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Summary

Relative ureide method is a simple and reliable method for estimating the percentage of nitrogen depending on nitrogen
fixation in field grown soybean plants. Generally, the concentrations of ureides, amides and nitrate in root bleeding xylem
sap from a cut lower main stem are determined colorimetrically using an optical spectrometer. We developed a micro-scale
analysis of these components in xylem sap using 25 uL of xylem sap for each analysis instead of 50 uL for the standard
assays. Each reaction was carried out in a 1.5 mL Eppendorf centrifuge tube, and the 200 uL of reaction mixture was put into
a well of a 96 wells-microplate, and measured by a microplate reader. The duplicated analysis of the standard solution gave
accurate calibration for each assay. We can analyze about 200 samples in one day by the micro-scale analysis. In addition,
we tried to compare the stem fluid collected by centrifuge of the lower stem segments, because root bleeding sap cannot be
collected under dry conditions or at late stages such as R7 stage. Stem fluid was always collected by a portable centrifuge
at 2,200 x G for 10 seconds, and the volume increased from R1 to R7 stages. The concentrations of nitrogen components and
the relative ureide percent in root bleeding xylem xap and stem fluid were similar at R7, but different at R1 and R5 stages.
The relative ureide percentages from stem fluid were about 50% at R1 and R5, but those from xylem sap were about 80-90%.
Therefore, the stem fluid may be used for relative ureide percent only at R7 stage, when xylem sap is sometimes difficult to

obtain.
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Introduction

Soybean plants require a large amount of nitrogen
compared with cereal crops, such as rice or wheat, and the N
is derived from three sources; N derived from atmospheric
N, (Ndfa) by symbiotic nitrogen fixation, N derived from soil
(Ndfs) and N derived from fertilizer (Ndff). To improve the N
fertilization or cultivation methods, it is important to evaluate
the percentage proportion of the N origins.

A relative ureide method is a simple and reliable method
for estimating the percentage of nitrogen depending on
nitrogen fixation (%Ndfa) in a field grown soybean (Herridge
et al. 1990, Takahashi et al. 1992, 1993). Recently papers have
been published using a relative ureide method for estimating
%Ndfa (Nohara et al. 2005, Nagumo et al. 2010, Takakai et al.
2010, Murata et al. 2012). This method is based on the fact
that Ishizuka et al. (Kushizaki et al. 1964, Ishizuka 1970) found
that nodulating soybean accumulated a high concentration of
ureides (allantoin and allantoic acid) in the stem. Then it was
found that the principal transport form of N fixed by the
nodules is mainly ureides (Matsumoto et al. 1977, Ohyama
and Kumazawa 1978), but major forms of N from roots are

nitrate and amides (Ohyama and Kumazawa 1979, Ohyama et
al. 2009). MacClure and Israel (1979) analyzed transport of
nitrogen in the xylem sap of soybean plants, and proposed
the percent ureide-N in xylem sap may be used as an
indicator of the relative contribution of N, fixation to the total
input of plant N. Herridge and Peoples (1990) compared the
ureide assay and "N method, and they proposed the
calibration equations. They calculated the relative abundance
of ureide-N in root bleeding sap, and vacuum-extracted sap
by (100 x ureide-N/(ureide-N + a-amino-N + nitrate-N), and
stem hot water extracts by (100 x ureide-N/(ureide-N +
nitrate-N). We proposed the eqation as 100 x ureide-N/
(ureide-N + amide-N + nitrate-N), where amide-N is "2 x «
-amino-N", because major form of amino acids and amides is
asparagine (McClure and Israel, 1979, Herridge 1984, Ohyama
et al. 1989). When plants are periodically harvested (eg. RI,
R5 and R7 stages), and the nitrogen fixation activity and
nitrate absorption rate could be estimated from the relative
ureide percent and total N increase in the shoots (Takahashi
et al. 1992, 1993, Ohyama 1990, Tewari et al. 2004, 2011,
Ohyama and Toan 2006).

For relative ureide analysis, the concentrations of
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ureides, amides and nitrate in xylem sap bleeding from the
cut lower main stem are determined colorimetrically using an
optical spectrometer. Sometimes it is not successful for
collecting xylem sap, especially when soil is dry or during
late growth stage at R7. Herridge and Peoples (1990) used a
vacuum extracted stem exudate from lower part of the main
stem of the cut shoot or hot-water extraction of the stems.

