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HIGHLIGHT
The simultaneous presence of urea and ammonium irhé nutrient solution promotes the

acquisition of ammonium

ABSTRACT

Despite the wide use of urea and ammonium as Nifers, no information is available about the
proper ratio useful to maximize the efficiency béir acquisition by crops. lonomic analyses of
maize seedlings fed with five different mixes oéairand ammonium indicated that after 7 days of
treatment, the elemental composition of plant #sswas more influenced by ammonium in the
nutrient solution than by urea.

Within 24 hours, similar high affinity influx ratesf ammonium were measured in ammonium-
treated seedlings, independently from the amoutitetation present in the nutrient solution (from
0.5 to 2.0 mM N), and it was confirmed by the sanilaccumulation of°N derived from
ammonium source. After 7 days, some changes in amumo acquisition occurred among
treatments, with the highest ammonium uptake efficy when the urea-to-ammonium ratio was
3:1.

Gene expression analyses of enzymes and trangparteolved in N nutrition highlight a
preferential induction of the cytosolic N-assimilat pathway ¥ia GS, ASNS) when both urea and
ammonium were supplied in conjunction, this respongght explain the higher N-acquisition
efficiency when both sources are applied.

In conclusion, this study provides new insights mant responses to mixes of N sources that
maximize the N-uptake efficiency by crops and thasld allow to adapt agronomic practices in

order to limit the economic and environmental intped\-fertilization.

KEYWORDS: AMT, DURS3, mixture of N sources, nitrogen transpost NRT, root uptake.



INTRODUCTION

Nitrogen (N) is a macronutrient for plants andhitsavailability in the soil is strictly correlatead

the plant productivity (Gojon, 2017; Li et al., 201 Ammonium and nitrate are the two main N
forms that plants preferentially acquire to susth&ir N needs (Hachiya and Sakakibara, 2017). On
the other hand, organic N is the most abundant fofnN in the soil that contributes to N
bioavailability during organic matter decomposititmough the release of amino acids and little
peptides. Together with the urea, these organiolegs can be acquired by roots and partially
sustain plant N nutrition (Kojima et al., 2007; €egr and Rentsch, 2010; Forde, 2014). Urea in the
soil can either have natural occurrence deriviogfthe catabolism of living organisms or have an
anthropogenic origin deriving from fertilization easts. Despite the worldwide diffusion of urea as
N source in agriculture, little is yet known on thwlecular mechanisms involved in its use by
plants (Liu et al., 2003; Wang et al., 2012; Zaeiral., 2015a; Zanin et al., 2015b; Zanin et al.,
2016). It is generally assumed that the soil apgibm of urea determines an increase of N-
bioavailability in soil mainly through its hydroligs into ammonium. This latter form can be
converted into nitrate by nitrification processddmth these inorganic forms mainly contribute to
plant N nutrition.

Ammonium can be taken up by root cells throughgpanters located on plasma membranes (Ghiel
et al., 2017); in maize, Gu et al. (2013) have iified two AMT1-type homologues to arabidopsis
transporters (ZmAMT1;1a and ZmAMTL1;3), which aredbzed in the rhizodermal cells. These
transporters are probably responsible of the magguisition of ammonium in the high-affinity
range, are inducible by substrate rather than ldeficiency (Gu et al., 2013) and this response is
dependent on genotype (Mascia et al., 2019).

Urea can, at least in part, be taken up by rods aktectly as intact molecule through different
mechanisms of acquisition, and their relative dbotron depends on the external concentration of
urea (Liu et al., 2003; Gu et al.,, 2012; Zanin ket 2014). At low external concentration, this
molecule can be taken up by a high-affinity tramggocalled DUR3 located on the plasma
membrane of root cells, while, at high external agnmiration, urea might pass through plasma
membrane by simple diffusion or be acquired by ipassansport mediated by aquaporins (Kojima
et al., 2006; Wang et al., 2008; Zanin et al., 3014

In the soil, the stability of ammonium-based feréls varies with soil and environmental
conditions (Cantarella et al., 2018). Especiallysml with high pH and low cation exchange
capacity, N can be easily volatilized in form ofrapnia into the atmosphere. Despite being more
stable than ammonium, urea can be rapidly hydrdlygseammonium/ammonia through the activity

of soil microbial ureases (Sigurdarson et al., 20T8erefore, in soil urea might suffer a destiny
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similar to ammonium sources, and in turn it compea® the efficiency of urea-based fertilization
(Nannipieri et al., 1990; Houdusse et al., 20051280et al., 2016). The use of mixed-N forms as
fertilizer takes the advantage to have both N s®jrairea and ammonium, simultaneously
bioavailable in the rhizosphere for root acquisitemd therefore allow a simultaneous acquisition
of both N-forms. A reciprocal interaction among taothree N sources, as urea, ammonium and
nitrate, was previously reported on maize planen{Z et al., 2015b), wheat (Garnica et al., 2009)
and oilseed rape (Arkoun et al. 2012). In some S;a@esynergistic action between N sources was
reported as showed by Garnica et al. (2009), wisemied a significant increase of ammonium and
urea uptake in wheat in the presence of nitrabsitihe entity of this action might be influendag

the nitrophilic character of the studied plant sge¢Arkoun et al. 2012). In wheat, the co-presence
of nitrate with ammonium and/or urea in the nutrignlution was associated with significant
improvements in plant growth and N assimilationyb®gdue to a rapid and transient stimulation of
assimilatory pathway (glutamine synthetase, GS,wardse activity; Garnica et al., 2009; Garnica
et al., 2010). Similar effects were also obserredaize where the simultaneous presence of urea
and nitrate in the nutrient solution stimulatedthat transcriptional level, the concomitant aciwat

