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ABSTRACT. The hypernodulation soybean mutant NOD1-3 and its parent cv. Williams were transplanted
in the sandy dune field of Faculty of Agriculture of Niigata University at planting density 2 plantsm~?. The
plants and root bleeding xylem sap were sampled at 54, 61 (R1), 81 (R3), 102 (RS5), and 130 (R7) days after
sowing. The concentration of major nitrogenous compounds (ureide-N, amide-N, nitrate-N) in xylem sap
was measured by colorimetric method and capillary electrophoresis. The concentration of ureide-N was
consistently higher in NOD1-3 than Williams. The amide-N concentration was similar between Williams and
NOD 1- 3, and it increased at R7. The nitrate-N concentration in NOD1-3 was higher than Williams after R1,
showing a peak at R5. According to the simple relative ureide method, nitrogen fixation rate and nitrogen
absorption rate were estimated. The highest nitrogen fixation activity and nitrogen absorption rate was
observed from R3 to RS stage, and it decreased after R5 in both Williams and NOD1-3. Throughout the
growth period, nitrogen absorption rate and N, fixation rate was always higher in Williams than NOD1-3.
After flowering dry weight of NODI1-3 was severely depressed and almost a half of Williams. This way be
due to the imbalance of photosynthate supply due to excess nodulation, as well as inferior water and nutrient
absorption by small root system. The 58% and the 65% of N was derived from N, fixation in Williams and
NODI1-3 respectively. .

One example of Williams was carefully dug out without loosing the roots and nodules. It had 17 branches,
178 total nodes, 3.44 pods per node, 2.74 seeds per pod and 1687 total number seeds. The plant didn’t show a
succulent growth in spite of the vigorous growth. The length of main stem was 87.5 cm and the diameter of
the stem was 25 mm. Because the basement of the stem and root were extremely strong, it didn’t lodge. There
were 1874 nodules per plant and the total nodule fresh weight was 45 g. The dry weight per plant reached 564
g and the seed yield was estimated at 7.16 t ha~'. However, the final yield was 2.2t ha™' due to the severe
damage by insects.
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INTRODUCTION

Soybean have root nodules which is a symbiotic system with a micro symbiont Baradyrhizobium
japonicum and fixes nitrogen in air, and they can utilize the nitrogen for their nutrition. The nitrogen
fixation ability of soybean is relatively high among leguminous plants, and it is estimated that it depends
from about 409 to 709% of all the nitrogen assimilation on nitrogen fixation in Japanese cultivation (FuJjil
et al. 1987). The contribution of nitrogen fixation is higher under a high yield cultivation, and it was about
60~809% of total accumulation N of the plants cultivated in drained paddy field in Niigata (TAKAHASHI
and OHYAMA 1999). In addition to N, fixation, soybean is able to use the nitrogen from soil origin and
fertilizer nitrogen. However it is well known that nodulation is decreased by nitrogen fertilization,
especially nitrate-N severely depresses nodule formation, growth and N, fixation activity (HASHIMOTO
1981, HARPER 1989, KUWABARA 1986).

The seed yield of soybean depends on the dry matter production of shoots (TAMURA et al. 1993), and it
requires a continuous supply of a large amount of nitrogen. Soil mineralized nitrogen supply amounts to
50-100 kgN ha™!, and only soil N produces less than 1t ha~! seeds. For higher yield such as 4-6 t ha™!,
nitrogen fixation is fundamentally important. It is necessary for the maximum yield of soybean ‘to use
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nitrogen fixation and absorbed nitrogen from roots (HARPER, J. E. 1974). Furthermore, the N supply from
soil or fertilizer is necessary during young seedling stage before commencement of N, fixation from 2 to
4 weeks after sowing and after pod setting and seed filling stages when the competition of photosynthesis
between pods and nodules some times results in severe decrease of N, fixation. Therefore, a continuous
supply of low level of N from soil organic matter or fertilizers is beneficial for soybean growth and yield
as well as maintenance of nodulation and N, fixation.

TAKAHASHI et al. developed a new fertilization technique for soybean to supplement N during seed
filling stage without depressing N, fixation by deep placement of slow release N fertilizer coated urea.
The highest yield was about 6t ha~! when the climate condition was good (TAKAHASHI et al. 1991, 1992).
The bacteroids symbiotic forms of rhizobia in soybean nodules fix atmospheric dinitrogen to ammonia,
which is rapidly excreted to plant cytosol and converted to ureides (allantoin and allantoic acid) in the
nodules, and the ureides transported to the shoot through the root and stem xylem (OHYAMA and
KuMazawAa 1978). The nitrogen absorbed from the soil by the root is transported to the shoot in the forms
of nitrate and amino compounds, especially asparagine, and used for nitrogen metabolism in shoot
(OHYAMA et al. 1989). The relative ureide-N concentration in total N (ureide-N +amide-N +nitrate-N) in
xylem sap is a good indicator for the estimation of the dependence on nitrogen fixation and nitrate
absorption of field grown soybean (TAKAHASHI et al. 1993).