By standard analysis of ureides, amides, and nitrate need
50 uL of sample solution each, so at least 150 pL of xylem sap
is necessary for estimating relative ureide percent. In
addition, it was time-consuming to analyze each component
by using test tubes. Usually we can analyze only about 20-50
samples per a day. We developed a micro-scale analysis of
these components in xylem sap using 2.5 pL of xylem sap

Fig 1. Photograph of xylem sap collection by inserting a tube into a cut stem of soybean plant grown in the field.
Bark was removed before fitting the tube.
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Fig 2. Structure of the stem.
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Fig 3. Water transport in a xylem vessel and surrounding stem tissue.

Fig 4. Photographs of stem fluid collection.
A: Portable centrifuge driven by 1.5 V batteries.
B: Stem fluid collected at R1, R5 and R7.
C: Photograph of stem fluid collection in the field.

instead of 50 uL for standard assay. The colorimetric reaction
was carried out in a 1.5 mL Eppendorf centrifuge tube, and
the 200 pL of reaction mixture was put into the well of a 96
wells-microplate, and the optical absorbance can be measured
by a microplate reader. The analysis using duplicated
standard solution gave accurate calibration for each assay.
The root bleeding xylem sap was collected as shown in
Figure 1. The lower part of the main stem just below the
node with cotyledons was cut by a pair of pruning shears.
The tigon tube was inserted into the stem woody part.
Xylem sap started to exude at several minutes after cutting

by a root pressure. The structure of the stem was shown in
Figure 2. In the bark of the stem there are epidermis and
cortex including vascular bundles with phloem. In the central
woody part of the stem there are xylem vessels and pith.
Xylem sap comes up through xylem vessels in the stem from
root xylem vessels via transpiration stream and root
pressure. As shown in Figure 3, xylem vessel is not closed
pipe, but they have pits on the wall and water and solutes
move to the apoplast from xylem vessels and also liquid in
apoplast come back to xylem vessels (Ohya et al. 2008).

We tried to collect stem fluid by centrifuge of the stems
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at lower part, because root bleeding sap cannot be collected
under dry conditions or at late stages such as R7 stage
(Figure 4). Stem exudate was always collected by a portable
centrifuge at 2,200 x G for 10 second.

Materials and Methods
Micro-scale analysis of relative ureide method.

Usually 50 pL of xylem sap was used for each analysis.
However, the volume of xylem sap is sometimes very low
and not enough for the relative ureide analysis. So we scale
down the volume of each analysis to 2.5 uL for each analysis.
We use a 1.5 mL Eppendorf centrifuge tube instead of a large
glass tube. The colorimetric analysis of ureide-N, amide-N,
and nitrate-N are essentially the same as the previous reports
(Takahashi et al. 1992, 1993, Ohyama 1990), except for using
1/20 volume of sample and all reagents added. 5 mM solution
of amides solution (2.5 mM glutamine + 2.5 mM asparagine), 5
mM of sodium nitrate solution and 5 mM allantoin are used
for standard solution for calibration.

The final volume is 527 uL, 473 uL, and 262 uL for
ureide-N, amide-N, and nitrate-N analysis. 200 uL of the
reaction solution was put into a flat-bottom microplate (96
wells, 8 x 12), and the absorbance was measured at 520 nm,
570 nm, and 410 nm for ureide-N, amide-N, and nitrate-N
analysis by microplate reader (Multiskan Spectrum, Thermo
Electron, Vantaa, Finland).

The standard-scale analysis was carried out (Takahashi
et al. 1992, 1993, Ohyama 1990, Ohyama and Toan 2006), and
the absorbance was determined by a spectrophotometer (UV
mini-1240, Shimadzu, Kyoto, Japan) using a standard-size
cuvette (optical path 1cm).

Analytical procedures for ureide concentration.

Ureide concentration was determined by the method of
Young and Conway (1942). 2.5 uL of sample solution or
standard solution was taken into a 1.5 mL Eppendorf tube,
and 300 uL of 83 mM NaOH (332 mg of NaOH was dissolved
in 100 mL of water) was mixed, and heated at 100 C for 8
min in an aluminum block heater (Dry Thermo Unit DTU-2C,
TAITEC, Koshigaya, Japan). After cooling the solution about
10 min, 100 uL of ice-cold phenylhydrazinium cloride solution
(165 mg of phenylhydrazinium cloride was dissolved in 50 mL
of water and mixed with 50 mL of 0.650 M HCI (2.71 mL of
concentrated HCl (12 M L") was filled up to 50 mL with
water). The tube was heated in aluminum block heater at 100
C for 2 min, and immediately cooled in iced water for 15 min.
Then 125 uL of cold potassium ferricyanide solution (334 mg
of potassium ferricyanide was dissolved in 20 mL of water
and mixed with 80 mL of 10 M HCI (mix 83.3 mL of conc. HCI
(12M L7 was filled up to 100 mL by water) was added and
mixed well. After 30 min in ice-cold water, the absorption at
520 nm was measured by microplate reader. Standard
solution was made by dissolving 79.1 mg of allantoin in 100
mL of water, which contains 5 mM allantoin (280 mgN L")
Diluted solution (0, 1, 2, 3, 4, 5 mM) was used for calibration.

