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ABSTRACT : In the absence of exogeneous nitrogen sup-
ply, evaluation of a symbiosis effectiveness of Bradyrhizo-
bium japonicum USDA 110 in a supernodulating soybean
mutant, SS2-2, its wild type, Sinpaldalkong 2, and control
genotype, Jangyeobkong, was conducted in this study.
Nodules in SS2-2 were initially white and similar to its
wild type, Sinpaldalkong 2. At the late stage, the wild type
nodules became dark pinkish by maturation, by contrast,
mature nodules in SS2-2 remained light green to pinkish,
indicating a lack of leghemoglobin. Tap root length was
short in nodulated symbiotic SS2-2 than that of its wild
type and the control genotype. Nodulated root length and
nodule density on root length were significantly increased
by B. japonicum inoculation, but no significant increase
was observed on root length and percentage of nodulation
to total root length. Regardless of Bradyrhizobium inocula-
tion, SS2-2 showed higher nodule dry weight and higher
acetylene reduction activity (ARA) when compared with
its wild type and the control genotype. Inoculation of B.
Japonicum leaded the increase of ARA in 47 days after
planting (DAP), in part because of nodule development.
Supernodulating mutant, SS2-2, less responded to B.
Japonicum induction in terms of nitrogen fixation and
nodulation characteristics than its wild type. Thus, inter-
action of supernodulating soybean mutant with Bradyrhizo-
bium had less symbiotically associated response than
normal nodulating soybean.

Keywords: Bradyrhuzobuum japonicum, mitrogen fixation,

soybean, supernodulation

ymbiotic N,-fixation is a complex physiological pro-
S cess influenced by the interaction of genetic elements
between higher plants and rhizobia. The development of N,-
fixing nodules on legume roots upon invasion of Rhizobium
is subject to regulation by factors both external and internal
to the plant host (Delves et al., 1986). Interruption of inva-
sion is related to the effectiveness of the host-Rhizobium
association (Carroll et al., 1985) as well as to other internal
factors (Pierce & Bauer, 1983). In the absence of externally
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supplied nitrogen, nodulation is tightly regulated with the
number of infections greatly exceeding the final number of
mature nodules (Bauer, 1981). The formation of effective
nodules in soybean with compatible rhizobia leads to fixa-
tion of atmospheric nitrogen.

Genetic variation for N,-fixation ability has been reported
involving both soybean and Rhzobium components of the
symbiotic association (Hungria & Bohrer, 2000; Sanginga et
al., 2000; Sinclair et al., 1991; Pulver et al., 1985). Various
methods, including acetylene reduction (Denison et al.,
1983) and xylem ureide assay (McClure et a/., 1980), have
been used for determining N,-fixation. Recently, non-
destructive method, excised into halves of fresh nodule was
established, allowing for rapid screening of soybean for N,-
fixation effectiveness (Gwata ef al., 2003). It is a simple and
reproducible method for identifying early juvenile soybean
genotypes effective in N,-fixation under nitrogen-free
growth medium.

According to previous studies, supernodulating soybean
mutants fixed more nitrogen in the root nodule than normal
nodulating cultivars (Eskew et al., 1992; Hansen er al.,
1990). Day et al. (1987) reported that higher respiration rate
by the root and nodule may reflect on the great cost of nodu-
lation and N,-fixation activity. The higher N,-fixation
capacity and reduced plant size in the mutants results in a
higher plant N concentration, especially in the leaves and
nodules (Hansen et al., 1989; Hermdge & Rose, 1994).
Moreover, initial assessments of nitrogen fixation in the
supernodulating mutants showed increased C,H, reduction
(N,-fixation) activity but yield was decreased than that of
the wild type (Carroll et al., 1985).