of more pathways for N assimilation located in eliént cellular compartments, the plastidial
GS2/GOGAT cycle and the cytosolic pathway involvi@®1 and ASNS (Zanin et al., 2015b).
However, the mechanism responsible for the bemfigifect of nitrate on urea or ammonium
nutrition remains unclear (Houdusse et al., 200B).maize, the use of mixed N-sources,
nitrate:ammonium, improves plant growth (higherfleaea, shoot and root biomass) and
photosynthetic rate in comparison to sole nitrates@de ammonium (Wang et al., 2019). Some
pieces of evidence suggest that this synergistioradetween two N sources (as nitrate and
ammonium) might contribute to prevent cytotoxiceetfof ammonium (for review see Britto and
Kronzucker, 2002) through a rapid N assimilatiopHaintracellular regulation or maybe favouring
a hormonal balance in root cells (Gerendas etl@B7; Chen et al., 1998; Zanin et al., 2015b).
Based on these considerations, also urea mightilcotg to alleviate the toxicity of ammonium in
root cells, as urea nutrition promotes root grovethd stimulates cytosolic pathway for N
assimilation (Mérigout et al., 2008b; Zanin et @015b). Despite the wide relevance as nitrogen
fertilizers, little is known about the interactiohstween urea and ammonium, and no studies have
investigated before the proper urea:ammonium raise$ul to maximize the N acquisition in plants.
Present work aims to evaluate the occurrence etipnocal influence on N-acquisition depending
on type and availability of two N forms. Therefor&l-acquisition, ionomic profile and
transcriptional pattern of most relevant genes\farutrition were analysed when maize roots were

simultaneously exposed to urea and ammonium appliesbnjunction to nutrient solution (five
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different urea-to-ammonium ratios). We speculathdt tfertilization with a mixture of urea-

ammonium can promote N acquisition in maize.

MATERIALS AND METHODS

Plant growth

Maize seedsZea mayd.., P0423, Pioneer Hybrid Italia S.p.A.) were gerated over aerated 0.5
mM CaSQ solution. After 3 days, the seedlings were tramstkinto aerated hydroponic system
and under controlled conditions (16/8 h light/daykle, 220umol m? s * light intensity, 25/20 °C
temperature, 70-80 % relative humidity). After 2yslamaize seedlings (5-day-old) were
transferred to a N-free nutrient solutiqiM; K,SO, 200; KH,PO, 175; MgSQ 100; NaFe-EDTA
40; KCI 5; HBO; 2.5; MnSQ 0.2; ZnSQ 0.2; CuSQ 0.05; NaMoO, 0.05). Urea and/or
ammonium were added to N-free nutrient solutiomceefive nutritional treatments have been
tested (2 mM total N)100U, 1.00 mM CHN.O; 75U:25A 0.75 mM CHN;O and 0.25 mM
(NH4)2SOy; 50U:50A 0.50 mM CHN,O and 0.50 mM (Nk),SO;; 25U:75A 0.25 mM CHN,O
and 0.75 mM (NH).SO;; 100A 1.00 mM (NH)2SO,.

As controls, some seedlings were grown in N-fregient solution {N) or in -N nutrient solution
containing nitrate (1 mM Ca(N{), Nitrate). Sulphate was added to nutrient solution in \deia
amounts to compensate the sulphur amount derivorg &mmonium sulphate. The pH of solution
was buffered using 1 mM MES-BTP at pH 6.0. Afteh Trom the beginning of the light phase
(8:00 AM), the N sources have been added to nutsielution. To avoid urea degradation, nutrient
solution was renewed every 48 hours, thereforenduthis period, the hydrolysis of urea or
nitrification processes are unlikely under hydraparonditions (Zanin et al., 2015b; Mérigout et
al., 2008a). At the end of the experiment, thetlighnsmittance of leaves was monitored (SPAD-
502, Minolta, Osaka, Japan).

The capability of maize to use N sources was eteduthrough TN]-tracer experiments after 24
hours and 7 days of treatments. Therefore seediige exposed to nutrient solution containing
labelling nitrogen as COANINH>),, ([*°N]NH,),SO;, or Caf°N]JNO3 (10 atom%"N). Only one N-

source was labelled when urea and ammonium wetedpp conjunction in nutrient solution.

Root external acidification
The capability of roots to acidify the external naedas performed after 6 hours of treatment with
N sources and visualized on agar gel (0.9% w/v dayer containing 0.04% w/faromocresol

purple, as pH indicator) as previously describedagin et al. (2017).



Elemental analysis

Elemental composition of roots and shoots was aedlyas previously described (Zanin et al.,
2017). Briefly, oven-dried samples (60°C) of shoantsl roots (collected 24 hours and 7 days after
treatments) were acid digested with concentratedpire HNQ (650 mL L Carlo Erba, Milano,
Italy) using a microwave oven (CEM Mars Xpress Matts, NC, USA), according to the USEPA
3052 method “Plant Xpress” (USEPA, 1995). Elemeasricentrations (calcium, Ca; copper, Cu;
iron, Fe; potassium, K; magnesium, Mg; manganesgrvilybdenum, Mo; sodium, Na; nickel, Ni;
phosphorus, P; sulphur, S; zinc, Zn) were thenrdeted by Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS NexION 300, Perkin Elmer Irghelton, CT USA) oinductively Coupled
Plasma—Optical Emission Spectroscopy (ICP-OES 5880ent Technologies, Santa Clara, USA).
Element quantifications were carried out usingifiedt multi-element standards.

