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Abstract 
Nitrogen metabolism in some selected upland crops was investigated using a stable isotope, 
15N, as a tracer. An optical emission spectrometer as well as a mass spectrometer employed 
for the investigations made great advance in the detailed analyses. Characteristics of nitrate 
and ammonium uptake by roots and foliar uptake of nitrogen dioxide (an air pollutant) were 
clearly identified. The kinetic studies using 15N suggested that all the inorganic nitrogen be 
mainly assimilated into glutamine (particularly into amide), followed by transference to other 
amino acids and proteins in both the roots and shoots. Nitrate was partly reduced in roots 
and shoots, but largely kept in storage nitrate pools before reduction. Significant transfer 
of nitrogen from mature leaves to growing leaves and tops as well as to roots was demonstrated 
directly by 15N and by a compartment analysis. 
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Introduction 

A principal source of nitrogen absorbed by up
land crops is nitrate, whereas that for paddy crops 
like rice is ammonia2s1• In upland fields, ammonium 
and amino acids are also present, and probably 
absorbed to some extent. But a large fraction of 
these reduced nitrogen is transformed into nitrate in 
the soil and move to the root rhizosphere and then 
absorbed by crops. 

A series of experiments have been undertaken in 
Japan during the last two decades to examine u:p· 
take and assimilation of nitrate and translocation of 
nitrogen in crops by using 1sN as a tracer. To ana
lyze 1sN abundances in a small amount of nitrogen 
from a small section of plant tissues and individual 
amino acids containing about I to IO µg of nitro
gen, an emission spectroscopic method was in
troduced and developed4

•
28

•
3 11

• An advancement in 
the method based on a gas chromatography-mass 
spectrometer (GC-MS) was also achieved for the 
analysis of 1sN abundance of amino acids in plant 
samples191• This report attempts to review the resullts 

of the recent studies conducted in Japan, pertaining 
to uptake, assimilation and translocation of nitro· 
gen by upland crops. Subjects on nitrogen 
metabolism in relation with nitrogen fixation in soy
bean plants are discussed by Dr. Akao separately in 
this volume. 

Absorption of N 

The uptake of 15N-nitrate and distribution of 
absorbed-N in komatsuna (Brassica campestris L. 
var. rapa) plants are shown in Fig. I. Nitrate up
take is linear with time. An increase of nitrate con
centration in the medium results generally in 
increased uptake of nitrate, though in the presence 
of excessively high nitrate concentration, growth of 
plants and nitrate uptake are retarded. Distribution 
of the absorbed-N varies depending on the concen
tration in the medium. At high concentrations, more 
nitrogen absorbed is distributed to the leaves and less 
to the roots. 

The patterns of 15N-nitrate and isN-ammonium 
uptake in the roots of maize seedlings were 
compared261 • The data obtained indicate that the 
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Pig. I. Nitra1c absorp1ion by koma1suna plants from the medium 
containing 15N-Jabelled ni1ra1e 

Plams were 1rca1ed with non-labelled 2 mM ni1ra1e before 
15N feeding . 
(A) Ni1ra1e up1ake from 0 .4 mM ni1ra1c added every day 

(• ), 2.4 mM ni1rate al the lnilial (0 ), 2 rnM nitrate 
added every day (.a. ), and 12 mM al the initial (t.). 

(B) Dis1rib111ion of labelled-N in roots, midribs plus pe1i-
oles, and leaf blades when fed with 0.4 rnM nitrate 
every day. 

(C) Distribution of labelled-N in roots, midribs plus peti
oles, and leaf blades when fed with 2.0 mM nilra1e 
every day . 

