16 
and IAC-2 were surface-sterilized (Vincent, 1970) and 
then incubated with the inoculum (1 mL seed -1) for 
30 rain. Five seeds were sown per modified Leonard 
jar (Vincent, 1970) containing sand and vermiculite 
(1:2, v/v) and filled with N-free nutrient solution 
(Somasegaran and Hoben, 1985). Both cultivars, with- 
out inoculation, were included as controls. Plants were 
grown under greenhouse conditions, with a 12 h pho- 
toperiod and temperature of 28/23 °C (day/night, with 
a standard deviation of:/: 2.5 °C) and thinned to two per 
jar, four days after emergence (DAE). Nutrient solution 
was completed every other day and plants were har- 
vested 40 DAE. The parameters evaluated were nodule 
number and dry weight of nodules, roots and shoots. 
Total N of shoots was determined after the indophenol 
blue colorimetric method of Feije and Anger (1972). 
The experiment was performed in a randomized block 
design, with five replicates and statistically analyzed 
by the Tukey's test (p < 0.05). 

Nodule occupancy 

The experiment was performed as described in the 
study of evaluation of N2 fixation rates, except that 
each one of the four strains (109 cells mL-  l ) was inoc- 

333 

ulated in a proportion of 1:1, 10:1, or 1:10 with strain 
29w, which is highly competitive and belongs to a 
different serogroup. Besides the parameters analyzed 
in the previous experiment, 60 nodules were random- 
ly collected per treatment and analyzed for serologi- 
cal reactions (Somasegaran and Hoben, 1985) against 
the anti-sera of each inoculated strain. Competitive- 
ness was tested with cultivar BR-16, which showed 
higher nodulation with all strains in the experiment of 
evaluation of N2 fixation rates. The experiment was 
performed in a randomized block design, with five 
replicates, the plants were collected 40 DAE and the 
results were statistically analyzed by the Tukey's test 
(p _< 0.05). 

Effects o f  bacterial strains on root phenotypic traits 

The studies were performed under axenic conditions. 
Soybean seeds of cultivar BR-16 and IAC-2 were 
surface-sterilized (Vincent, 1970), pre-germinated in 
a growth chamber at 25 °C for two days and trans- 
fered to 500-mL glass flasks, containing 150 mL of 
N-free nutrient solution and 8 g L-J of agar, paper- 
covered and topped with cheesecloth. The nutrient 
solution was modified from Somasegaran and Hoben 
(1985), adding 0.5 mL. L -  J of a stock solution contain- 
ing the following concentrations: CaCI2.2H20, 1M; 
KH2PO4, 0.5M; Fe-EDTA, 10 mM; MgSO4-7H20, 
0.25 M; K2SO4, 0.25 M; MnSO4.H20, 1 raM; H3BO3, 
2 mM; ZnSO4.7H20, 0.5 mM; CuSO4-5H20, 0.2 mM; 
COSO4-7H20, 0.1 raM; NaMoO4-2H20, 0.1 raM, and 
the final pH was adjusted to 6.8. Bacteria were grown 
in YM for four days, equalized to 105 cells mL - l ,  and 
1 mL was used per seedling. Plants were grown in a 
growth chamber at 28/23 °C (day/night), 60% relative 
humidity and a 12h photoperiod. Fifteen days after 
inoculation the following parameters were evaluated: 
Tsr (thick and short root, evaluated by the length and 
thickness of main root), Had (hair deformation, eval- 
uated by the length and thickness of root hairs), Hal 
(hair induction, determined by the number of root hairs 
per field of the Neubauer chamber), and Hac (hair curl- 
ing, evaluated by the presence or absence of root hair 
curling). Tsr, Had, Hai and Hac were investigated by 
optical microscopy. Roots were stained with methy- 
lene blue (0.01% w/v) in deionized water, incubated 
for 15 minutes in a moist chamber at 28 °C, carefully 
washed at least three times with deionized water, and 
then examined (Vasse and Truchet, 1984). The experi- 
ment was performed in a randomized design with four 
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replicates, and the results were statistically analyzed 
by the Tukey's test at p < 0.05. 