Previously, SATO et al. (1998) reported the changes in xylem sap composition of hypernodulation soybean
mutant lines (NODI1-3, NOD2-4, NOD3-7) and their parent Williams, and the mutant En 6500 and its parent
Enrei cultivated in 1995 in the dune field of Faculty of Agriculture, Niigata University. The results
indicated that the concentration of ureides and nitrate in xylem sap decreased with plant age, but the
asparagine concentration is increased during maturing stage, in both hypernodulation and parent lines.
The concentration of ureides and asparagine were higher, and the nitrate concentration was lower in the
mutant lines than in their parents, possibly due to the higher dependence on N, fixation than NO;~
utilization. However in this experiment, the changes in total N wasn’t measured to estimate daily N,
fixation activity and N absorption rate. ‘

In this report, we compared the growth and nitrogen fixation activity and N absorption rate of the
hypernodulation soybean mutant NODI1-3 and its parent cv. Williams in field cultivation by the simple
relative ureide method analyzing xylem sap composition and total N accumulation changes.

MATERIALS AND METHODS

A hypernodulation soybean mutant NOD1-3 and its parent cv. Williams were used in this study. Seeds
were sterilized with 0.7 L L-! ethanol for a minute, and 5 g L~* sodium hypochrolite solution for 5 min, then
thoroughly washed with a tap water. They were inoculated with Bradyrhizobium japonicum strain
USDA110, and sown in vermiculite at May 15th, 2000, and grown in a green house under natural
conditions. At 8 days after sowing, the hypernodulation soybean mutant NOD1-3 and its parent cv.
Williams were transplanted in the sandy dune field of Faculty of Agriculture of Niigata University. The
planting density was 20,000 plants ha™*. 20 kgN ha~! of ammonium sulfate, 80 kg P,Os ha~' of phosphoric
acid, 80 kg K,O ha~! of potassium and 1t ha~! of calcium carbonate were supplied as a basal dressing. The
xylem sap was periodically collected from the cut basal stem on 54, 61 (R1), 81 (R3), 102 (R5), and 130 (R7)
d after sowing (DAS), where “R” indicates the reproductive growth stage proposed by Fehr et al. (1971).
Water was supplied by sprinkler every day.

The concentrations of ureide-N and amino-N were analyzed by a colorimetric method based on the
Young-Conway’s ninhydrin method (TAKAHASHI et al. 1993) and nitrate-N was analyzed by the capillary
electrophoresis. The detached shoots and roots were immediately frozen in liquid nitrogen. After the
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plants were dried for 3 days in a ventilator oven at 80°C and separated to the shoot, roots and nodules, then
the dry weight and nodule number were measured. Total nitrogen content of the plant was determined by
the Kjeldahl digestion method (OHYAMA et al. 1991).

The growth observation of a Williams plant was conducted at R5. The root system was carefully dug
up using running water to washing off the sand from fine root. Almost all the roots and nodules were
recovered, and the number of the stem, nodes, pods and seeds, and nodules were counted. Leaf area was
measured, fresh weight and dry weight of each part was determined.

RESULTS AND DISCUSSION

The changes in concentration of the total ureide-N, amide-N, and nitrate-N in the xylem bleeding sap
of Williams and NOD1-3 are shown in Fig. 1. In Williams, the level of total ureide-N was highest at 54
DAS and decreased significantly at R1. It kept at about 150 mg N L' until RS, finally it decreased to 30
mg N L' at R7. In NOD1-3, the level of total ureide-N kept high around 400 mgN L-' until R3, then
rapidly decreased at R5. This may be due to the result that the number of active nodules had decreased
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Fig. 1 Concentration of ureide-N, amide-N, and nitrate-N in xylem sap
collected from Williams and NOD1-3.
M : Williams, (J : NOD1-3
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from R3 to R5. And it decreased to 30 mgN L-! in R7 similar to Williams. The concentration of ureide-N
was consistently higher in NOD1-3 than Williams throughout the growth stage. The nitrate-N concentra-
tion in sap was relatively constant in Williams about 40 mgN L~! from 54 DAS to 130 DAS (R7). In NOD1
-3, the nitrate-N concentration was higher than Williams after R1 stage, showing a peak at R5. Different
from the concentration of ureide-N and nitrate-N, the amide-N concentration increased from R5 to R7
in Williams. In NOD1-3, the amide-N concentration once increased at R1 stage and decreased till R5 stage,
then rapidly decreased at R7 stage like Williams. The conspicuous increase in amide-N at maturing stage
was observed in non-nodulated isoline T201 and nodulated T202 with various N fertilization (OHYAMA et
al. 1994). The amide-N increase at R7 may be derived from protein degradation of roots and nodules.

