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Abstract Cadmium (Cd) detoxification involves gluta-
thione and phytochelatins biosynthesis: the higher need of
nitrogen should require increased nitrate (NO3;~) uptake
and metabolism. We investigated inducible high-affinity
NO;™ uptake across the plasma membrane (PM) in maize
seedlings roots upon short exposure (10 min to 24 h) to
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low Cd concentrations (0, 1 or 10 uM): the activity and
gene transcript abundance of high-affinity NO;~ trans-
porters, NO3;~ reductases and PM HT-ATPases were
analyzed. Exposure to 1 mM NOj;™ led to a peak in high-
affinity (0.2 mM) NO3 ™ uptake rate (induction), which was
markedly lowered in Cd-treated roots. Plasma membrane
H'-ATPase activity was also strongly limited, while
internal NO3;~ accumulation and NO3™ reductase activity
in extracts of Cd treated roots were only slightly lowered.
Kinetics of high- and low-affinity NO3;~ uptake showed
that Cd rapidly (10 min) blocked the inducible high-affin-
ity transport system; the constitutive high-affinity transport
system appeared not vulnerable to Cd and the low-affinity
transport system appeared to be less affected and only after
a prolonged exposure (12 h). Cd-treatment also modified
transcript levels of genes encoding high-affinity NO;™
transporters (ZmNTR2.1, ZmNRT2.2), PM H'-ATPases
(ZmMHA3, ZmMHA4) and NO;~ reductases (ZmNRI,
ZmNADH:NR). Despite an expectable increase in NO;~
demand, a negative effect of Cd on NOj3;™ nutrition is
reported. Cd effect results in alterations at the physiologi-
cal and transcriptional levels of NOs;~ uptake from the
external solution and it is particularly severe on the
inducible high-affinity anion transport system. Further-
more, Cd would limit the capacity of the plant to respond to
changes in NO;3™ availability.

Keywords ATPase - Cadmium - Nitrate reductase -
Nitrogen acquisition - Nitrate transporters NRT

Abbreviations
Cd Cadmium

GDH  Glutamate dehydrogenase
NO;~  Nitrate
NR Nitrate reductase
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PM Plasma membrane
S0,>~ Sulfate
Introduction

Multiple evidence suggests that coping with cadmium (Cd)
toxicity should require increased nitrate (NO3 ™) uptake and
metabolism. Firstly, Cd detoxification in higher plants
mainly occurs through phytochelatins, which are N- and
S-containing peptides (Clemens 2006). Their synthesis
leads to a depletion of the glutathione pool and to a de-
repression of sulfate (S042) uptake (Nocito et al. 2002),
which in turn is known to be linked to NO3~ uptake and
metabolism, as described in maize cells or in barley and
spinach plants (Clarkson et al. 1989, 1999; Prosser et al.
2001). Secondly, synthesis of phytochelatins requires glu-
tamate, but exposition to Cd inhibits glutamine synthetase
and glutamine oxoglutarate aminotransferase so that both
leaves and roots of Cd-treated plants tend to accumulate
ammonium and deplete their glutamate pool. As a conse-
quence, an increase in glutamate synthesis via glutamate
dehydrogenase (GDH) activity has been observed in dif-
ferent plant species such as barley, bean, maize and rice
(Boussama et al. 1999a, b; Gouia et al. 2000, 2003; Astolfi
et al. 2004; Lee et al. 2010): NO3;~ could help avoiding
ammonium toxicity and favor glutamate synthesis (Britto
and Kronzucker 2002). Finally, the severity of Cd toxicity
also depends on the plant N-status and an adequate rate of
NO;~ uptake may consequently facilitate Cd detoxifica-
tion: N-deficient barley plants treated with Cd show dif-
ferent metabolite pools (e.g. lower phytochelatins content),
enzymatic activity and gene transcription levels if com-
pared to N-sufficient plants treated with Cd (Finkemeier
et al. 2003). It has also been recently suggested that Cd
tolerance may involve a preferential accumulation of NO3 ™
in Arabidopsis roots (Li et al. 2010).

Despite the expectable increase in NO;~ demand, a
general negative effect of Cd on NO; ™ nutrition in higher
plants has been reported (Sanita di Toppi and Gabbrielli
1999). Cd exposure lowers NO3~ accumulation and
assimilation both in the root and in the shoot of bean and
tomato (Ouariti et al. 1997; Gouia et al. 2000). At the
enzymatic level, Cd decreases protein amount and activity
of nitrate reductase (NR) in bean and maize, probably as a
consequence of a general depression in protein synthesis
(Boussama et al. 1999b; Gouia et al. 2003). However, it is
often difficult to separate the direct effect of Cd itself from
the secondary effect caused by the cellular response to a
toxic accumulation of the heavy metal, since experimental
conditions frequently include high Cd concentrations (up to
the millimolar range) or prolonged exposures of the plants
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to the heavy metal (some days) as well as additional stress
factors, e.g., S-deficiency (Astolfi et al. 2004).

Notwithstanding the contradiction between the expected
importance of NO;~ uptake for Cd detoxification and the
proved negative effect of Cd on NO; ™ nutrition, the effect
of Cd exposure on the mechanisms of the anion’s uptake
across the plasma membrane (PM) by NO3;™ transporters
has not been studied in detail. Indeed, a decrease in NO3 ™
depletion from the external solution, as well as an inhibi-
tion of NR at the physiological level, has been described in
barley or Pisum sativum (25-50 pM Cd for up to 72 h or
10 day; Hernandez et al. 1997; Boussama et al. 1999a), but
the activity of NO3™ transporters has not been monitored.
At the molecular level, it has been observed in Arabidopsis
that Cd (5 or 50 uM Cd for up to 30 h) can rapidly alter the
transcript levels of genes encoding NO5; ™~ transporters (e.g.
AINRTI.1, AtNRT2.1, AtNRT2.2), as well as NO3;™~ reduc-
tases (AtNRI, AtNR2) and PM proton pumps (PM H™-
ATPases; e.g. AtAHA2, AtAHAS, AtAHAIO, AtAHAII,
Herbette et al. 2006).