After 24 h and 7 days of treatment, shoots andsrobimaize were dried and their total N, C content
and >N enrichment were determined by EA-IRMS (Vario tsm Select and Isoprime 100,
Elementar Analysensysteme GmbH, Hanau, Germdny)fertilizer uptake efficiency of maize
seedlings was calculated after 24 hours or 7 dayeatment and refers to the N-uptake efficiency
(NUpE) of the labellind®N-source (calculated a§N uptake (nmol) 7°N applied (hmol) x 100).

Ammonium uptake rate

The uptake rate of ammonium was measured by acatiomilof :>N-labeled source into roots of
maize seedlings after rinsing the roots of hydragally-grown seedlings in 0.5 mM Ca$%0
solution for 1 min, followed by an incubation fonfin containing°N-labeled ammonium sulphate
(98 atom%™N, 0.1 mM F*NJ(NH.),SO:in 0.5 mM CaS@) and then rinsing roots in ice-coteN-

free solution (0.5 mM CaSfpfor 1 min. Roots were then harvested and freemel dAn aliquot of

2 mg of ground sample was used fGN analysis by elemental analyser/isotope ratio mass
spectrometry (EA-IRMS, Vario Isotope Select andptsme 100,Elementar Analysensysteme
GmbH, Hanau, Germany).

RNA Extraction and reverse transcription for Real time RT-PCR analyses

Real-time RT-PCR analyses were performed on maiats ias described by Venuti et al. (2019).
Maize roots were sampled, and total RNA was extchaisinglnvisort® Spin Plant RNA kit
(Invitek Molecular, Berlin, Germany) following mafacturer’s instructions. The quality and
concentration of RNA was checked by gel electropsisrand by Nanodrop, respectively. Total
RNA (1 pg) was reverse-transcribed in cDNA usin@ Hinol of Oligo-d(T)s (Sigma Aldrich,
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Milano, ltaly), 20 U Prime RNase Inhibitor (Sigmdd#ch), 200 U of RNase H derivative of
Moloney murine leukaemia virus (M-MLV reverse traniptase, Sigma Aldrich), according to the
manufacturer’s protocol. Using Primer3 software rg&saar and Remm, 2007; Untergrasser et al.,
2012), primers were designed and synthesized by&ildrich Supplementary Table S). The
analyses were performed using CFX96 Real Time RR-B€tection (Biorad) and gPCR package
for statistical R software (R version 3.5.1, wwwsghiess.de/gpcR.html). For each set of primers,
the efficiencies of amplification were determinedidicated by Ritz and Spiess (2008). Data were
referred to the averaged expression of two hougpekgegenesZmGAPDH and ZmTUA
(Supplementary Table S}). Data were normalized using thé2" method (Livak and Schmittgen,
2001).

Statistical analyses and data elaboration

Physiological and molecular analyses were perforaoredhree independent biological replicates.
Statistical significance was determined by one-waglysis of variance (ANOVA) using Holm—

Sidak test for multiple comparisons (p-value <0.855= 3). PCA analyses were performed with

ClustVis web tool (https://biit.cs.ut.ee/clustvidtetsalu and Vilo, 2015) applying unit variance

scaling to elements; singular value decompositiatth wnputation is used to calculate principal
components, in heatmaps, elements were centredyanmance scaling is applied to elements (both

elements and samples were clustered using cooeldistance and average linkage).

RESULTS

Morphological observations

In order to verify the capability of maize to useear and/or ammonium as N sources, 5-day-old
maize seedlings were grown further on nutrient temhucontaining N sources for up to 7 days. In
our experimental set up, no urease inhibitor wageddo nutrient solution to avoid interference
with the urea acquisition by plants (Krogmeier let 8989; Bremner, 1995; Watson, 2000; Zanin et
al., 2015a; Zanin et al., 2016). Moreover, undedrbgonic condition, the frequent renew of
nutrient solution was sufficient to avoid urea tofgisis (Mérigout et al., 2008a).

Despite no significant changes in maize weightseweeasured (Buoso et al., 2021), the presence
of ammonium in the nutrient solution modified ra@sthitecture, through the elongation of lateral
roots and a concomitant reduction of primary andisal root lengths (well visible after 7 days of
treatment,Figs. 1A, 3. Comparing to urea or nitrate, the presence ofmamum in nutrient

solution induced a higher acidification activity maize roots, already visible after 6 hours of
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treatment Fig. 1B). The presence of 0.5 mM NHin the treatment 75U:25A was sufficient to
stimulate the acidification of root external mediad this effect was mainly localized around the
primary roots. In 50U:50A, 25U:75A and 100A treatitse the acidification effect was induced
around both primary and seminal roots. These eff@obt external acidification and shortening of
the primary root) were less visible when ammoniuas wrovided in conjunction with uregigs. 1,

2).

Elemental analyses

Elemental composition of roots and shoots was aedlyafter 24 hours and 7 days of treatment
(Buoso et al., 2021). Depending on N treatmentanehtal distribution between shoots and roots
showed differences among treatments and betwedwthsampling times (24 hours and 7 days).
Multivariate analyses (PCA) were carried out onwiwle elemental dataset in order to highlight
possible differences and similarities among theesfig. 3, Supplementary Fig. S After 7
days of treatment, the PCA generated a six-compgameael accounting for a total variance of
96% in both shoots and in roots. The first two comgnts (PC1 and PC2) explaining 70% of the
total variance have been chosen to show samplgbdisbn. In both shoots and roots, the PCA
analyses discriminate four groups along PC1l, whdlesamples deriving from ammonium-
containing treatments clustered together (75U:25@):50A, 25U:75A and 100AFig. 3). This
clear separation was visible only after 7 daysreatiment Fig. 3). Conversely, after 24 hours of
treatment with different N-sources, samples arstehed together (Buoso et al., 2021).

