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Abstract

Aim
The rate of nitrate (NO ) uptake and changes in rhizosphere properties were
studied growing seedlings of two maize inbred lines differing in nitrogen use
efficiency (NUE) in rhizoboxes.

Results

Changes in NO  uptake rates occurred in response to anion addition
(induction) in seedlings grown both in hydroponic culture and in soil in
rhizoboxes. The characterization of root exudate composition showed a line-
specific metabolite profile, which was also affected by NO  availability. The
induction affected respiration, nitrification, ammonification and enzyme
activities of the rhizosphere. Furthermore, the composition of rhizosphere
bacterial communities of the two maize lines differed suggesting the selective
capacity of plants.

Conclusions

Overall, results showed a strong and fast modification of rhizospheric soil
properties in response to physiological changes in plants caused by
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fluctuating NO  availability.
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Introduction
The main challenge in plant nutrition and crop production is the improvement
of nitrogen (N) use efficiency (NUE) being currently estimated in crops NUE
less than 50% (Baligar et al. 2001; Hawkesford et al. 2012). Although the
capability of a plant to acquire N from the soil depends on soil type,
environment and plant species, physiological and molecular studies concerning
the traits related to N acquisition and assimilation are usually carried out in
simplified systems with model species (mainly Aarabidopsis), without
considering all the components of the plant-soil-microbial system. Therefore,
there is the need to study N nutrition of important crops, such as maize, in
systems closer to the real situation like those of soil-grown plants.

AQ2

The rhizosphere is the soil compartment profoundly modified by the release of
root exudates consisting of low molecular weight organic acids, sugars and
more complex chemical molecules such as polyphenols and other secondary
metabolites (Hawes et al. 2003; Tomasi et al. 2008; Mimmo et al. 2014; Pii et
al. 2015). Root exudates enhance plant nutrient uptake (Uren 2007; Tomasi et
al. 2008), sustain a larger and more active microbial activity (Renella et al.
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2007; Scagliola et al. 2016), and influence the composition of the rhizosphere
microbial communities (Brimecombe et al. 2007; Lynch and Whipps 1990;
Nannipieri et al. 2008; Pii et al. 2016c). It is accepted that plant species and
their stage-growth, as well as soil properties and season, are the main factors
influencing the microbial selection in the rhizosphere (Berg and Smalla 2009;
Pii et al. 2016b).

In previous work, we reported that the two maize inbred lines with different
NUE (Lo5 and T250; Balconi et al. 1997), differed for the composition of their
rhizosphere microbial communities and diversity and abundance of functional
genes (Baraniya et al. 2016; Pathan et al. 2015a, b; Giagnoni et al. 2016), being
the maize line with the highest NUE (Lo5) able to induce the greatest
modifications. However, the relation between the plant responses to N
availability, particularly in terms of N uptake and root exudate profiles, and the
biochemical activity and microbial community composition is still poorly
understood.

Nutrient (bio)availability in soil is generally estimated by chemical extractions
using H O or saline solutions (Bremner and Mulvaney 1982). However,
bioavailability depends on cell active uptake which can hardly be extrapolated
by data on nutrient chemical solubility in the heterogeneous soil matrix (Barber
1995). Whole cell biosensors allow the estimation of the real bioavailable
fractions of nutrients and other substances in soils because they report changes
in the metabolism of living organisms upon changes in the chemical conditions
surrounding microbial cells. Several whole-cell biosensors for detecting the
nutrient bioavailability have been constructed with the reporter gene technique
(Leveau and Lindow 2002). Among them, the lux-inserted Pseudomonas
fluorescens strains, in which bioluminescence is regulated by the cellular levels
of FMNH  (Kragelund et al. 1995, 1997; Yeomans et al. 1999), have been
successfully used to monitor nutrient bioavailability in different soils
(Kragelund et al. 1995, 1997; Jensen and Nybroe 1999) and nutrient fluxes in
the rhizosphere (Kragelund et al. 1997; Yeomans et al. 1999).

In the present study, we hypothesized that Lo5 and T250 maize inbred lines,
exhibiting different transcriptome responses when exposed to NO  (Zamboni
et al. 2014), were characterized by different root exudate profiles; this is
deemed to modify the biochemical activity and the composition of the microbial
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communities in the rhizosphere (Fig. S1). We also hypothesized that the maize
line with higher NUE was the strong competitor for inorganic N against soil
microorganisms. Therefore, we studied the modifications in biochemical
activities and microbial community composition of the rhizosphere of the maize
inbred lines Lo5 and T250 grown in rhizoboxes during changes in NO  uptake
rates following the NO  fertilizations. The N bioavailability in the rhizosphere
was monitored by using whole-cell biosensors and their responses were
compared to the roots NO  uptake rates. In addition, we analysed the
composition of root exudates collected from hydroponically grown plants. To
date, this is the first study that analyses comprehensively the changes occurring
in the plant-microbe-soil system upon fluctuation of NO  availability.

Materials and methods
Plant growth in hydroponic culture and collection of root
exudates
Seeds of the Lo5 and T250 inbred lines of Zea mays L. were steeped in water
for 24 h and then germinated over aerated deionized water in the dark at 27 °C
and 90% relative humidity. After 3 d, seedlings were transferred to aerated
0.5 mM CaSO  solution in 2.2 L-plastic pots (12 seedlings in each pot) for 1 d
and then transferred in a nutrient solution (NS) containing (in mM): KH PO
0.175; MgSO  0.1; KCl 0.005; FeSO  0.002; H BO  0.0025; MnSO  0.0002;
ZnSO  0.0002; CuSO  0.00005; H MoO  0.00005; CaSO  0.4 and NH PO
0.025. For half of the pots, the NS was integrated with the additional
NO 0.2 mM (induced). Plants were grown at a 16/8 h day/night regime (25
and 20 °C, respectively) and at the relative humidity of 70–75%. Since the
beginning of this last treatment (growing in NS +/− NO ), plant roots were
removed from the solutions, rinsed for 3 min in 1 mM CaSO  and analysed for
the NO  uptake as specified below in paragraph 2.3. Based on previous results
(Locci et al. 2001; Zamboni et al. 2014) and pilot experiments, net NO  uptake
rate was determined 0, 4 and 8 h after the NO  addition for the Lo5 maize line
and 0, 12 and 24 h after the NO  addition for the T 250 maize line. The whole
experiment was independently repeated three times using per each NO  uptake
assay three biological replicates (three independent intact plants).

