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Abstract Spatial-temporal variation of the regulation
and the kinetics of net nitrate (NO5; ™) uptake rate (NNUR)
along the tap root of Citrus aurantium L. were analysed.
Suberin incrustation in the peripheral cell layers and
plasma membrane (PM) HT-ATPase localisation, anatom-
ical and physiological factors involved in NO;~ uptake
were also investigated. The results clearly indicated a
spatially uniform distribution of the regulation process,
accompanied by a temporal heterogeneous pattern of the
kinetics of NO3 ™ uptake along citrus tap root. In particular,
kinetic analysis had a biphasic pattern, saturating (high
affinity transport system) and linear (low affinity transport
system), in response to increasing external NO3~ concen-
trations in each root region, where 200 uM NO;™ repre-
sented the threshold separating these two systems. Kinetic
parameters, K., and V.. clearly indicated that apical
segments reached the maximum value of induction before
basal segments. Hence, the apical root zones, early
exhibiting the maximum of potential capacity to absorb the
NO;3~, could be considered more efficient than basal root
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segments for acquiring NO;~ from external solution.
Suberin incrustations in the hypodermal cell layer, char-
acterised by uniform fluorescence intensity among the root
segments, could be responsible for the unchanged NNUR,
while the PM H"-ATPase could explain the temporal
pattern of NNUR.

Keywords Citrus aurantium L. - Citrus rootstock -
NO; ™~ uptake - PM H"-ATPase - Root exodermis

Introduction

To perform a variety of functions, the root system is
composed of anatomically, morphologically and physio-
logically different root types, showing high plasticity with
regard to the exploration of soil depth, the response to
external signals, and the adaptation of the plant to hetero-
geneous nutrient supply (Waisel and Eshel 2002). The
anatomical characteristics such as the occurrence of an
exodermis located at different distances from the tip (Pet-
erson 1988) and physiological functions, such as distinct
respiratory rates (Mancuso and Boselli 2002) have been
reported to vary along the root axis. These high anatomical
and physiological complexities often determine the nutri-
ent-specific absorption capacity over the root axis. For
example, calcium uptake occurs in the apical region in
barley (Mengel and Kirby 1980), sulphate is absorbed in
the elongation zone immediately behind the meristematic
zone (Holobrada 1977), while the phosphate influx appears
to be a heterogeneous pattern along the root axis of basal
bean roots (Rubio et al. 2004).

A high spatial variation of nitrate (NO5 ™) absorption has
been found along the root axis in both annual and woody
plants, although it is controversial. Indeed, the net flux of
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NO;™ tended to be low near the root apex and increased
towards the basal regions of maize (Henriksen et al. 1992)
and barley roots (Siebrecht et al. 1995). In contrast for rice
and carob seedlings decreasing NO;~ fluxes with increas-
ing distance from the root apex have been reported (Cruz
et al. 1995; Colmer and Bloom 1998). Plassard et al. (2002)
showed evidence that the highest NOj3;~ uptake rates
occurred at 20-50 mm of the root axis of Pinus pinaster
and decreased at 60 mm from the root tip. More recently,
Hawkins et al. (2008) demonstrated a marked spatial
variability in ammonium (NH,M), NO;~ and H' fluxes in
roots of Douglas-fir and lodge pole pine.

No information on the regulation and kinetics of NO3;™
flux along the root axis is available. It is well known that
NO; ™ uptake is a process highly regulated by high affinity
transport system (HATS) activity, operating at low external
NO;™ concentrations (<200 pM), which consisted of
constitutive HATS (cHATS) and induced HATS (i(HATS)
(Forde 2000). The cHATS, constitutively expressed in
NO; -starved roots, mediates a constant NO3; ™~ uptake rate
(Behl et al. 1988), while the iHATS is induced by NO3;™
and feedback regulated by downstream N metabolites
(Forde 2000). Since NO3~ was heterogeneously distributed
in terms of time and space both in natural and management
ecosystems (Caldwell 1994), quantitative information on
the ‘induction phase’ could be useful to explain plant
efficiency in capturing NO;~ especially in N-limited soil.
In this respect, the objective of the present study was to
elucidate the spatial-temporal regulation of net nitrate
(NO;37) uptake rate (NNUR) and the kinetic parameters
along the tap root of citrus rootstock. Citrus is an inter-
esting species due to the presence of anatomical root
structures (Walker et al. 1984) such as the exodermis and
suberin/lignin deposits, which could be responsible for
different nutrient absorption capacity. For this purpose,
transverse sections of citrus root segments corresponding to
the zones of NO;~ acquisition for suberin and lignin
deposits were evaluated.