The root exposure to N sources determined a sogmifiincrease of N concentration in maize
seedlings, and this effect was already evident @ehours of treatment when inorganic N sources
(ammonium and nitrate) were applied to nutrientisoh (Buoso et al., 2021).

Regarding the other nutrients, after 24 hours sldjfierences were observed among treatments,
with the exception of K which concentration in steoand roots of maize seedlings was already
reduced in comparison to -N seedlings when ammomasiapplied to nutrient solution (75U:25A,
50U:50A, 25U:75A and 100A, Buoso et al., 2021).

Prolonging the treatments to 7 days, visible changenutrient concentrations of shoots and roots
occurred among treatments (Buoso et al., 2021). elbément composition of ammonium-treated
seedlings (100A) indicates an increase of S, PinGoots and shoots, and an increase of Mn, Fe,
Zn in shoots in comparison to -N seedlings. Ondtier hand, a reduction of K concentration was
observed in shoots and roots of 100A.

Besides, for the first time, we provide the ionomiofile of seedlings fed with urea as sole N

source (100U). It is interesting to note that, raffedays of treatment, urea nutrition led to
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characterize maize seedlings with a different iolwopattern in comparison to N-deficient ones (—
N) or seedlings fed with inorganic N-sources (asmamium, 100A; or Nitrate;Fig. 3). In
particular, the presence of urea as sole N sowtermdined higher concentrations of: P, S, Fe in
roots and shoots; Mg, Cu and Zn in shoots; andrivioots (Buoso et al., 2021).

Under our experimental conditions, when urea anagnamium were applied in conjunction to
nutrient solution (75U:25A, 50U:50A, 25U:75A), inteediate values between 100 U and 100A in
elemental concentrations of Mg, Cu, Mn, were obsetin roots and shoots, and S in shoots, while
the K and P concentrations were comparable to thlesected in ammonium treated seedlings
(100A) than to urea ones (100U; Buoso et al., 2021)

Ammonium influenced the internal redistributionMf in maize since ammonium treatments led to

a reduction of Mg concentration in roots but inseghits concentration in shoots.

>N-labelling experiments

The capability of maize seedlings to acquire théedint N sources was evaluated throdgk-
labelling experiments. Maize seedlings were fech\WitN]-nitrate, £°N]-urea or {°N]-ammonium
and the amount dfN taken up by roots was evaluated through EA-IRE&pending on time (24
hours or 7 days) and type of treatment, seedlinggved a different use of N sourcésq 4). The
highest values of®N-concentration were detected in seedlings treii¢l inorganic N sources,
nitrate and ammonium (75U:25A, 50U:50A, 25U:75A da0@A), both at 24 hours and 7 days.
Within 24 hours, urei¢®N was proportional to the amount of urea availabléhe external media,
while **N derived from ammonium contributed in a similarywamong ammonium containing
treatments. Conversely, after 7 days of treatmarga source significantly contributed to N
nutrition of maize increasing linearly with the ammb of urea available in the external medt#y(
4). At 24 hours, the N-uptake efficiency (NUpE) ahmonium fertilizer was higher in treatment
75U:25A. Moreover, also treatments 50U:50A and Z%4: promoted ammonium uptake
efficiency, with values higher than those recordader treatment 100A4=(g. 5).

In terms of NUpEXN parameter, data indicated that after 7 days goifgiant changes in the
uptake efficiency of°N-urea among urea:ammonium treatments were detegtele a high NUpE

of *N-ammonium was observed for treatment 75U:26i#y(5).

Ammonium uptake rate
The *N-ammonium influx experiments allowed to monitoe thynamic of ammonium influx in

maize roots through the high-affinity componentaimimonium transport system (HATS).



Present data confirmed ammonium influx is stimuldig its substrate, while N deficient seedlings
(-N) and nitrate treated seedlings showed onlytla Btimulation of ammonium acquisition after 24
hours of treatmentHg. 6A, B). Moreover, data indicated that treatments 75U;250U:50A,
25U:75A and 100A showed similar high-affinity trgost activity within 24 hours of treatment
suggesting that the presence of urea did not arerivith the high-affinity ammonium influ(g.

6D, E, P. In the presence of urea as sole N-source (108&8dlings showed a gradual increase
during 24 hours of ammonium acquisition, reachihg highest influx rate after 24 hours of
treatment Fig. 6C). However, the simultaneous exposure of maizelsggsdio both N sources did
not induce an over stimulation of ammonium acquisit the influx rate observed under
urea:ammonium mix (treatment 75U:25A, 50U:50A, ZBA) was comparable to the influx
pattern observed under ammonium alone (100A). Tihe exception was observed after 2 hours of
50U:50A treatment, since the ratio 1:1 urea:ammuondiletermined higher ammonium uptake rate

in roots in comparison to ammonium alone (1064, 6E).

Gene expression analyses

To characterize the expression profile of gene®lired in N transport and assimilation, gene
expression analyses were performed in maize rdétes 24 hours and 7 days of treatmerig( 7).
The expression of twenty-one genes coding for wiffe isoforms of enzymes and transporters
involved in N nutrition highlightened a differemduction of N-assimilatory pathways (Buoso et
al., 202). Main responsive genes by urea and ammonium tegdtmere:ZmNRT1.1ZmDUR3
ZMAMT1;1aZmAMT1;3 ZmGS2ZmGS3ZmMmASNSZANdZmASNS4Fig. 7). After 24 hours Kig.