Root exudates were collected in plastic Petri plates using plants germinated and
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grown as described above. In particular, 6 plants were incubated in one plate
with 10 ml of the same NS used for hydroponic growth. In N- treated plates, the
NO  was added to reach a final concentration of 200 µM. Each plate was
covered with plastic film in order to avoid evaporation, roots were protected
from light and the plates were incubated at 25 °C and at the relative humidity of
70–75%. Each treatment was replicated 5 times (two maize lines × 2 treatments)
resulting in 20 plates and treated as true replicates. For each replicate, 1 mL of
solution was sampled after 2 and 4 h for Lo5, and 5 and 12 h for T250 maize
line.

Soil properties and rhizobox experiments
The rhizobox used in this study had a length of 24 cm, a width of 10.5 cm and a
depth of 2.5 cm in the main rooting compartment (inner volume around
650 cm ), with a sliding and transparent front side allowing the visual
observation of root development. The rhizoboxes were filled with 820 g of a
sandy-clay neutral Eutric Cambisol (81% sand, 6% silt, 13% clay, 0.7% organic
C, 0.07% total N, pH 6.0), previously sieved (< 2 mm). Four seedlings were
transferred in each rhizobox three d after germination and the soil moisture was
kept constant by regular additions of distilled water (every 2 d water
consumption was estimated as weight loss of the single rhizobox). Maize plants
were grown for 1 month at a 16/8 h day/night regime (25 and 20 °C,
respectively) and relative humidity in the range of 70–75%. After one month of
plant growth, half of the rhizoboxes were saturated with a 0.5 mM Ca(NO )
solution for NO  induction, whereas the remaining rhizoboxes were treated
with NO  free water (control). The rhizoboxes were arranged in a complete
randomized design with 18 replicates for each treatment. Based on preliminary
hydroponic studies on plant responses to NO  induction, the Lo5 maize plants
and soil were sampled after 0, 4, and 8 h whereas the T250 maize plants and
soil were sampled after 0, 6, and 12 h after the N induction. The whole
experiment was independently repeated three times.

For soil analysis, plants were carefully removed, and soil adhering to the root
surface was considered as rhizosphere soil, whereas the soil portion not
colonized by roots was considered as bulk soil. Rhizosphere soil was gently
removed by the root surface by using a sterile spatula, placed into sterile 13 -
mL tubes and separated into different aliquots: the first aliquot was immediately
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stored at −20 °C for the analysis of the microbial communities, the second
aliquot was pre-incubated at 25 °C for 7 d prior to determination of double-
stranded DNA (dsDNA) content and enzyme activities, the third aliquot was air-
dried for chemical analyses. The bulk soil was sampled, and split in aliquots
and stored in the same way as the rhizosphere soil.

Nitrate uptake and PM H -ATPase activity
The analysis of NO  uptake was performed using with three biological
replicates obtained using, for the hydroponic experiments intact plants and, for
those with rhizoboxes roots, carefully removed from the front side of the
rhizoboxes. The experiments were independently repeated three times using
plants/tissues of three independent growth.

The assay was carried out transferring the plants in 40 ml of a solution
containing 0.2 mM KNO . The net NO  uptake rates were determined by
sampling 0.2 mL from the solutions every 2 min for 10 min and measuring the
NO  depletion as described by Pinton et al. (1999).

Root plasma membrane (PM) vesicles were isolated using roots of seedlings
grown in rhizoboxes as described by Tomasi et al. (2009). The analysis was
performed using with three biological replicates obtained using plants grown in
three independent experiments.

Briefly, roots were homogenized within 20 mL of ice-cold extraction buffer
containing 250 mM sucrose, 2 mM MgSO , 2 mM ATP, 10% (v/v) glycerol,
10 mM glycerol-1-phosphate, 0.16% (w/v) bovine serum albumin, 2 mM
ethylene glycol tetraacetic acid, 2 mM DTT, 5.7% (w/v) choline-iodide, 1 mM
phenylmethylsulfonylfluoride, 20 µg mL  chymostatin, 10 nM okadeic acid
and 25 mM MES-1,3-bis[tris(hydroxymethyl)-methyloamino] (BTP) at pH 7.6
using a mortar. The homogenates were filtered through four layers of
cheesecloth and the suspensions were subjected to differential centrifugation
steps at 2 °C: 1500 g for 5 min (pellets discarded); 9800 g for 20 min (pellets
discarded), 83,400 g for 30 min (pellets recovered), and a final step at 83400 g
for a further 30 min. The microsomes, resuspended in 1.2 mL of ice-cold
extraction buffer were loaded onto a discontinuous sucrose gradient made by
layering 2 mL of sucrose solution (1.13 g cm ) onto a 3 mL sucrose (1.17 g
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cm ) cushion and centrifuged at 107600 g for 2 h. The sucrose solutions were
prepared in 5 mM MES-BTP at pH 7.4 and contained all chemicals of the
extraction buffer. The vesicles migrating to the 1.13–1.17 g cm  interface were
harvested, appropriately diluted with the extraction buffer, and centrifuged at
122400 g for 30 min. The pellets were resuspended in a medium containing
250 mM sucrose, 10% (v/v) glycerol, 1 mM dithiothreitol, 50 µg mL
chymostatin and 2 mM MES-BTP at pH 7.0, immediately frozen in liquid
nitrogen, and stored at −80 °C until use.

The PM protein content was determined according to Bradford (1976), using
BSA as standard, after solubilizing membrane vesicles with 0.5 M NaOH
(Gogstad and Krutnes 1982).

