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Abstract

Spatial and temporal fluctuations in nitrate (NO3z") availability are very common in agricultural soils.
Therefore, understanding the molecular and physiological mechanisms involved in regulating NOs"
uptake in regions along the primary root is important for improving the NO-3 uptake efficiency
(NUpE) in crops. Different regions of maize primary root, named R1, R2 and R3, NO-3 starved for
3 days, were exposed to 50 uM NO-3. Electrophysiological measurements (membrane potential and
H+ and NOs fluxes) and NPF6.3, NRT2.1, NAR2.1, MHA1, MHA3 and MHA4 gene expression
analyses were carried out. The results confirmed variable spatial and temporal patterns in both NO3
and H+ fluxes and gene expression along the primary maize root. A significant correlation (P=0.0023)
between nitrate influx and gene transcript levels was observed only when NAR2.1 and NRT2.1 co-
expression were considered together, showing for the first time the NRT2.1/NAR2.1 functional
interaction in nitrate uptake along the root axis. Taken together these results suggest differing roles
among the primary root regions, in which the apical part seem to be involved to sensing and signaling
in contrast with the basal root which appears to be implicate in nitrate acquisition.

Keywords: lon-selective microelectrode, Maize root regions, MHA gene family, NAR2.1, NPF6.3,
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1. Introduction

Nitrogen, as an essential component of proteins, nucleic acids, chlorophyll and many secondary
metabolites, is one of the major limiting factors for plant growth and productivity. Therefore, a huge
amount (about 100 million tons) of N fertilizer is applied to improve crops yield annually (FAOQ,
2006), representing the major cost for agricultural systems (Masclaux-Daubresse et al., 2010). Among
N sources, nitrate (NO3) is the primary inorganic N mobile form available in agriculture soils and its
concentration varied widely (typically range between 0.5 and 10 mM) in the soil solution (Miller et
al., 2007). To cope with its high spatial and temporal fluctuation (Krouk et al., 2010), plants have
evolved highly flexible and dynamic transport systems to acquire this anion. In particular, three
transport systems coexist in plants to take up NO3from the soil solution: a constitutive (cCHATS) and
an inducible (IHATS) high-affinity transport systems (up to 500 M NO3), and a low-affinity
transport system (LATS) (higher than 500 mM NO7) (for review, see Crawford and Glass, 1998;
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Glass, 2009). Nitrate transporters belong to five protein families, NPF, NRT2, CLC, ALMT, SLAC1
(Barbier-Brygoo et al., 2011; Leran et al., 2014 ) have been identified, but only NPF and NRT2
families were significantly involved in nitrate root uptake (Nacry et al., 2013). Among the seven
genes of NRT2 family (Okamoto et al., 2003), the major contributor of the total HATS activity is
NRT2.1 (Lietal., 2007), whereas LATS is encoded by NPF family members. An exception is NPF6.3
(NRT1.1 or CHL1), which is a dual-affinity nitrate transporter (Ho et al., 2009). Moreover, recently
using maize plants high nitrate use efficiency was identified as being consistent with uptake at low
nitrate supply (El-kereamy et al., 2011; Garnet et al., 2013; Zamboni et al., 2014). Among different
genes belonging to the NRT2 family, NRT2.1 in interaction with NAR2 protein (Orsel et al., 2006),
plays a major role in nitrate uptake in iHATS system in the whole root system of many plants and
along the maize primary root (Tong et al., 2005; Okamoto et al., 2006; Wirth et al., 2007; Sorgona et
al., 2011; Yan et al., 2011). Plasma membrane (PM) H+-ATPase ensured the energy required for NO
zacquisition, showing a similar time-course pattern of NO3 uptake in wood and crop species (Miller
and Smith, 1996; Santi et al., 1995; Sorgona et al., 2010, 2011 ). In maize, MHA3 and MHA4 genes
member of the PM H,-ATPase subfamily Il appeared to be closely involved in nitrate uptake (Santi
et al., 2003; Sorgona et al., 2011). In the past few decades, spatial and temporal variability in NO3
uptake along the root axis in herbaceous (Colmer and Bloom,1998; Henriksen et al.,1992; Sorgona
et al., 2011; Taylor and Bloom, 1998) and woody plants (Hawkins et al., 2008; Luo et al., 2013;
Sorgona et al., 2010 ), has been reported, sometimes with contrasting results. Recently, Sorgona et
al. (2011) confirmed the spatial and temporal heterogeneity of the NO 3 uptake patterns along maize
root axis, underlying the important role of the apical root region in NO3 acquisition. Moreover, the
authors highlighted a strong temporal correlation between NRT2.1 and net nitrate uptake rate
(NNUR) activity, which failed at spatial level, speculating on the involvement of NAR2 protein as
essential partner for iIHATS function also along maize primary root axis (Sorgona et al., 2011 ). In
order to validate this hypothesis, in the present study, the spatial and temporal gene expression
patterns of NAR2.1 together with NRT2.1, NPF6.3 (for nitrate transport), MHA3 and MHA4 (for
PM H+-ATPase) were evaluated along maize primary root. In addition, NO“3 and H* fluxes and the
thermodynamic or free energy gradient for nitrate transport across the plasma membrane were also
estimated, to better understand their different role in NO3 uptake within the apical root region in
response to this anion.

