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MATERIALS AND METHODS

Bacterial strains and growth conditions. Fast-grow
ing soybean Rhizobium strains USDA 191, USDA 192,
USDA 193, USDA 194, USDA 201, USDA 205,
USDA 206, USDA 208, USDA 214, USDA 217, and
USDA 257 were isolated from soil or nodules collected
in the PRC (20). Slow-growing soybean rhizobium
strains PRC 005, PRC 74, PRC 113-2, PRC121-6, PRC
2031, and PRC B15, were oHtained from T. S. Hu,
Institute of Soils and Fertilizers, Chinese Academy of
Agricultural Sciences, Beijing, PRe. Bradyrhizobium
japonicum strains USDA 6, USDA 31, USDA 34,
USDA 74, USDA 94, USDA 110, USDA 122, USDA
123, USDA 136, USDA 138, USDA 142, and Y1, Y1a,
Y2, Y2a, Y3, K2, K2a, SI, and Sla, were from the
United States Department of Agriculture Culture Col
lection, Beltsville, Md. Rhizobium lupini CC814s and
NZP 2037, Rhizobium leguminosarum Nitragin 92A3,
Rhizobium phaseoli NZP 5097, and Rhizobium trifolii
NZP 560 were obtained from R. M. Greenwood, De
partment of Scientific and Industrial Research, Palm
erston North, New Zealand. R.leguminosarum HI 5-0
was isolated in Hawaii (30). R. leguminosarum
6015(pJB5JI) was obtained from P. Hirsch, Max
Planck Institut, K61n, Federal Republic of Germany;
R. phaseoli Bel 7.1 was obtained from E. L. Schmidt,
University of Minnesota, Minneapolis; Rhizobium sp.

(G. max cv. Peking), but formed ineffective
symbioses with most commercial soybean culti-"
vars .(20). In this study we used a serie~ of

.diagnostic tests to examine the fast-growing,
acid-producing PRC isolates for their related
ness to each other, to typical slow-growing R.
japonicum strains, and to other fast-growing
rhizobia.

Biochemical Characterization of fast- and Slow-Growing
Rhizobia That Nodulate Soybeans

Fast-growing, acid-producing soybean rhizobia, were examined to determine
their biochemical relatedness to each other, to typical slow-growing Rhizobium
japonicum strains, and to other fast-growing species of Rhizobium. Although both
the fast- and slow-growing soybean rhizobia were positive for catalase, urease,
oxidase, nitrate reductase, and penicillinase, the fast-growing strains grouped
with other fast-growing species of Rhizobium in that they tolerated 2% NaCI, were
capable of growth at pH 9.5, utilized a large variety of carbohydrates (notably
disaccharides), and produced serum zones in litmus milk. In addition, these fast
growing strains were similar to other fast-growing species of Rhizobiunl in that
they produced appreciable l~vels of l3-galactosidase and nicotinamide adenine
dinucleotide phosphate-linked 6-phosphogluconate dehydrogenase but had no
detectable hydrogenase activity. The fast-growing soybean rhizobia share symbi
otic host specificity with Bradyrhizobium japonicum, but appear to be related
biochemically to the other fast-growing species of Rhizobium.
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Members of the genus Rhizobium are symbi
otic nitrogen-fixing bacteria which are able to
invade and form nodules on the roots of legumi
nous plants. The species in this genus have been
divided into two groups (17, 35) on the basis of
growth rate and effect on the pH of yeast ex
tract-mannitol (YEM) medium under standard
laboratory conditions. The fast-growing rhizobia
have mean generation times of 2 to 4 hand
produce a net decrease in the pH of YEM
culture medium, whereas the rhizobia referred
to as slow growing have mean generation times
of 6 h and longer and do not lower the pH of this
medium (35).

In the past, the typical slow growers that form
nodules on the roots of soybeans (Glycine max)
have been referred to as Rhizobium japonicum
(17). Recently, these rhizobia have been classi
fied in a new genus, Bradyrhizobium, on the
basis of their slow growth rate and other charac
teristics (16) to distinguish them from the fast
growing, acid-producing root nodule bacteria
which now comprise the genus Rhizobium (15).