The yield of supernodulating mutant, SS2-2, generated
from Smpaldalkong 2 mutagenized with EMS (Lee et al.,
1997), was not changed a lot in supply of nitrogen fertiliza-
tion, although Sinpaldalkong 2 showed increase in yield by
nitrogen supply (Lee & Lee, 1998). Furthermore, SS2-2 and
nts382 grown without induction of Rhizobwum showed more
nodules and nodule mass, and greater C,H, activity than
their wild types, regardless of the level of exogenous nitro-
gen supply (Ha er al., 1999). The information of symbiotic
effectiveness in terms of nodulation between supernodulat-
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ing mutant and B japonicum is still limited. Therefore, this
study was conducted to evaluate the symbiotic effectiveness
of B japonmicum USDA 110 in a supernodulating soybean
mutant, SS2-2, and to compare symbiotic effectiveness with
its wild type under the absence of exogenous nitrogen supply.

MATERIALS AND METHODS

Three genotypes of soybean, supernodulating mutant, SS2-
2, its wild type, Sinpaldalkong 2 and control genotype, Jan-
gyeobkong, were used in this study. Soybean seeds were sur-
face-sterilized by 70% ethanol for 15 min followed by 7%
hydrogen peroxide for 5 min. After thoroughly rinsing with
sterile distilled water, seeds were moculated by imbibition
(Hansen & Akao, 1991) in suspensions of B japonicum
USDA 110 containing 108 CFU/ml (Delves et al., 1986). After
one pathogen-free seed was placed in a hole 1 cm-deep in the
center of small plastic pot filled with sterilized vermiculite
(Gwata et al., 2003), pots were kept in the greenhouse. Non-
inoculated (control) plant was included to assess effective nod-
ulation. Nitrogen-free Jensen’s reagent (Fang & Hirsch, 1998)
was applied to each pot twice a week. At six weeks after emer-
gence, each nodule was excised and observed its color.

For determining nodulation characteristics, soybean seeds
were planted in sand. The 3 x 2 factorial treatment combina-
tions of three soybean genotypes and two inoculation levels
(inoculated and non-inoculated by B japonicum) were laid
out in a completely randomized design with 3 replications.
The dry weight of each plant part, nodule number on root sys-
tem, tap root nodulation pattern and acetylene reduction activ-
ity (ARA) were measured at 47 days after planting (DAP).

Dry weight of plant parts was measured by incubating the
samples at 70 °C for 3 days. Nitrogenase activity was deter-
mined by ARA, which was measured with removed root
from the whole plant which was placed in a 1 liter jar, and
sealed with a lid containing a serological stopper. Using a
syringe, a 50-cc aliquot of air was removed from the jar, and
the same amount of C,H, was then injected into the sample
jar. The root system was allowed to remain in the jar with
C,H, for 30 min, after a 10-cc aliquot was withdrawn from
the jar, the aliquot was injected into a 10-cc vacutamer tube.
From this 10-cc tube, 0.5-cc aliquot was later drawn for gas
chromatography/GC analysis (Denison ef al., 1983).

RESULTS AND DISCUSSION
Determination of effective nodulation in early juvenile
After six weeks of growth under nitrogen-free conditions,

B japomicum induced effective nodule on all genotypes, a
supernodulating mutant, SS2-2, its wild type, Sinpaldalkong

2 as well as control genotype, Jangyeobkong. Inoculated
plants, $S2-2 and its wild type, showed green leaves and
high turgor, while all non-inoculated soybean plants were
distinctly chlorotic, yellow and stunted. Chlorotic plants
with yellow leaves, were visually distinguishable from vig-
orous plants with green leaves, indicating availability of
nitrogen derived from the nitrogen fixation because the
plants were grown in a nitrogen free medium (Fig. 2A).
Nitrogenous compounds resulting from N,-fixation were
exported from root nodules in the form of ureides, translo-
cated to the leaves where catabolized (Winkler ef al., 1987),
and used for the biosynthesis of chlorophyll and other pro-
teins essential for photosynthesis.

The nodule type induced by B japonicum in a supernodu-
lating mutant was categorized as functional nodulating like
normal soybean. Functional nodulation means the symbiotic
association formed effective nodules capable of N-fixation
after inoculation and soybean plants had green leaves with-
out nitrogen fertilization (Gwata et al., 2003; Pulver et al.,
1985).