The PM H -ATPase activity was measured at 38 °C in a 0.6 mL reaction buffer
[50 mM MES-BTP pH 6.5, 5 mM MgSO , 100 mM KNO , 600 µM Na MoO ,
1.5 mM NaN , 5 mM ATP-BTP (pH 6.5), 0.01% (w/v) Brij 58 (polyoxyethylene
20 cetyl ether), plus or minus 100 µM V O . The vanadate-dependent activity
was 89 ± 4%. The reaction was started by adding membrane vesicles containing
0.5 µg of total protein. After 30 min released Pi was determined as described by
Forbush (1983).

Analysis of the root exudates
The composition of maize root exudates was analysed by an untargeted
metabolomic approach. The solutions containing fresh root exudates were
filtered and immediately analysed by HPLC-ESI-MS, using a Beckman Coulter
Gold 127 HPLC system (Beckman Coulter, Fullerton, CA) equipped with a C18
guard column (7.5 × 2.1 mm) and an analytical Alltima HP C18 column
(150 × 2.1 mm, particle size 3 µm) (Alltech Associates Inc., Derfield, IL). Two
solvents were used: 0.5% (v/v) formic acid, 5% (v/v) acetonitrile in water
(solvent A), and 100% acetonitrile (solvent B). The solvent alternation of
gradient and isocratic phases were established as follows: from 0 to 10% B in
2 min, from 10 to 20% B in 10 min, from 20 to 25% B in 2 min, from 25 to 70%
B in 7 min, 70% B isocratic elution for 5 min, from 70 to 90% B in 1 min, 90%
B isocratic elution for 4 min. Each sample was analysed in duplicate, using an
injection volume of a 100 µL and a flow rate of 200 µL min . The HPLC
system was coupled on-line with a Bruker ion trap mass spectrometer Esquire
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6000, equipped with an electrospray ionization (ESI) source. MS data were
collected using the Bruker Daltonics Esquire 5.2- Esquire Control 5.2 software,
and processed by the Bruker Daltonics Esquire 5.2-Data Analysis 3.2 software
(Bruker Daltonik GmbH, Bremen, Germany). Alternate negative-positive ion
mass spectra were recorded in the range 50–3000 m/z (full scan mode,
13,000 m/s). For molecule identification, ms/ms and ms3 spectra were recorded
both in a negative and positive mode in the range 50–3000 m/z, with the
fragmentation amplitude set at 1 V. Nitrogen was used as the nebulizing and
drying gas and Hhelium as the collision gas.

Metabolites were identified by comparing m/z values, fragmentation patterns
(ms/ms and ms3) and retention times of each m/z fragment with those of an “in-
house” library of spectra of pure standards. When these standards were not
available, fragmentation patterns were compared to those available in the
literature and in databases, such as MassBank (
www.massbank.jp/en/database.html ) and Human Metabolome Database
(www.hmdb.ca/search/spectra?type = ms_search). The extraction and alignment
of chromatographic data were carried out using MZmine software (
http://mzmine.sourceforge.net ), and the resulting data were imported into a
Microsoft Excel datasheet for being analysed with SIMCA-P+ version 12.0
(Umetrix AB, Umeå, Sweden). The obtained data matrix was normalized
according to the weight of roots releasing the produced exudates and this was
done for each signal. Pareto scaling was applied to all analytical methods. The
data matrix was initially analysed by principal component analysis (PCA) and
then by orthogonal projections to latent structures discriminant analysis
(O2PLS-DA) in which the maize lines, the treated or control samples were
imposed as Y classes. The resulting O2PLS-DA models were cross-validated
using a permutation test (200 permutations). To determine which metabolites
contributed to the class separation, we used the pq(corr) parameter, i.e. the
correlation between p (based on the X component of the model, the metabolites)
and q (based on the Y component of the model, the sample classes). The
significance of each variable was also determined by univariate analysis, using
the t-test.

Nutrient bioavailability in rhizosphere and bulk soil
Nutrient bioavailability in rhizosphere and bulk soil was determined by the
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bacterial biosensor consisting of Pseudomonas fluorescens strains inserted with
the promoterless lux CDABE from Vibrio fischeri. The N-reporter biosensor
was the Pseudomonas fluorescens DF57 N3 strain, the C-reporter biosensor was
the Pseudomonas fluorescens 10,586 pUCD607 strain, and the P-reporter
biosensor was the Pseudomonas fluorescens DF57 P9 strain. The
bioluminescence of these bacterial biosensors was regulated by intracellular
levels of FMNH , was maximum under N, C and P starvation and was
proportionally reduced during nutrient assimilation (Kragelund et al. 1995,
1997). All bacterial biosensors were harvested at the late exponential growth
phase in Luria Bertani plus kanamycin broth and then led into an N, C and P
starvation phase in a mineral N- C- and P-free minimal medium (DMM, Difco)
containing kanamycin for 2 h at 25 °C. The soils were moistened to 80% of the
water holding capacity using sterile distilled water and, then, centrifuged at
4000 x g at 2 °C for 20 min with a final collection of soil pore water. One-
hundred mL of soil pore water were put in contact with 900 mL of bacterial
biosensor suspension and then 5 µL of n-decylaldheide were immediately
added. The bioluminescence was measured by a Sirius luminometer (Titertek
Berthold, Pforzheim, Germany) 15 min after the injection of n-decylaldehyde
into the solution. The bioluminescence response was calibrated using sterile
solutions of NH NO  (0.01–10 mM) for bioavailable N, glucose (0.001–1 mM)
for bioavailable C and NaH PO  (0.001–1 mM) for bioavailable P.