Analytical procedures for amide concentration.

Amide concentration was determined by ninhydrin
method (Herridge 1984). 2.5 uL of sample solution or standard
solution was taken into a 1.5 mL Eppendorf tube, and 75 uL
of citrate buffer (5.60 g of citrate and 2.13 g of NaOH was
dissolved in 100 mL of water) was mixed. Afterwards, 60 uL
of ninhydrin solution (958 mg of ninhydrin and 33.4 mg of
ascorbate was dissolved in 3.2 mL of water and fill up to 100
mL with methoxyethanol (methylcellosolve)) was added. The
lid of the tube was closed then heated in aluminum block
heater (Dry Thermo Unit DTU-2C, TAITEC, Koshigaya,
Japan) at 100 C for 20 min. 300 uL of ethanol was added and
cooled to room temperature for 10 min. 200 uL of the reaction
solution was put into a microplate, ant the absorption at 570
nm was measured by a microplate reader. Standard solution
was made by dissolving 66.1 mg of asparagine (or 70.1 mg of
asparagine monohydrate) plus 73.1 mg of glutamine in 100
mL of water, which contains 5 mM asparagine + 5 mM
glutamine (280 mgN L"). Diluted solution (0, 28, 56, 84, 112, 140
mgN L") was used for calibration.

Analytical procedures for nitrate concenetration.

Nitrate-N concentration was determined by Cataldo’s
method (Cataldo et al. 1974). 25 uL of sample solution or
standard solution was taken into a 1.5 mL Eppendorf tube,
and 10 uL of salicylic acid-sulfate solution (500 mg of salicylic
acid was dissolved in 10 mL of concentrated sulfuric acid)
was mixed and kept for 20 min. Then, 250 uL of 2 M NaOH
solution (8.00 g of NaOH was dissolved in 100 mL of water)
was mixed and keep it for 20 min. 200 puL of the reaction
solution was put into a microplate, ant the absorption at 410
nm was measured by microplate reader. Standard solution
was made by dissolving 42.5 mg of NaNO; in 100 mL of
water, which contains 5 mM nitrate (70 mgN L%). Diluted
solution (0, 1, 2, 3, 4, 5 mM) was used for the calibration.

Figure 5 shows the procedures of micro-scale analysis.
Eppendorf tubes are heated in aluminum block heater
(Figure 5 A, B, C). The tubes are cooled in ice water for
ureide analysis. (Figure 5 D). The reaction mixture was put
into a microplate (Figure 5, E, F).

Collection of root bleeding xylem sap and stem fluid.

The main stem at the height of about 5 cm aboveground
was cut by sharp pruning scissors, and a tigon tube with 5
cm long and 5-10 mm diameter was put on the stem. Xylem
sap was collected about 1 hour.

In addition, the lower main stem segments from basal
stem to 3" node were cut into 2-3 cm long segments, and put
into a 1.5 mL Eppendorf tube. The apoplast fluid was
collected by centrifuged at 6,500 rpm (2,200 x G) for 10 second
using a portable centrifuge (Figure 2, AcNoPlus, ERMA Inc,
Tokyo, Japan). This centrifuge can be driven by 1.5 V
batteries, so we can use in soybean fields (Figure 4). The
clear fluid can be corrected at the bottom of the Eppendorf
tube (Figure 4 B).
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Fig 5. Procedures of micro-analysis for relative ureide abundance.
A and B: 1.5 mL Eppendorf tubes were used for all the analysis. Alminum block heater is used instead of boiling water.
C: Aluminum blocks are put on tubes while heating, not to open the lid.
D: Tubes are put in a cold box with iced water when ureide analysis.
E: 200 uL of the reaction solution was put into a well of microplate.
F: Example of amide analysis in a microplate.

Field and planting conditions.

