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SUMMARY

e An understanding of nitrate (NO3") uptake throughout the lifecycle of plants and
how this process responds to N availability is an important step towards the
development of plants with improved nitrogen use efficiency.

e NOsj uptake capacity and transcript levels of putative high and low affinity NO5
transporters were profiled across the lifecycle of dwarf maize (Zea mays) plants
grown at reduced and adequate NO;".

e Plants showed major changes in high affinity NOs™ uptake capacity across the
lifecycle which varied with changing relative growth rates of roots and shoots.
Transcript abundance of putative high affinity NOj3™ transporters (predominantly
ZmNRT?2.1 and ZmNRT2.2) were correlated with two distinct peaks in high-
affinity root NO3™ uptake capacity and also N availability. Reducing NO3™ supply
during the lifecycle led to a dramatic increase in NO3™ uptake capacity which
preceded changes in transcript levels of NRTs, suggesting a model with short term
post-translational regulation and longer term transcriptional regulation of NO3
uptake capacity.

e These observations offer new insight into the control of NO3™ uptake by both
plant developmental processes and N availability and identifies key control points
that future plant improvement programs may target to enhance N uptake relative

to availability and/or demand.
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INTRODUCTION

A vast amount (>100 million T) of nitrogen (N) fertilisers are applied to crops annually to
maximise yield (FAO, 2006). However, in cereal production, only 40-50 % of the applied N
is actually taken up by the intended crop (Peoples et al., 1995; Sylvester-Bradley & Kindred,
2009). Given this low N uptake efficiency, we believe a better understanding of the N uptake
process in cereals would help identify the limiting factors contributing to poor N uptake
efficiency and overall cereal N use efficiency (NUE). NUE in this case refers to grain yield
per unit of available N in the soil (Moll et al., 1982; Dhugga & Waines, 1989; Good et al.,

2004).

This study is focussed on the uptake and use of NOj" as it is the predominant form of N in
most high-input agricultural soils (Wolt, 1994; Miller et al., 2007). Plant NOs™ uptake
generally involves two types of transport systems, one involving high-affinity (HATS) and
another low-affinity (LATS) transporters (Glass, 2003). In Arabidopsis, four NO3
transporters have been linked to NO3™ uptake from the soil: NRT1.1 and NRT1.2 from the
LATS class, and NRT2.1 and NRT2.2 from the HATS (Tsay et al., 2007). NRT 1.1 (Chll) is
unique among these in that it displays dual-affinity towards nitrate depending upon its
phosphorylation status (Liu ef al., 1999). Although we now have some fundamental
knowledge of the functionality of these transporters, our understanding of their roles and of

the regulation of NOs™ uptake remains limited.

Certain aspects of the regulation of the Arabidopsis uptake system have been extensively
examined. For example, the NOs™ uptake capacity of the HATS shows strong induction when
plants are exposed to NOj" after a period of N starvation and uptake capacity is repressed

following a period of sufficient NO3™ (Minotti et al., 1969; Jackson et al., 1973; Goyal &
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Huffaker, 1986; Aslam et al., 1993; Henriksen & Spanswick, 1993; Zhuo et al., 1999). This
strong induction and repression is reflected in the transcript levels of AtNRT2.1 and
AtNRT?2.2, which follow the induction and repression of the uptake capacity (Zhuo et al.,
1999; Okamoto et al., 2003). Redinbaugh and Campbell (1993) referred to this pattern of
induction and repression as the primary NO3™ response. Whether this N response is relevant to

longer time scales and to soil N characteristics of typical cropping soils has yet to be shown.

The relative roles of NRT transporters in the uptake of NOs from the soil remain unclear but
circumstantial evidence has been used to postulate their activities. First, the NO3
concentration in agricultural soils is generally in the mM range (Wolt, 1994; Miller et al.,
2007), well above the point at which the NO3;  HATS system would be saturated (~ 250 uM)
(Siddiqi et al., 1990; Kronzucker et al., 1995; Garnett et al., 2003). Secondly, the location of
the transporters within a root suggests variable roles in NO3™ uptake. AtNRT1.I expression is
localised 1in the tips of young roots (Huang et al., 1999; Guo et al., 2001) where roots first
come into contact with the higher NO3™ concentrations of unexplored soil, whereas AtNRT?2.1
is localised in the cortex of older parts of the root where external NO3™ concentrations may
be reduced following uptake at the root tip (Nazoa et al., 2003; Remans et al., 2006). Thirdly,
the pattern of NRT2 repression observed in roots exposed to sufficient N would seem to limit
their relative importance to steady-state NO3™ uptake in N rich soils. Given this evidence it
has been proposed that the LATS system is most likely responsible for the majority of NO3

uptake from the soil (Glass, 2003).

Little is known of how NOj™ uptake is actually managed over the lifecycle of the plant with
many studies on NO3™ uptake focussed on responses to perturbations where external NO3

availability is varied in order to explore NOs -dependent uptake responses. In one of the few
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published studies, Malagoli et al. (2004) measured the uptake capacity of the NO3” HATS and
LATS in oilseed rape over time and their response to various factors and used this
information, together with modelling of field data, to suggest that the NO3;” HATS could
supply most of the plants N requirements, even with high N availability. This work suggests
the HATS is important in net NO3™ uptake, necessitating a re-examination of the respective
roles of these two transport systems. A detailed analysis of NO3™ uptake capacity across the
entire lifecycle is an important step towards the development of plants with enhanced N
uptake capacity and efficiency, and may help improve N fertilisation practise where supply

can be better matched to demand.

In this study, we have profiled changes in NO3™ uptake capacity in maize plants across a
broad developmental time period in response to either reduced or adequate NOj3™ provision.
During the lifecycle, the plants were changed between NOs™ treatments to help distinguish
between developmental changes. Given the problems inherent in using a full-sized maize
plant for such experiments, we have used the dwarf maize ‘Gaspe Flint,” which has a
lifecycle of just 60 days, allowing profiling across both vegetative and reproductive stages in

a contained environment (Hourcade ef al., 1986).