Soil microbial biomass, respiration, enzyme activities and
nitrification and ammonification potential
The soil microbial biomass was estimated by the content of the double-stranded
DNA (dsDNA) according to Marstop and Witter (1999). The soil respiration
was measured by placing 100 g (DW) of soil in 100 mL air-tight glass flasks
provided with 3-way valves and incubated at 25 °C in the dark for 4 h. The
evolution of CO -C was measured by sampling the head-space and injecting the
gas samples into a gas-chromatograph (Hewlett-Packard 6890) equipped with a
packed column (Porapack Q) and a thermal conductivity detector (Blackmer
and Bremner 1977). Empty flasks served as blanks accounting for the CO -C
background concentration. The acid and alkaline phosphomonoesterase
activities were assayed according to Tabatabai and Bremner (1969) and the β-
glucosidase activity according to Tabatabai (1982). The concentration of p-
nitrophenol (p-NP) released by these hydrolase activities was determined at

2

4 3

2 4

2

2



30/10/17, 16)37e.Proofing

Pagina 11 di 40http://eproofing.springer.com/journals_v2/printpage.php?token=kK4TIbIJRLew0y9TFgNM6h11ss7Ue5l39BNU7AZ-Ohsdrl35sxtl8w

400 nm by spectrophotometry (Lambda 2, PerkinElmer, Waltham, MA, USA).
The urease activity was determined according to Nannipieri et al. (1974) and
the protease activity by using N-benzoyl-argininamide (BAA) as a substrate,
according to Ladd and Butler (1972). The NH  released by the urease and
protease assays was extracted with 1 M KCl and quantified at 660 nm after
reaction with the Nessler reagent. The efficiency of NH  recovery was
evaluated by standard additions of NH  to soil slurries at concentrations in the
range of those released by urease and protease activities and varied from 95% to
102% for all soil fractions. The concentrations of NH  released by urease and
protease activities were determined by a flow injection analyser (FIAS 5000,
Foss-Tecator, Fisher Scientific, Waltham, MA, USA) associated to a
spectrophotometer (Lambda 2, PerkinElmer, Waltham, MA, USA).

The nitrification potential was determined by measuring the NO  concentration
after soil incubation with 2 mM of (NH ) SO  for 4 h and stopping the NO
oxidation to NO  by adding 4 mM NaClO , according to Sauvé et al. (1999).
The quantification of NO  production allowed determining nitrification
activity in soils treated with Ca(NO ) . The soil ammonification potential was
determined by incubating soils with a 0.2% of arginine solution for 3 h at 25 °C
(Alef and Kleiner 1986). The NO  and NH  produced by the nitrification and
ammonification activities, respectively, were extracted with 1 M KCl and
quantified colorimetrically by the flow injection technique described above. The
NH , NO  and NO  produced by the measurements of nitrification and
ammonification potential were determined by a flow injection technique
described above.

Analysis of the composition of soil bacterial communities
by 454 pyrosequencing
This analysis was carried out by 454 pyrosequencing at the Research Unit
Environmental Genetics at the Helmholtz Zentrum München. The DNA of
rhizosphere and bulk soil of both maize cultivars grown in rhizoboxes sampled
before the NO  treatment was extracted by the phenol-chloroform-extraction
protocol according to Griffiths et al. (2000), modified by Töwe et al. (2011).
The extracted DNA was amplified by PCR using 50 ng of template DNA,
quantified by a Quant-iT™ Pico Green® dsDNA assay Kit (Invitrogen,
Carlsbad, USA). The amplification solution contained the 1× Fast start HiFi
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Polymerase Buffer (Roche, Basel, Switzerland), 0.05 U µL  Fast start HiFi
Polymerase (Roche, Basel, Switzerland), 0.2 mM of dNTP, 0.2 µM of each
fusion primer and 3% BSA. The PCR conditions were: 22 cycles of 1 min
denaturation at 94 °C, 1 min annealing at 50 °C and 1 min elongation at 72 °C,
preceded by an initial denaturation step of 5 min at 95 °C, and terminated by a
final elongation step of 10 min at 72 °C. The bacterial 16S rRNA gene primer
926f (5′-AAACTYAAAKGAATTGACGG-3′) (Lane et al. 1985) or 630R (5′-
CAKAAAGGAGGTGATCC-3′) (Juretschko et al. 1998) were extended with a
4-base key and a specific 10-base barcode, which was different for each soil
sample allowing bidirectional sequencing, according to www.my454.com by a
21-base 454-Adaptor (adaptor A or adaptor B). The PCR products were purified
with AMPure Beads (Agencourt, Beckman Coulter, Krefeld, Germany)
according to the Amplicon Library Preparation Method Manual (
www.my454.com ) and quantified on DNA7500 chips (Agilent Technologies,
Santa Clara, CA, USA). All PCR products had a peak size of approximately
730 bp.

The equimolar amounts of PCR Products were pooled, and the amplicon pools
were amplified by emulsion PCR according to the Titanium protocol (454 Life
Sciences, Roche Diagnostics and loaded onto a GS FLX Titanium
PicoTiterPlate). The 16S rRNA amplicons were run on a second-generation
pyrosequencer (454 GS FLX Titanium, Roche, Basel, Switzerland). The raw
sequences were filtered using the automatic amplicon pipeline of the 454 GS
Run Processor supplied by Roche with an adjusted filter, removing failed reads,
adaptor sequences and low-quality reads. The raw reads of the twelve
sequenced amplicon libraries were passed through the respective automatic
pipeline of the 454 GS Run Processor.

Pipeline of the 454 GS Run Processor. The MOTHUR programme (Schloss et
al. 2011) was used to remove chimeras and other unwanted DNA sequences
(e.g. from mitochondria, archaea, chloroplasts and unknowns), thereby
generating high-quality reads. The sequences were clustered into operational
taxonomic units (OTUs) at 95% and 97% similarity.

AQ3

We identified OTUs responsible for observed differences using samr with the
false discovery rate cut-off of 0.15.
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The similarity among microbial community groups was generated by the
Newick-formatted trees and clustered using the UPGMA algorithm. The
distance between communities showed that there were significant differences
between the rhizosphere and bulk soil for both the maize lines. The microbial
communities of the rhizosphere of the Lo5 and T250 maize line were not
significantly different, either using the forward or reverse datasets.