Further, since a close relation between NNUR and the
PM H'-ATPase activity (Santi et al. 1995, 2003) and H*
flux (Garnett et al. 2003) was evident in the whole root
system and also in specific regions of maize root (Monte
et al. 2005), the localisation and the intensity of PM H*t-
ATPase along the root axis of citrus tap root was also
investigated.

Materials and methods
Plant cultivation

Citrus aurantium L. seeds, surface sterilised for 20 min in
20% sodium hypochlorite solution, were placed in aerated
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deionised water at 35°C for 2 days. Seeds were then
transferred to germination paper moistened with 1 mM
CaSO, in a growth chamber at 24°C and 70% relative
humidity in darkness for 30 days. Thereafter, the seedlings,
selected for uniform size, were transferred to 1 mM CaSO,
solution and placed in the light with a 14-h photoperiod
(300 pmol m 2 s~" of photosynthetic photonic flux den-
sity, PPFD) in the same environmental conditions for a
further 21 days. Nutrient solution pH was adjusted to 6.0
with 1 N KOH.

Net NO3 uptake assay

The NNUR was measured by the depletion method
using a compartmented chamber (Engels et al. 2000)
consisting of four compartments (each 2 cm x 2 cm).
The intact tap root of 51-day-old citrus seedlings was
placed in the chamber through a 3-mm wide hole in the
side wall of each compartment, sealed with silicon. Four
root regions were defined, according to the distance
from the root apex: 0-2 (I), 2-4 (II), 4-6 (III) and 6—
8 cm (IV). Before starting the experiments, the first and
third compartments were filled with water to check for
possible leaks.

Hence, each root region was washed three times for
10 min with nutrient solution containing 100 uM KH,POy,
250 M K,SO4 and 200 pM MgSQO, to equilibrate the
apoplast. Then, the root segments were exposed to the
same aerated nutrient solution containing 100 uM KNOj;
for 0, 4, 8, 24, 32 and 48 h (induction period). At each
induction period, the above nutrient solution was replaced
with 1 mL of the same solution (uptake solution) and
samples (100 pL) were taken at 30 min intervals over a
90 min period and the NO3;™ concentration was measured
at 210 nm with a UV-Vis spectrophotometer (Perkin
Elmer Lambda 35). The NNUR was calculated from the
linear phase of the NO3;™ depletion curve on the basis of
surface area (sz) and expressed as pmol NO3 ™ h~lem™2
During experiments, the compartmented chamber was
covered with aluminium foil to keep tap roots in darkness,
while shoots were illuminated at 300 pmol m~> s~' PPFD.
Preliminary experiments were used to check the variation
of the uptake solution volume during the 90 min of the
experiment: the chamber was weighed at 0 and 90 min
after the filling of the compartments with the uptake
solution.

Kinetic parameters of net NO3;~ uptake

To determine the kinetics of net NO; -uptake, citrus
seedlings were grown in the same experimental conditions
as described above. Then, individual intact tap roots of
seedlings (51 days old) were placed into a compartmented
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chamber and each root region was exposed to continuously
aerated nutrient solution complemented with 25, 50, 75,
100, 150, 200, 300, 500, 750 or 1,000 uM KNO; for 0, 4, 8
and 24 h (exposure period). For each exposure period and
NO;~ concentration, the above nutrient solution was
renewed with 1 mL of the same solution (uptake solution)
and samples (100 pL) were taken at 30 min intervals over
a 90 min period and the NO3™ concentration was measured
at 210 nm with a UV-Vis spectrophotometer (Perkin
Elmer Lambda 35). The NNUR was calculated as reported
in the above paragraph.

