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ABSTRACT : To investigate the partitioning of newly
absorbed N derived from NO;~ and NH,*, 6 mM K*NO;
or 3 mM (*NH,),SO, was fed continuously in Italian ryegrass
(Lolium multifirum L.) for 7 days. Nitrogen metabolites
(nitrate, amino acid, soluble- and insoluble protein) were
analyzed at the end of °N feeding. Dry weight in shoot,
stubble and root was not significantly different between
NO;™ and NH,* feeding. Total nitrogen content in all three
organs was significantly higher in NH,* than NO;™ feeding.
Sum on N content in reduced N fractions (amino acids +
proteins) in shoot, stubble and roots in NH;* feeding
increased by 13.3, 12.5 and 35.4%, respectively, compared
to NO;™ feeding. The Relative Specific Activity (RSA, per-
centage of newly absorbed "N relative to total N in a sam-
ple) values of amino acids and insoluble proteins were
significantly higher in NH,* feeding. Total amount of
newly absorbed "N in NH;* and NO;~ feeding was 52.3
and 69.5 mg /plant on dry matter basis, respectively. In
both NH,*- and NO;™ -grown plants, most of the N was
allocated to the shoot, 67.5% in NH," feeding and 58.8%
in NO; ™ feeding, respectively. The *N amount incorpo-
rated in the reduced N compounds (amino acids and pro-
teins) in NH,'-grown plants significantly increased by
74.8% compared to NOs-grown plants. The increase of
the "N amount assimilated to amino acids in NH,*-grown
plants was remarkably higher in roots as more than 7.25
times compared to NO;™ feeding. These results indicated
that Italian ryegrass was much efficiently utilized NH,*-N
for the synthesis of reduced N compounds.
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N itrogen is a major limiting nutrient for plants in
most ecosystems. It is taken up from soils mainly as

nitrate (NO3") and/or ammonium (NH,*) by the roots of
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higher plants (Marschner, 1995). Nitrogen demands of
higher plants are usually met by the net release of NH,*
and NOj;~ into the soil solution via mineralization and
nitrification. Absorption of NO;~ and NH,* by plants
allows them to form numerous N compounds, mainly
proteins.

Many plant species absorbed most nitrogen as NO;~,
because NH,* is so readily oxidized to NO;™ by nitrifying
bacteria. In the N metabolism studies, nitrate assimilation
has been focused because of its aboundance in most soils.
Nitrogen assimilation is an energy-intensive process,
requiring the transfer of two electrons per NO;~ con-
verted to NO,7, six electrons per NO,~ converted to NH,*
(Bloom et al., 1988). Nitrogen assimilation is tightly
linked to C-metabolism as energy and C-skeletons are
needed to convert inorganic nitrogen to organic com-
pounds. Whether nitrogen assimilation occurs in root or
shoot, there is a high demand for carbon, independent of
the N source. Uptake of NO;™ into root symplasm from
the rhizosphere against an electrochemical gradient
(Clarkson, 1986) and NOj™ transport out of the root sym-
plasm into the xylem requires metabolic energy (Peuke
and Jeschke, 1995; Cooper and Clarkson, 1989). Plants
assimilate in root virtually all of the NH,", from 5 to 95%
of the NO;™ absorbed from the rhizosphere (Andrews, 1986;
Oaks and Hirel, 1985). Estimates of root nitrogen acqui-
sition and the partitioning have been limited, and these
could not distinguish among expenditures for tissue
maintenance, root growth and NH,* and NO;~ assimila-
tion.

In the present work, experiments were designed to investi-
gate directly the flux and partitioning of NO;~ and NH,*
within the whole plant. Isotopes labeled were used to esti-
mate the quantitative significance of NO;™ and NH,* utiliza-
tion in the full vegetative Italian ryegrass that is well
supplied with nutrients.
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MATERIALS AND METHODS
Plant culture and experiment procedure

