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ABSTRACT

Nitrate reduction in roots and shoots of 7-day-old barley seedlings,
and 9-day-old corn seedlings was investigated. The N-depleted seedlings
were transferred for 24 h or 48 h of continuous light to a mixed nitrogen
medium containing both nitrate and ammonium. Total nitrate reduction
was determined by "N incorporation from 'SNO;~, translocation of
reduced "N from the roots to the shoots was estimated with reduced SN
from "SNH,* assimilation as tracer, and the translocation from the shoots
to the roots was measured on plants grown with a split root system. A
model was proposed to calculate the nitrate reduction by roots from these
data. For both species, the induction phase was characterized by a high
contribution of the roots which accounted for 65% of the whole plant
nitrate reduction in barley, and for 70% in corn. However, during the
second period of the experiment, once this induction process was finished,
roots only accounted for 20% of the whole plant nitrate reduction in
barley seedlings, and for 27% in corn. This reversal in nitrate reduction
localization was due to both increased shoot reduction and decreased root
reduction. The pattern of N exchanges between the organs showed that
the cycling of reduced N through the plant was important for both
species. In particular, the downward transport of reduced N increased
while nitrate assimilation in roots decreased. As a result, when induction
was achieved, the N feeding of the roots appeared to be highly dependent
on translocation from the leaves.

It is now well established that nitrate reduction can occur in
both roots and shoots of higher plants (3). Nevertheless, the
contribution of these organs to whole plant nitrate reduction
remains generally uncertain. Only indirect methods have been
involved.

The nitrate reduction in roots is believed to be significant when
the major form of nitrogen translocated by xylem sap is the
reduced form (23). However, alteration in exudation rate due to
detopping and the unknown origin of this exudate reduced N
led some authors to criticize this criterion as an indicator of
nitrate reduction by the roots (4, 28).

Incorporation of N in the reduced N fraction is a direct
determination of the '’NO;™ reduction, but it does not take into
account endogenous '“NO;~ when it is present. Furthermore, the
distribution within the plant of the resulting reduced N may
not be related to the distribution of assimilation, because of the
exchanges between organs (12). As a consequence, short time

labelings are generally performed to avoid significant movement
of reduced '*N from and to the roots. By this method, numerous
authors (1, 4, 30) have found that root contribution to whole
plant nitrate reduction may be important during the early phase
of nitrate utilization by seedlings. Unfortunately, there are no
results to confirm this when induction is fully achieved.

Concerning barley and corn, contradictory conclusions are
found in publications. In both species, NRA' is predominantly
located in the shoots (13, 26). Nevertheless, the reduced N
contents of the xylem saps are relatively high (23), and excised
roots seem to be capable of significant reduction (8, 18).

The aim of this work was to investigate the root nitrate
reduction in N-deprived seedlings by '*’NO;™ incorporation. An
experimental procedure and a calculation model are proposed in
order to estimate transports of reduced '"N between roots and
shoots in intact seedlings and consequently to determine how
much assimilation can be attributed to each organ. This labeling
is long enough to enable us to characterize the use of nitrate once
the induction process is established.

MATERIALS AND METHODS

Culture. Barley (Hordeum vulgare L. var Bérénice) seeds were
germinated for 2 d on cheesecloth at the surface of distilled H,O,
and the seedlings were grown on a N-free basal nutrient solution
containing 0.2 mm MgSO,, 0.2 mm KH,PO,, 0.5 mm CaCl,, 20
uM Fe citrate, 1 uM MnSQ,, 0.1 uM CuSO,, 6 uM H3BOs, 0.2 uM
(NH,)sMo0,0,, at pH 5.6. Photoperiod and temperature were 16
h with 40 W.m™2 at 25°C and the 8-h-dark period was at 22°C.
Seven-d-old seedlings were used for subsequent labeling. At this
stage, the seedlings had five or six developed roots and one fully
expanded leaf.

Corn (Zea mays L. var INRA 508) seedlings were obtained
using the same procedure, except for a few modifications: the
seedlings with the PS root, one SS root, and their first leaf were
grown until the age of 9 d on a N-free solution containing 0.2
mM CaSO,.

Labeling. The 7-d-old barley seedlings were divided into three

! Abbreviations: NRA, nitrate reductase activity; NR, nitrate reduc-
tase; Ar, accumulation in roots of reduced N from '*NO;™; As, accu-
mulation in shoots of reduced '*N from '*NO;~; Anl, accumulation of
reduced "N from '"NO;™ in the side of the split root system grown on
the nonlabeled nutrient solution; Tx, translocation to the shoots of root-
reduced '*N from '"NO;~ via xylem; Tp, translocation to the roots of
shoot-reduced '*N from *NO;~ via phloem; Rr, '*NO;™ reduction in
roots; PS, primary seminal root; SS, secondary seminal root.
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groups. Each group was transferred to a special container with
separate compartments allowing culture of the plants with a split
root system, and containing the basal nutrient solution plus 1.5
mM KNO;, 0.5 mm NH,C], and 50 mg/L chloramphenicol. The
three groups of seedlings were characterized by different N
labelings (Fig. 1):

Experiment 1. The first group of seedlings was supplied on
each side of the split root system with a nutrient solution con-
taining '"NOs~ ("*N excess = 16.2%).

