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Ammonium (NH}) toxicity hinders the cabbage yield because most subspecies or
varieties exhibit extreme sensitivity to NHZ{. Current knowledge indicates that silicon (Si)
can alleviate or reverse the ammonium toxicity severity. However, few investigations have
been conducted on NHI—stressed cabbage to elucidate the mechanism underlying the
Si alleviation. The study described herein analyzes induced physio-chemical changes
to explore how Si helps mitigate NHZ{ toxicity. We applied one of three NHj{:NOg
ratios (0:100, 50:50, and 100:0) at a constant N (13 meq-L~") to the cabbage plants,
corresponding with two Si treatment levels (0 and 1.0 meq-L~"). Chlorosis and foliage
necrosis along with stunted roots occurred following 100% NHI application were
ameliorated in the presence of Si. The NHjlr toxicity ratio was reduced accordingly.
Similarly, inhibition on the uptake of K and Ca, restricted photosynthesis (chlorophyll,
stomatal conductance, and Fv/Fm), and accumulation of reactive oxygen species (ROS,
05, and H2Oo), as well as lipid peroxidation (MDA, malondialdehyde) in NHI—stressed
cabbages were mitigated with added Si. The lower observed oxidative stresses in
solely NHI-treated plants were conferred by the boosted antioxidant enzymes (SOD,
superoxide dismutase; CAT, catalase). Concomitantly, Si-treated plants showed higher
activities of key NHI assimilation enzymes (GS, glutamine synthetase; GOGAT, glutamate
synthase; NADH-GDH, glutamate dehydrogenase) and NHI content in leaves. However,
excessive NHI assimilations cause the acidic stress, which has been demonstrated to
be the primary cause of NHjlr toxicity. Therefore, further investigation regarding the Si
effects on HT regulation and distribution should be warranted.

Keywords: ion uptake, photosynthetic capacity, antioxidant enzyme activities, GS (glutamine synthetase), GOGAT
(glutamate synthase), GDH (glutamate dehydrogenase)

INTRODUCTION
Nitrogen (N) is indispensable to all edible vegetables and plays a fundamental
role in their growth and structural development; when limited, it hinders the

biomass production (Finney et al, 2016; Leghari et al, 2016). This macronutrient
is taken up mainly in the form of ammonium (NHI) and nitrate (NOJ).
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The acquisitions of these two available inorganic N forms by
plants have been well shown in distinct manners concerning the
biochemical and energetic processes (Guo et al., 2007; Luo et al,,
2013). Theoretically, the applications of NHI seem to be superior
to that of NO; because of the two, NH; is in a readily assimilable
form and accordingly provides less energy losses for plants (Cui
and Song, 2007; Luo et al., 2013). Likewise, NH, is not subject
to leaching, conferring a potential means of enhancement on the
assimilation efficiency and reduction of environmental hazards.

Paradoxically, exclusive NH; source, or unintentionally
supplied intensive NHZr nutrition, leading to the plant tissue
acidification by assimilation and ultimately cause ammonium
toxicity (Hachiya et al, 2021). This phenomenon has been
reported in many greenhouse grown NH] -sensitive species,
such as tomato (Barreto et al, 2022), cabbage (Song et al.,
2021), and salvia (Song et al., 2022a). It usually disrupts several
aspects of metabolism manifested by the morphological and
physiological dysfunctions. Indeed, the leaf chlorosis and root
stunt are major phenotypic markers for NH; toxicity symptoms
(Bittsanszky et al., 2015; Song et al., 2021, 2022a). Apart from
these visual detrimental signs, certain integrated effects also can
be referred to during this development, mainly including the
following: the ion balance is disordered as a consequence of the
inhibited essential cation uptake (KT, Ca**, Mg?") (Britto and
Kronzucker, 2002; Bittsdnszky et al., 2015); the photosynthesis
is interfered because the plants need to withdraw the carbon
skeleton to detoxify (Claussen and Lenz, 1995; Bittsanszky et al.,
2015; Song et al., 2022a); oxidative stresses and the consequent
mediated ROS (reactive oxygen species) scavenging enzyme
activities (Britto and Kronzucker, 2002; Esteban et al., 2016) are
boosted; activities of key NH; assimilation enzymes are altered
for a better maintenance of the low cytosolic NH; assimilation
level (Esteban et al., 2016).

Cabbage is an important vegetable due to the distinguishing
crisp texture and richness in the nutrient composition with
various antioxidants and phytochemicals (Moreb et al., 2020; Li
et al., 2021). Also, cabbage is in particular importance in Korea
because it is the primary ingredient of “kimchi”- a traditional
salted and fermented side dish (Asano et al., 2018). However,
most of the cabbage subspecies or varieties hydroponically
studied are sensitive to NH,, such as Chinese cabbage var.
“Chinensis” (Obreza and Vavrina, 1993) and “Jinwa no. 2”
(Brassica pekinensis) (Hu et al., 2015). Therefore, the cultivations
of cabbage were largely retarded by inappropriate use of NH;
fertilizers. Consequently, agronomic practices concerning the
fertilization strategy in accordance with other beneficial elements
are recommended. Meanwhile, studies on cabbage have shown
that silicon benefits their growth and development; moreover,
silicon addition reduces or mitigates various biotic and abiotic
stresses as well as enhances the resistances of cabbage to harsh
sufferings (Wu et al., 2016, 2017, 2018; Ahmad et al., 2021a).