The experiment was carried out in an upland field
located in Nagaoka (Nagakura field) in the Niigata
Agricultural Research Institute, Japan, which had been
converted from a drained paddy field in the previous year.
The soil was a Fine-textured Gray Lowland soil (gray type).
A basal application of N (ammonium sulfate, 16 kg N ha’), P
(superphosphate, 60 kg P,O; ha’), K (potassium chloride, 80
kg K,O ha') and Ca (calcium hydroxide, 1,000 kg Ca(OH), ha™)
fertilizers was carried out in the plow layer at a depth of
approximately 0-10 cm in all experimental plots. The seeds
were sown using a single-stem training, and the seeding rate
was 89 plants m” (row space 75 cm x planting distance 15
cm), which is the conventional planting density in Niigata
Prefecture. Seeds of soybean (cv. Enrei) were used for the

experiment. Before planting, the seeds were dipped for
approximately 15 min in a diluted culture of Bradyrhizobium
Japonicum (strain USDA 110) (1 x10° cells mL™).

Experiment 1: Effect of excluding N, P, K, and Ca
nutrients from fertilizer

Five treatments were conducted with three replications;
1) control: treated with all nutrients, 2) -N: treated without
ammonium sulfate, 3) -P: treated without superphosphate, 4)
-K: treated without potassium chloride, 5) -Ca: treated without
calcium hydroxide. Seeds were planted on 4™ June, 2007. Root
bleeding xylem sap and an apoplast fluid were collected on
24™ July (R1 stage), on 27" August (R5 stage) and on 25"
September (R7 stage). The volume of each solution was
determined by weighing the Eppendorf tube, and the
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concentrations of ureide-N, amide-N, and nitrate-N were
measured using 2.5 puL of solution by micro-analysis as
described above.

Experiment 2: Effect of excluding N, P, and K nutrients
JSrom fertilizer

Five treatments were conducted with three replications;
1) control: treated with all nutrients, 2) -N: treated without
ammonium sulfate, 3) -P: treated without superphosphate, 4)
-K: treated without potassium chloride. In 2008 Ca was not
applied in all plots. Seeds were planted on 27™ May, 2008.
Root bleeding xylem sap and apoplast fluid were collected on
22" July at R1 stage, on 25™ August at R5 stage, and on 25"
September at R7 stage. The volume of each solution was
determined, and the concentrations of amide-N, nitrate-N and
ureide-N were measured using 2.5 uL of solution by micro-
analysis as described above.

Experiment 3: Effect of top dressing of N fertilizer at
initial flowering stage.

Four treatments were conducted; 1) control: treated
without top-dressing of N fertilizer, 2) 2N: treated with top
dressing of urea (2 kg N 10a) at initial flowering stage (R1), 3)
5N: treated with top dressing of urea (5 kg N 10a"), 4) 10N:
treated with top dressing of urea (10 kg N 10a7). In 2009 Ca
was not applied in all plots. Seeds were planted on 28™ May,
2009. Root bleeding xylem sap and apoplast fluid were
collected on 21™ July at R1 stage, on 24™ August at R5 stage,
and on 24™ September at R7 stage. The volume of each
solution was determined, and the concentrations of ureide-N,
amide-N, and nitrate-N were measured using 2.5 uL of
solution by the micro-analysis as described above.

Experiment 4: Effect of sampling time on the
concentration of ureide-N, amide-N, and nitrate-N at
Slowering stage.

Seeds were planted on 27™ May, 2008 as same as
Experiment 2. Root bleeding xylem sap and apoplast fluid
were collected at 10, 12, 14 and 16 AM on 22" July (R1 stage).
The volume of each solution was determined, and the

Absorbance at 520 nm
L] -
Absorbance at 570 nm

Ureide-N concentration (mM)

Amide-N concentration (mM)

concentrations of ureide-N, amino-N, and nitrate-N were
measured using 2.5 uL of solution by the micro-analysis.

Experiment 5: Effect of sampling gravity on the
concentration of amide-N, nitrate-N and ureide-N in
stem apoplastic fluid at flowering stage.

Seeds were planted on 27" May, 2008 as same as
Experiment 2. Stem apoplast fluid was collected at 500, 1000,
2200, and 5000 x G on 22" July (Rl stage). The volume of
each solution was determined, and the concentrations of
ureide-N, amide-N, and nitrate-N were measured using 2.5 uL
of solution by micro-analysis.

Results and discussion
Micro-scale analysis of ureide-N, amide-N, and nitrate-N
Figure 6 shows standard calibrations for the microscale
analysis of the concentration of ureides, amides, and nitrate.
The absorbance of blank was subtracted from the sample
absorbance. Duplicated analysis was carried out for each
concentration, and the average values are shown. The
coefficients of determination for the microanalysis of ureides,
amides, and nitrate were 0.994, 0.999, and 0.999. This indicates
the accuracy of the microanalysis is as high as conventional
method using 50 uL of sample solution for each analysis.