Experiment 2. The second group of seedlings was supplied on
each side of the split root system with a nutrient solution con-
taining ""NH,* (**N excess = 13.5%).

Experiment 3. The third group of seedlings was supplied with
a nutrient solution containing *NO;~ on one side of the split
root system and '"NO;~ (**N excess = 52.2%) on the other side.

The experiments were carried out in continuous light for 48 h
and at a constant temperature (25°C). The pH of the nutrient
solution was maintained at 5.6 with a pH-stat apparatus.

Labelings with corn seedlings were made according to the
same procedure. In experiment 3, the split root system was
constituted by the PS root for the '“N-fed side, and by the SS
root for the '’N-fed side. The nutrient solution common to the
three experiments contained 0.2 mm CaSO,, 1.4 mM KNOs, and
0.1 mm NH,CL. The duration of the experiments was 24 h. The
5N excesses were 28.4, 24.1, and 85.5% for experiments 1, 2,
and 3, respectively. The ammonium concentration in the media
was monitored every hour, and maintained close to 0.1 mM by
additions of 0.1 M NH.CI. No control of medium pH was made.

Harvest and Measurements. For each experiment the root and
shoot contents of reduced '*N were measured in 10 samples of
four barley seedlings harvested 24 and 48 h after the transfer and
in 10 samples of two corn seedlings harvested 12 and 24 h after
the transfer. The roots were washed carefully with distilled H,O
and separated from the shoots. In experiment 3, the roots were
separated into two samples corresponding to each side of the
split root system. The fresh organs were weighed and dried at
70°C.

The dry material was submitted to three successive extractions
with boiling 80% ethanol to separate soluble and insoluble
nitrogen fractions. Each extract was then dried and treated with
2 ml H,O, 1 ml H,0, (30%), and 0.1 ml 36 N H.SO, and heated

N~/ N7 I
1SN0 1NH; no; Snn,, “'un;,l“un;l SN0, N
EXPERIMENT 1 EXPERIMENT 2 EXPERIMENT 3

FiG. 1. Schematic representation of the labeling procedure used to
determine the contribution of the roots and the shoots to the whole plant
nitrate reduction. The three experiments were conducted at the same
time, using the same lot of N-depleted seedlings. The composition of the
nutrient solution was similar in the three experiments: 1.5 mm KNO; +
0.5 mM NH.CI (barley), and 1.4 mm KNOs + 0.1 mm NHCI (corn).
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for 48 h at 100°C to remove nitrate from the sample (22). The
remaining soluble reduced nitrogen was added to the insoluble
reduced nitrogen fraction. The total reduced nitrogen was then
mineralized by Kjeldahl procedure. Ammonium was recovered
after diffusion in Conway’s dishes (7). Part of the solution
obtained was used for colorimetric determination of ammonium
using Nessler’s reagent. The other part was prepared by Dumas’
procedure for isotopic determination of '’N: A sample equivalent
to 3 ug of ammonium nitrogen was put in a Pyrex tube and
dried at 70°C. A few pieces of CaO and CuO were then added in
the tube which was subsequently vacuum sealed at 1073 Torr.
Ammonium nitrogen was finally converted into N, by heating
the tube for 4 h at 570°C. The '*N excess was determined by
molecular emission with a SOPRA GSI1 spectrometer (9, 15).
Each sample was analyzed in duplicate.

Root and shoot nitrate contents were measured in five samples
of four barley seedlings harvested 6, 12, 24, 36, and 48 h after
transfer, and in five samples of two corn seedlings 24 h after the
transfer. The nitrate was extracted by 0.1 N HCl and assayed
colorimetrically after reduction in a cadmium column (26).

Ammonium concentration in the nutrient solution was meas-
ured with Nessler’s reagent.

Calculation Model for Root Nitrate Reduction. After transfer
to the nutrient solution containing '*NO;~ (experiment 1), the
quantity of reduced N accumulated in roots (Ar) is equal to
the amount of '*’NO;™ reduced by the roots (Rr), minus the part
of this root-reduced '*N translocated upward to the leaves via
xylem (Tx) and plus the shoot-reduced '*N translocated down-
ward to the roots via phloem (Tp). This is expressed by the
equation:

Ar=Rr + Tp - Tx (1)

Ar can be measured in experiment 1: it is the root content of
reduced "N when the seedlings are harvested.

