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A comparative study of fluxes and compartmentation of nitrate
and ammonium in early-successional tree species
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ABSTRACT

3NO;™ and *NH," compartmental analyses were carried
out in seedling roots of trembling aspenRopulus tremuloides
Michx.), lodgepole pine Pinus contortaDougl. ex Loud. var.
latifolia Engelm.) and interior Douglas-fir (Pseudotsuga
menziesivar. glauca [Beissn.] Franco) at 0-1 and 1-5 molth
external NO;~ or NH ,* concentrations ([NO; ], or [NH 41,
respectively). At the lower [NO;],, the capacities and effi-
ciencies of acquisition and accumulation of N@, based
upon NO; fluxes and cytoplasmic N@  concentrations
(INO3]o), were in the order aspen >> Douglas-fir > pine. At
1-5 mol nT® [NO37],, the NO;™ influx increased 18-fold in
pine, four-fold in Douglas-fir and approximately 1-4-fold in
aspen; in fact, at 1-5 mol m*[NO3 ], the NO,~ influx in pine
was higher than in aspen. However, at high [N@],, efflux
also increased in the two conifers to a much greater extent
than in aspen. In aspen, at both [N@],, approximately 30%
of the N absorbed was translocated to the shoot during
57 min of **N loading and elution, compared with less than
10% in the conifers. At 0-1 mol m3[NH,"],, influx and net
flux were in the order: aspen > pine > Douglas-fir but the dif-
ferences were much less than in NOfluxes. At 1-5 mol m?>
[NH 415, NH, " influx, efflux and [NH '] greatly increased in
aspen and Douglas-fir and, to a much lesser extent, in pine.
In aspen, 29 and 12% of thé*N absorbed was translocated
to the shoot at 0-1 and 1.5 mol ™ [NH,'],, respectively,
compared with 5 to 7% in the conifers at either [NH]..
These patterns of nitrogen (N) uptake, particularly in the
case of N@, and the observed concentration responses of
NO; uptake, reflect the availability of N in the ecological
niches, to which these species are adapted.
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INTRODUCTION

Plant species show marked genetic differences in their
ability to absorb and utilize particular inorganic nutrients
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for growth (Glass 1989). In the cases of N sources, for
example N@ or NH,", these differences appear to have
arisen as adaptations to the availability of particular N
forms in particular habitats (Kronzucker, Siddigi & Glass
1997). It is therefore no coincidence that their distribution
in space and time reflects these N-form preferences and the
temporal changes of the predominant N forms which occur
in particular ecosystems (e.g. Bledsoe & Rygiewicz 1986;
Chapin, Moilanen & Kielland 1993; Kielland 1994;
Kronzuckeret al. 1997; Minet al. 1998). In temperate and
boreal forest ecosystems, the soils under late-successional
communities are typically high in NAand low in NQ~

(Van Cleveet al. 1983; Chapin, Van Cleve & Tyron 1986;
Stark & Hart 1997; see also Mat al. 1998). Following
disturbance, the soil [NQ] generally increases (e.g.
Likens, Bormann & Johnson 1969; Lodhi 1978; Walley,
Van Kessel & Pinnock 1996; Prescott 1997; see also Min
et al. 1998); in some cases soil [NHl may also increase
(e.g. Schmidt, MacDonald & Rothwell 1996). It has been
argued that appropriate physiological adaptations to effi-
ciently acquire and utilize NF or NO;™ are key factors in

the success of a particular species in a seral sequence
(Kronzuckeret al. 1997). For example, white spruce, a
late-successional conifer, demonstrated low rates gf NO
uptake and accumulation, and a clear preference fgf NH
over NO; (Kronzucker, Glass & Siddigi 1995a;
Kronzucker, Siddigi & Glass 1995b, c, d, e, 1996, 1997).
By contrast, trembling aspen, an early-successional broad-
leaved species, exhibited high rates of;N@ptake at low
(0-1 mol m® and high (1-5 mol M) external [NQ]
(INOz1o) (Min et al. 1998). However, lodgepole pine, an
early-successional conifer that is particularly adapted to
colonizing forest sites following fires, showed high rates of
NO;~ uptake only at high (1-5 molT) [NO5 ], (Min et al.
1998).