Though silicon (Si) has not been considered as an essential
plant nutrient for higher plants, the evidences of its benefits on
physiological and biochemical characteristics are progressively
increasing (Farooq and Dietz, 2015; Khan et al., 2017; Ahmad
et al.,, 2021a; Shah et al,, 2021). Si has been identified to be
associated in the rigidity of cell walls, thereby constituting

a better leaf architecture with bigger leaf area and greater
light interception, leading to the improvement of the net
photosynthetic assimilation (Ma and Yamaji, 2006; Verma et al.,
2020). It's noteworthy that amorphous Si deposited on the leaf
epidermis controls the stomatal conductance and results in the
reduction of the transpiration rate, which may also favor the
photosynthesis (Khan et al., 2017, 2018; Shah et al., 2021). On
the one hand, the substantial amount of Si accumulated in
roots promotes the hydraulic movement and is subject to locally
stimulate other ion uptakes (Yeo et al., 1999; Zaheer et al., 2018);
on the other hand, Si is suggested to interact with certain cations
and the supplementation of Si can alleviate the K (potassium),
Ca (calcium) deficiency symptoms, accordingly improving the
nutritional efficiency (Chen et al., 2016a; Schaller et al., 2017;
Da Silva et al.,, 2021). In addition, Si is believed to reduce
lipid peroxidation and maintain the redox homeostasis via the
modulation of ROS scavenging enzyme activities under various
aspects of stresses (Gong et al., 2008; Farooq et al., 2019; Ahmad
et al, 2021b). Equally important, previous reports disclosed
that, the inhibitory effects of abiotic stresses on the major N
assimilation enzymes, like GS (glutamine synthetase), GOGAT
(glutamate synthase), and GDH (glutamate dehydrogenase),
could be ameliorated by Si (Feng et al., 2010; Kochanova et al.,
2014). While the mitigator role of Si on NH; stresses has been
intensively reported in many plant species (Barreto et al., 2016,
2017; Campos et al., 2016; Viciedo et al., 2019), relevant work on
cabbage was very scarce.

Specifically, no consensus was built toward the comprehensive
effects of Si on the biochemical traits of cabbage, in particular
the photosynthesis, major antioxidant enzymes, and crucial N
assimilation enzymes.

The study undertaken herein, therefore, aims to
determine the significance of Si on the seedling growth,
photosynthetic ability, ion uptake, antioxidant defense
system and key NHj assimilation enzymes in Cabbage
(Brassica  campestris L. ssp. pekinensis) subjected to
NH; stress.

MATERIALS AND METHODS

Plant Materials and Experimental

Conditions

Korean cabbage “Ssamchu” (Brassica campestris L. ssp.
pekinensis) was selected as the plant material and the seeds
were purchased from Asia Seed Company, Ltd (Seoul, Korea).
The seeds were sown into a plug tray with 200 cells, containing
BVB medium (Bas Van Buuren Substrate, EN-12580, De
Lier, The Netherlands) and germinated under an intermittent
mist propagation tunnel for 7 days after sowing (DAS). The
seedlings were subsequently cultured with a standard MNS
(multipurpose nutrient solution) (Song et al., 2021, 2022b) in
a growth chamber under an alternating diurnal regime of 10-h
light (300 wmol-m~2.s~! PPFD-Photosynthetic Photon Flux
Density, generated from artificial Led light) and 14-h darkness
of air-conditioned temperatures at 23 and 18°C, respectively, for
another week (14 DAS).
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Treatment Solutions

Subsequently, seedlings with similar sizes and turned two to three
true leaves stage were screened out and transplanted into new
plug trays with 200 cells, and cultivated by tap running water
for 3 days (17 DAS) to leach out all the nutrients. Afterwards,
the seedlings were equally allocated to be irrigated by one of
the three NH, :NO; solutions, corresponding with or without
Si supplied by K,SiO3 (Table 1). The excessively introduced
potassium from K;SiO3 in 0:100, 50:50, and 100:0 treatments
were deducted from KNO3, K,SOy4, and K,SOy, respectively, and
the resultant losses of nitrate and sulfate were compensated with
nitric and sulfuric acid. In specific, three ratios of NH, :NOj
solutions with an increasing NH; concentration but following
a constant nitrogen (N) supply at 13.0 meq-L~", were designed,
namely 0:100, 50:50, and 100:0, according to the modified MNS
(multipurpose nutrient solution); the optimized Si concentration
at 1.0 meq-L™! was chosen in this study following our pioneer
publications (Park et al., 2018; Hu et al., 2020). The treatment
solutions were applied every 2 days for 22 days (39 DAS). Each
treatment test conducted was a randomized complete design in
a 2 x 3 factorial scheme, by undertaking three independent
biological replications, consisting of 20 plants. In total, 60 plants
for each treatment were equally laid out in three 200-cell plug
trays, where the blank columns between different treatments
were intentionally kept.

Measurement of Plant Growth Parameters
and Statistical Determination of NH;
Toxicity Ratios

After 3 weeks of cultivation (39 DAS), plants from different
treatments were collected for the growth data. The whole plant
weight was determined using an electronic balance. The root,
shoot, and leaf samples were separated from the harvested
seedlings. The leaf area was recorded using a leaf area scanning
apparatus (LI-3000, Lincoln, NE, USA); the shoot length, leaf
length and width, were measured with a metal ruler; the root
morphology traits (root surface area and total root length)
were collected and concomitantly imaged with the WinRHIZO
Pro program 2007a version (Regent Instruments, Sainte-Foy,
Canada) equipped with a desktop scanner (Expression 1000XL,
Epson, CA, USA).

The NH] toxicity ratio was determined by a total of 120
plants cultured with the 100:0 NHI:NO; treatment solution.
The plants were equally divided into six groups and the NH;
toxicity ratio in each group was calculated as follows:

Ammonium toxicity ratio (%) =

number of plants developed ammonium toxicity symptoms

a x100%,

where “20” refers to the number of plants per group.

Estimation of the Photosynthetic Capacity

The photosynthetic capacity of plants cultured with different
treatments were characterized herein by the examinations of
certain vital parameters. Specifically, the total chlorophyll content
in leaf samples was estimated by a protocol as described by

Sims and Gamon, 2002; after a 40-min active photoperiod, the
stomatal conductance and Fv/Fm ratio (variable fluorescence
dividing maximum fluorescence) were investigated toward the
mid-lamina part of leaves using a Decagon Portable Leaf
Porometer (SC-1 VERSION, Pullman, USA) and a FluorPen (100
model, Photon Systems Instruments, Drasov, Czech Republic),
respectively, according to the batch manufacturer’s manual.

Quantifications of Si, K, Ca, and Mg, and

Destructive Sampling

Plants with various statuses and appearances from different
treatments were individually demounted from the plug trays and
the medium was washed off.

