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A B S T R A C T

Although ammonium (NH4
+) has been claimed as the preferential N source for sugarcane (Saccharum spp.), the

intense uptake of this mineral form by plants can impair metabolic processes and crop yield. We aimed to assess
the growth, nutrition, and metabolic responses of sugarcane grown under different amounts of nitrate (NO3

−)
and NH4

+. Sugarcane setts were grown in nutrient solution at a total concentration of 15mMN using different
NO3

−/NH4
+ ratios (100/0, 75/25, 50/50, 25/75, and 0/100, respectively) for 163 d under controlled condi-

tions. The pH of the medium was daily adjusted to 5.8 ± 0.1, with replacement of the hydroponic solution every
10 d. NH4

+–only fed plants showed lower dry biomass yield, nutrient content, leaf surface area, and leaf gas
exchange than those under sole NO3

− supply, in addition to favoring the development of brown rust (Puccinia
melanocephala). However, there was no indication that NH4

+ is directly related to oxidative stress in sugarcane.
On the other hand, the highest N utilization efficiency was obtained with NO3

−–only fed plants, which also
resulted in the highest biomass yield, leaf surface area, nutrient content, leaf gas exchange, and root growth.
Since NO3

− was not stored in plant tissues, we therefore suggested that most of this N form is assimilated
following its uptake. Despite the well–known preference of the crop for NH4

+, the optimal growth response of
sugarcane plants to NO3

−/NH4
+ ratios was observed under NO3

− supply.

1. Introduction

The main nitrogen (N) forms taken up by plants are nitrate (NO3
−)

and ammonium (NH4
+), and the uptake and assimilation of these forms

depends on several factors, such as their availability in the soil, plant
species, physiological status, CO2 concentration, pH, temperature, and
light intensity (Andrews et al., 2013, 2009; Esteban et al., 2016a; Lea
and Azevedo, 2006; Mengel et al., 2001). Better knowledge and un-
derstanding of the mineral N uptake by plants is critical as NO3

− and
NH4

+ act differently in metabolic and physiological plant processes,
affecting not only the N assimilation but also the root respiration, water
relations, photosynthesis, and plant secondary metabolism (Britto and
Kronzucker, 2013; Cramer and Lewis, 1993; Guo et al., 2007; Lopes
et al., 2004; Lopes and Araus, 2006; Lu et al., 2009; Nakamura et al.,

2010). Plants with preference for NO3
− can exhibit NH4

+ toxicity
symptoms, while those preferring NH4

+ may have an atrophied NO3
−

uptake system (Britto and Kronzucker, 2002; Kronzucker et al., 1997).
The majority of plant species prefer NO3

− to NH4
+, even though the

energetic cost for NO3
− uptake and assimilation is considerably higher

than that for NH4
+ (Britto and Kronzucker, 2005). This is because high

concentrations (> 0.5mM) of NH4
+ in the solution (especially at low

pH values) may be toxic to plants, thus decreasing the biomass pro-
duction (Magalhäes and Huber, 1989; Sarasketa et al., 2016). Con-
versely, it has been reported the sugarcane (Saccharum spp.) preference
for NH4

+, essentially when exposed to high N concentrations (10mM;
Robinson et al., 2011). In contrast, de Armas et al. (1992) concluded
that both N forms (NH4

+ and NO3
−) could be used efficiently by the

crop, and although NH4
+–fed plants exhibited higher dry biomass
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compared to sole NO3
− supply, no differences between the two N forms

were detected relative to photosynthetic parameters. Brazilian varieties
of sugarcane exhibited a preference for NH4

+ uptake during the first 3 d
after fertilization (Kölln, 2016). However, for a longer period (∼365 d
after fertilization, which represents a ratoon growth season), NH4

+

supply did not increase the 15N–fertilizer recovery (NRec; ratio between
the amount of fertilizer N taken up by the crop and amount of fertilizer
N applied) by sugarcane compared to NO3

− supply (Boschiero et al.,
2018). In the same study, but in hydroponic conditions, NO3

− had a
slower uptake rate than NH4

+, but NO3
−–only fed plants showed a

higher 15N–fertilizer recovery than those exposed to NH4
+ (Boschiero

et al., 2018). Due to the several transformations that N undergo in the
soil, pot experiments using hydroponic solution are useful to assess the
effect of N forms in morphological, physiological, and metabolic plant
properties, as well as on proteomic analysis (Beatty et al., 2009; de
Armas et al., 1992; Hajari et al., 2017; Helali et al., 2010). In addition,
pot experiments are valuable for evaluation of shoot and root tissues
(mainly for the root system, where sampling process is laborious under
field conditions), and have already been used to assess the effect of N
forms on N recovery by sugarcane (Hajari et al., 2017; Robinson et al.,
2011). This information is fundamental, for example, to estimate the N
use efficiency derived from each mineral N form (e.g., NH4

+ and
NO3

−), which is virtually impossible in the field due to the N dynamics
in the soil–plant system.