The activities of the enzymes responsible for immediate
metabolism of N@ and NH,", that is nitrate reductase
(NR) and glutamine synthetase (GS), respectively, are
dependent upon the concentrations of their respective sub-
strates (Oaks 1994). On the basis of the cytoplasmic local-
ization of NR and GS in root tissues, N@nd/or NH*
concentrations in the cytoplasm are extremely important
for the activities of these enzymes. In the case of plastidic
GS, it is likely that [NH*] in the plastids is dependent
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the present study was to investigate interspecific differ-
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ences in component fluxes and compartmentation of solution when Nif" was present for 10 d or longer, presum-
NO;~ and NH,” at the subcellular level in trembling ably due to the activity of nitrifying micro-organisms
aspen, a broad-leaved early-successional species andarried over from the peat/perlite growth medium. Atime-
two early-successional conifers, lodgepole pine and course study showed that hHluxes had reached a steady
Douglas-fir, under well-defined nutrient regimes. The value after 4 to 5 d of N} pre-treatment (our unpublished
plants were therefore grown hydroponically and were results, see also Kronzuckatral. 1996). Thus, a 5 d NA
devoid of any mycorrhizal infections (Miet al. 1998; pre-treatment offered a means of avoiding the accumula-
see also Kronzuckeit al. 1997). tion of NO,~ without sacrificing apparent steady-state con-
ditions with respect to N.

MATERIALS AND METHODS
Plant culture Compartmental (efflux) analysis

Seeds of trembling aspeRdpulus tremuloidedichx., The procedure for efflux analysis employed in this study
seedlot 42307), lodgepole pinRiifus contortaDougl. ex was essentially as described by Siddigi, Glass & Ruth
Loud. var latifolia Engelm., seedlot 3847) and interior (1991) and Kronzuckeet al. (1995a). In brief, intact
Douglas-fir Pseudotsuga menziesiar. glauca[Beissn.]  Seedling roots were exposed 05 ™-labelled or *NH, -
Franco, seedlot 33124) were obtained from the Tree Seedabelled solutions for 35 min (NO-experiments) or
Center, the Ministry of Forests, Surrey, B.C., Canada. 45 min (NH,™-experiments). These exposures brought the
Douglas-fir seeds were stratified at 4 °C for 3 weeks prior SPecific activities of cytoplasmic compartments) (&

to germination. Seeds of the other species did not require> 90% of external solution for bothiNO; and **NH,",
stratification. Seeds were germinated in styrofoam blocks Pased upon preliminary estimates of the half-lives of
in a 2 : 1 (v/v) peat/perlite mixture also containing €xchange for these ions (see also Tables 1 and 3).
4.3 kg m*° dolomite. Seedlings were maintained in the Therefore, all calculations were based upon corrected val-
peat/perlite mixture for approximately 3 months and then ues of 3. After loading, the seedlings were removed from
transferred to hydroponic tanks (8 L capacity) containing the radioactive solutions, held upright for 10 s to drain
aerated, modified 0-1 strength Johnson’s solution with €XCESS radiolabelled surface solution and then transferred
NO5;~ or NH," provided as Ca(N§), and (NH,),SO,, to a funnel fitted with a clamped drainage tube. The roots
respectively (Minet al. 1998). Solutions were buffered at Were then subjected to 24 successive elutions (for periods
pH 6-4-6-8 by adding excess powdered Cad8e plants ranging from 5 s to 2 min over a total of 22 min) with either
were maintained in a controlled environment room at 20 or 60 cialiquots (depending on root mass) of an iden-
20+ 2 °C, 70% relative humidity and 16 h light : 8 h dark tical but non-radioactive solution. During elution, the solu-
photoperiod. Light was provided at 25@nol m™2 s at tion bathing the roots was well aerated and mixed by

plant level by fluorescent tubes with spectral composition bubbling with compressed air. Subsequently, roots were
similar to sunlight (Vita-Lite, Duro-Test Corporation, €xcised from shoots and their fresh weights determined.

Fairfield, NJ, USA). Radioactivities N counts per min) of wash solutions as
well as those of roots and shoots were measuredyin a
counter (Packard, Minaxd, Auto-y 5000 series Canberra

NO; ™ and NH," pretreatments Packard Canada, Mississauga, ON, Canada).

In NO;~ experiments, 0-1 or 1-5 moANO,~was provided
during the entire hydroponic culture period of 20 d. In,NH
experiments, the plants were grown in low {NO
(< 25 mmol m?) for 15 d and then transferred to 0-1 or Semi-logarithmic plots of the rate of release ™05~ or

1.5 mol m3NH," 5 d prior to experiments. Ammonium was **NH," (log cpm min™) versus time of elution were con-
omitted from the culture solution for the first 15 d because structed. The data were analysed by a microcomputer-
an appreciable amount of NOwas detected in the culture based method to objectively determine the break-points for