H"-ATPase immuno-cytolocalisation
Fixing, embedding and sectioning

To localise the PM H"-ATPase protein by the immuno-
detection technique, 51-day-old citrus seedlings, selected
for uniform size, were transferred into a single growing
unit containing 4.3 L of aerated nutrient solution supple-
mented with 100 uM KNOj; for 24 h, which corresponded
to the maximum of NNUR. Then, the tap root of the
seedlings was cut into four root regions corresponding to
1-1.5, 3-3.5, 5-5.5 and 7-7.5 cm from the root apex. Each
segment was fixed at 4°C in ethanol-acetic acid (3:1 v/v)
for 24 h, dehydrated through a graded ethanol-tertiary-
butanol series and embedded in paraffin (Paraplast plus,
Sigma) at 60°C for 2-3 days. Serial sections of 6 pm were
cut with a microtome (Leitz 1512, Germany), mounted on
slides covered with gelatin (Gelatine Gold, Panreac), de-
paraffinised in xylene and rehydrated through an ethanol
series.

Immunolocalisation and quantification of PM H-ATPase
protein

Immunological detection of PM H"-ATPase protein in
citrus root regions fixed as described above was per-
formed according to Dell’Orto et al. (2002) with slight
modifications. Sections were incubated for 30 min at
room temperature in 5% H,0,, washed in water and
subsequently in Tris buffer solution (TBS) (150 mM
NaCl, 25 mM Tris—HCIl, pH 7.6) for 20 min. Then,
sections were incubated in TBS supplemented with 2%
(w/v) bovine serum albumin (BSA) for 30 min at room
temperature. Polyclonal antibody (IgG n. 759) raised
against the C terminus of the Arabidopsis thaliana PM
H"-ATPase (kind gift by Dr. R. Serrano) was diluted
1:50 in TBS with 0.5% (w/v) BSA and incubated over-
night at 4°C. After three washings for 5 min in TBS,
root sections were incubated for 2 h at room temperature
with a biotinylated second antibody (anti-rabbit IgG

biotin conjugate developed against goat, Sigma), diluted
1:1,000 in TBS with 0.5% (w/v) BSA. After three
washings for 5 min in TBS, root sections were incubated
in the ABC complex (Immuno Pure ABC Peroxidase
Staining Kit-Standard-Pierce). After three washings of
5 min each in TBS, the peroxidase reaction was devel-
oped by incubation in acetate buffer pH 6.0 containing
0.01% (w/v) 3,3’ diaminobenzidine (DAB), 0.01% (v/v)
H,0, and 1.5% (w/v) (NH,4),Ni(S04),6H,0. This reac-
tion produced a stable, insoluble brown precipitate which
allowed for localisation of the H"-ATPase protein. The
intensity of immunoprecipitation was quantified using an
image analysis system. Root section images were cap-
tured by a digital camera (Olympus U_CAMEDIA C-
5050 ZOOM, Japan) and analysed by the software
IMAGE PRO-PLUS 6.0 (MEDIA Cybernetics Inc.). The
intensity was expressed as integrated optical density
(IOD), where I0OD = Optical density/total root area
(pm?).

Parallel sets of citrus root sections incubated with
monoclonal anti-synaptobrevin (mouse IgGl, Sigma-
Aldrich, Tokyo, Japan) that recognises the synaptic vesicle
protein synaptobrevin (VAMP) in human and porcine tis-
sue served as negative controls.

Root structure

Root structure of each root segment was investigated by
light and fluorescence microscopy. For light microscopy
analysis, root segments were fixed in 3.7% (w/v) parafor-
maldehyde in 100 mM phosphate buffer, pH 7.0, dehy-
drated in an increasing concentration ethanol series,
infiltrated with London Resin White (London Resin Co.
Ltd., London), and polymerised for 24 h at 55°C and
250 mbar. Cross sections (1 pum) were cut with a micro-
tome (Ultracut E, Reichert, Vienna, Austria) stained with
0.05% (w/v) toluidine blue O for 1 min, and viewed in a
dark field. Fluorescence microscopy investigations were
carried out on transverse free-hand sections. To visualise
suberisation of the epidermal and subepidermal cell walls,
sections were stained with 0.1% (w/v) neutral red in
100 mM phosphate buffer, pH 6.0, for 1 min and washed
twice with tap water. The specificity of the neutral red
technique for the hydrophobic/lipid domain of suberin was
shown previously (De Simone et al. 2003). For quenching
of autofluorescence, sections were incubated for 2 h in
0.05% (w/v) toluidine blue O in 100 mM phosphate buffer,
pH 6.0. Blue-violet excitation (exciter filter EX 420-490,
dichromatic beamsplitter DM 505, barrier filter BA 520,
Nikon, Tokyo, Japan) was used for all investigations of
suberin deposits. Photographs were taken with a digital
camera.
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Calculations and statistical analysis