Source: Kaneko & Yoneyama (unpublished data). 
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sites of active up1ake of ammonium are roo1 tips, 
while those of nitrate are an elongating zone and 
a root hair zone as well. Adsorption of ammonium 
was clearly observed in the roots but not in the case· 
of nitrate uptake. Nitrate was linearly absorbed with 
time. The 15N-nitrate transport from the conex to 
the stele took a similar period of time (about 4 min) 
in both the apical and basal regions. In contrast, 
1he translocation of 15N-ammonium from the cor
tex LO 1he stele was very fast in the apica l region , 
but slow in the basal region. 

ei1her 15NH.-N03 or NH.- 15N03 is added to the 
culture medium, the up1ake and translocation of 
15 NH. is more intensive than tha1 of 15N03 in tea 
plants71

• It is also observed that the uptake and as
similation of NH. is ac1ivated in the presence of 
potassium ion1>. 

In addition to the uptake of nitrogen from soil 
solution by the underground plant parts and from 
atmospheric N2 through symbiotic fixation by nod
ules, plants absorb nitrogen tl1rough their aerial 
parts. Plant leaves treated with solution containing 
15N-labelled nitrogen, or with the 15N- labelled at-Tea plants prefer ammonium than nitrate . When 



mospheric nitrogen, oxides or ammonia show the in
corporation of .t sN into amino acids and proteins. 

llo and Kumazawa2' treated sunflower leaves with 
,sN-ammonium, while Karasuyama et a t.6> treated 
tea leaves with 1sN-urea. The results of these studies 
indicate that in those plants, 1sN is incorporated in 
the amino acide of the treated leaves as well as in 
the non-treated plant parts. 

Yoneyama ct al. 341 and Yoneyama and Sasakawa321 

conducted experiments, exposing spinach leaves to 
,sN-labelled N02, an important air pollutant in 

Japan, and found that 1sN-nitrogen dioxide was ab
sorbed into the leaves mainly through the stomata 
and incorporated into free and bound amino acids. 
Subsequent studies271 using 1sN-nitrogen dioxide 
revealed that the 15N absorbed by the mature leaves 
of sunflower and maize was transported to the non
treated young leaves and roots, but not to the other 
mature leaves. 

As far as the quantity of nitrogen absorbed by 
plants from atmospheric nitrogen dioxide is con
cerned, estimations were made by using a 15N dilu
tion method8- 10•17>. The plant materials under those 
studies were all fed continuously wiih ,sN-labellcd 
nitrate through the culture medium, a.nd exposed to 
non-labelled nitrogen oxide. The extent of decrease 
in tsN concentration in the N02-treated p lants as 
compared to lhat in the non-treated plants is at1rib11t
ed to the contribution of nitrogen derived from the 
atmospheric N01. Sunflower and tomato plants were 
both active absorbers of the atmospheric N02, while 
sorghum and maize plants were poorer in this respect. 
In Japan, the proportion of nitrogen derived from 
air pollutant N02 in total plant nitrogen is estimat
ed to be below a few percent. 

Metabolism of N in roots 

Several results on 15N-labelling of amino acids in 
root t issues treated with 15N-labcllcd substrates are 
shown in Table I . When maize roots were fed with 
,sN-labelled ammonium or nitrate, glutamine (par
ticularly the amido group) was the most highly 
labelled after a short period of time, markedly in 
5 min of 15N-ammonium feeding, followed by glu
tamic acid and aspartic acid261 . These results sug
gest 1hat the J>athway of glutamine synthctas:e
glutamate synthase (GS-GOGA T)10 operate in malze 
roots as the case in roots of rice plants15>. ln this 
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Table 1. Labelling of amino acids wilh ,sN in the root 
tissues treated with ,sN-labelled substra1es 

Corn Barley Corn Corn 
Amino acid roo1s•> roo1sb) roots<> rootsdl 

ISN03- 15N03- 15N02- ISNH, + 

Glutamine 2.73 25.4 
Amide 7.81 3.42 
Amino 1.29 0.24 

Giutamic acid 4.52 1.78 2.07 12.1 
Asparagine 0.13 3.06 

Amide 1.06 
Amino 0. 10 

Aspartic acid 2.56 0.59 S.76 
Alanine 1.12 0.28 0.50 1.80 
Serine 0.29 0.65 0.08 0.84 
Proline o.oo 0.14 
(Reference no.) (26) (13) (26) (26) 

a): 1.4 mM K15N0 3 (transla1ed to 100 atom 0/o excess) for 
30 min. 