MATERIALS AND METHODS

Plant Growth

Seeds of the dwarf maize (Zea mays var. Gaspe Flint) were germinated on moist filter paper
for 4 d at 28°C. Seedlings were transferred to 1 of 2 700 I ebb and flow hydroponic systems
with the fill/drain cycles completed in 13 min. Initially 150 plants were planted in each

system. Plants were grown on mesh collars within tubes (300 mm x 50 mm) which kept roots
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of adjacent plants separate but allowed free access to solution. The hydroponic system was
situated in a controlled environment room with 14/10-h 25°C/20°C day/night cycle at a flux
density at canopy level of approximately 500 pmol m™?s™. The nutrient solution was a
modified Johnson’s solution (Johnson et al., 1957) containing either (in mM) 0.5 NOs-N, 0.8
K, 0.1 Ca, 0.5 Mg, 1 S, and 0.5 P for the 0.5 mM NOj treatment or (in mM): 2.5 NOs-N, 1.8
K, 0.6 Ca, 0.5 Mg, 0.5 S, and 0.5 P for the 2.5 mM NOj;" treatment. The choice of
concentration was based on preliminary experiments which suggested that the threshold NOs
concentration eliciting a major N response would be approximately 0.5 mM and this would
appear to be the case (Supporting information Fig. S1). Both treatment solutions contained
(in uM): 2 Mn, 2 Zn, 25 B, 0.5 Cu, 0.5 Mo, 100 Fe (as FEEDTA and FeEEDDHA). Iron was
supplemented twice weekly with the addition of Fe(NH4),(SO4),.6H,0 (8 mg 1'1). Solution
pH was maintained between 5.9 and 6.1. NO3™ was monitored using a NOs5™ electrode (TPS,
Springwood, Australia) and maintained at the target concentration + 10%. Other nutrients
were monitored using an inductively coupled plasma optical emission spectrometer (ICP-
OES: ARL 3580 B, ARL, Lausanne, Switzerland) and showed limited depletion between

solution changes. Nutrient solutions were changed every 20 days.

Flux measurement

On sampling days, between 1100 and 1300 h, plants were transferred to a controlled
environment room with conditions matching growth conditions (light, temperature and
relative humidity) and into solutions matching growth solutions. The roots were then given a
S-minute rinse with the same nutrient solution but with either 50 or 250 uM NOy5’, followed
by 10 minute exposure to the same solution but with N labelled NO3™ (°N 10%). In
preliminary experiments, flux measured at 50 and 250 uM NOj3™ was found to be before (50

uM) and at the point of saturation (250 uM) of the HATS uptake system. At the end of the
6
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flux period roots were rinsed for 2 minutes in matching but unlabelled solution. Two identical
solutions were used for this rinse to allow an initial 5 second rinse to remove labelled solution
adhering to the root surface. The flux timing was based on that used by Kronzucker et. al
(1995) and chosen to minimise any possible efflux or transport to the shoot.

Roots were blotted, and then roots and separated shoots weighed and then dried at 65°C for 7
days after which the roots were ground to a fine powder (Clarkson et al., 1996). Total N and
>N in the plant samples were determined with an isotope ratio mass spectrometer (Sercon,
Cheshire, UK). Unidirectional NOj influx was calculated based on 5N content of the root.
The unidirectional NO3™ influx measured in this study is described as the uptake capacity of

the plant at that point in the lifecycle.

Quantitative real time PCR

On sampling days root material was harvested between 5 and 7 hours after the start of the
light period. The whole root was excised and snap-frozen in liquid nitrogen and stored at -
80°C. RNA was extracted using the RNeasy Plant Mini Kit with on-column DNase treatment
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions before RNA
integrity was checked on a 1.2% (w/v) agarose gel. cDNA synthesis was performed on 1 pg
of total RNA with oligo(dT);9 using SuperScript III reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. Real-time quantitative
PCR (Q-PCR) was carried out as outlined in Burton ez al. (2008). In this method, the amount
of each amplicon in each cDNA is quantified with respect to a standard curve of the expected
amplicon (typically, PCR efficiencies ranged between 0.85 and 1.05). Four control genes
(ZmGaPDh, ZmActin, ZmTubulin and ZmEIF 1) were utilised for the calculation of the
normalisation factor. Q-PCR normalisation was carried out as detailed in Vandesompele et al.

(2002) and Burton et al. (2004). Q-PCR primers were designed for the closest maize
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homologues of the Arabidopsis NRT transporters (Plett ef al., 2010). Q-PCR products were
verified by sequencing, agarose gel electrophoresis and melt-curve analysis to confirm a
single PCR product was being amplified. All primer sequences and Q-PCR product
information for control genes and NRT transporter genes can be found in Supporting

Information Table S1.

Nitrate determination

Tissue NOj3 content was determined via a previous method (Braun-SysteMatic,
Methodenblatt N 60; (Rayment & Higginson, 1992)) scaled appropriately for assay in 96-
well optical plates. Frozen and ground tissue (100 mg) was aliquoted into 1.1 ml strip tubes
in a 96-well format. 600 pl of extraction buffer was added to each tube and the rack of tubes
was shaken vigorously for 15 min in a cold room at 4 °C. Extraction buffer was comprised of
50 mM HEPES (pH 7.5), 20% (v/v) glycerol, 1 mM EDTA, 1 mM EGTA, 0.1% (v/v) Triton
X-100, 1 mM benzamidine, and 1 mM 6-aminohexanoic acid. Racks were centrifuged at
3400 g at 4°C for 45 min and supernatant was transferred to fresh tubes. Racks were
centrifuged at 3400 g for an additional 45 min at 4°C and supernatant was transferred to 96-
well PCR plates. A clarified soluble extract (15 pl + 10 pl dH,O) was added to optical plates
and 15 pl of freshly prepared 2 mM CuSOj4 and 10 pl of 0.2 M hydrazine sulphate were
added to each well. Plates were incubated for 5 min at 37°C and 15 pl of 1 M NaOH was
added to each well. Plates were shaken and incubated for 10 min at 37°C. A solution (100 pl)
containing equal parts 2.5% (w/v) sulphanilamide in 3.75 M HCl and 0.5 % (w/v) N-
ethylenediamine was added to each well and plates were incubated at room temperature for
10 min. Absorbance was measured at 540 nm. 15 pl of KNOj standards (0 —75 nmol/15 uM)
were run on each plate and were processed the same as the samples above. Nitrate content

was expressed as nmol of NOs™ per mg of tissue FW.
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Amino acid determination
Tissue amino acid concentration was determined using liquid chromatography electrospray
ionization-mass spectrometry as described by Broughton et al. (2011) once the samples had

been derivatised following the method of Cohen and Michaud (1993).

Statistical analyses

Statistical analysis of biomass, flux and metabolite data was carried out using two-way
analysis of variance (ANOVA). Data followed a normal distribution. Means of grain yield
were tested for significance using a two-tailed t-test. The time course was repeated twice

(flux analysis and transcript levels) with similar results.

RESULTS

Biomass

As expected, under our steady-state hydroponic conditions, we observed no difference in
either total root or shoot biomass when plants were grown in nutrient solution containing
either reduced (0.5 mM) or adequate (2.5 mM) concentrations of NO3™ (Fig. 1a,b,
respectively). With both NO;™ treatments, there was a considerable drop in the root to shoot
ratio over the first 18 days after emergence (DAE), highlighting the rapid shoot growth of the
plants in the early vegetative period (Figure 1c). However, our treatments did impact upon
the N content between 0.5 and 2.5 mM grown plants (Fig. 1d). Shoot N concentration was
significantly greater (p<0.001) in the whole shoots of plants grown at 2.5 mM NOj" than that
of 0.5 mM plants but in both treatments the N concentration was above the critical
concentration in the youngest fully expanded blade which is around 2 mmol g DW™' N

(Reuter & Robinson, 1997). Based on in-season monitoring, these concentrations reflect
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agronomically realistic NO3™ concentrations (Miller et al., 2007) and for the 0.5 mM
treatment represents reduced but not growth impacting NO; levels, which is important in the
context of this study. Irrespective of the NO3™ concentration supplied; there was a continual
drop in tissue N across the lifecycle (Fig. 1d). There was no significant difference in final
grain yields (grain DW (g), mean £ SEM: 0.5 mM, 1.85 + 0.38 (n=12); 2.5 mM, 1.80 £ 0.24
(n=8)). The plants at each of the growth stages can be seen in Supporting Information Fig.