For the quantification of ions, the whole fresh plants were
firstly placed in an air-forced oven at 60°C until the constant
dry weight; afterward, 0.1 g of powdered, dried samples were
ashed inside a furnace (Lilienthal, Bremen, Germany) for 2h
at 525°C. The ashed samples were dissolved with 5ml 25%
HCI (hydrochloric acid), and adjusted to 30 ml with 10 ml 25°C
and 15ml 60°C distilled water. The mixture was subjected to
filtering to obtain clear and impurity-free solutions. Finally,
the ion concentrations were measured three times via ICP
(inductively coupled plasma) assay (Optima 4300DV/5300DV,
Perkin Elmer, Germany).

Leaf specimens from each treatment were individually cut and
immediately immersed in liquid N, and stored in —80°C until
further experiments.

Determinations of Antioxidant Enzyme
Activities and Contents of O; (Superoxide),
H>0> (Hydrogen Peroxide) and MDA
(Malondialdehyde)

The frozen samples were taken out and ground into a fine powder
in a pre-chilled mortar over an ice bath. 100 mg of the samples
were well-mixed with 1.5ml 50 mM phosphate buffered saline
(PBS) consisting of 0.05% triton-X, ImM EDTA, and 1 mM
polyvinylpyrrolidone at pH = 7.0. The supernatant was obtained
after a centrifugation (13,000 rpm, 4°C) for 20 min and used for
the total protein estimation and subsequent antioxidant enzymes
activity determinations.

Bradford reagent (Sigma-Aldrich, MO, USA) was used for
the quantifications of the total protein content (Bradford, 1976).
Nitro blue tetrazolium (NBT) inhibition method was employed
for the SOD (Superoxide dismutase) activity measurement
(Giannopolitis and Ries, 1977); CAT (Catalase) activity was
measured on the basis of decomposition of H,O, (Cakmak
and Marschner, 1992); APX (Ascorbate peroxidase) activity was
estimated according to the principle on the H,O, scavenge
(Nakano and Asada, 1981); GPX (Guaiacol peroxidase) activity
was determined following the reaction on guaiacol oxidation
(Amako et al., 1994). The detailed procedure can be found in
a previously established report (Soundararajan et al., 2014). All
the antioxidant enzymes activities were spectrophotometrically
determined by a spectrophotometer (Libra S22, Biochrom,
Cambridge, UK).
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TABLE 1 | Nutrition compositions (me-L~") for treatment solutions used in the present experiment.

Nutrient source

Ammonium-nitrate ratios and Si in the nutrient solutions

0:100 Si (9 0:100 Si (+) 50:50 Si () 50:50 Si (+) 100:0 Si () 100:0 Si (+)
Ca(NOs)z-4H,0 6.9 6.9 5.9 5.9 - -
KNOg 4.8 3.8 - - - -
Mg(NOs),-6H,0 13 13 0.6 0.6 - -
MgSO4-7H,0 1.0 1.0 1.4 1.4 1.7 1.7
KH,PO, 1.0 1.0 - - 2.0 2.0
NH4H,PO, - - 2.0 2.0 - -
(NH4)2S0;4 - - 45 45 13.0 13.0
K2SO, - - 45 3.5 1.2 0.2
CaCly-6H,0 - - - - 4.9 4.9
KoSiO3 - 1.0 - 1.0 - 1.0

The O; content was measured based on hydroxylamine
oxidization following a protocol presented by Wu and von
Tiedemann, 2002. H,O; concentration was estimated via a rapid
and sensitive procedure as described by Uchida et al., 2002. The
lipid peroxidation level was assessed in terms of the MDA content
(Amor et al., 2005). The detailed approach can be found in Li’s
publication (Li et al., 2022).

Analyses of Major Enzyme Activities in
NH; Assimilation

The major enzymes of NH assimilations in leaves analyzed in
the present study include GS, GOGAT, and NADH-GDH, and
were spectrophotometrically assayed with a spectrophotometer
(Libra S22, Biochrom, Cambridge, UK) according to the protocol
as proposed by Song et al,, 2022a with minor modifications.
Leaf frozen powdered samples were prepared by adopting the
identical procedure as presented above.

Approximately 0.4 g finely ground samples were homogenized
with a 3ml protein extraction buffer (50 mM of Tris-HCI,
400 mM sucrose, 2mM DTT-dithiothreitol, 2mM MgSO4 pH
8.0). The homogenate was centrifuged at 13,000 rpm and 4°C for
20 min, after which the GS, GOGAT, NADH-GDH activities were
assayed in the supernatant fraction.

The GS activity was measured in a reaction medium (0.1 M
Tris-HCl, 80 mM MgSO4 and hydroxylamine hydrochloride,
20mM sodium glutamate and cysteine, daily prepared 40 mM
ATP (adenosine 5-triphosphate disodium salt) combined with an
accurate 0.7 ml crude extracts) after an incubation in a water bath
at 37°C for 30 min. 1 ml of 0.37 M FeCl; in 0.6 M HCl was added
immediately to terminate the reaction, after which the mixture
was subjected to vigorously vortex for 6 min and centrifugation
for 10min (5,000 rpm, RT). The biosynthesis of y-glutamyl
hydroxamate (y-GHM) was monitored at a 540 nm absorbance.

The GOGAT activity assay was done in a 3ml reaction
solution consisting of 1.75ml of 25mM Tris-HCl at pH
7.5, 0.1ml of 10mM KCI, 0.4ml of 20mM L-glutamine,
0.05ml of 0.1 M «a-oxoglutarate, and 0.2ml of 3mM NADH
(nicotinamide adenine dinucleotide). The reaction was finally

triggered by the addition of 0.5ml crude extracts. NADH-
oxidation resulting in the decrease in the absorbance at
340 nm within 3min by 30-s intervals were defined as the
GOGAT activity.

Aminating direction NADH-dependent GDH activity was
determined in a 3.5ml assess mixture containing 0.1ml of
30 mM CaCl, and 0.3 ml ddH,O buffered with 2.6 ml Tris-HCl
(154mM at pH = 8.0) containing 23.1 mM a-Ketoglutarate
and 231 mM of NH4Cl. The reaction was initiated by adding
0.1 ml of 6mM NADH and 0.4 ml crude extracts. The NADH-
GDH activity was characterized by NADH consumption as
spectrophotometrically monitored at 340 nm after a 30°C water
bath for 3 min.