Treatment of the data

Table 1. Half-lives of exchanget{ ) for

Species [l\(lrg);]O tCor(nsg))artment | t CcErST;partment Il t (i%Tnp;artment 1} NO,~ of compartment | (surface film), Il
05 05 05 (apparent free space), and IIl (cytoplasm) at
Trembling aspen ~ 0-1 3.07+0-80 29.57+6.18 9.94+021  0:1and1.5molnf[NO;], in the roots of
15 3.10+0-96 27-30+7-27 9.96+1.01  Uembling aspen, lodgepole pine and
Douglas-fir (mean + SH) = 3-5)
Lodgepole pine 0-1 3:62+0-31 32-80+£6-20 7-05+0-27
15 4.92+0-23 42-07 £1-93 7-28+0-32
Douglas-fir 0-1 4.12+0-24 29.72+2.18 8:11+0-38
15 2:03+0-14 38-14 +0-66 6-:85+0-25
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linear regressions (Rygiewicz, Bledsoe & Glass 1984). containing approximately 50 chof trapping solution,
Various fluxes, the half-time of exchange for cytoplasm which was identical to the loading solution except that it
and apparent free space (AFS), and concentrations gf NO was acidified by adding 0-125 émf 2N H,SO, (pH 1-2).

and NH," in these compartments were estimated according The **>NO;~ reduction to**NH; was initiated by adding

to Lee & Clarkson (1986) and Siddigt al. (1991). The 20 cn? of 1N NaOH into the round-bottom flask, main-
symbols used for various parameters are: tained in a water bath at 75 °C. GasebiH, was trapped
as™NH," in the acidic solution in the Erlenmeyer flask,
which was connected to a vacuum pump. WH&H,,*
trapping was complete, pH was restored to neutral by
adding 2N KOH.

Mo the influx from external solution into cytoplasm;

@, the efflux from cytoplasm to external solution;

Gher the net flux from external solution to cytoplasm.
Ghet CONSists of flux to metabolisnyly), net flux to vac-
uole @9 and flux to xylem @.,); the former two cannot
be separated by the current procedure and are expressed &ESULTS
Gnetsvac (Siddigi et al. 1991; Kronzuckeet al. 1995a).

13 -
! . NO5~ efflux analyses
Since™N metabolites may also be translocated to the shoot 3 Y

during the experimental period, we have dengieds@* Log, of rates of release dfNO;™ [log;o cpm mim™ g™
to identify the latter as flux of N (N or NH," plus N root fresh weight (FW)] was plotted versus time for trem-
metabolites). bling aspen, lodgepole pine and Douglas-fir seedlings pre-

[NO57] or [NH,*]: NO5~ or NH,* concentration with sub-  treated with 0-1 mol n¥ or 1-5 mol m® NO;™ for 20 d.
scripts ¢ = cytoplasm, AFS, apparent free space, i = inside,Figure 1 shows a representative plot for trembling aspen.

0 = outside. In all the species, and at both fi@oncentrations, three
to.5 half-time of exchange. distinct compartments with markedly differagisvalues
S the specific activity of the isotope (cpamol™), with were recognized (Table 1). These compartments were

subscripts o = external solution, ¢ = cytoplasm, v = vacuole. assigned to superficial solution (compartment I), AFS
(compartment IlI) and cytoplasm (compartment IlI),
respectively, based on earlier findings (Sideéic@l. 1991;
Rronzuckeret al. 1995c; see Discussion). Thgfor cyto-
plasm was longer in trembling aspen10 min) than in
lodgepole pine and Douglas-fie {—8 min). Nitrate con-
centration of the media (0-1 or 1-5 mofirhad no signifi-

In the estimation of various parameters, the following
assumptions have been made: (i) as roots were exposed t
the radioactive solution for four to fitg sof cytoplasmS.
closely approximateS§, at the end of the loading periods;
(i) as the time of exposure to the isotope is very short in

relatg)nlttoto,iof tt‘; éa;:ul_c#e (legg5lﬁ h ogLI%Tgtle(r for ?&%G cant effect on thg.;of cytoplasmic exchange in trembling
See peflon, Lee atciire » €8 arkson ), aspen and lodgepole pine and only a slight effect in

S, must have been extremely low ahit\ released from Douglas-fir (Table 1). By contrast, although the, of

the vacuole during elution can therefore be considered neg- . - .
ligible; (iii) cytoplasmic and AFS volumes were taken as exchange for AFS (30-33 s) was similar among all species

] X . at low [NO;],, at higher [NQT, to.5values for the two
0-05 and 0-15 ¢ _ root fresh weight, re§peptlye[y (Lee  conifers (38-42 s) increased significantly compared with
& Rarcliffe 1983; Lee & Clarkson 1986; Siddigt al trembling aspen (27 s). Thig.s for superficial solution
1991; Kronzuckeet al. 1995a, 1998). °