Fig 2 shows the percentage of relative ureide-N in the xylem sap by the equation, ureide-N/(ureide-N +
amide-N +nitrate-N) X 100. In Williams relative ureide-N was about 70% until R3 stage, then decreased
to 20% at R7, while in NOD1-3 relative ureide-N was about 8094 until R3 and higher than Williams, but
decreased from R5 to R7 similar to Williams.
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Fig. 2 Changes in the percentage of relative ureide-N in
xylem sap calculated by the equation, ureide-N/
(uraide-N + amide-N + nitrate-N) X 100.

B : Williams, (0 : NOD1-3

Table 1. The estimation of the amount of fixed N and absorbed N during two succussive sampling

DAS Nitrogen acquisition during tvo  Average percent of Amount of N from N, Amount of N from N
{Sampling time)  successive sampling (kgN ha™")  relative ureide-N  fixation (kgN ha™!) absorption (kgN ha™!)

Williams NODI1-3 Williams NOD1-3 Williams NOD1-3 Williams NODI1-3

54

5.70 6.12 75.9 77.3 4.32 4.73 1.38 1.39

61 (R1)
13.88 3.59 69.8 74.7 9.70 2.68 4.19 0.91

81 (R3)
62.82 39.92 65.6 74.4 41.20 29.68 22.70 10.23

102 (R5)
119.55 53.43 60.1 63.9 71.87 34.16 47.68 19.27

130 (R7)
46.74 13.57 35.6 33.2 16.63 4.51 30.11 9.06
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Nitrogen fixation activity and N absorption rate was calculated by the simple relative ureide method
(TAKAHASH! et al. 1993), combined relative ureide percent (Fig. 2) and the total acquisition of N between
successive sampling times (Table 1). The nitrogen content of the plant and the amount of fixed nitrogen
were consistently higher in Williams than NOD1-3 throughout the growth stages. This is attributed to the
inferior growth of NOD1-3 to Williams, although the relative ureide-N percent in xylem sap was higher
in NOD1-3 than Williams.

Fig 3 shows daily nitrogen fixation rate and nitrogen absorption rate. Both nitrogen absorption rate and
nitrogen fixation rate were shown to be high from R3 to R5 stages and decreased after R5 both in Williams
and NOD1-3. In every growth period, nitrogen absorption rate and nitrogen fixation rate was higher in
Williams than NODI1-3. In this way, the change of the ureide-N concentration in xylem sap that decreased
from R5 to R7 may be due to the decline of the nodule activity of both soybean lines.

Table 2 shows the estimation of the overall nitrogen fixation dependence to total N. Total amount of
N from N, fixation was 144 kgN ha~! in Williams and 76 kgN ha~' in NOD1-3, and that of N absorption
were 106 kgN ha~! in Williams and 41 kgN ha~! in NOD1-3. This means 58% and 65% of N derived from
N, fixation in Williams and NOD1-3 respectively. Although the dependence on nitrogen fixation differs
by the cultivation condition, the hypernodulation mutant NOD1-3 depended more on N, fixation than the
parent Williams.

Table 3 shows the dry weight of shoots, roots and nodules, total plants and nodule number of Williams
and NOD1-3. The shoot dry weight increased rapidly from R3 to R5. The root dry weight increased from
R1 to R3 in Williams, from R3 to R5 in NOD1-3. Although the number of nodules in Williams was almost
about 500 in the middle growth period, those of NODI1-3 continued to increase till R5, reached to about
1600. But nodule number in Williams and NODI1-3 decreased rapidly at R7. The nodule dry weight
increased to 3.9 g in Williams and 5.8 g in NODI1-3 till R5, decreased to about 1.0 g at R7.
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Fig. 3 Evaluation of nitrogen absorption and nitrogen fixation rate by simple ureide method
W : Nitrogen absorption rate, (J : Nitrogen fixation rate

Table 2. Estimation of the despendence on nitrogen fixation

Ri Total nitrogen content  Total amount of nitrogen from Dependence on

in . . .

