
Plant Physiol. (1 995) 109: 31 9-326 

Kinetics of NO,- Influx in Spruce' 
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lnfluxes of ',NO3- across the root plasmalemma were measured 
in intact seedlings of Picea g h c a  (Moench) Voss. Three kinetically 
distinci uptake systems for NO,- were identified. In seedlings not 
previously exposed to external NO,-, a single Michaelis-Menten-type 
constitutive high-affinity transport system (CHATS) operated in a 
2.5 to 500 p~ range of external NO,- [NO,-],. The V,,, of this 
system was 0.1 pmol g-' h-', and the K,,, was approximately 15 p ~ .  
Following exposure to NO,- for 3 d, this CHATS activity was in- 
creased approximately 3-fold, with no change of K,. In addition, a 
NO,--inducible high-affinity system became apparent with a K, 
of approximately 100 p ~ .  The combined V,,, for these discrete satu- 
rable components was 0.7 pmol g-' h-'. In both uninduced 
and induced plants a linear low-affinity system, additive to CHATS 
and an NO,-4nducible high-affinity system, operated at [NO,-], 2 1 
mM. The time taken to achieve maximal rates of uptake (full induction) 
was 2 d from 1.5 mM [NO,-], and 3 d from 200 p~ [NO,-],. 

NO,- uptake in higher plants is well characterized on 
the kinetics leve1 (Clarkson, 1986). There is general agree- 
ment in the literature that the dependence of NO,- uptake 
on [NO,-], can be resolved into at least two kinetically 
distinct systems (Clarkson and Lüttge, 1991; Glass and 
Siddiqi, 1995). Most kinetic experiments on NO,- uptake 
have been performed in cereal species and have been based 
on measurements of chemical depletion rates of NO,- 
from nutrient solutions, i.e. the determination of NO,- net 
flux (Neyra and Hageman, 1976; Rao and Rains, 1976; 
Doddema and Telkamp, 1979; Breteler and Nissen, 1982; 
Pace and McClure, 1986; Warner and Huffaker, 1989; 
Aslam et al., 1992). Although kinetic inferences from net 
flux studies have to be approached with caution, studies 
using radiotracers to determine the unidirectional influx of 
NO,- into root tissue have confirmed a (biphasic) pattern 
for NO,- uptake (Siddiqi et al., 1990). In the majority of 
studies, NO,- uptake appeared to be mediated by a HATS, 
which operated in a Michaelis-Menten-type fashion at 
[NO,-], 5 1 mM, and by a LATS, which operated in a 
linear fashion at [NO,-], 2 1 mM. Only a few workers 
reported apparently different or more complex patterns 
(Doddema and Telkamp, 1979; Breteler and Nissen, 1982). 

The NO,- uptake system in higher plants is unusual in 
that it is subject to induction by external NO,- (Minotti et 
al., 1969; see also Kronzucker et al., 1995b, for refs), i.e. 
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NO,- influx and net flux are considerably enhanced fol- 
lowing initial exposure of roots to solution NO,-. Severa1 
workers have compared the concentration dependence of 
NO,- uptake in induced and uninduced states. Uninduced 
plants exhibited a CHATS with saturable kinetics (Lee and 
Drew, 1986; Behl et al., 1988; Klobus et al., 1988; Siddiqi et 
al., 1989, 1990; Hole et al., 1990). Because of significant 
differences in K ,  (Lee and Drew, 1986; Warner and Huf- 
faker, 1989; Aslam et al., 1992) and response to metabolic 
poisons (Jackson et al., 19731, CHATS was considered a 
genetically discrete system from the IHATS apparent in the 
induced state (Clarkson, 1986). In some plants, the CHATS 
and IHATS were found to operate concurrently in the 
induced state (Warner and Huffaker, 1989; Aslam et al., 
19921, whereas in others this was not obvious (Siddiqi et al., 
1990). 

In contrast to the large body of experimental work on 
cereal species, our knowledge of NO,- uptake kinetics in 
conifer species is rudimentary, in spite of the enormous 
ecological and economic importance of such species. Only 
a small number of NO,- depletion studies in conifers have 
been reported (Peuke and Tischner, 1991; Kamminga-van 
Wijk and Prins, 1993; Plassard et al., 1994) and have pro- 
vided no conclusive results as to the identity of the trans- 
port systems or their operation at different states of induc- 
tion. It is possible that the poor growth response of many 
conifers on soils with NO,- as the predominant source of 
nitrogen (Kronzucker et al., 1995a, 1995b, 1995c) can be 
attributed to a lower capacity of the NO,- transport system 
in conifers than usually is characteristic of the more-stud- 
ied cereals. The purpose of the present communication 
thus is to characterize the kinetics of the NO,- uptake 
system in white spruce (Picea glauca [Moenchl Voss.). We 
have used the radiotracer I3N to conduct direct measure- 
ments of unidirectional NO,- influx as a function of both 
[NO,-], and the time of exposure to external NO,-. 