2. Materials and Methods
2.1. Plant material and growth conditions

Maize (Zea mays L., hybrid cv. Cecilia, Pioneer Hi-bred Italia Spa) seeds, surface sterilized for 20
min in 10% (v/v) sodium hypochlorite solution and rinsed with deionized water, were germinated in
darkness at 24 C in a plastic container filled with 0.5 mM CaS04 for 72 h. Uniform size seedlings
were transferred into a growing unit containing 4.3 L of aerated one-quarter-strength Hoagland
solution without N, and placed in a growth chamber at 24 C with a 14 h photoperiod, a photon flux
density of 350 mmol m? s and 70% RH for 4 d. The nutrient solution pH was adjusted to 6.0 with
0.1 M KOH. To study the mechanism of regulation of nitrate uptake these uninduced plants (7-d old)
were exposed to 50 uM KNOs3 and at 0, 4 and 24 h before the experiments were performed. Three
primary root regions were defined according to the distance from the root apex: 0-20, 21-40, 41-100
mm e hereafter named R1, R2 and R3, respectively.

2.2. Membrane potential measurements



The membrane electrical potential of the outermost layer of cells was measured using standard glass
microelectrode techniques in R1, R2 and R3 regions after 0, 4 and 24 h of exposure to 50 mM NOs".
Single-barreled microelectrodes were prepared using filamented borosilicate glass as previously
described (Lupini et al., 2010). The microelectrode was backfilled with 200 mM KCI solution using
a 70 mm long Microfil needle (World Precision Instruments Inc., Stevenage, UK). The whole maize
primary root was placed in a Plexiglas chamber for the electrode impalement with a basic buffer
solution containing 0.2 mM KCI, 0.5 mM CaCl2,1 mM MES-KOH (pH 6) at room temperature
(24e26 C). Impalements with microelectrodes were always carried out in mature epidermal cells,
measuring the voltage difference (mV) between the inside of the cell and the external bathing
solution. The values from 80 to 140 mV were considered to define a successful cell microelectrode
impalement and measurement. The initial impalement of the epidermal cell could be visually
confirmed and by the accompanying jump in the recorded voltage after which it was not possible to
see the exact location of the tip. Before each measurement, a time interval (5 min) of stable cell
electrical membrane potential was recorded (data not shown).