Assessment of the NHI Content in Leaves

The NH content in leaves was estimated by using a colorimetric
method based on the Berthelot reaction (Briutigam et al,
2007). In brief, 100 mg frozen fine powder was extracted in
a buffer consisting of 2ml of 100mM HCI and 1ml pre-
cooled chloroform. After mild shaking for 15min at 4°C with
a rotator (AG, FINEPCR, Seoul, Korea), the mixture was
subjected to centrifugation for 10min at 10,000g and 4°C.
The supernatant was acquired, well-homogenized with 50 mg
activated charcoal, and centrifuged (12,000g, 4°C) for 8 min.
The absorbance of the aqueous phase at 620 nm was read with
a spectrophotometer (Libra S22, Biochrom, Cambridge, UK).
The NH/ content was quantified from an ammonium sulfate
standard curve.

Statistical Analysis and Graphing

All the presented data are means =+ standard errors generated
from no <3 independent replicates, and statistically analyzed
according to Duncan’s multiple range test at p = 0.05 with SAS
8.0 program (SAS 8.2 Inst., Cary, NC, USA). Bar graphs and
violin graph were drawn using the GraphPad Prism 8.0 software.
A heat map was plotted by the image GP online tool (Chen et al.,
2022), and matrix values were transformed as Log2, with Pearson
distance matrix and complete cluster method.
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RESULTS

Effects of the NH; :NO; Ratio and Si Supply

on Shoot Growth Attributes

For Si-deficiency plants, the shoot growth attributes were
significantly influenced by the different forms of N supply, as is
apparent in Figure 1A “Si (-) part”. Cabbage plants grown with
a mixture of NH; and NOjJ showed better growth compared
with solely NH; -treated plants and, similar growth with solely
NO;J -treated plants. Indeed, this phenomenon was further
evidenced by investigations on the leaf area and whole plant
weight. In comparison with plants supplied with 100% NHI,
the leaf area of plants cultured in 0:100 and 50:50 NH; :NO;
were remarkably increased, by 197.3 and 191.5%, respectively
(Figure 1B); the whole plant weight of plants in 0:100 and 50:50
NH; :NO; regimes dramatically enhanced by 1.17- and 1.28-
fold, respectively, relative to that in the 100:0 NH; :NO3 regime
(Figure 1C).

Concomitantly, the addition of Si individually to three
treatment solutions drastically promoted the shoot growth,
irrespective of the NH, :NOJ ratios (Figure 1A). Compared with
the Si-deficiency plants, the Si supply increased the leaf area
of plants in 0:100 NHI:NO; by 35.7% and that of plants in
50:50 NH; :NO; by 26.3%, respectively (Figure 1B); the whole
plant weight increased by 13.9 and 5.0%, respectively, when the
same comparison was performed. Outstandingly, the added Si
to 100:0 NHI:NO; solution rapidly enhanced the plant leaf
area and whole plant weight by 65.3 and 44.2%, respectively
(Figures 1B,C).

Additionally, certain differences were shaped concerning the
dry weight, shoot length, leaf length and width, regardless of the
N form and Si treatments (Table 2). Overall, an increasing level of
NH from 50 to 100% resulted in substantial reductions of these
four parameters, while additional application of Si can upgrade
their development. F-test results displayed a strong interaction
between the N form and Si application (0.001 < P < 0.01) on dry
weight and leaf length (Table 2).

Effects of the NH; :NO3 Ratio and Si Supply

on the Root Morphological Traits

The plant root appearances were directly in relation to the
nutrient availability, and we therefore assessed the key root
morphological traits including the root surface area and total root
length in response to the N form with or without Si.

In a whole of Figure2, root morphology along with the
two parameters analyzed herein greatly varied among the N
treatments and Si treatments. Independent of the Si supply, a
severely declined tendency on the root system was conferred with
an increasing level of NH; from 50 to 100%, while merely slight
changes were recorded between the 0:100 and 50:50 NH; :NO;
(Figure 2A). However, as compared with Si (-), larger and deeper
root systems were observed in terms of improved branching
and density in the presence of Si regardless of the NH, :NO;
ratios (Figure 2A).

In line with the root scanned images, distinguished responses
toward root surface area and total root length were observed
to an increasing level of NHJ, and at least, the detrimental
effects advanced by excessive NH; were partly prevented by

Si (Figures 2B,C). The root surface area and total root length
of plants cultured with 50:50 NH; :NO; supplemented with Si
gained minor increases (4.4 and 5.0%, respectively) than that with
the same N treatments without Si (Figures 2B,C). Similarly but
more significantly, compared with the Si-deficiency plants, solely
NH; -fed plants with Si possessed 17.9 and 16.2% improvements,
respectively, on the root surface area and total root length
(Figures 2B,C). Interestingly, the addition of Si to solely NOJ -
fed plants sharply increased the root surface area and total root
length by 36.8 and 32.4%, respectively (Figures 2B,C).

NHI Toxicity Appearance as Affected by Si

Supplementation

Growth and development of plant shoots and roots were
remarkably restricted in response to 100% NHZ supply.
Notably, in this investigation, the cabbage plants cultured
in 100:0 NH;:NO; advanced NH] toxicity symptoms, as
physiologically characterized by visual leaf chlorosis together
with burned tips, and even necrosis, accompanied by stunted
roots (Figure3A). Thus, under a controlled environment,
Korean cabbage “Ssamchu” displayed extremely sensitive to high
NHI level.

More importantly, as expected, the application of Si to some
extent inhibited the appearance of NHJ toxicity symptoms.
Regarding the plant status and behavior under different Si
treatments, augmentation of Si to the plants resulted in a
healthier foliage with only one spot toxicity and robust root
system, whereas chlorosis, dead fronds, and smaller roots were
observed in Si-deficiency plants (Figure 3A). Statistically, the
NH] toxicity ratio of plants grown with 100:0 NH;:NO;
was significantly decreased from 90 to 70% when Si was
supplemented (Figure 3B). Succinctly, the NH] toxicity effects
on plant growth and NH; toxicity ratio can be partly ameliorated
by the Si application.

Uptake of Silicon (Si), Potassium (K),
Calcium (Ca), and Magnesium (Mg)

The external drenching application of Si to the plants greatly
altered not only the accumulations of Si in plant tissues, but also
the contents of other NH, uptake-related ions, such as K, Ca,
and Mg.