Tx can be approached with experiment 2, exactly similar to
the first one, except that N is in NH,* form. Nearly all am-
monium is estimated to be assimilated in roots (14, 16). There-
fore, the reduced '*N appearing in the shoots is derived from
translocation by the xylem. This translocation to the shoots was
evaluated by the ratio (y) of the amount of reduced '’N present
in the shoot to the amount of reduced '°N of the whole seedling.
This ratio represents the proportion of reduced N assimilated
from NH,* in roots which was subsequently translocated to the
shoots. In experiment 2, it is estimated with exogenous NH,*.
We assume (assumption 1) that this ratio could be applied to
endogenous NH,* resulting from root nitrate reduction (Rr),
from which, consequently, the part translocated to the shoots
(Tx) would be:

Tx =+ -Rr. 2)

Tp was estimated in experiment 3 where only one side of the
split root system absorbed '"NO;. In this experiment, the re-
duced "N accumulated in the roots growing in the nonlabeled
nutrient solution (Anl) was the result of the phloem transport
from the shoots, and consequently constitutes a direct measure-
ment of this downward translocation. However, for two reasons,
it represents only a part of the total allocation to the whole root
system. First, the reduced '*N translocation to the '*NO;-fed
roots is not determined. If we assume this allocation is propor-
tional to the fresh weight of the roots (assumption 2), the total
phloem transport of reduced '*N is Anl/«, where:

o= fresh wt of '*NO;™-fed roots
fresh wt of the whole root system °
Second, this reduced '*N accumulation (Anl) takes into account

only the reduction of the nitrate absorbed by the 'NO; -fed
roots. The amount of reduced N (**N + '"N) from nitrate
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reduction in the shoot, and consequently its total allocation to
the roots (Tp) can be inferred only if we correct Anl by the
fraction of the root mass in contact with the isotope. Thus,
assuming that nitrate uptake is proportional to the root fresh
weight (assumption 3), it follows that:

Tp = Anl/ap

—~—~
)
N’

where

___ fresh wt of ’NO;-fed roots
fresh wt of the whole root system

B

As the three experiments are exactly similar, equations 2 and 3
may be used together in equation 1 to obtain:

Ar = Rr + Anl/af — v-Rr.
Then:
_ Ar— Anl/af

Rr T~

“)

RESULTS

Reduced N and Nitrate Accumulation. The roots of barley and
corn seedlings represented about 40% of the seedling mass,
whereas the proportion of total reduced N accumulated in roots
was 22% for barley and 25% for corn (Table I). Nitrate accu-
mulation in barley seedlings followed a typical saturation kinetics
with a higher rate in shoots than in roots (Fig. 2). In barley
seedlings, the root and shoot nitrate contents were respectively
2.38 and 5.37 umol-plant™' 48 h after the transfer to the nutrient
solution containing nitrate and 7.51 and 13.8 umol.plant™ in
corn 24 h after the transfer (data not shown). Thus, the roots
accounted for 31 (barley) and 35% (corn) of the whole plant
nitrate accumulation.

Nitrate Assimilation. In barley and corn the reduced !’N
contents of the roots (Ar) and the shoots (As) indicated significant
reduction of '’NO;™ depending on the time following the transfer
(Table II). In both species the accumulation of reduced '*N was
greater in the shoots. This was particularly true for barley where
only 20 and 17% of the reduced '*N was found in roots 24 and
48 h, respectively, after the transfer, as opposed to 43 and 32%
for corn 12 and 24 h after the transfer. Total nitrate reduction
by the corn seedlings increased with time following the transfer:
57% of the reduced N was accumulated during the second

Table 1. Fresh Weight and Total Content of Reduced N in Barley and
Corn Seedlings

After growing on a N-free medium, 7-d-old barley seedlings and 9-d-
old corn seedlings were transfered in light to a nutrient solution contain-
ing 1.5 mm K'NO; + 0.5 mm “NH,CI (barley), or 1.4 mm K"NO; +
0.1 mm "“NH.CI (corn) (experiment 1). Plants were harvested 48 h
(barley) or 24 h (corn) after the transfer. Values are means of 10 replicates,
and SE are given in parentheses.

Fresh Weight Total Reduced N
Plant Part
Barley Corn Barley Corn
g-plant™ wumol-plant™
Roots 0.11 0.22 12.7 28.9
(0.01) (0.02) (1.9) 5.7
Shoots 0.16 0.35 459 85.5
(0.01) (0.02) 4.3) (10.7)
Total plant 0.27 0.57 58.6 114.4
(0.01) (0.05) (5.2) (12.2)
% of total
Roots 40.7 38.6 21.7 25.3
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FIG. 2. Time course of nitrate accumulation in the roots (O), the
shoots (@), and whole plant () of barley seedlings, after the transfer to
1.5 mMm KNO; + 0.5 mMm NH,CL. Vertical bars on symbols indicate SE of
five replicates.