2.3. NO-3 and H* fluxes measurements

Using a non-invasive microelectrode ion flux system, NOgz'and H+ fluxes in R1, R2 and R3 regions
(at 10, 30 and 50 mm from root tip, respectively), were concurrently performed after 0, 4 and 24 h of
exposure to 50 uM NOs’, at room temperature (24-26° C). Briefly, borosilicate glass capillaries were
pulled and dried in oven at 220 C overnight to dehydrate, and rendered hydrophobic by addition of
Silanization solution | (Sigma-Aldrich Chemicals Co., MO, USA). Cooled microelectrodes were
backfilled with 500 mM KNOs3 plus 100 mM KCI, and 15 mM NaCl plus 40 mM KH2PO4 (adjusted
to pH 6.0 using 0.1 M NaOH) for NO-3 and Hp, respectively. Electrode tips were filled with
commercial H+ or NOs™ ionophore (Fluka n. 95297 and 72549, respectively). A plastic tube
containing 1 M KCI in 2% (w/v) agar was used as reference electrode. Before using, electrodes were
calibrated against a range of standards (pNOs from 1 to 5 and pH from 5 to 7.2). Electrodes with
responses less to 50 mV/plon were discarded. Maize seedlings exposed to NOs were suddenly
equilibrated in a solution containing a basic unbuffer solution plus 50 uM KNO3 for 10 min. The
roots were placed in a Plexiglas chamber containing 4 ml of same solution and each electrode tip
(NOs™ or H+) was positioned at 10 mm above root surface and attached to a computer-controlled
micromanipulator (PatchMan NP2, Eppendorf AG, Hamburg, Germany) which gently moved
between two positions (with a distance of 40 mm) at a frequency of 0.1 Hz. The concentration of each
ion was calculated and the flux was estimated as reported by Newman (2001). Data analysis was
performed using DataTrax2 v. 2.079 software (World Precision Instruments Inc., USA).

2.4. Gene expression analysis
2.4.1. RNA extraction

Total RNA from R1, R2 and R3 root regions of maize seedlings (7 days old) was extracted from 100
mg of fresh tissue after 0, 4 and 24 h of exposure to 50 uM NOs". RNA was isolated using RNeasy
Plant Mini Kit (Qiagen, Milano, Italy), following the manufacturer's instructions. The RNA quality
and quantification were assayed by NanoDrop 2000 (Thermo Scientific).

2.4.2. RT-PCR



Qualitative Reverse Transcript-PCR (RT-PCR) experiments starting from 100 ng of total RNA in 25
ul reaction (QIAGEN OneStep RT-PCR kit) for each treatment (root regions and times) were used to
detect NAR2.1, NPF6.3, NRT2.1, MHA3 and MHA4 genes. Specific primers for each gene were
designed on the basis of sequences available in NCBI database. Ubiquitin (Bio-Fab research s.r.l.,
Roma, Italy) was used as housekeeping (Table S1). A set of different numbers of cycles ranging
between 25 and 35 was tested to choose those corresponding to the exponential phase for each gene.
The PCR reactions were performed under the following condition: 30 cycle of 30 s at 94 C
(denaturation), 45 s at 64 C (annealing) and 60 s at 72 C (extension); a 30 min reverse transcription
at 55 C; a 15 min hot start at 95 C at the beginning of the reactions and finally a 10 min extension at
72 C were performed. The PCR products were verified in agarose gel (1.5% w/v) using 123 bp DNA
ladder (Invitrogen) as molecular standard. All PCR experiments were repeated five times to confirm
the repeatability of the banding patterns.

2.4.3. qPCR

First-strand cDNA was synthesized from 1 mg of total RNA after DNase treatment, using QuantiTect
Reverse Transcription Kit (Qiagen, Milano, Italy), following the protocol provided by the
manufacturer. Real-Time quantitative PCR (QPCR) was performed using the SYBR® Green RT-PCR
master mix kit (Applied Biosystem, Branchburg, NJ, USA) adding 1 ml of cDNA, 0.2 mM of the
specific primer and 12.5 ml of 2X SYBR Green PCR Master Mix, in 25 ml total volume as suggested
by manufacturer's protocol. Four replicates for each treatment were performed. The conditions of
amplifications were performed as previously described by Sorgona et al. (2011) . According to the
quantification method (Livak and Schmittgen, 2001), specific primers were designed to amplify target
fragments (Table S2). The qPCR results were analyzed by the 2DDCT comparative method as
previously described in User Bulletin No 2 (Applied Biosystems) and reported in Livak and
Schmittgen (2001).

