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Nitrogen (N) is widely used in maize (Zea mays L.) production. The supply of
molybdenum (Mo) can increase the recovery of N by the plant due to the role of
this micronutrient in the assimilation of nitrate through nitrate reductase (NR). We
aimed to evaluate N metabolism and auxiliary measurements in maize as affected
by combined N and Mo omission or supply under controlled conditions. Plants
were grown for 28 d in a nutrient solution without Mo and N, with Mo and N, and
under the omission of Mo or N. The treatments with omission received nutrients
with foliar application or via nutrient solution after 28 d. Gas exchange,
chlorophyll and anthocyanins indexes, and N accumulation were evaluated at
28, 35, and 44 d after transplanting (DAT). The amino acid profile was altered due
to Mo and N supply to the plants, as well as the uptake and accumulation of
nitrate. The highest biomass production was quantified in the positive control,
supplied by the nutrient solution and later by the absence of Mo, being the foliar
application inferior to this treatment. Maize biomass, with the omission of N and
Mo, was 31 % lower than the supply of both nutrients. Molybdenum favors nitrate
uptake by maize, mainly when supplied through the nutrient solution.
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1 Introduction

Maize (Zea mays L.) is the main crop grown worldwide, and =1.16 billion Mg were
produced in 2022 (FAO, 2022). This agricultural product is critical to ensuring world food
security due to its several uses in human and animal nutrition (Tanumihardjo et al., 2020).
In addition to these fates, maize can also be used as fuel (bioethanol), and this feedstock can
reduce greenhouse gas emissions by 20 % compared to fossil fuels (Bérjesson, 2009).

Despite the high production, Brazil's maize yield is lower than other top-producing
countries worldwide. In the 2020/2021 growing season, maize production in the United States
averaged the highest grain yield, with >11 Mg ha™'; in contrast, Brazil had an average of 5.0
Mgha! (USDA, 2021). The low maize yields in the Brazilian territory result from inadequate
management practices adopted in the production systems. A feasible strategy to improve
maize yield levels in Brazil relies on applying fertilizers under rational rates, especially those
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containing nitrogen (N; Noor, 2017). Below (2008) has postulated
that N is the second most crucial factor to achieve high yields,
whereas climate is the first. Therefore, adequate N management is the
most important and quick factor that farmers could modify to
increase grain yield. Thus, in many cases, the correct supply and
management of N can increase maize response to fertilizer addition,
with subsequent higher grain yield (Davies et al., 2020).

Nitrogen is a nutrient generally applied to maize crops during
their growing period (Yu et al., 2022). According to Duarte et al.
(2003), =200 kg ha™* of N is required to obtain or sustain high yields
since the nutrient is the most extracted and exported by maize
grown for grains production. Moreover, in maize and other crops,
N use efficiency (NUE) can be precisely assessed by the isotope
technique (i.e., isotope dilution) using '°N-labelled fertilizer.
Understanding and improving NUE is crucial, as it ranges from
30-55 % across the globe due to the dependency of several factors,
such as climate and N transformation processes in the soil, which
could affect the bioavailability of N forms to plants, notably
ammonium, and nitrate (Yu et al., 2022).

Many factors affecting N availability, absorption, and metabolism
allow the development of strategies to increase plant N uptake and
metabolism. The current technologies are focused on increasing the
residence time of available N forms in soil (Cantarella et al., 2008;
Sanz-Cobena et al., 2008). Nitrate and ammonium are the primary
inorganic N sources in plant tissues. However, the anion must be first
reduced to ammonium to be incorporated into organic molecules.
The nitrate reduction (NR) is achieved by (1) nitrate reductase in the
cytosol and (2) nitrite reductase in the plastids. The activity of NR is
dependent on three co-factors, one of them being molybdopterin, a
molybdenum (Mo)-containing co-factor.

