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Regulation of Nitrate Reductase during
Early Seedling Growth'

A Role for Asparagine and Glutamine

Sobhana Sivasankar and Ann Oaks*
Department of Botany, University of Guelph, Guelph, Ontario, Canada N1G 2W1

Growth systems that either permit (wet system) or prevent (dry
system) the hydrolysis of endosperm reserves in maize (Zea mays)
seedlings were developed to study the effect of endosperm reserves
on the acquisition of external nitrogen. Three-day-old seedlings
treated with 5 mm KNO, for 24 h had higher levels of nitrate
reductase (NR) activity and protein in shoot and root tissues in the
dry relative to the wet system. This suggests that the induction of NR
is sensitive to products of hydrolysis of endosperm reserves. Aspar-
agine (1 mm) or glutamine (1 mm), potential products of that hy-
drolysis, inhibited the induction of NADH-dependent root NR in the
dry system by about 70%. The inhibition of the induction of NR
activity in the wet system was only about 35%, suggesting that the
enzyme in the wet system was already partially repressed at 3 d. At
5 d, when asparagine and glutamine levels in the plant tissue had
decreased, the induction of root NR activity was inhibited to a
similar extent in the two growth systems by amide additions. The
shoot enzyme was less sensitive to amide additions, and 10 mm
concentrations of either amide was required for a 65% inhibition.

Amino acids and amides, derived from the hydrolysis of
endosperm storage protein, satisfy the nitrogen require-
ments of the young seedling in the early stages of growth
(Oaks and Beevers, 1964). In fact, the addition of exogenous
nitrate does not contribute to the nitrogen budget of the
seedling during this period when growth is supported by
the endosperm (Ingle et al., 1964; Srivastava et al., 1976;
Watt and Cresswell, 1987). The induction potential of NR,
the first enzyme in the nitrate assimilatory pathway, is also
low in the seedling at this time (Oaks, 1983; Gupta et al.,
1988). Thus, there exists a constraint on the optimum ex-
pression of the nitrate assimilatory system in the seedling
while it is still dependent on the organic nitrogen reserves
of the endosperm. A possible reason could be that amino
acids or amides, derived either directly or indirectly from
the hydrolysis of storage protein, are inhibitory to nitrate
assimilation.

It has been demonstrated in tissue culture systems that
the development of NRA can be inhibited by the addition
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of casein amino acids or Gln, either of which can serve as
a nitrogen source to support normal growth (Filner, 1966;
Heimer and Filner, 1970; Oaks, 1974; Shiraishi et al., 1992).
The transcription of the NR gene has also been shown to be
reduced by GIn in whole plant systems (Callaci and
Smarrelli, 1991; Deng et al., 1991; Vincentz et al., 1993; Li et
al., 1995). Thus, current evidence clearly implicates amino
acids, specifically GIn, as potential inhibitors of nitrate
assimilation. However, in all of these previous experi-
ments, relatively high concentrations of amino acids or
amides were used to produce an inhibition of NR. Vincentz
et al. (1993), for example, used 0.1 M GIn to inhibit the
induction of tobacco leaf NR. True effector molecules
within the cell would not be expected to be present in such
high concentrations (see Oaks, 1983, for a discussion of this
point).

To determine whether the amino acids released during
endosperm hydrolysis might play a role in inhibiting ni-
trate reduction, two growth systems were developed in
maize (Zea mays): one that permitted normal hydrolysis in
the endosperm (the wet system) and the other that re-
stricted this hydrolysis (the dry system). Growth of maize
seedlings, production of NRP, and rate of NRA were com-
pared in seedlings from each growth system.

MATERIALS AND METHODS
Growth Conditions of Plants

Maize (Zea mays; Pioneer hybrid No. 3475) seeds were
allowed to imbibe for 5 to 6 h and then allowed to germi-
nate in the dark on paper towels soaked in a modified
one-tenth-strength Hoagland solution that contained no
combined nitrogen. After 48 h, the seedlings were trans-
ferred to either a wet or dry hydroponic system containing
one-tenth-strength Hoagland solution. Plastic containers
with a 1.5-L capacity were used for both hydroponic sys-
tems. In the wet system, germinated seedlings were placed
on a plastic mesh attached to a wooden frame, which
floated on the nutrient solution. In the dry system, seed-
lings were placed into holes punched in the plastic lids of
the growth containers. These lids retained the endosperms
0.5 cm above the solution surface, and the seedling roots

Abbreviations: NR, nitrate reductase; NRA, nitrate reductase
activity; NRP, nitrate reductase protein.
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passed through the holes into the nutrient solution below.
In both systems the nutrient solution was aerated.