S2.

Nitrate flux capacity

Unidirectional NO3” HATS flux (e.g. high-affinity NO;3™ uptake capacity) into the root at both
50 and 250 uM external concentrations was determined across various stages of the lifecycle
of both 0.5 mM and 2.5 mM grown plants (Siddiqi et al., 1990; Kronzucker et al., 1995;
Garnett et al., 2003). We observed large but parallel fluctuations in HATS NO3™ uptake
capacity over time at both NO3™ concentrations (Fig. 2a,b), where NOj3™ uptake capacity
peaked twice, one coinciding with early vegetative growth (15 DAE) and the other just prior
to flowering (26 DAE). The reduction in uptake capacity between these two peaks (22 DAE)
was considerable when measured at 50 uM (~ 20% of the peak value). Aside from the two

peaks and the intervening drop, NO;™ uptake capacity decreased continually from 15 DAE.

HATS uptake capacity of the 0.5 mM NOj™ grown plants across most of the life cycle was
generally higher than the 2.5 mM grown plants (~50% at 50 uM and ~40% at 250 uM). This
was particularly evident during the early vegetative period of growth (up to 18 DAE) where
NOj5" uptake capacity measured in 50 uM was significantly enhanced in the plants grown at

low external NOs™ concentrations (Fig. 2a). However, when averaged across the life cycle,
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the NOs™ fluxes measured at 250 uM were approximately 20% higher than those measured at

50 uM.

Nitrogen uptake

To better understand the relationship between growth and N uptake, shoot and root growth,
together with tissue N was used to calculate N uptake over the lifecycle. As there was no
difference between treatments for root or shoot biomass, the data were pooled for model
fitting irrespective of the treatments. The initial shoot growth rate was much higher than the
root growth rate and a modified exponential function was required to describe the apparent
change in the shoot growth rate early after germination whilst the root data was accurately
fitted with an exponential function (Fig. 1, Supporting information Fig. S3). Both functions
accurately fit the data with coefficients of determination (Rz) of 0.988 and 0.992 for root and
shoot, respectively (Supporting Information Tab. S2). To model the N content, an allometric
relation between N content and shoot biomass (Lemaire & Salette, 1984) was fitted
(Supporting information Fig. S3 inset). To avoid division by zero, N = o/ (y+ DW”) was
used as a fitting function rather than the usual power law. Here N denotes shoot N, DWg is
shoot dry weight and «, £, y are fitting parameters, listed in Supporting Information Tab. S2.
As aresult, an improvement was seen in the goodness of fit from R*=0.996 to R* = 0.999.

Root N concentration was constant throughout the lifecycle.

Shoot and root dry weight (DW(t)), and N content, N(DW), were used to calculate the net N
uptake of the plants (N,(t) = Ns- DWs(t)+Nr-DWg(t)). The N uptake per gDWr as a function
of time (t) is illustrated in Fig. 3 (lines without symbols) and compared with the
experimentally determined NO3™ uptake capacity for both treatments (open and filled

squares). All four data sets show a comparable peak around day 15. The experimentally

11
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measured second peak around day 26 is less pronounced in the calculated values where a
plateau rather than a peak structure is visible. Both features can be understood in terms of the

initial mismatch between root and shoot growth rate.

Up until 12 DAE, shoots grew almost 6 times faster than roots (Fig. 1a, b, Supporting
information Fig. S3). During this time nitrogen concentration in the shoots remained
approximately constant at 3.9 mmol g DW™. It would appear the elevation in N uptake
capacity observed by the roots (Fig. 2, 3) is a response to meet plant demand for N. Between
10 and 20 DAE, the overall shoot growth rate drops by more than 75% reaching a final value
of 0.0032 hr™". The reduction in shoot growth reduces overall plant demand for N, which is
correlated with the observed decrease in measured NO3™ uptake capacity beginning from 13
DAE. Similarly for the second peak (Fig. 2), the exponential phase of shoot growth during
this period is roughly 1.3 times faster than that of root growth. Again, it would appear there is
a mismatch in growth-dependent N demand relative to N availability requiring an up-
regulation of N import mechanisms (Fig. 3, see also Supporting information Fig. S3).
However, up-regulation is reduced relative to that of the first peak (Fig. 3). During this
period, N concentrations in the shoot decreases from 3.9 mmol gDW‘1 at 15 DAE to 2.5

mmol gDW ™' at 40 DAE.

The NO;” HATS uptake capacity in the 0.5 mM grown plants was remarkably similar to the
net N uptake rate as calculated from plant N content (Fig. 3), suggesting there was little
overall LATS input. However, in the 2.5 mM treatment the uptake capacity of the HATS was
approximately 50% of the actual uptake rate and, given the NO3™ concentration of this
treatment, this suggests there is significant LATS contribution to the net NOs3™ uptake under

these conditions. This is supported by our data from experiments in which LATS capacity

12
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was measured at | mM and 4 mM and was found to be 30% and 100% of the HATS uptake
capacity (0-20 DAE), respectively (Supporting information Fig. S4). This indicates that

LATS uptake capacity measured at 2.5 mM would be close to our estimation of 50%.

To further distinguish between developmental and nitrogen responses, a subset of plants were
subjected to a change in NOs concentration. At day 15, plants were moved from 0.5 mM to
2.5 mM NOs5™ (N-inc) and likewise plants moved from 2.5 mM to 0.5 mM (N-red), a process
repeated also at day 22. When NOj flux capacity was first measured, 3 days after changing
NOs’ concentrations, at both day 15 and day 22, N-red treatments, led to a substantial
increase in NOj™ flux capacity (Fig. 4). In N-red treatments at day 15, the initial doubling in
uptake capacity relative to plants maintained at 2.5 mM NOs  was nonetheless followed by
the reduction in uptake capacity at day 22 observed in plants with constant NOs’
concentration. Following the day 22 dip, the uptake capacity returned to a level higher than
those plants kept at 2.5 mM NOs". N-red treatments at day 22 showed a dramatic increase in
uptake capacity at day 25. N-inc treatments (plants moved from 0.5 mM to 2.5 mM NO3’) had
approximately half the uptake capacity of plants kept at 0.5 mM and this was maintained till

day 40 (Fig. 4).