The results are presented as meaatandard errors. In

addition, t-tests, analyses of variancesngva) and = 7
Duncan’s multiple range tests were performed. The differ- &
ences between treatments described as significant are thoseg 6
where probability ) was < 0-05. -
2> 5
Production and purification of ~ **NO5~ and **NH,* g
The**N was produced aSNO5~ by proton irradiation of > 4
H,O at the TRIUMF Cyclotron on the campus of the g, 3
University of British Columbia, Vancouver, B.C. Canada. ©
The protocol for removal of radiocontaminants was essen- 3 2
tially the same as described by Kronzuckeal. (1995a), 8
except that 5 cf of 100 mmol m* (instead of ©® gL
%3-5 m_mol m3 Ca(NG), were-used to glute residual ’Z_ 0 4 8 12 16 20
NO; from the SEP-PAC Alumina-N Cartridge. ©

The**NH," was obtained by reduction 5INO;~ using Elution time (min)

) 130 A —
l?evardag alloy (Wangt al 1993). In brief“NO; SOlu,' . Figure 1. Representative semi-logarithmic plot of the rate of
tion was introduced into a round-bottom flask containing rg|ease of*N [log (cpm released)gmin~ versus time of elution
approximately 10 g of Devarda’s alloy (50% Cu, 45% Al, for intact roots of trembling aspen at 1.5 mofiNO; . Three
5% Zn). The flask was connected to an Erlenmeyer flask distinct compartments are indicated by Roman numerals.

© 1999 Blackwell Science LtdRlant, Cell and Environmen22, 821-830
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showed only minor differences among the species and1-5 mol m3 [NOs],. In all three species, [NJars Was
between N@ treatments. close to the ambient [N, (Table 2).

At 0-1 mol n® NO5™, influx of NO;™ into the roots of In trembling aspen, approximately 30% of th&N
trembling aspen was four-fold higher than Douglas-fir and absorbed was translocated to the shoot at both low and high
eight-fold higher than lodgepole pine (Fig. 2). By contrast, [NO5], during the experimental period, consisting of
the efflux as percentage of influx was in the order: lodge- 35 min of *®NO5~ labelling and 22 min of elution. In the
pole pine > Douglas-fir > trembling aspen, with the result two coniferous species, by contrast, only a very small
that, compared with influx, the net flux in trembling aspen amount of the absorbed isotope was translocated to the
was even higher (approximately five-fold and 12-fold, shoot during the same time period (Fig. 4).
respectively) than in Douglas-fir and lodgepole pine
(Fig. 2). When [NQ@], was increased from 0-1 to
1-5 mol m®, the influx in Douglas-fir and lodgepole pine
increased approximately three-fold and 18-fold, respec- NH," efflux analyses in trembling aspen, lodgepole pine
tively. At the same time, however, the efflux also increased and Douglas-fir were also carried out at 0-1 and
approximately 31-fold in lodgepole pine and approxi- 1-5mol m[NH,'], under steady-state conditions. A rep-
mately 10-fold in Douglas-fir at the higher [NQ,. By resentative plot of log **N cpm min™ g~ root FW versus
contrast, in trembling aspen, increases in influx and efflux, time is presented in Fig. 5 for roots of trembling aspen. As
in going from 0-1 to 1-5 mol M[NO5],, were relatively in the case of N@ efflux analyses, three distinct phases
small. Thus, at 1-5 mol ™ [NO;],, although NG were recognized: compartment | (surface film), compart-
influxes in Douglas-fir and lodgepole pine were similar to ment Il (AFS), and compartment Ill (cytoplasm), respec-
or even slightly higher than trembling aspen, the net fluxes tively (see Discussion). Generally, external [NHhad
were still significantly lower in the former two species than only minor effects on estimates tgf; of exchange for the
in trembling aspen (Fig. 2). various compartments (Table 3). Among the species, the

At 0-1 mol m3[NO;],, the [NQ; ], of trembling aspen  to.5 of exchange for cytoplasmic NHwere not signifi-
was significantly higher (11-fold and five-fold, respectively), cantly different. The, s for AFS of trembling aspen was
than in lodgepole pine and Douglas-fir (Fig. 3). When longer than those of lodgepole pine and Douglas-fir
[NO57], was increased to 1-5 moithe [NO; ], increased (Table 3). There were only minor differencestin; for
18-fold, three-fold and 1-3-fold, respectively, in lodgepole compartment | among these species and betweeg TNH
pine, Douglas-fir and trembling aspen; all increases being At 0-1 mol m*[NH,*],, trembling aspen had higher val-
statistically significant (Fig. 3). As a consequence, {Nf ues of influx than lodgepole pine (1-6-fold) and Douglas-
lodgepole pine and trembling aspen became similar, butfir (three-fold). At the same time, efflux (as a percentage of
approximately double that of Douglas-fir in plants grown at influx) was substantially lower in aspen than in the conifer-

NH, " efflux analyses

254 = -
4 ¢met+vac -
'y
& 2.0 x -
f | l:j¢co i
o
< 1.57 B
£ |
3 J
5 1.0 4 B
S e '
Z 05- B
0.0 D5 TR R R K R oK X O XX WAV
ASPEN PINE D'FIR

