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This study explored the potential of ceria nanoparticles (CeO, NPs) to alleviate stress in hydroponic rice
caused by low N (LN) and high N (HN) stresses. The N content in plants was measured after 3 weeks of
treatment with CeO, NPs. The impact of CeO, NPs on plants under medium N (MN, a normal condition)
was studied as a comparison. LN resulted in N deficiency while HN led to N excess in plants while impairing
plant growth. CeO, NPs (100 and 500 mg L™ increased the N levels in roots and shoots under LN by 6-12%
and 22-30%, respectively. However, under HN stress, 500 mg L™* CeO, NPs reduced the N levels in roots
and shoots by 9% and 6%, respectively. CeO, NP treatment enhanced the activities of key enzymes involved
in N assimilation, glutamine synthetase (GS), glutamine oxoglutarate aminotransferase (GOGAT) and
glutamate dehydrogenase (GDH), accounting for the increased N content in plants under LN. Under HN,
500 mg L™ CeO, NPs downregulated the GS and GDH activity by 42% and 36%, respectively. CeO, NPs
reduced oxidative membrane and DNA damage and enhanced plant tolerance to N-stress by regulating the
antioxidant enzyme system and the levels of proline and phytohormones including gibberellin 3, abscisic
acid, zeatin riboside and indole-3-acetic acid. However, when N is supplied normally, CeO, NPs caused
oxidative stress in plants thereby impairing plant growth. A change of N conditions altered the root exudate
composition and led to different extents of transformation of CeO, NPs at the root interface and different
Ce uptake and translocation in plants. This study for the first time reported that CeO, NPs could act as an
alleviator of N stress in rice, while it might be a risk when the N supply is normal.
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Environmental significance

Nitrogen (N) stress caused by N deficiency or N excess widely exists in agriculture, and can cause plant stress and growth impairment. This study for the
first time reported that CeO, nanoparticles can improve rice growth under both N deficiency and N excess conditions by enhancing nitrogen assimilation
and use efficiency in plants, alleviating oxidative stress via regulating the antioxidant system, and enhancing plant tolerance to N stress by regulating the
proline and phytohormone levels. However, when N was supplied normally, CeO, nanoparticles caused oxidative damage and reduced plant tolerance thus
impairing plant growth.

Introduction plant growth, e.g., photosynthesis.> N deficiency also causes
reduced flowering,* fruiting® or carbohydrate content," and
thus a lower nutritional value of the resulting crops.
Application of N fertilizers such as ammonium nitrate and
urea is used to improve the N-deficient conditions; however,
excessive use of N fertilisers also cause N stress to plants.”?
Excessive N may enlarge the space between xylem cells
thereby reducing the strength of stems and causing lodging

(bending near the stem base) of crops which makes them

Nitrogen (N) is an essential element for plant growth.
However, N stress in plants can be caused by both N
deficiency and N excess."” Since N is a major component of
amino acids, proteins, enzymes, and nucleic acids as well as
photosynthetic pigments, the lack of N can severely impair
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difficult to harvest, reducing yields.® Moreover, the use
efficiency of N by plants is very poor and currently stands at
only 45% globally of the total soil N content,” with the rest
being lost into water causing water pollution (e.g,
eutrophication) or air causing greenhouse effects (N,O) and
air quality deterioration (ammonia volatilization).

This journal is © The Royal Society of Chemistry 2020
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Nanotechnology offers great potential to tailor fertilizer
delivery and improve the nutrient use efficiency (NUE) by
plants, thereby reducing their environmental release and
subsequent environmental consequences.®® A recent study
showed that incorporating into hydroxyapatite
nanostructures can regulate the slow release of urea, which
led to a better yield at a 50% lower urea application rate.™
Many studies have shown that nanomaterials may also
enhance the tolerance of plants to external stresses such as
drought, flooding, cold, heat, salinity and heavy metal
stress." For example, TiO, NPs have been reported to
improve plant growth under drought'? or cold"? stress. CuO
NPs as low as 1 mg L' can enhance the tolerance to
pathogens of tomato grown in soil infested with Fusarium
oxysporum.”* CeO, NPs also showed potential to improve
plant growth under stress conditions, such as excess light,
heat, dark chilling'®> and high salinity,"® which have been
reported recently. CeO, NPs (500 mg kg dry sand) can
shorten the root apoplastic barrier which allowed more Na*
flux to shoots which led to better physiological performance
of rapeseed grown in sand.'® CeO, NPs are also able to
scavenge reactive oxygen species (ROS) and enhance
photosynthesis in Arabidopsis thaliana.'> Such redox
functioning of CeO, NPs is mainly derived from the oxygen
defects in the lattice.'” CeO, NPs have two oxidation states
(+3, +4) which alternate during redox reactions; large
amounts of surface oxygen vacancies are generated via oxygen
loss or electron transfer during these redox reactions.
Therefore, the ROS scavenging activity is highly dependent
on the amount of surface Ce**. Compared with bulk CeO,,
nano-sized CeO, has a larger fraction of surface Ce*" and
oxygen vacancies thereby having stronger ROS scavenging
activity. Due to this feature, CeO, NPs have attracted
considerable research interest and have been widely used,
e.g., as additives in cosmetics, diesel and tyres.'® The
potential of CeO, NPs in agricultural application has only
been explored recently and understanding is still in its
infancy. In addition, negative effects of CeO, NPs on plant
growth have been also reported. As noted by Lowry et al.,®
many challenges and barriers need to be overcome before the
real potential of nanomaterials (NMs) in agriculture can be
achieved. A major barrier is that the interaction of NMs with
plants, and the effects of these interactions on the behaviour
of NMs, such as the transformations in the soil and at the
soil/root interface and the uptake in plants," as well as on
the plant growth, are deeply interrelated and their
exploration have only begun recently. Additionally, the
environmental safety and human safety of NMs and their
residues in plants and soil lack sufficient understanding
currently.