Recently, Keyser et al. (20) reported the isola
tion. of fast-growing soybean rhizobia from toot
nodules and soil collected in the provinces of
Shansi, Honan, Shandong, and Shanghai, Peo
ples' Republic of China (PRC). These isolates
reportedly (20) have mean doubling times of 2 to
4 h and lower the pH of YEM culture medium
(final pH range, 4.7 to 6.7). All strains tested
were reported to form effective nitrogen-fixing
nodules on wild perennial soybeans (Glyine soja)
and on an unbred soybean cultivar from the PRC
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strain Tal-82 (which nodulates Leucaena) was ob
tained from the Niftal Project, Paia, Hawaii; and
Rhizobium sp. strain UMKL 19 (which nodulates
Leucaena) from W. J. Broughton, Max Planck Insti
tut, K61n, Federal Republic of Germany. Agrobacter
ium tumefaciens 79 and 101 an.d Rhizobium sp. strain
USDA 3F4a4 (which nodulates Sesbania) were from
the. U.S. Department of Agriculture, Beltsville, Md.
All Rhizobium cultures were maintained on YEM agar
slants (34). The agar slants used for maintenance of
fast-growing rhizobia contained 0.05% CaC03 • Agro
bacterium cultures were maintained on nutrient agar
slants. All cultures were incubated at 28 to 30°C,
stored at 4°C, and subcultured at least once every
month.

Staining, morphology, and cultural characteristics.
Cultures were examined for cell morphology and
Gram reaction after 3 days of growth in YEM liquid
medium. Colony morphology was examined by using
cultures that were grown for 6 days on YEM agar
containing 0.25 mg of bromthymol blue per liter.
Motility was estimated from both YE.M liquid and
YEM agar cultures and in B5 medium (9). Isolates
were identified by using strain-specific fluorescent
antibodies prepared by the method of Schmidt et aI.
(32).

Biochemical tests. Tolerance to pH extremes was
determined by inoculating 107 cells per ml from expo
nentially growing YEM liquid cultures into tubes con
taining 10-ml portions of YEM liquid media which
were adjusted to pH 4.5, 9.0, and 9.5. The tubes were
incubated at 30°C for 14 days and scored for growth.
Tests were performed in triplicate. •

Tolerance to sodium chloride was determined on
YEM agar plates containing 2.0% NaCI. The plates
were inoculated with 108 cells, and the growth was
score.d after 14 days at 30°e. Tests were done in
triplicate.

For growth reactions in litmus milk (Difco Labora
tories, Detroit, Mich.), tubes (10 mlltube) were incu
bated in quadruplicate for 6 weeks at 30°C and exam
ined for pH changes. reduction of litmus. and
peptonization (serum zone formation).

Production of 3-ketolactose was determined by the
method of Bernaerts and De Ley (1). A. tumefaciens
was used as a positive control for this test.

To examine gelatinase activity, exponential-phase
cultures from YEM liquid medium were swabbed onto
the surfaces of tryptone-yeast extract agar plates (12)
containing 0.4% (wt/vol) gelatin (Difco). The plates
were incubated at 28°C for 7 days. A positive reaction
was indicated by a clearing zone surrounding the
growth of the organism.

The pH reactions of isolates on agar plates were
determined by using YEM medium containing 0.25 mg
of bromthymol blue per liter.

Urease activity was determined on urea agar slants
(4) that were incubated for 7 days at 28°C.

Citrate utilization was determined on the solid medi
um of Koser (22). Plates were inoculated with 108

cells, incubated at 30°C for 14 days, and examined for
growth.

Peni.cillinase (13-lactamase) was detected by the
method of Foley and Perret (6).

Oxidase was determined by using the method of
Kovaks (23); catalase was determined by the method
of Graham and Parker (11).
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Hydrogen sulfide production was determined on
agar slants (13). The slants were inoculated and exam
ined for HzS after incubation for 14 days at 28°C.

Nitrate reduction was tested as described in the
Manual of Methods for General Bacteriology (33) by
using the medium of Graham and Parker (11).