Seeds of Italian ryegrass (Lolium multiflorum L.) were
germinated on a sand beach. Two-weeks old seedlings were
transplanted to 3 L pots; $200 mm, depth 150 mm (5 plants
per pot) and grown hydroponically on a nutrient solution
containing 1 mM NH,NO;, 04 mM KH,PO,, 0.25 mM
KCl, 0.25 mM CaCl,, 0.2 mM MgSO,, 0.15 mM K,HPO,,
micro-nutrient (14 uM H;BO;, 5 uM MnSO, - H,0, 3 uM
ZnSO, - TH,0, 3 pM CuSO; - SH,0, 0.7 ptM(NH)6M0,0y4,
0.1 uM CoCl,). CaCO; was then given in excess at a final
concentration of 2 mM to maintain the solution pH at 6.2 *
0.3. The nutrient solution was continuously aerated and
renewed every 7 days. Plants were grown in the complete
nutrient solution containing 1.0 mM NH,NO; for 6 months,
and allowed two regrowth cycles to give enough tillering and
root growth. For the treatment of NO;~ and NH,* feeding, con-
tinuous "N labeling was carried out by replacing NH,NO;
with 6 mM K"”NO; (10 atom % N excess) and 3 mM
(""NH4),S0; (10 atom % >N excess) for 7 days. Plants in each
treatment were harvest at the end of °N feeding. Plants were
cut leaving a stubble of 6 cm above root base and separated
with 3 organs (root, stubble and shoot). Samples were immedi-
ately frozen in liquid nitrogen. Freeze-dried samples were
finely ground and stored under vacuum for further analysis.

Chemical fractionation and isotope analysis

About 200 mg of freeze-dried sample was extracted with
25 ml of 80% ethanol. The ethanol-soluble fraction was fil-
tered, centrifuged, and passed through a Dowex 50W (200-
400 mesh, H") column. The collected solutions was concen-
trated to 5.0 ml (nitrate fraction). Amino acids were eluted
with 25 ml of 0.5N HCI from the Dowex 50W column and
concentrated to 3.0 ml. The residues of ethanol extraction
were dried for 24 h to obtain dry weight. The resulting dried
samples were designated as insoluble protein.

About 25 mg of finely ground freeze-dried sample for sol-
uble protein was extracted with I ml of 100 mM NaPO,
buffer (pH 6.8). Tubes were vortexed for 30 sec and placed
on ice for 5 min, and centrifuged on 14,000 rpm at 4°C for
10 min. This procedure repeated four times. The supernatant
was freeze-dried and residue was dissolved with distilled
water to obtain the final volume of 0.2 ml.

The solid samples (total N and residues) were precisely
measured into tin capsules. For the solution samples, an
samples usually of 0.1 ml, was dropped into tin capsules to
give more than minimum sample size (20 g for '°’N abun-
dance). The tin capsules containing solution were quickly

cooled with liquid nitrogen, and then dried in a freeze-dryer.
The residues in tin capsules were employed for analysis of
N content and "N abundance. The N content and >N abun-
dance were determined by an ANCA mass spectrometer
(Europe Scientific, Crewe, UK). *N-enriched L-glutamic
acid (0.366 >N atom %) were used as the references for N
analysis. The "°N abundance obtained was converted to the
relative specific activity (RSA, percentage of recently incor-
porated atoms relative to the total atoms in the sample) using
equation (1). The amounts of newly absorbed "N (NAN)
incorporated in the N compound were calculated per plant
organ by equation (2).

RSA = (N atom % measured — Natural *N atom % )/
(**N atom % nutrient solution fed —

Natural N atom %) X 100 (1
NAN =(RSA X N content measured in a compound)/100
@
RESULTS
Dry weight

Dry weight as affected by 7 days of NO;~ and NH,* feed-
ing is presented in Table 1. Dry weight of three organs was
slightly increased in both NH,* and NO;™ feeding. However,
there was no significant difference.

Content of nitrogen compounds in plant organ

Nitrogen content in various nitrogen metabolites in
response to NO;~ and NH,* feeding are shown in Table 2.
Total nitrogen content in three organs was significantly
higher in NH,* feeding than NO; ™. In NH,* feeding, the N
content in reduced N fractions (amino acids, soluble and
insoluble proteins) in all three organs increased compared to
those of NO;™ feeding (13.3, 12.5 and 35.4% increase in
shoot, stubble and roots). In shoot and stubble, N contents in
amino acid and soluble proteins in NH," feeding increased
by on average 19.1% and 17.4%, while those in insoluble

Table 1. Dry weight at day O (mean before N treatment) and 7 days
after NO;~ or NH,* feeding. Each value is the mean =+

S.E. for n=5.