NO;™ uptake across the root PM represents a complex
process with some peculiar characteristics shared by dif-
ferent plant species, such as: (1) a localized rapid induction
of high-affinity transporters activity upon supply of the
anion, observed at both the transcript and the protein level
(Hole et al. 1990; Miller et al. 2007; Wirth et al. 2007), (2)
a systemic negative feedback on high-affinity transporters
exerted by the intermediate products of NO3~ assimilation
(e.g. nitrite, ammonium, glutamine, asparagine, arginine;
Fraisier et al. 2000; Vidmar et al. 2000; Loque et al. 2003),
and (3) a dependence of NOj3™ transport on the electro-
chemical gradient generated by the activity of the PM H™-
ATPases (Miller and Smith 1996).

The induction of high-affinity NO3;™ transport is there-
fore considered one of the first steps of the complex
response to external NO3;~ with the anion acting not only as
a nutrient, but also as a signal eliciting the rapid gene
expression of transporters and metabolism enzymes (Krouk
et al. 2010). High-affinity NO5;~ transporters have also
been suggested to play a role in root morphology (Little
et al. 2005; Remans et al. 2006) and plant growth (Orsel
et al. 2004; Katayama et al. 2009) in Arabidopsis and rice.

Thus, it appears interesting to assess whether Cd might
affect the induction of high-affinity NO3™ transport across
the PM. In the present work, 5-day-old maize seedlings
were exposed to 1 mM NO;~ for up to 24 h (induction) in
the presence or absence of low Cd concentrations (1 or
10 uM Cd) and the induction of high-affinity NO; ™ uptake
was monitored; concomitantly, uptake kinetics, NO3z™
accumulation and reduction rate, and PM H'-ATPase
activity were measured. The transcript levels of the main
genes involved in NO;~ uptake and reduction were also
analyzed.
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Materials and methods
Plant material and growth conditions

Maize seeds (Zea mays L. cv. Cecilia; Pioneer Hi-Bred Italia
Srl, Pieve Delmona, CR, Italy) were germinated over an
aerated 0.5 mM CaSQ, solution at 27 °C in the dark. After
3 days, seedlings were transferred into an aerated solution
containing 0.5 mM CaSO, (day/night photoperiod 16/8, light
intensity 220 umol photons m > s~ ', temperature (day/
night) 25/20 °C, RH 70-80 %). After 2 days, seedlings were
transferred for NO; ™~ uptake induction to a nutrient solution
(NS) containing (mM) KNO; 1, NH4H,PO, 0.025, CaSO,4
0.4, KH,PO, 0.087, MgSO, 0.1, KCI1 0.005, FeSO, 0.01,
H;BO; 0.0025, MnSO, 0.0002, ZnSO, 0.0002, CuSO,
0.00005, H,Mo0QO,4 0.00005 and with O (induced), 1 or 10 pM
CdSO, for 0, 4, 8, 12 or 24 h. In the NS for non-induced
plants, KNO; was replaced by K,SO4 0.5 mM.

Measurement of net high-affinity NO3;™ uptake
and calculation of kinetic parameters

Roots of intact seedlings were immersed in 40 mL of a con-
stantly agitated and aerated solution containing 0.5 mM
CaSO,4 and 0.2 mM KNOj;. Net uptake was measured as
NOj;™ depletion from the solution per unit of time (Cataldo
et al. 1975), removing samples (0.2 mL) for NO3~ determi-
nation every 2 min for 10 min, span time during which uptake
had a linear trend. Aliquots of 0.2 mL were mixed thoroughly
with 0.8 mL of 5 % (w/v) salicylic acid in concentrated
H,S0,. After 20 min incubation at room temperature, 19 mL
of 2 M NaOH was added. Samples were cooled to room
temperature and NO3;~ concentration was determined spec-
trophotometrically by measuring the absorbance at 412 nm.
Kinetic parameters of the high-affinity NO;™~ uptake sys-
tem (Vnax and K,) were calculated in the 0.15-0.5 concen-
tration range. Uptake rates were measured as described above
except that the uptake solution contained 0.125,0.15,0.2,0.3,
0.5, 1, 2, 5 or 10 mM KNOs. Kinetic parameters were cal-
culated after subtracting the linear component of the uptake
rate calculated as the slope in the 0.2—0.5 concentration range.
The results were obtained using the linearization of Linewe-
aver—Burk. The linearizations of Hanes—Woolf and Woolf-
Augustinsson—Hofstee were used for comparison (Segel
1976) and gave lower absolute values for V.« and K, but
confirmed the differences between treatments. These kinetic
parameters are not to be attributed to a single transporter, but
refer to the overlapping activities of different transporters.

NO;™ reductase

NR was extracted from leaf tissues grinded in a mortar with
liquid nitrogen. The extraction buffer (50 mM potassium

phosphate buffer, pH 7.5, 1 mM ethylenediaminete-
traacetate, | mM dithiothreitol (DTT), 1 uM flavin adenine
dinucleotide, 10 pM leupeptin and 10 pM chimostatin
were then added to the tissue powder (0.04 mL mg~' FW).
The homogenate was centrifuged at 4 °C for 30 min at
12,500g. NR activity was measured immediately in the
supernatant. The reaction mixture consisted of 10 mM
phosphate buffer, pH 7.5, supplemented with 10 mM
KNO;3; and 0.1 mM NADH. The reaction was terminated
after 15 min at 28 °C in the dark, by addition of an equal
volume of sulfanilamide [1 % (w/v) in 1 N HCI] and then
naphthylethylene-diamine dihydrochloride [0.01 % (W/v)]
to the reaction mixture and the absorbance at 540 nm was
measured.