Results
Nitrate uptake and PM H  −ATPase activity in root of the
Lo5 and T250 maize lines grown in hydroponic solution and
in rhizobox.
For a long time, it has been demonstrated by experiments run in hydroponic
solutions, that plant roots exposed to NO  increase the rate of the anion uptake
(induction; Hawkesford et al. 2012). The Lo5 line showed a much faster
response to the NO  exposure than the T250 line, after growth either in
hydroponic solution or in rhizobox (Fig. 1a and b) respectively, while that of
T250 happened after 12 h in both conditions. At the peaks, the rates of NO
uptake were similar in the two maize lines in both conditions (Fig. 1a and b).
Concerning the rhizobox experiment, the NO  uptake rate profile paralleled the
root PM H -ATPase activity as already shown for maize plants grown in
hydroponics (Fig. 1c).

Fig. 1

Rate of net nitrateNO  uptake in roots of Lo5 and T250 plants grown in
hydroponic culture (a), and in rhizobox (b), and PM H -ATPase activity of
vesicles isolated from roots of plants grown in rhizobox (c). Symbols –N and +N
indicate Control and NO  -treated plants. Data are the means ± s.e.; n = 3
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Root exudate profiles of the Lo5 and T250 maize lines
The characterization of root exudates was carried out for both genotypes on
plants grown in hydroponics without (control) or after NO  exposure. The
collection times (2 and 4, 5 and 12 h for Lo5 and T250, respectively) were
chosen on the bases of the different behavior of NO -uptake rate shown by the
two lines (Fig. 1a). The chromatographic profiles of root exudates (controls) of
both lines were complex (Fig. S2). The first part of the chromatograms,
especially that of the Lo5 line, was dominated by low molecular weight
metabolites including N organic molecules as indicated by even m/z values.
Some of the N compounds were putatively identified as benzoxazinones and
benzoaxazinone glucosides (Tables S1 and S3). In the less hydrophilic part of
chromatograms, some signals were putatively identified as hydroxylated fatty
acids (oxylipins), as free hydroxycinnamic acids (coumaric and ferulic acid)
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and coumaroyl tyramine (Table S1). To obtain a more comprehensive picture of
differences between the metabolites of root exudates released by the two maize
lines independently from time and treatment (e.g all root exudate samples), we
analysed the raw chromatographic data using the M/Zmine software, and the
resulting data matrix was investigated by multivariate analyses (PCA and
O2PLS-DA). The analysis showed broad differences between the two genotypes
(Fig. 2a). By considering the arbitrary threshold of pq(corr) (i.e. the relationship
between metabolites, the X variables, and the maize lines Lo5 or T250, Y
variables) values of 0.6, 45 m/z fragments were detected in root exudates of
Lo5, and 203 in T250, respectively (Table S2). However, when data were
analysed by univariate analyses (t-test) 38 and 214 additional m/z features were
detected for Lo5 and T250, respectively (Table S2). The Lo5-specific
metabolites included most of the detected benzoxazinones while the T250
typical m/z features were all unidentified except for ferulic acid.

Fig. 2

PCA score plot (a) and O2PLS-DA S-loading plot (b) produced using all exudate
samples of controls and NO  treated plants of both maize line (Lo5 controls
sampled at 2 h, Lo5 NO  treated sampled at 2 h, Lo5 controls sampled at 4 h,
Lo5 NO  treated sampled at 4 h, T250 controls sampled at 5 h, T250 NO
treated sampled at 5 h, T250 controls sampled at 12 h, T250 NO  treated
sampled at 12 h; three replicates for each sample). c O2PLS-DA S-loading plot of
Lo5 maize line (Lo5 controls sampled at 2 h, Lo5 NO  treated sampled at 2 h,
Lo5 controls sampled at 4 h, Lo5 NO  treated sampled at 4 h; three replicates for
each sample). d O2PLS-DA S-loading plot of T250 maize (T250 controls sampled
at 5 h, T250 NO  treated sampled at 5 h, T250 controls sampled at 12 h, T250
NO  treated sampled at 12 h; three replicates for each sample)
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The O2PLS-DA models were also applied to identify metabolite modifications
occurring in response to NO  treatments irrespective of the time of sampling.
Both NO  treated maize lines were characterized by a decreased level for
several metabolites as compared to controls (Table S2, Fig. 2c and d).

Only a few of these metabolites could be putatively identified: the
benzoaxazinone (TRIBOA) and its glucoside derivative in root exudates from
the Lo5 line, and the hydroxylated fatty acid 18:1-3OH and the benzoaxazinone
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(HM2BOA) in root exudates from T250. Only in root exudates of the latter line,
few metabolites increased their concentration in response to NO  treatment but
they could not be identified.

Nutrient bioavailability in rhizosphere and bulk soil
A large increase in the N availability was detected by bacterial biosensors in the
rhizosphere and bulk soil of both Lo5 and T250 maize lines immediately after
the NO  addition to soil as compared to the not amended soils (Fig. 3a). A
considerable N depletion in the rhizosphere, up to levels comparable to those of
the notn NO  -amended, soils was observed after 4 and 12 h for the Lo5 and
T250 maize lines, respectively, whereas no such a depletion was observed in the
respective bulk soils (Fig. 3a). A significant increase in bioavailable C
concentration was observed in the rhizosphere of both Lo5 and T250 maize
lines during the NO  induction phase (Fig. 3d), whereas a significant increase
of P bioavailability was observed in the rhizosphere of the Lo5 and T250 maize
lines after 8 and 6–12 h since the beginning of the induction phase, respectively
(Fig. 3e). No significant changes in the C and P bioavailability were observed in
the rhizosphere of the non-induced plants and in the bulk soils of both induced
and non-induced plants (Fig. 3d and e).