Amount of root bleeding xylem sap and stem fluid
collected by centrifuge.

Figures 7, 8, 9 show the weight of xylem sap (left) and
stem fluid collected by centrifuge in experiment 1, 2, and 3,
respectively. In Exp.1, the weight of xylem sap were not
significantly different among fertilizer treatments. The
average weights of xylem sap were 1633 mg, 1590 mg and
127 mg for R1, R5 and R7 stages. The volume of sap collected
at R7 was very low. On the other hand, the weight of stem
fluid can be collected any stages and any treatment, although
the average weights are 225 mg, 38.2 mg and 69.0 mg at RI,
R5 and R7 stages. These trends are similar in experiment 2
in 2008. We could not collect any xylem sap at R5 stage in
experiment 3 (Figure 7). Although the weight of stem fluid
was much lower than xylem sap, but it is always obtained at

Absorbance at 410 nm

Nitrate-N concentration (mM)

Fig 6. Calibration of amide-N, nitrate-N and ureide-N analysis.
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any stage and tended to increase from R1 to R7.

Comparison of the relative ureide-N percent between
xylem sap and stem fluid.

Figure 10, 11, and 12 show the comparison between
relative ureide-N percent between xylem sap (left) and stem
fluid (right) in Exp. 1, 2, and 3 respectively. The relative
ureide-N percent analyzed by xylem sap was high at R1 and
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R5, about 80-90% but became low about 60% at R7. On the
other hand, the relative ureide-N percent was lower about 50-
60% at R1 stage, and it was constant until R7 stage. From
these data, it was concluded that stem fluid are not used for
relative ureide-N analysis at R1 and R5 stages.

Table 1, 2, and 3 shows the concentrations of amide,
nitrate and ureides in xylem sap (left) and stem fluid (right)
obtained by Exp. 1, 2, and 3 respectively. The concentrations
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Table 1. Concentration of amide, nitrate and ureide in xylem sap (left) and in stem fluid (right) and the relative ureide percent
cultivated with different fertilization treatments in 2007.

Xylem Sap Stem Fluid

Amide Concentration (mM) Amide Concentration (mM)

Stage Cont -N -P K -Ca Stage Cont -N -P -K Ca

R1 082 (055 045(0.20) 063(0.12) 049 (0.11) 1.05 (0.46) R1 215 (0.86) 388 (1.60) 458 (0.92) 196 (0.18) 3.15(1.21)
R5 327 (221) 178 (0.71) 326 (1.27) 266 (1.87) 346 (2.23) R5 1570 (3.19) 1298 (6.59) 6.97 (1.73) 17.15(3.23) 899 (2.63)
R7 58" ND** 487 (0.01) 759 (0.76) 548" R7 365 (152) 510 (2.86) 546 (0.73) 501 (0.72) 6.71 (0.81)
Nitrate Concentration (mM) Nitrate Concentration (mM)

Stage Cont -N -P -K -Ca Stage Cont -N -P -K -Ca

R1 097 (0.26) 166 (1.36) 082 (040) 179 (0.64) 1.25 (0.76) R1 093 (0.76) 150 (040) 197 (0.74) 158 1.65) 1.91 (1.23)
R5 0.15(0.04) 0.11(0.17) 002 (0.02) 003 (0.03) 0.11(0.08) R5 111 (042) 116 (049 061 (0.13) 1.22(0.13) 1.05 (0.53)
R7 0.93" ND* 0.72 (0.10)  1.08 (0.09)  2.04* R7 093 (0.33) 099 (049) 066 (0.27) 063 (0.23)  0.93 (0.40)
Ureide Concentration (mM) Ureide Concentration (mM)

Stage Cont -N -P -K -Ca Stage Cont -N -P -K -Ca

R1 270 (128) 473 (253) 534 (150) 477 (0.37) 283 (0.72) R1 1.89 (1.56) 248 (1.39) 269 (0.90) 1.84 (0.05  1.63 (0.99)
R5 990 (394) 1145 (245) 9.78 (553) 12.08 (3.12) 13.64 (9.14) R5 16.95 (4.09) 1947 (826) 10.90 (1.70) 22.81 (2.00) 14.60 (1.38)
R7 483" ND* 6.04 (1.84) 692 (0,28) 449" R7 300 (043) 380 (142) 5.16(1.31) 468 (054) 340 (1.76)
Relative ureide-N percent (%) Relative Ureide-N percent (%)