The present study aims to explore the potential of CeO,
NPs to alleviate stress caused by N deficiency or N excess and
to improve the NUE, and to investigate the impacts
(implications) of CeO, NPs on plant growth under normal
conditions. Plant growth with CeO, NP treatment under the
two types of stress as well as normal conditions was

urea
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evaluated by determining the plant phenotype (biomass,
seedling length), the regulation of the antioxidant systems,
and the occurrence of DNA damage. N assimilation and
metabolism, and the enzymes involved in the processes, were
measured. Ce uptake and accumulation in rice plants, and
the influence of the N conditions on this, were also
determined. This study provides significant insights into the
physiological impacts of CeO, NPs on plant growth as well as
a potential way to improve N use efficiency by plants under N
stress conditions.

Materials and methods
Chemicals, CeO, NPs and characterization

CeO, NPs were purchased from Pantian Powder Materials
(Shanghai, China). The morphology and size of the CeO, NPs
were characterized by transmission electron microscopy
(TEM, JEOL, Japan) (Fig. S1f). Raman spectra were recorded
using a LabRAM HR Evolution Raman spectrometer (Horiba
Scientific, Japan) (Fig. S2f). The zeta potential and
hydrodynamic sizes of CeO, NPs (10 mg L") in deionized
water and nutrient solution were analysed with a Zetasizer
Nano ZS90 (Malvern, UK) (Table S1t). Other chemicals were
purchased from Sigma Aldrich.

Plant growth and treatments

Rice seeds (Y900) were purchased from the Chinese Academy
of Agricultural Sciences. Seeds with a uniform size were
selected and sterilized in 5% H,0O, for 30 min. Seeds were
germinated in petri dishes with moist filter paper in the dark
at 25 °C. After 7 days, uniform seedlings were selected, and
each seedling was anchored to plastic foam and transferred
into a 250 mL beaker containing 100 mL of Kimura B
nutrient solution.”® Eight replicates were set for each
treatment. The seedlings were allowed to grow in a growth
chamber (PRX-450C, Saifu, China) with a day/night
temperature of 28 °C/25 °C, day/night humidity of 50%/70%
and 16 h photoperiod (light intensity of 1.76 x 10" lux) for 10
days before treatment.

The seedlings were then treated with 100 mg L™ and 500
mg L™" CeO, NPs under three different N conditions, i.e. low
nitrogen (LN), medium nitrogen (MN) and high nitrogen
(HN). The N concentrations were 0.72 mM, 2.86 mM and 7.15
mM in LN, MN and HN solutions, respectively. The MN
solution represents the Kimura solution with normal N
supplement, while the LN and HN conditions will cause N
stress. The pH of the solutions was adjusted to 5.5. CeO, NPs
were added into the solutions to a concentration of 100 mg
L™ or 500 mg L™" followed by sonicating pre-treatment in a
water bath for 20 min. The seedlings were then treated with
the CeO, NP suspensions. To simulate a single dose of
exposure, no further treatments were applied. The
suspensions were replenished every other day with the
nutrient solutions for compensation of transpired water. The
plants were harvested after treatment for 3 weeks. The
seedling length and fresh weight were measured.