b) : 0.7 mM K'sN03 (95.6 a1om % excess) for 30 min. 
c): 0.7 mM Na' 5NO, (99.5 atom 0/o excess) for 30 min. 
d): O. 7 mM (15 NH.,),SO, (translated to 100 atom OJo ex-

cess) for 30 min. 

context, nitrite metabolism in the roots of kidney 

bean, maize, and sunflower was investigated by us
ing 15N29>. Nitrite reduction was active in the apical 

root zones with the reduced products incorporated 
into glutamine (amido), glutamic acid, and alanine 
in this order. All the nitrite absorbed was assimi
lated in the roots. No nitrite was detected in the 
shoots, but the 15N from nitrite was incorporated 
into amino acids in the shoots of the above-noted 
three plants. The transfer of 15N to the shoots was 
more active in the daytime, although the same rate 
of nitrite reduction in the roots was maintained dur
ing the day and night. 

Oji and Wakiuchi IS> investigated the utilization of 
15N-labelled nitrate, nitrite, and ammonium in barley 
plants. Their conclusions are: nitrate is partly 
reduced in the roots and transported io the shoots 
as amino acids and nitrate, while almost all the am
monium and nitrite are assimilated in the roots and 
transported to the shoots in the form of amino acids. 
In tobacco pla11tS36', the assimilation of 15N
ammonium into amino acids in the roots is more 
intensive than that of 15N-ni1rate. However, the 
transport of 1sN-nitrate to the leaves is more active 
than that of ,sN-ammonium, while both arc assimi
lated at the same rate in the shoots. 

Mori ct al. 12> observed better growth of barley 
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plams when arginine rather than nitrate was used 
in the culture medium. The uptake and assimila
tion of 15N-nilrate was more active in the NOJ - -
grown barley than in the arginine-grown plants, but 
the uptake and metabolism of [ureido-15N] arginine 
occurred at the similar rates in both plants. Barley 
plants absorbed more efficiently glutamine and 
arginine than nitrate under both high (20°C) and low 
(4-5°C) temperatures, and preferentially absorbed 
organic nitrogen (arginine and glutamine) in case 
where both che organic nitrogen and nitrate were 
present in the culture medium131

• 

The nitrogen in seeds is an imponarll N source 
besides the nitrogen added to the medium during the 
early stage of seedling growth. The utilization of 
seed and medium (ammonium or nitrate) nitrogen 
during the growth of roots and shoots of seedlings 
was compared by feeding 15N-labelled ammonium 
or nitrate in rice, maize, and soybean221 • The 15N
ammonium was incorporated actively into glutamine, 
asparagine. glutamic acid and aspanic acid, but poor
ly imo proline, arginine, and lysine, while the reverse 
was true in the utilization of seed nitrogen. ln maize 
seedlings, 15N-nitrate was incorporated actively imo 
glutamine, glutamic acid, and alanine, but poorly 
into proline, arginine, and lysine. The similar results 
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were observed by Samukawa and Yamaguchi20>. 
Utjljzation of medium nitrate by soybean seedlings 
was small and the growth of roots and leaves in 4 
days after germination was greatly dependent on the 
seed nit rogcn. 

Nicotine in tobacco plants is synthesized in roots 
and transported to leaves. As sources of nitrogen 
in nicotine, the nitrogen absorbed by the roots and 
the amino acids transported from the leaves are 
importan1381• A greater amount of 15N-ammonium 
was incorporated into the alkaloid fraction in roots 
in Lhe daytime than in the night, and the labelling 
or alkaloids with 15N in leaves gradually increased 
with 1ime371• The 15N-ammonium was incorporated 
into both the pyridine and pyrrolidine rings of nico
tine in the roots and shoots. The labelling of both 
rings wilh 15N was continuous ror at least 187 hr 
after 5 hr's feeding of 15N-ammonium39) . 