The nodules of SS$2-2 were smaller than those of its wild
type and nodules on the root system of Sinpaldalkong 2
were clustered near root crown (Fig. 1). This study showed
that non-inoculated soybeans grown in nitrogen-free condi-
tion were able to form nodule, indicating there was induc-
tion of Rhizobwum in the soybean host. The rhizobia might
come from irrigating water and allowed the nodules to fix
atmospheric dinitrogen, even in low level. Using cross sec-
tion technique of intact nodule, clear differences in the color
of nodular tissue between inoculated and non-inoculated
plant were observed in term of effectiveness of nodulation
among SS2-2, Sinpaldalkong 2 and Jangyeobkong (Fig.
2B). The ineffective nodules from non-inoculated plant
were white to light green inside, while the effective nodules
were characteristically pinkish-brown. Different internal
nodule colors suggested that there were significant differ-
ences in N,-fixation capabilities as well as effective nodula-
tion in response to B japonicum among three genotypes.
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Fig. 1. Nodulation types of supernodulating mutant, its wild type
and control genotype moculated with B japonicum at 47
days after planting.
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Fig. 2. Effectiveness of nodulation in soybeans at 6 weeks after
emergence. (A) Differences in leaf color, (B) Intact and
cross-section of root nodules from early juvenile soybean
plants, and (C) Cross section nodules of Sinpaldalkong 2
and SS2-2.

Interestingly, SS2-2 had light pinkish-brown nodules with
less leghemoglobin compared to its wild type (Fig. 2C).
Nodule color in Sinpaldalkong 2 was changed from white to
dark pinkish by maturation. But, mature nodules in SS2-2
remained light green to pinkish, although initial nodule color
was white like the wild type. These results were supported
by previous studies that leghemoglobin showed abundant
expression in wild type, Gifu plant (Lofus japonicus) but not
detected in the mutant, albl, throughout nodule develop-
ment (Szczyglowski er al., 1997). Moreover, ENOD40,
known as one of early nodulin genes, was expressed very
low (Imaizumi-Anraku et al., 2000) in the mutant albl.
Some early and late nodulin genes (leghemoglobins) are
likely to be involved in the nodule development (Trevaskis
et al., 2002), including cell division, structural protein of the
cell wall (Lobler & Hirsch, 1993; Scheres et al., 1990), and
leghemoglobin content (Appleby, 1984). Thus, some nodu-
lin genes might play a role in defective autoregulatory
control for nodule development/differentiation in the
supernodulating mutant.

Characterization of nodulation

The size and number of nodules between SS2-2 and nor-
mal nodulating soybeans, Sinpaldalkong 2 and Jangyeo-

Table 1. Tap root nodulation pattern of N,-dependent soybean genotypes at 47 days after planting.

Tap root parameter Genotype Inoculated Non-moculated Mean
SS2-2 148 146 14.7°
Sinpaldalkong 2 26.3 23.1 2472
Root length (cm) Jangyeobkong 249 271 26.0°
Mean 22.0°f 21.6°
SS2-2 105 95 10.0°
Sinpaldalkong 2 55 5.7 5.6°
Nodulated root length (cm) Jangycobkong 50 3 41
Mean 70° 61°
SS2-2 70.9 58.2 64 5°
Smpaldalkong 2 209 13.9 17 4°
0,
Percentage of nodulated to total root length (%) Jangyeobkong 20.1 229 21 5
Mean 37.3° 3178
SS2-2 8.2 76 79°
Sinpaldalkong 2 0.49 0.31 0.4°
Nodule density on root length (nodules/cm) Jangyeobkong 0.47 033 0.4b
Mean 3.0° 2.7°
SS2-2 3.95 5.20 4.57°
1 a Sinpaldalkong 2 1.62 4.00 2.81°
Acetylene reduction activity (umol h™ plant™) Jangyeobkong 1.43 3.90 267
Mean 2.33° 437
$S2-2 1517 17.60 16.38°
Spectfic acetylene reduction activity Sinpaldalkong 2 1800 37.04 27.52%
(umol h! ¢! nodule dry weight) Jangyeobkong 18.26 4382 31.04°
Mean 17.14° 3282°

T Within categories, means (column or row) not followed by the same letter are significantly different at P<0.05 based on LSD.
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Table 2. Responses of three genotypes of soybean to B japornicum USDA 110 nduction i mitrogen-free condition at 47 days after planting.