Table II. Accumulation of Reduced *N in Barley and Corn Roots (Ar)
and Shoots (As) after Exposure to NO5~
Plants were from the experiment described in Table I and harvested
24 h and 48 h (barley) or 12 and 24 h (corn) after the transfer to the
labeled nutrient solution. Values are means of 10 replicates, and SE are
given in parentheses.

Barley Corn
Plant Part
24 h 48 h 12h 24h
umol.-plant™!
Roots (Ar) 0.31 0.49 1.01 1.79
(0.05) (0.09) (0.23) (0.38)
Shoots (As) 1.23 2.33 1.33 3.72
(0.20) 0.27) 0.27) (1.16)
Total plant 1.54 2.82 2.34 5.51
(0.25) (0.34) (0.48) (1.55)
% total
Roots 20.1 17.4 43.2 32.5

period (12-24 h). Barley seedlings exhibited a slight decrease in
their reduced >N accumulation rate between 24 and 48 h where
only 46% of the total assimilation was achieved.

Ammonium Assimilation and Reduced >N Translocation to
the Shoots. Barley and corn seedlings incorporated appreciable
quantities of '’N from '"NH.* (Table III). In spite of the low
NH,* concentration in the nutrient solution (0.1 mM for corn
and 0.5 mm for barley), ammonium assimilation was equivalent
to nitrate reduction in corn seedlings and much higher in barley
seedlings. In this species, 57% of total N incorporation from
SNH,* took place during the 2nd d after the transfer, showing
no marked modification in function of time of the capacity of
plants to use ammonium. At the opposite, in corn, 78% of the
total reduced '*N was already present in the seedlings 12 h after
the transfer. This can be explained by the regular decrease with
time of ammonium uptake (Fig. 3). The proportion of reduced
5N from exogenous ammonium which was found in the shoots
(v) increased slightly in corn from 48 to 55%, respectively, 12
and 24 h after the transfer, and was quite steady for barley: 73
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Table III. Accumulation of Reduced '°N in Barley and Corn Roots and
Shoots after Exposure to "NH*

After growing on a N-free medium, 7-d-old barley seedlings and 9-d-

old corn seedlings were transferred in light to a nutrient solution con-
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Table IV. Values of the Coefficients o, 8, and v

See calculation model in “Material and Methods.” SE are given in
parentheses.

1
taining 1.5 mM K"NO; + 0.5 mm '"NH,CI (barley) or 1.4 mM K'“NO; Coefficient Barley Comn
+ 0.1 mM "*NH,CI (corn) (experiment 2). Plants were harvested 24 and 24 h 48 h 12h 24 h
48 h (barley) or 12 and 24 h (corn) after the transfer. Values are means o 0.50 0.49 0.71 0.70
of 10 replicates and SE are given in parentheses. (0203) (0:03) (0:05) 0.04)
Barley Corn ] 0.50 0.51 0.28 0.30
Plant Part (0.04) (0.03) (0.02) (0.03)
24h 48h 12h 24h y 0.73 0.74 0.48 0.55
umol.plant™ (0.03) (0.04) (0.05) (0.02)
Roots 1.00 2.25 2.17 2.39
(0.20) (0.39) 0.41) (0.35) Table V. Accumulation of Reduced >N (Anl) in "*NOs™-Fed Roots of
Shoots 2.72 6.49 1.99 295 Barley and Corn Seedlings Grown with a Split Root System
(0.64) (1.49) (0.38) (0.54) After growing on a N-free medium, 7-d-old barley seedlings and 9-d-
Total plant 3.72 8.75 4.16 5.34 old corn seedlings were transferred in light to a nutrient solution con-
(0.80) (1.83) (0.31) (0.83) taining 1.5 mM KNO; + 0.5 mm NH,CI (barley) or 1.4 mm KNO; + 0.5
% of total mM NH,CI (corn). The root system was split into two parts, one supplied
with *NO;™, the other one with '*NO;™. Plants were harvested 24 and
Roots 269 257 522 443 48 h (barley) or 12 and 24 h (corn) after the transfer. Values are means
of 10 replicates, and SE are given in parentheses.
! I l Barley Corn
Tow vt Plant Part
§ 05 i 24 h 48 h 12h 24 h
_':' ’ -0\0 umol-plant™!
= L - Roots fed with *NO;~ 0.009 0.040 0.030 0.140
g % (Anl) (0.005) (0.010) (0.010) (0.060)
<
S T a—
0 v Table VI. Root Contribution to Nitrate Reduction by Barley Seedlings
vy v v v The data of root (Rr) and shoot (Rs) reduction, and xylem (Tx) and
01 phloem (Tp) translocations of reduced '*N are calculated as described in
“Materials and Methods” from data of Tables II to V. The 24 to 48 h
—_ period data are calculated by the difference between 0 to 48 h and 0 to
E 24 h periods.
~ . Reduction
. Period Ar As Tx Tp Rr Rs in Roots
.i, h ] wmol-plant™ %
0-24 031 123 073 004 1.00 0.54 64.9
24-48 0.18 1.10 020 0.12 026 1.02 20.3
o 1 1 | 048 049 233 093 0.16 126 1.56 44.6
12 18 24 .
0 6 barley, the roots accounted for 65% of the whole plant nitrate
TIME ( hours) reduction during the first 24 h after the transfer (Table VI).