Theanine (,y-glutamylethylamide) which is an im
portant compound for green tea quality is mainly 
symhesized in roots, and transported to young leaves 
to be harvested. The incorporation of 15N into 
theanine as well as in to other amino acids was very 
intensive when 15NH, was fed as compared 10 

15NOJ 
feeding 7>. 

Table 2. Labelling of amino acids with 15N in the leaf tissues treated with "N-labcllcd substrates 
in the light and darkness 

isolated spinach Sunnower leaf discsb) 

Amino acid !car cells•>, 15NH,• [15N-amiclel Gluiamine 

Light Dark Ligh1 Dark 

Glu1aminc 
Amide 19.8 20.3 25.4 23.0 
Amino 1.41 0.62 0.64 1.54 

Glu1amic acid 2.63 1.82 2.22 1.07 
Asparagine 0.90 0.64 
Aspanic acid 1.93 1.20 1.75 1.07 
Alanine I.SI 0.83 1.89 0.83 
Serine 0.96 0.65 1.25 0. 15 
-y•amino b111yric acid 1.73 1.34 1.54 0.69 
Arginine 
Thcanine 

(Reference no.) (4) (3) 

a) : 0.2 mM ('$NH.)2SO. (97.3 atom % excess) for 5 min. 
b) : I mM (15N-amide) glutamine (49.0 a1om % excess) for 30 min. 
c) : I mM 15N-Glutamic acid (50.0 a1on1 % excess) for 30 min. 

Sunnowcr leaf discs<> 
15N-Glutamic acid 

Light Dark 

1.87 5.68 
1.59 1.44 

10.6 9.04 

2.95 1.40 
2.77 1.75 
1.65 0.25 
4.08 2. 11 

(3) 

Tea 
leaves"> 
15N-urea 

Light-Dark 

30.5 

27.07 

15.71 

Spinach 
leaves•> 

15N02 gas 

Light 

14.S 
23.2 

5.8 
17.4 
8.01 

13.5 
13.4 
12.6 
14.3 

21.04 1.90 
0.60 
(6) (32) 

d) : 0.83 % (w/ v) 15N-urca (transla1cd 10 100 atom 0/o excess) was sprayed 3 time.I every 2 days. 
e): 4 ppm '5N02 (95.1 a1om O/o excess) gas for 2.5 hr. 



Metabolism of N in shoots 

Several resulls on 1sN labelling of amino acids 
in leaf tissues treated with 15 N-labelled substrates 
are shown in Table 2. The application of '5 N
ammonium to sunflower leaves3

, and to cells isolated 
from spinach leaves•> resulted in the highest 15N 
labelling of glutamine, followed by glutamic acid and 
aspartic acid. The incorporation of 15N into the 
amide of glutamine was more active than that into 
the amino of glutamine or glutamic acid3>, and the 
15N transfer from the (15NJ amide of glutamine to 
glutamic acid was greatly enhanced by light 
illumination•>. These results suggest that the GS
GOGAT pathway1 n operates during ammonia :as
similation in the leaves and that the glutamate syn
thase reaction be highly dependent on light probably 
due to the involvement of ferredoxin as electron 
donor to this reaction. 

Ito and Kumazawa3> investigated the metabolism 
of 15 N-labelled nitrate, nitrite, hydroxylamine, am
monium, glutamine (amide), glutamic acid, alanine, 
glycine and leuci11e administered to sunflower leaf 
discs. 15N from all the inorganic N compounds was 
most actively incorporated into amide of glutam:ine 
and less into the other amino acids in a similar man
ner, suggesting that the nitrogen in all the inorganic 
forms be incorporated imo amino acids after being 
reduced to ammonia. In the transfer of amino N, 
transamination played an important role as glu tarnic 
acid, alanine, and aspart ic acid were always act iv-ely 
labelled with 15N, when the 15N-labelled amino acids 
were administered. This result implies that these ami
no acids lie in the center of cellular amino acid 
metabolism. 