Ratio of inoculated/non-moculated treatment

Parameter

SS82-2 Sinpaldalkong 2 Jangyeobkong
Nodule number 1.166 1.296 1.237
Nodule dry weight 1126 1.200 1.136
Shoot dry weight 1.344 1147 1.127
Root dry weight 1395 1.709 1.608
ARA 1.316 2469 2727

bkong were clearly distinguishable, but morphology and
exterior color of intact nodules among them could not be
discriminated. Under given condition, 47-day-old SS2-2
plants had considerably higher nodule number than its wild
type and control genotype (Fig. 1). These results were con-
sistent with the conclusion of that the supernodulators were
producing relatively more nodular tissue than normally-nod-
ulating types in the absence of nitrogen (Hansen et al.,
1992). Tap root length was short in supernodulated symbi-
otic SS2-2 plants than that of its wild type and control geno-
type grown under identical conditions (Table 1). The
nodulated root length is defined as the distance between the
upper most and lower most nodule on the tap root. The nod-
ulated root length was extended and nodule density was
increased in SS2-2. Nodule density, expressed on the total
tap root length was almost 20 times higher in SS2-2 than
Sinpaldalkong 2 and Jangyeobkong. It showed that inocula-
tion of B japonicum increased nodulated root length and
nodule density on root length significantly than non-inocu-
lated treatment, but not significantly to root length and per-
centage of nodulation to total root length (Table 1).

Supernodulating mutant gave higher ARA in comparison
with wild type and control genotype, positively correlating
with nodule dry weight (Table 1). B japonicum caused the
increase of ARA at 47 DAP, in part because of nodule devel-
opment. But, ARA started to decline at later stage of growth,
because of not only nodule senescence but also the steady
increase in nodule dry weight. This result was supported
previous studies, that B japonicum was effective to induce
noduiation and increase nitrogen fixation (Israel ef al., 1986;
Yelton, 1983).

Otherwise, as the symbiosis progressed, specific nitroge-
nase activity was the lowest in S82-2 among three geno-
types (Table 1). Day et al. (1989) reported lower specific
nitrogenase activity of supernodulating mutant was mainly
due to the reduced amount of symbiotic tissue which was
characterized by smaller nodule cells and lowered leghemo-
globin content per nodule. So, although nodule emergence
and subsequent nodule growth were coordinately controlled
in SS2-2, specific nitrogenase activity is not coordinately
regulated with this nodule development parameter in the

mutant (Carroll ez al., 1985).

Inoculation of B japonicum leaded an increase in nodule
number, nodule dry weight, root dry weight as well as ARA
among three soybean genotypes. SS2-2 showed less
increase in these characteristics than those of its wild type
(Table 2). In contrast, the increasing of shoot dry weight in
SS2-2 by B japonicum was higher than its wild type as well
as control genotype. Thus, shoot growth of the wild type and
the mutant were identical under symbiotic condition, while
root growth still lagged behind (data not shown). These
results supported that the development of the soybean-
Bradyrhizobium symbiosis was under the control of both
shoot and root factors and that these factors interact (Delves
et al., 1986; Kosslak & Bohlool, 1984). Furthermore, rapid
regulatory response in soybean is reproducible elicited by
Rhuzobium japonicum (Pierce & Bauer, 1983) and autoregu-
latory control mechanism (van Workum ef af., 1998).

So, SS2-2 showed less response to B japonicum induction
in terms of nitrogen fixation and nodulation characters. The
nodulation in supernodulating mutant in the absence of
nitrogen suggested a mutational alteration of the autoregula-
tion system, indicating closed relationship between nitrogen
fixation and autoregulation of nodule development (Delves
et al., 1986). SS2-2 is a mutant in the regulation of nodule
initiation and nodule development, and the autoregulation
mechanism normally controlling nodulation in wild type
soybeans (Pierce & Bauer, 1983) is anomalous in this
mutant. Supernodulating mutant might maintain its growth
by biologically fixed nitrogen (Delves ef al., 1986; Carroll et
al., 1985). Therefore, interaction of rhizobia and supernodu-
lating soybean mutant had less symbiotically associated
response than normal nodulating soybean.
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