The application of Mo in agricultural fields is not widespread to
date, and some reasons can be attributed to this situation: the low
dose required by the crops, which often leads producers to
underestimate the importance of this nutrient, the high price per
tone of the nutrient, and the difficulty of distributing this nutrient in
the field (Oliveira et al., 2022). Moreover, only a few studies have
reported its effect on the physiological, biochemical, and
agronomical parameters of crops (Calonego et al, 2010; Zoz
et al,, 2012). Most of these studies have been carried out in
legume crops due to the role of Mo in the nitrogenase enzyme,
which is responsible for biological N fixation (Mengel and Kirkby,
1987). However, it is well known that this nutrient directly affects
the plant N metabolism since Mo is a constituent of one of the
prosthetic groups (MoCo) of several enzymes that are essential to N
and C metabolism, such as nitrate reductase, aldehyde oxidase,
xanthine dehydrogenase, sulfite reductase and mARC (Campbell,
1999; Zimmer and Mendel, 1999; Mendel and Haensch, 2002;
Zdunek-Zastocka and Lips, 2003; Havemeyer et al., 2006).
Therefore, due to the great interference of Mo in N metabolism,
plants with Mo deficiency usually show aspects of low N availability
as a visual symptom, and the addition of such micronutrient in
crops may promote physiological and biochemical alleviation,
which may result in greater root development and better N
utilization with regards to biomass production (Wei et al., 2007;
ékarpa et al,, 2013).
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Most of the studies carried out with Mo have been focused on
the comparison among fertilizer sources and application methods,
even though it is still not clear how these practices interfere with
nitrate uptake via roots (Wei et al., 2007; Calonego et al., 2010; de
Albuquerque et al., 2012; Zoz et al., 2012; Sapucay et al., 2016; Silva
etal, 2017). As a result of these investigations, researchers reported
that N metabolism was unbalanced (Moussa et al., 2022). The
absence of Mo leads to higher nitrate content in plant tissues, as this
nutrient is a constituent of nitrate reductase. Plant response to Mo
deficiency is the accumulation of nitrate in the cell, but it is
uncertain whether this accumulation can reduce the uptake of
this N form by the plant (Hu et al., 2002; Yu et al, 2022). We
hypothesized that the presence of Mo in the solution increases
nitrate uptake and reduces its accumulation in plant tissues.
Therefore, the objectives were to (1) evaluate the N forms taken
up by maize in the presence and absence of Mo associated with N
levels; and (2) provide a better understanding of the relationship
between Mo supply and N metabolism, which can contribute for
improving N use efficiency towards a more sustainable agriculture.

2 Material and methods

2.1 Growth conditions and
experimental design

Maize seedlings (Likeit variety) were treated with a 10% sodium
hypochlorite solution for 3 min, then placed on the germination
paper moistened with a ImM CaSO,2H,0 solution for 7 d. Two
plants were transplanted to nutrient solution in 5-L pots with 25%
ionic strength and omission or presence of Mo and N and left for
3 d. The nutrient solution was changed, and plants were exposed to
a half-strong solution (50% ionic strength) for an additional 3 d.
Subsequently, the plants received a nutrient solution with 100%
ionic strength for 28 d. This solution had the following
composition: 2 mM K'®NO; (0.775 *N atom %), 0.25 mM
(NH,),HPO,, 0.75 mM Ca(NO;),-4H,0, 0.125 mM CaCl,-2H,O0,
1 mM CaSO,42H,0, 1 mM MgSO,-7H,0, 0.025 mM Ca(H,PO,)
,H,0, 0.3 mM Fe-EDTA, 3 uM H;BO3, 2.5 uM MnSO,-H,0, 1 uM
ZnSO47H,0, 1 uM CuSO45H,0 and 0.3 pM Na,MoO,.2H,0.
Therefore, the nitric pool had an abundance of 0.60 >N atom %,
while the ammoniacal pool presented a '°N natural abundance
(0,366 >N atom %). Unlabeled dicyandiamide (DCD) at 7 pumol Lt
was added as a nitrification inhibitor to suppress the conversion of
NH," to NO;~ (Song et al, 2011). The nitrification inhibition
capacity by DCD was verified in a pre-test, and its efficiency was
assured for up to 4 d, representing the changeover time for
solutions. Nutrient solutions were constantly aerated, and the pH
was adjusted daily to 5.9 by adding CaCOs.