The occurrence of nitrate and nitrite reduction 1111-

der a dark condition was examined by feeding leaf 
discs with 15N-labelled substrates23>. 

Under the aerobic (in the presence of air) and 
anaerobic (in Ni gas) conditions, both the nitrate and 
nitrite were reduced and par1ly assimilated into amino 
acids, although the nitrite formation from nit rate was 
more imensive under the anaerobic condition , whi le 
the nitrite assimilation into amino acids was more 
active under rhe aerobic condit ion. Application of 
11-propanol inhibited nitrite assimilation. Th.ese 
results imply that the in vivo assay of nitrate reduc-
1ase activities may be underestimated due to nitrite 
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assimilation during the incubation. The incubation 
in Ni gas or the addition of 11-propanol may be 
desirable as far as the quantity of niirite formed is 
concerned. 

Yamaya et al.rn investigated the ammonium as
similation in the mitochondria isolated from pea and 
maize shoots by feeding with 15N-labelled ammoni
um and glycine. These mitochondria were tolerant 
to 2- 5 mM ammonium and could synthesize 15N
glutamate from both 15N substrates, indicating that 
the photorespiratory produced NH, + is, at least in 
part, reassimilated by the mitochondrial glutamate 
dehydrogenase. 

The 15N-urea foliarly applied to tea leaves was 
incorporated into glutamine at the highest 15N abun
dance, and to glutamate and arginine at the lower 
abundance6>. Although large quamities of theanine 
existed in the leaves, the incorporation of the 15N
urea into this compound was small, probably due 
to the fac1 that tlieanine might have been symhe
sized in the roots (using mainly soil and fertilizer 
nitrogen) and transported to the shoots'>. 

Ohta et al. 14> examined the nitrate uptake and 
reduction in Amara11th11s tricolor L. plants, wherein 
their growth was enhanced with a sodium appl ica
tion . The sodium application increased the activity 
of nitrate reduccase as well as the rate of uptake of 
15N-labelled nit rate and its subsequent incorporation 
into the insoluble fraction in the plants. 

The greenness of leaf vegetables is an important 
quality and it is recognized that ammonium .fertiliz
ers are more efficient than nitrate fertilizers in in
creasing the greenness of vegatable leaves. When 
water-cultured komaisuna plants were treated with 
15N-labelled nitrate or ammonium, the labelling of 
chlorophyll with isN-ammonium was about double 
1ha1 with 15N-nitrate (Table 3). 

Table 3. Incorporation of 15N-ammonium and nilratc 
into chlorophylls of komatsuna leaves 

Ni1rogcn Proportion of fed N (%) 

source Chi. a Chi. b Tota l N 

isNoJ- 11.5 10.0 12.6 
ISNH, t 19.2 IS.I 18.3 

Hydroponically cultured komatsuna plan1s were fed with 
I mM Na 15 NO, or 0.5 mM (15 NH,)zS0, for 5 days. 

The chlorophylls separa1cd on a thin layer chro,natogra
phy were c.xtracted, and analyzed for 15 N concemrations. 

Sourcc:Yamada & Yoneyama (unpublished data). 
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Translocation of N 

The 15N-nitrate was partly transported from roots 
to shoots in an unchanged form, while all the nitrite 
was reduced in roots and transported to shoots as 
amino acids29>. The question whether or not am
monium is transported in the xylem fluids is still 
subject to debate, because the damage of ammonia 
to plants is closely related to the accumulation of 
ammonium in the leaves'>. Ikeda and Yoneyama 
(unpublished) analyzed the ammonium concentration 
in the xylem sap of faba bean and tomato plants 
treated with nitrate or ammonium by a 15N dilution 
method. Ammonium was present in the xylem sap 
by 3 to 90Jo of xylem sap N in the nitrate-treated 
plants and those percentages were higher in the 
ammonium-treated plants. 