Figure 2. Influx (¢o), combined flux to metabolism and vacuag,,..ad, flux to xylem @), and efflux @) (umol g~*h™) for NO;™ at
0-1 mol 3 (left) and 1-5 mol i (right) [NO5 ], in trembling aspen, lodgepole pine and Douglas-fir as determined by efflux analysis.
Standard errors (vertical lines above the means) are shown for influx only. Note: n@ux (@netsvact &) and @) = (@hett @eo)-
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: T T T T d, e) and in cereals such as barley (Deane-Drummond &
g H{ L 0.1 molms i Glass 1982; Lee & Clarkson 1986; Sidditjal. 1991), rice
[ I 1.5 mol m3 | (Wang et al. 1993; Kronzuckeret al. 1998), wheat
(Devienne, Mary & Lamaze 1994a, b), and maize
6 7 (Presland & McNaughton 1984). The latter studies made

1 use of a variety of radiotracers, i‘&N, **N and>°ClO5.

The identities of these compartments as surface film, AFS
and cytoplasm have been confirmed by using pretreat-
ments such as high temperature, sodium dodecylsulfate,
= H,0,, 2-chloro-ethanol, MSO, and-KG (Siddiqi et al
1991; Kronzuckeet al. 1995c¢) and, perhaps most convinc-
0 ingly in the case of N exchange, by varying [éiao,

r— ' : [H™], within the physiological range as well as 14,
Tremblmg LOdg_epO|e Douglas (Kronzucker et al 1995e). Furthermore, using ion
aspen pine fir exchange resins, the studies cited above also established
Figure 3. Cytoplasmic [N@Q] (mol m™) in the roots of trembling ,that the_ effluxmglsN d“””g_ th?322 m+m elution pe_”Od was

aspen, lodgepole pine and Douglas-fir at two external indeed in the form of’NO5™or *NH," (= 99% purity).

concentrations as estimated by compartmental analysis. Standard
errors are shown as vertical lines above the means (bars).

2

Cytoplasmic [NO_-] (mol m-3)
H
)

Surface film and apparent free space (AFS)
(compartments | and I1)

ous species, resulting in even greater differences in the ne©nly small differences in thig.s-values for compartment |
fluxes among these species (Fig. 6). When [Nkwas (considered to represent the surface film) were observed
increased to 1-5 mol ™ NH," influx increased approxi-  between N@ and NH," treatments, or between concen-
mately four-fold in lodgepole pine, approximately 10-fold
in aspen and approximately 20-fold in Douglas-fir (Fig. 6). _ i 5

: + . . s Table 2. NO,™ concentration (mol i) in compartment I
At this [NH,],, the efflux relative to influx was high in all (apparent free space) ((NDagd) at 0-1 and 1-5 mol TA[NO T,

the species, ranging from 73% in lodgepole pine to 86% inj, the roots of trembling aspen, lodgepole pine and Douglas-fir
Douglas-fir. Among the species, all fluxes were higher in (mean + SEp = 3-5)

trembling aspen than in the two conifers (Fig. 6).

At 0-1 mol n3[NH,"],, trembling aspen and lodgepole [NO3 ], (mm)
pine had similar [NH']. (12—13 mol m3), which were sig- )
nificantly higher than that of Douglas-fir (3-6 molfn ~ SPecies 01 15
(Fig. 7). When [NH'], was increased to 1-5 molTh Trembling aspen 0-12+0.05 1.45 +0-58
[NH,']¢ increased approximately 10-fold in trembling Lodgepole pine 0-10 +0-001 2.36 +0-39
aspen, approximately four-fold in lodgepole pine and pouglas-fir 0-12+0-01 1-15+0-36

approximately 20-fold in Douglas-fir. [NFf| srs Was Six-
fold to 13-fold higher than the ambient [)H in these
species (Table 4).

In trembling aspen, substantial amounts of the absorbed o 50 A ]
iZN were translocated to the shoot during 45 min of x B [ ]01molm3 | -
NH," loading followed by 22 min of elution, amounting & 40 B 5 mol m3 |
to 29 and 12% of the respective influxes at 0-1 and 1.5 mol > I -5 Mo
m~2[NH,"],. In lodgepole pine and Douglas-fir the pro- ‘g 30 T
portions of >N translocated to the shoot were 5 to 7% of X - ]
influx at both [NH,*], (Fig. 8). ~ N .
[NH"], (Fig. 8) = 20
S | -
DISCUSSION % 10 -
Compartmental analyses BNO,~and**NH," at 0-1 and — T
1.5 mol m3[N], revealed three distinct compartments in % .