A glasshouse experiment was conducted for 44 d with 14 h of
light and 10 h of dark. The experiment consisted of a completely
randomized design using six treatments and four replications,
totaling 24 experimental units. The treatments were: +Mo+N,
positive control (complete nutrient solution); -Mo-N, negative
control (low N; 5 % of N complete nutrient solution, and without
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Mo all the time); -Mo+Ng (Ng: N resupplying in solution after 28 d
growth); -Mog+N (Mog: Mo resupplying in solution after 28 d
growth); -Morp +N (-Moy: Mo resupplying in leaf after 28 d growth);
and -Mo+N (without Mo all the time). The foliar application was
carried out only once, providing each plant with 6.7 mg of Mo. The
volume of the solution regulated the amount of Mo applied, which
had a concentration of 7.0 mmol L of Na,MoO,-2H,0. A total of
10 mL of this solution was used for each plant and at the time of
application. During the application, the surface of the pots was
protected until the solution dried on the plants. The Mo in the
nutrient solution was supplied continuously.

The plants were grown for 6 d in lower strength solutions for
adaptation, after which the solution was added at 100% of the
strength. In the following 22 d, the plants were exposed to the +Mo
+N, -Mo-N, -Mo+N solutions; at 28 DAT, the plants in the -Mo+N
condition were subdivided into -Mo+N, -MoR+N, -MoL+N and the
-Mo-N treatment was divided into -Mo-N and -Mo+NR to
determine whether the late supply of nutrients would be able to
reverse the nutritional stress (Figure 1).

2.2 Plant measurements

At 28, 35, and 44 DAT, the youngest fully expanded leaf (leaf+1;
first leaf from the apex with visible dewlap) was used to measure plant
chlorophyll (i.e., measurement of leaf “greenness”) and anthocyanins
indexes (i.e., an estimate of antioxidant pigments that may protect
plants from excessive absorption of visible light) indexes with a leafclip
optical sensor (Dualex, Pessl Instruments, Weiz, Austria). The same
leaves were subsequently used to quantify gas exchange parameters
with a portable photosynthesis system (GFS-3000, Heinz Walz GmbH,

FIGURE 1

Treatment scheme. +Mo+N, -Mo-N, and -Mo+N solutions at 28 DAT. Subsequently, plants in the -Mo+N condition were subdivided into -Mo+N,
-Mo_+N, and -Mog+N, while the -Mo-N treatment was divided into -Mo-N and -Mo+Ng. R: nutrient added through the nutrient solution; L: nutrient

added through the leaves.
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Pfullingen, Germany) between 9:00 am and 4:00 pm. The following
conditions were used: chamber size 4 x 1 cm?, 23 °C air temperature,
55% relative humidity, CO, concentration set to 400 ppm, and
photosynthetic active radiation (PAR) of 1000 pmol m~= s! of
photons provided by LED lamps. After stabilization, measurements
of the CO, assimilation rate (A), stomatal conductance (gs), internal
CO, concentration in the substomatal chamber (Ci),
evapotranspiration (E), and instantaneous water-use efficiency
(WUE) were performed for 10 min in each pot.