The experimental design was completely randomised,
with five replicates. All data were checked for normality
(Kolmogorov—Smirnov test) and tested for homogeneity
(Leven Median test). Induction of the NNUR for each
region of citrus tap root was described by non-lin-
ear regression. The following non-linear equation was
applied:

I(f) = A — B x exp =k (1)

where I(f) is the NNUR (pmol NO3™ h! cm_z), A rep-
resents the maximum NNUR of the iHATS, and B is
the NNUR of the cHATS both expressed as pmol
NO5~ h™' em™2, k is the rate constant of the iHATS
expressed in h™!, and ¢ is time in h. The 7, (h), calcu-
lated from the ratio Ln2/K;,4, denotes the half time
of NNUR of iHATS during the induction phase. The
cumulative NO3;~ uptake over 24 h (4,) was also calcu-
lated. The model parameters of the induction phase were
estimated by the least squares method (TableCurve 2D v.
4.0 software, Jandel Scientific Ekrath, Germany) using
the Levenberg—Marquardt optimisation algorithm. Non-
linear regressions were repeated several times to mini-
mise the sum of squares of deviation between predicted
and experimental values to <0.01% between two con-
secutive fits (Press et al. 1992). The parameters relative to
the induction phase of net NO3™ uptake (A, B, t;,, and A,)
were tested by analysis of variance and Tukey’s test
was applied to compare the mean values of net NO3™
uptake regulation parameters of different root segments
(P < 0.05).

The kinetic analysis of net NO;~ uptake (net NO3~
uptake rate versus external NO3;~ concentrations) of each
root segment was described by non-linear regression using
the Michaelis—Menten equation:

V= Vi X C/Ky + C (2)

where v (pumol NO3™ h! cm_z) is the NNUR, V.«
(pmol NO5; ™~ h! cmfz) indicates the maximum NNUR,
K., is the concentration (WM) at which net NO3~ uptake
is half of V., and represents the apparent affinity, and
C is the external NO;~ concentration. The Kkinetic
parameters, Vi.x and K, were estimated by the least
squares method as reported above. The effects of root
segment, exposure time, and root-segment X exposure-
time interaction on the kinetic parameters were tested
by two-way ANOVA. Tukey’s test was applied to
compare the mean values of V.« and K, parameters of
different root regions for each time of exposure to NO3™
(P < 0.05).

The effects of root segment, time of exposure, NO;~
concentration and their interactions on 10D of Ht-ATPase
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immunostain were tested by three-way ANOVA. Tukey’s
test was applied to compare the mean values of IOD of H'-
ATPase immunostain of different root regions for each
time of NO;3; ™ exposure (P < 0.05). All statistical analysis
was conducted using the Systat 8.0 software package
(SPSS Inc., Evanstone, IL, USA).

Results
Regulation and kinetics of net NO3;~ uptake

Upon initial contact with 100 pM NO;~, the NNUR
immediately increased in all root regions of citrus seedlings
(induction phase) and, at 24 h of exposure, reached
complete induction (full induction) followed by an initial
decay phase more evident in the I and II root regions
(Fig. 1). The net NO3~ uptake regulation parameters
regarding the induction phase of NNUR, estimated by non-
linear regression, did not vary along the tap root axis
(Table 1).

The kinetic analysis revealed, in all root regions, a sat-
urable uptake system (hyperbolic curve) operating at con-
centrations <200 uM NO; ™ (Fig. 2). At >200 pM, all root
segments showed a linear curve except the I and II root
segments, which exhibited a hyperbolic curve at 24 h of
exposure (Fig. 2). The statistical parameters (R*> and P
values) obtained by fitting the hyperbolic and linear curves
at 0-200 and >200 pM NO; ™, confirmed the above results
(Table 2).

Below 200 puM NOj~, the V. did not vary signifi-
cantly among the root regions at 0, 8 and 24 h of NO3;™
exposure (Fig. 3). Conversely, at 4 h of exposure, Vi,.x
increased differently in each root segment: the I segment
was significantly higher than that of the IV (0.043 and
0.018 pmol NO;~ h™'em™2, respectively) while there
were no significant differences between the II and III
root segments (Fig. 3). Similar to V..., the K, did not
vary significantly among the root regions at 0, 8 and
24 h of NO;~ exposure; conversely, at 4 h there was a
significant difference in K,, between the I and the more
basal root segments (254 and 75 pM, respectively;
Fig. 4).