3. Statistical analysis

A completely randomized experimental design was adopted, with five replicates. All data were
checked for normality (Kolmogorov-Smirnov test) and tested for homogeneity (Leven median test).
The effects of NOz” on membrane potential of R1, R2 and R3 regions of primary maize root were
tested by one-way ANOVA within time of exposure. Nitrate and H+ fluxes were tested by twoway
ANOVA, taking into account the R1, R2 and R3 regions and the time of exposure (0, 4 and 24 h) as
factors. Further, Tukey's HSD test (p = 0.05) was applied to compare the mean values.
Thermodynamics or free energy gradient for nitrate transport across plasma membrane was estimated
by the equation proposed by Miller and Smith (1996):

AG'/F = 59{n(pH, — pH:) + (p[NO3], — p[NO3].) } +(n — 1)Aw

where n is the stoichiometry (H:NOzs", 2:1) of proton to nitrate ions for the symport, DJ is the trans-
plasma membrane potential difference and subscripts o and ¢ denote the external solution and cytosol,
respectively. The pHc and p[NOz]c values were used according to Miller and Smith (1996). Finally,
Pearson correlation (P < 0.05) between gene transcript abundances and ion fluxes was estimated.
Statistical analysis was performed using Systat v. 8.0 software package (SPSS Inc.).



4. Results
4.1. Membrane potential and ion flux measurements

In preliminary experiments, the flux measurements were carried out at different points within each
region (data not shown) and the single area identified, was taken as being representative of the entire
region. Root cell membrane potentials in R1, R2 and R3 regions, before (0 h) and after (4 and 24 h)
NOs" exposure were recorded. At 0 h, after the stabilization of Em (5 min) in a basic buffer solution
without NOgz", the Em values were significantly different among the three root regions (Fig. 1). In
particular, R1 showed a higher membrane potential (more negative, 107.5 + 2.0 mV) compared to R2
and R3, which showed no significant difference between them (83.3 £ 5.5, and 84.8 + 4.3,
respectively) (Fig. 1). A similar pattern was also observed after 4 h of NOz”exposure, where a high
membrane hyperpolarization was recorded in all root regions, with a significant higher Em value in
R1(-121 mV) compared to R2 (99 mV) and R3 (97 mV). On the other hand, the longer NO3treatment
(24 h) caused a significant depolarization (90, 78, 74 mV in R1, R2 and R3, respectively) in all root
regions, showing the same pattern among the regions (R1 > R2 > R3) (Fig. 1). Net NOz" influx showed
a progressive increase (induction phase) which reached a peak of maximum activity (full induction)
after 4 h of contact with the anion following by a subsequent decline (decay phase) in all maize root
regions (Fig. 2b). Although net NO3™influx at the root surface showed a similar trend, it significantly
differed among root regions (p < 0.001) and at different time of exposure to NO3z™ (p < 0.001). In
particular, R2 displayed a significant higher NO3z™ influx compared to R1 and R3 at both 0 and 4 h,
which disappeared during the decay phase (Fig. 2). On the other hand, net Hp efflux of R1 was higher
at all times of NO3™ exposure compared to R2 and R3, which in turn showed a similar trend. Notably,
the increase of H+ efflux in R1 was already evident after 10 min of NO-3 contact, whereas R2 and
R3 showed a similar trend but within 30 min (Fig. 3a). Furthermore, R1 exhibited a marked increase
of net H+ flux after 4 h of NOgs™ treatment followed by a decrease at 24 h. This trend was similar to
that observed for NO3™ flux (Fig. 3b). Besides, R2 and R3 showed an increase in net H* efflux after 4
h of exposure to NO3 but they did not show any reduction (Fig. 3b). Finally, marked differences in
AG/F were observed among the root regions (p < 0.002) and at different times of exposure to NOz
(p <0.001) (Fig. 4). In particular, the R1 region showed higher values of AG/F ratio (Fig. 4).