In the absence of Si, minor changes of Si uptake were
recorded among the three NHI:NO; treatments (Figure 4A),
while the K level was remarkably decreased when the external
NHI concentration was raised from 0 to 50% (Figure 4B).
Similarly, the uptake of Ca and Mg were significantly restricted
in response to an increasing external level of NH; from 50 to
100% (Figure 4B).

On the contrary, it's highly noteworthy that, with the
exception of the Mg content in 100:0 NH; :NO3, the supply of
Si to plants solely cultured with NH, and mixtures of NH, and
NOj rapidly reinforced the K and Ca uptake (Figure 4B). Also,
solely NOJ -treated plants cultivated with an increasing external
Si supply showed a parallel increase in the Ca uptake (Figure 4B).
Additionally, plants grown with a combination of NH; and NO;
supplemented with Si displayed the highest Ca and Mg levels,
compared with those in the other treatments (Figure 4B).
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FIGURE 1 | (A) Cabbage growth status regarding (B) leaf area and (C) whole plant weight as affected by the three NH} :NOj ratios and Si applications. Plant
exposure to the same treatment is presented by a plant pair with similar growth. Data are the means plus standard errors (n = 6 independent replicates); different
lowercases denote the significant difference, which was determined by Duncan’s multiple range test at p = 0.05. Scale bar in (A) refers to 2.cm.
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For Si-deficiency plants, the chlorophyll content and
stomatal ~conductance improved by 58 and 0.3%,
respectively, in response to an increasing external NHI
level from 0 to 50%; by contrast, when the external
NH] level was raised from 50 to 100%, the total
chlorophyll content, stomatal conductance and Fv/Fm
notably diminished by 32.4, 754, and 13.1%, respectively
(Figure 5 “Si (=) part”).

After the nourishments of Si, the plants cultivated with
sole NO; nutrient and NH, nutrient drastically enhanced
the chlorophyll content by 8.8 and 8.4%, respectively, as
compared to the plants cultured without Si (Figure5A).
Likewise, but more significantly, we detected an increase
of Fv/Fm at 10.0% for solely NH -treated plants after Si
supplementation (Figure 5B). The application of Si sharply
decreased the stomatal conductance of plants cultivated with
0:100 and 50:50 NH;:NO; treatments, whereas solely NH; -
treated plants displayed an enhanced trend in response to Si
supply (Figure 5C).

Analysis of the Antioxidative Enzyme

Activities and Oxidative Stresses

When plants were exposed to external stresses, oxidative damage
emerged and yielded plenty of antioxidative enzymes (SOD,
CAT, APX, and GPX) to lower the stress degree. We, therefore,
monitored and compared the activities of antioxidant enzymes
in response to different treatments.

The activity of SOD under 50:50 and 100:0 NHI:NO; Si(-)
declined 3.1 and 20.8%, respectively, relative to that cultivated
with 0% NH nutrition (Figure 6A). As compared to the 0:100,
50:50, and 100:0 NH;:NO; Si (-), Si addition remarkably
boosted the SOD activity by 53.4%, 20.8%, and 1.27-fold,
respectively (Figure 6A). Similar, but less pronounced trends
were acquired as shown by CAT activity, the plants supplied with
100% NH; nutrition showed a significant enhancement after Si
was added (Figure 6B). Unexpectedly, with the exception of GPX
activity in 50:50 NH; :NO3 regime, individual addition of Si to
three NH, :NOj treatments failed to reinforce the antioxidative
defense system regarding APX and GPX (Figures 6C,D).

Thereafter, the degree of oxidative stresses in cabbage was
determined in terms of the accumulation of O; and H,O..
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TABLE 2 | Dry weight, shoot length, leaf length and width as affected by three NH}:NOg ratios and Si application.

Treatment (A) Treatment (B) Dry weight (mg) Shoot length (cm) Leaf length (cm) Leaf width (cm)
0:100 Si(-) 12.1Y 1.4 2.5 2.1
Si(+) 14.3 1.5 2.7 2.3
50:50 Si(-) 14.7 1.3 2.5 2.0
Si(+) 15.9 1.5 2.5 2.2
100:0 Si(-) 6.5 0.8 1.6 1.4
Si(+) 9.6 1.2 2.3 1.8
Fotest A 4 . - .
B ox N . .
AxB i ns ox ns

Y Data within each column are presented as means + SD (n = 6).

ZThe F-test data generated from the ANOVA was denoted by ns (no significant), ", *', and ™" when the P-values were > 0.05, < 0.05, < 0.01, and < 0.001, respectively.
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FIGURE 2 | (A) Scanned images of the root morphology and monitored parameters of (B) root surface area and (C) total root length in response to three NH; :NO;
ratios with and without Si supplementations. Data in (B) and (C) are the mean + SD of n = 6 biological samples; different letters over the columns represent significant
differences at p < 0.05 following Duncan’s multiple range test.

When plants were subjected to a high level of NH] supply,
excessive amounts of ROS and higher lipid peroxidation
(LPO) were pronounced. For instance, we observed that
plants supplied with exclusive NH; nutrition had markedly
improved contents of O;, HyO, and MDA, regardless of
the Si addition (Figures 6E-G). While the augmentations of
Si notably mitigated disproportionate accumulation of ROS:
the addition of Si to solely NH] -treated plants significantly
decreased the concentration of O; and H;O, by 15.4 and
13.0%, respectively (Figures 6E,F). The presence of Si rapidly
diminished the MDA content in 100:0 NHI:NO; plants

by 11.2% while other combinations showed no significant
reductions (Figure 6G).