Stage Cont -N -P -K -Ca Stage Cont -N -P K -Ca

R1 81.7 (34) 87.7 (7.8) 90.6 (3.7) 872 (37 772 (05) R1 553 (11.2)  50.3 (8.1) 48.8 (2.7) 57.9 (6.0) 44.1 (15.2)
R5 86.7 (4.1) 92.7 (1.0) 84.9 (34) 90.8 (5.9) 89.1 (3.5) R5 67.3 (24) 744 (7.1) 75.1 (4.0) 72.1 (23) 75.8 (4.0)
R7 60.6" ND* 69.1 (1.1) 63.0 (1.1) 58" R7 60.3 (5.7) 58.8 (4.8) 63.5 (5.2) 63.7 (6.2) 46.3 (16.5)

Values are expressed as "Average (Standard deviation)', * One datum, * No data

Table 2. Concentration of amide, nitrate and ureide in xylem sap (left) and in stem fluid (right) and the relative ureide percent

cultivated with different fertilization treatments in 2008.

Xylem Sap Stem Fluid

Amide Concentration (mM) Amide Concentration (mM)

Stage Cont -N -P -K Stage Cont -N -P K

R1 1.07 (0.24) 0.71 (0.23) 0.82 (0.25) 0.78 (0.22) R1 7.34 (0.96) 6.91 (1.46) 6.95 (1.39) 761 (1.58)
R5 4.85 (1.48) 4.31 (1.15) 5.70 (2.15) 346 (0.91) R5 11.40 (0.98) 11.68 (1.47) 12.06 (2.48) 12.23 (1.72)
R7 410 (1.22) 456" 3.03 (1.08) 3.79 (2.70) R7 4.29 (1.02) 440 (1.83) 4.09 (1.09) 4.83 (2.00)
Nitrate Concentration (mM) Nitrate Concentration (mM)

Stage Cont -N -P -K Stage Cont -N -P K

R1 1.54 (0.45) 1.82 (0.52) 2.10 (0.35) 1.57 (0.98) R1 8.86 (1.23) 5.21 (0.53) 7.83 (2.32) 8.90 (0.94)
R5 3.77 (0.58) 2.34 (0.43) 3.74 (0.87) 3.78 (1.39) R5 451 (0.92) 377 (1.77) 394 (1.15) 4.37 (1.32)
R7 1.77 (0.71) 1.52* 2.50 (0.05) 1.49 (0.52) R7 1.21 (0.20) 1.29 (0.57) 1.88 (0.28) 1.47 (0.76)
Ureide Concentration (mM) Ureide Concentration (mM)

Stage Cont -N -P -K Stage Cont -N -P K

R1 13.76 (0.90) 1382 (209)  9.88 (0.27) 13.85 (3.26) R1 10.35 (0.86) 10.88 (1.23)  9.77 (1.79) 10.17 (1.08)
R5 14.87 (2.65) 19.19 (4.50) 12,63 (3.10) 13.55 (3.96) R5 14.59 (2.45) 17.16 (2.74) 13.31 (1.68) 13.94 (2.07)
R7 5.60 (1.03) 6.6 466 (1.37) 3.16 (0.71) R7 468 (1.24) 4.98 (0.50) 5.00 (1.31) 4.27 (1.29)
Relative ureide-N percent (%) Relative ureide-N percent (%)

Stage Cont -N -P -K Stage Cont -N -P K

R1 93.7 (0.5) 944 (1.2) 914 (1.6) 94.6 (0.46) R1 63.7 (3.7 69.4 (5.1) 64.1 (2.7) 62.8 (2.0)
R5 81.3 (3.9) 86.7 (3.6) 770 (4.2) 83.3 (33) R5 67.8 (4.1) 715 (4.7) 65.5 (6.1) 65.7 (4.0)
R7 68.9 (7.68) 71.2* 67.8 (12.0) 585 (15.7) R7 65.3 (5.1) 66.8 (7.3) 66.4 (2.6) 60.7 (0.7)

Values are expressed as "Average (Standard deviation)’, * One datum
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Table 3. Concentration of amide, nitrate and ureide in xylem sap (left) and in stem fluid (right) and the relative ureide percent

cultivated with different fertilization treatments in 2009.