all species examined (Figs 1, 5). These phases, separated 0 Tremblmg LOdgepOIe DOUgIaS'

by very different §.5 of exchange (3-5 s, 30-60 s and aspen pine fir

7-13 m”t]’ restp:ECtXEg), were retCOQntlzﬁd aSc:i surIaC:a film Figure 4. Translocation of*N to the shoot (% of totafN
(compartment 1), (compartment 11) and cytop aSM 4 hsorbed) during 35 min loading wittNO,™ followed by 22 min
(compartment Ill) (Tables 1, 3). These phases and their,yashing in trembling aspen, lodgepole pine and Douglas-fir at two

observedt,. svalues in the present study agree well with external concentrations. Standard errors are shown as vertical lines
those observed in white spruce (Kronzuaiteal. 1995a, c, above the means (bars).

© 1999 Blackwell Science LtdRlant, Cell and Environmen22, 821-830
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et al 1995d, 1998), as might be expected of a DFS with a
strong capacity for cation binding. By contrast, the appar-
ent [NO; ] ags Was similar to the ambient [NJ.

The cytoplasmic compartment (compartment I1l)

Our results show that, at relatively low [NQ,, trembling
aspen was by far the most, and lodgepole pine the least
competent species in the acquisition and utilization of
NO; (Fig. 2a; Minet al. 1998). At 0-1 mol i [NO5 ],
where influx is mainly mediated by a high-affinity trans-
port system (HATS) (our unpublished results; see Glass &

13N release [log(cpm g-1 h-1)]

40— 11 ) Siddigi 1995 for a general review), influx and net flux into
0 4 8 12 16 20 the roots of aspen were several-fold higher than in
. . . Douglas-fir and lodgepole pine (Mét al. 1998). Between
Elution time (mm) the latter two, fluxes into Douglas-fir roots were signif-
Figure 5. Representative semi-logarithmic plot of the rate of icantly higher than those in Io+dgepole pine.
release of N [log(cpm released)dmin~} versus time of elution At the same low [N} NH," fluxes were higher than
for intact roots of trembling aspen at 1-5 moPiH,". Three NO;~ fluxes in all species examined (Figs 2a & 6a).
distinct compartments are indicated by Roman numerals. However, the preference for NHover NO,” was much

more pronounced in lodgepole pine (6-fold) and

Douglas-fir (> four-fold) than in trembling aspen (two- to
trations of these ions (0-1 versus 1-5 mof)nor among three-fold) (see also Rygiewicz & Bledsoe 1986;
species. This result was anticipated because compartmenKamminga-van Wijk & Prins 1993; Miet al. 1998). A
| has been shown to represent the surface film of solutionpreference for NG over NO;~ has been reported in sev-
adhering to the roots. Thgsvalues are similar to those eral other coniferous species, e.ginus sylvestris
observed in other species (Siddigial. 1991; Wanget al. (Boxman & Roelofs 1988Rinus pinaste(Scheromm &
1993; Kronzuckeet al. 1995¢c, d, e, 1998). It has been Plassard 1988)Picea abies(Marschner, Haussling &
suggested that compartment | may also include the waterGeorge 1991), andicea glaucgKronzuckeret al. 1997).
free space (WFS) component of the AFS and that these Compared with influx at 0-1 mol T the capacity for
two components may act as a single phase (KronzuckemMO5™ uptake at 1-5 mol ”f [NO5 ], increased greatly in
et al. 1995e). The failure to detect a fourth component lodgepole pine (18-fold) and to a lesser degree in Douglas-
which might represent the WFS as distinct from the fir (three-fold), but relatively little in trembling aspen (1-3-
Donnan free space (DFS) argues in favour of this sugges+old) (Fig. 2). These increases of KOfluxes, are
tion (see also Siddiget al. 1991; Wanget al. 1993; indicative of the relative contributions of the low-affinity
Kronzuckeret al. 1995¢c, d, e, 1998). Interestingly, the transport system (LATS) for Ngat 1-5 mol m® [NO3 ],
to.svalues for NQ™ and NH," exchange in the AFS in these species (Fig. 2; see also Minal 1998; our
(30-40 s) were similar in lodgepole pine and Douglas-fir unpublished results). These observations suggest that in
(Tables 1 and 3). Kronzucket al. (1995c, d) also found lodgepole pine a highly developed LATS represents a valu-
no significant difference betweegs of NO;~ and NH,* able adaptation to soils which have relatively high JNO
exchange in the AFS of white spruce. It is generally the latter condition may result from site disturbance by fire
believed that cation binding in the AFS is strong because(e.g. Klinkaet al. 1990; Brayshaw 1996). Compared to
of the preponderance of negatively charged sites whichaspen, efflux in the two coniferous species was also high at
constitute the DFS. In all species examined, the apparentl-5 mol > [NO5],. Thus, net flux was still substantially
[NH, Jars Was several-fold higher than the ambient higher in aspen than in the other two species (Fig. 2). It is
[NH,'] (Table 4, see also Wareg al. 1993; Kronzucker noteworthy that Ng fluxes at 1-5 mol i [NO5], were