Treatment Shoot Stubble Root
featment D. W (g plant™) ———mmmmmmmmeeeev
Day (0) 3.12 £ 021 1.12 £ 009 0.98 + 0.01
Day (7)

NO;-N 325+ 025 130+ 013 1.02 +0.08
NH,*-N 330£ 030 1461+ 0.12 121 £0.11
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Table 2. Nitrogen content in various N metabolites after 7 days of
NOs5™ or NH," feeding,

Mineral N form

Significant

Organs N compounds
NO;-N  NH,*N level
-------- (mg N/g, dry wt.)-------
Total N 41.79 45.29

Nitrate 6.85 5.70 *

Shoot Amino acid 2.11 2.69 *

Insoluble protein ~ 23.00 25.70 ns

Soluble protein 9.83 11.20 ok

Total N 30.68 33.76 *

Nitrate 6.33 5.68 ns

Stubble Amino acid 3.52 391 *

Insoluble protein 12.53 13.46 ns

Soluble protein 8.28 10.00 *

Total N 19.45 23.99 *k

Nitrate 3.78 277 *

Root Amino acid 1.10 345 **

Insoluble protein 9.92 11.75 *

Soluble protein 4.65 6.02 i

Significant level of difference : n.s., non significant, *p<0.05,
**p<0.01.

proteins were not significantly different between NO;3~ and
NH," feeding. In roots fed with NH,*, the increase of the N
contents in all biochemical compounds was much higher
than shoot and stubble. Especially, N content in amine acids
was remarkably higher in NH,* feeding (3.1 fold higher than
NOj;™ feeding). The N content in nitrate in all three organs
was lower in NH," feeding than NO,™ feeding. In roots, the
N content of all metabolites examined was found to be much
sensitively responded to N supply forms.

Percentage of I°N derived from ""NO; and *NH,*

Fig. 1 shows the changes in percentage of N derived
from '"NO;™ and ""NH,* (Relative specific activity, RSA) in
each organ after 7 days of "°N feeding. In all three organs,
RSA value of nitrate was significantly higher in NO;™ feed-
ing, whereas RSA value of amino acids remarkably higher
in NH4" feeding. The RSA value of nitrate in shoot, stubble
and root in NO; feeding was 48.6, 41.6 and 64.43%,
respectively. The value in NH,* feeding largely decreased in
three organs. The value of amino acids in shoot, stubble and
root in NH," feeding was 10.5, 20.5 and 30.4% higher than
NO;™ feeding. The value of insoluble proteins in NO;™ feed-
ing remained at about half of NH,* feeding in three organs.
The value of soluble proteins in shoot was significantly
higher in NO;~ feeding (35.4%) than NH,* feeding (27.9
%), but it was conversed in stubble and roots.
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Fig. 1. The relative specific activity (RSA) in various N metabolites
in each organ 7 days after NO;™ or NH," feeding.
M : nitrate, §Z]: amino acid, EJ: insoluble protein, [ :
soluble protein. Each value is the mean + S.E. for n=5.

5N content

N content of four N metabolites in each organ after 7 days
of PNO; or SNH,* feeding is presented in Fig 2. In shoot, BN
contents of nitrate in shoot, stubble and root in NO;™ feeding
was 270, 230 and 230 pg/g, dry wt., while those of NH,* feed-
ing decreased by 44.4, 26.1 and 47.8%, respectively. In NH;*
feeding, "°N content of amino acids was about 2-fold higher in
shoot and stubble, and 6-fold higher in roots compared NO;~
feeding. "N content in insoluble protein in all plant organ was
also significantly increased in NH4* feeding, showing the high-
est content among N compounds examined. >N content in sol-
uble protein in stubble and roots was 1.9 and 1.6 fold higher in
NH,4* feeding, while no significant difference was observed in
shoot between two N supply forms.

