Available online at www.sciencedirect.com

SCIENCE DIRECT?® AN .
y @ PANE ence

ELSEVIER Plant Science 167 (2004) 635-643

www.elsevier.com/locate/plantsci

Effects of nitrate supply on plant growth, nitrate accumulation,
metabolic nitrate concentration and nitrate reductase activity
in three leafy vegetables

Bao-Ming Cher?, Zhao-Hui Wang@, Sheng-Xiu LP, Gen-Xuan Wang*,
Hai-Xing Sondf, Xi-Na Wand®
2 Sate Key Laboratory of Arid Agroecology, Lanzhou University, Lanzhou, Gansu 730000, China

b College of Resources and Environment Science, Northwest Science-Technology University of Agriculture and Forestry, Yangling, Shaanxi 712100, China
¢ College of Resources and Environment Science, Hunan Agricultural University, Changsha, Hunan 410128, China

Received 2 December 2003; received in revised form 21 April 2004; accepted 13 May 2004
Available online 7 June 2004

Abstract

Three leafy vegetables, rapBréssica campestris L.), Chinese cabbag®(assica chinensis var. Oleifera Makino et Nenoto) and spinach
(Spinacia oleracea L.), were grown in plastic pots with 5kg soil per pot at five nitrate supply rates, 0.90 ONL5 (N), 0.30 (N;), 0.45
(N4), and 0.60 (N) g N kg™* soil to investigate the effects of nitrate supply on plant growth, nitrate accumulation and nitrate reductase activity
(NRA) 9 weeks after sowing. The optimum yield appeared atwhile above N, a strong decrease in plant growth occurred. The nitrate
concentration increased with nitrate supply in the whole plant and the different organs except in roots where nitrate concentgation at N
decreased compared with N'he nitrate concentration in both the metabolic pool (MP) and the storage pool (SP) of the leaf blades increased
with nitrate supply. From Nto N,, NRA increased most rapidly. The highest NRA occurred athdwever, nitrate reductase (NR) activities
were not significantly different betweersNN, and N, which imply that there is a threshold of nitrate concentration in MP (NMP) to induce
NRA. The parameters of NR for nitrate were measured byrtvero method. TheéK,, values we obtained were similar to the reported values
by thein vitro method, which confirms the feasibility of the anaerobic method for determining NRA and NMP. Finally, the effects of the
posttranslational regulation of NR were discussed.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction hand, nitrate taken up by plants causes high nitrate accu-
mulation in plants, especially in most vegetables. Because
More and more nitrogen fertilizers are applied in fields, edible parts contain very high concentrations of nitrate that
since N fertilizer plays a significant role both in crop yield has been implicated in the occurrence of methaemoglobine-
and quality[1-3]. Nitrate is often the major source of N mia and possibly in gastric cancer as well as other diseases
available to higher plantgl], especially to vegetables. Ni-  [5—7], nitrate accumulation in plants is a major concern, and
trate uptake and distribution in crops is of major importance is known to be a problem in most crofi-10].
with respect to both environmental concerns and the qual- Although most higher plants are capable of reducing
ity of crop products. Nitrate, not taken up by a crop, may NO3z~ in both roots and shoofd], nitrate is reduced more
potentially contribute to ground and surface water pollution efficiently in leaves than in roots because of the readily
through nitrate leaching and soil erosi@3]. On the other available reductants, energy and carbon skeletons produced
by photosynthesis, which is dependent on plant species
_ [11,12] This is also true for most leafy vegetables. Nitrate
* Corresponding author. Tel:+86 931 8912893, taken up by a plant is either reduced or stored in the vac-
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uoles or transported in the xylem transpiration stream to the
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released for reduction in the cytoddlO]. In addition, NR 2001. One week after sowing, six uniform plants were left

exists in the cytosol, therefore, nitrate in cytosol is called per pot. The pots were placed in the glasshouse, weeded

the nitrate metabolic pool (MP), and nitrate in the vacuole and scarified weekly. Soil water content was controlled to

is called the nitrate storage pool (SRB-15] Since NR is 20% by the commonly used weight method. Each treatment

assumed to be the rate-limiting step for nitrate assimilation was planted in four replicated pots.