MATERIALS A N D  METHODS 

Plant Crowth Conditions 

Seedlings of white spruce (Picea glauca [Moench] Voss., 
provenance 29170, from the Prince George region in British 

Abbreviations: CHATS, constitutive high-affinity transport sys- 
tem; HATS, high-affinity transport system; IHATS, inducible high- 
affinity transport system; LATS, low-affinity transport system; 
[NO3-],, external NO,- concentration; v, used in data transforma- 
tion equations (of Michaelis-Menten-type data) to indicate the 
unidirectional influx of NO3- at a given value of [NO,-],; V,,,,,, 
maximal unidirectional NO3- influx (according to Michaelis-Men- 
ten formalism). 
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Columbia, Canada) were used. Seedlings were grown for a 
minimum of 3.5 months in a peat:perlite (3:l) mixture in 
Styrofoam boxes in an outdoor nursery located on the 
University of British Columbia campus. Seedlings were 
then transported to indoor growth chambers and, after 
gentle remova1 of the rooting medium, transferred to hy- 
droponic culture in 24-L Plexiglas tanks. The tanks con- 
tained one-tenth-strength N-free Johnson's solution. A de- 
tailed description of growth conditions and exact solution 
composition was given by Kronzucker et al. (1995a). Seed- 
ling roots maintained in hydroponic solution were nonmy- 
corrhizal, as determined by microscopic examination. The 
seedlings were maintained in the tanks for 3 weeks before 
influx experiments were conducted. NO,- was withheld 
completely from growth tanks, except in induction exper- 
iments, in which NO,- was added as Ca(NO,),, either at 
200 FM or 1.5 mM, at times ranging from 3 h to 7 d prior to 
influx measurements (see text for details). In concentration 
dependence experiments in which induced seedlings were 
used, induction was at 100 p~ [NO,-], for 3 d. Solutions 
were checked daily for [Kt] using an Instrumentation Lab- 
oratory (Lexington, MA) model443 flame photometer. The 
pH of solutions was maintained at 6.5 (20.3) by addition of 
powdered CaCO, to the tanks; pH was monitored daily 
using a microprocessor-based pocket-size pH meter (pH 
Testr2 model59000-20; Cole Parmer, Chicago, IL). [NO,-], 
was determined daily following the method by Cawse 
(1967) and using a Philips PU 8820 UV/VIS spectropho- 
tometer. Solutions were replaced every 4 d. A11 seedlings 
were maintained in a 16-h/8-h photoperiod, 70% RH, and 
at 20 2 2°C. A photon flux of approximately 250 pmol m-' 
s-' measured at plant leve1 (with an LI-189 light meter and 
LI-190SA quantum sensor from Li-Cor, Lincoln, NE) was 
provided by fluorescent lamps (VITA-LITE /DURO-TEST, 
U.S. Patent 3,670,193). 

lnflux Measurements 

The radiotracer 13N (half-life = 9.96 min) was produced 
by the cyclotron facility (Tri-University Meson Facility) at 
the University of British Columbia (Vancouver, Canada). 
Proton irradiation of a water target was used as the isotope 
generation procedure, which provided ',NO3- with high 
radiochemical purity (Kronzucker et al., 1995a). An irradi- 
ated solution of approximately 700 to 740 MBq was sup- 
plied in sealed 20-mL glass vials. Procedures for the re- 
mova1 of radiocontaminants were as described in detail 
elsewhere (Kronzucker et al., 1995a, 1995b). Following pu- 
rification, the ',NO3- solution was added to a volume of 4 
to 6 L of vigorously stirred uptake solution. The nutrient 
composition of the uptake solution was the same as the 
hydroponic growth solution. The uptake solution was con- 
tained in a double-neck Erlenmeyer flask, which was lo- 
cated on a stir-plate behind lead. The flask was pressurized 
remotely via a hand-operated pump to deliver the labeled 
uptake solution to 8 to 12 individual 500-mL uptake ves- 
sels. NO,- had been added before to these vessels in the 
form of Ca(NO,), at the desired concentrations, with a 
range of 2.5 PM to 50 miv (see influx isotherms). 