For carbohydrate utilization tests, the basal medium
used was that of Bishop et aI. (2); different carbohy
drates were substituted for mannitol, and KN03 (0.6
g/Iiter) was used as the nitrogen source. The medium
was solidified with purified agar (Difco). All carbohy
drates except dextrin and starch were filter sterilized
(pore size, 0.4 J.Lm; Nuclepore Corp., Pleasanton,
Calif.) before they were added to cooled, melted agar
medium. Dextrin and starch were added to the medi
um before it was sterilized at 100°C for 15 min. Each
carbohydrate was added to a final concentration of
1.0% (wt/vol). Inocula were prepared by removing
cells from YEM agar slants with a cotton swab and
suspending the cells to a density of approximately 107

cells per ml in sterile distilled water. A 10-fold dilution
of each cell suspension was added to the wells ofa
multiple inoculator plate (18) and inoculated onto the
surfaces of carbohydrate-containing agar plates. Bish
op agar plates without carbohydrate served as con
trols. Duplicate plates of each carbohydrate were
incubated at 28°C for 7 days and scored for growth.

Enzyme assays. 6-Phosphogluconate dehydrogenase
(6 PGD) activity was determined in cultures that were
grown for 72 h at 26°C in yeast extract-glucose medium
(19). The cultures were centrifuged at 6,000 x g for 10
min at 4°C, and the cells were washed twice in 0.05 M
sodium phosph~te buffer (pH 7.4). The cell pellets
were suspended in the same buffer containing 2 x 10-4

M 2-mercaptoethanol (27) to a final concentration of
1.0 g (wet weight) of cells per 1.5 ml of buffer and then
disrupted by two passages through a French pressure
cell at 15,000 16Ib/inz. The cell debris was removed by
centrifugation at 14,000 x g for 30 min at 4°e. The
clear supernatant was stored at - 20°C until it was
used. The activity of nicotinamide adenine dinucleo
tide phospnate (NADP)-linked 6PGD (EC 1.1.1.43)
was measured by following the reduction of NADP,
using the method of Martinez-de Drets and Arias (28).
The apparent endogenous enzyme activity was sub
tracted from the results. Specific activities were ex
pressed as nanomoles of reduced NADP formed per
minute per milligram of protein at 25°C. Protein was
determined by the method of Lowry et al. (26), using
bovine serum albumin as the standard.

13-Galactosidase activity was determined in cultures
that were grown for 3 days at 26°C in tryptone-yeast
extract medium containing 0.5% (wt/vol) lactose. The
cells were centrifuged and washed as described above
and then suspended in 0.05 M sodium phosphate buffer
(pH 7.2) to a final concentration of 1.0 g (wet weight)
per 3.0 ml of buffer and broken by passage through a
French pressure cell at 15,000 lb/inz. The cell debris
was removed as described above, and the supernatant
fractions were stored at -20°C until they were used.
Enzyme activity was measured by following the ap
pearance of o-nitrophenol at 420 nm. The incubation
mixture (4.8 ml) contained 2.7 ml of enzyme reaction
buffer <0.1 M sodium phosphate buffer [pH 7.0], 10-3

o M MgS04 ' 7HzO, 2 x 10-4 M MnS04, 0.05 M 2
mercaptoethanol), 1.8 ml of an o-nitrophenyl-I3-D
galactopyranoside solution (0.1 M sodium phosphate
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Slow-growing Fast-growing
rhizobia rhizobia

D Unless otherwise indicated below, seven slo\\,
growing strains (PRC 005, PRC 113-2, PRC 121-6,
PRC 2031, PRC B15, USDA 110, and USDA 136) and
eight fast-growing strains (USDA 192, USDA 193,
USDA 194, 'USDA 201, USDA 205, USDA 206,
USDA 208, and USDA 214) of soybean rhizobia were
examined.

b These tests also included fast-growing soybean
rhizobium strains USDA 191, USDA 217, and USDA
257.

C Fast-growing soybean rhizobium strains USDA
191, USDA 192, USDA 193, USDA 194, USDA 201,
USDA 205, USDA 206, USDA 208, USDA 214,
USDA 217, and USDA 257 and slow-growing soybean
rhizobium strains USDA 34, USDA 110, USDA 122,
and USDA 138 were examined.

Characteristics

% of isolates giving positive
reactionD

TABLE 1. Biochemical characteristics of fast- and'
slow-growing soybean rhizobia .
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strain-specific fluorescent antibodies and for ef
fectiveness on soybeans (G. max cv. Peking).
These variants were found to be identical to the
parental strains.