Effects of seed exudates and supernatants of bacteria 
on root phenotypic traits 

Soybean seed exudates of cultivars BR-16 and IAC- 
2 were produced from 100-surface-sterilized seeds 
(approximately 20 g) that were soaked in 35 mL of 
sterile deionized water, with agitation, at 28 °C, in 
the dark. After 24 h, about 22 mL of seed exudates 
were collected and filter sterilized by passing succes- 
sively through sterile nitrocellulose filters (Millipore) 
with 0.8, 0.4 and 0.2 #m pore sizes. Before utiliza- 
tion, all seed exudates were tested for contamination 
in nutrient-agar medium. 

Bradyrhizobium strains SEMIA 566, CPAC 15, CB 
1809 and CPAC 7 were grown in YM medium for 48h 
(105 cells mL-I) .  Cultures were then centrifuged at 
6,500 g for 30 min and resuspended to the initial vol- 
ume in N-free nutrient solution, described in the study 
of rates of N2 fixation. Bacteria were incubated in this 
solution for 48 h. After incubation, bacteria were cen- 
trifuged again at 6,500 g for 30 min, and resuspended 
in N-free nutrient solution, but in half of the initial 
volume. This suspension, designated inoculum, was 
mixed 1:1 (v/v) with seed exudate, incubated for 48h, 
centrifuged again at 6,500 g for 30 min, and the super- 
natant fluid collected. This fluid was filter sterilized as 
previously described and labelled as bacterial super- 
natant. 

Sterilized seed exudates or bacterial supernatants 
were mixed, in the proportion of 10% (v/v), with N- 
free nutrient solution, described in the item of effects 
of bacterial strains on root phenotypic traits and 8 g 
L -1 of agar. A volume of 150 mL of this solution was 
added to each 500-mL flask and autoclaved. Soybean 
seeds were surface-sterilized, pre-germinated, sown in 
each flask, harvested after 15 days and analyzed as 
described for the effects of bacterial strains on root 
phenotypic traits. 

Analysis of lipo-chitin Nod signals 

Thin layer chromatography analysis of lipo-chitin Nod 
signals produced by strains SEMIA 566, CPAC 15, 
CB 1809 and CPAC 7 was performed as described by 
Sanjuan et al. (1992). Strains were grown in modified 
YM, changing the carbon source to 5 g of Na-gluconate 
and the N source to 1 g of L-glutamate, until an OD6o0 
of 0.5-0.6. Cells were then pelleted and washed with 

modified Bergersen's minimal medium (Spaink et al., 
1992), lacking a carbon source (glycerol). After that, 
cells were diluted in the same medium to an OD60o 
of 0.1 and incubated with exudates of soybean cul- 
tivar Essex, obtained as previously described, or 2 
/~M of genistein. Cells incubated in the absence of 
any nod gene inducer served as controls. 14C-acetate 
was added to the non-induced and induced cultures 
at the time of incubation, using 50 #Ci of [I-14C] 
acetate (56 mCi mmol - I ,  ICN Pharmaceuticals, Inc. 
USA; 1 Ci=37 GBq) and the cultures were incubat- 
ed overnight with shaking (150 rpm) at 30 °C. Nod 
metabolites were extracted from the cultures by the 
addition of 50% of the total volume with distilled n- 
butanol. The butanol was removed by drying under a 
stream of nitrogen gas and the remaining residue was 
resuspended in 50% (v/v) acetonitrile:water. Extracts 
were analyzed on reverse phase TLC pre-coated plates 
of silica gel with 100% octadesylsilanization (Sigma 
Chemical Co.) as described by Spaink et al. (1992). 
Plates were then exposed to X-ray film (Kodak X- 
Omat AR) for four days at room temperature. 

Results 

N2 fixation rates 

The comparison of B. elkanii strains SEMIA 566 and 
CPAC 15 did not show statistical differences in rela- 
tion to the nodulation parameters. However, total N in 
shoots and nodule efficiency in both soybean cultivars 
inoculated with the natural variant strain were high- 
er than with the parental strain SEMIA 566 (Table 1). 
When B. japonicum strains CB 1809 and CPAC 7 were 
compared, nodule number and dry weight were high- 
er with strain CPAC 7 for both cultivars BR-16 and 
IAC-2, as well as total N content, but these strains did 
not show statistical differences in the nodule efficiency 
parameters (Table 1). 