Seedlings were transferred from the hydroponic growth 
tanks to prewash solutions in 1-L vessels for 5 min prior to 
immersion of the roots of intact seedlings in the labeled 
uptake solutions, to minimize perturbation and to equili- 
brate plant roots to the exact solution temperature and 
composition used during influx. After the prewash, seed- 
lings were transferred to the uptake vessels for 10 inin. 
Immediately following the 10-min loading, roots were 
dipped into nonlabeled solutions for 5 s to minirnize 
carryover of label by the root surface to the desorption 
solution. Roots were then postwashed in nonlabeled solu- 
tion for 2 min to desorb ',NO3- contained in the free space. 

In earlier compartmental analysis studies of roots of 
intact white spruce seedlings (Kronzucker et al., 1995a, 
1995b) the half-lives of exchange for NO,- with the root 
surface, the cell wall, and the cytoplasm were determined 
to be approximately 2.5 s, 20 s, and 7 min, respectively. The 
durations for prewash, labeling, dip, and postwash were 
selected based on this information. By loading plants in 
'3N0,--labeled solution for 10 min, i.e. less than 1.5 half- 
lives of exchange for the cytoplasmic compartment, and by 
subsequently desorbing the labeled roots for 2 min, i.e. 4 to 
5 half-lives of exchange of the cell wall, any errors intro- 
duced by efflux during the loading period or by counts 
remaining in the cell-wall fraction at the end of the exper- 
iment should have been minimized (Cram, 1968). 

Following desorption, seedling roots were excised from 
the shoots, the roots were spun in a low-speed centrifuge 
for 30 s to remove surface liquid, and the fresh weights of 
roots and shoots were determined. The plant organs were 
then stuffed into 20-mL scintillation vials, and the radioac- 
tivities of roots and shoots were determined in a Packard 
y-counter (Minaxi 6, Auto-y 5000 series) for measurement 
of the 51 1-keV positron-electron annihilation radiation 
generated by recombination of ambient electrons and P' 
particles emitted from I3N. Using the value for specific 
activity (l3N/[l3N + I4N]) of the loading solution and the 
fresh root weight of each seedling, we calculated NO,- 
fluxes and expressed them in pmol g-' fresh weight h-' 
(see below). 

The root system in the several-month-old spruce seed- 
lings was visibly heterogeneous. Numerous new laterals 
emerged during the 3-week cultivation period in hydro- 
ponic tanks (referred to as "young" roots), which were 
noticeably different from the root system already existing 
at the time of transfer. These newly formed roots attained, 
on average, lengths of 3 to 5 cm and were exclusively of the 
"white-zone" type (Sutton and Tinus, 1983; McKenzie and 
Peterson, 1995a), i.e. showed no macroscopic signs of root 
browning due to either tannin formation or periderm ini- 
tiation. This white-zone part of the conifer seedling root 
system is known to largely resemble young roots of herba- 
ceous plants in terms of structure and permeability char- 
acteristics (Rüdinger et al., 1994; McKenzie and Peterson, 
1995a). By contrast, the part of the root system that was 
already established at the time of transfer to hydroponics 
was brown in color (average length: 8-12 cm; referred to as 
"old" roots). It corresponded to the "tannin zone" and the 
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early-periderm region (McKenzie and Peterson, 1995a, 
1995b). Deposition of brown tannins has been causally 
linked to cortical cell senescence (Sutton and Tinus, 1983), 
and changes in water and solute permeability characteris- 
tics (Kramer, 1969; Rüdinger et al., 1994) and a decline in 
specific ion uptake capacity (Kamula and Peterson, 1994) 
have been observed. Similarly, incipient suberin incrusta- 
tion in the early-periderm region is expected to reduce ion 
uptake rates. 

In our experiments, specific NO,- uptake rates by old 
roots were typically only 20 to 30% of those by young roots 
(data not shown). In some selected experiments, we have 
excised labeled roots at the point of transition from the 
white zone to the tannin/early-periderm zone, which was 
clearly discernible. This was performed immediately fol- 
lowing desorption in postwash solutions. Fresh weights of 
young and old roots were recorded, and the accumulation 
of 13N in the excised parts was determined individually. 
Specific NO,- influxes for old, young, or whole roots were 
then calculated by dividing by the fresh weights of the 
respective tissues. Unless otherwise indicated, however, 
integrated influx values, determined on a whole-root basis, 
were used in figures and tables. 