FiG. 3. Time course of ammonium concentration in the nutrient
solution (1.4 mm KNO; + 0.1 mMm NH,CI) following transfer of the N-
depleted corn seedlings to the solution. The arrows (V) indicate the
additions of ammonium to maintain the concentration close to 0.1 mM.
Insert: Time course of uptake rate of ammonium.

and 74% at 24 and 48 h after the transfer, respectively (Table
IV). As ammonium assimilation occurred in roots, this percent-
age can be taken as an estimate of net export to the shoots of the
reduced N assimilated in roots (see “Materials and Methods™).
It is then noteworthy that this export seemed to affect an impor-
tant and apparently constant proportion of the nitrogen assimi-
lated by the roots.

Reduced **N Translocation to the Roots. Reduced '°N content
of the '*NO;~-fed roots (Anl) was low at each harvest (Table V),
but it represents only a part of the reduced '*N translocation to
the roots (see “Materials and Methods™). Nevertheless, in both
species, the downward translocation increased with time follow-
ing the transfer.

Root Contribution to the Whole Plant Nitrate Reduction. In

However, between 24 and 48 h, only 20% of the total nitrate
reduction occurred in roots. This fall in root contribution was
the consequence of a marked decrease in root nitrate assimilation
(1.00 pmol-plant™" between 0 and 24 h and 0.26 zmol-plant™'
during the 24 to 48 h period), and an increase in shoot nitrate
assimilation (0.54 versus 1.02 umol-plant™ during the first and
second period, respectively). The data calculated for corn (Table
VII) led to the same conclusions, root contribution to the whole
plant nitrate reduction was 70% during the first 12 h, and 27%
during the subsequent 12 h. Increase in shoot nitrate reduction
between the two periods was very marked (0.70 versus 2.30
pmol-plant™), while the decrease in root assimilation, although
significant (1.64 versus 0.87 ymol-plant™'), was not so drastic as
for barley. During the whole experiment, the root contribution
to the whole plant nitrate reduction was about 45% in both
species (Tables VI and VII) and was markedly different from the
proportion of the total reduced '*N accumulated in roots at the
end of the experiment (17 and 32% in barley and corn, respec-
tively, Table II). This discrepancy can be explained by translo-
cations of reduced N: During the first period, the xylem export
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Table VII. Root Contribution to Nitrate Reduction by Corn Seedlings
The data of root (Rr) and shoot (Rs) reduction, and xylem (Tx) and
phloem (Tp) translocations of reduced N are calculated as described in
“Materials and Methods” from data of Tables II to V. The 12 to 24 h
period data are calculated by the difference between 0 to 24 h and 0 to
12 h periods.

. Reduction
Period Ar As Tx Tp Rr Rs in Roots
h umol-plant™ %
0-12 101 133 078 0.15 1.64 0.70 70.1
12-24 0.78 239 060 0.52 087 2.30 27.4
0-24 1.79 3.72 138 067 251 3.00 45.5

of reduced '*N resulting from reduction in roots (Tx) was much
higher than the quantity entering from the shoots (Tp, Tables VI
and VII). Nevertheless, the change in translocation pattern be-
tween the two periods indicated that upward translocation to the
shoots decreased while downward allocation to the roots in-
creased. Thus, xylem and phloem transports of reduced '’N
appeared to be relatively balanced during the second period,
especially for corn.

Fate of the Absorbed Nitrate. The fate of nitrate entering the
roots of barley and corn seedlings is shown in Table VIII. Nitrate
reduction accounted for 23% of the total nitrate absorbed by
barley seedlings during the first 24 h of the experiment, and 27%
for the total period of exposure to nitrate solution. This distri-
bution of nitrate between reduction and accumulation was quite
similar in corn seedlings as only 20% of the nitrate taken from
the nutrient solution was assimilated. Consequently, in both
species, the main fate of the absorbed nitrate was accumulation,
predominantly in leaves.