[16,17] and the NR is an inducible enzyme, there is a close

relationship between NR activity (NRA) and nitrate con- 2.2. Treatments

centration in plant§18]. Furthermore, nitrate induces the

expression of both the uptake and reduction systgek The application of five nitrogen treatments (0.00, 0.15,

Thus it can be seen that nitrate accumulation might be reg-0.30, 0.45, 0.60gN) in the form of KN Owas split into

ulated by many factors, such as plant growth, endogenoustwo. One half was fertigated before sowing, and the other

nitrate, and nitrate uptake and reduction. half was fertigated 4 weeks after sowing. Besides, 0.20g
Most of the above studies were carried out either under P,Os kg~ soil was applied as the basal fertilizer.

two to three nitrate levels, or with seedlings, or in hydropon-

ics, or with short-term nitrate induction, while the present 2.3. Sampling

work was conducted at a gradient of five nitrate supply rates

(from nitrate deficiency to surplus), with flourishing plants Fully expanded leaves from the same position in three

at harvest time (vegetative stage), and with soil culture, suchplants per pot, and four pots of each treatment were sampled

conditions being closer to natural environment and agri- 9 weeks after planting. The leaves without midrib were left

cultural production. Three leafy vegetables, raBeagsica to determine NRA, nitrate concentration in MP (NMP) and
campestris L.), Chinese cabbageB(assica chinensis var. total nitrate concentration. The rest three plants per pot were
Oleifera Makino et Nenoto) and spinach3pinacia oleracea flushed and washed with flowing water to obtain the whole

L.), were planted in plastic pots with tilth layer soil. The pur- plants. Then they were divided into root, petiole, leaf and
pose was to investigate plant growth, nitrate accumulation, stem to determine nitrate concentration in different organs.
the allocation of nitrate throughout the plant, the compart-
mental distribution in leaves, and the relationship between 2.4. Determination of in vivo NRA
leaf NRA and nitrate accumulation at different nitrate supply
rates under natural environment. We also analyzed the re- Fresh leaves without midrib were cut into 5 mm5 mm
lationship between NRA and nitrate distribution in MP and pieces. The samples were infiltrated and the intracellular
SP in leaf blades at the five different nitrate supply rates for spaces of the tissues were flushed with buffer using a vac-
the three leafy vegetables. All the analyses were performeduum. The NR activity was measured based on the method
at the level of tissue and whole plants. described by Brunetti and Hagemf20] and Aslamet al.
[21]. The samples (0.50 g) were placed in 10 ml of the incu-
bation medium which is 0.1 M potassium phosphate buffer

2. Materials and methods (pH 7.5) containing 0.1 M KN@ with 1% (v/v) propanol.
Prior to assay the buffer solution was purged with gdis
2.1. Plant material and growth conditions for 30 min to remove dissolvedOThen the samples were

vacuum-infiltrated (two times), and the reaction flasks were

The experiment was conducted in No. 1 Crop Experimen- purged with N gas for 5 min, were sealed with rubber stop-
tal Base of Northwestern Science-Technology University of pers and incubated in a water bath at @for 30 min. After
Agriculture and Forestry (NWSUAF), Yangling, Shaanxi incubation the samples were placed in a boiling water bath
Province, China. Three leafy vegetables—rapBeagsica to stop the NR activity. The nitrite released to the medium
campestris L.), Chinese cabbageB(assica chinensis var. was measured by the method of Snell and Sfg], and
Oleifera Makino et Nenoto) and spinachpinacia oleracea NRA was expressed gsmolNO,~ g~ FWh=1,
L.)—were sown in 25 crmx 30 cm (diametetx depth) plas-
tic pots filled with 5kg field soil. Soils were taken from a 2.5. Determination of nitrate concentration in MP (NMP)
fallow field of the college of agronomy of NWSUAF, then and nitrate concentration in SP (NSP)
passed 4 mm sieve for removing plant litter, and were mixed
uniformly. Soil organic matter, total N, N§J-N, NH4T-N, The NMP was assayed using the anaerobic incubation
Olsen-phosphorus, available potassium and pH weremethod described by Ferragi al. [13], Steingroveret al.
11.19gkg?, 0.91gkg?, 37.45mgkg?, 13.15mgkg?, [14] and Aslamet al. [21]. The samples were washed with
23.93mgkg?!, 97.65mgkg! and 7.78 mgkg?!, respec- incubation medium to rinse off nitrate and sugars leaking
tively. Before sowing, soil was irrigated to 20% water from cuts. Prior to assay the buffer solution was purged
content. Half of the fertilizer was applied with irrigation with N2 gas for 30 min to remove dissolvecGncubation
water prior to sowing. Twelve plants per pot were sown at occurred at 30C in darkness for 4—6h in a shaking wa-
six points with the same distance apart on 4th Septemberter bath after flushing the samples with jas for 3 min,
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Table 1
Fresh weight (FW) of three 9-week-old vegetables grown under five nitrate supply rates
Nitrate supply (gNkg?! soil) Shoot (g FW plant!) Whole plant (g FW plant?)