Excess NH4
+ may alter plant metabolic processes, such as photo-

synthetic activity (Cramer and Lewis, 1993; Lopes et al., 2004; Lopes
and Araus, 2006). However, the role of NH4

+ in the oxidative stress of
plants has not yet been elucidated. The NH4

+ nutrition can modify the
redox state of several reactive oxygen species (ROS), thus altering ROS
homeostasis (Patterson et al., 2010). Increases in mitochondrial ROS
levels in Arabidopsis leaves were associated with NH4

+ stress
(Podgórska et al., 2013). Other studies also reported increases in the
proline content and in the activities of antioxidant enzymes induced by
the presence of NH4

+ in maize roots (Vuletić et al., 2010). However,
the stress promoted by NH4

+ supply in pea (Pisum sativum L.) and
spinach (Spinacia oleracea L.), considered tolerant and sensitive to
NH4

+ toxicity, respectively, was not associated with enzymes of the
oxidative stress (Domínguez-Valdivia et al., 2008). Thus, the relation-
ship between NH4

+ and oxidative stress in plants remains unclear
(Bittsánszky et al., 2015; Esteban et al., 2016a), and, to our knowledge,
there are no studies associating NH4

+ supply with oxidative stress in
sugarcane.

Despite the reported preferential NH4
+ uptake by sugarcane under

N–replete conditions, our hypothesis is that the sole NH4
+ supply will

result in lower growth and some plant stress compared to other NO3
−/

NH4
+ ratios, and the best growth of sugarcane will occur when the two

forms of N (NO3
− and NH4

+) are provided in the nutrient solution. Our
objective was to evaluate the growth, production, metabolism, and
nutrition of sugarcane supplied with different NO3

−/NH4
+ ratios using

hydroponic solution.

2. Materials and methods

2.1. Growth conditions and experimental setup

Sugarcane setts (∼3 cm in length) with one apical gem (cultivar
CTC15, released by Sugarcane Technology Center, São Paulo, Brazil)
were obtained from part of a stalk and planted in plastic trays con-
taining washed sand as a substrate. The setts were watered with deio-
nized water and transplanted 22 d after planting to pots containing
5.5 L of nutrient solution (Table 1) in an aerated medium. Five NO3

−/
NH4

+ ratios (100/0, 75/25, 50/50, 25/75, and 0/100) with 15 mMN
concentration were used, since previous studies indicated no differ-
ences between the NO3

− and NH4
+ for biomass production, photo-

synthesis and N recovery by sugarcane at low N concentrations (de
Armas et al., 1992; Robinson et al., 2011). The plants were cultivated in

nutrient solution with 25% ionic strength for the first 10 d after trans-
plantation (DAT), and later, the complete (100% ionic strength)
Hoagland and Arnon (1950) nutrient solution was used (Table 1). Al-
though we have used a nutrient solution where the presence of nitrifiers
is negligible, or even null, a synthetic nitrification inhibitor (di-
cyandiamide – DCD, 7 μM) was added to prevent NH4

+ oxidation (Song
et al., 2011). At 47 DAT, the plants with the lowest NO3

−/NH4
+ ratios

(0/100 and 25/75) showed visual symptoms of K deficiency. To treat
this nutrient deficiency, K concentration was increased from 6 to 9mM
through K2SO4, with consequent increase of S concentration from 2 to
3.5 mM in all treatments.

The experiment was performed in a controlled greenhouse. The
mean air temperature was 26.7 °C during the day and 19.5 °C at night.
The pots were distributed in a randomized complete block design with
five replicates. The pH of the nutrient solution of each pot was recorded
daily to monitor its temporal variation throughout the experimental
period (Fig. 1). Subsequently, the pH was adjusted to 5.8 ± 0.5
(mean ± SEM) with 0.5M HCl or 0.5M NaOH. The nutrient solution
was replaced every 10 d. At 140 DAT, the 5.5 L pots were replaced by
larger ones (10.0 L), to avoid limiting the growth of the root system.

2.2. Biomass content, leaf surface area and tissue nutrient analysis

At 163 DAT, the plants were harvested and divided into dry leaves,
green leaves, stalks, and roots. The leaf surface area of the green leaves
was measured using a leaf area integrator (model LAI–3100, LI–COR
Inc., Lincoln, NE, USA) immediately after harvest. Fresh samples from
the (i) first leaf with visible dewlap from the shoot apex (F+1; central
part, excluding mid–ribs); (ii) stalks (central part); and (iii) roots were
sampled for enzymatic analysis. Plant tissues were cryopreserved using
liquid N and stored at −80 °C. Roots were sampled and rinsed in
10 mM KCl followed by deionized water to avoid contamination of
nutrients from the hydroponic solution. Approximately 10% of the fresh
biomass was separated for morphological evaluation. The plant frac-
tions were oven–dried at 65 °C to a constant weight and ground in a
Wiley mill, passing through a 0.5–mm sieve. The biomass content in the
shoots was estimated by the summation of dry leaves, green leaves, and
stalks.

The total N concentration was determined using an isotope ratio
mass spectrometer (Hydra 20–20, Sercon Ltd., Crewe, UK) interfaced to
an automatic N analyzer (ANCA–GSL, Sercon Ltd., Crewe, UK; Barrie
and Prosser, 1996). The mineral N concentration in plant tissues was
determined following Tedesco et al. (1985). Briefly, 1 g of plant tissue
was extracted with 1M KCl (ratio of 1:15, plant tissue: solution, w/v),
distilled with MgO and Devarda's alloy and titrated with 2.5 mM H2SO4.
The other nutrients were extracted by nitric–perchloric digestion (wet
extraction) and quantified via colorimetry (P), atomic spectroscopy
absorption (K, Ca, and Mg), and turbidimetry (S) methods following
van Raij et al. (2001). The nutrient content was calculated by multi-
plying the dry biomass content by its nutrient concentration. Plant dry
biomass and N content were estimated by summation of the dry bio-
mass yield and N accumulation from all plant fractions, respectively.