Fig. 3

Bioavailability of total N (a), NO  (b), exchangeable NH  (c), C (d) and P (e) in
the rhizosphere and bulk soils of the Lo5 and T250 maize lines grown in rhizobox
during the NO  induction period. Symbols R, B indicate the rhizosphere and
bulk soil, respectively, with (+N) or without (−N) the addition of NO . Data are
the means ± s.e.; n = 3. Statistical significance was evaluated by one-way
ANOVA followed by Tukey’s test using the GraphPad InStat Program (version
5.0). Different letters denote significant differences at P ≤ 0.05
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Soil microbial biomass, respiration, ammonification and
nitrification potentials during the NO  induction phase.
The dsDNA content of rhizosphere and bulk soil was not significantly changed
by the NO  induction in both Lo5 and T250 maize lines (Fig. 4a), whereas the
soil respiration rate was significantly enhanced in the rhizosphere of induced
Lo5 and T250 maize lines after 8 and 24 h of induction, respectively (Fig. 4b).
The nitrification potential rates were significantly higher in the rhizosphere of
induced Lo5 and T250 maize lines than those of the rhizosphere of not induced
plants at all times (Fig. 4c). Nevertheless, the ammonification potential was
significantly higher in the rhizosphere of induced Lo5 and T250 lines after 8
and 12–24 h since the induction, respectively (Fig. 4d). An increase in the
ammonification potential was also observed in the NO  amended bulk soil of
both Lo5 and T250 maize lines, but it was only significant in the bulk soil of
the Lo5 line at the end of the induction period (Fig. 4d).

Fig. 4

Double stranded DNA content (a), basal respiration (b), nitrification potential (c)
and ammonification potential (d) of the rhizosphere and bulk soil of Lo5 and
T250 maize lines grown in rhizobox during the NO  induction period. Symbols
R, B indicate the rhizosphere and bulk soil, respectively, with (+N) or without
(−N) the addition of NO . Data are the means ± s.e.; n = 3. Statistical
significance was evaluated by one-way ANOVA followed by Tukey’s test using
the GraphPad InStat Program (version 5.0). Different letters denote significant
differences at P ≤ 0.05
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The NO  addition to soil significantly increased the acid and alkaline
phosphomonoesterase (Fig. 5a and b) and the urease (Fig. 5d) activities of the
rhizosphere of the NO  induced plants as compared to the rhizosphere of the
not induced plants and of the bulk soils of both the NO  amended and not
amended soils. The protease activity (Fig. 5e) was significantly higher in the
rhizosphere soil of the NO  induced Lo5 maize line but not in the rhizosphere
soil of the NO  induced T250 maize line. The β-glucosidase activity did not
change regardless of the rhizosphere and bulk soil, maize line and NO
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induction (Fig. 5c).

Fig. 5

Enzyme activities of the rhizosphere and bulk soil of Lo5 and T250 plants grown
rhizobox during the NO  induction period. Alkaline phosphomonoesterase (a);
acid phosphomonoesterase (b); ß-glucosidase (c); urease (d); protease (e)
activities. Symbols R, B indicate the rhizosphere and bulk soil, respectively, with
(+N) or without (−N) the addition of NO . Data are the means ± s.e.; n = 3.
Statistical significance was evaluated by one-way ANOVA followed by Tukey’s
test using the GraphPad InStat Program (version 5.0). Different letters denote
significant differences at P ≤ 0.05
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Microbial community composition of rhizosphere and bulk
soil
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The analysis of microbial community composition was carried out on
rhizosphere and bulk soils sampled before the NO  treatment for both maize
lines. The dataset generated by using the forward primer, resulted after quality
filtering and removal of chloroplast sequences in 80.289 high-quality reads,
with an average read length of 521 bp. For statistical reasons, the reads per
sample were subsampled to 5400 for all samples. The rarefaction curves
indicated a good coverage of the total bacterial diversity at OTU97 for
rhizosphere samples, whereas for bulk soil the plateau has not be reached (data
not shown).

The calculation of indicated α-diversity based on the number of obtained OTUs
(OTU ) indicated like expected an overall higher diversity in the bulk soil
samples compared to rhizosphere. If in bulk soil on average more than 300
different OTUs were detected, in the rhizosphere samples the OTU richness was
reduced almost by 50%. Interestingly α-diversity in the rhizosphere of T250
was significantly lower (130 OTUs) compared to Lo5 (240 OTUs; Fig. 6).
Significant differences in α-diversity in the bulk soil samples from the two
maize lines were not detected, due to the high variability found in samples from
Lo5.

Fig. 6

a α-Diversity of bacterial communities in the rhizosphere (R) and bulk soil (B) of
the two maize lines Lo5R and T250 based on the number of obtained OTUs
(similarity level 97%) after direct DNA extraction from the samples and partial
amplification of the 16S rRNA genes followed by next generation sequencing.
Data are the means ± s.e.; n = 3. b Abundance of microbial communities in the
rhizosphere (R) and bulk soil (B) of the two maize lines Lo5R and T250 based on
the number of obtained OTUs (similarity level 97%) after direct DNA extraction
from the samples and partial amplification of the 16S rRNA genes followed by
next generation sequencing. Data are the means ± s.e.; n = 3
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The different composition of bacterial communities between the two different
maize lines was probably supported when shared OTUs between rhizosphere
samples between both lines were calculated. From the 96 OTUs found in all
samples from Lo5 rhizosphere, only 52 were also detected in T250 rhizosphere.