Data Analysis 

A11 experiments were replicated at least three times. Each 
experimental treatment consisted of three seedling samples 
(minimum root mass was 3 g fresh weight per sample). 
Data from several experiments were pooled (n 2 9) for 
calculations of means and SE. These values were used for 
plotting representative time induction curves and uptake 
isotherms as well as for calculating V,,, and K, val- 
ues. Four separate data transformation methods (Cornish- 
Bowden and Wharton, 1988), based on the Michaelis- 
Menten formalism, were used to obtain V,,, and K, 
estimates for the saturable isotherm components in the 
present study. These methods were: (a) linear transforma- 
tion according to Lineweaver-Burk: 1/71 = K,/V,,, * 

1 /[NO,-], + 1 /V,,,; (b) linear transformation according 
to Eadie-Hofstee: 71 = V,,, - K, * v/[NO,-],; (c) linear 
transformation according to Hanes-Wolf [NO,-],/v = 

K,/V,,, + [NO,-],/V,,,; and (d) least-squares method 
by Cornish-Bowden: K, = (271' * Zv/[N03-], - Zv2/ 
[NO,-], . Z.V)/%~/[NO,-I~ . ZU - Z.V~[NO,-I, %/ 
[NO,-],); V,,, = (%'/[N03-]~ * Zv2 - (Zv2/[N03-lo)2)/ 
XU~/[NO,-],* . ZU - XV~/[NO,-I, 

Student's t tests were used to examine the slopes and y 
intercepts of linear transformations for significant differ- 
ences of regression lines of the two assumed components of 
the biphasic (i.e. bisaturable) induced HATS. 

Estimates of K, and V,,, values obtained by the various 
transformation methods (see "Results") were not identi- 
cal. Thus, to avoid subjective data representation, no one 
specific fit was preferred over another for the Michaelis- 
Menten phases in isotherm plots. Rather, in isotherms (see 
Fig. 4), data points were connected directly. 

Zv/[NO,-l,). 

RESULTS 

Time Profile of lnduction of NO,- lnflux by NO,- 

Measured NO,- influx of N-deprived seedlings was en- 
hanced with increased time of exposure to [NO,-], for up 
to 72 h (Figs. 1 and 2). In the uninduced state, influx 
measured at 200 p~ was 0.1 to 0.15 pmol g-' h-'. Peak 
influx (0.6-0.7 pmol g-' h-') was reached after 3 d of 
induction (Fig. 2), after which point influx declined to a 
value of 0.3 pmol g-' h-' by 7 d. This value at 7 d 
corresponded to the net flux of NO,- measured by chem- 
ical depletion under steady-state conditions (data not 
shown). This time course of NO,- influx was evident on a 
whole-root basis as well as in separately analyzed young- 
root material (Fig. 2). In plants induced by exposure to 1.5 
mM [NO,-], (Fig. 3), the induction pattern of NO,- influx 
(measured at 1.5 mM [NO,-],) was similar. Influx ranged 
from a constitutive leve1 of 0.3 pmol g-' h-' to a fully 
induced value of 1.2 pmol g-' h-I. Maximal fluxes appar- 
ently occurred earlier, at d 2, for plants at 1.5 mM than for 
plants at 200 PM [NO,-], (cf. Figs. 2 and 3). 

Low-Concentration Systems for NO,- Uptake 

In uninduced seedlings, a saturable NO,- influx system 
was apparent in the concentration range from of 2.5 to 500 
p~ [NO,-], (Fig. 4A), and at 1 mM [NO,-], influx had 
increased to almost double the saturated rate. The satu- 
rable low-concentration phase conformed to Michaelis- 
Menten kinetics. The kinetic parameters of V,,, and K ,  for 
this system were determined by several data transforma- 
tions and a least-squares method (Table I). Estimates for K, 
obtained via these methods ranged from 13.6 to 21 p ~ ,  
whereas V,,, estimates were between 0.11 to 0.13 pmol 
g-' h-'. 