Growth responses. Both fast- and slow-grow
ing soybean rhizobia were examined for the
ability to grow in the presence of 2.0% NaCl and
at pH extremes of4.5 and 9.5. As Table 1 shows,
the fast growers were uniformly sensitive to the
low pH and tolerant of the high pH, whereas the
reverse was found for the slow growers. The
slow growers grew poorly at pH 9.0 and not at
all at pH 9.5, whereas the fast growers grew well
at pH 9.5. Conversely, the slow growers grew
well at pH 4.5, whereas the fast growers did not
grow at this pH. The fast- and slow-growing
rhizobia also demonstrated a clear difference in
tolerance to 2% NaCl. Although all of the fast
growing isolates examined were able to grow in
the presence of this salt, there was variation
among the strains in the extent of growth. A few
strains, (USDA 193, USDA 194, USDA 201, and
USDA 257) produced a confluent lawn ofgrowth
on the medium, whereas others (USDA 191,
USDA 192, USDA 205, USDA 206, USDA

Catalase production
Oxidase production
Urease production
Penicillinase production
Nitrate reduction
3-Ketolactose productionb

H2S production
Citrate utilizationb

Gelatinase productionb

2% NaCI tolerancec

pH 4.5 tolerancec

pH 9.0 tolerancec

pH 9.5 tolerance l
'
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RESULTS

Morphological and cultural characteristics.
Both the fast- and slow-growing soybean rhizo
bia were gram-negative, n~msporeforming, rod
shaped bacteria. The cells from late-log-phase to
stationary-phase YEM cultures of fast growers
tended to become enlarged and exhibited
marked pleomorphism. Only 1 to 5% of the cells
of the fast-growing soybean rhizobia were motile
in young (1- to 2-day-old) YEM cultures, where
as 80 to 90% of the slow-growing rhizobia were
motile. However, when the organisms were
grown on a moist B5 agar medium surface (9), a
greater percentage (up to 25%) of the fast
growing soybean rhizobia were motile. On YEM
agar plates containing bromthymol blue, both
fast- and slow-growing rhizobia formed circular,
convex, colonies. After 6 to 7 days, the colonies
of the fast growers were between 1.0 and 5.0 mm
in diameter and produced acid reactions, where
as the colonies of the slow growers were approx
imately 0.5 to 1.0 mm in diameter and pr9duced
alkaline reactions. In contrast to a large number
of other fast-growing rhizobia, the fast-growing
soybean strains did not a produce much extra
cellular polysaccharide on YEM agar. Two of
the strains (USDA 191 and USDA 192) prod~ced
watery colonies. Upon repeated restreaking,
some of the fast growers produced a second type
of colonies which were somewhat smaller than
the colonies produced by the parent cultures.
These colonial variants were not always stable.
Several of the variants that did appear to be
stable were isolated from seven strains of fast
growers (USDA 191, USDA 192, USDA 193,
USDA 208, USDA 214, USDA 217, and USDA
257) and tested for serological affinity by using

buffer [pH 7.0], 1.3 x 10- 2 M o-nitrophenyl-l3-o
gaJactopyranoside [Sigma Chemical Co., S1. Louis,
Mo.]), and 0.3 ml of cell-free extract. Enzyme assays
were carried out at 37°C, and the reactions were
stopped by adding 1.3 ml of reaction stop buffer (8.0 M
urea, 1.0 M Na2C03, pH 12.0). Enzyme activities were
expressed as micromoles of o-nitrophenol produced
per minute per milligram of protein at 37°C. Correc
tions were made for absorbance values obtained in
controls without substrate.

Hydrogen evolution and the hydrogenase (hydrogen
uptake) activities of the fast-growing strains were
measured in the bacteroid state as described by
Keyser et al. (21). Soybean plants (G. max cv. Peking)
were inoculated with cultures of rhizobia in Leonard
jar containers (24) and grown in a plant growth cham
ber. Plant root nodules were harvested after 28 days.
All treatments were sampled during peak nitrogenase
activity (range 19 to 32 mol of C2H2 reduced per g
[fresh weight] of nodules per h). Hydrogen evolution
was expressed as micromoles of H2 evolved per gram
(fresh weight) of nodules per hour. Hydrogenase activ
ity was expressed as micromoles of H2 oxidized per
gram (fresh weight) of nodules per hour.
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208, USDA 214, USDA 217) yielded individually
tolerant colonies. In contrast, none of the slow
growing R. japonicllm strains grew in 2% NaCl.