Environ. Sci.: Nano, 2020, 7, 2930-2940 | 2931
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Determination of C and N content in plants

Fresh seedlings were dried at 105 °C for 30 min and at 75 °C
overnight. Dry weights of shoots and roots were measured
followed by grinding into powders. The dry powders were
then used to measure the total C and N content using a C/N
analyser (Vario ELIII, Elementar, Germany).

Stress responses of rice to CeO, NP treatments

The superoxide dismutase (SOD) and peroxidase (POD)
activities, and malondialdehyde (MDA) and proline content
were measured to evaluate the stress responses of rice to the
CeO, NP treatments. SOD, POD and MDA were measured
using assay kits purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Proline was
measured following a previously described method.*! Briefly,
fresh samples were homogenized with cooling using an ice
bath and diluted with 3% sulfosalicylic acid to 10 mL
followed by centrifugation at 15002 for 10 min. The
supernatant was mixed with acidic ninhydrin and glacial
acetic acid and reacted in boiling water for 1 h followed by
addition of methylbenzene. The absorbance of the extractives
was measured at 520 nm and the concentration was
calculated based on a calibration curve. To ensure accuracy
and linearity, standard SOD, POD, MDA and proline with
known concentrations (6 concentrations) were prepared and
analyzed following the same procedure described in the kits
for sample analysis. Six replicate samples were tested for
each data point and the experiments were repeated three
times.

Determination of DNA damage

The DNA damage was evaluated by measuring the content of
8-hydroxy-2 deoxyguanosine (8-OHdG) in the plants. Fresh
samples were ground in liquid nitrogen followed by
homogenization in a buffer solution containing 2% CTAB,
100 mM Tris-HCl, 2% polyvinylpyrrolidone (PVP), 1.5 mM
NaCl, 0.2 mM EDTA and 1% mercaptoethanol. DNA was
extracted using a DNA kit (Qiagen, France), and 8-OHdG was
quantified using a DNA damage ELISA kit (Stress Marq
Biosciences, Inc, Thermo, USA). Six replicate samples were
tested for each data point and the experiments were repeated
three times. The 8-OHdG solutions (0-60 ng ml™) were
analysed as standards following the same procedure
described in the assay Kkit.

Enzyme activity involved in N assimilation and metabolism

The activities of glutamine synthetase (GS), glutamine
oxoglutarate aminotransferase (GOGAT) and glutamate
dehydrogenase (GDH) were measured following previously
described methods. Briefly, for GS, fresh samples were
ground in liquid nitrogen and extracted in cold buffer
solution consisting of hydroxylamine hydrochloride (100
mM, pH 7.4), 1 mM MgCl,, 1 mM EDTA, and 10 mM
2-mercaptoethanol. The homogenate was incubated at 37 °C

2932 | Environ. Sci.: Nano, 2020, 7, 2930-2940
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for 15 min followed by addition of FeCl; solution (0.37 mM
FeCl;, 0.2 M trichloroacetic acid and 0.6 mM HCI). Samples
were centrifuged at 4000g for 10 min. The absorbance of the
supernatants at 540 nm was measured.

For GOGAT, samples were firstly homogenized in a buffer
solution containing 0.2 M NazPO,, 2 mM EDTA, 50 mM KCl,
1% 2-mercaptoethanol and 0.5% Triton X-100. The
homogenate was filtered and centrifuged at 2000g for 10
min. (NH,4),SO, solids were added into the supernatant to
allow precipitation, and the precipitates were dissolved in the
aforementioned buffer followed by passing through a
Sephadex G-75 column to obtain the enzyme solution. A
solution consisting of 10 mM o-ketoglutaric acid, 1 mM KCl,
37.5 mM Tris-HCl (pH 7.6), 0.6 mM NADH and 8 mM
L-glutamine was added into the enzyme solution. Absorbance
at 340 nm was recorded.

To determine GDH, fresh samples were homogenized in
deionized water. The samples were then added into a
solution containing 0.1 M Tris-HCl (pH 8.3), 1.5 M NH,C],
0.225 M a-ketoglutaric acid and 7.5 mM NADH at 30 °C and
allowed to react for 2 min. The absorbance at 340 nm was
recorded.

All the tests were repeated three times with six replicate
samples analysed. GS, GOGAT and GDH with known
concentrations were analysed as standards following the
same procedure described above.

Phytohormone levels in plants

The levels of phytohormones including gibberellin 3 (GA3),
abscisic acid (ABA), zeatin riboside (ZR) and indole-3-acetic
acid (IAA) in extracted and purified shoots and roots were
determined following the method described previously.*
Briefly, fresh samples were ground into homogenates in
methanol and centrifuged at 5000g for 10 min. The
supernatants were used to measure the phytohormones using
the enzyme-linked immunosorbent assay (ELISA) following
the instruction provided by the manufacturer (Solarbio,
Beijing, China). All the tests were repeated three times. Six
replicate samples were analysed for each data point. GA3,
ABA, ZR and IAA with known concentrations were analysed
as standards following the same procedure described in the
assay kits.