Xylem Sap Stem Fluid
Amide Concentration (mM) Amide Concentration (mM)
Stage Cont 2N 5N 10N Stage Cont 2N 5N 10N
R1 1.27 (0.26) R1 6.31 (1.41)
R5 ND* ND ND ND R5 11.60 (0.79) 12.01 (1.47) 11.93 (1.62) 11.92 (1.06)
R7 4.56 (0.99) 3.88 (1.22) 4.15 (1.08) 467 (1.30) R7 464 (1.16) 3.85 (1.21) 4.90 (0.84) 5.37 (1.53)
Nitrate Concentration (mM) Nitrate Concentration (mM)
Stage Cont 2N 5N 10N Stage Cont 2N 5N 10N
R1 1.93 (0.96) R1 5.98 (1.00)
R5 ND ND ND ND R5 545 (1.75) 4.73 (1.79) 6.26 (1.21) 6.58 (1.67)
R7 1.82 (0.44) 1.93 (0.36) 1.98 (0.51) 2.29 (043 R7 1.12 (0.23) 1.26 (0.19) 1.24 (0.25) 1.19 (0.28)
Ureide Concentration (mM) Ureide Concentration (mM)
Stage Cont 2N 5N 10N Stage Cont 2N 5N 10N
R1 10.99 (2.52) R1 949 (1.73)
R5 ND ND ND ND R5 12.43 (2.06) 13.44 (2.46) 10.38 (2.24)  9.71 (241)
R7 4.90 (1.20) 5.23 (0.70) 4.18 (0.93) 5.13 (0.80) R7 5.09 (1.37) 5.15 (1.43) 498 (1.37) 483 (141)
Relative ureide-N percent (%) Relative Ureide-N percent (%)
Stage Cont 2N 5N 10N Stage Cont 2N 5N 10N
R1 90.7 (2.1) R1 67.0 (4.8)
R5 ND ND ND ND R5 63.2 (5.0) 64.8 (4.4) 57.5 (6.9) 554 (5.5)
R7 63.5 (7.7) 68.5 (5.7) 61.6 (9.8) 63.7 (8.5) R7 65.4 (9.5) 69.2 (7.6) 63.7 (6.1) 61.1 (104)
Values are expressed as "Average (Standard deviation)', ** No data
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Fig 13. Correlation of ureide-N concentration between xylem sap and stem fluid collected at R1, R5 and R7 stages in Experiment 1, 2 and 3.

of amide-N in stem fluid were much higher than those in
xylem sap at R1 and R5 stages, although those are
comparable at R7. In addition, the concentration of nitrate-N
at R5 in Exp. 1 and at R1 in Exp. 2 were higher in the stem
fluid compared with xylem sap. The level of ureide-N in
xylem sap and stem fluid are comparable at all the stages
and treatments. Therefore, the lower relative ureide-N
percentage in stem fluid at R1 and R5 is due to the higher
concentration of amide-N and nitrate-N (Figure 13, 14, 15). At
R7 stage the concentrations of amide-N, nitrate-N and
ureide-N were similar between root bleeding xylem sap and
stem fluid, therefore, the relative ureide-N percent was
comparable at R7 stage (Figure 14).

Effect of time of day for collecting xylem sap and stem
Suid.

Table 4 shows the effect of time of day for collecting
xylem sap (left) and stem fluid (right). The weight of xylem
sap was the highest (1040 mg) at 10 AM and gradually
decreased to 276 mg. The concentration of the nitrate amide
and ureide also tended to decrease from 10 AM to 16 AM.
However, the relative ureide-N percent was constant at 88-
89% irrespective of time. This data shows that we can correct
xylem sap at any time for estimating the relative ureide
percent from morning to afternoon. The weight of stem fluid
did not decrease from 10 AM to 16 AM, but the
concentrations of nitrate, amides and ureides tended to
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Fig 14. Correlation of amide-N concentration between xylem sap and stem fluid collected at R1, R5 and R7 stages in Experiment 1, 2 and 3.
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Fig 15. Correlation of nitrate-N concentration between xylem sap and stem fluid collected at R1, R5 and R7 stages in Experiment 1, 2 and 3.

Table 4. Concentration of amide, nitrate and ureide in xylem sap (left) and in stem fluid (right) and the relative ureide percent
collected with different time of the day in 2009.

Xylem Sap Stem Fluid

Time of the day (AM) 10 12 14 16 10 12 14 16
liquid(mg) 1040 (541) 780 (380) 556 (65) 279 (171) 391 (169) 212 (2.9 354 (6.1) 49.7 (6.0)
Nitrate concentration(mM) 098 (044) 087 (0.36)  1.18 (1.07)  0.60 (0.20) 633 (L79) 965(141) 321015 350 (0.72)
Amide concentration (mM) 245 (0.30)  2.16 (052)  1.81(0.35) 1.28 (0.24) 1467 4.27) 1346 (3.96) 791 (1.87) 44 (2.25)
Ureide concentration (mM) 11.00 (1.60) 9.86 (2.15)  9.26 (260)  7.06 (1.80) 765 (216) 7.82(0.78)  331(069  4.02 (0.89)
Relaive Ureide-N (%) 881 (L7) 881 (3.2) 885 (2.0) 894 (3.8) 46.1 (8.0) 46.3 (5.2) 41.0 (25) 42.0 (6.5)
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Fig 16. Correlation of relative ureide-N % between xylem sap and stem fluid collected at R1, R5 and R7 stages in Experiment 1, 2 and 3.