Afterward, the central part of the leaf+1 (excluding the midrib)
and a subsample of the root system (primarily the root tip zone)
were sampled to assess total amino acids (at 28 and 35 DAT) and N
derived from nitric- and ammoniacal-fertilizers (Ndff; at 28, 35, and
44 DAT). Both plant fractions were washed with deionized water
and oven-dried at 65°C until constant weight. The plant tissues were
ground in a Wiley mill to pass through a 0.5 mm sieve. To quantify
the concentration of amino acids, dried plant material was
hydrolyzed with 6 M HCI at 100°C for 24 h (Fountoulakis and
Lahm, 1998). Then, samples were vacuum-dried with NaOH for
amino acid measurements. The depicted results were obtained by
ultra-high-performance liquid chromatographic-diode array
(UHPLC-DAD, Agilent 1290 Infinity IT LC, Agilent Technologies,
Santa Clara, CA, USA) after the derivatization of amino groups. The
total N concentration and >N abundance in leaves and roots were
determined in an elemental analyzer (ANCA-GSL, Sercon Ltd.,
Crewe, UK) coupled to an isotope ratio mass spectrometer (EA-
IRMS; Hydra 20/20, Sercon Ltd., Crewe, UK) by weighting a
subsample (=6 mg) of maize dry biomass into a Sn capsule.
Atmospheric N, (0.3663 '°N atom %) represented the
international standard, while (NH,),SO, with 1.0 N atom %
was used as reference material for anchoring. The N derived from
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nitric fertilizers [K'°NO; and Ca(NOs),-4H,0; Ndffy] in maize
leaves and roots was calculated according to Trivelin et al. (1994) as
follows:

Ndffye(%) = (a/b) x 100 1)

where a and b are the '°N abundance (*>N atom % in excess) in
the plant and nitric fertilizers, respectively.

After non-destructive measurements at 44 DAT, the plants in each
pot were removed and partitioned into leaves, stalk, and roots. The
plant tissues were processed (washing, drying, grinding, etc.) as
previously described. Subsequently, a subsample of each plant
compartment was processed and analyzed for total N concentration
and "N abundance in the EA-IRMS above. The leaves and stalk
compartments were pooled to represent the maize shoots. In addition
to the measurement of total N accumulation by maize, the Ndff in each
compartment (leaves, stalk, and roots) for the nitric (using Equations
1-5) and ammoniacal fertilizers was also calculated as below:

NAjni(mg pot ™) = BP x NC @)

Ndffyr(mg pot™") = Nddfyz(%)/100 x NA 3)
Ndff s (mg pot™) = NAjup - Ndffp(mg pot ) -NAgeq  (4)
Ndff (%) = Nddf sp(mg pot™") /NA e X 100 (5)

where NA /4, is the N accumulation in maize (mg plot™); BPis
the dry biomass production (g pot™'); and NC is the total N
concentration in plant tissues (mg g’l); Ndffsr (mg pot’l) is the
amount of N derived from ammoniacal fertilizer; and NA,..4 is the
N accumulation in two maize seeds (mg pot™).

For determination of Mo in plant tissues, 300 mg of dry biomass
were microwave digested in 3 mL concentrated HNO3 and 2 mL of
30 % H,0, at 200°C and 15 bar for 120 min (Trinkner et al., 2016),
and the concentration of such micronutrient was measured with an
inductively coupled plasma mass spectrometer (ICP-MS), followed
by Mo accumulation in maize compartments.

2.3 Statistical analysis

Experimental data were analyzed using R (version 3.3.6, R Core
Team, 2023) with RStudio as an integrated desktop environment
(version 2022.07.1 + 554, Posit Software, Boston, MA, USA).
Treatments were subject to one-way ANOVA; in case of
significance, means were separated using Duncan test at p < 0.05.
Multivariate analysis was carried out on the leaf amino acids, and
the differences between the vectors of treatment means were verified
using the canonical variable analysis (CAN) method in SAS (version
9.4M3, Sas Institute Inc., Cary, NC, USA). The scores of the
canonical variables were separated using Scheffé’s test (p < 0.05).
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3 Results