Seedlings were grown in growth chambers under a 16-
h/8-h day/night regime, at day/night temperatures of
28/26°C, and under a light intensity of 225 pE m™2 s~
They were induced with 5 mm KNO, 20 or 24 h before
harvest and harvesting was always done 4 to 5 h into the
light period. In the experiments in which amide additions
were made, Asn (1 mm) or GIn (1 mmM) was added to the
hydroponic system 2 h before the nitrate additions. In these
experiments control plants received 5 mm KNO; but no
amide. Also, streptomycin sulfate (250 pg mL ™), penicillin
(K* salt; 10 pg mL™"), and chloramphenicol (10 g mL™?)
were added to the growth medium in these experiments.
Shoots above the second node and roots below the first
node were harvested, frozen in liquid nitrogen, ground to
a fine powder, and stored at —70°C. Tissues were used for
NRA and NRP assays within 3 d of harvest.

Assay for NRA

Tissue samples were extracted at 4°C using an extraction
buffer containing 25 mm Tris-HCl (pH 8.5), 1 mm EDTA, 20
uM FAD, 1 mm DTT, 1% (w/v) BSA, and 10 mm Cys. The
protease inhibitors chymostatin (10 uM, dissolved in
DMSO) and leupeptin (10 M) were added to the extraction
buffers for root and shoot tissue, respectively. One gram of
frozen tissue was ground with 4 mL of extraction buffer in
a mortar. The extracts were then centrifuged at 10,000 rpm
for 25 min, filtered through Miracloth, and assayed for
enzyme activity. NRA was assayed as previously described
by Long and Oaks (1990} and is expressed as wmol nitrite
produced h™" g~ fresh weight. In maize roots, which
possess an NADH-NR- as well as an NAD(P)H-bispecific
NR, the estimate of the bispecific enzyme activity was
measured with NADPH. Values indicating NADH-NRA in
roots represent the combined activity of both enzymes.

Western Blot Analysis of NRP

Shoot and root tissues were extracted for western blot
analysis using a buffer that was identical with the extrac-
tion buffer described above, except that it did not contain
BSA. The proteins in the extract were separated by SDS-
PAGE, transferred to nitrocellulose membranes, and
probed with a polyclonal antibody to NR as described by Li
and Oaks (1993). This antibody recognizes both the NADH-
and the NAD(P)H-bispecific forms of the enzyme (Long
and Oaks, 1990). The reaction with the antibody is ex-
pressed only in crude extracts prepared from plants grown
in the presence of nitrate and is lost when a relatively pure
preparation of NRP was allowed to compete with the an-
tibody (Fedorova et al., 1994).

Endosperm Nitrogen and Carbon Contents

Endosperms without the scutella were dried to a con-
stant weight and ground to a fine powder before analysis.
The content of nitrogen and carbon were determined using
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a Carlo Erba (Milan, Italy) Nitrogen Analyser (rnodel NA
1500), which measured elemental nitrogen and carbon di-
oxide released by the complete combustion of the sample.
A thermal conductivity detector was used and the instru-
ment was calibrated with atropine as a standard.

Tissue Amide Analysis

Shoot and root tissues were extracted with 80% ethanol
and the Asn and Gln in the extract were separated and
quantitated using a Beckman HPLC (model 421) and a
Gilson (Middleton, WI) fluorometer (excitation at 360 nm
and emission at 455 nm). A Beckman ultrasphere ODS
reverse-phase column with 5-um particles and dimensions
of 4.6 mm X 25 cm was used. The amino acids derivatized
with o-phthalaldehyde were separated according to the
method described by Winspear and Oaks (1983).