Rape Cabbage Spinach Rape Cabbage Spinach
0.00 (Ny) 8.2+ 1.44d 12.3+ 1.57d 6.2+ 0.41d 12.2+ 1.99¢ 15.2+ 1.41c 8.5+ 0.21c
0.15 (\p) 19.9+ 3.91b 39.5+ 4.81b 17.1+ 1.82b 23.0+ 4.20b 42.0+ 4.86b 19.0+ 2.10b
0.30 (N\g) 30.0+ 2.48a 50.2+ 6.32a 20.9+ 2.36a 33.3t 2.59a 54.3t+ 6.57a 24.3t+ 2.46a
0.45 (Ny) 30.1+ 2.72a 39.6+ 8.9b 15.3+ 1.74b 32.8+ 2.60a 43.4+ 8.74b 17.8+ 1.43b
0.60 (Ns) 14.6 + 3.61c 22.1+ 3.21c 8.7+ 0.84c 16.6+ 3.72¢ 23.6+ 3.25¢ 9.9+ 0.78c

Data are arithmetic means S.D. Each value is the mean of four replicates. Differences in plant biomass were tested according to one-way ANOVA
followed by Duncan’s test. In a column, means followed by different letter are significantly differéht<a0.05.

with the incubation medium being 10 ml phosphate buffer centrifugation, the supernatant was used for nitrate concen-
(100 mM K-phosphate buffer, pH 7.5). The nitrite produc- tration assay with flow-injection-analysis after Cd-catalysed
tion was detected every hour during the 4—6 h incubation, reduction to NQ~ (FIASTAR 5000).
during which process each flask was sampled only once.
The amount of nitrite produced under anaerobiosis was 2.7. Satistical analysis
equivalent to the NMP.

The NSP is the total nitrate concentration in leaf blades
minus NMP.

Standard deviation was calculated for each treatment. Ef-
fects of nitrate supply on the plant fresh weight, nitrate con-
centration and NRA were tested with one-way ANOVA fol-

2.6. Determination of nitrate concentration in plant lowed by Duncan’s test & < 0.05 (SPSS 10.0).

Nitrate concentration was measured according to the 3 Regyits
method described by Wang and [23]. Nitrate was ex-
tracted with distilled water. After 2g fresh samples adding 3.1. Effect of nitrate supply on plant growth
a little (0.50 g) arenaceous quartz were ground with a pestle
and mortar, they were completely transmitted to centrifu-
gal tube with a definite quantity of distilled water. After

Nitrate supply exerted significant effects on plant growth
(Table 3. Within lower supply (N-Ngz), plant biomass

Table 2
The NO;~ concentrations in different organs of three 9-week-old vegetables

Vegetables Nitrate supply Nitrate concentrationymol NOz;~ g~ FW) Nitrate concentration

(gNkg™? soil) (wmol NO3~ plant™1)

Root Petiole+ stent Leaf Whole plantt

Rape 0.00 (M) 3.94+ 0.45d 4.27+ 0.49c 0.96+ 0.09d 3.61+ 0.38c

0.15 (\p) 6.73+ 0.84d 11.07+ 3.86¢C 4.544+ 0.79¢c 8.43+ 2.11c

0.30 (Ns) 27.14+ 2.84c 72.18+ 8.39%b 31.76+ 3.40b 54.86+ 6.07b

0.45 (Ny) 47.35+ 2.17a 113.69+ 6.44a 55.62+ 1.09a 87.43+ 3.05a

0.60 (Ns) 31.24+ 4.32b 119.14+ 5.55a 57.78t 2.26a 86.54t 4.46a
Cabbage 0.00 (N 4.05+ 2.11e 3.39+ 0.18e 0.75+ 0.05e 2.72+ 0.57e

0.15 (\b) 12.63+ 1.46d 24.28+ 3.42d 5.40+ 0.70d 17.39+ 2.33d

0.30 (N\s) 32.16+ 3.80c 82.24+ 7.12¢c 30.19+ 3.03c 61.98+ 2.74c

0.45 (Ny) 47.07+ 2.82a 116.02t 8.73b 49.70+ 2.93b 87.08+ 2.86b

0.60 (Ns) 38.32+ 3.14b 130.03f 10.69a 59.16+ 4.14a 96.64+ 3.70a
Spinach 0.00 (N) 3.80+ 1.51d 7.77+ 3.75d 1.36+ 0.07e 3.83+ 1.26e