Developmental and nutritional changes to NRTtranscript levels

The recent completion of the maize genome sequence provided the opportunity to complete a
rigorous survey of cereal homologues to the Arabidopsis NRT genes (Plett et al., 2010), and
the naming conventions put forward in that paper are used here. There are currently four NRT
genes thought to be involved in root NO3™ uptake in Arabidopsis (Tsay et al., 2007).
However, given the dichotomy between the Arabidopsis NRTs and the cereal NRTs identified

by Plett et al. (2010), it was decided to quantify the developmental expression pattern for the
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relevant maize NRT1, NRT2 and NRT3(NAR?2) orthologues of all the known Arabidopsis

NRTs on plants grown at either 0.5 or 2.5 mM NO;".

At the whole root level, transcript levels of the putative HATS genes ZmNRT2.1 and
ZmNRT?2.2 were significantly more represented in the total RNA pool than those of the other
NRT?2 or NRTI genes examined (Fig. 5, Supporting information Fig. S5). This may represent
either simple differences in RNA and/or protein stability between the classes of transport
proteins but may instead reflect defined roles with respect to NO3™ transport (Fig. 4). This
latter point is suggested by the expression pattern of ZmNRT2.1 and ZmNRT2.2 across the
lifecycle where transcript responses showed remarkable similarity to the patterns observed in
the uptake measurements (Fig. 5, see also Fig. 2 and 3). Interestingly, both ZmNRT2.1 and
ZmNRT?2.2 transcript levels were found to be higher in the roots of plants grown at 0.5 mM
NOjs' than those grown at 2.5 mM, indicating a N-dependent response; this contrasts with
most other NRT genes where differences in N availability had less of an impact.
Notwithstanding the variation in transcript levels of ZmNRT2.1 and ZmNRT?2.2 across the
lifecycle and the N treatments, the baseline transcript levels from which they varied were also
very high, being 200 to 300-fold higher than the other NRT2 or NRT1 transporters
(ZmNRT1.1B) (Fig. 5). Across the lifecycle this baseline showed a reduction for both
transporters but was far more pronounced for ZmNRT2.1. As regards the other NRT2s,
ZmNRT?2.3 showed much lower transcript levels and although there were similar fluctuations
across the lifecycle there were no clear differences between N treatments. ZmNRT2.5
expression was only detectable in the plants grown in the reduced NO3™ treatment, with

significant variation across the lifecycle.
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Transcript levels of ZmNRT1.1A, ZmNRT1.1B and ZmNRT1.2 were a thousand-fold less than
ZmNRT?2.1 and ZmNRT2.2 and did not show the same pattern of variation over the lifecycle
as the ZmNRT2s (Fig. 5). Both ZmNRT1.1A and ZmNRT1.1B showed a peak commencing at
13 DAE coinciding with the ZmNRT2 peak. ZmNRT1.2 showed very low transcript levels
until 34 DAE from where these increased 10-fold. Apart from ZmNRT1.5A, there were no
consistent differences in transcript levels of the NRT s that corresponded to treatment
differences in either growth or uptake capacity. ZmNRT1.5A transcript levels were higher in
0.5 mM NOs plants and had a profile matching that of ZmNRT2.1 and ZmNRT2.2. Transcript
levels of ZmNRT1.1D, ZmNRT1.3, ZmNRT1.4A, ZmNRTI1.4B and ZmNRT1.5B were all

very low (Supporting Information Fig. S5), while ZmNRT1.1C was undetectable.

The transcript levels of ZmNRT3.1A were 20 to 100-fold lower than for ZmNRT?2.1 and
ZmNRT?2.2 respectively, but showed the same increase in transcript abundance at 18 and 28
DAE (Fig. 5e). ZmNRT3.1A differs in that it also has a third large peak just before 40 DAE.
This third peak showed little difference between the two NO3 treatments. The profile of
ZmNRT3.2 was more similar to those of ZmNRT2.1/2.2 but levels were much lower and there
were no treatment differences. Transcript levels of ZmNRT3.1B were very low (Supporting

Information Fig. S5).

As was seen with plants maintained at constant concentrations, when plants were swapped
between NOs™ treatments at days 15 and 22 the genes that showed greatest response to
nitrogen were ZmNRT2.1, ZmNRT2.2, ZmNRT2.5, and ZmNRTI.5a (Fig. 6, Supporting
information Fig. S6). Patterns of response for ZmNRT2.1, ZmNRT2.2 were very similar with
plants with increased NOs~ (N-inc) having lower transcript levels than plants with decreased

NOj rate concentration (N-red).

15



351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

The transcript profiles of these N responsive genes was interesting in that, immediately after
transfer to reduced NOs", transcript levels continued on with the same trend as with before
the change in NOjs, i.e. they kept decreasing, whilst at the same time there was a doubling in
uptake capacity (Fig. 4b and 6). In contrast, ZmNRT2.1, ZmNRT2.2, ZmNRT2.5, and
ZmNRT1.5A all showed a peak in transcript at day 25, a peak only previously seen in
ZmNRT?2.5. The transcript levels for ZmNRT2.5 were the most N-responsive with plants
moved to higher NO3™ (N-inc) having no measurable transcripts whilst those decreased (N-
red) having similar peaks to those plants maintained at 0.5 mM NO;3". ZmNRT1.5A, the only
N responsive ZmNRT1 again showed a major peak in transcript levels at day 25 but none at

day 29.

Tissue Nitrate

Leaf NOs concentrations differed between NOs' treatments (p<0.01). In general, leaves of
2.5 mM treated plants had higher concentrations of NOs". At most time points the trend in
NOs concentration was mirrored between the two treatments with the exception where leaf
NOs in the 0.5 mM treatment was higher than the 2.5 mM treatment at 29 and 34 DAE. For
both treatments leaf NO3™ concentrations prior to anthesis remained high but then dropped
dramatically after 28 DAE (Fig. 7). There was a more consistent trend in root NO3™ with 2.5
mM treated roots often having higher levels than those exposed to 0.5 mM NOs". Over time,
the root trends was similar between treatments in that at 20 DAE there was a doubling of root
NOs in both treatments and by 29 DAE both treatments showed a major drop in root NOs'. In
the 0.5 mM grown plants there was a major spike in root NO3™ at day 39, a peak also seen in

leaf NOs'(Fig. 7).
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Amino acids

The free amino acid levels showed similar trends in the two NOj treatments (Fig. 8). Apart
from the first measurement, where free amino acids in the shoots were very low, root amino
acid levels were consistently lower than shoot levels and this difference became greater after
day 30 when shoot level increased but root levels remained the same. For the roots, there was
an initial decrease followed by a peak at 20 DAE, which was common to both treatments. In
the shoots, the patterns are less consistent between treatments, with fluctuations showing little

correlation.