In seedlings that had been fully induced for NO,- influx 
by exposure of the roots to 100 p~ [NO,-], for 3 d, the 
low-concentration response of influx was more complex 
(Fig. 4B). Rather than consisting of a single saturable phase, 

I 

1 
o '  

O 3 6 12 I 8  24 48 72 
time of exposure to 0.2 mM nitrate [h] 

Figure 1.  NO,- influx into roots of white spruce as a function of 
short-term exposure to externa1 NO,-. Seedlings were cultivated in 
N-free solutions for 3 weeks and then supplied with 200 ~ L M  [NO,-], 
for the indicated periods and during the 10-min flux measurements. 
Data are means 2 SE (n  2 9). 
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Figure 2. NO,- influx into roots of white spruce as a function of 
longer-term exposure to INO,J, at 200 PM (see Fig. 1). lnflux was 
determined both on a young-root basis (top curve) and on a whole- 
root basis (bottom curve). Data are means 2 SE (n 5 9). 

low-concentration NO,- influx appeared to result from 
two saturable components, one operating at [NO,-], 5 75 
PM and another operating in the 100 to 750 PM range of 
[NO,-],. Beyond 750 p~ influx again increased beyond the 
saturated levels. Despite the fact that this biphasic pattern 
in the low-concentration range was already evident in the 
influx isotherm, it was confirmed by significance testing of 
the slopes and y intercepts of the regression lines for the 
presumed different components in linear transformation 
plots of the influx data according to Lineweaver-Burk (P 5 

0.01 for slopes; P 5 0.025 for intercepts), Eadie-Hofstee (P 
5 0.005 for slopes; P 5 0.0005 for intercepts; see Fig. 5), and 
Hanes-Wolf (P 5 0.005 for slopes; P 5 0.05 for intercepts). 
Kinetics analyses of the two saturable phases yielded K ,  
values of 11.1 to 16.8 p~ for the first phase and of 98.8 to 
153.2 IJ.M for the second phase (Tables I1 and 111). V,,, 
estimates were 0.27 to 0.32 kmol g-’ h-’ for the first 
component and 0.7 to 0.82 pmol g-’ h-’ for the second. 
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Figure 3. NO,- influx into roots of white spruce as a function of time 
of exposure to [NO,-], at 1.5 mM (flux measurements were also at 
1.5 mM [NO,-],). Data are means rt SE (n 2 9). 
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Figure 4. NO,- influx into roots of white spruce seedlings as a 
function of [NO,-], in the low-concentration range (2.5-1 O00 p ~ ) .  
Seedlings were either uninduced (A) or induced for NO3- uptake by 
3-d exposure to 100 PM [NO,-], (B). Data are means 2 SE (n 2 9). 

High-Concentration System for NO,- Uptake 

In both uninduced and induced seedlings an additional 
linear uptake system operated at higher [NO,-],. It was 
evident at [NO,-], of 1 mM in uninduced plants (Fig. 4A) 
and at [NO,-], 2 750 p~ in plants fully induced for NO,- 
uptake (Fig. 4B). The system was apparently additive to the 
low-concentration systems. The concentration response of 
the system between 1 and 50 mM [NO,-], showed linearity 
for the entire range (r2 = 0.97; Fig. 6). 

Table 1. K,,, and V,,,,, values for CHATS for NO,- in roots of 
white spruce as estimated by different mathematical methods 

Seedlings were cultivated hydroponically without N for 3 weeks 
and exposed to externa1 NO,- only during the 10-min influx period. 
An influx isotherm constructed from data pooled from severa1 exper- 
iments was used as the basis for calculation of the kinetics parame- 
ters (see text). 

Calculation 
Method Km vmax r2 

I1M firnol g-’ h-’ 
Lineweaver-Burk 13.63 0.1 1 0.91 
Eadie-Hofstee 15.85 0.1 1 0.81 
Hanes-Wolf 21 .O4 0.1 3 0.98 
Cornish-Bowden 16.96 0.1 2 - a 

’-, Not based on linear regression. 
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Y (11) = X (-101.06) + 0.7 
9 0.5 

\ 
O 0.002 0.004 0.006 0,008 0.01 0.012 0.014 0.016 

influxlconcentration [Uglh] 

Figure 5. Eadie-Hofstee transformation of the data for induced high- 
affinity transport of NO,- in white spruce (Fig. 4, bottom graph) in 
the 2.5 to 750 p~ range of [NO,-],. Regression lines and linear 
equations are included for components I and II (see text). The slopes 
of the two lines ( -KJ and the intercepts with the y axis (Vmax) were 
significantly different as evaluated by Student's t test (P  5 0.005 for 
slopes; P 5 0.0005 for intercepts). 