Partitioning of newly absorbed °N

Flow sheet of absorbed N derived from “NO; or
PNH,* in whole plant is summarized in Fig. 3. Total amount
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Fig. 2. °N content in various N metabolites in each organ 7 days
after NO;~ or NH,* feeding.
@ : nitrate, 2Z: amino acid, [ll: insoluble protein, [] :
soluble protein. Each value is the mean = S.E. for n=5

SHOOT
35.3mg
(67.5%)

Nitrate 10.8mg (30.6%)
Amino acids 2.1mg (6.0%)
Insol. protein 11.1mg (31.4%)
Sol. protein 11.3mg (32%)

STUBBLE
10.0mg
(19.1%)

( Nitrate 3.4mg (34%) )
Amino acids 1.2mg (12%)

Insol. protein 2.2mg (22%)
L Sol. protein 3.2mg (32%) )

Nitrate 2.5mg (35.7%)
Amino acids 0.4mg (5.7%)
Insol. protein 1.8mg (25.7%)

Sol. protein 2.3mg (32.9%)
N0y

Total amount of newly absorbed 15N
52.3mg'*N/plant (100%)
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of absorbed N during 7 days of feeding was 52.3 and 69.5
mg/plant. A large portion of absorbed N (67.4% in NH,*
feeding and 58.8% in NOs™ feeding) translocated into shoot.
About 30.6% of "N inflow to this organ was found in nitrate
fraction in NO;~ feeding, while only 9.9% in NH,* feeding.
The sum of N incorporated into reduced N compounds
(especially into the insoluble protein) in NH," feeding
increased by about 50% comparing to NO;™ feeding. The N
amount transferred to stubble in NH," and NO;™ feeding was
10.0 and 14.7 mg/plant, respectively. In NO;™ feeding, 34.1%
of N inflow to this organ was remained at nitrate without
further assimilation, while the percentage in NH,* feeding
largely decreased to 12.0%. The >N amount incorporated to
amino acids and insoluble proteins was more than 2-times in
NH,*. The incorporation to soluble proteins was also signifi-
cantly higher in NH;* (5.2 mg/plant) than NO;™ feeding (3.2
mg/plant). The >N amount transferred to roots in NH,* and
NO;™ feeding was 7.0 and 13.9 mg/plant, respectively. The
incorporation to nitrate was 2.5 and 1.4 mg/plant, respectively,
in NO;~ and NH," feeding, representing the lowest level of 3
organs in both two N supply forms. The N amount assimi-
lated to amino acids in NO;™ feeding was only 0.4 mg/plant,
while in NH," feeding remarkably increased to 2.9 mg/plant.
The incorporation to insoluble and soluble proteins was also
3.1-fold and 1.7-fold higher, respectively, in NH," feeding

DISCUSSION

Seven days of NH," feeding significantly increased total

SHOOT

40.9mg
(58.8%)

Nitrate 4.0mg (9.8%)

Amino acids 3.7mg (9.0%)
Insol. protein 22.9mg (56.0%)
Sol. protein 10.3mg (25.2%)

STUBBLE
14.7mg
(21.2%)

Nitrate 1.8mg (12.2%) A

Amino acids 2.7mg {18.4%)
Insol. protein  5.0mg {34%)

Sol. protein  5.2mg (35.4%)
. J

Nitrate 1.4mg (10.1%)
Amino acids 2.9mg (20.8%)
Insol. protein 5.6mg (40.3%)

Sol. protein 4.0mg (28.8%)

1
*NH,'
Total amount of newly absorbed BN
69.5mg*N/plant (100%)

Fig. 3. Flow sheet of newly absorbed "N into N compounds in three organs during 7 days of "NO;~ or "NH,* feeding. Results are

expressed in mg “N/plant.
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N content in three organ compared to NO;™~ feeding (Table
2), although dry weight was not significantly different between
two N supply forms (Table 1). The N content in amino acids
and soluble proteins in all three organs was also significantly
higher in NH,* feeding. These indirectly indicated that the
dynamics of N metabolism (uptake, assimilation and incor-
poration to organic N compounds) was significantly modi-
fied by the form of inorganic N source, as like NH;* and
NOj5™ in this study. Uptake of the two inorganic N sources
(anionic nitrate versus the cationic ammonium) differen-
tially modify the uptake and accumulation of other inorganic
cations and anions (Lang and Kaiser, 1994).