4.2. Gene expression analysis along maize root

At R1, R2 and R3 regions treated with nitrate the expression patterns of NPF6.3, NRT2.1, NAR2.1,
MHAS3 and MHA4 over time (0-24 h) were investigated and the results reported in Figs. 5 and 6. The
expression of NPF6.3 was not detectable in the root regions or at any NO3” exposure time except for
R3 region, where a low transcript level could be detected at 0 and 4 h (Fig. 5a). The time course of
NRT2.1 expression revealed the presence of transcripts before NO-3 supply (0 h), which markedly
increased after 4 h of NOs exposure in all root regions, followed by their decrease at 24 h (Fig. 5b).
In particular, the analysis of mMRNA abundance of NRT2.1 among root regions showed lower
transcript abundance in R1 compared to both R2 and R3 at 0 h. After NOs™ exposure (4 h), a higher
peak of transcripts in R3 compared to R1 and R2 regions was evident. Finally, in the decay phase (at
24 h), no differences in mMRNA accumulation among root regions were observed (Fig. 5b). Before
exposure to NOs, NAR2.1 showed a similar expression trend in all root regions analyzed. After 4 h,
NAR2.1 exhibited the highest transcript levels in R2, which had decreased in all root regions after 24
h of NOs" exposure (Fig. 5¢). The variation (%) in NRT2.1 and NAR2.1 transcript abundances during
the induction (0-4 h of exposure) and decay phases (4-24 h of exposure) was also calculated. In
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particular, R1 showed the highest increase in gene expression level (+1100% and +767% in NAR2.1
and NRT2.1, respectively). On the contrary, the R2 root region showed the highest inhibition either
for NAR2.1 expression (86%) and NRT2.1 (80%) during the decay phase (Table 1).

The MHAS3 amount of transcripts was similar in all root regions, while MHA4 showed a marked peak
of transcript accumulation in R2 and R3 at 0 h. Both MHA isoforms increased in the induction phase
(4 h): in particular, R1 showed the highest MHAS transcript level, while R2 exhibited abundance in
MHAA4 transcript level (Fig. 6a-b). Finally, both MHA isoforms displayed a similar decreasing pattern
in all root regions in the decay phase (24 h) (Fig. 6a-b). The highest increase in MHA3 and MHA4
transcript abundances variation (%) was observed in R1 region (+267% MHAS3 and +250% in MHA4)
during the induction (0-4 h), while R2 showed the highest inhibition in both MHAS3 (81%) and MHA4
expressions (86%) during the decay phase (Table 1). Finally, a Pearson correlation between NO3z™ flux
and NRT2.1/ NAR2.1 transcript levels during the induction phase in each root region was calculated.
The p values of correlation for each individual gene (NRT2.1 and NAR2.1) and NOgz™ flux were not
significant. In contrast, there was a strong correlation between NOs™ flux and the expression both
genes NRT2.1 and NAR2 when considered together (p = 0.00219) (Table 2).

5. Discussion

Understanding the physiological and molecular mechanisms of root NO3™ uptake spatial responses to
temporal NOs™ fluctuations in the soil solution is important for agronomical approaches to increase
the nitrate uptake efficiency in crops. In the last few decades, high spatial and temporal variability in
net nitrate uptake rates along the root axis of several different crop and woody species has been
demonstrated, showing the importance of the root tip in nitrate uptake (Colmer and Bloom, 1998;
Taylor and Bloom, 1998; Hawkins et al., 2008; Li et al., 2010; Sorgona et al., 2010, 2011; Luo et al.,
2013 ). Previous results demonstrated that maize root regions close to root tip (0-40 mm) exhibited
a higher ability to absorb nitrate than the basal ones. However, the transcript abundance of NRT2.1
was temporally, but not spatially correlated with NNUR activity, leading to the hypothesis that NAR2
co-expression needs to cooperate with NRT2.1 to provide NNUR activity along maize root axis
(Sorgona et al., 2011). For this reason, we tested this hypothesis by focusing on three maize root
regions (R1, R2 and R3) and by applying a noninvasive approaches to analyse NOs/H+ fluxes across
the plasma membrane. Consistent with previous results along maize root axis (Sorgona et al., 2011 )
and in agreement with maize whole-root system data (Hole et al., 1990; Jackson et al., 1973; Locci
etal., 2001; Quaggiotti et al., 2003; Santi et al., 2003), all root regions showed different temporal and
spatial net fluxes of both ions after NO-3 exposure. In particular, NOs™ influx was characterized by
both induction and decay phases, and this up and down regulation was typical after a starvation period
(Glass et al., 2002; Sorgona et al., 2005) and evident in all the root regions. The R1 and R2 regions
closer to the root tip appeared more efficient to absorb NOs than the basal one (R3), and the
microelectrodes measurement allowed us to evidence that the highest nitrate influx occurred in R2
(about 25 mm from the tip) and was maintained over time. In accordance with these results, a similar
temporal level of NRT2.1 and NAR2.1 transcript abundance was observed, showing an increase in
their expression during the induction phase followed by a downregulation. The NO-3 influx was not
spatially correlated with each single NRT2.1 or NAR2.1 gene expression along the root axis.
However, when NAR2.1 and NRT2.1 transcripts were considered together, a highly significant
correlation with NO-3 influxes was observed (p = 0.0023) (Table 2). These results supported our
initial hypothesis, indirectly demonstrating for the first time the functional interaction between
NRT2.1 transporter and a NAR-like partner for nitrate uptake along maize root axis, as already
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reported in Chlamydomonas reinhardtii (Zhou et al., 2000), Hordeum vulgare (Tong et al., 2005),
Oryza sativa (Yan et al., 2011) and Arabidopsis thaliana (Okamoto et al., 2006; Yong et al., 2010).