7A; Buoso et al.,, 2021), the expression of the lowadifi nitrate transporteZmNRT1.1was
induced by the presence of N in the nutrient sofufregardless of the nitrogen source) compared
to -N treatment, while urea transpormDUR3was downregulated by all N-treatments. The
expression of the ammonium transportedAslAMT1;1a and ZmAMT1;3 were induced by
ammonium and were responsive to the amount of anumpavailable in the external media. When
urea was added in the external media as the odguxee (100U), a strong induction of ammonium
transporterZmAMT1;3 gene was observed at 24 hours in comparison toother treatments.
Moreover, in comparison to -N and nitrate treatmenéa (100U) induced also genes involved in
the ammonium assimilatiovia cytosolic pathway, as demonstrated by the highstiapt levels of
ZmGS3 ZmASNS3and ZmASNS4 This induction characterized also urea:ammoniunx m
(treatments 75U:25A, 50U:50A, 25U:75A) and ammoni{®0A) treatments. ConverseBmGS2

the plastidial isoform of glutamine synthetase, wpsegulated only by nitrate treatment. After 7

days of treatmentHg. 7B), the expression mNRT1.lwas induced by the presence of N in the
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nutrient solution in comparison to N-deficient nai©n the contraryzZmDUR3was downregulated
by N treatments regardless to N form applied irrieat solution. The expression @mAMT1;1a
and ZmAMT1;3 was induced by urea and ammonium treatment (10@BW:Z5A, 50U:50A,
25U:75A and 100A) compared to -N and nitrate segdli These treatments (100U, 75U:25A,
50U:50A, 25U:75A and 100A) also induce the exp@sf ZmGS3 ZmASNS3and ZmASNS4
ZmGS2gene appears to be induced only by the presenadrate. The expression d@muUrease
was not altered by the different treatments (Bustsal., 2021).

DISCUSSION

Several studies provide evidence that a combinatiatifferent N sources leads to positive effects
on the nutritional status of crops and therefoeedbmbine use of more N forms might contribute to
increase the N use efficiency (Kronzucker et 9% Mérigout et al., 2008a; Garnica et al., 2009;
Arkoun et al. 2012; Zanin et al., 2015b). Deep stg@mtions have been performed to study the
interaction between inorganic N sources (ammoniachratrate; Kronzucker et al., 1999; Yang et

al., 2017), while the combinatory effects of urea @mmonium on plant nutrition has been less
studied. The use of urea along with ammonium mpgbt/ide an advantage for N nutrition: urea

does not undergo to direct volatilization as intawtlecule, and, at the same time, ammonium
(applied or released by urea hydrolysis) can sugtnt N requirements since the inorganic forms
are preferentially taken up by plants (Harrisomlet2007; Ashton et al., 2008). Moreover, as urea
and ammonium share key-point of N assimilatory pssdn plants, the simultaneous availability of
both N forms in the external solution might exentegiprocal interaction on their acquisition in

plants.

Plant responses to ammonium

When ammonium was applied as sole N source, notayto effects were visible on maize

seedlings and on fresh and dry weights, being am@mong N-treatments (Buoso et al., 2021).
Depending on ammonium availability in nutrient smn, a shortening of root length and an
increase of root external acidification occurrédgé. 1, 3. These morphological changes were
previously described in plants (Meier et al.,, 202Qy et al., 2013; Anderson et al., 1991).
Ammonium acquisition is linked to an increase obtr@xternal acidification due to a strong
extrusion of protons as possible consequence ofdmih in the cytosol of root cells due to

ammonium assimilation (Meier et al., 2020; Gereretéa., 1997; Taylor and Bloom, 1998).
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Extensive studies have been performed to study amumotransport system in plants (von Wirén
et al., 2000; Gu et al., 2013; Giehl et al., 20DTian et al., 2018). Th&N-ammonium influx
experiment confirmed that in maize, ammonium HA$Stimulated by its substratéig. 6). Two
transporters have been characterized to be regpemdisubstrate-inducible HATS for ammonium
uptake in roots of maize, ZmAMT1;1a and ZmAMT1;3u(€ét al., 2013). At molecular level, gene
expression analyses of maize roots confirmed ZmaAMT1;1laand ZmAMT1;3were induced by
ammonium Fig. 7).

The nitrate transporter NRT1.1 (Tsay et al., 1983hvolved in multiple physiological processes,
which provide plant resistance to unfavourable emment such as ammonium excess and acidic
toxicity (Fang et al., 2016; Jian et al., 2018)ammonium-fed seedlings, AMT genes induction is
partially dependent on NRT1.1 and, at physiologieaél, the absence of a functio™iRT1.1gene
led to a decrease of ammonium uptake into rootsrdstingly, the presence of ammonium (with or
without urea) in the external media induced the resgion of ZmNRT1.1 alongside the
overexpression of the previously repordBdAMTgenes Eig. 7, Buoso et al., 2021). However, the
rationale behind the role of this gene on the raguh and in general on the ammonium uptake still
need to be elucidated (Jian et al., 2018).

Plant responseto urea

Urea promoted a good development of maize roots antextensive proliferation and elongation of
the roots (Zanin et al., 2015b) and no visible gesnin the root external pH occurred when maize
seedlings were supplied with urea as sole N sqiHigs. 1, 3.