Determination of NO;~ and Cd content

Roots were rinsed three times in distilled water and blotted
with paper towels, frozen in liquid nitrogen and stored at
—80 °C until use. Leaves were collected and immediately
frozen and stored. For NO3~ content, 300 mg tissue was
homogenized in ice cold deionised water (10 mL g~ ' FW).
The homogenate was filtered through four cheesecloth
layers and transferred into 2 mL tubes, then centrifuged at
13,000g for 15 min. NO3~ concentration was determined
in 200 pL aliquots of the supernatants with the same pro-
cedure described for NO3;~ uptake assay, except that for
each sample a blank was prepared, omitting the salicylic
acid from the H,SO, solution to subtract basal noise.

For Cd content, as described in Zuchi et al. (2009), root
and shoot tissues were oven-dried at 80 °C, ashed at
550 °C, dissolved in 1 N HCI and analyzed by inductively
coupled plasma atomic emission spectrometry (Varian,
Torino, Italy).

Isolation of plasma membranes

Plasma-membrane vesicles were isolated from root samples
as described in Tomasi et al. (2009) with slight modifications:
2 g FW root tissue was homogenized with a mortar and pestle
in 4 mL freshly prepared ice-cold extraction medium:
250 mM sucrose, 2 mM MgSQO,, 2 mM adenosine 5'-tri-
phosphate, 10 % (v/v) glycerol, 10 mM glycerol-1-phos-
phate, 0.16 % (w/v) BSA, 2 mM ethylene glycol tetraacetic
acid, 2 mM DTT, 5.7 % (w/v) choline-iodide, 1 mM phen-
ylmethylsulfonyl fluoride, 20 pg mL ™' chymostatin, 25 mM
MES-1,3-bis [tris(thydroxymethyl)-methyloamino] propane
(BTP) pH 7.6 and 0.5 g=' FW polyvinylpolypyrrolidone
(PVPP). Homogenates were filtered through four layers of
cheesecloth and the suspensions were subjected to differen-
tial centrifugation steps in an Eppendorf microcentrifuge at
2 °C: 12,700g for 3 min (pellets discarded), 12,700g for
25 min (pellets recovered). Microsomes, gently resuspended
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in 400 pL of homogenization medium (extraction medium
without PVPP) were loaded onto a discontinuous sucrose
gradient made by layering 700 pL sucrose solution
(113 ¢ cm73) on a 300 pL sucrose (1.17 g cm73) cushion
and then centrifuged at 12,700g for 1 h. The sucrose solutions
were prepared in 5 mM MES-BTP pH 7.4 and contained all
of the protectants present in the homogenization medium.
Vesicles migrating to the 1.13/1.17 g cm ™ interface were
collected, diluted with 1.8 mL homogenization medium and
centrifuged at 14,000g for 30 min. Pellets were resuspended
ina 100 pL medium containing 250 mM sucrose, 10 % (v/v)
glycerol, | mM DTT, 50 pg mL~" chymostatin and 2 mM
MES-BTP pH 7.0, immediately frozen in liquid nitrogen and
stored at —80 °C.

Measurement of PM H*-ATPase activity

PM H*-ATPase hydrolytic activity was measured at 38 °C
in a 0.6 mL reaction medium (50 mM MES-BTP pH 6.5,
5mM MgSO, 100 mM KNO;, 600 uM  Na,MoOy,
1.5 mM NaNj3, 5 mM ATP-BTP pH 6.5, 0.01 % (w/v)
polyoxyethylene 20 cetyl ether (Brij 58), with or without
100 uM V,0s). The reaction was started by adding the
membrane vesicles containing 0.5 pg of total protein; after
30 min, the reaction was stopped and color developed as
previously described by Santi et al. (1995). Inorganic
phosphate was quantified spectrophotometrically at 705 nm
as described by Forbush (1983). Protein content was
determined as described by Bradford (1976), using BSA as
standard, after solubilizing membrane vesicles with 0.5 M
NaOH (Gogstad and Krutnes 1982). The activity is
expressed in pumol P mg protein h™' subtracting the quantity
produced in the enzyme assay in presence of vanadate.

Transcript levels analysis

At harvesting times, root samples were collected, imme-
diately frozen in liquid nitrogen and conserved at —80 °C
until further processing. RNA extractions were performed
using the Invisorb Spin Plant RNA kit (Stratec Molecular,
Berlin, Germany). 1 pg of total RNA (checked for quality
and quantity using a spectrophotometer, followed by
electrophoresis in agarose gel) of each sample was retro
transcribed using 1 pmol of Oligo d(T),;VN (Sigma
Aldrich, Milano, Italy), 15 U Prime RNase Inhibitor (Ep-
pendorf, Hamburg, Germany) and 10 U M-MulV RNase
H™ for 1 h at 42 °C (Finnzymes, Helsinki, Finland). After
RNA digestion with 1 U RNase A (USB, Cleveland, OH,
USA) for 1 h at 37 °C, transcript levels analyses were
performed by adding 0.1 pL of the cDNA to FluoCycleTM
sybr green (20 pL final volume; Euroclone, Pero, MI, Italy)
in a DNA Engine Opticon Real-Time PCR Detection
(Biorad, Hercules, CA, USA).
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Primers (T, = 58 °C) were the following: ZmNRT2.1
(AJ344451), GATCGACGATCACCTATACCTC and GTG
CTCCGTTGACATGAG (PCR efficiency 69 %); ZmNRT
2.2 (AY659965), CCTACCTTTACGTGTATGCCTTG and
GATGTGCCAACGATATTCATC (PCR efficiency 83 %);
ZmMHAI (U09989), CGAGAACAAGACGAGCTTCA
and CAGTGGAGATGCTCGACAAA (PCR efficiency
75 %); ZmMHA2 (X85805), TCCGACTGTTGTTTGTCG
AG and CACCGACTCCATCCTCATCT (PCR efficiency
71 %); ZmMHA3 (AJ441084), GCCAAGAGACGAGCTG
AGAT and CACCGTGTAGTTCTGCTGGA (PCR effi-
ciency 84 %); ZmMHA4 (AJ539534), CGGTGATGTGAT
TGGAGACA and CGGTGATGTGATTGGAGACA (PCR
efficiency 93 %); ZmNRI (AF153448), CCAGCCGACTT
GCCAGCGTAA and GCATGGCCTATGTTATCTGCTG
CTC (PCR efficiency 85 %); ZmNADH:NR (M27821),
GGTCTTTGGAGGTGGAGGTGCTG and CTCTGGCT
GCGTATTCAAACTCTCGT (PCR efficiency 85 %);
ZmST1.1 (AF355602), AAGTGGAATCCATGCTTTGG
and CTGAGCGGAGCTTCTGGAT (PCR efficiency 74 %).
As housekeeping genes, ZmPolyU (polyubiquitin, S94466,
GTACCCTCGCCGACTACAAC and ATGGTCTTGCCA
GTCAAGGT, PCR efficiency 83 %), and ZmRPL17 (ribo-
somal protein L17, AF034948, AAAGTCTCGCCACTCC
AATG and ACGTCCAAGCCTTTCACATC, PCR effi-
ciency 90 %) were used. Triplicates were performed on three
independent experiments; analyses of real-time result were
performed using Opticon Monitor 2 software (Biorad) and R
(version 2.9.0; http://www.r-project.org/) with the qPCR
package (version 1.1-8; http://www.dr-spiess.de/qpcR.html).
Efficiencies of amplification were calculated following the
authors’ indications (Ritz and Spiess 2008).