Above 200 pM, with 24 h of NO5;™ exposure, V,,.x was
0.141 and 0.114 pmol NO;~ h™' cm ™2 for the I and II root
segments, respectively; K, was 788 and 638 puM (data not
shown).

H"-ATPase immunolocalisation and quantification
The immunological localisation of PM H"-ATPase was

performed on four root sections of citrus seedlings after
24 h of exposure to 100 uM NO; . Controls were
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Table 1 Parameters relative to the net nitrate uptake regulation in different tap root segments of Citrus aurantium

I segment II segment IIT segment IV segment

A (umol NO3;™ cm 2 h7h
B (pmol NO3™ ecm™2h7Y)
ti2 ind (h)

A, (umol NO;~ cm™?)

0.019 £ 0.0006"
0.0095 + 0.001*
7.26 £+ 2.76*
0.813 £ 0.023*

0.0183 =+ 0.0003*
0.0085 =+ 0.0008*
7.54 £ 0.94*
0.789 + 0.017°

0.0194 £ 0.0006"
0.0098 £ 0.0006"
8.08 £ 3.41"
0.815 £ 0.019*

0.0197 + 0.0012*
0.0101 =+ 0.001°
11.74 + 4.7°
0.780 =+ 0.004°

The values into the brackets indicate the error standard. N = 5. Different letters along the rows indicated significant difference at P = 0.05
(Tukey’s test)

A net nitrate uptake rate maximum of the inducible transport system, B net nitrate uptake rate of the constitutive transport system, f1,, the half
time of the net nitrate uptake rate of the inducible transport system during the induction phase, A, accumulated nitrate in 24 h [the parameters

were estimated by the following non-linear equation I(r) = A — B* exp*" ? (see “Materials and methods™)]

performed with an unspecific monoclonal antibody anti-
synaptobrevin.

The PM H'-ATPase was clearly detectable in all
segments of citrus tap root, from comparing roots
treated with the specific HY-ATPase antibody and different
NO;~ concentrations (0 and 100 pM NO3;7). The speci-
ficity of the antibody reaction was verified by application
of a non-specific antibody.

Tissue localisation indicated that ATPase protein was
particularly concentrated in the endodermis, xylem and
phloem tissues (Fig. 5). Furthermore, the immunodecora-
tion decreased markedly towards more basal root regions
(Fig. 5).

In the absence of NO;3 ™, the IOD in the I root region was
significantly higher than other segments, which all had
similar IOD values. NO3~ treatment caused a significant
increase of IOD in all root regions compared to untreated
ones; this increase was significantly higher in the I root

region compared to the others, which had no significant
difference in IOD values between them (Fig. 6).

Root structure

Non-specific autofluorescence in the four root sections,
indicating both lignin and suberin deposits, is shown in
micrographs (Fig. 7, left panel). Autofluorescence was
restricted to the hypodermal cell layer without exhibit-
ing major differences among the root segments investi-
gated. Staining with the lipid cytofluorochrome neutral
red, after quenching the autofluorescence of phenolic
lignin and suberin components, allows for differentiation
between lignin and suberin depositions in cell walls of
the root epidermis (Lulai and Morgan 1992). The
specificity of the staining method was proven by quan-
titative analysis of the composition of apoplasmic bar-
riers in hypodermal cell walls by gas chromatography/
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Fig. 2 Kinetics of the net NO;  uptake rate in different tap root
segments (I, I1, 111 and IV) of Citrus aurantium seedlings, 51 days old,
at different times of NO3; ™~ exposure (0, 4, 8 and 24 h). a—d I segment

mass spectrometry (De Simone et al. 2003). Epidermal
cells were devoid of suberin deposits in all sections
examined (Fig. 7, right panel). There were suberin
incrustations in the hypodermal cell layer, without major
differences in fluorescence intensity among the root
segments, except in IV root section in which tangential
cell walls of the hypodermis did not appear to contain
suberin.