DISCUSSION

Validity of the Model. The model proposed to calculate nitrate
reduction by roots is based on three assumptions (see “Materials
and Methods”). Assumption 1, ie. the ability of exogenous
ammonium to trace the upward translocation of reduced N from
nitrate assimilation in roots, is first supported by the fact that all
exogenous ammonium assimilation is believed to occur in roots
(14, 16). As a consequence, ammonium is absent in xylem
exudate of barley plants (14). Second, the assimilatory pathway
in roots is the same for both endogenous (resulting from nitrate
reduction) and exogenous (uptake from the solution) ammonium
(6). Thus, if the two sources of ammonium are not distinguished
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by assimilation, the proportion of amino acids translocated to
the shoots should be similar for both origins. Furthermore, as
this proportion appeared to be rather constant during the exper-
iment (see v values, Table IV), endogenous ammonium appear-
ance and exogenous ammonium uptake do not necessarily have
similar time courses. :

The estimation of downward translocation is performed using
the split root system technique, which implies that the two sides
are functionally equivalent and that direct exchanges between
these two sides are negligible. Thus, we assume (assumptions 2
and 3) that the reduced N downward translocation to both sides
of the split root system and their nitrate uptake are proportional
to their relative fresh weights. For barley, as the roots were not
selected for planting in separate compartments, the two sides of
the split root system were statistically identical. This supports
the validity of assumptions 2 and 3. For corn, 'NO;~ was
supplied to the SS root. The same experiment carried out sup-
plying '"’NO;™ to the PS root did not modify the estimation of
this downward translocation (Table IX). This again confirms the
two assumptions.

Although the procedure requires N-starved plants and the use
of ammonium, it has three advantages for investigating N me-
tabolism of the plant. First, assimilation is measured by N
incorporation which is a reference method and allows to distin-
guish exogenous and endogenous nitrogen. Second, reduced N
translocations are investigated (experiments 2 and 3) using intact
seedlings under the same conditions and simultaneously to the
measurement of the whole plant nitrate reduction (experiment
1). Thus, limitations due to the use of excised organs are avoided.
Third, this procedure can be applied to a wide range of species
which allows the use of the split root system technique.

Nitrogen Assimilation in Roots. The overall experiment con-
sisted of two periods with different physiological significance.
The first period (0-12 h for corn and 0-24 h for barley) was an
induction phase where nitrate reduction occurred mainly in the
roots (Tables VI and VII). The second period (12-24 h for corn
and 24-28 h for barley) may be more representative of a stable
behavior of the seedlings, corresponding to the general case of
continuous nitrate supply. During this period, roots accounted
for only a minor part of the total assimilation (Tables VI and
VII). The only difference between the two species was the more
rapid evolution in corn seedlings, since assimilation in their
shoots became predominant after 12 h. These results support
both hypotheses that roots play a significant role in nitrate
reduction during the initial nitrate utilization (1, 4, 8, 30), and
that leaves are generally the main organ for reducing nitrate in

Table VIII. Nitrate Accumulation, Reduction, Translocation, and Uptake in Barley and Corn Seedlings
Plants were from the experiment described in Table I and were harvested 24 and 48 h (barley) or 12 and 24

h (corn) after the transfer.

- - NOs~ -
N03 NO3 . NOJ
. . . Translocation
Species
I;Cd Accumulation Reduction 10 Shoots Uptake
Period Roots Shoots Roots Shoots
) @ 3) @) (2+4) (1+2+43+4)
umol-plant™
Barley
0-24h 1.63* 3.39* 1.00° 0.54° 3.93 6.56
24-48 h 0.75° 1.98* 0.26° 1.02° 3.00 4.01
0-48 h 2.38° 5.37° 1.26° 1.56° 6.93 10.57
Corn
0-12h — — 1.64° 0.70° — —
12-24 h —_— — 0.87° 2.30° —_ —
0-24h 7.51 13.80 2.51° 3.00° 16.80 26.82
2 Calculated from Figure 2. b Calculated from Tables VI and VII. ¢ — = not determined.
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Table IX. Accumulation of Reduced "*N (Anl) in SS or SP *NO;™-Fed
Roots of Corn Seedlings
The plants were from an experiment similar to the one described in
Table V. In one case, ''NO;~ was supplied to the SP root and in the
other case to the SS root. The "“NO;™-fed roots were harvested 24 h after
the transfer to the nutrient solution.

1¥NO;"-Fed Root Anl
umol-plant™'

SS root 0.052

SP root 0.058

barley (2, 5, 13, 14) and corn (26).