Transmembrane topology prediction

Predictions have been carried out at the PSIPRED Protein
Structure Prediction Server of the University College of
London (http://bioinf.cs.ucl.ac.uk/psipred/) using MEM-
SAT3 with the default settings and the sequences retrieved
from NCBI (http://www.ncbi.nlm.nih.gov/protein) for the
following proteins: ZmNRT2.1 (CAC87729.2), ZmNRT2.2
(AY659965.1), ZmNRT1.2 (AAY40798.1) and ZmNAR?2.1
(AAY40796.1).

Statistical analysis

Computation of the graphical representation and statistical
validation (ANOVA and Student’s ¢ test; P < 0.05) were
performed on data belonging to each time point (not
between different time points) using SigmaPlot 11.0 (Sy-
stat software, Point Richmond, CA, USA). Transcript
levels data were illustrated considering the differences in
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the PCR efficiency of amplification and using the mean
transcript level of the housekeeping genes ZmPolyU and
ZmRPL17 in roots of control non-induced plants at time
zero as reference.

Results

The data presented have been obtained using maize seed-
lings exposed to 0, 1 or 10 pM Cd during a 24-h induction
for NO3;~ uptake (1 mM NO;3; ). In our experimental
conditions Cd exposure did not produce any apparent
symptoms of toxicity. As expected (Nocito et al. 2002), a
typical detoxification response was activated by all Cd-
treated plants, as evidenced by decreased glutathione pools,
increased non-protein thiols concentrations and higher
SO,*~ uptake capacity (Online Resource 1: Suppl. Figs.
S1-S3). At the end of the exposure period, Cd concentra-
tion was higher in the roots as compared to the shoots (184
vs. 52 pug g~ DW and 470 vs. 102 pug g~' DW, in plants
treated with 1 and 10 pM Cd, respectively).

Cd effect on the induction of high-affinity NO; ™
transporters’ activity, NO;~ accumulation
and reduction

Induced plants, when treated with 1 mM NO;~, gradually
developed a greater net high-affinity NO3~ uptake rate,
measured at 0.2 mM NO;~, with a peak after 12 h of
treatment and a subsequent de-induction phase (Pinton
et al. 1999; Santi et al. 2003); the increase in net high-
affinity NO3~ uptake was not observed in plants not sup-
plied with NO3;~ (control non-induced), which maintained
their basal uptake rate all along the experimental period
(Fig. 1). On the other hand, the presence of Cd in the
nutrient solution strongly affected the induction of root
high-affinity NO;~ uptake: only a slight induction of the
high-affinity net NO3~ uptake rate was observed in plants
supplied with both 1 mM NO;~ and 1 pM Cd (indu-
ced + 1 uM Cd); the presence of 10 pM Cd strongly
impaired induction of the high-affinity NO;~ uptake
(Fig. 1). Conversely, no significant alteration was observed
in the constitutive net high-affinity NO; ™ uptake rate (non-
induced + 1 or 10 uM Cd; Fig. 1).

NO;™ supply also produced a gradual increase in the NR
activity of the roots, which was slightly, although signifi-
cantly, less pronounced in the presence of Cd (Fig. 2a). In
induced Cd-treated plants, root NO3~ content was similar to
that of the control-induced plants and started to decline after
8 h of treatment with the highest Cd concentration (10 pM
Cd) (Fig. 2b). NO3 ™ accumulation in the roots was faster and
more pronounced than in the shoots: NO3;~ content was
about twofold higher in the roots than in the shoot after

High-affinity net nitrate uptake rate
(umol gFW 1 71y

0 T T T T T T
0 4 8 12 16 20 24

Time (h)

Fig. 1 High-affinity net NO; ™ uptake rate in roots of maize seedlings
supplied with 1 mM NO;™~ and O (control induced), 1 or 10 pM Cd in
the nutrient solution. Control non-induced plants were treated in
nutrient solution without NO;~. Net NO;~ uptake was measured
spectrophotometrically as the depletion from a solution containing
0.2 mM NO; . Closed circles, control induced; open circles,
induced + 1 uM Cd; closed triangles, induced + 10 uM Cd; open
triangles, control non-induced; closed squares, non-induced + 1 M
Cd; open squares, non-induced + 10 uM Cd. Data are mean £ SD,
letters refer to statistically significant differences within each time
point among independent experiments, underlined letters refer to
overlapping data not significantly different among treatments
(ANOVA, n =3, P < 0.05)

24 h (Fig. 2b). NO3™ content after 24 h exposure to 0, 1 or
10 uM Cd was 100, 94 and 71 %, respectively, in the root,
and 100, 84 and 63 %, respectively, in the shoot.