The following N efficiency indexes were then calculated: (i) N up-
take efficiency based on dry biomass (NUpE, mg g−1)= [(plant N
content, mg)/root dry biomass, g] (Swiader et al., 1994); (ii) N uptake
efficiency based on root length (NUpE, mg m−1)= [(plant N content,
mg)/root length, m] (Rosolem et al., 2000); (iii) harvest index or N
transport efficiency (Harvest index, %)= [N content in the shoots, mg/
plant N content, mg)× 100] (Li et al., 1991); and (iv) N utilization
efficiency (NUtE, g mg−1) = (plant dry biomass, g/plant N content,
mg) (Siddiqi and Glass, 1981).

2.3. Leaf gas exchange

Evaluations of gas exchange were measured between 10:00 a.m. and
midday using a portable gas exchange device (Infra–Red Gas Analyzer –
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IRGA, model LI–6400, LI–COR Inc., Lincoln, NE, USA) one day before
harvesting. The initial conditions utilized for measurements were:
1500 μmol m−2 s−1 of photosynthetically active radiation (PAR) pro-
vided by LED lamps and chamber maintained between 20 and 25 °C and
380 μmol mol−1 of CO2 (McCormick et al., 2008). The parameters CO2

assimilation rate (A, μmol CO2 m−2 s−1), stomatal conductance (gs, mol
H2O m−2 s−1), internal CO2 concentration in the substomatal chamber
(Ci, μmol mol−1), and transpiration (E, mmol H2O m−2 s−1) were
measured in the central part of the F+1 leaf.

2.4. Morphological analysis of the root system

The root system was sampled at harvest to assess morphological
evaluations. Primary and secondary roots were gently collected. The
root biomass was dried in towel paper and weighed; the roots were cut
into eight longitudinal parts and one part, representing ∼10% of entire
the root system was separated, weight, and stored in 50% (v/v) ethanol
solution at 4 °C until analyses. The WinRhizo software (version 2016a,
Regent Instruments Inc., Quebec, Canada) was coupled to a professional
scanner (model 10000XL, Seiko Epson Corp., Suwa, Japan) following
Bouma et al. (2000), with adaptations. Roots were not stained. To ob-
tain a scanned image (400 DPI resolution), the roots were gently placed
in acrylic vats containing deionized water. The following parameters
were determined: root length, surface area, average diameter, and root
volume. The specific length was obtained from the ratio of the total
length to the dry biomass of roots (Liu, 2009). The results were extra-
polated for the whole root system.

2.5. Nitrate reductase activity (EC 1.7.1.1)

The in vivo nitrate reductase (NR) activity was determined as de-
scribed by (Hageman and Reed, 1980) with modifications. Tissue

samples from the central part of F+1 leaves (excluding mid–ribs) and
root samples were collected at 159 DAT (2 d after replacement of the
nutrient solution). The fresh tissue was cut into small segments,
weighed (200 mg) and transferred to assay tubes containing 4 mL of
phosphate buffer solution at pH 7.4 (50 mM Na–phosphate
buffer + 250 mM KNO3). The assay tubes, wrapped in Al foil to protect
them from light, were incubated in a water bath at 35 °C for 2 h. Sub-
sequently, 1 mL of the extract was added to 50mL–volumetric flasks
containing ∼30mL of deionized water, and the reaction was stopped
with the addition of 1mL of sulfanilic acid (33.5mM) in HCl 20% so-
lution, followed by 1mL of alpha–naphthylamine indicator (83.8 mM)
and 1mL of sodium acetate buffer (2M). The volume of each flask was
brought to 50mL with deionized water. The nitrite (NO2

−) produced
was measured in a spectrophotometer at 560 nm using a nitrite stan-
dard calibration curve. The enzyme activity was expressed in μmol
NNO2

− g−1 h−1 fresh weight (FW).

2.6. Malondialdehyde content

Lipid peroxidation was determined by estimating the content of
reactive substances to 2–thiobarbituric acid (TBA) and expressed as
malondialdehyde (MDA; (Buege and Aust, 1978; Heath and Packer,
1968). Samples of 200mg of fresh tissue were homogenized with liquid
N in a mortar with 2mL of 0.1% (v/v) trichloroacetic acid (TCA) and
20% (w/v) polyvinylpolypyrrolidone (PVPP). The homogenate was
centrifuged at 12100 g for 10min at 4 °C. An aliquot (250 μL) of the
supernatant was mixed with 1mL of 20% (v/v) TCA and 0.5% (v/v)
TBA, and incubated in a dry bath at 95 °C for 30min. An ice bath was
used to stop the reaction. The absorbance was measured at 535 and
600 nm with a dual–wavelength spectrophotometer. The MDA con-
centration was expressed as μmol MDA g FW−1.

2.7. Hydrogen peroxide content

The H peroxide (H2O2) content was determined following Alexieva
et al. (2001). Fresh plant tissues were subjected to the same initial
protocol used for lipid peroxidation determination. Two hundred mi-
croliters of supernatant were added to 200 μL of 100mM potassium
phosphate buffer at pH 7.5 and 800 μL of 1M KI. The assay tubes were
placed on ice and kept in the dark for 1 h, and left to stand at room
temperature for additional 20min. The absorbance was read at 390 nm.
The amount of H2O2 was expressed as μmol g FW−1.