DISCUSSION 

Time Profile of Transporter lnduction 

Rates of NO,- uptake are considerably enhanced by 
exposure to [NO,-],, a process usually referred to as NO,- 
induction (Minotti et al., 1969; Goyal and Huffaker, 1986; 
Behl et al., 1988). Flux increases of at least 5 to 10 times are 
typically observed (Warner and Huffaker, 1989), but en- 
hancements by as much as 30-fold have been recorded 
(Siddiqi et al., 1989). Most workers have recorded a lag 
phase of severa1 hours before induction was apparent 
(Clarkson, 1986; Warner and Huffaker, 1989), although in 
some studies a more or less immediate response was found 
(Tischner et al., 1993). In our experiments with spruce, 
induction of influx was clearly apparent after 3 h (Fig. 1); 
however, the induction response was unusually slow in 
that up to 3 d were required for maximal induction. This 
was obvious both at the leve1 of young as well as whole 
root material (Fig. 2). This finding of slow induction kinet- 
ics in spruce, which is in agreement with our earlier com- 

Table 11. K,,, and V,,,,, values for component / of inducible high- 
affinity influx of  NO,- into roots o f  white spruce as estimated by 
different mathematical methods 

Seedlings were induced for NO,- uptake by exposure to 1 O0 p~ 
[NO,-], for 3 d and were then exposed to various [NO,-], in 
concentration dependence experiments (1 O-min influx periods). See 
also Table I. 

Calculation 
Method Km vmax r 2  

ILM pnol g-' h-' 
Lineweaver-Burk 16.83 0.32 0.97 
Ead ie-Hofstee 12.89 0.28 0.75 
Hanes-Wolf 11.12 0.27 0.97 
Cornish-Bowden - a 14.73 0.3 
'-, Not based on linear regression. 

Table 111. K,,, and V,,,,, values for component /I of inducible high- 
affinity influx of NO,- into roots o f  white spruce as estimated by 
different mathematical methods (see Tables I and /I for details) 

~~ ~ 

r2  Calculation 
Method Km Vmax 

PM Wmol g- ' h- ' 
Lineweaver-Burk 153.1 7 0.82 0.9 
Ead ie-Hofstee 1 O1 .O6 0.7 0.75 
Hanes-Wolf 98.8 0.7 0.99 

0.73 Cornish-Bowden 11  2.39 - a 

'-, Not based on linear reeression. 

partmental analysis results in spruce (Kronzucker et al., 
1995b), contrasts sharply with the time required for maxi- 
mal inductive flux by other species (Glass and Siddiqi, 
1995). In barley, however, the time required for induction 
decreases as [NO,-], increases (Siddiqi et al., 1989). Simi- 
larly, the induction response in spruce appeared to be 
accelerated at higher [NO,-], (cf. Figs. 1-3). Nevertheless, 
spruce remains the slowest responding species so far in- 
vestigated. This, together with the rather low inductive 
enhancement factor (only about 5-fold) for V,,, in the 
high-affinity range, may be a competitive disadvantage for 
spruce seedlings compared to nitrophilous species in soil 
habitats poor in N sources other than NO,- (Kronzucker et 
al., 1995a, 199513). 

CHATS 

Plants that have not been exposed to NO,- prior to flux 
measurement, i.e. are not induced for NO,- transport, 
typically display low rates of NO,- uptake. This uptake in 
the uninduced state has been termed constitutive and is 
believed to be mediated by a specific saturable HATS (Behl 
et al., 1988; Warner and Huffaker, 1989; Hole et al., 1990; 
Siddiqi et al., 1990). Reported K,s for CHATS in higher 
plants occur in the range 1 PM (Breteler and Nissen, 1982) 
to 20 PM (Siddiqi et al., 1990). Our K ,  estimates of approx- 
imately 15 WM for white spruce are within this range of 
literature values. Despite the low capacity of the,CHATS, it 

Y = X (0.00015) + 0.33 

'I-: O 5 10 15 nitrate 20 concentration 25 30 [mM] 35 40 45 50 

Figure 6. NO,- influx into roots of uninduced white spruce seed- 
lings as a function of [NO,-], in the high-concentration range (1-50 
mM). The results of linear regression are included in the graph (rZ = 

0.97). Data means 2 SE (n 2 9). 
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is clearly essential to absorb (catalytic?) NO,- in sufficient 
quantities to induce the IHATS (Glass and Siddiqi, 1995). 