The activity of the PM HT-ATPase, which is known to
increase in maize in response to NO3~ supply (Santi et al.
1995) was measured in vesicles isolated from roots. The
time course of ATP hydrolysis rate in the different treat-
ments was similar to that described for NO3;~ uptake rate.
Figure 3 shows an increase in the ATP hydrolysis rate in
the vesicles isolated from roots of control-induced plants,
with a peak after 12 h of treatment which matches the time
of maximum NO;~ uptake rate measured at 0.2 mM (see
Fig. 1). On the other hand, induced Cd-treated plants only
showed a slight increase in their ATP hydrolysis rate.

Cd effect on NO; ™ uptake kinetics

NO;™ uptake rates as a function of external NO3;~ con-
centration, in the range of 0.125-10 mM, were measured
(Figs. 4, 5; Table 1). The kinetic parameters (V.x and K,)
for the high-affinity transport, which was considered to be
operating below 0.5 mM NO;~ (Hogh-Jensen et al. 1997;
Siddiqi et al. 1990) were calculated after subtraction of the
linear component of the uptake rate, estimated as the slope
in the 0.2-0.5 mM concentration range (Table 1).

In a first set of measurements (long exposure; Table 1;
Fig. 4), root NO3~ uptake rates were compared among
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Nitrate reductase activity
(umol NO,” mg protein'1 h'1)

80

Nitrate content
(umol gFW™ 1

Time (h)

Fig. 2 Activity of NR (a) and NO3~ content (b) in shoots (above)
and roots (below), measured spectrophotometrically after extraction
from root tissues of maize seedlings supplied with 1 mM NO;5™~ and 0
(control induced), 1 or 10 pM Cd in the nutrient solution. a Closed
circles, control induced; open circles, induced + 1 uM Cd; closed
triangles, induced + 10 uM Cd. b White bars, control plants at time
zero; black bars, induced; light grey bars, induced + 1 uM Cd; dark
grey bars, induced + 10 uM Cd. Data are mean =+ SD, [etters refer to
statistically significant differences within each time point among
independent experiments (ANOVA, n = 3, P < 0.05)

different treatments: (1) plants supplied for 12 h with a
complete nutrient solution containing no NO;~ (non-
induced), (2) plants supplied for 12 h with a complete
nutrient solution containing no NO3;~ and with the addition
of Cd (non-induced + 1 pM Cd), (3) plants fed for 12 h
with a complete solution containing 1 mM NO;z™
(induced), and (4) plants treated for 12 h with both NO3™
and Cd (induced + 1 pM Cd). Induced plants, compared to
non-induced ones, showed increased NO;~ uptake rates
both in the high- and low-affinity concentration ranges
(Fig. 4a, b, respectively). The kinetic parameters calculated
for the high-affinity NO;~ uptake (Table 1) showed a
decrease in the K, value of induced plants and an increase
in the V.. On the other hand, non-induced plants did not
show any difference when compared to non-induced ones
treated with Cd (Fig. 4a). Finally, induced plants treated
with Cd showed an intermediate uptake rate in the
low-affinity concentration range (Fig. 4b), while in the
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120 +

100

80

60 T T T
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Time (h)

T T T

PM H*-ATPase phospho-hydrolysing activity
(umolPj mg proteln'1 h'1)

Fig. 3 Vanadate-sensitive phospho-hydrolysing activity of the PM
H*-ATPase in vesicles isolated from roots of maize seedlings
supplied with I mM NO; ™ and O (control induced), 1 or 10 uM Cd in
the nutrient solution. Phospho-hydrolysing activity was measured
spectrophotometrically on root microsomal fractions. Closed circles,
control induced; open circles, induced + 1 uM Cd; closed triangles,
induced + 10 pM Cd. Data are mean =+ SD, letters refer to
statistically significant differences within each time point among
independent experiments (ANOVA, n = 3, P < 0.05)

high-affinity concentration range the uptake rate remained
similar to the constitutive uptake rate of non-induced plants
(Fig. 4a). In these latter plants, Cd effect was particularly
evident on the K,,, value, while the V,,,, value was between
that of non-induced and control induced plants (Table 1).

A second set of measurements (short exposure, Fig. 5) was
performed using plants either non-induced or induced with
1 mM NO;s~ for 12 h without any Cd addition, and then
exposed to 0 or 1 uM Cd during the 10-min NO3;™ uptake
assay. Again, when NO3 ™ uptake was measured in the high-
affinity concentration range, the short exposure to Cd did not
cause any significant decrease in the constitutive uptake rates
of non-induced plants, but strongly depressed uptake rates of
induced plants (Fig. 5a). In Cd-treated plants, K,,, value was
similar independent of NO; ™~ induction and comparable to that
of plants not induced for NO3; ™ uptake and not exposed to Cd
during the NO3 ™ uptake assay (control non-induced; Table 1).
Vmax value was significantly decreased by the short Cd treat-
ment in plants induced for NO; ™~ uptake (control induced).
Different to the prolonged exposure described above, the short
exposure to Cd did not affect, either in non-induced or induced
plants, the NO;~ uptake rates measured in the low-affinity
concentration range, which remained as high as that of plants
that were never exposed to the heavy metal (Fig. 5b).