3.1 Pigments and leaf gas
exchange parameters

The chlorophyll index was influenced by the -Mo-N and -Mo
+Np treatments throughout the crop cycle (Figure 2A). The absence
of these nutrients represents a reduction of 47 % in the chlorophyll
index in comparison to the other treatments with continuous N
supply at 28 DAT. Conversely, the subsequent N supply (-Mo+Ng)
increased the chlorophyll index by 45% at 35 DAT compared to
-Mo-N (negative control). At 16 d after N introduction (44 DAT),
the chlorophyll index of -Mo+Ny was equal to +Mo+N (positive
control). The opposite was observed with the anthocyanin index,
where -Mo-N and -Mo+Npy, treatments increased by 76 % compared
to the other treatments at 28 DAT (Figure 2B). The subsequent N
supply (-Mo+Ng) decreased anthocyanin production over time,
exhibiting values similar to those of the treatments with continuous
N at 44 DAT. Gas exchange parameters presented the same pattern
as the chlorophyll index, with increasing values of A and gs over
time following N introduction through the nutrient solution
(Figures 2C, D).

3.2 Amino acids concentration

In the root, only alanine (Ala), asparagine (Asp), glutamine (Glu),
glycine (Gly), leucine (Leu), and valine (Val) were quantified since the
rest were below the detection limit (BDL; Supplementary Table 1).
Overall, the complete N omission or even the introduction of such
nutrient led to the lowest concentrations of amino acids, notably Asp,
Glu, and Leu at 28 DAT. At 35 DAT, Asp, Glu, Gly, Leu, and Val
concentrations were BDL in the -Mo-N treatment. The Mo omission
did not affect the amino acids profile overall, except for Val, where
+Mo+N (positive control) was the lowest, similar to the treatment
with N addition through the nutrient solution (-Mo+Ny).

The canonical variables (Canl) indicated that the lowest
concentration of amino acids in maize leaves occurred when N
was omitted at 28 DAT (Figure 3A). Plants with N but without Mo
supply showed higher levels of free amino acids, except the -Mo
+N treatment, where the amount of free amino acids in the plant
was the same as the positive control treatment (+Mo+N).
Following the Mo and N supply (35 DAT), the plants recovered
(Figure 3B). The concentrations of free amino acids in the plant
when Mo was added to the solution or through the leaves were
similar to the +Mo+N. Thus, it was possible to observe the
formation of three groups after nutrient supply, namely: the first
consisted of the treatments with Mo supply (root and leaf) and the
+Mo+N; the second consisted of the negative control (-Mo-N)
and absence of Mo (-Mo+N); and the third group with N supply in
the solution.
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FIGURE 2
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Chlorophyll index (A), anthocyanin index (B), CO, assimilation rate (A; C), and stomatal conductance (gs; D) in maize plants grown on nutrient
omission up to 28 DAT and afterward with resupply. -Mo+N, without Mo; -Mo_+N, Mo supply through the leaves after 28 DAT; -Mog+N, Mo supply
through nutrient solution after 28 DAT; -Mo+Ng, N supply through the nutrient solution after 28 DAT; -Mo-N, negative control; +Mo+N, positive
control. Vertical bars indicate the standard error of the mean. Means followed by a common letter are not significantly different according to the
Duncan test (p < 0.05).

TABLE 1 Dry biomass production in roots, shoots (stalk plus leaf), and

entire plant of maize grown at 44 d after transplanting (DAT) on Mo and

N omission and resupply.

Entire plant

Treatment 9 pot'l)
-Mo +N 37.3 + 2.5 be 1667 +125a 2044 +89a
-Moy +N 394+16b 1415+ 69 b 180.9 +5.1b
-Mog +N 474 +2.7 a 166.7 + 2.6 a 2141 +22a
-Mo +Ng 282+27d 919+ 18 ¢ 120.1 £23 ¢
-Mo -N 30.6 + 0.5 cd 92.4+45c 1231+ 40 ¢
+Mo +N 442 +32ab 1723 +5.1a 216.6 + 4.0 a
p-value <0.010 <0.010 <0.010

Mean + standard error of the mean (n = 4).