0.15 (\) 8.05+ 1.77c 30.59+ 4.88c 9.22+ 1.62d 17.48+ 2.52d

0.30 (Ns) 17.82+ 1.91b 75.20+ 3.28b 26.27+ 3.42c 44.52+ 1.85c

0.45 (Ny) 29.63+ 0.90a 81.37+ 3.14b 41.46+ 2.13b 56.22+ 1.34b

0.60 (Ns) 27.33+ 2.81a 97.58+ 6.55a 46.17+ 3.28a 64.05+ 2.91a

These plants were separated into root, leaf blade, petiole and stem. Then the nitrate concentrations in different organs of the three vegetables were
measured respectively. Data are arithmetic meanS.D. Each value is the mean of four replicates. Differences ip N€oncentrations were tested
according to one-way ANOVA followed by Duncan'’s test. Within the same parts of one vegetable but different N treatments, means followed by different
letter are significantly different & < 0.05.

a Because stem was very small at vegetative stage in spinach, its weight no less than 1g, the stem and petiole of a same sample were mixed for
nitrate determination. While to cabbage and rape, the nitrate concentration of petiole and stem were detected separately, and the nitrate stépetiole
was weighted mean of petiole and stem.

b The nitrate concentration of whole plant was weighted mean of root, peficiem and leaf.
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increased with the increase of nitrate supply, while plant 6

biomass decreased abovg, ldnd a large reduction occurred = | b
at Ns. The fresh weight of the three leafy vegetables showed =
a similar trend. In general, the maximum fresh yield oc- %" 4 2
curred at N, the minimum occurred at \ However, there Tg
was a discrepancy of biomass at different N treatments f
among the three vegetables. The concrete results are show =
in Table 1 =
S 1
z
3.2. Effect of nitrate supply on nitrate distribution in plants (A) o
Nitrate supply had a significant effect on nitrate accumu- 60
lation in the plantsTable 2. Nitrate concentration increased a
with nitrate supply in different parts except in the roots. Ni- & 50 a
trate concentration in the roots at Mecreased compared -L:D
with that at N, with the largest decrease in rape, the small- g 40 a
est in spinach. The distribution of nitrate concentration of E} 30
the three vegetables showed a similar trend. Generally, thee,
highest nitrate concentration existed in the petiole-stems, .= 3
the lowest in the roots. The discrepancy of nitrate concen- g‘
tration at different N treatments among the three vegetables 10
demonstrated little difference. The final results are shown in

Table 2 B) 0

25

3.3. Effect of nitrate supply on nitrate distribution in two

pools 20 | [qRepe
;\? Cabbage a
The results indicate that nitrate supply had significant ef- g 15 | gspinach
fect on nitrate distribution both in MP and SP of leaf blades, Z a
but the discrepancy between the treatments was not signifi-S 10 t a
cantly different Fig. 1). The NMP and NSP increased with ~ ~
the increase of nitrate supply, while at the higher nitrate 5t
supplies, no significant increase of NMP occurred except in

spinach, and there was no significant increase of NSP ex- o 045 03 o045 06
cept in cabbage. Although NMP, NSP and NMP/NSP ratio c
of the three vegetables showed a similar trend with nitrate
supply, among the three vegetables, the three above indexe§ig. 1. Nitrate concentration in MP (NMP) and SP (NSP) in fully ex-
at the same nitrate supply showed different changes. NMPpanded leaf blades of the three 9-week-old vegetables grown under five N

. . . . applications in pots. (A) Nitrate in MP; (B) nitrate in SP; (C) NMP/NSP
of SpmaCh was the hlgheSt' while NSP was the lowest, which ratio. Each value represents the mean of four replicates. Error bars indi-

resulted in the highest NMP/NSP ratio in spinach. cate S.D. values. Means followed by different letters in same vegetable
In addition, the comparison between the N$#y( 1B) are significantly different aP < 0.05 (one-way ANOVA’s Duncan test).

with the nitrate concentration in whole leaf (NMP NSP,
Fig. 1A and B suggested that nitrate was mainly (around ) R
90%) stored in SP, which is consistent with the results c@Pbage being the lowest, which indicate that the response

(88.8% in the vacuole of barley root and 89.3% in maize Of NRAto nitrate supply in rape is the most sensitive, while
root) measured by double-barrelled nitrate-selective micro- that in spinach is the least sensitive.