Biochemical attributes. Table 1 shows that
both the fast- and slow-gro~ing rhizobia were
catalase, oxidase, and urease positive. All of the
strains examined except slow-growing strains
PRC 2031 and PRC B15 produced penicillinase,
and all strains reduced nitrate. None of the
strains produced 3-ketolactose from lactose,
produced hydrogen sulfide, or utilized citrate as
a sole source of carbon.·

The two groups exhibited a marked difference
in gelatinase activity.tThe fast-growing soybean
strains produced a c earing zone on tryptone
yeast extract-gelatin agar, whereas the slow
growers were negative for gelatinase activity.
No gelatinase activity was detected in R. legu
minosarum HI 5-0, R. legllminosarllm 92A3, R.
phaseoli Bel 7.1, ~. trifolii NZP 560; or Rhizobi
um spp. strains USDA 3F4a4 and UMKL 19
(which nodulate Sesbania and Leucaena, re
spectively) (data not shown). However, a strain
which nodulates Lellcaena, strain Tal-82, was
positive for gelatinase activity.

The litmus milk reactions of the fast- and
slow-growing rhizobia were quite varied. With
the exception of strain PRC 121-6, the slow
growing soybean rhizobia (strains USDA 6,
USDA 31, USDA 34, USDA 74, USDA 94,
USDA 110, USDA 122, USDA 123, USDA 136,
USDA 138, USDA 142, Y1, Y1a, Y2, Y2a, Y3,
K2, K2a, Sl, and Sla) exhibited no peptoniza
tion (serum zone formation) but did exhibit
alkaline pH changes. The fast growers gave a
variety of litmus milk reactions; these iricluded
acid (strains USDA 191, USDA 192, USDA 214,
and USDA 257) and alkaline (strains USDA 193,
USDA 194, and USDA 201) pH changes accom
panied by peptonization, an alkaline pH change
with a lack of peptonization (strain USDA 208),
and no pH change with peptonization (strains
USDA 205, USDA 206, and USDA 217). The
fast-growing rhizobia tended to reduce litmus
(strains USDA 191, USDA 192, USDA 194,
USDA 201, USDA 214, USDA 217, and USDA
257), whereas the slow growers did not. Two
fast-growing strains from the PRC, strains
USDA 193 and USDA 206, peptonized litmus
milk only weakly. The other fast-growing rhizo
bia examined, R. phaseoli Bel 7.1, R. phaseoli
NZP 5097, and R. legllminosarum 92A3 and
6015(pJB5JI), all peptonized litmus milk, had
neutral pH reactions, and were variable for
litmus reduction (data not shown).

Carbohydrate utilization. Our carbohydrate
utilization tests (Table 2) showed that the fast
growers utilized a greater assortment of carbo- .
hydrates than the slow growers. All of the
organisms examined utilized L-arabinose, 0-
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TABLE 2. Carbohydrate utilization by fast- and
slow-growing soybean rhizobia

% of isolates
showing growthQ

Carbohydrates Slow- Fast-
growing growing
rhizobia rhizobia

L-Arabinose, o-fructose, 0- 100 100
galactose, o-glucose, 0-

mannitol, o-mannose, L-
rhamnose, o-xylose

Cellobiose, i-inositol, lactose, 0 ·100
maltose, raffinose, o-glucitol,
sucrose, trehalose

Dextrin, galactitol, inulin, starch 0 0

a Eight slow-growing strains (USDA 110, USDA
123, USDA 136, PRC 005, PRC 113-2, PRC 121-6,
PRC 2031, and PRC B15) and ten fast-growing strains
(USDA 191, USDA 192, USDA 193, USDA 194,
USDA 201, USDA "205, USDA 206, USDA 208,
USDA 214, and USDA 217) of soybean· rhizobia were
examined.

fructose, o-galactose, o-glucose, o-mannitol, 0

mannose, L-rhamnose, and D-xylose. Although
the fast-growing soybean rhizobia were capable
of utilizing arabinose, they grew more slowly on
this carbon source than the slow growers. Only
the fast-growing soybean rhizobia utilized cello
biose, i-inositol, lactose, maltose, raffinose, 0

glucitol, sucrose, and trehalose. None of the
organisms examined utilized dextrin, galactitol,
inulin, or starch as a sole source of carbon for
growth.