RESULTS

Effect of Growth System on the Hydrolysis of Endosperm
Reserves

Maize seedlings were grown in either a wet or a dry
hydroponic system for 8 d. Endosperm hydrolysis was
effectively prevented in the dry growth system as shown
by the stable endosperm dry weight and total nitrogen and
total carbon contents during the 8-d growing pe:iod (Fig.
1). In the wet system, the endosperm dry weight and
nitrogen and carbon contents decreased rapidly. Nitrogen
reserves, for example, were depleted to 48% of the initial
levels by 3 d in the wet system, but in the dry system they
were not significantly different from the initial values.

Effect of Growth System on Embryo Growth

In both the wet and dry systems, there was a gain in total
plant dry weight during the 8-d growth period. The shoot
system in either case was composed of three leaves, and the
root system was well developed. The shoot and root dry
weights of seedlings grown in the wet and dry systems
were not appreciably different 3 d after imbibition, but at
later times both parameters were higher in seedlings
grown in the wet system (Fig. 2). The seedlings in this
system also produced more lateral roots {(data not shown).
In the wet system, the loss in endosperm dry weight during
the 8-d period was of a magnitude similar to the gain
observed in seedling dry weight.

NRA as Influenced by the Hydrolysis of Endosperm
Reserves

The activity of NR in the wet and dry growth systems
followed a similar trend with age. NRA was not detected in
seedlings growing in a minus-nitrate medium (Table I;
Fedorova et al., 1994). Seedlings induced with 5 mv KNO;
for 24 h had low levels of NRA in both shoot and root
tissues on the 3rd and 4th d after imbibition. The maxi-
mum activities of shoot NR, root NADH-NR, and root
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Figure 1. The effect of the wet (@) and dry () growth systems on the
dry weight (A), nitrogen (B), and carbon (C) content of the endosperm
of corn seedlings during the period from 2 to 8 d after imbibition.
Values are the means of two separate experiments.

NADPH-NR were reached by the 5th or 6th d, after which
time there was a decline (Fig. 3).

The shoot and root NR activities were always higher
(sometimes more than 2-fold) in 3-d-old seedlings grown
under dry relative to wet conditions (Table I). This coin-
cided with the period of rapid depletion of endosperm
nitrogen reserves in the wet system. After the 3rd d, levels
of both shoot and root NRA increased at a faster rate in the
wet system relative to the dry system, and by d 5 they were
higher in the wet system. The levels of NRP in shoots and
roots of 3-d-old seedlings were also higher in the dry
system than in the wet system (Fig. 4, lanes 1 and 2). The
difference in activity between 3-d-old wet and dry seed-
lings depended on the extent of immersion of the en-
dosperms in the hydroponic solution in the wet system and
the period for which the seeds were allowed to imbibe
before being placed for germination. When the system was
standardized and endosperm completely submerged, there
was always a clear difference between the wet and dry
systems in the level of NR activity and protein at d 3, as
indicated in Table I and Figure 4 (lanes 1 and 2).

Effect of Amides on NRA and NRP

The addition of 1 mM Asn or 1 mM Gin to the growth
medium 2 h before nitrate addition caused an inhibition in
the induction of root NRA. In 3-d-old seedlings, root
NADH-NRA was inhibited by about 70% in the dry sys-
tem, whereas the inhibition in the wet system was only
about 35% (Fig. 5A). A similar effect was apparent with the
root NADPH-NR as well. Additions of Asn or Gln to shoot
and root extracts of control plants had no effect on NR
activity (data not shown). By the 5th d, the inhibition of
root NADH-NR in the wet system increased to 68%,
whereas that in the dry system remained at about 83% (Fig.
5B). The inhibition of shoot NR was less in both systems
and did not change with age. This observation suggests (a)
that Asn and Gln are not as efficiently transported to the
shoot from the root as from the endosperm or (b) that some
factor in the endosperm other than Asn or Gln is contrib-
uting to the repression of the shoot NR. The induction of
NRP was also inhibited by the addition of the amides (Fig.
4, lanes 3-5). The development of root NRP was almost
completely inhibited by both Asn and GIn. The shoot NRP
was also repressed by amide additions, but the effect was
less severe than in the roots.