For the first time in plant species, ionomic changeresponse to urea have been characterized. The
multielement profiling of urea-treated seedlingéq) showed high contents of P, S, Mg, Mn, Fe
and Zn in comparison to -N seedlingsg. 3; Supplementary Fig. S1;Buoso et al., 2021). Urea
treatment characterized the elemental compositiomaize seedlings with a defined pattern not
overlapped to those of nitrate- or ammonium-fedzedtig. 3).

Therefore, urea nutrition induces a plant respocisaracterized by a peculiar physiological,
ionomic and transcriptional modulations (Zaninlet2015b).

Confirming the evidence from the literature, masaeedlings use urea as the sole N-source as
demonstrated by an increase of biomass and N ctvaten in comparison to -N maize (Buoso et
al., 2021), although inorganic N sources determere@ven higher N content in plants (Bradley et
al., 1989; Tan et al., 2000; Houdusse et al., 200&rjgout et al., 2008a; Buoso et al., 2021). Over
the time (from 24 hours to 7 day), an increasereeaNUpE was observedri@g. 5). These data

agree with previous observations in tomato, whieeeN-absorption of urea was shown to increase

12



more with the advancement along the plant grondest than with inorganic N-forms (Tan et al.,
2000). Therefore, agronomical practices that agréserve the urea stability in the soil might take
advantage of this dynamic response in plants.

In agreement with previous evidence (Zanin et2l15b),ZmDUR3was downregulated by urea or
the other N forms in the medi&i§. 7) and ZmUreaseexpression was not responsive to urea or
other N forms in the media (Buoso et al., 2021jerestingly, urea treatment (100U) strongly
induced the transcription of ammonium transport8mAMT1;laandZmAMT1;3at 24 hourgFig.

7), and the upregulation of AMT-transporters agreeth \&i concomitant induction of ammonium
influx through HATS in maize root$-{g. 6). The positive effect of urea on the expressioAMIT
was also reported in arabidopsis (Mérigout et28108b).

The route of urea assimilation is supposed to bestimaccompartmentalized in the cytosol.
Molecular evidence (transcriptomic) might suggdst tureic-N undergoes metabolic reactions
located in the cytosolia transformation by urease, glutamine synthetasel@8d asparagine
synthetase (ASNS; Mérigout et al., 2008b; Zanialgt2015b). In the present work, urea induced
genes involved in the ammonium assimilatioa cytosolic pathway (GS, ASNS), as suggested by
high transcript levels mGS3ZmASNSandZmASNS4Fig. 7). Based on this evidence, the urea
nutrition might also promote the assimilation ofraonium when the cation is directly taken up

from root external solution.

Effect of urea and ammonium mix

Concerning ammonium acquisition, maize seedlingsveld an increase of NUpE inversely related
to ammonium availability in the nutrient solutidn. particular, the treatment 75U:25A determined
the highest NUpE of ammonium, and this effect wessble after both 24 hours and 7 days of
treatment Fig. 5). The presence of urea in the nutrient solutiod dot interfere with the
ammonium uptake, especially considering the hidimiaf transport system (HATSgig. 6). The
high efficiency of ammonium acquisition in preserafethe urea and ammonium mix might be
related to the inducible feature of the ammoniumTiSAindeed, especialmAMT1;3was found

to be induced not only by ammonium but also by uregardless of the ammonium concentration
in the nutrient solution (after 7 days of treatmdfigy. 7). This transcriptional response might
contribute to the high NUpE of ammonium when ured ammonium are used in conjunction. On
the other hand, data did not indicate the occug@fi@ reciprocal interaction of ammonium on urea
acquisition, as neither changes in the expressionrea transporter nor in NUpE of urea were

observed among mix treatmenksgs. 6, §.
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Overall, data indicate that the application of taeamonium fertilizer in the ratio of 3:1 stimulated
the ammonium uptake efficiency in plants and mawntmoute to limit N loss by ammonia
volatilization as in this urea-to-ammonium combioatmost of N is applied in form of urea. A
synergistic effect between the N sources urea amdanium was also observed in wheat, where
the presence of urea in the external media promtitedammonium acquisition increasing the
uptake rate of the cation form within 24 hours (Gea et al., 2009). These data suggest that
agronomical practices acting to preserve both ttesgmce of urea and ammonium may help to
promote an efficient N acquisition.

It has been hypothesized that depending on N-fqmtsate, ammonium or urea), N assimilation
might involve several molecular pathways or isoemey located in different compartments
(Garnica et al., 2010). It is well reported thati&tiving from the reductive steps of nitrate beceme
substrate of the GS-GOGAT cycle located in thetmlas(Li et al., 2017), while the molecular
pathways directly involved in the assimilation ofiriving from urea or ammonium have been less
investigated. Molecular analyses highlighted thatauand ammonium mix treatments induced an
over-expression of those enzyme isoforms that maosvk to be localized in the cytosol (GS, ASNS)
rather than in the plastid (GS-GOGAT cydiyg. 7, Buoso et al., 2021). These results indicate that
ammonium, deriving from urea hydrolysis or directigken up by roots, stimulates the N
assimilation through cytosolic isoenzymes while ghastidic pathway is involved only when the
assimilation of ammonium followed the nitrate-rigrreduction (Lee et al., 1992; Lam et al., 1996;
Ishiyama et al., 2004; Liu and von Wirén, 2017).