electrodeq15]. This, to some extent, tested the reliability

of the anaerobic method for determining NMP and NSP.  3.5. Relationship between NMP and NRA in leaf blades

Nitrate supply rates (g N kg soil)

3.4. Effect of nitrate supply on NRA Fig. 2Awas plotted combining NRA with NMP at the five
nitrate supplies. At the lower nitrate supply, NRA increased
Nitrate supply had a significant effect on NRA in leaf rapidly with the increase of NMP, conversely in higher NMP,
blades Table 3. NRA increased most rapidly fromiNo No. nitrate had no significant effect on NRA, and NRA almost
However, the increase of NRA was not significant among reached a plateau value or even decreased. The NRA of
the other three nitrate supplies. In general, among the threethe three vegetables had similar trend with NMP under five
vegetables, the NRA of rape was the highest with that of nitrogen regimesKig. 2A). The curves were not linear but
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Table 3

NRA (umolNO;~ g~1 FWh™1) in leaf blades of the three vegetables

Nitrate supply Rape Cabbage Spinach
(gNkg! soil)

0.00 (Ny) 0.87 + 0.05¢c 0.35+ 0.09c 1.10+ 0.23b
0.15 (\v) 1.68 + 0.04b 0.86+ 0.33b 1.98+ 0.22a
0.30 (N\s) 2.23+ 0.14a 1.59+ 0.24a 1.94+ 0.12a
0.45 (Ny) 2.46 + 0.39a 1.714+ 0.30a 2.02+ 0.30a
0.60 (Ns) 2.14+ 0.33a 1.36+ 0.31a 2.02+ 0.26a

Data are arithmetic meank S.D. Each value is the mean of four replicates. Differences in NRA were tested according to one-way ANOVA followed
by Duncan’s test. Within the same vegetable but different nitrate treatments, means followed by different letter are significantly difere0tGH.

30 30
S 25 25+
E & <
Ty 2.0 % £ 20t
s sk S
z 15 £ 15
2 10 “ 1o ¢ Rape
=
< 05 e Rapc A Cabbage o Spinach 0.5 4 Cabbage
% O Spinach
005 2 4 6 009 2 4 6
(A) NMP (umol NO; g FW) (B) NMP (umol NO; g FW)

Fig. 2. The relationship between NMP and NRA in fully expanded leaf blades of the three 9-week-old vegetables and the parameters of NR for NMP. (A)
The relationship between NMP and NRA. (B) The kinetic parameters for NR, presented as a Hanes plot (NMP against NMP/NRA). For each vegetable,
the five data points are values under the five nitrogen regimes. All values are mea3. of four replicates.

Table 4

The parameters of NR for NMAwmol NO,~ g~ FW h~1) were estimated according to the Hanes plot showRin2B

Vegetables The linear equation of Hanes plot Km (mM) Vmax (umolg~t FW h1)
Rape y = 0.434% + 0.0193 R? = 0.9896) 0.0445 2.304

Cabbage y = 0.644% + 0.0505 R? = 0.9706) 0.0784 1.552

Spinach y = 0.4954& + 0.0188 R? = 0.9993) 0.0379 2.019

The slopes of regression lines provide/}4x, and they-intercepts generate estimatesiGf/Vmax, On the basis of which, th&;, and Vnax for each
vegetable were estimated.
* P < 0.01.

fitted the Michaelis-Menten equation and the Hanes plot present and other reported was discusse&egtion 4.4

(NMP against NMP/NRA) were plotted based on the data The highestVmax was represented in rape and the low-

in Fig. 2A, which was presented iRig. 2B. est in cabbage. Th&max values are two- to three-fold
higher than the reportedmax (0.69wmol g~ FW h~1) for

barl t which | btained by thevivo NRA
3.6. Parameters of NR for nitrate based on NMP and in [Zezr]ey root which was aiso obtained by vivo

vivo NRA in leaf blades

The parameters of NR for nitrate were determined based
on thein vivo NRA and NMP at the five different ni- 4. Discussion
trate supply. It should be noted that the unit of NMP
(wmol g~ FW) was different from the reporteld,, values In this study, we investigated the effect of nitrate sup-
unit (mM) due to the different measurements. But it can ply on plant growth and nitrate distribution and NRA in the
be assumed thatdmolg-1FW nearly equaled to 1mM three leafy vegetables. To make explicit the significant dif-
because 1g fresh leaves approximately equaled to 1 mliferences of available nitrate content in soil among the five
in that the water content of fresh leaves was about 90%. nitrate supply rates, the nitrate concentrations in soil were
The values were estimated according to the Hanes plotdetermined twice, 4 weeks after sowing and before sampling.
shown inFig. 2B, and the results were shown Trable 4 The results showed that there were significant differences of
The Ky, values showed an identical ranking of the three nitrate content in soil among the five nitrate supplies, and
species with the cabbage having the highest and the spinaclthe higher nitrate residues being tested in soil at the higher
the lowest. The comparison df,, values between the nitrate supply (data not shown).
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4.1. Relationship of plant growth and nitrate accumulation was, the more nitrate might be reduced, so there was negative
relationship between NRA and nitrate concentratjidgy].