Key Enzyme Activities Involved in the NHI

Assimilation Pathway

To investigate whether Si application modified the major NH,
assimilation enzyme activities, we monitored the activities of
GS, GOGAT, and NADH-dependent GDH in response to an
increasing level of external NH; supply supplemented with
and without Si. In the absence of Si, as compared to the
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FIGURE 3 | (A) Growth analysis and (B) ammonium toxicity appearance ratio (%) of cabbage plants in response to 100% NHI without Si (-) and with Si (+). Data in
(B) are the means of 120 plants underpinning 6 independent replicates + SD from different treatment groups; ***P < 0.001 was calculated by Student’s two-sided
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plants cultivated exclusively with NO3, 50 and 100% NH,
significantly increased the GS activities by 62.2% and 1.85-
fold, respectively (Figure 7A); similarly, the activity of NADH-
GDH was increased by 36.7% and 1.51-fold when the same
comparison was employed (Figure 7C). Oppositely, with an
increasing level of external NH supply, GOGAT activities of
plants grown in 50:50 and 100:0 NHI:NO; Si (-) decreased
by 35.2 and 51.9%, respectively, compared with that in 0:100
NHZLIr :NOj Si (-) (Figure 7B). The activities of the three major
enzymes were to varying degrees increased after addition of
Si to each treatment solution. As depicted in Figure 7A, the
supplementation of Si to 0:100, 50:50, and 100:0 NH; :NOj
solutions remarkably enhanced the GS activities by 12.1, 60.8,
and 35.1%, respectively. Furthermore, increases by 2.6, 19.4, and
15.1% on GOGAT activities were conferred by Si addition to
0, 50, and 100% NH; supply, respectively (Figure 7B). And
the application of Si upon solely NHI—treated plants not only
exhibited the highest reinforcement (by 35.6%), but also gained
the most active NADH-GDH (Figure 7C).

The NH, content in plant leaves increased after the
supplementation of Si (Figure 7D). The highest content of
NH; was recorded when the plants were grown with 100:0
NH; :NOj supply, regardless of the Si level; Si addition to the
100:0 NH; :NOj solution significantly improved the NH; by
15.0% (Figure 7D).

DISCUSSION

Si-induced mitigation against excessive NHI toxicity symptoms
has been reported in many plant species, such as cucumber
(Campos et al., 2016), tomato (Barreto et al., 2016), and broccoli
(Barreto et al., 2017). However, very limited data are available for
cabbage. Thus, this study was carried out to evaluate the effects
of Si on the plant growth traits in response to an increasing
level of NH; supply, to unveil the associated mechanisms that
are responsible for the alleviatory role of Si on NH] toxicity
in cabbage.
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FIGURE 5 | The responses of photosynthesis-related parameters regarding the (A) chlorophyll content, (B) Fv/Fm (quantum efficiency), and (C) stomatal
conductance to three NHI:NOS‘ ratios in the absence and presence of Si. Data are the average of n = 6 independent replicates + standard deviation (SD); different
lowercases indicate significant differences at p < 0.05 level according to Duncan’s multiple range test.

Several studies have shown that the application of Si
could remarkably promote the plant growth and development,
oscillating from crops to vegetables (Savant et al., 1996; Khan
et al, 2015; Nyawade et al, 2020; Da Silva et al, 2021).
In our trials, the cabbage shoot and root growth were also
enhanced to varying extents by the supplementation of Si. With
the exception of the whole plant weight, the addition of Si
to solely NOj -treated plants significantly enhanced the leaf
area, total root length, and root surface area (Figures 1B,C,
2B,C), which well agreed with the report where Si upgraded the
effects of NO; on cauliflower (Barreto et al., 2017). Likewise,
plants cultured with a mixture of NH; and NO; showed
slight improvements on the whole plant weight and root-related
parameters (total root length and root surface area), whereas
the leaf area was dramatically increased (Figure 1B). These
findings established the beneficial roles of Si involved in the
plant growth performance, contributing to the crop productivity
and sustainable production (Ma and Yamaji, 2006; Coskun et al.,
2016; Ahmad et al., 2021a).

Furthermore, NH; toxicity can induce many detrimental
changes regarding the biochemical, physiological, and nutritional
aspects (Britto and Kronzucker, 2002; Bittsanszky et al., 2015).
Indeed, many visual symptoms, i.e., leaf chlorosis and necrosis,
together with a stunted root, were usually observed (Britto and
Kronzucker, 2002; Bittsanszky et al., 2015; Esteban et al., 2016). In
this study, cabbage cultivated with 100% NH; developed typical
NH; toxicity symptoms, which was in line with our previous
publications (Song et al., 2021, 2022a). Interestingly, this study
was carried out in a controlled environment where solely NO3 -
treated plants had a similar growth with the plants grown in

50:50 NH; :NOj regime, whereas they showed a relative poor
status under greenhouse condition (Song et al., 2021). More
importantly, Si has been suggested to be able to improve the
abiotic damage prevention and stress resistance against NHI
toxicity in many plants (Campos et al., 2020). In this context,
after the solely NHJ -treated plants were nourished with Si,
the growth was ensured and the symptoms conferred by NH,
toxicity were visibly alleviated (Figure 3A). Certain damaged
traits, like leaf area and whole plant weight (Figures 1B,C), as
well as root surface area and total root length (Figures 2B,C),
were also ameliorated.

Consequently, as expected, the presence of Si in the 100%
NH; nutrient solution significantly reduced the appearance
ratio of NH toxicity symptoms (Figure 3B). It demonstrated
that the NH] toxicity in cabbage could be lessened by the
application of Si.

In order to determine the uptake of Si and quadratic effects
upon the modulations of other ions, we quantified the ion
concentrations in the cabbages subjected with three NH; :NO;
ratios supplied with and without Si. Apparently, independent
of the NHI:NO; ratios, the presence of Si in the nutrient
solutions markedly improved the accumulation of Si in the
plants, presenting a parallel uptake rate of Si with previous studies
(Mecfel et al., 2007; Barreto et al., 2017; Schaller et al., 2019;
Viciedo et al,, 2019). It is worthy to note that plants suffering
from NH; toxicity resulted in a great amount of cation extrusion,
especially K, Ca, and Mg. The K was believed to act in an
antagonistic way against NH, (Liang, 1999; Balkos et al., 2010;
Song et al., 2022b); besides, a K-related nutrient balance in plant
cells could be significantly managed by Si (Chen et al., 2016b).

Frontiers in Sustainable Food Systems | www.frontiersin.org 9

June 2022 | Volume 6 | Article 922666


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Song et al.