-Mo+N, without Mo; -Mor+N, Mo supply in leaves after 28 DAT; -Mor+N, Mo supply in
roots after 28 DAT; -Mo+Nyg, N supply in roots after 28 DAT; -Mo-N, control negative; +Mo
+N, control positive. Letters in the same column indicate a difference between treatments by
Duncan test (p<0.05). Average followed by the standard error of the mean.
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3.3 Biomass production and nitrogen and
molybdenum accumulation

The biomass production was influenced by N and Mo supply
(Table 1). In the roots, Mo supply via solution increased biomass
production by 19 % compared to the micronutrient omission (-Mo
+N) or foliar application (Mo +N). Furthermore, Mo supply was
equivalent to +Mo+N treatment. Nitrogen supply at 28 DAT did
not recover root development. The omission of both nutrients
caused a lower rate of root development, with the most
significant effect attributed to N (Supplementary Tables 2, 3). A
similar pattern was observed for the shoots (Table 1). However, Mo
omission or supply by solution did not differ from the +Mo+N
treatment. The highest biomass production considering the entire
plant was observed for -Mo+N and +Mo+N (Table 1), while the Mo
supply via foliar application was lower, followed by the treatments
with N resupply or omission, which were the lowest.

Molybdenum accumulation in maize altered upon its addition
(continuous supply or subsequent addition through the leaves or
nutrient solution) and exposition time to the micronutrient
(Table 2). In the roots, Mo was only detected in the +Mo+N and
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Canonical variables for the amino acids profile in maize leaves at 28 (A), and 35 DAT (B). -Mo+N, without Mo; -Mo_+N, Mo supply through the
leaves after 28 DAT,; -Mogr+N, Mo supply through the nutrient solution after 28 DAT; -Mo+Ng, N supply through the nutrient solution after 28 DAT;
-Mo-N, negative control; +Mo+N, positive control. Bi-directional bars indicate the 95% confidence interval. Treatments followed by a lowercase
(CAN1) or uppercase (CAN2) common letter are not significantly different according to the Sheffé test (p<0.05).

-Mog+N treatments; the other treatments had values BDL (1 mg kg’
") of the ICP-MS (Supplementary Table 2). The Mo accumulation
in the roots under Mo resupply through nutrient solution was 60%
lower than the +Mo+N treatment. In the shoots, the Mo
accumulation was much higher (17-fold higher, on average) in
the treatment with Mo addition through the leaves than with Mo
resupply via roots or continuous Mo supply. A similar trend was
found for the entire maize plant, with high Mo accumulation when
the micronutrient was added through foliar spray compared to
nutrient solution. The highest N accumulation in the roots was
observed in the -Moy+N, -Mog+N, and +Mo+N, while -Mo+Ng
and -Mo-N were the lowest (Table 3). In the shoots, a similar

Frontiers in Plant Science

pattern was verified. In the entire plant, the N omission throughout
the crop cycle resulted in maize plants with the lowest biomass
production, while N resupply increased biomass in comparison to
the negative control but persisted lower than those treatments
under continuous N.

Regarding Ndffyr in the roots, at 28 DAT, the omission of Mo
and N did not alter the nitric-N contribution (Figure 4A). However,
at 35 DAT, it was observed that the addition of N without Mo
supply decreased the Ndffyy by 5.2% compared to +Mo+N. In the
leaves, the -Mo+Ny, treatment had the lowest NO3™-N uptake at 35
and 44 DAT, although the Mo addition through the leaves (-Moy,
+N) was similar to this treatment in the last sampling time. The
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TABLE 2 Molybdenum accumulation in roots, shoots (stalk plus leaf),
and entire plant of maize grown at 44 d after transplanting (DAT) on Mo
and N omission and resupply.