Nodule occupancy 

In relation to the pair of B. elkanii strains, CPAC 15 
increased nodule occupancy by 34%, when inoculated 
in a ratio of 1:1 with 29 w, in relation to the parental 
strain SEMIA 566. There were no statistical differ- 
ences between this pair of strains at the ratios of 10:1 
and 1:10 (Table 2). For the B. japonicum strains, the 
variant CPAC 7 increased nodule occupancy by 71% 
in relation to its parental strain CB 1809, when inocu- 



7),b/e 1. Effects of inoculation of soybean cultivars BR-16 and IAC-2 on the nodule number (NN, number/plant), nodule dry 
weight (NDW, rag/plant), total N accumulated in the shoots (TNS, mg N/plant) and nodule efficiency (TNS/NDW). Comparisons 
were made between the B. elkanii strain SEMIA 566 and its variant CPAC 15 and between the B.japonicum strain CB 1809 and its 
variant CPAC 7. Plants were grown under greenhouse conditions in modified Leonard jars containing N-free nutrient solution and 
harvested 40 days after emergence 
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BR-16 IAC-2 
Strain NN NDW TNS NE NN NDW TNS NE 

B. elkanii SEMIA 566 x CPAC 15 
SEMIA 566 48.7a a 136.2 a 26.2b 0.192 b 35.3a 112.1 a 22.1 b 0.197 b 
CPAC 15 42.8a 129.4 a 37.7a 0.291 a 32.1 a 100.7 a 30.6a 0.304 a 
Control b 0.0 0.0 3.9 0.0 0.0 3.8 

CV (%) 23.3 15.5 9.9 20.8 22.2 14.9 11.1 20.7 

B. japonicum CB 1809 x CPAC 7 
CB 1809 21.4b a 69.1 b 23.1 b 0.334 a 5.2 b 19.6b 8.1 b 0.413 a 
CPAC7 41.3a 118.6 a 35.7a 0.301 a 11.1 a 29.4a 13.1 a 0.445 a 
ControP 0.0 0.0 4.1 0.0 0.0 3.7 

CV(%) 18.6 17.2 11.3 18.8 28.0 16.1 12.3 18.7 

a Means of five replicates followed by the same letters, in the same column, for each pair of strains, did not show statistical 
differences (Tukeys test, p < 0.05). 
b Non-inoculated plants and these values were not considered for statistical analysis. 

lated at a ratio of  1:1 with 29w. At  a ratio of  10:1, this 
increase was in the order of  102% (Table 2). 

Effects of bacterial strains on root phenotypic traits 

Inoculation of  soybean cultivars BR-16  and I A C - 2  
with strains SEMIA 566 and CPAC 15 showed the 

same response in root phenotypes Tsr, Had and Hac. 
However, differences between the two strains were 
observed in the Hai phenotype,  with the natural variant 
CPAC 15 significantly increasing the number of root 
hairs in relation to the parental strain (Table 3). 

No differences were found in any of  the root pheno- 
types when cultivar BR-16  was inoculated with strains 

CB 1809 or CPAC 7. However, when inoculated on 
cultivar IAC-2, differences were found again in Hai 
phenotype,  with higher root hair number caused by the 
natural variant CPAC 7 (Table 4). 

Effects of seed exudates and supernatants of bacteria 
on root phenotypic traits 

Tsr, Had (data not shown) and Hai root phenotypes 
observed with the addition of  sterilized supernatants 
of  bacteria exposed to seed exudates were similar to 
the phenotypes observed by the inoculation of bacte- 
ria cells (Table 5). Consequently, the bacterial super- 

natant of  variant strain CPAC 15, exposed to seed 
exudates of  cultivars BR-16  and IAC-2 ,  increased 
Hai phenotype in relation to the parental SEMIA 566. 
Also, the bacterial supernatant of  CPAC 7, exposed to 
exudates of cultivar IAC-2 ,  but not of  cultivar B R -  
16, increased Hai in relation to the parental CB 1809 

(Table 5). The parameters of  Tsr and Had did not differ 

between parental and variant strains (data not shown). 
The Hac phenotype required the presence of  bacteria 
and was not observed with the addition of  supernatant 
of induced bacteria (Table 5). 