Little is known about the long-distance transport 
of nitrogen from mature leaves through the phloem. 
To trace the movement of nitrogen, the 15N has to 
be administered to the mature leaves in large quan
tities enough to be analyzed at the sink organs. 
There have been several reports of the studies, in 
which the 15N-labelled nitrate or urea was applied 
10 leaves over several days 18>. However, in such a 
long period of time, it is most likely that the fol
lowing movements of nitrogen take place in a min
gled fashion: entering and leaving the plant organs, 
and circulating in the plant. As a consequence, there 
are great difficulties in the analysis of nitrogen trans
port in the phloem. An attempt was made by ad
ministering 15N-labelled N02 to the mature leaves 
for about one hr just as 14C02 feeding. The N02 
was absorbed through stomata and metabolized into 
amino acids32> without any damage on leaves if the 
atmospheric N02 concentration was 2- 4 ppm . The 
15N02 fed to leaves of sunflower27> and maize33> 

was incorporated into amino acids, and subsequent
ly partly utilized to synthesize proteins. The remain
ing 15N moved from the leaves 10 lhe other parts 
of the plants. The 15N-labelled proteins were mobi
lized to amino acids for translocation from the leaves. 
The main sinks of 15N were the growing leaves and 
roots. Only trace amount of 15N was detected in the 
other mature leaves. These results suggest that the 
amino acids in the leaves be translocated before utili
zation for protein synthe.sis and after remobilization 
of proteins33>, and that the movement of nitrogen 
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from the leaves be slower but more persistent than 
that of the photosynthetically fixed carbon27>. 

Nitrate reduction and partitioning of nitrogen in 
the whole komatsuna plant was analysed by using 
15N-nitrate35>. Based on the distribution of 15N in 
nitrate, amino acids, and proteins of the roots, stems 
plus petioles, and leaf blades, compartment analysis 
of nitrogen flux in different nitrogen pools in these 
plant parts was conducted. Nitrate was present in 
small metabolic and large storage pools. Nitrate 
reduction occurred in the three plant parts, but large
ly in the leaves during the daytime. Amino acids 
produced by nitrate reduction were partly incorpo
rated into the storage pools, but largely transported 
in the xylem and phloem. It was confirmed that the 
amino acids used for protein synthesis were supplied 
in the following three routes: i.e. by direct nitrate 
reduction, through transport in the xylem and 
phloem, and from the storage pools of amino acids. 

The importance of reduced N in cycling through 
the plant for N feeding of each organ was also in
vestigated in barley by using 15N-labelled nitrate and 
nitrite16>. In this experiment, an assessment was 
made in regard to nitrate reduction in the shoots and 
roots and transport of nitrate and reduced N in the 
xylem and phloem . The transport and transforma
tion of nitrogen were modulated by the magnitude 
of reduced-N demand in each organ and light-dark 
cycles. 

Wheat plants were grown in culture solution by 
feeding them with 15N-labelled nitrate at different 
stages of growth, and the distribution of 15N in the 
different plant organs were invcstigated24>. The 
sources of nitrogen in the growing organs were both 
or the newly absorbed and stored (retranslocated) 
nitrogen as in the case of rice plants25>. Ears, i.e. 
the final sink, also got nitrogen from those two 
sources, with a larger quantity coming from the lat
ter source. The contribution of N absorbed at differ
ent stages of plant growth to various proteins 
(separated by the Osborne method) did not vary, but 
that to the amino acids was different. The depen
dence of lysine, histidine plus arginine, and valine 
on the early absorbed N (probably this N was stored 
in the plants and mobilized for retranslocation) was 
relatively higher than that of glutamic acid, aspartic 
acid, and alanine, whi le the reverse status was ob
served for the N absorbed in the later stage of 
growth. 
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