2.8. Extraction and determinations of antioxidative enzymes and proteins

The fresh plant material was macerated in a mortar containing li-
quid N. The protein extracts were obtained from 1 g of fresh material in
100mM potassium phosphate buffer at pH 7.5, 1 mM EDTA and 3mM
DDT (dithiothreitol). In addition to the buffer, 20% (w/v) PVPP was
added. The homogenate extract was centrifuged at 12100 g for
30min at 4 °C. The supernatant was stored in 1.5–mL microcentrifuge
tubes, frozen in liquid N and stored at −80 °C. The total soluble protein

Table 1
Composition of the nutrient solution as affected by NO3

−/NH4
+ ratios.

NO3
−/NH4

+ Element concentration (mM)

pH NO3
−–N NH4

+-N H2PO4
−–P K+ Ca2+ Mg2+ SO4

2––S Cl−

100/0 4.8 15.0 0.0 1.0 9.0 5.0 2.0 3.5 –
75/25 4.9 11.2 3.7 1.0 9.0 5.0 2.0 3.5 7.5
50/50 4.9 7.5 7.5 1.0 9.0 5.0 2.0 3.5 15.0
25/75 4.9 3.7 11.2 1.0 9.0 5.0 2.0 3.5 17.5
0/100 4.9 0.0 15.0 1.0 9.0 5.0 2.0 3.5 25.0

Micronutrients were supplied at the following concentrations: 5mg L−1 Fe; 0.05mg L−1 B, Mn, and Zn; 0.01 mg L−1 Mo.
After preparation, nutrient solution pH was brought to 5.8 ± 0.1 (mean ± SEM), regardless of the NO3

−/NH4
+ ratio.

Fig. 1. Temporal variation of the nutrient solution pH during the experimental
period before its daily correction to 5.8 ± 0.1 (n=5), which is indicated by
the continuous black line.
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was determined using the method of Bradford (1976) with bovine
serum albumin as a standard. Aliquots of 100 μL of the extract were
mixed in 5mL of Bradford reagent with three replications. The quan-
tification was performed in a spectrophotometer at 595 nm. The results
were used to calculate the antioxidative enzyme concentration.

Catalase (CAT) activity (EC 1.11.1.6) was measured by monitoring
the degradation of H2O2 at 25 °C in a spectrophotometer as described by
Kraus et al. (1995) with the modifications of Azevedo et al. (1998). The
reaction was initiated by the addition of 25 μL of protein extract to 1mL
of 100mM potassium phosphate buffer at pH 7.5 and 2.5 μL of H2O2

(30% solution). The activity was determined using the decomposition
of H2O2 at 240 nm over the course of 1min. Catalase activity was ex-
pressed as μmol min−1 mg−1 protein.

The superoxide dismutase (SOD) activity (EC 1.15.1.1) was de-
termined as described by Giannopolitis and Ries (1977) using a spec-
trophotometer. Fifteen microliters of protein extract were added to
1.48 μL of reaction medium consisting of 50mM potassium phosphate
buffer at pH 7.8, 50 mM methionine, 1 mM nitroblue tetrazolium
chloride (NBT), 10mM EDTA and 0.1 mM riboflavin. The reaction was
conducted in a reaction chamber (box) under the illumination of a 15W
fluorescent light bulb at 25 °C. After a 5–min exposure to light, the il-
lumination was interrupted, and the blue formazan compound pro-
duced was measured at 560 nm. Two additional test tubes were used
blanks for each sample. One was exposed to light for 5min, indicating
the maximum production potential of the blue formazan, while the
other was kept in the dark for 5min to zero the spectrophotometer. The
results were expressed in U SOD mg−1 protein.

Glutathione reductase (GR) activity (EC 1.6.4.2) was determined as
described by Gomes-Junior et al. (2006) with modifications. The re-
action medium consisted of 1mL of 100mM potassium phosphate
buffer at pH 7.5 with 1mM 2–nitrobenzoic acid, 1 mM oxidized glu-
tathione and 0.1 mM NADPH at 30 °C. The reaction was initiated with
50 μL of protein extract. GR activity was estimated by the reduction of
oxidized glutathione with a spectrophotometer at 412 nm during 1min.
The GR activity was expressed as μmol min−1 mg−1 protein.

2.9. Statistical analysis

The results were subjected to an analysis of variance (ANOVA) with
Statistical Analysis System (SAS) software (version 9.3, SAS Institute,
Inc., Cary, NC, USA) using the GLM procedure. The F test was used
followed by the Fisher's protected LSD test for pairwise post–hoc
comparison (P≤ 0.05).

3. Results

3.1. Nutrient solution pH

The sole NO3
− supply to sugarcane plants promoted the alkalization

of the nutrient solution, while the supply with either NO3
− and NH4

+

or sole NH4
+ promoted acidification (Fig. 1). Variations in pH (alka-

lization or acidification) increased as the plants developed and in-
tensified the uptake of nutrients, which occurred primarily after 115
DAT, where pH decreased from 5.8 to 2.8 in a 24–h period for the sole
NH4

+.

3.2. Growth and development of shoot and roots

After 163 DAT, no symptoms of NH4
+ toxicity were detected in

sugarcane plants. However, plants under NO3
−/NH4

+ ratios lower than
1 (0/100 and 25/75) displayed symptoms of brown rust (Puccinia
melanocephala) in the leaves. The dry biomass yield was affected by the
NO3

−/NH4
+ ratios. The NH4

+–only fed plants showed a shoot and root
dry biomass 20% and 38% lower than those supplied with NO3

− as sole
N source, respectively (Fig. 2a). Similarly, the leaf surface area of
NH4

+–only fed plants was 32% lower than that under sole NO3
− supply

(Fig. 2b). The sole NH4
+ supply in the nutrient solution also decreased

the root length, root surface area, and root volume by 50%, 44%, and
44%, respectively, relative to those supplied with the largest NO3

−/
NH4

+ ratios (100/0 and 75/25; Table 2). In addition, the sole NH4
+

supply also resulted in roots with an average diameter 18% larger and
specific length 22% lower than plants supplied solely with NO3

−

(Table 2).