TLC analysis of the lipo-chitin Nod signals produced 
by parental and variant strains 

An autoradiogram of 14C-acetate-labelled Nod meta- 
bolites produced by strains CB 1809, CPAC 7, SEMIA 
566, and CPAC 15 and separated by reverse-phase, 
thin-layer chromatography is displayed in Figure 1. 

The production of  the lipo-chitin Nod signals requires 
the induction of  nod gene expression, therefore Nod 
metabolites can be identified by comparing the profile 
of compounds made in the presence and absence of nod 
gene inducing compounds.  Some of  the metaboli tes 
were common to all four strains and, as can be seen in 
Figure 1, the profile of  compounds produced by strains 
SEMIA 566 and CPAC 15 were identical. However,  
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Table 2. Nodule occupancy (% of nodules occupied by each of the inoculated 
strains) by B. elkanii strain SEMIA 566 and its variant CPAC 15 and by B. 
japonicum strain CB 1809 and its variant CPAC 7, when mixed in ratios of 
1:1, 10:1 and 1:10 with B. elkanii strain 29w. Occupancy was evaluated by the 
serological analysis of 60 nodules per treatment and plants were grown under 
greenhouse conditions, in modified Leonard jars containing N-free nutrient 
solution, and harvested 40 days after emergence 

Ratio Nodule occupancy (%) 

B. elkanii B. japonicum 

566 29w Double 1809 29w Double 

SEMIA 566:29w a CB 1809:29w a 

1:1 48.1 c b 40.2 b 11.7 a 45.7 b 42.7 b 11.6 a 

10:1 82.7a 6.0d l l . 3 a  83.5a 5.3c l l . 2 a  

1:10 18.7d 71.2a 10.1a 19.6c 65.7a 14.7a 

CPAC 15:29 w CPAC 7:29w 

1:1 64.6 b 24.6 c 10.8 a 78.3 a 9.5 c 12.2 a 

10:1 85.3a 3.5d l l . 2 a  83.3a 4.0c 12.7a 

1:10 29.3d 59.6a 11.1 a 39.7b 49.4b 10.9a 

CV (%) 27.1 23.4 26.5 26.3 25.4 27.2 

aThe parental SEMIA 566 is serologically related to CPAC 15 and the parental 
strain CB 1809 with the variant CPAC 7. 
bMeans of five replicates and, when followed by the same letter, within each 
column, did not show statistical differences (Tukeys test, p < 0.05). 

Table 3. Effects of inoculation of soybean, cultivars BR-16 and IAC-2, with the parental B. 
elkanii strain SEMIA 566 and its natural variant CPAC 15, on root phenotypes Tsr, Had, Hai 
and Hac. Plants were grown in a growth chamber, in glass jars containing N-free nutrient-agar 
medium, and harvested 15 days after transplant and inoculation 

Strain 

Tsr Had Hal Hac 

Length Thickness Length Thickness 

(cm) (ram) (tzm) (~m) (n ° field- 1 ) 

BR-16 

SEMIA 566 15.6 b a 2.6 a 73.4 b 21.7 a 50.8 b + 

CPAC 15 17.1 b 2.5 a 65.6 b 23.6 a >100 a + 

Control ~ 23.6 a 1.9 b 198,7 a 10.7 b 21.7 c 

CV (%) 18.6 12.1 15.3 14.2 20.8 

IA C-2 

SEMIA 566 16.7 b a 2.6 a 60.6 b 22.7 a 61.7 b + 

CPAC 15 15.9 b 2.4 a 59.7 b 20.3 a >100 a + 

Control b 24.7 a 1.8 b 200.3 a 11.4 b 21.4 c 

CV(%) 17.1 11.7 14.4 17.6 14.8 

a Means of four replicates and, when followed by the same letter, within each column and for 
each cultivar, did not show statistical differences within each column (Tukeys test,p < 0.05). 
b Non-inoculated plants. 
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Table 4. Effects of inoculation of soybean, cultivm's BR-16 and IAC-2, with the parental B. 
japonicum strain CB 1809 and its natural variant CPAC 7, on root phenotypes Tsr, Had, Hai 
and Hac. Plants were grown in a growth chamber, in glass jars containing N-free nutrient-agar 
medium, and harvested 15 days after transplant and inoculation 