IHATS 

Most studies of NO,- uptake have focused on the induc- 
ible NO,- transport system operating in the low-concen- 
tration range of [NO,-], (51  mM [NO,-],) in induced 
plants. The system active in that range has typically been 
found to exhibit saturable kinetics from about 200 to 500 
p~ [NO,-],. It has been referred to as the IHATS for NO,- 
and has been demonstrated in numerous plant systems 
(Glass and Siddiqi, 1995). So far, the existence of a saturable 
IHATS has been demonstrated in Arabidopsis (Doddema 
and Telkamp, 1979), barley (Rao and Rains, 1976; Bloom, 
1985; Lee and Drew, 1986; Konesky et al., 1989; Siddiqi et 
al., 1990; Aslam et al., 19921, buckwheat (Paulsamy and 
Chrungoo, 1994), corn (van den Honert and Hooymans, 
1955; Neyra and Hageman, 1976; Pace and McClure, 1986; 
Hole et al., 1990), rice (Youngdahl et al., 19821, ryegrass 
(Lycklama, 1963), wheat (Goyal and Huffaker, 1986; Botelia 
et al., 1994), sunflower (Aguera et al., 1990), and squash 
(Wieneke, 1992). The K,s reported for IHATS in these 
species range from 7 to 187 WM (Bloom, 1985; Aslam et al., 
1992). 

In conifers, kinetic analyses of NO,- uptake in the high- 
affinity or the low-affinity range are scarce. From concen- 
tration dependence data obtained through chemical deple- 
tion protocols, Peuke and Tischner (1991) calculated a K, 
value of 200 p~ and a V,,, of 18 pmol g-' d-' (approxi- 
mately 0.7-0.8 pmol 8-l h-') for NO,- uptake in Norway 
spruce, and Kamminga-van Wijk and Prins (1993) reported 
values of 17 p~ for K, and approximately 0.5 to 1 kmol 
g-' h-' (our calculations) for V,,, in Douglas fir. Plassard 
et al. (1994), also using depletion data, communicated a K ,  
value of 120 p~ and a V,,, of 0.55 pmol g-' h-' for NO,- 
uptake in nonmycorrhizal maritime pine. Since plants in a11 
three studies were exposed to [NO,-], for some time be- 
fore uptake rates were determined, the reported values 
would be subject to the errors described above. Neverthe- 
less, these published values of V,,, are in reasonably close 
agreement with our estimates (Table 11). The estimates for 
K,, however, are not in close agreement. Only Lineweaver- 
Burk transformations were used in the above studies to 
provide estimates for the kinetics parameters. Since Line- 
weaver-Burk plots may yield biased results, in particular 
regarding K, (Dowd and Riggs, 1965; Cornish-Bowden 
and Wharton, 1988), in the present study severa1 mathe- 
matical methods were used for the derivation of K ,  and 
V,,, values. The relatively good agreement between the 
values obtained by these different methods helped to con- 
firm the validity of the Michaelis-Menten formalism in our 
data. 

The different methods of data transformation establish 
that NO,- influx in induced spruce consisted of two dis- 
tinct saturable components in the low-concentration range. 
The possibility that this pattern could arise from different 
populations of roots cells was ruled out by separately 
analyzing the kinetics patterns of young, old, and whole 
root tissues (see "Materials and Methods"). The double- 

saturation response, albeit with lower V,,, values in old 
than in young roots, was apparent in both root tissues (data 
not shown). Both saturable components conformed to 
Michaelis-Menten kinetics (Tables I1 and 111), and therefore 
separate values for K, and V,,, are given'. Whereas such a 
pattern of induced influx has usually not been observed 
(Siddiqi et al., 1989, 1990), the simultaneous operation of a 
low-K, and a high-K, system in the induced high-affinity 
state has been recently demonstrated through a clearly 
bimodal Lineweaver-Burk transformation of net uptake 
data in barley (Aslam et al., 1992). K ,  for component I was 
7 p~ and for component I1 it was 36 p ~ .  Similar results 
could be seen in earlier data by Breteler and Nissen (1982) 
for dwarf bean and Warner and Huffaker (1989) for Steptoe 
barley. It is interesting that the apparent affinities of both 
components for NO,- were much greater in barley and 
bean than in spruce, pointing to a relatively poorer adap- 
tation to this N source in the conifer (Kronzucker et al., 
1995a). 