Treatment Shoots > Entire pl_alnt
(mg pot™)  (mg pot™)

-Mo +N BDL BDL BDL

-Moy, +N BDL 267+119a 2.67 £040 a
-Mog +N 0.17 £ 0.07 b 0.18 £ 0.08 b 035+ 1.19b
-Mo +Ng BDL BDL BDL

-Mo -N BDL BDL BDL

+Mo +N 042 +0.18 a 0.13 + 0.06 b 0.56 £ 0.25 b
p-value <0.01 <0.01 <0.01

Mean + standard error of the mean (n = 4).

BDL, below detection limit; -Mo+N, without Mo; -Moy +N, Mo supply in leaves after 28 DAT;
-Mog+N, Mo supply in roots after 28 DAT; -Mo+Ng, N supply in roots after 28 DAT; -Mo-N,
control negative; +Mo+N, control positive. Letters in the same column indicate a difference
between treatments by Duncan test (p<0.05). Average followed by the standard error of
the mean.

treatments influenced Ndffyr across the plant compartments at
44DAT (Figure 4B). In the roots, Ndffyr was lower in -Mo; +N and
-Mo+Npy, treatments were lower than the -Mo+N, -Mo-N, and +Mo
+N. In the stalks, the Mo supply through the nutrient solution was
similar to the positive control (+Mo+N). In the leaves, the N
resupply led to the lowest nitric-N contribution (Ndffyg) to the
plant metabolism. Lastly, the Ndffyr and Ndft,r were affected by the
Mo and N supply (Figure 4C). The maize +Mo+N treatment was
higher than the -Mo;+N and -Mo+Ny, relative to the contribution
of nitric-N to maize. On the other hand, the ammoniacal-N had the
highest contribution under N resupply (-Mo+Ny), while treatments
with continuous N were overall similar.

TABLE 3 Nitrogen accumulation in roots, shoots (stalk plus leaf), and
entire plant of maize grown at 44 d after transplanting (DAT) on Mo and
N omission and resupply.

Entire plant

Treatment (g pot™)
-Mo +N 0.80 + 0.06 ab 385+021a 4.65 +0.23 ab
-Moy, +N 0.87 £ 0.04 a 373+013ab | 4.60 £0.11ab
-Mog +N 0.96 + 0.05 a 3.44+0.18b 441+022b
-Mo +Ng 0.62 + 0.04 be 254 +0.12 ¢ 3.16 + 0.15 ¢
-Mo -N 0.44 +0.02 ¢ 112 +0.05d 1.56 + 0.05 d
+Mo +N 0.99 +0.10 a 3.98 +0.08 a 497 £0.13 a
p-value <0.01 <0.01 <0.01

Mean * standard error of the mean (n = 4).

-Mo+N, without Mo; -Mo+N, Mo supply in leaves after 28 DAT; -Mog+N, Mo supply in
roots after 28 DAT; -Mo+Ny, N supply in roots after 28 DAT; -Mo-N, control negative; +Mo
+N, control positive. Letters in the same column indicate a difference between treatments by
Duncan test (p<0.05). Average followed by the standard error of the mean.
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4 Discussion

The chlorophyll index in maize was higher in the presence of N,
a finding supported by the literature. At least 50 % of the N in leaves
is found in the chloroplasts, where chlorophyll is the pigment
responsible for “greenness” (Onoda et al, 2017). Furthermore,
under nutritional stress conditions, the plant will decrease
chlorophyll content and increase the production of other
pigments for photoprotection. The supply of N reduced the
anthocyanins production and increased the production of
chlorophyll, which was not observed for Mo, where in general the
changes in pigments were imperceptible. Hadi et al. (2016)
determining plant pigments observed that the Mo addition
increased them, but this condition may be associated with the
presence of cadmium in a contaminated soil. This helps to
understand gas exchange parameters, where plants with N
omission presented lower values of A and gs. Molybdenum
decreased gs compared to the resupply of N, and the Mo supply
resembled the gs to the control, indicating ease in plant adaptation
to regulate stomatal conductance in the presence of Mo (Schwarz
and Mendel, 2006). These results are also reported for wheat plants
under stressful conditions, Mo helps in the abscisic acid production
and interferes with stomatal control (Sun et al., 2009; Wu et al,
2014). In other words, here we see that even with an adequate
nutrients supply, low Mo levels hinder the plant's osmotic control.