It is well established that plants supplied with nitrate in Most studies show that, with NR being a substrate-induced
excess of current demand have the ability to accumulate ni-enzyme, the higher substrate-nitrate concentration was in
trate [25], and nitrate uptake and accumulation are highly plant, the higher NRA might be, so there was positive corre-
related to exogenous nitraf26]. Therefore, nitrate supply  lation between thenfil8,29,33] Some investigations show
plays a very important role both in nitrate accumulation and that a very small amount of nitrate is sufficient for induction
plant growth. Our results show that the growth response [34—36] namely, NRA is not induced by nitrate when nitrate
was highly dependent on nitrate supply with optimum at concentration was higher than a certain 1€331]. Besides,

N3, while above N a strong decrease in plant growth oc- NR expression is controlled by either the N-flux or plant
curred [Table 1. Here, nitrate concentration was generally N-status[34]. In our experiments, only at the lower nitrate
on the rise with nitrate supply in spite of a relatively slow in- supplies, the nitrate has positive effect on NRA, while at the
crease trend abovesNTable 2. It showed that plant growth  higher nitrate supplies, the NRA reached a plateau value or
with high nitrate supply exhibited toxicity symptoms and even decreaseddble 3. The present results suggest that
depressed growth, but had higher nitrate concentrations tharthe relationship between NRA and nitrate accumulation is
those of plants with maximum yield, which might be due dependent on the exogenous nitrate, which might be mainly
to the “concentrated effect” that resulted from the decreasedue to the cellular compartmentation of nitrt8,38], and

of plant biomass. Moreover, recent investigations indicate it is insufficient to evaluate the nitrate accumulation only by
that high nitrate accumulation results in nitrite production NRA.

which was converted into nitric oxide (NO) in plants, while,

in turn, NO and @~ could be rapidly catalyzed by NR into  4.3. Relationship between NRA and NMP

peroxynitrite (ONOQO), which is highly toxic to plant (see

recent reviews)27,28] Therefore, the high nitrate accumu- Nitrate, stored mainly in vacuole where it functions as an
lation in plants resulted from high nitrate supply was not osmotic ion[39], might compensate for low levels of or-
only harmful to human healtf5—7] but also detrimental to  ganic soluteg40], might be available for assimilation, and
plant growth[29]. might serve as a reservoir to sustain growth processes dur-

In return, plant growth plays an important role in nitrate ing subsequent periods when the external nitrogen supply
uptake. The efficiency of net nitrate uptake rate (NNUR) becomes limitind14,38] The nitrate in MP can be reduced
substantially increased with the increase of plant relative directly by NR and the stored nitrate can pass through tono-
growth rate increasd80]. Thus, it can be seen that above plast and get into MP for reduction under the deficiency of
N4, the relative slow increase of nitrate concentration might nitrate in MP[13,38,41] Our study indicates that nitrate sup-
be attributable to the decrease in the nitrate uptake owingply had an obvious effect on both NRA and NMPd. 1).
to the decrease of the plant growth. Besides, nitrate uptakeThe NRA increased with nitrate supply at the lower nitrate
was regulated by nitrate concentration in plant, and NNUR supplies, while above Nthe NRA appear constant or even
is under negative feedback control by endogenous nitratedecreased. The nitrate concentration in MP increased with
[31]. Therefore, when nitrate supply was higher thapte nitrate supply, while no significant increase occurred above
slow increase of nitrate accumulation might be due to the N3 (Fig. 1A). The NRA increased rapidly with the increase
decrease of nitrate uptake as a result of the negative feedbackf NMP within the lower NMP, and kept constant or even de-
regulation of the higher nitrate concentration in plants per se. creased when NMP was higher than that gt(Ng. 2). The