The decrease in nitrate reduction by roots with time (Tables
VI and VII) could have several causes: (a) The NR level in roots
could be depressed by the supply of amino acids from the shoots.
This is supported by the increased downward translocation dur-
ing the second period following transfer (Tables VI and VII), and
by the effect of amino acids on NRA level in roots (20). (b) The
lower nitrate uptake during the second period (Table VIII) could
be responsible for a limitation of the nitrate supply to root NR,
particularly because translocation, which seems to compete with
reduction in roots (27), was less affected than uptake (Table
VIII). This slowing of uptake could result from the increasing
nitrate efflux associated with the higher nitrate content of the
cells at the end of the experiment (18), or from the increase of
reduced N compounds from the shoots (10). (c) Both nitrate and
ammonium assimilation during the first period could have de-
pressed the carbohydrate content of the roots and curtailed
further nitrate uptake and reduction which appear to depend on
it (11, 17).

The root contribution to the whole plant nitrate reduction
(20-30%) during the second period (when shoot nitrate reduction
was fully expressed) was higher than the estimated root contri-
bution (10%) from in vitro NRA (13, 26). This indicates a
relatively greater efficiency of the root nitrate reductase in assim-
ilating nitrate.

In our experiments, ammonium is used to trace reduced N
translocation from the roots to the shoots. This ion is reported
to decrease nitrate reduction in roots (19). Thus, the root contri-
bution to the whole plant nitrate reduction could even be higher
if nitrate was the only source of nitrogen.

Nitrogen Translocation and Physiological Significance of Root
Nitrate Reduction. For both species and for each period after the
transfer, "’NOs;~ reduction in the roots (Rr) was always greater
than accumulation of reduced '*N in these organs (Ar, Tables
VI and VII). This supports the hypothesis of Radin (25) that the
physiological significance of nitrate reduction occurring in the
roots is the satisfaction of their reduced N demand, and that
only the excess reduced N is exported to the shoots. However, in
our experiment, a major proportion of amino acids synthesized
by the roots was shown to be translocated to the shoots (see v
values, Table IV). Thus, the fate of this root reduced N did not
seem to be the N feeding of the roots. Furthermore, the amounts
(Tp) of reduced '°N translocated from the shoots to the roots via
phloem during the second period represented a large part of
reduced >N accumulation in the roots (Ar, Tables VI and VII).
This clearly shows that, in this case, assimilation in the shoots
was an important source for N feeding of the roots. Together,
these data are consistent with the occurrence, in barley and corn
seedlings, of a large “cycling” of reduced N through the plant,
already described for other species (21, 29). Particularly, our
results confirm that the downward translocation of reduced N
may be very great (24). Consequently, the nitrate reduction
performed by roots and shoots is not obviously used for the self
nutrition of each organ.

Then, it can be concluded that neither nitrate reduction in
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roots nor phloem translocation from shoots is the exclusive N
source for the nutrition of the roots. Both inputs may coexist,
with each one predominating under different circumstances.

It is however noteworthy that in roots of both species, ’NO;~
reduction (Rr) became close to the accumulation of reduced '*N
(Ar) during the second period after the transfer (Tables VI and
VII). Thus, it may be proposed that barley and corn seedlings
are capable of modulating the two inputs in the “cycling nitrogen
pool” (i.e. reduction in root and shoot) in function of the relative
magnitude of the two outputs (protein synthesis in root and
shoot), leading in this case to a relative balance between upward
and downward transports.