DISCUSSION

Across the lifecycle of Gaspe Flint, NO3  uptake capacity changed approximately 10-fold
irrespective of external N availability. This change was characterised with distinct peaks and
troughs in NOj3™ uptake capacity, with a general trend towards decreased NO;™ uptake capacity
as plants grew to maturity, but which were correlated with plant N demand (Fig. 2 and 3).
There is also clear evidence that NO3™ uptake responded positively to reduced N supply, with
increased NOs;™ uptake capacity in the lower N treatment (Fig. 2). The transcript profiles of
the NOs™ transporters suggest that changes in uptake capacity, in response to NO3™ supply and
demand, are linked to changes in expression of the putative high affinity NOj3™ transporters
ZmNRT?2.1 and ZmNRT2.2. Their expression profiles, in response to N supply and time,
provide strong correlative evidence of their in planta roles in NO3™ uptake. When N supply
was varied (N-inc or N-red) the commonality in change to ZmNRT?2.1 and ZmNRT2.2
transcript levels and associated change in NOj3” flux capacity further support this role. We

believe the highly dynamic nature of N acquisition displayed here and the strong relationship
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to N provision provides a new insight into the regulation of NOj3™ uptake that may lead to the

manipulation of N uptake efficiency and ultimately NUE in plants.

Nitrate uptake capacity responding to demand

The NOs™ uptake capacity was extremely variable across the lifecycle. It has long been
suggested that growth rate determines N uptake rate (Clement et al., 1978; Lemaire &
Salette, 1984; Clarkson et al., 1986). Data presented here supports this hypothesis; where the
relative differences in growth rates between shoots and roots lead to variability in N demand
and changes in NO3™ uptake capacity (Fig. 1 and 3). In both treatments we showed that NOs”
uptake capacity increased with peaks in shoot growth and consequently N demand but also
decreased rapidly when shoot growth decreased creating a characteristic trough in NOs
uptake capacity (Fig. 1 and 3). We propose that during this period, the plants grown in 0.5
mM NOs;™ were responding to N-limitation and it was plasticity in NO3™ uptake capacity
(HATS) that allowed sufficient N uptake to match the growth rate of the plants grown in 2.5
mM NOs'. This plasticity is highlighted by the rapid changes in NO3™ uptake capacity

observed in plants that were changed between NOs3” treatments.

The manner in which NOj3™ uptake capacity changes in plants with a sustained reduction in
availability of N remains unclear. Most of the literature presents responses in uptake capacity
when N is resupplied to plants after a period of reduced N availability and normally resulting
in a transient increase in measured NOj™ uptake capacity (Lee, 1982; Lee & Drew, 1986; Lee
& Rudge, 1986; Morgan & Jackson, 1988; Siddiqi et al., 1989). Indeed, there are few results
in the literature with which to compare these lifecycle variations in uptake capacity. The
work of Malagoli et al. (2004) with oilseed rape is closest in terms of measuring uptake

capacity over the lifecycle. Similar to this study, a spike in NO3™ uptake capacity was
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observed corresponding to the time of flowering, however earlier changes in NO3 flux

capacity (as observed in the study) were not measured.

Transcript levels of the ZmNRTs

The measurement of unidirectional NO5™ influx at 50 and 250 uM was chosen to describe the
uptake capacity of the NO;” HATS. Based on reliable estimates from the literature the NO3
HATS for most plants is saturated at approximately 250 uM (Siddiqi et al., 1990; Kronzucker
et al., 1995; Garnett et al., 2003). Given the relatively high NO3™ concentrations, at least in
the 2.5 mM treatment, which were well above the point at which the HATS would be
saturated, it was anticipated that the LATS would be responsible for much of the uptake. We
also expected there would be little variability in the HATS activity based on the steady-state
conditions in which we grew the plants, where constitutive (cHATS) activity would be
predicted to dominate, and iHATS being repressed after continued exposure to NO3'.
However, this was not the case in either treatment as evidenced in the influx analysis
described above, and in the expression patterns of the NRT gene families, where the NO3

HATS responds intimately to NO3™ supply and demand.

Previous evidence has suggested HATS transcript levels are generally negatively regulated
when N levels are high (e.g. 0.5 to 2.5 mM NO3) (Filleur et al., 2001; Okamoto et al., 2003;
Santi et al., 2003; Okamoto et al., 2006; Liu et al., 2009). However in this study we found the
opposite, where the baseline transcript levels of ZmNRT2.1 and ZmNRT2.2 were generally
much higher than for any of the other transporters regardless of external N supply. Following
the paradigm suggested by Glass (2003), the role of the HATS system is to acquire NOs only

when soil solution concentrations are low, well below the consistent 0.5 mM or 2.5 mM
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levels used here. However, the high abundance of ZmNRT2.1 and ZmNRT2.2 transcripts,

independent of external N supply suggests alternate roles for these gene products.

The high level of transcripts of the two putative HATS transporters (ZmNRT2.1 and
ZmNRT?2.2) contrasts with the low transcript levels observed for the putative NO3” LATS
transporters, the ZmNRT Is, across the life cycle. Despite differences in the abundance of
LATS and HATS transcripts, there were some parallels in the expression patterns particularly
during the initial peak in NOs™ uptake capacity (Fig. 5, Supporting information Fig. S5).
These data support previous reports (Ho ez al., 2009) of a possible link between NRT1 and
NRT?2 transport systems, although in maize the relationship may only extend to the early
vegetative stage where NO3™ uptake capacity is at its maximum. Although the transcript levels
of ZmNRT2.5 were very low, the observation that transcripts were only detected in the
reduced NOj3” treatment suggests this putative transporter may play an important role in low N

responsces.

The delivery of NOs™ into the xylem in Arabidopsis has been suggested to involve the NO3
transporter AtNRT1.5 (Lin et al 2008). Unlike other ZmNRTI genes, ZmNRT1.5A showed a
similar transcript profile to ZmNRT?2.1/2.2 and was responsive to the 0.5 mM treatment, this

being consistent with a possible role in loading NOs™ into the xylem in maize.

The transcript levels of ZmNRT3.1A were closest in terms of absolute levels to ZmNRT?2.1
/2.2. There is good evidence that AtNRT3.1 is essential to the function of the AtNRT2s
(Okamoto et al., 2006; Orsel et al., 2006; Wirth et al., 2007). Based on transcript levels and
the similarity in pattern across the lifecycle, this would seem also to be true for the maize

homologues.
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The regulation of nitrate uptake capacity

There is a correlation between the NOs™ uptake capacity of the HATS and the transcript levels
of both ZmNRT2.1 and ZmNRT?2.2. This has been found in plants other than maize and has
been proposed as evidence of the involvement of the NRT2s in NO3™ uptake (Forde &
Clarkson, 1999; Lejay et al., 1999; Zhuo et al., 1999; Okamoto et al., 2003). Combined with
the impairment of NO3™ uptake associated with reduced transcript levels in Arabidopsis
AINRT?2.1 and AtNRT?2.2 knockout mutants (Filleur et al., 2001), this led to the proposal that
uptake via AtNRT2.1 and AtNRT2.2 is regulated at the transcriptional level. However,
transcript levels may not equate to levels of functional protein. Wirth et al. (2007) suggest
that the NRT2s in Arabidopsis are long-lived proteins and have shown that the level of
AtNRT?2.1 protein was independent of transcript level or changes in uptake capacity,

suggesting there is considerable post-translational control of NRT2 mediated NO3™ uptake.