NADP-Iinked 6PGD activity. Table 3 shows
that NADP-linked 6PGD activity was detected
only in the fast-growing rhizobia. The fast-grow
ing soybean rhizobia had NADP-linked 6PGD
~ctivities that ranged from 50 to 181 nmol of
NADP reduced per min per mg of protein. No
activity was detected in the nine typical slow
growing R. japonicum strains examined. The
five other fast-growing rhizobia examined (R.
leguminosarum 92A3, R. lupini NZP 2037, R.
trifolii NZP 560, Rhizobium sp. strain Tal-82 and
Rhizobium sp. strain USDA 3F4a4) had similar
ly high specific activities, ranging from 26 to 156
nmol of NADP reduced per min per mg of
protein.

p-Galactosidase activity. Table 3 shows that
only the fast-growing rhizobia had appreciable
levels of ~-galactosidaseactivity. In general, the
fast-growing soybean rhizobia had ~-galacto

sidase activities 55 times greater than the slow
growers. These levels were comparable to the
levels found in the other fast-growing rhizobia
examined (R. legllminosarum 92A3, R. phaseoli.
Bel 7.1, R. ·trifolii NZP 560, and Rhizobillm sp.
strain Tal-82) (data not shown).
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some characteristics are shared between the two
groups of organisms.

All of the fast- and slow-growing soybean
rhizobia examined were positive for catalase,
oxidase, urease, penicillinase, and nitrate reduc
tase. Both groups were unable to utilize citrate
as a sole source of carbon, to produce H 2S, or to
produce 3-ketolactose. Graham and Parker (11)
found that most of the R. japonicum strains
which they tested also possessed several of
these attributes. These authors reported that the
production of H2S and the utilization of citrate
were restricted to some isolates of Rhizobium
memoti. Bernaerts and De Ley (1) found that the
production of 3-ketolactose from lactose is limit
ed to species of Agrobacterium, a genus that is
closely related to Rhizobium. It is interesting

~ that Graham and Parker (11) found that the
production of penicillinase seemed to be restrict
ed mainly to the slow-growing rhizobia, R. ja
ponicum, R. lupini, and Rhizobium spp. of the
cowpea miscellany group. However, these au
thors indicated that some R. leguminosarum
strains also possess this attribute.

The results of the pH and salt tolerance tests
place the fast-growing soybean rhizobia with
other fast-growing rhizobia. Previous studies of
rhizobia (3, 8, 11, 31) in pure culture and in soil
have. shown that the fast growers are relati¥ely
more alkali tolerant and acid sensitive than the
slow growers. Also, Graham and Parker (11)
have shown that among the rhizobia, tolerance
to 2% NaCI is restricted to the fast-growing
species R. memoti. In addition, the responses of
the fast-growing soybean rhizobia in litmus milk
were typical of the fast-growing Rhizobium spe
cies (e.g., R. tri/olii, R. leguminosarum, and R.
memoti) (7, 11).

Graham and Parker (11) and Fred et al. (7)
showed that the fast-growing rhizobia tend to
use a wider variety of carbohydrates than the
slow growers. This is shown clearly in Table 2;
the fast growers used the majority of the carbo
hydrates examined, and tbe slow growers used
relatively few. It is interesting that the types of
carbohydrates utilized also vary among the soy
bean rhizobia. As pointed out by Glenn and
Dilworth (10), slow-growing rhizobia tend to
lack both uptake systems and catabolic enzymes
for disaccharides. Our results are in agreement
with the results of these authors in that the
disaccharides cellobiose, lactose, maltose, tre
halose, and sucrose and the trisaccharide raffi
nose were metabolized by fast-growing strains
but not by slow-growing rhizobia. Table 3 shows
that only the fast-growing soybean rhizobia have
appreciable [3-galactosidase activities similar to
the activities of the other fast growers examined
(data not shown).

Consistent with the division of the rhizobia
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Hydrogenase activity. Table 3 shows that none
of the fast growers in the bacteroid state had
detectable hydrogenase activity, whereas the
one slow grower examined, strain USDA 122,
expressed this enzyme. Conversely, slow-grow
ing strain B. japonicum USDA 122 did not
evolve H2, whereas the fast growers had H 2
evolution levels that ranged from 7.3 to 11.3
JoLmol of H 2 evolved per g (fresh weight) of
nodules per h.