When urea was mixed with ammonium, the elementalyaas indicated that the ionomic
composition of maize seedlings was mainly influehlog the presence of ammonium in the nutrient
solution rather than by urea, and this effect wademt after 7 days of treatmerftig. 3). This
behaviour might be consequence of ammonium uptakin@ acquisition of other macronutrients.
Indeed, the acquisition of N in the cationic forammonium) can determine in plants a lower
demand of cations for charge balance and thereéohace the acquisition of other cations, such as
K, Mg and Ca (Engels and Marschner, 1993; RayavandHai, 1977).

It is interesting to note that the presence of @@ ammonium in the nutrient solution promoted S
accumulation in maize. This behaviour might derivem a high acidification activity by
ammonium-treated roots, as the transmembrane pmadient is needed to energize sulphate
acquisition by roots (Buchner et al., 2004). Mommgvconversely to nitrate nutrition, the
assimilation of N deriving from urea- or ammoniumsbkd fertilizers allows plants to save reducing
power within cells as N occurs already in a redcstate. In this way, NAD(P)H and reduced

ferredoxin are preserved for the assimilation dfeotnutrients (e.g., the reduction of sulphate to
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sulphur). Therefore, these data sustain the hypitlieat the use of mixed N sources might be also
advantageous for energetic reasons, since in mammonium is readily assimilated in roots for
local demand while nitrate or urea can be easdgdiocated into the shoots and assimilated there
(Gerendas et al., 1997; Glass et al., 1997; Blobah €1993).

CONCLUSIONS

In the present work, five urea to ammonium ratieyentested on maize seedlings and the plant
response was characterized at physiological anécular levels. The ionomic profile indicates that
the elemental composition of maize is influencedalhynonium rather than by urea in the nutrient
solution. Within 24 hours, maize seedlings showétilar acquisition of ammonium N
concentration and influx) irrespectively of the ait®e ammonium ratio, while in the long term, the
ammonium accumulation went along the availabilify M source. Nevertheless, the highest
ammonium uptake efficiency was observed when tis®iNce was applied in the nutrient solution
in conjunction with urea, at a 3:1 urea to ammonnatin. Considering a slow-release urea-based
fertilizers and conditions unfavourable to theifidation of ammonium, this behaviour might allow
plants to take up ammonium with a high efficiensysoon as it becomes available from urea
hydrolysis. The activation of cytosolic pathway fble ammonium assimilation was induced by
ammonium as well as by urea in the nutrient safutibherefore, the plant nutrition might take
advantage of fertilization with urea and ammoniuimew they are supplied in conjunction, as a
beneficial action of urea on ammonium assimilaeams to occur in maize roots.

Aiming to mitigating N losses, this study providgasdelines for the development of cost-effective
technologies and environmentally friendly solutidosa more sustainable fertilization practices in

agriculture.
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FIGURE LEGENDS

Figure 1. A, representative pictures of maize seedlings &#ehours of treatment with nitrogen
sourcesB, root acidification assay using a pH indicatorofbhocresol purple) embedded in a thin

layer of agar gel. The pH scale refers to the aqobdiromocresol purple at different pH values.
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Figure 2. Representative pictures of maize seedlings aftiyg of treatment with nitrogen sources
(white arrows indicate primary roots; RL, primappt length: average + standard deviation). In the
box below a magnification of leaves and relativéBRndex values (average + standard deviation)
are shown (Holm-Sidak ANOVA, N=20, p-value < 0.05).

Figure 3. lonomic analysis of maize seedlings after 7 ddytsemtment with different N-sources in
roots A-C) and in shoots[¥-F). In radar plots, the concentration of each eldnrenoots A) and
shoots D) was scaled to average value of -N samples (valOg PCA analyses show principal
component 1 and principal component 2 that expla®9% and 30.8% of the total variance in root
(B) and 48.6% and 21.4% of the total variance in sl@h Prediction ellipses are such that with
probability 0.95, a new observation from the samaug will fall inside the ellipse. In heatmaps, a

clustering of elemental concentrations and saniplesaize roots€) and shootsK) is shown.

Figure 4.N-concentration in root#\| D), shoots B, E) and whole seedling€( F) of maize after
24 hours A-C) or 7 days D-F) of treatment with different N-sources. Letterfers to statistical
significance (Holm-Sidak ANOVA, N=3, p-value < 0)05

Figure 5. ®N-fertilizer uptake efficiency of maize seedlingsea 24 hours (left graph) or 7 days
(right graph) of treatment with different N-sourcealculated as N-uptake efficiency (NUpE) of the
labelling®N-source. Letters refers to statistical significaldolm—Sidak ANOVA, N=3, p-value <
0.05).

Figure 6. *®N-ammonium influx in maize roots up to 24 hours toifatment with N-sources.
Asterisks refers to significancy within same samgliime in comparison to the reference (100A).
The N-ammonium influx in maize roots of 100A seedlingsompared to the influx observed in
roots of: -N A), Nitrate ), 100U C), 75U:25A O), 50U:50A €), 25U:75A €) seedlings.
Letters refers to statistical significance withiange thesis during the experiment (Holm-Sidak
ANOVA, N=3, p-value < 0.05).