3.3. Nutrient content in plant fractions

The NO3
−/NH4

+ ratios in the nutrient solution changed the P, K,
Ca, Mg, and S content in the shoots and roots, as well as the N content
in the roots (Table 3). The N supply through NH4

+ as sole source de-
creased the content of nutrients than that of sole NO3

− supply. The
shoots showed a reduction of 16%, 27%, 30%, 20%, and 27% in the P,
K, Ca, Mg, and S content, respectively, in NH4

+–only fed plants com-
pared to those supplied with NO3

−. This negative effect of NH4
+ was

even more remarkable in the roots, where the content of N, P, and K
were decreased by 20–40%, in addition to 71% and 63% for Ca and Mg,
respectively, compared to NO3

−–only fed plants.
The higher NH4

+-N content was detected in the stalks and roots of
sugarcane, and as expected, low NO3

−/NH4
+ ratios in the nutrient

solution generally resulted in greater plant NH4
+-N content (Fig. 3).

The amount of NH4
+-N in the root system was 180%–400% higher than

that found in the green leaves, depending on the treatment (Fig. 3bd).
However, the NO3

−-N content was not affected by the N form and
showed very low values: 3.7, 2.3, 1.6, and 0.9 mg plant−1 (average of
treatments) in the stem, green leaves, roots, and dry leaves, respec-
tively.

3.4. Nitrogen use efficiency indexes

The sole NH4
+ supply resulted in 54% and 80% higher NUpE than

NO3
−–only supply based on the root dry biomass and root length, re-

spectively (Fig. 4ab). The harvest index of NH4
+–fed plants was 12%

higher than the rest of NO3
−/NH4

+ ratios (Fig. 4c). On the other hand,
the NUtE was 20% higher for NO3

−–fed plants compared to those
treated solely with NH4

+, and as the amount of NH4
+ supplied in-

creased, the NUtE value decreased (Fig. 4d).

3.5. Metabolic changes in enzymatic activity and photosynthesis

Higher NR activity was found in the leaf than in the root (Fig. 5).
The plants under sole NO3

− supply had a higher NR activity in the roots
and leaves than those exposed solely to NH4

+. The gas exchange results
indicated that the sole NH4

+ supply resulted in a decrease of 41%, 57%,
50%, and 44% in the A, gs, Ci, and E parameters, respectively, com-
pared to the NO3

− supply (Fig. 6).

3.6. Oxidative stress

The MDA content in the stalk was highest for the 75/25 and 50/50
NO3

−/NH4
+ ratios (Fig. 7a). Approximately 90% of the H2O2 content

was produced in the leaf, regardless of NO3
−/NH4

+ ratio (Fig. 7b). In
the roots, the greatest amount of NH4

+ (0/100 and 25/75) in solution
decreased the H2O2 content by 54% compared to the 75/25 NO3

−/
NH4

+ ratio. The CAT activity was affected by the NO3
−/NH4

+ ratios in
the stalk and the leaf (Fig. 7c). The higher CAT activity occurred in the
stalk (120–150 μmol min−1 mg−1 protein), and the sole NO3

−–fed
plants had 19%–28% higher activity than the plants treated with the 0/
100 and 25/75 NO3

−/NH4
+ ratios. The opposite occurred for the CAT

activity in the leaves, where NH4
+–fed plants showed 35% higher CAT

activity than those under the sole NO3
− exposure (Fig. 7c). The highest

SOD activity was found in the stalk (50–60%), followed by the root
(30–40%) and leaf (∼10%). However, only the SOD activity in the
roots was affected by the NO3

−/NH4
+ ratios, where NO3

−–only fed
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plants had 72% higher SOD activity than those under NH4
+ as sole N

source (Fig. 7d). The GR activity in the roots represented 50–60% of the
total activity in the plant and, on average, the highest NO3

−/NH4
+

ratio increased the GR activity by 30% compared to the other treat-
ments. In contrast, the sole NH4

+ supply increased the GR activity by
52% and 61% compared to plants supplied with 75/25 and 50/50
NO3

−/NH4
+ ratios in the leaf, respectively (Fig. 7e).

4. Discussion

As nutrient solutions have low buffering capacity (Dickson et al.,
2016), a wide change in pH values was observed: pH increased under

sole NO3
− supply and decreased with some amount of NH4

+ in solu-
tion, and this trend increased with the plant growth. Changes in nu-
trient solution pH are caused by the imbalance uptake of cations and
anions and the N assimilation by plants. Net cation uptake is compen-
sated by the H+ efflux from roots, whereas net anion uptake is balanced
by OH−/HCO3

− efflux (Dickson et al., 2016; Kirkby and Knight, 1977;
Lea-Cox et al., 1996; Marschner, 2012). Nitrogen uptake plays a fun-
damental role in the cation/anion balance of the plant. Approximately
70–80% of the uptake of nutrients by plants is influenced by the NH4

+

and NO3
− uptake (Lea-Cox et al., 1996; Marschner, 2012). In addition,

assimilation of mineral nutrients into organic compounds also changes
the external pH. For N, one mol of NH4

+ results in 1.2mol H+; the

Fig. 2. Dry biomass yield in the shoot and roots (a) and leaf surface area (b) of sugarcane plants supplied with different NO3
−/NH4

+ ratios following 163 d. The error
bars indicate the SEM (n=5). Common lowercase letters not indicate differences between treatments, according to Fisher's protected LSD test (P≤ 0.05).