The most abundant OTUs in all samples could be linked to Proteobacteria,
ranging from 58 to 72%. As expected in both rhizosphere samples significant
higher relative abundance values were found compared to bulk soil. The second
most dominant group of OTUs were characterized as Firmicutes, which were
more frequently found in samples from bulk soil. Interestingly differences were
found in the abundance of Firmicutes when the rhizosphere samples from both
maize lines were compared, with higher abundances for Firmicutes in samples
obtained from T250. In contrast, OTUs related to Planctomycetes,
Gemmatimonadetes and Chloroflexi were more abundant in rhizosphere
samples from Lo5, whereat the share of Chloroflexi was below 5% of all reads
obtained (Fig. 6b). Overall the obtained results did not differ when the reads
obtained from PCR products using the reverse primer were analyzed (data not
shown).
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Discussion
Characterization of responses to NO  availability performed on the two maize
inbred lines hydroponically grown confirmed the previous observations on the
faster induction of the high-NUE maize line Lo5 than T250 (Locci et al. 2001;
Zamboni et al. 2014). The results showed that this behavior was also maintained
by plants grown in soil, with the shorter time for the NO  uptake peak in the
Lo5 maize inbred line (Fig. 1b). Furthermore, the rate of NO  uptake of the
plant grown in not NO -fertilized rhizoboxes did not show significant
differences throughout the experimental time (Fig. 1b). Nitrate uptake rates also
coincided with the PM H -ATPase activity, confirming the previous results by
Pii et al. (2016a). Confirmation of results obtained in hydroponics for NO
uptake by the maize lines with those grown in soil is noteworthy, because it
demonstrates that soil factors playing important roles in plant nutrition such as
nutrient concentrations, soil structure, water retention, abundance, activity, and
composition of fungal and bacterial communities in the rhizosphere (Badalucco
and Nannipieri 2007), may not substantially limit the plant genetic response to
NO  availability.

Nitrogen bioavailability determined by whole -cell biosensors indicated that the
bioavailable N was significantly depleted in the rhizosphere during the
induction phase, whereas no significant depletion in rhizosphere of not induced
plants and in bulk soil was observed (Fig. 3a, b and c). Therefore, even with
different timing, both the Lo5 and T250 maize lines were proven to be both the
stronger competitors than bacteria for the bioavailable N during the NO
induction phase. In fact, the N bioavailability in the rhizosphere of induced
plants paralleled the NO  uptake and PM H -ATPase activity for both maize
lines, since the timing of N microbial starvation and N plant uptake is a mirror
image of each other (Fig. 1b,and 1c and a). The stronger competitive capability
of microorganisms as compared to plants roots on the short term has been
mainly attributed to their higher affinity for N. This was demonstrated by the
studies on the N mobilization/immobilization turnover (MIT) of showing that
the N immobilization in soil after N addition was very fast (Barraclough 1997),
and by the calculation of Michaelis–Menten kinetics of NO , NH , and amino
acids uptake by roots and microorganisms (Kuzyakov and Xu 2013). The latter
study also demonstrated that although microorganisms are stronger competitors
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shortly after soil N amendment, plants are stronger competitors in N acquisition
on the long term mainly due to the mass flow from soil to plant roots. Our
results of N bioavailability in the rhizosphere resembled the lower NO
bioavailability in the wild oat rhizosphere observed by DeAngelis et al. (2005)
using bacterial biosensors. Both nitrification and ammonification activities were
increased in the rhizosphere of the Lo5 and T250 maize lines (Fig. 4c and d).
However, Giagnoni et al. (2016) showed a decrease in both exchangeable NH
and NO  concentrations in the rhizosphere soils of the two maize lines with
time: interestingly both concentrations were generally lower in the rhizosphere
of the Lo5 than T250 maize line. A steep gradient of decrease of nitrification
potential from the rhizosphere to bulk soil has been shown (Li et al. 2007).
Generally, root exudation of carboxylates, mainly malate and citrate, occurs by
increasing NO  concentrations in the culture medium (Neumann and Romheld
2007). The observed increase in nitrification activity in the rhizosphere
paralleled that observed by Watson et al. (1994) after addition of Ca-ammonium
nitrate to soil. It cannot be excluded that the increase in nitrification activity of
the rhizosphere soils might have been triggered by signaling molecules released
by the plant in the rhizosphere or changes in the composition of root exudates
with a decrease in the concentration of compounds inhibiting nitrification
(Subbarao et al. 2012). In fact, compounds such as brachialactone, isolated from
root exudates of the pasture grass Brachiaria humidicola, and methyl 3-(4-
hydroxyphenyl) propionate (MHPP), sorgoleone and sakuranetin exuded from
sorghum (Sorghum bicolor) have proven to act as biological nitrification
inhibitors in the rhizosphere (Subbarao et al. 2012). The increase in the
ammonification potential in the rhizosphere of the Lo5 and T250 maize lines
promoted by the NO  induction phase (Fig. 4d) may also depend on the high
availability of NH  produced by the net microbial N mineralization from soil
organic N (Fig. 3c). The observed increase of enzyme activities in the
rhizosphere soil represents an indirect support to this hypothesis (Fig. 5).

The carbon C and P bioavailability were increased in the rhizosphere soil during
the induction phase (Fig. 3d and e); in particular, the C bioavailability showed
an increasing trend during the whole plant induction phase for both the Lo5 and
T250 maize lines (Fig. 3d), and this trend partially paralleled with the soil
respiration rates (Fig. 4b). The nutrient bioavailability determined by whole -
cell biosensors provides an estimation of the nutrient pool that can cross the cell
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membranes; it should be interpreted as a flux of nutrient that is capable of
inducing the genetic response of biosensors (Werlen et al. 2004; Harms et al.
2006), including the eventual nutrient resupply into the soil solution from
different chemical pools after plant uptake (van der van der Meer et al. 2004).
Interestingly, the biosensor response to the N availability was the mirror image
of NO  response of the two different maize lines, indicating microbial N
starvation as compared to the activity of plant NO  and NH  uptake.