Silicon Effects on Ammonium Toxicity

A I 0:100 3 50:50 =3 100:0 B
0.8 0.4
= a e} a
D
S06{ £ 03
5 be [
w04y & £ . % 0.21 L b b
=) 2 p b
2 0.2 : 0.1
2 S
0.0- — pe— 0.0- — p—
DD DR DD DD Q0 Q.0
és&%'\\ ‘%‘&é‘\ ;",\&;",s\ > %\\ <> %‘s\ > %\\
(] D .
1.5 0.04 a
o) a a 0 a a
3 a T 3
= £ 0.03- a a
= 1.0 =
&l b b b =
i) 5 0.021 a
2 0.5 2
E § 0.01+
&}
0.0- — —— 0.00- T ——
DD D XD D XD D D ARG D XD
R A R A A
E F
£ 300 15
2 a
£ a
] . | £ .
en 200+ "o 10 ¢ ¢ .
x= "g' C
g H
= 1004 ¢ 57
E [ [ Q.
i Nl =
S0 L . 0- . o
DD DD DD DD D XD 2N o)
é\\%\\ %&%\\ 9\\@‘ 6‘\9\\ é‘\c}\ %-\k %.\\
G
7h
a
g b
w1 & ¢ € ¢
EM
3
< 21
g1
0- — T r—
DD DD D XD
G}\és\ G}ké\\ é\\;}\
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(malondialdehyde) in response to three NH; :NOj ratios with or without Si supplementations. Data are the average of at least n = 4 independent replicates + standard
deviation (SD); different letters over bars indicate the significant difference, which was determined by Duncan’s multiple range test at p = 0.05.

Conversely, excess NO; supply restricted the depletion of anions
due to the competitive behaviors (Britto and Kronzucker, 2002;
Bittsdnszky et al., 2015; Campos et al., 2020).

Indeed, in the absence of Si, we noticed that K, Ca, and
Mg contents were significantly diminished when the external
NH; level improved from 50 to 100% (Figure4B). On the
other hand, in the presence of Si, the plants cultivated with a
mixture of NO; and NH, showed greater levels of cations,

regardless of the types (Figure 4B), which could be the reason
for a promoted growth status compared with 50:50 NHI:NO;
Si (-) (Figure 1A). In the same way, with the exception of
Mg, addition of Si to the 100% NH; solution dramatically
rescued the losses of K and Ca, leading to the higher contents
of these cations in plants (Figure 4B). As well agreed by many
previous reports, there was a interaction between Si application
and K absorption (Chen et al,, 2016a,b). The influence of Si
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on the uptake of K could be explained by the fact that the
former possessed the ability to activate the membrane-located
H-ATPase, an enzyme contributing to the K influx (Liang,
1999; Zhang et al., 2021). Thereby harsh NH, :NOj; treatments
instigated the involvement of Si for the maintenance of the ion
homeostasis. Succinctly, Si can ameliorate the inhibitions of K
and Ca uptake by NH; toxicity.

Plants with higher contents of chlorophyll were more prone
to show greater light absorption rate and photosynthetic ability
(Buttery and Buzzell, 1977; Zhang et al., 2011; Song et al., 2022a).
In a whole, taking the Si supply aside, when the supply of N
was solely adopted in the form of NH], cabbage plants exhibited
the lowest chlorophyll contents, while higher chlorophyll levels
were conferred by the treatments of 50:50 and 0:100 NH; :NO3;
the addition of Si to individual treatments suppressed the
degradation of chlorophyll (Figure 5A) (Barreto et al., 2017;
Campos et al., 2020). Fv/Fm of plant leaves is a crucial reflection
of the maximum photosystem II photochemistry (PSII), which
has been widely adopted to judge the degree of injury under
stresses (Saeck et al, 2016). Notably, plants solely cultured
with NH; nutrient had the lowest Fv/Fm, whereas it was
significantly improved after the nourishment of Si (Figure 5B),
which agrees with many previous findings in support of the
protective role of Si on photosynthetic mechanisms (Feng et al.,
2010; Mahdieh et al., 2015; Ahmad et al., 2021b; Li et al., 2022).
Besides, high NH, supply inhibited the stomatal conductance
and respiration in cabbage (Shang and Shen, 2018; Song et al.,
2021). Inconsistent with the plants cultured with 50:50 and
0:100 NH; :NO3, the augmentation of Si considerably improved

the plants’ stomatal conductance when the N source was solely
supplied by NH, (Figure 5C). Possibly, the precipitation of Si
on the leaf epidermis modulated the internal CO; concentration
and water dissipation, favoring the photosynthetic efficiency
(Barreto et al., 2017; Campos et al,, 2020). Surprisingly, but
still in accordance with previous findings, added Si led to the
increase of stomatal conductance of solely NH; -treated plants,
probably because of the severe injuries caused by acidic stress, but
rendering a higher CO, uptake rate and photosynthetic ability
for sufficient supply of carbohydrates in assisting the ammonium
detoxification strategy (Vatehova et al., 2012; Barreto et al., 2017;
Viciedo et al., 2019; Song et al., 2022a). Therefore, the addition
of Si to the 100:0 NH; :NO3 solution effectively attenuated the
reductions of chlorophyll content and Fv/Fm, and accordingly
guaranteed the photosynthetic ability.

Plants are able to well-maintain a dynamic equilibrium
between the production and scavenging of reactive oxygen
species (ROS), mainly including the O3~ (superoxide) and H,O,
(hydrogen peroxide) (Zhu et al., 2000; Gong et al, 2008).
Concurrently, this steady-state level of ROS in plants was
tightly regulated by efficient antioxidant defense systems, such
as stimulated antioxidative enzymes (Mittler et al., 2004). SOD
is a prime candidate not only for the conversion of O; into
H,0,, but also the subsequent rapid decomposition of H,O; by
CAT, APX, and GPX (Mittler et al., 2004; Gong et al., 2008).
Nevertheless, excessively elicited ROS in unfavorable conditions,
like NH; toxicity, damages the defense system, resulting in the
imbalances and disturbances of redox signaling, as characterized
by the over-dose lipid peroxidation and decreased photosynthetic
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pigment levels. In our experiment of Si-deficiency plants,
exclusive NH, supply promoted the upregulations of CAT,
APX, GPX (Figures 6B-D), illustrating a strategy against NH;
toxicity. Similar results were previously acquired in spinach
(Dominguez-Valdivia et al., 2008) and wheat (Liu et al., 2017);
consistently, as mentioned above, plants grown in 100% NH;
possessed the lowest chlorophyll (Figure 5A), suggesting more
serious damages caused by NH] toxicity (Bittsanszky et al.,
2015).