In our study, a11 linear transformation methods used 
confirmed that the assumed differences between the two 
saturable components were statistically significant (see 
Figs. 6-8). However, unlike the study by Aslam et al. 
(1992), the double-saturation pattern of influx was evident 
even in the isotherms without data transformation (Fig. 
4B). It is possible that, because of much larger influx en- 
hancement following induction in cereal species than in 
spruce (Kronzucker et al., 1995b), the low-K, component 
may be hidden in the former but much more clearly visible 
in the latter. Also, if data resolution in the range of com- 
ponent I is not sufficient, indiscriminate data regression of 
the entire range may reflect the kinetic parameters of the 
more dominant component I1 (Plassard et al., 1994). 

It has been argued that the low-K, component may 
correspond to the CHATS being expressed simultaneously 
with the IHATS (Aslam et al., 1992; Glass and Siddiqi, 
1995). In agreement with Aslam et al. (19921, our data show 
that even the low-K, component of influx appeared to be 
induced significantly. Although the K, estimates for 
CHATS and component I of induced high-affinity influx 
are very close (approximately 15 p ~ ) ,  suggesting that the 
transport proteins may be identical, V,,, was about 3 
times as high as the constitutive value after induction. 
Similarly, Aslam et al. (1992) found an increase in barley 
from 0.82 pmol g-' h-l for V,,, in the uninduced state to 
3 pmol g-' h-' after induction. Therefore, whereas com- 
ponent I1 of induced high-affinity influx undoubtedly rep- 
resents an induction response, component I is also clearly 
inducible, notwithstanding the fact that it may represent 
the same transport system earlier identified as CHATS. 

LATS 

Our results demonstrated that, beyond the saturable 
high-affinity components at lower [NO,-],, NO,- influx 
across the root plasmalemma of spruce followed a linear 
pattern at [NO,-], 2 500 to 750 PM. This linear system was 
present in both uninduced and induced seedlings (data 
shown only for uninduced seedlings) and appeared to be 
additive to the high-affinity components, as in other plant 



Kinetics of NO,- lnflux in Spruce 325 

systems (Siddiqi et al., 1990; Aslam et al., 1992). In our data 
(cf. A and B in Fig. 4), the transition from the saturable to 
the linear phase was visible earlier (at approximately 500 
p~ [NO,-],) in uninduced plants than in induced plants 
(at approximately 750 PM [NO,-],). This is in agreement 
with studies in cereal species (Siddiqi et al., 1990; Aslam et 
al., 1992). 

A dual pattern of NO,- uptake (i.e. saturable and linear), 
as observed in the present study for spruce, has been 
recorded in several species, including the diatom Skel- 
etonema costatum (Serra et al., 1978), Arabidopsis tkaliana 
(Doddema and Telkamp, 1979), several varieties of barley 
(Siddiqi et al., 1990; Aslam et al., 1992), and corn (Pace and 
McClure, 1986). By contrast, it has been claimed that NO,- 
uptake in spruce is limited to a saturable system and that a 
linear system is not expressed even at [NO,-], up to 10 mM 
(Peuke and Tischner, 1991). Plassard et al. (1994) also re- 
ported a lack of substantial increases of NO,- uptake rates 
beyond the saturable low-concentration component in mar- 
itime pine. It has to be noted, however, that the studies 
from which these conclusions have been drawn were based 
on the measurement of chemical depletion of NO,- from 
solution and that the plants used in these studies were 
grown in NO,--containing media for extended periods. As 
pointed out earlier, such measurements can provide only 
estimates of NO,- net flux rather than influx. Influx at high 
[NO,-], may be obscured by efflux of NO,- from the root 
tissue and by physiological changes occurring in the plants 
during the extended durations of measurement. Moreover, 
it is known that the linear LATS responds markedly to 
tissue N status and that its slope is significantly depressed 
in plants grown at high compared to low [NO,-], (Siddiqi 
et al., 1990). In our white spruce plants, the effect was 
evident at different stages of induction, i.e. LATS was more 
pronounced in uninduced plants than in plants previously 
exposed to [NO,-], for 3 d. It is conceivable, therefore, that 
in plants cultivated under conditions of high [NO,-], 
LATS may be indistinguishable from the saturation plateau 
of HATS. However, the present study establishes clearly 
the presence of a LATS, which under perturbation condi- 
tions mediates a linear increase in NO,- influx up to 50 mM 
[NO,-], (Fig. 6). 
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