The results presented here are compatible with a model that combines both transcriptional
and post-translational control of NO3™ uptake capacity (Fig 9). In this model the total
concentration of ZmNRT?2.1 and ZmNRT?2.2 protein is predicted as being proportional to the
sum of the ZmNRT?2.1 and ZmNRT2.2 transcript levels at any given day plus, based on an
estimated protein lifespan of NRT?2 proteins to be ~ 5 days (Wirth et al. (2007), the sum of
the transcript levels for the previous 4 days. This 5 day lifespan is based on Wirth ef al.
(2007), but estimates with a range of lifespans are shown in Supporting information Fig. S7.
This estimated protein concentration represents the maximal uptake capacity of NRT2.1 and
2.2 at a given day, the actual uptake capacity being dependent on the amount of post-
translational inhibition, which could be through allosteric inhibition, phosphorylation, or,
given the results of Yong et al. (2010), perhaps due to NRT2/NRT3(NAR?2) complexes being

removed from the plasma membrane.
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As presented in Figure 9, this model predicts that, up until day 15, the NO3™ uptake capacity
was equal to the potential uptake capacity, after which the actual uptake capacity as measured
then reduced and became less than the potential uptake capacity. At day 22 the measured
uptake capacity increased through the utilisation of the potential uptake capacity without a
transcriptional response. This changed at day 27 where, based on our model, the NRT2
protein levels were not enough to provide the required uptake capacity, this leading to the
transcriptional peak observed at day 29. In terms of the plants moved from 2.5 mM to 0.5
mM NOs;™ at day 15, the initial increase in uptake capacity seen at day 18 in Figure 4b (and
Fig 9b) would be due to a release of post-translational inhibition, hence the increased uptake
capacity without a comparable increase in transcript levels (Fig. 6). The peak in NRT2.1
transcript levels at day 25 would be due to the number of NRT2.1 proteins, in these plants
previously exposed to a much higher NOs™ concentration, not providing enough uptake
capacity even with no post-translational inhibition. This model would have transcription
providing long term regulation of NOjs  uptake capacity with short term uptake capacity
regulated via post-translational regulation of the existing transport capacity, this short term

regulation being important for N homeostasis.

The current model of the regulation of NO3™ uptake by the plant N status (tissue
concentrations of NOj' itself or a downstream assimilate such as amino acids) which has been
described in numerous reviews (Cooper & Clarkson, 1989; Imsande & Touraine, 1994;
Forde, 2002; Miller et al., 2008; Gojon et al., 2009). The two component model of NO3
uptake capacity regulation described above requires two triggers in its regulation, one a
transcriptional trigger and another that determines the extent of post translational inhibition.
Given the major drop in transcript levels beginning at day 18 until day 22, it may be that the

trigger for the transcriptional response is the root amino acid/ NOs levels which increase and
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come to a peak at day 22 (Fig. 7 and 8). The decrease in uptake capacity beginning at day 15,
which we propose is due to an increase in post-translation inhibition, could be triggered by

shoot amino acid/ NOs levels which peak at this point.

NUE increased through increased uptake capacity with reduced N availability

The results provide clear evidence that NO3™ uptake capacity in maize changes dynamically
across the developmental growth cycle in maize in response to changes in demand. As
previously suggested (Filleur et al., 2001; Okamoto et al., 2003; Santi et al., 2003; Okamoto
et al., 2006; Liu et al., 2009), NOs uptake capacity is highly responsive to N availability and
that NRT2.1 and NRT2.2 transcription 1s most-likely linked to this response. The focus of
future work will be an analysis of NRT protein levels, global gene expression and metabolite
concentrations at key points of the lifecycle with the aim of gaining a better understanding of
how NOj" transport is regulated. Such knowledge may benefit programs directed at

increasing NUE, and more specifically N uptake efficiency, in maize.
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FIGURE LEGENDS

Figure 1. Growth parameters across the dwarf maize (Zea mays) Gaspe Flint lifecycle of
plants grown at either 0.5 mM or 2.5 mM NOs'. (a) Shoot dry weight (DW). (b) Root DW. (c)
DW root: shoot ratio. (d) Shoot nitrogen concentration (mmoles gDW'l). Fitted curves are as
described in the text. There was no significant difference between treatments for shoot
biomass, root biomass or root:shoot so there is just one fit to the pooled data. Values are
mean + SEM (n=8 except for (d) where n=4), * indicates those points that are significantly

different between the two growth conditions (p <0.05).

Figure 2. Unidirectional NO3" influx into the roots of the dwarf maize (Zea mays) Gaspe
Flint throughout the lifecycle of plants grown at either 0.5 mM or 2.5 mM NOj". Nitrate
influx was measured using >N labelled NO3™ over a 10-minute influx period with either (a) 50
uM NOj or (b) 250 uM NOs". Values are means + SEM (n=4), * indicates those points that

are significantly different between the two growth conditions (p <0.05).

Figure 3. Dwarf maize (Zea mays) Gaspe Flint whole plant net nitrogen uptake per gram root
dry weight as function of time. Net uptake was calculated from the fitted curves for shoot
DW, root DW and shoot N as shown in Fig. 1 and detailed in the text. Net nitrogen uptake is
compared to the experimentally determined nitrate flux capacity at 50 uM for different
nitrogen treatments (0.5 mM, open squares; 2.5 mM, filled squares; values are means + SEM
(n=4)).

Figure 4. Unidirectional NO;™ influx into the roots of dwarf maize (Zea mays) Gaspe Flint
plants grown at either 0.5 mM or 2.5 mM NOj3™ and moved to (a) higher or (b) lower NO3

concentration at either day 15 or day 22 post emergence. Nitrate influx was measured using
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5N labelled NO5™ over a 10-minute influx period with 50 uM NOj". Values are means + SEM

(n=4). Dashed lines without symbols are the fluxes presented in Figure 2a.

Figure 5. Root transcript levels of various putative high and low affinity (NRT1, NRT2 and
NRT3) NOs™ transporters throughout the lifecycle of dwarf maize (Zea mays) Gaspe Flint.
Plants were grown in nutrient solution containing either 0.5 mM (open squares) or 2.5 mM
(closed squares) NO3'". The broken lines correspond to maximum NOj3" uptake capacity as
shown by the "N unidirectional flux analysis (see Fig. 2). Each data point is normalised
against control genes as described in the text. Values are means + SEM (n=4), * indicates
those points that are significantly different between the two growth conditions (p <0.05).
Figure 6. Transcript levels of various putative high and low affinity (NRT1, NRT2 and
NRT3) NOjs™ transporters in roots of dwarf maize (Zea mays) Gaspe Flint plants grown at
either 0.5 mM or 2.5 mM NO;™ and moved to increased (upper panel) or decreased (lower
panel) NOs'concentration at either day 15 or day 22 post emergence. Each data point is
normalised against control genes as described in the text. Values are means + SEM (n=4).
Values are means = SEM (n=4). Dashed lines without symbols are the transcript values of

plants maintained with constant nitrate as presented in Figure 4.