Cd effect on transcript levels of genes related to NO3 ™
acquisition in root tissues

The transcript amount of the genes ZmNRT2.1 and
ZmNRT2.2, which encode two putative high-affinity trans-
porters, was analysed. mRNA level of ZmNRT?2.1 reached a
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Fig. 4 Net NO;3~ uptake kinetics in roots of maize seedlings after
prolonged exposure to Cd (12 h), measured in the high-affinity
concentration range (0.125-0.5 mM NO;™, a) and in the low-affinity
concentration range (0.5-10 mM NO;~, b). Control induced plants
were supplied with 1 mM NO;3;~ for 12 h before the uptake assay;
control non-induced plants were treated for 12 h in nutrient solution
without NO;3~. For Cd-treated plants 1 ptM Cd was added to the
nutrient solutions for 12 h. Closed circles, control induced; open
circles, induced + 1 uM Cd; open triangles, control non-induced;
closed squares, non-induced + 1 pM Cd. Net NO;~ uptake was
measured spectrophotometrically as depletion from solutions con-
taining different concentrations of NO; ™. Data are mean =+ SD, letters
refer to statistically significant differences within each time point
among independent experiments; underlined letters refer to overlap-
ping data not significantly different among treatments (ANOVA,
n =4, P <0.05)

maximum between 8 and 12 h from the beginning of NO; ™
supply in roots of control-induced plants (Fig. 6a). On the
other hand, in induced Cd-treated plants no significant
change in ZmNRT?2.1 transcript accumulation was measured
during the experimental time span (Fig. 6a). Consequently,
mRNA amount after 12 h from starting NO3;~ supply
appeared to be significantly higher in control-induced plants
than in plants treated with 1 pM Cd. After 24 h ZmNRT2.1
transcripts in induced Cd-treated plants showed values that
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Fig. 5 Net NO;3~ uptake kinetics in roots of maize seedlings after
short exposure to Cd (10 min), measured in the high-affinity
concentration range (0.125-0.5 mM NOj, a) and in the low-affinity
concentration range (0.5-10 mM NO;~, b). Control induced plants
were supplied with 1 mM NO;~ for 12 h before the uptake assay;
control non-induced plants were treated for 12 h in nutrient solution
without NO; ™. For Cd-treated plants 1 pM Cd was added to the assay
medium (10 min). Labels, measurements and statistical analyses as
described in Fig. 4

were not significantly different from those of control-
induced plants, where feedback regulation started to occur.

The time course of ZmNRT2.2 mRNA accumulation
showed a peak after 4 h in control-induced plants with a
2.9-fold increase when compared to O h (Fig. 6b). Cd-
treated plants showed a clear increase in transcript level
only after 24 h with values 5.6 times higher than at 0 h.

ZmMHA3 and ZmMHA4 encode two putative PM H*-
ATPases. The accumulation of ZmMHA3 transcripts in
control-induced plants peaked after 4 h of treatment and
later declined (Fig. 6¢). In Cd-treated plants the increase in
ZmMHA3 mRNA was lower and delayed reaching a peak
after 8 h (Fig. 6¢).

Transcript amount of ZmMHA4 showed, in control-
induced plants, a trend similar to that of ZmMHA3, with a
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Table 1 Kinetic parameters of the high-affinity NO3;™ uptake system

K (WM) Vi (wmol g FW™"h™"
Control non-induced 86+ 2B 5.02+043C
Control induced 30£2A 1233 £ 23 A
Non-induced, 10-min Cd 74 £ 10 B 6.29 £ 1.79 BC
Induced, 10-min Cd 79 £ 16 BC 948 £ 122 B
Non-induced, 12-h Cd 89+ 2B 551 £1.63C
Induced, 12-h Cd 94 +04C 787 £0.75 B

Kinetic parameters (V,.x and K,,) of the high-affinity NO3;~ uptake
system refer to the overlapping activities of different transporters.
Control non-induced plants were supplied for 12 h with a nutrient
solution containing no NO;3; ™, whereas control induced plants were
supplied for 12 h with a complete nutrient solution containing 1 mM
NO;™. A 10-min Cd means that Cd was only added during the
10-minutes NO; ™~ uptake assay, while a 12-h Cd means that Cd was
added for 12 h into the nutrient solution. The parameters were cal-
culated in the 0.15-0.5 concentration range on the values reported in
Figs. 4a and 5a, after subtraction of the linear component of the
uptake rate calculated as the slope in the 0.2—0.5 concentration range.
The linearization of Lineweaver—Burk was used; the linearizations of
Hanes—Woolf and Woolf—Augustinsson—-Hofstee were used for
comparison (Segel 1976) and gave lower absolute values for V.« and
K, but confirmed the differences between treatments. Letters refer to
statistically significant differences within each time point among
independent experiments (¢ test, n = 4, P < 0.05)

peak of similar extent (8.2 and 7.1-fold increase compared
to 0 h, respectively for ZmMHA3 and ZmMHA4) after 4 h.
Plants treated with 1 pM Cd did not show any signifi-
cant accumulation of ZmMHA4 transcript (Fig. 6d). The
mRNAs of the genes encoding for two other putative PM
HT-ATPases were not detectable (ZmMHAI, ZmMHA?2,
data not shown), as previously reported for maize roots
(Santi et al. 2003).

The transcript levels of ZmNRI and ZmNADH:NR,
encoding two maize NRs (Hyde and Campbell 1990;
Campbell 1992; Dwivedi et al. 1994), were also examined.
ZmNRI transcript progressively accumulated in control-
induced plants reaching a maximum after 8 h (value 2.5
times higher than O h) and then declining (Fig. 6e). In
induced plants treated with 1 pM Cd this pattern was
delayed: the mRNA amount increased only after 12 h and
was significantly higher than in control-induced plants after
24 h (Fig. 6e).