DISCUSSION

Several diagnostic tests were performed to
compare the fast- and slow-growing soybean
rhizobia. Our results clearly indicate that the
fast growers are quite different biochemically
from the slow growers. Although the fast grow
ers share host specificity with the slow growers
(both nodulate soybeans, as well as other hosts
[20]), they appear to be most similar to the fast
growing Rhizobium species in their microbiolog
ical and biochemical characteristics. However,
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TABLE 3. Enzyme activities of fast- and slow-
growing soybean rhizobia

Enzyme activities
Strain I3-Galacto- Hydrog- H2 evo-6PGDQ sidaseb enaseC lutiond

Slow-growing
rhizobia
USDA 31 <0.5 7.1
USDA 110 <0.5 3.8
USDA 122 2.5 0
USDA 123 <0.5 3.0
USDA 136 <0.5 7.6
USDA 138 <0.5 3.4
PRe 005 <0.5 4.2
PRC 113-2 <0.5 3.3
PRC 121-6 <0.5 4.8
PRC B15 <0.5. 4.8

Fast-growing
rhizobia
USDA 191 97 0 7.3
USDA 192 181 459 0 11.4
USDA 193 140 183
USDA 194 126 101 0 8.6
USDA 201 50 345 0 7.6
USDA 205 159 97 0 8.4
USDA 206 59 261 0 7.6
USDA 208 147 383 0 7.6
USDA 214 160 245 0 7.5
USDA 217 0 9.1

a Expressed as nanomoles of reduced NADP pro-
duced per minute per milligram of protein.

b Expressed as micromoles of o-nitrophenol pro-
duced per minute per milligram of protein.

e Expressed as micromoles of H2 oxidized per gram
(fresh weight) of nodules per hour.

d Expressed as micromoles of H2 evolved per gram
(fresh weight) of nodules per hour. One slow-growing
strain, USDA 122, was included for comparison.
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into fast- and slow-growing groups on the basis
of carbohydrate utilization is the division of
these organisms based on the presence and
absence of enzymes of the pentose phosphate
pathway. As pointed out QY Martinz-de Drets
and Arias (28, 29), although both fast- and slow
growing rhizobia have nicotinamide adenine di
nucleotide-linked 6PGD activity, only the fast
growers have NADP-linked 6PGD activity. Ta
ble 3 shows that the fast-growing soybean rhizo
bia have levels of NADP-linked 6PGD activity
that are comparable to the levels of the other
fast-growing rhizobia. These results are consist
ent with those of Mflrtinez-de Drets and Arias
(27, 28) and Keele et al. (19).

The hydrogenase activities of the fast-growing
soybean rhizobia (Table 3) are similar to those of
other fast-growing species of Rhizobium, which
reportedly have low bacteroid hydrogenase ac
tivities (5). Furthermore, the hydrogenase activ
ities of culture-grown fast-growing soybean rhi
zobia (strains USDA 192, USDA 193, USDA
194, USDA 201, USDA 205, and USDA 206)
were also found to be very low by the tritium
exchange assay of Lim (25; S. Uratsu, personal
communication).

In summary, although the fast-growing soy
bean rhizobia share symbiotic host specificity
with the typical slow growers, they appear-more
closely related, on biochemical bases, to other
fast-growing rhizobia. In a series of papers (14),
Ishizawa noted the occurrence of fast-growing
rhizobia in soybean nodules. We examined one
of the isolates of Ishizawa, which was provided
by D. C. Jordan. We found (data not shown)
that although this isolate is somewhat faster
growing than typical slow-growing soybean bac
teria, it does not acidify YEM medium and is not
at all serologically related to the fast-growing
isolates from the PRe. The slow-growing soy
bean rhizobia are now classified as Bradyrhizo
bium japonicum (16). Several of the diagnostic
tests that were used to describe the fast-growing
soybean rhizobia indicated that these newly
described organisms do not fit into the genus
Bradyrhizobium. Therefore, the taxonomic posi
tion of these isolates must logically be in the new
genus Rhizobium sensu stricto (15).
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