¢ (kgN ha™') N, fixation origin (kgN ha~?) nitrogen fixation (%)
Williams 250 144 58

NOD1-3 116 76 65
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Table 3. The measurement of the dry weight of shoots, roots and nodules, and nodule number

Line DAS Shoot Root Nodule Total weight Nodule
(Sampling time) (g plant™) (g plant™") (g plant™?) (g plant™) number
54 7.32 1.62 0.51 9.45 151
61 (RD 23.50 4.61 1.35 29.46 396
Williams 81 (R3) 122.86 18.26 2.32 143.44 434
102 (R5) 308.15 24.63 3.90 336.68 535
130 (R 358.98 20.82 1.14 380.94 148
54 5.63 1.44 0.85* 7.92 437*
61 (RD) 9.04** 1.95** 1.37 12.36** 655
NOD1-3 81 (R3) 60.52* 1.95** 4.31** 66.78* 1215**
102 (R5) 142.61** 9.46* 5.84 157.91** 1702~
130 (RD) 162.72** 7.88** 1.07 171.67** 285>

* Data for comparison of the NOD1-3 and Williams are different at p=0.05 levels.
** Data for comparison of the NOD1-3 and Williams are different at p=0.01 levels.

Table 4. The daily relative growth rate of each part

DAS

L. Shoot (%) Root (%) Nodule (%) Total plant (%)
(Sampling time)

Williams NOD1-3 Williams NOD1-3 Williams NODI1-3 Williams NOD1-3

54

21.45 8.22 19.04 5.17 17.53 8.16 20.85 7.69
61 (RD

9.09 10.52 7.51 0 2.89 6.22 8.69 9.82
81 (R3)

4.71 4.38 1.51 8.21 2.65 1.54 4.36 3.92
102 (R5)

0.57 0.49 —0.62 —0.67 —4.45 —6.10 0.46 0.31
130 (RD)

Table 5. Nitrogen concentration and total nitrogen content

DAS Nitrogen concentration  Total nitrogen content
(Sampling time) (gg™ (g Plant™)
Williams NOD1-3 Williams NOD1i1-3
54 0.030 0.038 0.285 0.306
61 (RD) 0.033 0.039 0.979 0.486
81 (R3) 0.029 0.034 4.120 2.471
102 (R5) 0.028 0.033 9.541 5.153
130 (RT 0.030 0.034 11.49 5.831

— 128 —



SUGANUMA et al.: Comparison of Williams and NOD1-3 in field cultivation

Fig. 4 Potographs of a Williams at R5 on August 30, 2000 in sandy dune field of Faculty of Agriculture
of Niigata University. A scale indicates 10 cm.

Table 4 shows the daily growth rate of each part calculated by the equation, a(x-+1)""'=b, where, x is
daily increase percent of DW, a and b are dry weight of successive sampling, and n is the days between
sampling. It is interesting to note that in all parts the growth rate of NOD1-3 from 54 DAS to 61 DAS (R1)
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was lower in comparison with Williams. It was possible that the severe competition of photosynthate
occurred because there were excess number of nodule in NOD1-3, and the nourishment absorption was
lowered because the growth of root was depressed remarkably at flowering stage. It was suggested that
the growth around R1 was very important in plant growth, nitrogen fixation activity and nitrogen
absorption rate. Table 5 shows nitrogen concentration and total nitrogen content throughout growth stage.
Although the nitrogen concentration in NOD1-3 was always higher than Williams, total nitrogen content
in NOD 1- 3 was lower than Williams.

One example of Williams was carefully taken from sandy field without loosing roots and nodules (Fig.
4). In this cultivation plant growth was vigorous due to low planting density. It had 17 branches, 178 total
nodes, 3.44 pods per node, 2.74 seeds per pod and 1687 total seeds. The length of main stem was restrained
at 87.5 cm and the diameter of the stem was 25 mm. Because the basement of the stem and root were
extremely strong, it didn’t lodge in spite of the vigorous growth. There were 1874 nodules per plant and
the nodule flesh weight was 45 g. The dry weight per plant reached 564 g (leaf: 100 g, stem: 204 g, pod: 220
g, root: 41 g, nodule: 9 g) and the yield was estimated to be at 7.16 t ha~!. It was reported that the yield of
soybean depended on total pods and total nodes number per plant (TAMURA et al. 1993). Although the rate
of effective pods number and nodes number were about 709% respectively, the final yield was 2.2t ha™*. It
was considered that the decrease of yield resulted from the damage of insect.
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