Figure 7. Nitrate concentration in youngest collared leaf (a) and root (b) tissue of dwarf
maize (Zea mays) Gaspe Flint plants grown at either 0.5 mM or 2.5 mM NOs3". The broken
lines correspond to maximum NOs uptake capacity as shown by the °N unidirectional flux
analysis (see Fig. 2). Values are means + SEM (n=4), * indicates those points that are

significantly different between the two growth conditions (p <0.05).

Figure 8. Total free amino acid concentration in root (a) and youngest collared leaf (b) tissue

of dwarf maize (Zea mays) Gaspe Flint plants grown at either 0.5 mM or 2.5 mM NOs5". The
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broken lines correspond to maximum NOj3 uptake capacity as shown by the BN
unidirectional flux analysis (see Fig. 2). Values are means + SEM (n=4), * indicates those
points that are significantly different between the two growth conditions (p <0.05).

Figure 9. Predicted ZmNRT2.1/2.2 protein levels based on a protein lifespan of 5 days and
estimated as the sum of ZmNRT2.1 and ZmNRT?2.2 transcripts at day x and those of the 4

previous days, in dwarf maize (Zea mays) Gaspe Flint plants plants grown at either (a) 0.5
mM or (b) 2.5 mM NO3_. Transcript levels are the summed ZmNRT?2.1 and ZmNRT2.2
transcripts that were presented individually in Figure 4(a) whilst flux capacity is as presented
in Figure 2(a). Panel (b) includes the flux capacity for plants grown at 0.5 mM NO3_ but then

moved to 2.5 mM nitrate at day 15 as presented in Figure 4(b).

SUPPORTING INFORMATION

Supporting information Table S1. Q-PCR primers for assay of maize gene expression are

listed along with the Q-PCR product size (bp).

Supporting Information Table S2. Collection of fitting functions and associated parameters

used in the modelling of shoot and root growth and shoot nitrogen content.

Supporting information Figure S1. Root and shoot dry weights of Gaspe Flint plants grown

in hydroponics for 3 weeks at a range of NO3™ concentrations.
Supporting information Figure S2. Growth of Gaspe Flint plants across the lifecycle.

Supporting information Figure S3. Functions used to fit biomass data.
Supporting information Figure S4. Unidirectional NO3; LATS flux and HATS flux

measured on Gaspe Flint maize plants.
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Supporting information Figure S5. Root transcript levels of various putative low affinity
(NRT1 and NRT3) NOs™ transporters throughout the lifecycle of Gaspe Flint.
Supporting information Figure S6. Transcript levels of various putative high and low

affinity NO3” transporters in roots of Gaspe Flint plants exposed to changing N levels.

Supporting information Figure S7. Predicted ZmNRT?2.1 protein levels .
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Supporting Information Table S1. Q-PCR primers for assay of maize gene expression are

listed along with the Q-PCR product size (bp).

Q-PCR
Product
Gene Gene ID Forward Primer(5'->3") Reverse Primer (5'->3") size (bp)
ZmNRT1.1A GRMZM2G086496 CCTCCAGCAAGAAGAGCAAG GACACCGAGAAGGTGGTCA 238
ZmNRTI1.1B GRMZM2G161459 GTCATCAGCGCCATCAACCT GGGTCACACCGTGTGCCAAA 282
ZmNRTI1.1C* GMRZM2G112154 ACCCACGCCCAACTCTCC GCCATGACTGAATGTTCCTTCTC 115
TCGCCGCCTGGAGTAAGC GCAGCGTGGTCAAGCAATC 148
ZmNRT1.1D GMRZM2G161483 CAGCACCGCCATCGTCAG GCCAGCAGCCAATAGAACTTG 114
ZmNRT1.2 GRMZM2G137421  GGTGCTGCCCATCTTCTTGT ATGATGTGGTCGTAGACGGG 186
ZmNRT1.3 GMRZM2G176253 CGCCGTCTTCGTCGTCTTC AAGTCGTCCATCTCCTTGTGC 102
ZmNRT1.4A GMRZM2G064091 TGCTTGTGTTGTGTTGTGTTCTC CTTCTTCCCGTCCATTGGTTTG 76
ZmNRT1.4B GMRZM2G476069 GATTCCTTGCCGACTCCTTCC GCTGCCTCACCTCTGTAGAC 211°
ZmNRT1.5A GRMZM2G044851 CGTATGTTGTTCTTGTCTTCTTG GTGCTATCGTCGTCAATGG 104
ZmNRT1.5B GMRZM2G061303 GCCAACAGCATCAGCAAGTG CGAGCGACAGGACCACCAG 145
ZmNRT2.1 GRMZM2G010280 CGACGAGAAGAGCAAGGGACT GGCATATTCGTACATACAAAGAGGT 183
ZmNRT2.2 GRMZM2G010251 CGACGAGAAGAGCAAGGGACT AGGTGAACATGGATGATGGAT 166
ZmNRT2.3 GRMZM2G163866 AGGAAGGGCATCGAGAACAT CTTGCGCTGTGACGGCCTAC 179
ZmNRT2.5 GMRZM2G455124 GCATCGTCCCGTTCGTCTC CCGTCTCCGTCTTGTACTTGG 129
ZmNRT3.1A GRMZM2G179294 GCATCCACGCCTCTCTCAAG TCAGCAACGACAGCCACTCAT 177
ZmNRT3.1B  GMRZM2G163494 CACCTCGTCACACACCACAG CCAGCAGCAGCGGCAAAG 86
ZmNRT3.2 GMRZM2G808737 GTCGCTCATTCCTCGGTGTC TTGATGTTGCCTTGTTCGTTCC 96
ZmGaPDh  GRMZM2G077927 GACAGCAGGTCGAGCATCTTC GTCGACGACGCGGTTGCTGTA 114
ZmActin -~ GRMZM2G126069 CCAATTCCTGAAGATGAGTCT TGGTAGCCAACCAAAAACAGT 156
ZmTubulin  GRMZM2G152466 GAGGACGGCGACGAGGGTGAC CAAAGCGGGGGAATAAAGTCT 186
ZmEIF1 GRMZM2G154218 GCCGCCAAGAAGAAATGATGC CGCCAAAAGGAGAAATACAAG 220

* Amplification of a ZmNRT1.1C PCR product was attempted using two sets of Q-PCR
primers and neither set amplified a product from cDNA. The gene appears to not be
expressed in Gaspe roots as both sets amplified strong PCR products from gDNA.

® Gaspe Q-PCR product is longer than the predicted B73 product (108 bp) as the 2™ intron appears to

not be spliced out of ZmNRT1.4B transcripts in Gaspe roots.



Supporting Information Table S2. Collection of fitting functions and associated parameters

used in the modelling of shoot and root growth and shoot nitrogen content.