LITERATURE CITED

1. AsHLEY DA, WA JACKSON, RJ VoLk 1975 Nitrate uptake and assimilation by
wheat seedlings during initial exposure to nitrate. Plant Physiol 55: 1102-
1106
2. AsLaM M, RC HUFFAKER 1982 In vivo nitrate reduction in roots and shoots
of barley (Hordeum vulgare L.) seedlings in light and darkness. Plant Physiol
70: 1009-1013
3. Beevers H, RH HAGEMAN 1980 Nitrate and nitrite reduction. /n PK Stumpf,
EE Conn, eds, The Biochemistry of Plants, Vol 5. Academic Press, New
York, pp 115-168
4. BReTELER H, CH HANIsCH TEN CATE 1980 Fate of nitrate during initial nitrate
utilization by nitrogen-depleted dwarf bean. Physiol Plant 48: 292-296
5. DALE JE 1976 Nitrate reduction in the first leaf and roots of barley seedlings
grown in sand and in culture solution. Ann Bot 40: 1177-1184
6. FENTEM PA, PJ LEA, GR STEWART 1983 Ammonia assimilation in the roots
of nitrate- and ammonia-grown Hordeum vulgare (cv Golden Promise).
Plant Physiol 71: 496-501
7. FIEDLER R, G PROKSCH 1975 The determination of nitrogen-15 by emission
and mass spectrometry in biochemical analysis: a review. Anal Chim Acta
78: 1-62
8. GOJON A, L PassaMa, P ROBIN 1986 Root contribution to nitrate reduction
in barley seedlings (Hordeum vulgare L.). Plant Soil 91: 339-342
9. GUIRAUD G, JC FARDEAU 1980 Détermination isotopique par spectrométrie
optique de composés faiblement enrichis en azote 15. Analusis 8: 148-152
10. HEIMER YM, P FILNER 1971 Regulation of the nitrate assimilation pathway in
cultured tobacco cells. III. The nitrate uptake system. Biochim Biophys Acta
230: 362-372
11. JacksoN WA, KD Kwick, RJ VoLk 1976 Nitrate uptake during recovery
from nitrogen deficiency. Physiol Plant 36: 174-181
12. JACKSON WA 1978 Nitrate acquisition and assimilation by higher plants:
Processes in the root system. /n DR Nielsen, JG MacDonald, eds, Nitrogen
in the Environment, Vol 2. Academic Press, New York, pp 45-88
13. Lewis OAM, EF WaTsoN, EJ HEwITT 1982 Determination of nitrate reductase
activity in barley leaves and roots. Ann Bot 49: 31-37
14. LEwis OAM, S CHADWICK 1983 An '*N investigation into nitrogen assimila-
tion in hydroponically-grown barley (Hordeum vulgare L. cv clipper) in
response to nitrate, ammonium and mixed nitrate and ammonium nutrition.
New Phytol 95: 635-646
15. MARTIN F, M CHEMARDIN, P GADAL 1981 Détermination isotopique du '*N
par spectrométrie d’émission dans les tissus végétaux. Physiol Veg 19: 513-
521
16. MIFLIN BJ, PJ LEA 1980 Ammonia assimilation. /n PK Stumpf and EE Conn,
eds, The Biochemistry of Plants, Vol 5. Academic Press, New York, pp 169-
202
17. MinoTTI PL, WA JACKSON 1970 Nitrate reduction in the roots and shoots of
wheat seedlings. Planta 95: 36-44
18. McCKoOwN, RJ VoLKk, WA JACKSON 1981 Nitrate accumulation, assimilation
and transport by decapitated corn roots. Effects of prior nitrate nutrition.
Plant Physiol 68: 133-138
19. MCKowN, RJ VoLK, WA JACKSON 1982 Nitrate assimilation by decapitated
corn root systems: effect of ammonium during induction. Plant Sci Lett 24:
295-302
20. OAKs A, I STULEN, IL BOESEL 1979 Influence of amino acids and ammonium
on nitrate reduction in corn seedlings. Can J Bot 57: 18241828
21. OGHOGHORIE CGO, JS PATE 1972 Exploration of the nitrogen transport system
of a nodulated legume using '*N. Planta 104: 35-49
22. Pace G, CT McKowN, RJ VoLk 1982 Minimizing nitrate reduction during
Kjeldahl digestion of plant tissue extracts and stem exudates. Application to
15N studies. Plant Physiol 69: 32-36
23. PATE JS 1973 Uptake, assimilation and transport of nitrogen compounds by
plants. Soil Biol Biochem 5: 109-119
24. PAaTE JS, DB LAYZELL, DL MCNEILL 1979 Modeling the transport and utili-
zation of carbon and nitrogen in a nodulated legume. Plant Physiol 63: 730-
737
25. RADIN JW 1977 Contribution of the root system to nitrate assimilation in
whole cotton plants. Aust J Plant Physiol 4: 811-819
26. ROBIN P, D BLAYAC, L SaLsAC 1979 Influence de I'alimentation nitrique sur



260

la teneur en nitrate et I'activité nitrate réductase des racines et des feuilles de
plantules de mais. Physiol Veg 17: 55-66

27. RUFTY TW JR, WA JACKSON, CD RAPER JR 1981 Nitrate reduction in roots
as affected by the presence of potassium and by flux of nitrate through the
roots. Plant Physiol 68: 605-609

28. RuFTY TW JR, RJ VoLk, PR McCLURE, DW ISRAEL, CD RAPER JR 1982
Relative content of NO;~ and reduced N in xylem exudate as an indicator

GOJON ET AL.

Plant Physiol. Vol. 82, 1986

of root reduction of concurrently absorbed '*NO,". Plant Physiol 69: 166
170

29. SimpsoN RJ, H LamBers, MJ DALLING 1982 Translocation of nitrogen in a
vegetative wheat plant ( Triticum aestivum). Physiol Plant 56: 11-17

30. TALOUIZTE A, G GUIRAUD, A MoYSE, C MAROL, ML CHAMPIGNY 1984 Effect
of previous nitrate deprivation on '*N-nitrate absorption and assimilation
by wheat seedlings. J Plant Physiol 116: 113-122