Table 2
Root morphological parameters of sugarcane plants supplied with different NO3

−/NH4
+ ratios following 163 d. Values represent means ± SEM (n=5).

NO3
−/NH4

+ Length Surface area Volume Average diameter Specific length

m m2 cm3 mm m g−1

100/0 4328 ± 288a 4.2 ± 0.4a 327 ± 11a 0.298 ± 0.006b 101±6a
75/25 4306 ± 474a 4.0 ± 0.4a 309 ± 25 ab 0.308 ± 0.004b 101±3a
50/50 3841 ± 757 ab 3.7 ± 0.7a 282 ± 37 ab 0.314 ± 0.004b 96±4a
25/75 2682 ± 168bc 3.1 ± 0.2 ab 254 ± 16b 0.350 ± 0.009a 68±5b
0/100 2137 ± 200c 2.3 ± 0.2b 177 ± 14c 0.352 ± 0.010a 79±6b
P value 0.012 0.028 0.003 < 0.001 0.001

Common lowercase letters within a column not indicate differences between treatments, according to Fisher's protected LSD test (P≤ 0.05).

Table 3
Nutrient content in the shoot and roots of sugarcane plants supplied with different NO3

−/NH4
+ ratios following 163 d. Values represent means ± SEM (n=5).

NO3
−/NH4

+ Nutrient content (mg plant−1)

N P K Ca Mg S

Shoot
100/0 2112 ± 43 751 ± 17a 3104 ± 117a 508 ± 11a 275 ± 8a 589 ± 21a
75/25 2333 ± 115 773 ± 17a 2891 ± 82a 469 ± 19a 291 ± 13a 597 ± 28a
50/50 2280 ± 92 703 ± 20 ab 2502 ± 79b 420 ± 32b 262 ± 17 ab 500 ± 40 ab
25/75 2391 ± 115 690 ± 37 ab 2468 ± 115b 410 ± 11b 252 ± 17 ab 514 ± 35 ab
0/100 2240 ± 117 630 ± 45b 2264 ± 113b 358 ± 13c 221 ± 18b 430 ± 28b
P value 0.344 0.034 <0.001 <0.001 0.037 0.015
Roots
100/0 803 ± 2 ab 285 ± 8a 195 ± 7a 125 ± 4a 71 ± 3a 252 ± 14a
75/25 868 ± 65a 285 ± 27a 185 ± 4 ab 83 ± 11b 60 ± 5b 249 ± 20a
50/50 726 ± 14b 227 ± 22bc 170 ± 6bc 58 ± 7c 42 ± 4c 199 ± 26 ab
25/75 828 ± 68 ab 267 ± 8 ab 171 ± 3b 60 ± 7c 46 ± 4c 244 ± 14a
0/100 535 ± 40c 180 ± 16c 152 ± 7c 37 ± 2d 27 ± 1d 160 ± 16b
P value 0.001 0.004 0.001 < 0.001 <0.001 0.008

Common lowercase letters within a column and plant fraction not indicate differences between treatments, according to Fisher's protected LSD test (P≤ 0.05).
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greatest amount extruded to the soil (Andrews et al., 2004; Raven,
1988). In turn, one mol of NO3

− results in 0.78mol OH−; the highest
amount is extruded to the soil if assimilated in the roots, while NO3

−

assimilation in the shoots is neutralized by the synthesis of organic
acids (Andrews et al., 2004; Raven, 1988). In sugarcane plantations, the
rapid nitrification rate and subsequent release of protons into the so-
lution must also be considered when the influence of NO3

−/NH4
+

ratios on rhizosphere pH is evaluated (Argo and Biernbaum, 1997; Lang
and Elliott, 1991). In the conditions above, NH4

+−fed plants take up a
higher amount of cations than anions, leading to lower pH in the rhi-
zosphere relative to the bulk soil, while the opposite is observed for
NO3

−−fed plants (Tang and Rengel, 2003; Jing et al., 2012; Ma et al.,
2014; Rengel, 2015).

NH4
+ has been reported as the preferred N source by sugarcane in

high−N input environments (Robinson et al., 2011; Hajari et al., 2017;
Boschiero et al., 2018). The so−called 'preference' refers to the faster
uptake of NH4

+ than NO3
−. However, the results of this study indicated

that the long−term supply of NH4
+ as N source might impair the

growth and metabolism of sugarcane due to its toxicity. Thus, it is

Fig. 3. Content of free NH4
+-N and NO3

−–N in dry leaves (a), green leaves (b),
stalk (c), and roots (d) of sugarcane of sugarcane plants supplied with different
NO3

−/NH4
+ ratios following 163 d. The error bars indicate the SEM (n=5).

Common lowercase letters not indicate differences between treatments, ac-
cording to Fisher's protected LSD test (P≤ 0.05).

Fig. 4. Nitrogen uptake efficiency (NUpE) based on dry biomass (a) and root
length (b), harvest index (c), and N utilization efficiency (NUtE; d) of sugarcane
of sugarcane plants supplied with different NO3

−/NH4
+ ratios following 163 d.