In accordance with the role of NRT2.1 transporter operating for iHATS, the root regions exposed to
50 uM external NOz and characterized by high NNUR showed a higher expression of NRT2
compared to the low affinity NPF6.3 transporter which operated for LATS (>500 mM external NO-
3). As a consequence, R1 and R2 did not show any NPF6.3 expression, which was detectably
expressed only in R3. The spatial and temporal profiles of net H+ efflux along maize roots were
significantly different. Notably, net H+ efflux was temporally, but not spatially correlated with NO-
3 influx, increasing during the induction phase of NO3z™ uptake and declining in the decay phase in all
the root regions. In accordance with Hawkins et al. (2008), R1 showed higher net H+ efflux compared
to the other regions over time, while no significant difference between R2 and R3 was observed.
Increased H+ efflux was correlated with an enhanced temporal expression of both MHA3 and MHAA4,
similar to that observed in NO3z™uptake, confirming the critical role played by PM H+-ATPase in NO-
3 uptake along maize root (Sorgona et al., 2011). However, after 4 h of NO3s™ exposure (induction
phase), MHA3 showed the highest expression in R1, while MHA4 transcript abundance was higher
in R2. These results confirmed the different role of these PM H+-ATPase isoforms in roots, as already
reported (Santi et al., 1995; Quaggiotti et al., 2003), and MHA4 appeared more sensitive to nitrate
with a distinct up- and down-regulation than MHAS3 (Santi et al., 2003), suggesting a different role
played by R1 and R2, characterized by greatest proton and NO3™ fluxes, respectively. Since membrane
potential can be considered as an indicator of the cell energy status depending on intra-and
extracellular features (Sze et al., 1999; Miller et al., 2001), the spatialtemporal variation of this
parameter along root axis and over time, was analyzed. Regardless of nitrate treatment, R1 showed a
relatively greater membrane hyperpolarization compared to R2 and R3, in accordance with the
observed H+ efflux pattern depending on PM H+-ATPase activity (McClure et al., 1990). This change
in membrane potential was maintained after the nitrate treatment (4 and 24 h). Furthermore, the higher
extrusion and the lower surface pH in R1 compared to R2 and R3 may stimulate cell wall expansion
and/or establish a greater electrochemical gradient to drive solute uptake, and maintain turgor in the
expansion zone during nitrate treatments (Bloom et al., 2003). This assumption was also confirmed
by thermodynamic and free energy status, where R1 showed the higher values compared to R2 and
R3, at all times of nitrate exposure, highlighting possibly higher metabolic activity, enhanced uptake
and sensitivity nearer the root apex. Overall, our results demonstrated for the first time the functional
interaction between NRT2.1 transporter and NAR2 accessory protein for nitrate acquisition along the
maize root axis. The H+ efflux and NO-3 influx together with NRT2.1/NAR2.1 and MHA3/ MHA4
expression patterns, suggest different roles played by the R1 and R2 regions in response to nitrate.
The first root region (R1) appeared to be more sensitive to nutritional and metabolic external stimuli,
while R2 was mainly involved in nitrate acquisition. Recently, Trevisan et al. (2015) showed that the
Transition Zone (TZ) in primary maize root, corresponding to our R1 region, is the critical zone for
sensing nitrate and/or environmental stimuli, whereas R2 may be considered as the root zone assigned
to uptake nitrate. Together these different methodological approaches for studying nitrate fluxes
along maize roots seem to have arrived at similar conclusions.
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Table 1.Percentage variation in the ZmNAR2.1, ZmNRT2.1, MAH3 and MAH4 transcript levels
observed during the induction (% increase from 0 to 4 h) and decay phases (% decrease from 4 to