Afterwards, the accumulations of O; and H,O; significantly
increased when the external NHI supply reached 100%
(Figures 6E,F), indicating that substantial NHI supply disturbed
the dynamic balance between production and elimination of ROS
in cabbage. The disproportionate accumulation of O;” and H,O,
impaired the cell membrane, leading to the improvement in the
MDA level (Figure 6G). These biochemical responses of cabbage
to high NH, supply were in agreement with certain pioneer
reports (Barreto et al., 2016; Yang et al., 2021).

The effects of Si supplementation on the regulation of
the defense system against oxidative stresses has been well-
established (Soundararajan et al., 2014; Wu et al., 2018; Ahmad
et al., 2021a; Shah et al.,, 2021). It was frequently observed that
Si addition partly stimulated higher activities of antioxidant
enzymes, rendering a protective role from oxidative damages on
the cell membrane (Gong et al., 2008; Farooq et al., 2019; Campos
et al.,, 2020). Indeed, in the present work, 100% NHZr supply in
particular, the supplemented Si promoted the activity of SOD
and CAT, thereby scavenging the excessive O, and H,O, and
reducing the MDA level (Figures 6A,B,E-G). Surprisingly, APX
and GPX failed to, or showed minor upregulation, in response
to Si supplementation (Figures 6C,D), probably due to the fact
that, unlike CAT is more referred to in the detoxification of
H,0; and O}, while APX and GPX act more as prime signaling
molecules in plants (Apel and Hirt, 2004; Cuypers et al., 2011).
It's worthy to note that the antioxidant enzymes were partly
promoted, probably because of the fact that the antioxidative
defense system varies among species (Dumanovic¢ et al., 2021).
For instance, Soundararajan revealed that activities of APX and
GPX increased, while CAT decreased after the application of Si in
salt-stressed salvia (Soundararajan et al., 2014). The present study
on Si-supplemented cabbages showed minor reductions of APX
activity which is corroborative with a previous finding by Shah
etal., 2021. Moreover, the triggered antioxidant machinery by the
constitutive involvement of Si modulates the ROS equilibrium in
plant cells, as revealed by the decline of O3, H,O;, and MDA
contents (Figures 6E-G). Outstandingly, as compared with 50:50
and 0:100 NH; :NO3, plants treated with sole NH, nutrition
exhibited more rapid decreases in the ROS accumulation and
lipid peroxidation after Si nourishment. It can be therefore
suggested that the NH; toxicity-induced excess oxidative stresses
and lipid peroxidation can be mitigated by the application of Si.

NH; is incorporated, catalyzed, and assimilated in
higher plants principally through the glutamine synthetase
(GS)/glutamate synthetase (GOGAT) and alternatively via
the glutamate dehydrogenase (GDH) routes (Bittsanszky
et al., 2015; Song et al.,, 2022a). Numerous studies previously
disclosed that plants enhanced the NH;r tolerance by rapid

and sustained upregulations of NH/ assimilation enzyme
activities (Horchani et al, 2010; Esteban et al, 2016; Xian
et al, 2020; Song et al, 2022a). Which well agreed with
that cabbage plants examined in this study progressively
enhanced the activities of GS and NADH-dependent
GDH in response to an increasing external NH, supply
(Figures 7A,C). By contrast, GOGAT activity displayed
opposite regulatory patterns from that of GS and NADH-GDH
(Figure 7B). GS converted the glutamate into glutamine,
and the latter acted as a major substrate involved in the
GOGAT reaction, which contributed to the synthesis of
glutamate and is more pronounced when the NH, was
limited (Guillamén et al., 2001).

Si-treated plants had higher activities of these NH,
assimilation enzymes, which confirmed the positive influences
provided by Si because plants exhibited better growth after the
replenishment of Si (Figures 1, 2). In particular, it's noteworthy
that the added Si remarkably promoted the GS and NADH-
GDH activities and attenuated the NH; toxicity deterioration
in plants cultivated with 100% NH, supply (Figures 3A, 7A,C).
As a consequence, the upgraded GS/GOGAT cycle and GDH
route are able to improve the nitrogen use efficiency (NUE)
and subsequent synthesis of N-containing metabolites (such as
chlorophyll protein) used for plant growth and development
(Fan et al., 2019). Furthermore, higher levels of NHZ were
detected in Si-accumulated plants relative to the Si-deprived
counterparts (Figure 7D), probably due to the findings that Si
acted as the structural basis can stabilize the cell membranes,
which increased the uptake rate of NH, (Sheng et al,
2018). Our results were in accordance with Feng’s report,
where he proposed that the inhibitions of the GS/GDH cycle
and the restricted NH; uptake, could be reversed by Si
supplementation (Feng et al., 2010).

However, it seems paradoxical that the improved activities
of GS and GDH by Si could impose more NH; assimilation,
accordingly resulted in the plant tissue acidification, which
has been considered as the primary cause of NH toxicity
(Hachiya et al, 2021). In this respect, the mitigator role
of Si against acidic stress inflicted NH] toxicity should be
inevitably provoked: Si was found to increase the membrane
fluidity and activity of plasma membrane H*-ATPase (Liang,
1999; Liang et al, 2006). The latter acts as a transporter
that extrude the H™ out of the cells, thereby generating an
electrochemical proton gradient and enabling the intracellular
pH regulation and nutrition uptake (Zhang et al., 2017).
Therefore, the alleviation of NH; toxicity degree studied in
cabbage may be ascribed to the involvement of Si on the
modulation of H.

CONCLUSION

To sum up, the present study is a documentation to
confirm that the NH, toxicity degree in cabbage with Si
supplementation was markedly alleviated. This amelioration
effect delivered by Si on NH; -stressed cabbages was involved
with the fluctuation of various aspects, for instance, better
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growth, enhanced net influx of K and Ca, and improved
photosynthetic ability. Outstandingly, the application of Si
promoted the expression of antioxidant enzymes (SOD and
CAT), leading to the rapid decline of ROS (O, and H,0;)
and lower lipid peroxidation (MDA); Si-treated cabbages also
enhanced the activities of major NH/ assimilation enzymes
(GS, GOGAT, NADH-GDH) and NHZr concentration in leaves.
The current endeavor of Si application will be of immense
practical value in integrated management subject for enhancing
cabbage productivity.
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