Figure 7. Real-time RT-PCR analyses of gene transcript lgvalaize roots after 24 hour&)(and
7 days B) of treatment with different N-sources. The mRNAdls were normalized with respect to
the mean transcript level of the housekeeping géneBUAandZmGAPDH Relative changes in

gene transcript levels were referred to the avenagescript level of housekeeping genes in -N roots
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(relative gene expression = 1). Letters refergatssical significance (Holm—Sidak ANOVA, N=3,
p-value < 0.05).
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FIGURES

75U:25A 50U:50A 25U:75A

Nitrate 75U:25A 50U:50A 25U:75A

Figure 1. A, representative pictures of maize seedlings &#ehours of treatment with nitrogen
sourcesB, root acidification assay using a pH indicatorofbocresol purple) embedded in a thin

layer of agar gel. The pH scale refers to the aqobdioromocresol purple at different pH values.
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Figure 2. Representative pictures of maize seedlings aftiayg of treatment with nitrogen sources
(white arrows indicate primary roots; RL, primappt length: average + standard deviation). In the
box below a magnification of leaves and relativéBRndex values (average * standard deviation)

are shown (Holm-Sidak ANOVA, N=20, p-value < 0.05).
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Figure 3. lonomic analysis of maize seedlings after 7 ddytseatment with different N-sources in
roots A-C) and in shootsl¥-F). In radar plots, the concentration of each eldnmrenoots A) and
shoots D) was scaled to average value of -N samples (vAlOg PCA analyses show principal
component 1 and principal component 2 that expl@@¥% and 30.8% of the total variance in root
(B) and 48.6% and 21.4% of the total variance in sli@h Prediction ellipses are such that with
probability 0.95, a new observation from the samog will fall inside the ellipse. In heatmaps, a

clustering of elemental concentrations and saniplewize roots@) and shootsK) is shown.
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After 24 hours

A Root B Shoot C Plant
20 20 20
a
"g 15 g 15 a g 15 a b
z z z
s : i . c be
N 10 N 10 .
H b b ¢ be be z
& £ ! 2
—E 05 —-:E 05 d —.;% 05 d o
5 5 d df g " I
004

o
o

M 25» » N I W 25> » N I e N 29 gOh qoh N
R P SR R P LS W0 027 (950 01 4
After 7 days
D Root E Shoot F Plant
6 6 6
_g 5 g 5 a g 5
g - - a
B e e b
g, g, g,
= - 4 z
o . 2 c
A3 A3 Ba [ cd d
5 H H
P e
£ 2 & 2 & 2 f
s s s g
% 1 % 1 %‘: ! h
5 s s
o 01 0l
ol > e N AR coh > (N e N 2% b qoh (S
R R i i UL W A0 08 (5 1 4o O R G - Gl UL
: 15 15 ;
1 O\ Nitrate 0 "ON-Urea B N Ammonium

Figure 4.*®N-concentration in root#\| D), shoots B, E) and whole seedling€( F) of maize after
24 hours A-C) or 7 days D-F) of treatment with different N-sources. Letterfers to statistical
significance (Holm—Sidak ANOVA, N=3, p-value < 0)05
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Figure 5. 1"°N-fertilizer uptake efficiency of maize seedlingsea 24 hours (left graph) or 7 days
(right graph) of treatment with different N-sourcealculated as N-uptake efficiency (NUpE) of the
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labelling®N-source. Letters refers to statistical signifieaidolm—Sidak ANOVA, N=3, p-value <
0.05).
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Figure 6. *®N-ammonium influx in maize roots up to 24 hours tofatment with N-sources.
Asterisks refers to significancy within same samgliime in comparison to the reference (100A).
The ™N-ammonium influx in maize roots of 100A seedlinigsompared to the influx observed in
roots of: -N @A), Nitrate 8), 100U C), 75U:25A D), 50U:50A E), 25U:75A §) seedlings.
Letters refers to statistical significance withiange thesis during the experiment (Holm-Sidak
ANOVA, N=3, p-value < 0.05).

27



A After 24 hours

ZmNRT1.1 ZmDUR3 ZmAMT1;1a ZmAMT1;3
s 12 20 a 10
a a 2 a
T30 T a 2 1wl @ l o
3 a - abcpg ab | ¢ M
§ 25 - b
H cd
fa bed 6 ¢
H a8 10 d c
g1s . d
§ . b o b
1
2 b b |[os
2os ’l‘ 02 b by N e e
00 a0 a0 ° |;| |.|
ZmGS2 ZmGS3 ZmASNS3 ZmASNS4
16 16 18 20
a a
- 1 a 1 a 16 a
H " ab
) 2 - 15 a
S a
PR 10 ? b o a
H abab |« b
: 8 8 bc N 10
£ : :
¢ b
3 b bbby 1l ’ :
€] b 2{ ¢ 2{ ¢ € b
0 [ 04 (]
B After 7 days
ZmNRT1.1 ZmDUR3 2 ZmAMT1;1a ZmAMT1;3
F-] 1.2 7
a 5 a a a a?
104 = 20 .
2 ab
ab
b b ab 08 = :
15 20 a
bc

3
o

Relative gene expression level
o
>

Dw
Q
-
e s
%
g
-
o
(2]
(2]
o
e S
g @
o
o

ZmGS2 ZmGS3 ZmASNS3 ZmASNS4
20 10 180 800
] a a a a 4 a
- l a @ 160 a
a 2
:'5 8 120 a &0
g 120
H . 100
gyg ab b o a
: LY
':: 5 be N 20
: o ‘ b
€ | b||ob bbb 2l ¢ ¢
J Ol mEme | ) ol

0

UO-N ONitrate 01000 0O75U:25A BE50U:50A BE25U:75A E100A

Figure 7. Real-time RT-PCR analyses of gene transcript lgvelaize roots after 24 hour&8) and

7 days B) of treatment with different N-sources. The mRNAdIs were normalized with respect to
the mean transcript level of the housekeeping ggneBUAandZmGAPDH Relative changes in
gene transcript levels were referred to the avenagescript level of housekeeping genes in -N roots
(relative gene expression = 1). Letters refergatssical significance (Holm—Sidak ANOVA, N=3,
p-value < 0.05).
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