Quantity Fit function Parameter
S, ex t k=57.5; §,=0.146 gDW;
Shoot dry weight (g) DWWy = Soexput)_ 0 » »
1+ kexp(—v,1) 4. =0.0775d7; v,=0.350d;
Root dry weight (g) DW, = R, exp(u,1) R, =0.0318 gDW; 1 =0.0605 d;
Shoot N ADW N a a=47.0 wt%; f=1.22; y =9.05; at 0.5 mM
t tent T E——
oot N content (%DW) STy +(DW,)/ o =27.1 wt%; f=0.87; y = 4.44; at 2.5 mM
Root N content (%DW) Ny =6 0 =3.68 wt%; at 0.5 mM
o =4.31wt%; at 2.5 mM
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Supporting Information Figure S1. Root and shoot dry weights of Gaspe Flint plants grown
in hydroponics for 3 weeks at a range of NO3™ concentrations. Values are means + SEM

(n=6).
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Supporting Information Figure S2. Growth of Gaspe Flint harvest across the lifecycle.

Images are of roots and shoots following removal of the root.
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Supporting Information Figure S3. Functions used to fit biomass data. Root dry weight
(dashed line) and shoot dry weight (solid line) as function of time for different nitrate
treatments (0.5 mM, open squares; 2.5 mM, filled squares). Inset, shoot % N as a function of
shoot dry weight. In both plots the lines represent fits to the data. Parameters for these fits can

be found in the Supporting Information Table S2.
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Supporting information Figure S4. Unidirectional NO3™ LATS flux (1 and 4 mM NO3’) and
HATS flux (250 uM NOj3") were measured on Gaspe Flint maize plants grown on adequate
NOs3 (5§ mM NO3'). HATS uptake capacity was estimated as the average of the influx
measured at 150 and 250 uM NO;5". HATS plus LATS uptake capacity was measured at both
1 mM and 4 mM NOj". The LATS uptake capacity was estimated by subtracting the HATS
uptake capacity from the HATS plus LATS uptake (as per Okamoto et al., 2003). As in the
results presented in Fig. 2, HATS activity remained high early in the vegetative growth
period followed by a general decline across the developmental life cycle. LATS activity
mirrored these trends albeit at a significantly lower capacity in the early growth phase (0-20
DAE) where it was 30% of the HATS at 1 mM NOj". In contrast, at 4 mM NO;5, LATS
activity was similar to HATS activity during early on but dropped from 20 DAE onwards.
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Supporting Information Figure SS5. Root transcript levels of various putative high and low
affinity (NRT1 and NRT3) NOs" transporters throughout the lifecycle of Gaspe Flint. Plants
were grown in nutrient solution containing either 0.5 mM (open squares) or 2.5 mM (closed
squares) NOj3". The broken lines correspond to maximum NOj uptake capacity as shown by
the "°N unidirectional flux analysis (see Fig. 2). Each data point is normalised against control

genes as described in the text. Values are means £ SEM (n=4).
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Supporting information Figure S6. Transcript levels of various putative high and low
affinity (NRT1, NRT2 and NRT3) NOs™ transporters in roots of Gaspe Flint plants grown at
either 0.5 mM or 2.5 mM NO;™ and moved to increased (upper panel) or decreased (lower
panel) NOs concentration at either day 15 or day 22 post emergence. Each data point is
normalised against control genes as described in the text. Values are means + SEM (n=4).
Values are means + SEM (n=4). Dashed lines without symbols are the transcript values of

plants maintained with constant nitrate as presented in Figure 4.
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Supporting information Figure S7. Predicted ZmNRT?2.1/2.2 protein levels (dotted lines)
based on a protein lifespan estimated as the sum of ZmNRT2.1 and ZmNRT2.2 transcripts at
day x and those of the previous 4-7 days, in plants grown at either (a) 0.5 mM or (b) 2.5 mM
NOs". Transcript levels are the summed ZmNRT?2.1 and ZmNRT?2.2 transcripts that were

presented individually in Figure 4(a) whilst flux capacity is as presented in Figure 2(a).
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Figure 1. Growth parameters across the Gaspe Flint lifecycle of plants grown at either 0.5 mM or 2.5
mM NO;". (a) Shoot dry weight (DW). (b) Root DW. (c) DW root: shoot ratio. (d) Shoot nitrogen
concentration (mmoles.gDW-1). Fitted curves are as described in the text. There was no significant
difference between treatments for shoot biomass, root biomass or root:shoot so there is just one fit
to the pooled data. Values are mean + SEM (n=8 except for (d) where n=4), * indicates those points
that are significantly different between the two growth conditions (p <0.05).
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Figure 3. Whole plants net nitrogen uptake per gram root dry weight as function of time. Net
uptake was calculated from the fitted curves for shoot DW, root DW and shoot %N as shown
in Figure 1 and detailed in the text. Net nitrogen uptake is compared to  the experimentally
determined nitrate flux capacity at 50 uM for different nitrogen treatments (0.5 mM, open

squares; 2.5 mM, filled squares).
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Figure 6. Transcript levels of various putative high and low affinity (NRT1, NRT2 and NRT3) NO, transporters in roots of Gaspe Flint plants
grown at either 0.5 mM or 2.5 mM NO;” and moved to increased (upper panel) or decreased (lower panel) NO, concentration at either day
15 or day 22 post emergence. Each data point is normalised against control genes as described in the text. Values are means + SEM (n=4).
Values are means + SEM (n=4). Dashed lines without symbols are the transcript values of plants maintained with constant nitrate as
presented in Figure 5.



Figure 7. Nitrate concentration in youngest
collared leaf (A) and root (B) tissue of Gaspe Flint
plants grown at either 0.5 mM or 2.5 mM NO;".
The broken lines correspond to maximum NO;
uptake capacity as shown by the °N
unidirectional flux analysis (see Figure 2). Values
are means + SEM (n=4), * indicates those points
that are significantly different between the two
growth conditions (p <0.05).
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Figure 8. Total free amino acid concentration

in root (a) and youngest collared leaf (b)
tissue of Gaspe Flint plants grown at either
0.5 mM or 2.5 mM NO; . The broken lines
correspond to maximum NO; uptake
capacity as shown by the >N unidirectional
flux analysis (see Fig. 2). Values are means +
SEM (n=4), * indicates those points that are 0
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Figure 9. Predicted ZmNRT2.1/2.2 protein levels based
on a protein lifespan of 5 days and estimated as the sum
of ZMNRT2.1 and ZmNRT2.2 transcripts at day x and
those of the 4 previous days, in plants grown at either (a)
0.5 mM or (b) 2.5 mM NO;. Transcript levels are as
presented in Figure 4(a) whilst flux capacity is as
presented in Figure 2(a). Panel (b) includes the flux
capacity for plants grown at 0.5 mM NO; but then moved
to 2.5 mM nitrate at day 15 as presented in Figure 4(b).
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