Although nitrate concentration increased with nitrate sup- results suggest that the substrate nitrate has a positive effect
ply, a great decrease of the absolute nitrate content (nitrateon NRA when nitrate supply was belowsNHowever, a role
concentrationx plant fresh weight) occurred abovesN for nitrate seems unlikely at first sight, because the leaf ni-
which was chiefly due to the decrease of plant growth. This trate concentration is always above 40 mMlfle 9, and far
implies that an excess of nitrate supply in soil led to a de- smaller levels of nitrate suffice to induce NR26,36]. This
crease of both plant yield and absolute nitrate accumulation,is probably the reason why NRA keeps constant when NMP
which resulted in more nitrate residues in soil, more nitrate increases at the higher nitrate supplies, which implies that

leaching and pollution. there is a threshold of NMP to induce NRA, and it might be

dependent on plant species and environmental factors such
4.2. Relationship between nitrate accumulation and NRA as soil available nitrogen, light intensity and water content
in leaf blades both in soil and in plant and so on.

To some extent, the NRA/NMP ratio can reflect the rela-

NR is considered as a limiting factor for nitrate assimila- tive reducing ability of NR or relative rate of nitrate reduc-
tion in higher plants, and is induced by nitrate. Thus, NR has tion. The higher the ratio is, the more nitrate is reduced by
great influence on nitrate accumulation in plants. However, NR in the case of its own NMP. Based on the data from
the relationship between NRA and nitrate concentration is Fig. 2A, it can be seen that the NRA/NMP ratio decreased
still uncertain. Some studies indicate that the higher NRA rapidly with the increase of nitrate supplies. The results in-
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dicate that at the lower nitrate supplies, especially at N defi- formed under darkness and anaerobic conditions which fa-
ciency, the relative rate of nitrate reduction was higher than vor nitrite accumulation to inhibit N@~ reduction[13,52]

that at the higher nitrate supplies. This is consistent with the Several concerns might arise regarding the accuracy of the
result that the NR activation state under lower nitrate sup- in vivo NR assay. Firstly, N@~ production may be con-

plies was higher than under higher nitrate supples. trolled by the activity of NR and the supply of reductant
[53]. However, the fact that the NO production continued
4.4. K, values of NR for nitrate for several hours indicates that the reductant supply was not

the limiting factor for NRA during the experimeni2l,54]

In general, the parameters of NR for nitrate can be mea- Secondly, it is difficult to exclude or control the leakage
sured based on thie vitro NRA and the purified or par-  of the vacuolar nitrate into the cytosol during incubation
tially purified NR in different nitrate concentration mediums. [24,55], while the vacuolar nitrate might not leak into the
Many reported, values of NR for nitrate in spinach leaves cytosol freely, and the vacuolar leakage of nitrate is care-
were from 0.013 to 0.11 mM measured by the above method fully regulated and controlled by the relative activities of the
[43—-46] Our results obtained by tha vivo method show  vacuolar uptake system and an efflux charjBé]. Thirdly,

that theK,,, value of spinach, 0.038 mMréble 4, is within anaerobiosis might not cause complete inhibition of nitrite
the range of the reportady, values by thén vitro method reductase activity, resulting in further metabolism of nitrite,
and is close to the reportd€}, of spinach, 0.04 mM46], accordingly resulting in an underestimation of Nf&8].
which indicate that the anaerobic NR and NMP assay is an However, it should be mentioned that the darkness and
effective method of evaluating th€;, values of NR for ni- anaerobic conditions might adversely affect the NR activa-