Amide concentrations as low as 0.01 mm were sufficient
to cause an inhibition of root NRA in 5-d-old seedlings
grown in the dry system and 1 mm caused a maximum
inhibition. The inhibition of NRA in shoot tissues increased
over a range of 0.1 to 10 mm (Fig. 6). The inhibition in-
creased to about 65% in the shoot when the concentration
of either amide in the external medium was 10 mmM. Amide
concentrations of 0.1 M, which inhibited NR in excised
tobacco shoots (Vincentz et al., 1993), resulted in wilting in
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Figure 2. The effect of the wet (@) and dry (B) growth systems on the
dry weight of the shoot (A) and root (B) of corn seedlings during the
period from 2 to 8 d after imbibition. Values are the means of two
separate experiments.
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Table 1. The effect of the wet and dry growth systems on the activities of shoot NADH-NR, root
NADH-NR, and root NADPH-NR of corn seedlings at 3 and 5 d after imbibition

Shoots and roots of plants that received no nitrate addition had NR activities of <0.5 and <0.1 umol
nitrite g~ ' fresh weight h™', respectively. The values represent means * sk of five separate experiments
and statistical significance (*) was assessed using Student’s t test (P < 0.05, with 8 degrees of freedom).

NS, Nonsignificant.

Treatment Shoot NADH-NRA Root NADH-NRA Root NADPH-NRA
wmol nitrite g~ fresh wt h™'

3 d old, wet 1.3%0.2 1.6 =03 0.9 0.4

3 d old, dry 39 *09 3.6 0.7 25 %08
Significance . = *

5 d old, wet 6.3 0.7 61 £1.3 3.0x1.2

5d old, dry 4.4 * 0.6 39%13 242 1.2
Significance * NS NS

the case of excised maize shoots and only minor inhibition
of NRA and NRP (Li et al., 1995).

Tissue Amide Contents

In seedlings grown in the wet system without any exter-
nal amide additions, the content of Asn and GIn in shoot
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Figure 3. The effect of the wet (@) and dry (M) growth systems on the
activities of shoot NADH-NR (A), root NADH-NR (B), and root
NADPH-NR (C) of corn seedlings during the period from 2 to 8 d after
imbibition. Values are the means of two separate experiments.

and root tissues were more than 2-fold higher at 3 d than at
5 d (Table II). Asn levels were also higher than GIn levels
in both shoot and root at this stage. The amides could be
derived from the hydrolysis of endosperm proteins or
could be synthesized in the seedling. In either case, they are
present in concentrations that are high enough to inhibit
the development of both NR activity and protein in 3-d-old
seedlings growing in the wet system. Addition of Asn or
GIn to the growth medium led to elevated levels of the
respective amide in both roots and shoots of 5-d-old seed-
lings growing in the dry system (Table III).

DISCUSSION

NR, the first enzyme in the nitrate assimilatory pathway,
reduces absorbed nitrate to nitrite within the plant using
either NADH (EC 1.6.6.1) or NADPH (EC 1.6.6.2) as the
reductant. This substrate-inducible enzyme is regulated at
the levels of transcription, translation, and enzyme activity
by several factors including light, nitrogen source, age, and
metabolites (Srivastava, 1980; Rajasekhar and Oelmuller,
1987; Hoff et al., 1992; Vincentz et al., 1993; Oaks, 1994). In
maize, the activity of NR in the seedling reaches maximum
levels by the 5th or 6th d after planting (Long and Oaks,
1990). The period from 0 to 4 d when the NR activity is low
coincides with the period of rapid hydrolysis of endosperm
nitrogen reserves (Fig. 1; Ingle et al., 1964; Harvey and
Oaks, 1974). Asn and Gln, potential products of endosperm
hydrolysis in maize, are predominant in the plant tissue

1 2 3 4 5
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Root > _ o=wwie Memessvdwmemsd ... 0k deicsil

Figure 4. The effect of the wet and dry growth systems and amide
additions on NRP in maize seedlings. Western blot analysis was done
with tissue extracts from three separate experiments and representa-
tive results are presented. Lanes numbered serially from 1 to 5 are: 1,
3-d-old tissue grown in the wet system induced with 5 mm KNO,; 2,
3-d-old tissue grown in the dry system induced with 5 mm KNO;; 3,
5-d-old tissue grown in the dry system induced with 5 mm KNOj; 4,
5-d-old tissue grown in the dry system treated with 1 mm Asn before
induction with 5 mm KNOj5; and 5, 5-d-old tissue grown in the dry
system treated with 1 mm Gln before induction with 5 mm KNO;.