Strain 

Tsr Had Hai Hac 

Length Thickness Length Thickness 

(cm) (ram) (Ira1) (lzm) (n ° field- 1 ) 

BR-16 

CB 1809 16.6b a 2.4a 57.5b 17.5a >100a + 

CPAC7 17.1 b 2.5a 62.5b 17.5a >100a + 

Control b 22.7 a 1.9 a 205.0 a I0.0 b 23.8 b 

CV (%) 9.6 22.6 17.5 15.7 2.0 

IA C-2 

CB 1809 15.4b a 3.1 a 60.0b 18.8 a 45.5b + 

CPAC 7 14.8 b 2.9 a 52.5 b 20.0 a >100 a + 

Control b 21.2 a 2.0 b 207.5 a 10.0 b 23.3 c 

CV(%) 11.1 7.7 12.3 17.0 2.6 

~Means of four replicates and, when followed by the same letter, within each column and for 
each cultivar, did not show statistical differences (Tukeys test, p _< 0.05). 
h Non-inoculated plants. 

Table 5. Effects of soybean seed exudates and of the sterilized supernatants of bacteria previously 
exposed to seed exudates on root phenotypes Hai and Hac. Plants were grown in a growth chamber, 
in glass jars containing N-free nutrient-agar medium, and harvested 15 days after transplant 

Supernant Seed exudate used Cultivar Hal 

of strains for bacterium used in the 

induction assay (n ° field- J ) 

Hac 

B. elkanii SEM1A 566 × CPAC 15 

SEMIA 566 BR-16 BR-16 72.8 b a 

CPAC 15 BR-16 BR-16 >100 a 

SEMIA 566 None BR-16 27.8 d 

CPAC 15 None BR-16 23.0 d 

SEMIA 566 IAC-2 IAC-2 48.7 c 

CPAC 15 IAC-2 1AC-2 >100 a 

SEMIA 566 None IAC-2 24.3 d 

CPAC 15 None IAC-2 19.9 d 

B. japonicum CB 1809 × CPAC 7 

CB 1809 BR-16 BR-16 >100a 

CPAC 7 BR-16 BR-16 >100 a 

CB 1809 None BR-16 27.8 c 

CPAC 7 None BR-16 23.8 c 

CB 1809 IAC-2 IAC-2 48.5 b 

CPAC 7 IAC-2 IAC-2 >100 a 

CB 1809 None IAC-2 26.8 c 

CPAC 7 None IAC-2 24.5 c 

:~Means of four replicates and, when followed by the same letter, did not show statistical differences 
for each pair of strains (Tukeys test, p < 0.05). 
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there were notable differences in the profile of Nod 
metabolites produced by strains CB 1809 and the nat- 
ural variant CPAC 7. Most notable, was the apparent 
absence of two major hydrophobic bands (bottom, on 
the left side) in the profile produced by strain CPAC 7. 
These bands were present in the extracts obtained from 
strains CB 1809, SEMIA 566, and CPAC 15. The band 
marked by the arrow on the right side migrates with 
the same relative mobility as the major Nod metabolite 
produced by B. japonicum strain USDA 110 (data not 
shown). 

Discussion 

There is a constant search for superior Bradyrhizobi- 
um strains, characterized by higher rates of N2 fix- 
ation, higher nodule efficiency and competitiveness, 
which would allow an increase in soybean yields and 
N content. Parameters such as hydrogenase activity 
(Hanus et al., 1981; Hungria et al., 1989) and ureide 
transport (Hungria et al., 1989; Neves and Hungria, 
1987) have been associated with high efficiency, while 
motility and chemotaxis (Liu et al., 1989), polysaccha- 
rides (Streeter et al., 1992), synthesis of bacteriocin 
(Fuhrmann, 1990), rate of infection (Smith and Wol- 
lum II, 1989), and growth in different soil substrates 
(Viteri and Schmidt, 1987), among others, have been 
related to high competitiveness. However, seldom have 
individual strains been analyzed for a variety of traits 
nor has this information been correlated to agronomic 
performance. 