Discussion
Reliability and validity of depletion method
Citrus seedlings, intact and grown N-free, were used to

measure NNUR along the tap root. The use of intact
seedlings instead of root excision did not affect the shoot
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at 0-24 h, f-h II segment at 0-24 h, i-1 III segment at 0-24 h, m—p
IV segment at 0-24 h. The statistical parameters of the regression
analysis of each curve are reported in Table 2

N-demand, which represented the driving force of NO;™
uptake (Imsande and Touraine 1994) and did not reduce the
assimilate allocation to the roots necessary for the NNUR,
an energy-dependent process (Bloom and Caldwell 1988;
Reidenbach and Horst 1997).

The use of N-starved seedlings allowed obtaining of
better evidence of the ‘induction phase’ of NO3;™ uptake
since, as well known, the NO3;~ uptake rate is positively
correlated with root [NO3 ] (Siddiqi et al. 1989). Further,
the use of N-starved seedlings and the exposure at low
external NO;~ level for measuring the NO3~ uptake rate
and kinetics (100 uM), made the contribution of efflux
negligible, the second component of NNUR, and allowed
the findings to be attributable only to the NO;™ influx
(Deane-Drummond and Glass 1983; Aslam et al. 1994,
Gobert and Plassard 2002) which actually represented the
mechanism up-regulation.
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Table 2 Statistical parameters of the regression analysis obtained by fitting the hyperbolic and linear curves on 0-200 and >200 puM nitrate

concentration ranges at 0, 4, 8 and 24 h of exposure

Time (h) Curve type Statistical I segment II segment IIT segment IV segment
parameters
0200 pM >200 M 0-200 pM~ >200 uM 0-200 pM =~ >200 uM 0200 pM >200 pM
0 Linear R’ 0.768 0.854 0.551 0.929 0.707 0.966 0.727 0.878
F 52.97%%% 99.97%3#* 27.0%%%* 223.8%¥*  38.6%** 339.0%**  58.7H** 122.2%%*
Saturable R? 0.840 0.849 0.774 0.906 0.859 0.954 0.867 0.875
F 83.8%%* 05.3%%* 75.4%%% 164.0%** Q7 5¥** 251.7%%% 144, 0%** 119.6%**
4 Linear R? 0.923 0.955 0.833 0.865 0.788 0.906 0.698 0.958
F 264.0%%* 382.9%**  ]10.1%%* 115.5%** 8. 7#%* 174.3%%% 48 6%** 412.2%%*
Saturable R? 0.929 0.954 0.888 0.833 0.834 0.879 0.876 0.913
F 288.7%%%* 377.5%*%%  ]73.8%%* 90.07%** 110.9%%* 130.7%%*  148.9%%* 188.8%**
8 Linear R’ 0.756 0.958 0.898 0.901 0.897 0.937 0.763 0.931
F 68.1%%** 415.5%%% 193 4%#* 164.2%%% 191 4%** 268.6%** 70, 7H** 241.7%%*
Saturable R? 0.825 0.922 0.939 0.897 0.943 0.927 0.886 0.930
F 103.9%** 213.6%**  34].3%** 157.1%%%  362.6%%* 229.6%**  171.6%%* 238.7%%*
24 Linear R? 0.770 0.627 0.840 0.642 0.794 0.970 0.620 0.950
F 73.9%%% 30.2%%* 115.4%%* 32 3k 849 577.4%%*% 35 Qkkk 3399
Saturable R? 0.851 0.722 0914 0.723 0.881 0.968 0.776 0.949
F 125.9%*%  46.9%** 234.0%** 47.1%%* 162.7%%** 561.9%**  76.3%** 334. 7%
R? the coefficient of the determination, F the F value of the regression analysis
% P < 0.001
350
0.06
300 - a
0.05 4 a 1
— I 250 A ab
[ ab
§ 0.04- I = I
S a S 200 -
(>é :-C aI 2 a 3 a a
£ o 0031 a g a  afa E 150
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© B b a a
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= aa
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Fig. 3 Spatial and temporal variation of Vi, in different tap root
segments [I (white bar), 11 (light grey bar), 11 (dark grey bar) and IV
(black bar)] of Citrus aurantium (51 days old) exposed to NO;~ for
different times (0, 4, 8 and 24 h). Different letters indicate significant
differences at P < 0.05 (Tukey’s test)

Spatial evolution of the regulation process and kinetics
of NNUR

The regulation process of the NNUR along citrus tap root,
reported here for the first time, was performed in each root
region of citrus seedlings, showing an uniform distribution
of NNUR. Indeed, the NO;~ uptake rate increased
(induction phase) reaching complete induction after 24 h of