The error bars indicate the SEM (n=5). Common lowercase letters not indicate
differences between treatments, according to Fisher's protected LSD test
(P≤ 0.05).

Fig. 5. Nitrate reductase activity (NR) in leaf and root of sugarcane plants
supplied with different NO3

−/NH4
+ ratios following 163 d. The error bars in-

dicate the SEM (n=5). Common lowercase letters not indicate differences
between treatments, according to Fisher's protected LSD test (P≤ 0.05).

Fig. 6. Net photosynthetic rate (A; a), stomatal conductance (gs; b), transpira-
tion rate (E; c), and substomatal CO2 concentration (Ci; d) of sugarcane plants
supplied with different NO3

−/NH4
+ ratios following 163 d. The error bars in-

dicate the SEM (n=5). Common lowercase letters not indicate differences
between treatments, according to Fisher's protected LSD test (P≤ 0.05).
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possible that a change in the N−form preference occurred throughout
the sugarcane growth. Thereby, in spite of NH4

+ preference, the best
sugarcane growth and nutrition was observed with the sole NO3

−

supply. The lowest biomass yield in NH4
+−only fed plants can be

explained by the increase in respiration rate by the roots when a large
amount of NH4

+ was taken up, as most of this N form is assimilated in
the same plant organ (Kronzucker et al., 1998; Nakamura et al., 2010).
Thus, the high NH4

+ uptake requires a large amount of C skeletons for
N assimilation (Britto and Kronzucker, 2013). The intense translocation
of carbohydrates to the roots decreases the availability of photo-
assimilates available for vegetative growth. The uptake and assimila-
tion of NH4

+ by plants can favoring metabolic energy savings; how-
ever, for many species NH4

+ decreases dry biomass yield than NO3
−

supply and the best growth occurs with both N forms are supplied to-
gether (Hajari et al., 2015; Helali et al., 2010; Marschner, 2012; Walch-
Liu et al., 2000). The alleviation of NH4

+ toxicity by NO3
− still remains

unclear, but appears to be closely related to the processes of uptake,
reduction and signaling promoted by this anion (Hachiya et al., 2012).

No visual symptoms of NH4
+ toxicity affecting sugarcane plants

were observed in this study, unlike previous reports for other species
(Britto and Kronzucker, 2002). However, NH4

+−only fed plants could
be distinguished visually from the other treatments because they dis-
played symptoms of brown rust (Puccinia melanocephala) infection,
while plants receiving the highest NO3

−/NH4
+ ratio were healthier.

However, under field conditions, uptake of NH4
+ likely causes a dif-

ferent effect than our findings. The NH4
+ uptake and assimilation by

plants decreases the rhizosphere pH, increasing the solubilization and
uptake of Si, therefore reducing the incidence of plant diseases (Borges
et al., 2016; Keeping et al., 2015).

The K deficiency symptoms at high NH4
+ supply is likely explained

by an uptake competition between K+ and NH4
+ (Hoopen et al., 2010;

Roosta and Schjoerring, 2008), as K−specific channels can mediate
NH4

+ uptake into the root cells (Balkos et al., 2010; Coskun et al.,
2013). Consequently, high K+ concentration in the nutrient solution
might have mitigated the NH4

+ toxicity, as the high K+ supply likely
suppress the NH3/NH4

+ influx and efflux in the short term (Balkos
et al., 2010; Coskun et al., 2013; Szczerba et al., 2008). Therefore, K+

can decrease the NH4
+ toxicity by (i) increasing the NH4

+ incorpora-
tion into organic compounds by enzymes such as glutamine synthetase
and glutamine dehydrogenase; (ii) inhibiting the NH4

+ acquisition by
low affinity transporter systems; and (iii) interfering with the NH3

transport, as K+ regulates the aquaporin activity (suggested NH3

transporters into the cell) and the plant water balance (Balkos et al.,
2010; Coskun et al., 2016; Sarasketa et al., 2016; Szczerba et al., 2008).

The competition of NH4
+ and other cations (K+, Ca2+, and Mg2+)

for plant acquisition, which showed decreased content in NH4
+–only

fed plants can be attributed to the lower synthesis of organic acids in
this treatment, in contrast to plants supplied with NO3

− (Salsac et al.,
1987; Von Wirén et al., 2001). The low synthesis of organic acids ceases
to provide anionic charge to accompany the cation accumulation in
plants (Salsac et al., 1987). Organic acids have an important role in the
regulation of cellular turgor, and NH4

+–fed plants appear to have dif-
ficulty maintaining turgor pressure (Von Wirén et al., 2001). According
to de Armas et al. (1992), sugarcane has the ability to preserve the
synthesis of organic acids independently of the NO3

− reduction, having
an equivalent or higher growth when supplied with NH4

+. The low
synthesis of organic acids in the lack of NO3

− supply is overcome with
other ions that regulate the osmotic potential (such as Cl−), with the
decoupling of PEP carboxylase activity and NR activity in C4 plants,
such as sugarcane (Von Wirén et al., 2001).