trate. The slight discrepancy of thg, values is probably due  tion state, which is linked with the phosphorylation post-
to the different growing conditions and different NR assays. translational regulation of NR. Last decade it became clear
The K, values of corn and squash leaves are 0.15 andthat NR can be phosphorylated on a serine residue (serine
0.04 mM, respectively47]. In the review of Guerrero, the 543 in spinach) in the hinge 1 region, creating a binding site
Km values of six different plant species varied from 0.084 for 14-3-3 proteins, and binding of 14-3-3 to P-NR inacti-
to 0.69mM [48]. Usually theK,, of NADH:NR for ni- vates P-NR completely in the presence of divalent cations
trate is higher than that of NAD(P)H:NR, th&, values of (Mg?t or C&") [57-59] Therefore, the NR activity in the
NADH:NR and NAD(P)H:NR for nitrate of soybean leaves presence of M§" (NRac) usually reflects the activity of
were 0.11 and 4.5 mN#9], and those of mustard were 0.05 dephospho-NR. In contrast, all NR-forms remain fully active
and 2.5 mM[50], respectively. It seems reasonable that the in the absence of divalent cationsEDTA), which reflects
differences oK, might occur among plant species and cul- the total amount of NR (NRax). Thus, the ratio of NRax
tivars of the same specie$able 4 [24], which might be and NRy is defined as the activation state of N&9].
due to different enzyme forms or different electron donor  Thein vivo NRA and NMP assays were carried out in
[24,48] darkness and under anaerobic conditions, and these artificial
Baer and Collef51] confirmed the feasibility of estimat-  treatments have been found to lead to NR activation in the
ing theKy, values by thean vivo method and calculated the following manner: the cytosolic concentrations of ATP will
apparenK, of NR for nitrate of six winter wheat genotypes decrease, which may be sufficient to restrict NfK]; the
based on the double reciprocal plots of NRA against exter- cytosolic concentration of BAMP will increase, which acti-
nal nitrate concentration. However, tg values (from 1.57  vates dephosphorylatiga6,61} and the cytosolic pH prob-
to 22.40 mM) reported by Baer and Collgtl] are much ably falls as either M-pumps become restricted or nitrite
higher than those reported values in spinach byithetro accumulated (formed a weak acid HhQwhich is suffi-
method[43-46] It should be mentioned that they used dif- cient to activate NR62]. At the same time, the data suggest
ferent plants, spinach and wheat, and different methods tothat a drastic increase of nitrite levels occurred in the dark
estimate theK, of NR for nitrate. Compared with our re-  when leaves were kept under anaerobic condition compared
sults (0.04-0.08 mM), th&, values reported by Baer and with aerobic conditiorf60]. In addition, thein vivo NR as-
Collet[51] are also much higher, which may be due to either say may improve NRA as a result of the incubation medium
the different plant species or the nitrate concentrations usedused in thein vivo NR assay containing phosphate which
as the “X variable” to calculat&, or both. The higher ex-  can stimulate the activation of phospho-N&¥,63] Based
ternal nitrate concentrationL00 mM) were used by Baer on the above discussion, the vivo NR method activates
and Colle[51], while the lower nitrate concentration in MP  NRA or nitrite production to some extent.

(0—6 mM) were used in our study. However, NRA might be inactivated because the cyto-
plasm contains free Mg or C&*t during thein vivo NR

4.5. In vivo NR assay and posttranslational regulation of assay, and this may be due to the control of NRK activ-

NR ity in vivo [57]. Moreover, recent results suggest that the

concentration of free Mg in the cytosol of leaf cells may
Thein vivo NRA and NMP assays are all based on the be very low in the light but increased to about 0.4 mM in
measurement of N& production. The incubation is per- the dark[64], which might also decrease the NR activation
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state. However, it is reported that there was no significant [11] L.P. Solomonson, M.J. Barber, Assimilatory nitrate reductase: func-

difference of the M6+ content in the wheat shoots under tional properties and regulation, Annu. Rev. Plant Biol. 41 (1990)
; . . : 225-253,
the different nitrate supplie65], and until now there has 5283 . L .
; [12] A. Oaks, Primary nitrogen assimilation in higher plants and its

been no proof that the cytosolic free kfgreally fluctuates regulation, Can. J. Bot. 72 (1994) 739750.
under natural conditiong2]. [13] T.E. Ferrari, O.C. Yoder, D. Filner, Anaerobic nitrite production by

Because so many cellular parameters change, no single  plant cells and tissues: evidence for two nitrate pools, Plant Physiol.
factor can be identified as being solely responsiblaitu. 51 (1973) 423-431.

In addition. the different mechanisms of NR modulation be- [14] E. Steingrdver, P. Ratering, J. Siesling, Daily changes in uptake, re-
y duction and storage of nitrate in spinach grown at low light intensity,

tweenin vitro andin vivo make the NR regulation more Physiol. Plant 66 (1986) 550-556.

complicatec{24,66]: Therefore, it is worth mentiqning that  [15] A.J. Miller, S.J. Smith, Nitrate transport and compartmentation in
the effects of the different NR assays on the activation state  cereal root cells, J. Exp. Bot. 47 (1996) 843-854.
of NR must be considered. Further investigations of post- [16] J.M. Caba, C. Lluch, F. Ligero, Distribution of nitrate reductase

translational regulation of NRn vivo are needed. activity in Vicia faba: effect of nitrate and plant genotype, Physiol.
Plant 93 (1995) 667-672.

[17] C. Bussi, A. Gojon, L. Passamin situ nitrate reductase activity in
leaves of adult peach trees, J. Hortic. Sci. 72 (1997) 347-353.
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