Fig. 4 Spatial and temporal variation of K, in different root
segments [I (white bar), 11 (light grey bar), 111 (dark grey bar) and
IV (black bar)] of Citrus aurantium (51 days old) exposed to NO; ™~
for different times (0, 4, 8 and 24 h). Different letters indicate
significant differences at P < 0.05 (Tukey’s test)

contact with the anion (full induction) in all root segments.
This temporal pattern was similar to that reported for the
whole root system of citrus seedlings (Sorgona et al. 2005)
and other woody species (Kronzucker et al. 1995; Gobert
and Plassard 2002). An initial decay phase, characterised
by a decline of the net NO; ™~ uptake, was only observed in
the more apical citrus root zones. This latter result con-
trasted with that observed in the whole root system of citrus
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unspecific antibody control

Fig. 5 Localisation of PM H"-ATPase in cross sections of different
tap root segments (/, 11, 11l and 1V) of Citrus aurantium (51 days old)
exposed at 0 and 100 uM NO;~ for 24 h. Control indicated root

Integrated Optical Density
(arbitrary units)
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Fig. 6 Spatial variation of integrated optical density (IOD) of
immunolocalisation of PM H-ATPase in different segments of tap
root (I, I, Il and 1V) of Citrus aurantium seedlings (51 days old)
exposed to O (light grey bar) and 100 uM NO3 ™~ (black bar) for 24 h.
The control is the immunolocalisation of PM H*-ATPase at time 0 h
(white bar). Different letters indicate significant differences at
P < 0.05 (Tukey’s test)

rootstocks where there was a clear decay phase after 48 h
of NO;™ contact (Sorgona and Cacco 2002; Sorgona et al.
2005). Probably, a longer time of contact with NO3~ for

@ Springer

A

0 uM NO;- 100 UM NOy-

section at time O h. Arrows showed the H"-ATPase immunostain
within the root cross sections

the root segment compared to whole root systems was
needed to increase the N-status of plants and hence to
determine the subsequent inhibition of NO;~ transport.

The spatial uniform distribution of NNUR was also
confirmed by comparison of the regulation parameters of
NNUR, which did not vary among tap root regions. Indeed,
both components of the NNUR, cHATS (B) and iHATS
(A), were similar in each root region. Further, the cHATS
and iHATS values reflected that reported in whole root
system of citrus rootstocks (Sorgona et al. 2005) and for
other plant species (Siddiqi et al. 1989). Although this
spatial uniformity of NNUR was also reported by Colmer
and Bloom (1998), Garnett et al. (2001) and Rubinigg et al.
(2002), it contrasted with that reporting either an increase
(Lazof et al. 1992; Colmer and Bloom 1998; Plassard et al.
2002) or a decrease of NO;~ fluxes from root tip (Cruz
et al. 1995; Reidenbach and Horst 1997; Hawkins et al.
2008).

To resolve these contrasting results regarding the effi-
ciency of the root segments in absorbing NO;3 ™, the kinetic
analysis which provides a measure of ‘potential’ capacity
of the NO;~ transport system (unlike the NNUR that
represents ‘actual’ capacity) was applied. The results
indicated, for the first time, that in all root segments
and times of exposure, the saturating Michaelis—Menten
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Fig. 7 Autoflorescence of cross-section of tap root of Citrus
aurantium stained with Blue-violet. Scale 0.03 mm. Left panels no
stain, right panels stained, E epidermal cells, H hypodermal cells

kinetics occurred at external NO3 ™ concentrations <200 uM,
corresponding to the activity of the HATS; conver-
sely, >200 pM NO;~ the low affinity transport system
(LATS) became apparent. Hence, 200 uM NO3;~ was a
threshold concentration separating these two systems. This
biphasic pattern (dual-phase) in response to increasing
external NO;~ concentrations was already reported in
whole root systems of citrus seedlings by Cerezo et al.
(1997) who, in contrast, indicated 1 mM NO;~ was the
threshold concentration between HATS and LATS sys-
tems. This contrasting result could be due to a different
pattern of kinetics of NNUR at the time of maximum
induction (24 h) between the apical/young (I and II) and
basal/old root segments (III and IV) compared to the pat-
tern of whole root systems obtained by Cerezo et al.
(1997). A different old/young tissue ratio for the single root
axis used in our experiment was probably responsible for
the different NO5~ threshold value.