Induction phase Decay phase

R1 R2 R3 R1 R2 R3
NARZ.1 1100 350 400 71 B6 73
NRT2.1 767 233 611 54 B0 78
MHA3 267 125 100 64 81 B3
MHA4 250 79 64 66 B6 73

Table 2. Pearson correlation between nitrate flux and transcript level of ZmNRT2.1, ZmNAR2.1
independently and in combination (NRT2.1 plus NAR2.1) during the induction phase in maize

primary root.

Transcipt Linear eguation R2 P

NRTZ2.1 ¥ =01732X+16246 0B76 0064
NAR2.1 ¥ =0.1155X+39.08 0838 005730
NRTZ.1 plus NAR2.1 ¥ =00784X+19.842 0.995 nooz219”

NS = no significant; * = significant at p < 0.05.
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Fig. 1. Cell membrane potential in R1, R2 and R3 regions of primary maize root after 0, 4 and 24 h
of exposure to 50 mM KNO3. The values are presented as mean + SE (n ¥4 5). Different letters within

the time indicate means that differ significantly, according to Tukey's HSD test at p < 0.05.
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Fig. 2. NO3 - fluxes in response to 0, 4 and 24 h of exposure to 50 mM nitrate (a), and mean flux
within the measuring period (b). Measurements were made in the primary root at 10, 30 and 50 mm
from the root tip. The values are presented as mean + SE (n % 5). Different letters indicate means that
differ significantly, according to Tukey's HSD test at p < 0.05.
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Fig. 3. H+ fluxes in response to 0, 4 and 24 h of exposure to 50 mM nitrate (a), and mean flux within
the measuring period (b). Measurements were made in the primary root at 10, 30 and 50 mm from
the root tip. The values are presented as mean + SE (n=5). Different letters indicate means that differ
significantly, according to Tukey's HSD test at p < 0.05.
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Fig. 4. Calculation of DG/F for a plasma membrane symport mechanism with 2:1Hp:NO3 -
stoichiometry along the maize root axis. The values are presented as mean + SE (n= 5). Different
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Fig. 5. Gene expression analysis of ZmNPF6.3, ZmNRT2.1 and ZmNAR2.1 in different root regions
(R1, R2 and R3) of maize seedlings exposed to 50 MMNOQO3 - for 0 (TO0), 4 (T4) and 24 (T24) hours.
(@), (b), and (c): quantification of ZMNPF6.3, ZmNRT2.1 and ZmNAR2.1 transcript accumulation in
root regions was evaluated by qPCR. Ubiquitin was used as a reference housekeeping gene. The
relative quantification of gene transcript level was performed using 2247 comparative method as
described in Materials and Methods.
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Fig. 6. Gene expression analysis MHA3 and MHAA4 in different root regions (R1, R2 and R3) of
maize seedlings exposed to 50 mMMNO3 - for 0 (T0), 4 (T4) and 24 (T24) hours. (a), (b): quantification
of MHA3 and MHAA4 transcript accumulation in root regions was evaluated by gPCR. Ubiquitin was
used as a reference housekeeping gene. The relative quantification of gene transcript level was
performed using 2-DDCT comparative method as described in Materials and Methods.
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