The analysis of the root exudate profiles of the Lo5 and T250 plants before and
after the NO  induction showed that only MBOA and its glucoside derivative
could be identified univocally because of the lack of the relative standards for
the other unidentified compounds (Tables S1 and S3). Therefore, a complete
investigation of the root exudate profiles is needed. The MBOA and some
glucoside derivatives, as well as benzoaxazinone have been detected in maize
(Cambier et al. 1999; Jonczyk et al. 2008; Marti et al. 2013; Meihls et al. 2013).
Moreover, free hydroxycinnamic acids, such as coumaric and ferulic acid and
derivatives such coumaroyl tyramine, and less hydrophilic compounds,
identified as oxylipin, were also detected in maize by Marti et al. (2013). These
compounds are intermediates and end-chain products in the hydroxycinnamic
acid and tyramine amide biosynthesis pathways (Negrel and Javelle 1997) and
have a main role in defence against pathogens, allelopathic interactions and cell
wall reinforcement (Bassard et al. 2010). The benzoxazinones are non-toxic 2-
O-β-D-glucosides compounds detected in several plant species including maize,
rye and wheat and can be transformed into toxic aglycones by enzymatic or
chemical hydrolysis; toxic effects of aglycones occurs through irreversible
alkylation of relevant biological nucleophile metabolites (Dixon et al. 2012).
We mainly found aglycones instead of glucosides, which are generally present
as root exudates (Marti et al. 2013), probably due to chemical hydrolysis, as
supported by the detection of HMPA, a malonamic acid, which is a degradation
product of MBOA and HMBOA (Villagrasa et al. 2008). Glucosides and the
relative intermediates can have different locations in maize plants, while the
DIMBOA indolic precursors are synthesized in the plastids and the successive
steps in the synthesis occur in the endoplasmic reticulum; the glucosides of
DIBOA and TRIBOA are released in the cytosol and then stored in vacuoles
(Jonczyk et al. 2008). However, the responses of these secondary metabolites to
N availability, their role in the root exudates and their effects on the activity and
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composition of microbial communities of the rhizosphere soil should be
clarified by future research. From the results of root exudation together with the
nutrient bioavailability and the biochemical activity in the rhizosphere of the
two maize lines, it can be hypothesized that the release of C could cause N
limiting conditions of the rhizosphere, promoting the immobilization of NH ,
and followed by the observed increase in the ammonification rate (Fig. 4d).
Future research by using either N enriched NH  or N enriched NO  for
determining gross rates of N immobilization, N mineralization and nitrification
by the N dilution technique is required to verify the validity of the above-
proposed hypotheses. The increase in C bioavailability in the rhizosphere may
explain the lack of the increase in the β-glucosidase activity since this enzyme
activity is inhibited in soil when sufficient amounts of low molecular weight
organic C are available (Renella et al. 2007). Differently, the P bioavailability
showed a peak after 4 and 12 h for the Lo5 and T250 maize lines, respectively,
and this may be related to increases in the acid and alkaline
phosphomonoesterase activities (Fig. 5a and b), which hydrolyse organic P to
inorganic P, which is taken up by plants.

The analysis of bacterial diversity suggests that plants may select the microbial
communities in the rhizosphere (Fig. 6a), as already reported by Berg and
Smalla (2009). The rhizosphere of the Lo5 maize line had higher species
richness than that of the T250 maize line and such differences may depend on
the different exudation profiles of the two maize lines. The distribution of the
identified bacterial groups in soils of the two maize lines confirms what already
reported (Pathan et al. 2015a; Giagnoni et al. 2016) that bacterial communities
of the bulk soils were dominated by Proteobacteria, Firmicutes, Planctomycetes
and Acidobacteria, and the rhizosphere soils resulted enriched in
Proteobacteria. Interestingly the OUT differing between the rhizosphere of both
samples was related to Geobacter, which has been mainly identified in wetland
soils, and has plant growth promoting properties due to its capability to reduce
oxidized Mn  to Mn , which is the Mn metabolically active form (Lovley et
al. 2004). The relatively high abundance of OTUs belonging to Firmicutes
could be related to the reduced oxygen content in the rhizosphere of Lo5 maize
line. These OTUs were mostly linked to Clostridia, which includes several N-
fixing bacteria and thus the presence of this genus may be important in
supporting plant growth by releasing available N. Overall, these results confirm
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that Proteobacteria dominate the rhizosphere bacterial communities whereas
Firmicutes diversity is reduced in the maize rhizosphere (Chelius and Triplett
2001; Peiffer et al. 2013). The decrease of line-specific benzoxazinones in
exudates, known as antimicrobial compounds, during the NO  induction,
suggests a direct effect of some root exudates on specific microbial groups. This
is a novel evidence of responses of microbial communities to changes induced
by roots responding to NO  availability in soil. Future studies are needed to
get insights on the relationship between specific root exudates and specific
bacterial groups in the rhizosphere microbial communities, and the relationship
between plant NUE and the composition of the rhizosphere microbial
communities (Rice and Tiedje 1989).

AQ4

Conclusions
The Lo5 maize line with higher NUE retained its ability to increase faster the
NO  uptake rate in comparison to T250 when grown in soil. Analysis of N
bioavailability showed that the two maize lines were stronger competitors for
NO  than soil microorganisms, inducing microbial N starvation. The studied
maize lines responded to the increased NO  availability, probably by
modifying their root exudate profiles. Although only a few metabolites were
identified, we can suggest that changes in the root exudate profiles trigged a
strong microbial response in terms of respiration, nitrification, ammonification,
and enzyme activities, particularly in the rhizosphere of the high NUE Lo5
maize line. The composition of rhizosphere bacterial communities of the two
maize lines differed, suggesting the selective capacity of plants. Further studies
are needed to better elucidate the role of the identified root exudates in selecting
the bacterial populations in the maize rhizosphere, and in affecting the nutrient
turnover and the maize NUE.
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Chromatographic profiles of root exudates collected by roots of seedling not
treated with NO3- (control) of Lo5 and T250 lines. (PDF 39 kb)
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ID, m/z (-) value (in negative ionization mode) m/z (+) value (in positive
ionization mode), retention time (rt), putative identification of signal. (XLSX 14
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Row ID, Row m/z (in negative ionization mode), retention time, putative
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analysis performed of each comparisons or samples. (XLSX 631 kb)

ESM 5

ID, m/z (-) value (in negative ionization mode), m/z (+) value (in positive
ionization mode), retention time (rt), putative identification, ms/ms value and ms3
value for each fragment. I %= percentage of intensity of the signal compared to
the higher signal (=100%). (PDF 162 kb)
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