In an effort to increase soybean nodulation in 
Brazilian Cerrado soils (an edaphic type of savanna 
that occupies the central region of Brazil and repre- 
sents the most important area for soybean cultivation), 
two new strains were obtained, which significantly 
increased yields in several field trials (Vargas et al., 
1992). Strain CPAC 15 is probably a variant of SEMIA 
566, with morphological, physiological and genetic 
changes caused by several years of adaptation to the 
Cerrado conditions (Nishi et al., 1996). CPAC 7 was 
obtained under laboratory conditions when individual 
colonies were screened from a single culture of CB 
1809 for higher nodulation and yield. Since CPAC 
15 and CPAC 7 have been tested mainly in the field 
and have been used in large scale as Brazilian inocu- 
lants after 1992, the experiments performed here were 
designed to characterize the physiological and genetic 
parameters of these strains that could be related to their 
better agronomic performance. 

The greenhouse experiment confirmed the higher 
N2 fixation rates of both B. elkanii CPAC 15 and B. 
japonieum CPAC 7 in relation to the parental strains. 
However, the mechanisms that allowed higher N accu- 
mulation in shoots were different. Both SEMIA 566 
and CPAC 15 nodulated very well, and the better sym- 
biotic performance of the variant strain was related to 
an increase in nodule efficiency (rag of N accumulat- 
ed mg-I of nodule), by a process that we have not 
identified. In contrast, the increase in N2 fixation by 
strain CPAC 7 resulted from an increase in nodule mass 
(Table 1). Both CPAC 15 and CPAC 7 also increased 
nodule occupancy, in relation to the parental strains, 
when co-inoculated, at a ratio of 1: I, with another com- 
petitive strain. For CPAC 7, this trait was also observed 
at a ratio of 1:10 (Table 2). 

Since nodulation parameters differed, root pheno- 
types Tsr, Had, Hai and Hac, which have been fre- 
quently reported in studies related to the steps that 
precede infection and nodulation were analysed (Can- 
ter Cremers et al., 1986; Faucher et al., 1988; Vincent, 
1980; Zaat et al., 1987). These phenotypes are related 
to the activity of the protein products of the common 
nodulation (nod) genes, nodA, nodB, nodC and nodD 
(Van Brussel et al., 1986; Zaat et al., 1987) which, 
in conjunction with products of host-specific nodula- 
tion genes (i.e., hsn; e.g., Faucher et al., 1988), syn- 
thesize lipo-chitin oligosaccharides. These molecules 
have been termed Nod signals and are responsible for 
many of the root phenotypes induced during the ear- 
ly stages of rhizobial infection (e.g., Lerouge et al., 
1990). The results obtained in this study demonstrate 
that the natural variant strain CPAC 15 differed from 
the parental SEMIA 566 in Hai phenotype (Table 3), 
leading to the supposition that the former had a modi- 
fication in some of the common nod genes. In relation 
to the pair of strains CB 1809 and CPAC 7, an increase 
in Hai phenotype was observed only when tested on 
soybean cultivar IAC-2 (Table 4), indicating that the 
selection program could have altered some genotypic 
specific nodulation (GSN) gene. An example of such 
a gene is nolA, identified in North American B. japon- 
icum strains and essential for nodulation of specific 
soybean genotypes (Sadowsky et al., 1991). The fact 
that this phenotype is only manifested with soybean 
cultivar IAC-2 is not surprising, since one goal of 
the selection program in which strain CPAC 7 was 
obtained was the ability to show higher nodulation on 
this cultivar. 