ZmNADH:NR transcript did not show significant
accumulation in control-induced plants, but rather a
decrease after 8 and 24 h (0.5 times the level measured
at 0 h; Fig. 6f). After 12 h, however, the transcript level
was comparable to that measured at O h and was sig-
nificantly higher than in induced Cd-treated plants. In
induced Cd-treated plants the transcript abundance was
significantly lower at any time during the time span of
the experiment as compared with values recorded at O h

(Fig. 6f).
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Discussion

Cadmium is known to affect NO; ™ nutrition at the physi-
ological and molecular levels in different plant species
(Ouariti et al. 1997; Herbette et al. 2006). The Cd con-
centrations used in this work were low enough to avoid the
development of any visible toxicity symptom during the
experimental period. Nevertheless, the plants showed a
marked and dose-dependent decrease in their capability to
develop a higher capacity for NO; ™~ uptake measured in the
high-affinity range (0.2 mM NO;~; Fig. 1).

As Cd is known to lower the protein and activity levels
of NR in maize (Boussama et al. 1999b), the lack of
induction of NO; ™ uptake in Cd-treated plants could be due
to a negative feedback caused by the impairing of the
assimilatory pathway, as also reported for barley, tobacco
or Arabidopsis (Fraisier et al. 2000; Vidmar et al. 2000;
Loque et al. 2003). Indeed, we observed that root NR
activity was slightly, but significantly depressed in the
presence of Cd (Fig. 2a). However, a decrease rather than
an increase of NO;~ accumulation was measured, as
compared to induced roots, in the roots of Cd-treated
plants, particularly in those treated with 10 uM Cd
(Fig. 2b). The highest proportion of NO;~ is generally
translocated and undergoes reductive assimilation in the
shoot (Lewis et al. 1982). In our experimental conditions,
shoot NO3™ content was always lower than in the root and
the differences between control NO; -induced plants and
Cd-treated ones were greater in the shoot as compared to
the root (Fig. 2b). Thus, as there was no higher NO;~
accumulation either in the root or in the shoot of Cd-treated
plants, the rapid inhibition of NO; ™ uptake induction does
not appear to be related to a negative feedback due to the
impairing of the assimilatory pathway (i.e. lowered NR
activity and excess NO5;~ accumulation), while it is more
compatible with a limited influx of the anion. Interestingly,
a preferential accumulation of NO5;™~ in the roots of Cd-
stressed plants has been repeatedly reported in different
plant species, suggesting that NO;™ retention in the roots
of Cd-treated plants may function as a strategy to protect
roots (Hernandez et al. 1997; Chaffei et al. 2004; Li et al.
2010). However, since Cd has a detrimental effect on the
development of inducible high-affinity NO3;~ uptake, an
increase in root NOjz;~ content through an accelerated
uptake rate is unlikely. Coherently, other responses have so
far been described such as: (1) reduced root-to-shoot
nitrogen translocation due to decreased transpiration in
P. sativum (Hernandez et al. 1997), (2) N-recycling (e.g.
asparagine synthesis) and shoot-to-root translocation of
reduced N-compounds in tomato (Chaffei et al. 2004), and
(3) increased activity of AtNRT1.8, an Arabidopsis low-
affinity NO;~ transporter localized in the PM of xylem
parenchyma cells which unloads NO;™ from the xylem sap
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and is strongly up-regulated by Cd exposure (Li et al.
2010).

NO;~ uptake is energized by the PM H'-ATPase
activity (McClure et al. 1990a, b); it has been shown in
maize that the response to NO;~ supply involves an
increase both in the transcription and the protein level of the
enzyme (Santi et al. 2003). Cd has been reported to alter PM
permeability in P. sativum and maize, thus leading to an
apparent decrease of the proton pumping activity that, in
turn, requires higher ATP hydrolysis rates to sustain the
proton electrochemical gradient (Hernandez and Cooke
1997; Astolfi et al. 2005; Nocito et al. 2008). A direct
inhibition of PM H*-ATPase has been demonstrated in
maize, but only for high Cd concentrations (>50 pM;
Nocito et al. 2008). In our experimental conditions there
was no direct inhibition of PM H*-ATPase caused by Cd

aa

4 8 12 24 0 4 8 12 24
Time (h) Time (h)

(either on proton pumping or ATP hydrolysis rates, Online
Resource 1: Suppl. Fig. S4). On the other hand, the proton
pumping rate was lower in vesicles purified from plants
induced for NO;™ uptake in the presence of Cd (Online
Resource 1: Suppl. Fig. S5), compared to plants induced
only in presence of NO3; ™. The ATP hydrolysis rate was also
markedly lower in vesicles extracted from roots of plants
induced for NO;™ uptake in the presence of Cd (Fig. 3), as
was high-affinity NO3~ uptake (Fig. 1). Thus, the lack of
induction of PM H"-ATPase activity seems to be related to
the lack of induction of the high-affinity NO;™ transporter,
rather than to an effect of Cd on the PM H*-ATPase itself or
on membrane properties (e.g. permeability).

We further studied in detail the Cd effect on the dif-
ferent NO;~ transport systems. The functionality of the
constitutive high-affinity NO;3;™ transport system was not
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significantly affected by Cd exposure, while the low-
affinity transport of NO; ™ -induced plants was only affected
after a prolonged exposure to Cd (12 h). On the other hand,
a 10-min exposure to Cd of NO; ™ -induced plants dropped
their high-affinity transport rate to the levels of non-
induced plants (Fig. 5a). Since a significant Cd accumu-
lation in the root during the 10-min assay can be reasonably
excluded, results rather support a direct effect of the heavy
metal on the inducible high-affinity NO;3™ transporters
located at the PM. ZmNRT2.1 and ZmNRT2.2 (putative
high-affinity transporters) are predicted to carry one and
two cysteine residues, respectively, on the external side of
the PM; thus these cysteines would be exposed to Cd
present in the external solution and CD readily reacts with
thiols. This is not the case for ZmNRT1.2 (putative low-
affinity transporter). Moreover, to be fully functional,
several NRT2 transporters need to interact with other
proteins such as AtNAR2.1 in Arabidopsis (Orsel et al.
2006; Okamoto et al. 2006; Yong et al. 2010; Kotur et al.
2012), OsNAR2.1 in rice (Yan et al. 2011) and HYNAR2.3
in barley (Tong et al. 2005; Ishikawa et al. 2009). A protein
with high sequence homology is also found in maize
(ZmNAR2.1) and it might be needed for high-affinity
NO;~ uptake. Based on the prediction of transmembrane
protein topology, ZmNAR2.1 would carry three cysteine
residues on the external side of the PM. This might be a
possible explanation for the different sensitivity to Cd
exhibited by high- and low-affinity NO;3;™ transporters,
although these aspects deserve additional research efforts.