Table 5. The effect of gravity for collecting stem fluid on volume, and
concentrations of nitrate, amide and ureide, and relative ureide percent.

500 xG 1000 xG 2200 xG 5000 xG
Volume (mg) 306 (4.6) 349 (11.8) 364 (10.0) 503 (124)
Nitrate (mM) 378 (0.44) 297 (0.28) 408 (0.34) 591 (1.26)
Amide (mM) 848 (2.10) 9.25 (2.16) 9.38 (044) 12.76 (2.92)
Ueide (mM) 4.38 (0.53) 514 (1.19) 4.22 (049) 9.82 (1.78)
RU (%) 461 (4.7) 488 (54) 424 (29) 554 (34)

Average (standard deviation)

decrease. The relative ureide-N percent was relatively
constant from 41-46%.

Effect of gravity for collecting stem fluid on weight and
nitrate, amides, and ureides concentrations.

Table 5 shows the effect of gravity for collecting stem
fluid on weight and concentrations of nitrate, amides and
ureides in the fluid. The fluid weights were similar about 30-
36 mg among 500, 1000 and 2200 x G, but it was higher about
50 mg at 5000 x G. In addition, the concentration of nitrate,
amide and ureide tended to be higher at 5000 x G compared
with lower gravities. We collected stem fluid at 2200 x G, and
this is similar to the lower gravity as 500 and 1000 x G.
However, when the stem fluid was collected at 5000 x G, the
weight and concentrations of nitrate, amide, and ureides
increased, suggesting that cells possibly vacuole may be
destroyed and released the fluid in the vacuole was also
collected at this gravity.

Discussion

Advantage of microanalysis of relative ureide assay
The advantage of micro-analysis of amide-N, ureide-N,
and nitrate-N for relative ureide assay is as follows.
Researchers can save the time for each analysis because

we can use a lot of tubes for reaction at once, and
colorimetric analysis is rapid by using micro-plate. Using a
conventional method, about 20-50 samples can be analyzed
one day, but we can analyze about 200 samples per day using
this micro-analysis. When root bleeding xylem sap is
transparent and colorless, the analysis for the blank is not
necessary. The accuracy may depend on the pipetting, and
duplicated analysis for standard solution and samples may be
better for accurate measurement.

Due to the use of the small amount of reagent 1/20
compared with a conventional method, we can save the cost
for purchasing the reagents, and disposal of the reagents.
Sato et al. (1998) reported that allantion, allantoic acid,
aspartagine and nitrate can be analyzed by capillary
electrophoresis. This method can be applied for small amount
of xylem sap, but it needs longer time than the micro-analysis
when sample number is large.

The use of stem fluid collected by centrifuge.

We could succeed to collect stem fluid by centrifuge at
any stage from R1 to R7. In addition, the volumes of the stem
fluid were higher in late stage than early stage, when the
bleeding of xylem sap from root is difficult to obtain.
However, the stem fluid collected at R1 and R5 contained a
higher percentage of amide-N, and consequently exhibited a
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Fig 17. Sampling tube with cotton on the cut stem.

lower %Ndfa. Therefore, we cannot use the stem fluid instead
of root bleeding xylem sap at these stages. However, at R7
stage, the concentrations of ureide-N, amide-N and nitrate-N
were comparable between root bleeding xylem sap and stem
fluid. Therefore, it is possible to use this method at R7 stage.

By collection of stem fluid, both the apoplast solution,
which exist in the apoplast of stem outside of xylem vessels
and xylem solution might be collected by centrifugation
(Figure 3). In early stages such as R1 and R5 the apoplast
solution in stem contain a higher concentration of amides
than xylem sap. On the other hand at R7, the apoplast
solution in the stem contain the same concentration of each
components in xylem sap.

A tube with cotton fiber have been used by the
alternative way to collect xylem sap (Nohara et al. 2005,
Nagumo et al. 2010). Figure 17 shows an example of the tube
with cotton. At later stages such as R7 the surface of the
stem tend to be rough and xylem sap leaks after it bleeds.
Using the tube with cotton, the bleeding xylem sap can be
hold in a cotton by capillary pressure. The xylem sap can be
recovered by pipetting the sap from cotton.
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