Regulation of Nitrate Reductase during Early Seedling Growth 1229
3-day Wet 3-day Dry A = 100 A
120 A _g
313 2.66 1;42 5 ’s
80 J oy
o 50
e
I
g 0 | L 1 1 —
g o 2 4 6. 8 10 12
o O Asn concentrations (mM)
=)
8 5-day Dry B
~ 120
3 421 3.00 0.72 CRULS B
80 2 715t
e SOF
S’
407 S asr ®  Shoot NR
Z : B Root NADH-NR
0 , \ A Root NADPH-NR

Shoot Root Root
NADH- NADH- NADPH.
NRA NRA NRA NRA NRA NRA

Shoot Root Root
NADH-NADH-NADPH-

Lt: Control BN { mM Asn

2 1 mM GIn

Figure 5. The effect of Asn or Gin on nitrate induction of NRA in
corn seedlings (A, 3 d old; B, 5 d old) grown under the wet or dry
growth systems. The actual NRA values (umol nitrite produced h™!
g~ fresh weight) for the control seedlings, which were set to 100%,
are presented above each control bar. Results are the means * st of
four separate experiments, and enzyme assays were performed in
duplicate for each extract.

and in root exudates during early seedling growth (Table
IL; S. Sivasankar and A. Oaks, unpublished observations).
Of the two amides, Gln is known to be the effector mole-
cule responsible for nitrogen catabolite repression of the
transcription of NR in the filamentous fungus Neurospora
crassa (Premakumar et al.,, 1979, 1980; Marzluf and Fu,
1989). This amide, together with Asn, constitutes more than
50% of the reduced nitrogen in the root exudate of 7-d-old
maize seedlings (S. Sivasankar and A. Oaks, unpublished
results). Taken together, the above facts suggest that the
observed constraint on NR activity during early seedling
growth resulted from an inhibition by Asn and/or Gln
derived either from the hydrolysis of protein reserves in
the endosperm or from their synthesis within the seedling
itself.

In our experiments, endosperm hydrolysis was reduced
to prevent the supply of reserve nitrogen to the growing
embryo. When the hydrolysis of endosperm reserves was
restricted (dry system), there was an increase in NR activity
that was greater by 2-fold than that in seedlings with a
normal hydrolysis of endosperm reserves (Fig. 3). The in-
crease in NRA achieved by the removal of endosperm
supply to the seedling occurred within the first 4 d, a time

0 2 4 6 8 10 12
GIn concentrations (mM)

Figure 6. The effect of different concentrations of Asn (A) and Gln (B)
on the inhibition of NRA in corn seedlings. Asn and Gln at 0.01, 0.1,
1.0, 5.0, or 10.0 mm were applied to 4-d-old seedlings growing in the
dry system. Nitrate (5 mm KNO3) was added 2 h later and seedlings
were harvested after an induction period of 20 h. Shoot and root
NRAs were assayed and the percentage of inhibition as compared to
the control was determined. Values are means =+ st of three separate
experiments.

when the rate of depletion of endosperm nitrogen was at its
highest.

Exogenous application of either Asn or Gln, at concen-
trations as low as 1 mM, significantly inhibited NR in both
3- and 5-d-old seedlings in the dry system. In the wet
system, on the other hand, the inhibition was minor in
3-d-old seedlings (35%) but reached significant levels (68%)
by 5 d. In vivo levels of Asn and Gln in these seedlings
were high at d 3 but had declined to levels below 50% by
d 5 (Table II). Thus, it is possible that the pools of Asn and
GIn generated within the seedling in the wet system were
high enough to inhibit the development of NR in the 3-d-

Table Il. The effect of the wet and dry growth systems on the
Asn and Gin contents in shoots and roots of 3- and 5-d-old corn
seedlings

The experiment was repeated twice and similar trends were ob-
tained. The data from one representative experiment are presented.