Root phenotypes Tsr, Had and Hai, obtained with 
sterilized-supernatant of bacteria previously exposed 
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Figure I. Thin layer chromatography (TLC) of radiolabelled Nod metabolites. Cells were grown in the presence (I, induced) or absence (U, 
uninduced) of soybean seed exudates and cultures were extracted with n-butanol. The extract was applied to reverse phase silica TLC plates, 
using SO% (v/v) acetonitrile:water as a solvent. After chromatography, plates were dried and then exposed to X-ray film for four days. The 
strains tested were as follows: lane 1, strain CB 1809; lane 2, strain CPAC 7; lane 3, SEMIA 566; lane 4, CPAC 15. The band marked by the 
arrow, on the right side, migrates in a position identical to the major Nod metabolite produced by B. jupmicum strain USDA 110. Bands marked 
by the arrow, on the left side, indicate the hydrophobic compounds lacking in CPAC 7. 

to seed exudates (Table 5), were similar to those 
obtained with the cells, confirming that they were 
caused by soluble molecular signals synthesized by the 
bacteria in response to plant signals. The only root hair 
modification which was not observed with the addition 
of supernatants was Hat, confirming observations of 
Sprent and Sprent (1990), that this phenotype requires 
the physical presence of bacteria. 

Many of the early root phenotypes caused by Rhi- 
z,obiumlBradyrhizobium infection can be induced by 
the addition of lipo-chitin Nod signals, so the profile 
of such signals made by parental and variant strains 
were examined, since variations in such signals could 
be a possible explanation for the differences observed 
in Hai phenotype. Using 14C acetate-labelling and TLC 
analysis, there were no apparent differences in the Nod 
metabolites produced by B. elkanii strains SEMIA 566 
and CPAC 1.5 (Figure 1). Consequently, differences 
found between these two strains in Hai phenotype and 
competitiveness could be related to other stages of the 

infection, although a more detailed chemical analysis 
would be required to rule out subtle differences in Nod 
signals produced by the individual strains. 

Significant differences were found in the TLC pro- 
file of Nod metabolites produced by strains CB 1809 
and CPAC 7 (Figure 1). This is surprising, due to the 
fact that CPAC 7 was isolated as a single colony from 
a culture of CB 1809. At this stage, it is difficult to 
assign differences in Nod metabolites as the cause of 
the observed variation in nodulation phenotypes and 
agronomic performance. This is especially true since 
it is likely that these characteristics are quantitative 
genetic traits. However, the specific Nod metabolites 
produced by a given strain may be a contributing factor 
to nodulation ability and yield performance. 

One band common to all strains migrated with the 
same relative mobility as the LCO produced by B. 
juponicum strain USDA 110, identified as a chitin 
pentamer acylated with vaccenic acid on the non- 
reducing terminal sugar and substituted with a 2-0- 



340 

methylfucose on the terminal, reducing sugar [i.e., 

NodBj-V(CI 8:1); Sanjuan et al., 1992]. The metabo- 

lites of soybean bradyrhizobia identified so far include 
['our other molecules produced by B. japonicum strain 

USDA 135 and eight different molecules synthesized 
by B. elkanii strain USDA 31 (Carlson et al., 1993). 

The results obtained here have also shown a high num- 

ber of molecules produced by the strains in the pres- 

ence of seed exudates, but the importance of a low or 

high abundance of LCOs, as well as the cooperativ- 

ity between multiple LCOs to the nodulation and/or 

competitiveness is still poorly understood. 

Recent reports have also found morphological and 

physiological differences between CPAC 7 and CPAC 

15 and their respective parental strains. Specifically, 

the variant strains produce more mucus in culture, have 
reduced synthesis of indole acetic acid and rhizobitox- 
ine, and subtle changes in DNA pattern, as evidenced 

by the RAPD method (Nishi et al., 1996). Conse- 

quently, a great variability can be detected after the 

adaptation of Bradyrhizobium strains to the soil. This 

variability can also be found just by searching sin- 

gle colonies with specific properties. The results also 

showed that the diffusable molecules, responsible for 

Hai, could be highly related to nodulation ability, nod- 

ule occupancy and N2 fixation. For the strain CPAC 

7, those differences could be related to the differences 

shown on Nod profiles. 
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