The >N amount found in nitrate fraction in of shoot and
stubble fed with NOs;~ was 2.1-fold higher than that of
NH,*-grown plants (Fig. 2). "N distribution to nitrate was
remarkable in root (Fig. 2). In agreement with Gojon et al.
(1991) and Peuke et al. (1996) these results indicated that
nitrate was largely transported to the actively growing tis-
sues. Thus, the site of nitrate reduction within the whole
plant seems to be under metabolic control, although the met-
abolic basis of this regulation is not yet known (Andrews,
1986). A simple explanation for the distribution of nitrate
reduction between root and shoot may be the maximum
capacity for nitrate reduction in the root. Once this capacity
is exceeded, more nitrate will be transported to the shoot and
stubble as revealed by the present data, and in consequence,
should be reduced in these organs.

In contrast, under NH,* nutrition, a significantly higher
RSA value (Fig. 1) and a remarkable increase in '°N content
(Fig. 2) of amino acids were observed especially in roots.
These suggested that the primary site of NH,* assimilation
was roots. A relative higher significant difference in roots
for all reduced N compounds between two inorganic N sup-
ply treatments was also well consistent with this suggestion
(Table 2). In several works of xylem sap analysis, very few
NH,* was found in the xylem sap of NH,*-grown plants,
indicating that most of it was retained and assimilated in the
root (Lewis et al., 1982; Murphy and Lewis, 1987; Van Beu-
sichem et al., 1988; Allen et al., 1988).

The flow sheet of newly absorbed "*N showed that total N
uptake in NH *-grown plants significantly increased by
32.8% compared to NO; -grown plants (Fig. 3). This sug-
gested that Italian ryegrass prefer NH,* over NO;™ as source
for inorganic nitrogen. It is well consistent with the results of
Flaig and Mohr (1992) who reported that over the 21-day
period, approximately three times more ammonium-N was
taken up than nitrate-N. As both inorganic N sources, most
of the N was allocated to the shoot (67.4% in NH4" feeding
and 58.8% in NOj feeding, respectively, Fig. 3), in agree-
ment with data for Lupinus (71%, Jeschke et al., 1985), Rici-
nus (78%, Jeschke and Pate, 1991) and Triticum (80-95%,

Lasson et al., 1991).

The N amount incorporated in the reduced N com-
pounds (amino acids and proteins) in NH,*-grown plants
significantly increased by 74.8% compared to NOs'-grown
plants (Fig. 3). Plants grown with NH," have greater con-
centrations of free amino acids and protein-N in foliage than
nitrate-fed plants (Clarkson et al, 1992; Geiger et al., 1999)
and the composition of total pool of free amino acids may
vary with N-source (Barneix et al, 1984; Lavoie et al.,
1992; Atilio and Causin, 1996). It is probably a consequence
of differences in sites, patterns and rates of N assimilation,
and associated with the interrelationships between the pools
of soluble N and C in foliage. Assimilation of ammonium
depends on the supply of C skeletons from TCA cycle,
which may lead to a reduced concentration of soluble carbo-
hydrates (Raab and Terry, 1995). The assimilation of NH,*
and the partitioning of assimilates over plant tissues are
energetically less cost than those of NO; (Lewis et al,
1986; Raven, 1985). Nitrate assimilation involves a similar
anapleurotic synthesis of carboxylates, in addition to the
synthesis of carboxylates that are required to maintain the
cation-anion balance and intracellular pH, placing greater
demands on C supply (Salsac et al., 1987). In consequence,
the concentration of carbohydrates is often lower in nitrate-
than ammeonium-fed plants (Chaillou ez al., 1991). Accom-
panied work of the present study showed that sugar concen-
tration in NH,"-fed plants was higher than NO;™-fed plants
(data not shown). These results give a direct evidence that
NH," feeding is much more efficient and useful practice as a
strategic for nitrogen fertilization.
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