The biomass production responded to Mo supply through the
nutrient solution (-Mog+N), yielding the same as the +Mo+N, while
application via foliar spray decreased maize biomass. Based on the
amino acid profile and Mo accumulation values in maize, the
application of this micronutrient foliar was toxic to the plant. Excess
Mo can reduce plant photosynthetic rates, reduce the amount of
chlorophyll and biomass, and impair Cu uptake, resulting in reduced
lignification (Xu et al, 2018). It is important to emphasize that the
damage caused by excess Mo is rarely reported in the literature and it is
often not possible to identify visual symptoms in plants, as occurred in
this study. Therefore, the foliar rate used was inadequate to supply the
nutrient, resulting in physiological damage. Kovacs et al. (2015)
observed a slightly lower biomass production regardless of the Mo
rate in the nutrient solution compared to the Mo-unfertilized treatment,
where the latter exhibited lower leaf contents, in agreement with our
findings, because a lower availability of N, compared to nutrient
solution and foliar application, resulted in better production. The lack
of response to Mo can be explained by the seed quality, which, if grown
in soils with a high Mo content, will not respond to fertilization due to
the plant's low demand for the nutrient.

In most of the available literature, the nitrate accumulation in
plants is lower in leaves under Mo supply compared to those
without supply of this micronutrient (Calonego et al., 2010;
Kovacs et al., 2015; Santos et al, 2018). In our study, the Mo
application favored nitrate uptake from nitric fertilizers in the
hydroponic solution and their utilization by plants. Kovacs et al.
(2015) demonstrated that maize seedlings had lower nitrate
accumulation in the leaves and increased its content in the roots
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after 28 DAT; -Mo-N, negative control; +Mo+N, positive control. Vertical bars indicate the standard error of the mean. Means followed by a
common letter are not significantly different according to the Duncan test (p < 0.05).

due to the rate of ammonium molybdate supplied through
hydroponics. The lower presence of free nitrate-N in the leaves is
frequently reported when Mo is applied, regardless of the crop
evaluated (Sun et al, 2009; Xiong et al., 2001; Ide et al., 2011),
suggesting the reduction of this mineral N by the nitrate reductase,
which is a crucial enzyme to convert nitrate to ammonium and
ultimately to organic N forms. In addition to this role, Mo also acts
in the metabolism of sulfur and is consequently related to protein
production. It also participates in abscisic acid synthesis and makes
up the mARC enzyme, which is linked to nitric oxide production in
plants, which can also be formed by the increased expression of
nitrate reductase due to the accumulation of nitrite in the cells
(Imran et al, 2019). Wu et al. (2020) related that enhancing
photosynthesis by Mo increases water use efficiency, leading to
greater tolerance of abiotic stresses. Nitrogen accumulation in the
plant was higher when both nutrients (N and Mo) were available,
and Mo omission slightly compromised N accumulation. We
observed that Mo and N resupply did not recover N
accumulation in the plant. The period of N resupply in the plants
grown in omission was after the V4 phase (i.e., four leaves fully
expanded), which may have favored the impairment of the
development of these plants. Molybdenum is constantly omitted
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in Poaceae, and here we demonstrate that its application contributes
to the adequate development of plants because it favors cellular
metabolism and the production of metabolites involved in plant
protection, stomata regulation, and N utilization.

5 Conclusions

Molybdenum favors nitrate uptake by maize plants, primarily
when supplied in the nutrient solution. The Mo omission rapidly
changed the stomatal conductance, evidencing the importance of
this nutrient in plant osmoregulation, which was confirmed by the
amino acids and their distribution. The biochemical processes
triggered by the Mo presence that result in increased nitrate
uptake need further research to be explained, as it is probably not
just nitrate reductase activity that interferes in this process.
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