Table 3. Half-lives of exchangey o for
NH," of compartment | (surface film),
compartment Il (apparent free space), and
compartment Ill (cytoplasm) at 0-1 and
1-5 mol 3 [NH,"], in the roots of

[NH,7, Compartmentl Compartmentll  Compartment Il
Species (mM) to.5(S) to.5(S) to.5(min)

Trembling aspen 0-1 3-94+0-83 49-60+10-38 9:13+1-74

15 3-17£0-17 61-03+3-29 9-33+0-50 . .
trembling aspen, lodgepole pine and
Lodgepole pine 0-1 5-57+0-65 40-75+4-29 12-87+2-41 Douglas-fir (mean £ SH=4)
15 2.97 £0-57 37-19+7-24 9-76 £1-14
Douglas-fir 0-1 2:83+0-34 35-29+3-60 7-82+0-66
15 2:62+0-21 38:62+5-41 7-26£0-85
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30 i l‘“““‘J ¢met+vac i
T KN I
25 e T i

NH4+ flux (umol g-1 h-1)
o
]
I

ASPEN PINE D'FIR

Figure 6. Influx (@), combined flux to metabolism and vacuag d.vad, flux to xylem @*), and efflux @.,) (umol g™ h™) for NH,* at
0-1 mol m?3 (left) and 1.5 mol i¥ (right) [NH, "], in trembling aspen, lodgepole pine and Douglas-fir as determined by efflux analysis.
Standard errors (vertical lines above the means) are shown for influx only. Note: n@ X (@netsvact &) and @) = (@hett Geo)-

significantly lower than N fluxes at 0-1 mol A% soil [NH,']' e.g. white spruce and rice (Waagal. 1993;
[NH,"], (Figs 2b & 6a). Kronzuckeret al. 1995d, 1996, 1998), influx and efflux do
At high [NH,"],, both influx and efflux increased very notincrease to such high values.

substantially in trembling aspen and Douglas-fir (Fig. 6).

Such large increases in NHfluxes have also been

observed in barley (our unpublished results). In lodgepole

pine, the increase in influx was relatively modest but the Interestingly, cytoplasmic concentrations of the two ions

percentage efflux was still as high as in other species. Wereflected the patterns of their net uptake. For example in

can only speculate that these pronounced changes in fluxe®odgepole pine grown at 0-1 mol T cytosolic [NQT,

at high [NH,"], are characteristic of nitrophilous species. commensurate with the low value of N@ptake rate, was

By contrast, in plants which are adapted to relatively high extremely low. By contrast, calculated values for ne;NH
uptake and cytoplasmic [N, for the same species
grown at 0-1 mol i NH,", were approximately 10 times

140 . . larger. This correspondence between net uptake and cyto-
- . plasmic ion concentration is also illustrated in the data for

[ ]0.1molm3 |

Cytoplasmic [NO ;7] and [NH ,*]

o

£ 120 plants grown at 1.5 molT(Figs 2, 3, 6 & 7). Cytoplasmic

© 1 i Il 1.5 mol m3 ] [NO3] may represent an important determinant of rates of
3 00 - ] NO;~ reduction by the nitrate reductase enzymes (e.g.
T 80} - King, Siddigi & Glass 1992). This would apply under the
I" - . present conditions, i.e. in lodgepole pine, maintained on
Z 60 5 0-1 mol m3[NO57,, but not at 1-5 mol M[NO5],, when

3‘ I ] NO;  influx and [NO; ] increased approximately 10-fold.
€ 40 i ] By contrast, in Douglas-fir and aspen, [N[2-values were

8 20F i probably sufficiently high, that N© reduction was not
- L NO;™ limited, even at low [N@], (see also Miret al.

% 0 1998). Interestingly, despite a 15-fold increase in external
o

Tremblmg Lodgepole Douglas- NO;~ concentration, [N@]. in Douglas-fir and aspen

aspen pine fir increased only modestly (2-5 and 1-3-fold, respectively).
Figure 7. Cytoplasmic [NH*] (mol m~) in the roots of Clearly, aSpen_3waS a_ble to Obt‘f’"”. sufficient ;N@ven
trembling aspen, lodgepole pine and Douglas-fir at two external ~ 10M 0-1 mol m*[NOg], to sustain its [N@]. at a level
concentrations as estimated by compartmental analysis. Standard comparable to that at high [NQ,. We here propose that
errors are shown as vertical lines above the means (bars). with respect to [N@],, lodgepole pine, Douglas-fir and
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trembling aspen may be classified as non-competent/
responsive, moderately competent/responsive, and compe
tent/non-responsive, respectively.