The induction of NO;3;™ uptake is known to be regulated
at the transcriptional level in different plant species (Hole
et al. 1990; Wirth et al. 2007). The results of the present
work (Figs. 1, 6a) give further support to the idea that
ZmNRT2.1 would be the putative main inducible high-
affinity transporter for NO3;~ uptake from the external
solution in maize (Santi et al. 2003; Trevisan et al. 2008).
In Cd-treated plants the induction of high-affinity NO3™
uptake was very low (1 uM Cd; Fig. 1) and no significant
change in ZmNRT2.l transcript amount was observed
during the experimental period (Fig. 6a). The residual
induction of NO3™ uptake in induced plants treated with
1 uM Cd (Fig. 1) might well be due to the operation of
low-affinity transporters (Figs. 4b, 5b). By subtracting the
linear component due to the low-affinity transporters
(Fig. 4a) it became apparent that the only component of the
high-affinity transport system still active, after a 12 h Cd
treatment, was the constitutive one.

ZmNRT2.2, another putative high-affinity NO3~ trans-
porter, has been found to localize both in the cortex and at
higher levels in the central cylinder of maize plants, where
it likely plays a role in controlling root-to-shoot translo-
cation of the anion (Trevisan et al. 2008). In control-
induced plants it showed an early (4 h) increase in its
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transcript level, indicating a possible involvement in NO; ™~
translocation towards the shoot for assimilation (Fig. 6b).
In Cd-treated plants ZmNRT2.2 exhibited a marked
increase in mRNA accumulation only after 24 h (Fig. 6b).
Such a behaviour might be related to the need of balancing
the lack of induction of ZmNRT2.1, as it has been sug-
gested for Arabidopsis (Li et al. 2007); alternatively it
might be part of a reaction aimed at improving the root-to-
shoot translocation of NO3~ notwithstanding the limited
influx (Trevisan et al. 2008). Finally, it is interesting to
note that both ZmNRT2.1 and ZmNRT2.2 transcripts were
detectable before NO3;~ supply, supporting the view of
their possible involvement in the constitutive high-affinity
NO;™ uptake system (Trevisan et al. 2008).

The transcript amounts of ZmMHA3 and ZmMHAA4,
encoding the putative PM H*-ATPases reported to be up-
regulated in response to NO3~ supply (Santi et al. 1995,
2003), showed a peak with similar timing and extent
(Fig. 6¢, d). However, in Cd-treated plants the response
was different for the two genes. ZmMHA4 has been
described as more responsive to NO3~ (Santi et al. 2003)
and conceivably in Cd-treated plants its mRNA amount
remained comparable to that of O h throughout the Cd-
treatment. Conversely, ZmMHA3 transcript accumulation
showed a peak in Cd-treated plants, although delayed and
with a reduced amplitude with respect to control-induced
plants. These results support the existence of a strict rela-
tionship, extending to gene transcription levels, between
NOj;™ transporters and isoforms of the PM proton pump in
both control-induced and induced Cd-treated plants.

In higher plants, NO;~ exposure is known to induce
the transcription of genes encoding NR (Gowri et al.
1992; Stitt 1999). A close relationship between NR
activity and ZmNRI transcript level (Figs. 2, 6e) was also
observed in our control-induced plants. Moreover, high-
affinity NO3;~ uptake rate and ZmNRT2.1 transcript level
peaked after 12 h from NO;3;~ supply (Figs. 1, 6a), when
ZmNR1 mRNA accumulation was still significantly higher
than at O h. Therefore, this putative NR isoform might
contribute to the assimilation of NO;~ taken up in maize
roots. Cd-treatment did not change the expression pattern
of the gene; rather it caused a temporal shift with a peak
of expression at 12-24 h from the beginning of the
experiment (Fig. 6e). This might be due to a reduced
influx of NO3;™ into the root cells; on the other hand, it
might account for the maintenance of a high level of
activity during the experimental period even in the pres-
ence of Cd. This behaviour might be part of a response to
counteract the interference exerted by Cd at the tran-
scriptional and physiological level.

ZmNADH:NR, instead, does not appear to be actively
involved, at least at the transcriptional level, in response to
incoming NO3™~ in maize (Fig. 6f).



Planta (2012) 236:1701-1712

1711

Interestingly, we described a delay in gene transcription
for ZmNRT2.2, ZmMHA3 and ZmNRI (Fig. 6b, c, e,
respectively) upon exposure to NO;~ in the presence of
1 uM Cd; hence, this response appears to be shared upon
Cd stress by several genes coding for proteins involved in
the induction of high-affinity NO;~ uptake. Thus, the
analysis of gene expression pattern supports the idea that
the inhibition of NO3~ uptake by Cd limits the develop-
ment of a higher uptake capacity (induction) in roots
exposed to the anion also through an interference on
transcriptional events, and that this interference is exerted
with some specificities on the different target genes.

In conclusion, the results of the present work indicate
that Cd interference in the process of NO;  uptake
induction involves a direct inhibition of the inducible high-
affinity NO; ™~ transport system. This effect could, in turn,
decrease the uptake of the anion and the subsequent
induction of physiological and transcriptional processes.
These results also show that a Cd concentration as low as
1 uM is able to limit the plant’s ability to respond to
fluctuations in the external NO3~ concentration.
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