Shoot Root
Treatment
Asn Gin Asn Gln
umol g~ fresh wt
3 d old, wet 23.8 15.0 5.0 2.6
3 d old, dry 9.1 2.6 2.5 1.3
5 d old, wet 6.7 19 1.6 1.4
5 d-old, dry 7.5 0.8 2.0 0.3
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Table Ill. Amide contents in shoots and roots of 5-d-old corn seed-
lings grown in the dry system

Seedlings were induced with 5 mm KNOj in the absence (control)
or presence of 1 mm Asn or T mM GlIn. Values represent means * st
of three separate experiments.

Shoot Root
Treatment

Asn Gln Asn Gln

wmol g~ fresh wt
Control (no amide) 3.0+ 1.3 07*x0.1 18=*05 0.7 *0.1
1 mm Asn 6004 11x01 3111 16=x07
1 mm Gln 56*03 1.0x0.2 33=*10 15#*03

old seedling and that because of this inhibition the roots of
these seedlings were less sensitive to exogenous Asn or
Gln.

In our system, root tissues were more sensitive to the
inhibitory effect of amides than shoot tissues (Fig. 4). Since
the amide concentrations were elevated in the shoot tissue
when the seedlings were exposed to exogenous amides,
there was an efficient transfer from root to shoot (Table III).
Therefore, the lower levels of inhibition of NR in the shoot
may have been due to either a reduced sensitivity of the
maize shoot enzyme to the inhibitors or differences in
compartmentation in shoot and root tissues. When external
concentrations of either amide were increased to 10 mm the
inhibition of shoot NRA (65%) was similar to that seen in
root tissues with 1 mm (Fig. 6). Vincentz et al. (1993) have
also shown that the expression of NR transcripts in de-
tached tobacco leaves is completely inhibited by Gln con-
centrations of 0.1 M. In their system roots were more sen-
sitive than shoots to the addition of GIn (Deng et al., 1991).
In maize, the shoot NR is NADH dependent, whereas the
roots possess an NADH-NR as well as an NAD(P)H-bispe-
cific NR (Long et al., 1992). Thus, it is possible that the
NAD(P)H-bispecific NR, which appears to be the predom-
inant isozyme in maize roots, is more sensitive to inhibition
by amides than the NADH-NR, leading to the differential
response to amides in shoots and roots. The amide concen-
tration used in our experiments was 1 mM, a concentration
that approaches the true physiological concentration. This
is much lower than those used in earlier experiments
(Oaks, 1974; Shiraishi et al., 1992; Vincentz et al., 1993; Li et
al., 1995). The high sensitivity of the root NR seen in our
experiments could be due to the age of the plant as well as
the manipulation of plant growth. Limiting the endosperm
supply of nitrogen should and does result in lower pool
sizes of mobilized nitrogen metabolites in the growing
seedling. This, in turn, should increase the capacity of the
plant for assimilation of external nitrate if internal nitrogen
is repressing mechanisms of uptake and assimilation of
external nitrate. External application of amides to these
plants should, and in the case of maize roots does, impose
an inhibition in situ similar to the one seen under normal
seedling growth, the situation found in our wet system.

It is evident from the results presented here that the low
capacity for assimilation of external nitrate by growing
tissues such as seedlings (or meristems or metabolic sinks)
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could result, in part, from an inhibition of the induction of
NR by nitrogenous compounds that are actively imported
from senescing plant parts. We think that these transported
metabolites are essential for permitting rapid growth in
such tissues by facilitating the synthesis of those proteins
required to establish the structural and functional integrity
of the new cell. A repression of NR in these tissues would
prevent an unnecessary drain of reductant, energy, and
carbon into the nitrate assimilation pathway, resources that
would otherwise be utilized for new growth.

Received August 5, 1994; accepted December 15, 1994.
Copyright Clearance Center: 0032-0889/95/107/1225/07.
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