However, the more interesting aspect of the present
paper was related to the kinetic parameters which high-
lighted that the apical root zones were more NO3~ uptake
efficient than basal ones. Indeed, in the apical root seg-
ments (I and II), a double-saturation response to external
NO;3;~ concentration characterised by two different K,
values operating at <200 and 200-1,000 pM NO;~,

respectively, was observed. This pattern, also reported for
whole root systems (Kronzucker et al. 1995), clearly
indicated that segments closer to the root tip absorb NO;~
more efficiently than basal segments. Further, this effi-
ciency of apical root zones was confirmed by V.., that
reached the maximum induction value at 4 h of exposure,
compared to 8 h for the basal root zones.

These data emphasised the role of the apical root zones
in acquiring NO3;~ from soil solution, and was consistent
with the role played by root tips (Sorgona and Cacco 2002)
and highly branched root systems (dichotomous root
topology) in NO5;~ induction (Sorgona et al. 2005) previ-
ously demonstrated in citrus rootstock.

Spatial and temporal variation of HT-ATPase protein
abundance and root structure

Two aspects strictly concerning the NO;~ uptake were
further investigated along the tap root axis: (1) the ana-
tomical barriers, such as suberisation of epidermal and
exodermal cells, which could interfere with ion uptake (for
a review see Hose et al. 2001); and (2) the variation of PM
H"-ATPase activity, an enzyme closely involved in NO;~
uptake (Santi et al. 1995, 2003).

The present study indirectly demonstrated that the sub-
erin incrustations of the hypodermal cells of citrus root
dramatically decreased the surface area for NO;~ uptake,
which is confined to epidermal cells. Furthermore, since
the thickened suberised exodermis was strictly close to the
root apex, there was a similar surface area available for
NOj;~ uptake along the citrus tap root. Hence, the homo-
geneous pattern of the NNUR along the citrus tap root
could be due to the similar surface area of exposure to the
external NO3;~ among the root zones. The reduction of the
plasmalemma surface area for ion uptake by the exodermis
was demonstrated by Kamula et al. (1994), and Colmer and
Bloom (1998) suggested that NO5;~ uptake was limited by
the exodermis in the basal root zones of maize.

However, this anatomical barrier did not justify the
temporal variation of NO;~ uptake characterised in each
root region by the full induction phase at 24 h of exposure
to external NO; ™. Considering the central role played by
H"-ATPase in NOs;~ uptake as already demonstrated in
whole roots of maize by Santi et al. (1995, 2003) and the
temporal variation of the H" flux along the root axes
(Shabala and Knowles 2002; Shabala 2003; Hayashi et al.
2005), the spatial-temporal variation of protein abundance
was investigated. The results indicated that: (1) the PM
H'-ATPase protein was particularly concentrated in the
PM of endodermis and vascular tissues; (2) the exposure to
100 uM NO;™ increased the protein abundance in all root
regions compared to the control (0 uM NO; ) and the
increase was more conspicuous in the apical root segments
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compared with basal segments, probably due to more
densely packed cells; and (3) the immunostain increased
with the time of NO3~ exposure. These results suggested
that the temporal pattern of NO;~ uptake could be strictly
correlated with increased H"-ATPase abundance. These
data confirmed the close link between NO;~ and H' flux in
root regions of citrus seedlings, as already demonstrated in
whole root systems of other woody species (Garnett et al.
2003).

Conclusion

The reported data support the conclusions that, in terms of
spatial distribution, the pattern of NO;~ uptake did not
vary along the citrus tap root axes and the presence of a
uniform suberin incrustation of hypodermal cell layers
could be responsible for this unchanged pattern of NO3™
absorption. Conversely, in terms of temporal evolution, the
NO; ™ uptake increased with time of exposure to external
NO;™ and the apical root segments had an earlier maxi-
mum induction than basal segments. The H'-ATPase
activity could be strictly correlated with this temporal
pattern of NO3;™ uptake.

The ‘potential’ NO;~ uptake capacity of the root seg-
ments evaluated by V., and K, also confirmed the spatial
uniformity and temporal heterogeneity of the NO;~ uptake
patterns along citrus tap root axes.

In summary, the apical root zones could be considered a
plant evolutionary feature to deal with a highly mobile and
heterogeneously distributed soil resource, such as NO; ™.
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