In NH,*-fed plants, the [Ni]. was higher than the cor-
responding [N@].values in NQ-fed plants in all species
(Fig. 7, see also Kronzucket al. 1995a, c, d for white
spruce). Our measured [NH. values are much higher
than the reported K values for the enzyme glutamine
synthetase (GS) (e.g. Stewart, Mann & Fentem 1980;
Vega, Gotor & Menacho 1987). This may result from
exposures to ambient [NJHthat are higher than are typi-
cal for these plants, or that irradiance levels
(250 uE m2 s7%) may have imposed light-limitation on
NH," assimilation. In contrast to the GS enzyme, gluta-
mate dehydrogenase (GDH) has a low affinity for,NH
(e.g. Bhadula & Shargool 1995; Stewantt al. 1980;
Florencio, Marques & Candau 1987), and a role for this
enzyme in primary Nl assimilation has frequently been
suggested (Singh 1995 for refs.).

However, the consensus of opinion, including informa-
tion derived from studies using conifers (Joy, Vogel &
Thorpe 1997), is that the primary pathway for NEssim-
ilation is via GS-GOGAT (e.g. Yoneyama & Kumazawa
1974; Skokutet al 1978; Kumar & Abrol 1990; Lea,
Robinson & Stewart 1990).

Translocation of °N to the shoot

N is translocated to the shoot either as;N@er se(in
NO; -fed plants) or as amino acids; generally, very little
NH," per seis translocated to the shoot, regardless of
whether N is supplied as NHor NO;~ (e.g. Wangget al.
1993 and references therein). In aspen, when N was sup
plied as N@", there was a substantial flux'oN (approxi-
mately 30% of influx) to the shoot (see also Minal.
1998). Based upon leaf NR induction studies, Miral.
(1998) argued that in aspen a substantial portiotNf
translocated was aSNO;~. In sharp contrast to aspen,
however, very little™*N appeared in the shoot in pine and
Douglas-fir (see also Miet al. 1998). Thus, in the latter
species, even the translocation of amino acids was
extremely low or perhaps delayed.

Interestingly in aspen, despite several-fold increases of
influx, net flux and [NH*]. at 1-5 mol m*[NH,"], com-
pared with 0-1 mol i¥, the**N flux to the xylem increased

Table 4. NH," concentration (mol A?) in compartment I
(apparent free space) ([NHars) at 0-1 and 1-5 mol TA[NH ",

in the roots of trembling aspen, lodgepole pine and Douglas-fir
(mean + SEn=4)

[NH 4", (mm)
Species 0-1 1.5
Trembling aspen 0-56 +0-15 19-53+2-51
Lodgepole pine 0-88+0-15 8:76 £ 2-56
Douglas-fir 1.09+0-27 17-04+0-81

_% 30 i [ 101molm3 | ]
| - 1.5 mol m-3 .
Sosf - :
o) i i
= 201 ]
— 15| -
o L i
2 10F -
(7)) = 4
e 5 7
g 0

Trembling=LodgepoIe' Douglas-
aspen pine fir

Figure 8. Translocation ot*N to the shoot (% of totaPN

absorbed) during 45 min loading wittNH," followed by 22 min
washing in trembling aspen, lodgepole pine and Douglas-fir at two
external concentrations. Standard errors are shown as vertical lines
above the means (bars).

only marginally (1-3-fold), consistent with the general
assumption that amino N rather than NHper seis
translocated to the shoot (e.g. Waat@l 1993). It is note-
worthy that in the two conifer$N flux to the xylem was
higher in NH,*-fed plants than in N@ -fed plants.

In summary, with respect to NOutilization, trembling
aspen, Douglas-fir and lodgepole pine were characterized
as a competent non-responder, a moderately competent
responder, and a non-competent responder, respectively.
tn these species, [NJ. appeared to depend upon the
rates of N@Q uptake. At low [NQ],, the two conifers
had lower [NQ]. than trembling aspen; indeed, particu-
larly in lodgepole pine, [N@]. might well have been
rate-limiting for the NR enzyme(s). At high [NQ,, by
contrast, rates of NO uptake and [N@]. of lodgepole
pine were close to those of aspen. Moreover, compared
with aspen, the two conifers showed much lower rates of
N translocation to the shoot as well as lower levels of leaf
NRA, further limiting their capacities for NQutilization.

By contrast, the capacities for NHutilization were not as
different among these species as those fog Ndlliza-

tion. The present study confirms our earlier conclusions
(Min et al. 1998) that N-source availability may be an
important determinant of species distribution in temperate
and boreal ecosystems and that these differences in the
patterns of N-utilization may be a factor in niche separa-
tion among these species.
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