The lowest content of plant nutrients under sole NH4
+ supply

(NO3
−/NH4

+ ratio of 0/100) likely contributed to the lowest allocation

Fig. 7. Lipid peroxidation, expressed by the
malondialdehyde (MDA) content (a), H peroxide
(H2O2) content (b), and antioxidant activities of
catalase (CAT; c), superoxide dismutase (SOD;
d) and glutathione reductase (GR; e) of su-
garcane plants supplied with different NO3

−/
NH4

+ ratios following 163 d. The error bars in-
dicate the SEM (n=5). Common lowercase
letters not indicate differences between treat-
ments, according to Fisher's protected LSD test
(P≤ 0.05).
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of dry biomass in the roots and the lowest length, surface area, and
volume of this plant fraction. Studies that evaluated the effect of NO3

−

on the root architecture of Arabidopsis suggest that the signal for root
growth regulation based on the N content is hormonal, through auxin
and/or abscisic acid (Signora et al., 2001; Zhang and Forde, 2000). It
has been exanimated that both the NO3

− transporter NRT1.1 and NO3
−

itself are involved in the regulation of endogenous auxin uptake in root
cells, thus stimulating lateral root development (Esteban et al., 2016a).
Similarly, Medicago truncatula plants receiving NH4

+ or urea decreased
the main elongation rate and lateral root development than plants ex-
posed to NO3

−, and the total root length was positively correlated with
the auxin content in the plant (Esteban et al., 2016b).

Most plant species grown in high-N input environments (10–20mM)
can store large amounts of NO3

− in the vacuole (Cruz et al., 2006;
Marschner, 2012). However, sugarcane is an exception, as indicated by
the low amount of free NO3

− in plant tissues, even with the supply of
15mM NO3

−–N. This finding is congruent with Robinson et al. (2011),
which postulated that sugarcane and some of its ancestors have a low
capacity to store NO3

−. In contrast, sugarcane accumulated high
amounts of free NH4

+ in the cell, primarily in the roots. The NH4
+-N

content in this organ was 50mg plant−1 with the supply of 15mM
NH4

+-N, which is equivalent to 121 μmol g−1 dry matter (DM). In
susceptible plant species, the NH4

+ concentration in the roots ranged
from 13 to 77 μmol g−1 of DM, whereas tolerant species had values
ranging from 300 to 370 μmol g−1 of DM (Cruz et al., 2006). The NH4

+

accumulation in the roots prevents translocation to the shoots, which is
more sensitive to high NH4

+ concentration (Schjoerring et al., 2002),
and probably explain the tolerance of certain species to NH4

+ toxicity.
Although the NUpE and harvest index were highest in NH4

+–only
fed plants, the NO3

− supply led to the highest NUtE. Previous study
suggested an inverse correlation between the Vmax (i.e., the ion uptake
preference) and NUtE (for NH4

+ and NO3
−) in sugarcane, as well as a

positive correlation between the Km (which indicates the ion transport
affinity) and NUtE (Hajari et al., 2014). Thus, although the NH4

+

preference by the crop, as demonstrated by the highest NUpE and
harvest index, the sole NO3

− supply resulted in higher biomass pro-
duction per unit of N taken up (i.e., NUtE). This finding is clear evi-
dence that the term 'preference' should be revisited when the biomass
production or crop yield is taken into consideration.

The gas exchange in sugarcane was impaired by the NH4
+ supply,

and the main limiting factor for A was the stomatal closure, which in
turn causes the reduction of E (Lopes et al., 2004; Lopes and Araus,
2006). The lower gs in NH4

+–only fed plants can be explained by the
lower uptake of cations a well as the lack of NO3

− in the solution,
which has an important osmotic role and is essential for the transport of
cations through the xylem, resulting in poor osmotic regulation (Lopes
and Araus, 2006). Conversely, the lowest K content in the shoots of
NH4

+–only fed plants may also affect the stomatal function (Laporte
et al., 2002).

The effect of NH4
+ and NO3

− on oxidative stress reported in pre-
vious studies is heterogeneous: while some NH4

+–sensitive plants had a
decrease of oxidative stress under NH4

+ supply, the opposite was ob-
served in other species (Domínguez-Valdivia et al., 2008; Podgórska
et al., 2013; Polesskaya et al., 2004). Although it has been postulated
that NO3

− reduction can consume the excess reductive equivalents and
thereby lowering the oxidative stress, it remains unclear to what extent
the alleviation of NH4

+ toxicity in the presence of NO3
− is affecting the

oxidative stress (Bloom et al., 1992; Escobar et al., 2006; Hachiya et al.,
2012). Generally, we observed that NO3

−–only fed plants had higher
MDA content in the stalk and H2O2 content in the roots, as well as
higher SOD and GR activity in the roots and CAT activity in the stalk
than NH4

+–only fed plants. Based on these results, there is no evidence
of NH4

+ influence on oxidative stress in sugarcane. Lastly, as the en-
zymes analyzed are known to be present in most plants as isoenzymes
and found in distinct cell compartments (Azevedo et al., 1998), future
research should evaluate specific isoenzymes. The oxidative stress can

be better understood if correlated or not with specific isoenzymes.

5. Conclusions

Our results indicate that NH4
+ uptake and its transport efficiency in

sugarcane are higher than those under NO3
− supply. In addition,

NH4
+–only fed plants present the lowest leaf surface area, dry biomass

yield, nutrient content, and photosynthetic activity among all treatment
ratios. Therefore, the sugarcane preference for NH4

+ over NO3
−, which

essentially represents a faster uptake of this cation, does not provide
higher utilization efficiency (biomass produced per unit of N taken up
by the crop). In contrast, sugarcane plants exposed to NO3

− as sole N
source show higher biomass yield, leaf surface area, root growth, nu-
trient content, and leaf gas exchange, thus improving the N utilization
efficiency. Finally, under the experiment conditions, NH4

+ uptake by
sugarcane does not exacerbate the activity of oxidizing enzymes,
showing little influence on oxidative stress in sugarcane.
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