Determination of Ce content in plants

Dry sample (shoots/roots) powders were digested with a
mixture of HNO; and H,0, using a microwave digestion
system (MARS Xpress, CEM, USA). The residue after digestion
was diluted with deionized water to 15 mL. Total Ce
concentrations were measured by ICP-MS (Thermo, USA).
Indium was used as an internal standard. Ce standard
solutions (Thermo, USA) in the range 0.1 to 100 ng mL~" were
used for calibration. Bush branches and leaves (GBW 07602)
were also digested as standard reference samples; the mean
recovery from which was 101%. The limit of detection was
0.002 ng mL ™.

This journal is © The Royal Society of Chemistry 2020
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CeO, NP dissolution in root exudates

To determine whether root exudates under different N
conditions affect the CeO, NP dissolution and uptake in
plants, we extracted the root exudates from the plants
according to a previously described method with
modifications.>® Briefly, plants growing under LN, MN or HN
conditions for 10 days without the presence of CeO, NPs were
transferred to new beakers, each of which containing 100 mL
sterilized deionized water, and were cultivated in the dark for
another 24 h. The solutions in the beakers were collected and
filtered through filter paper (11 pm). CeO, NP suspensions of
100 and 500 mg L™ were prepared from the filtered root
exudate solutions and placed in the plant growth chamber
for 3 weeks. Samples were -centrifuged and the Ce
concentrations were measured by ICP-MS following the
aforementioned methods.

Data analysis

Data were expressed as mean + standard deviation (SD) (n =
8). Statistical analysis was performed on IBM SPSS 19.0. One-
way ANOVA was used to evaluate the significance between
data (multiway comparison such that differences between all
groups were all compared). P < 0.05 was considered
significantly different.

Results and discussion
CeO, NPs improve plant growth under N stress

The seedling length and fresh and dry biomass of plants after
treatment with CeO, NPs under different N conditions are
shown in Fig. 1. When the CeO, NPs were not present
(control groups), N stress (LN and HN) affected the plant
growth significantly. Compared with the MN conditions, LN
stress resulted in longer roots and higher root biomass with
a decreased shoot length and biomass (Fig. 1A-C). The
increase of root biomass/length and inhibition of shoot

View Article Online
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growth of plants under LN stress are in accordance with
previous studies.”® The enhanced root growth was an
adaptive response to N deficiency in order to increase the
root absorption of N, resulting in an anatomical change.
It was reported that the density of the cells in the
meristematic zones and the volume of the cells in the
elongation zones both increased as responses to N
deficiency.24 However, due to the limit of N nutrient, the
shoot elongation and biomass production were inhibited
(Fig. 1D-F). In contrast, when N was supplied excessively,
both the root and shoot growth were inhibited, which
also agree with previous reports.” These results suggest a
successful simulation of N stresses.

Addition of CeO, NPs significantly improved the growth of
plants under LN and HN stress (Fig. 1). The root lengths
under LN stress were reduced by 10% and 8% following 100
and 500 mg L™ CeO, NP treatments compared to the MN
controls (Fig. 1A); the fresh and dry biomass of roots was
reduced by 26-31% and 18-22%, respectively (Fig. 1B and C).
The reduction of plant root growth indicates alleviation of
the LN stress by the CeO, NPs, i.e. the plants did not need
more root volume to facilitate absorption of N. As a
consequence, the biomass of shoots under LN stress was
significantly increased by the addition of the CeO, NPs
(Fig. 1E and F). CeO, NPs also improved the plant growth
under HN stress by promoting the seedling elongation
(Fig. 1A and D) as well as the biomass production
(Fig. 1B and C; E and F). However, CeO, NPs showed no
significant positive effects on the plant growth under MN
conditions and actually reduced the plant biomass at 500 mg
L', which is in accordance with results reported in many
previous studies performed under normal growth conditions
where CeO, NPs may exhibit toxic effects to plants at high
concentrations.>>*® Overall, the data suggest that CeO, NPs
can improve the growth of rice under N stress, and the
mechanisms involved were explored in the following
experiments.
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Fig. 1 Seedling length and fresh and dry biomass of rice following CeO, NP treatments under three N conditions. (A-C) show the root length and
fresh and dry weight, respectively. (D-F) show the shoot length and fresh and dry weight, respectively. Different lowercase letters indicate a

significant difference at P < 0.05.
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CeO, NPs enhance N assimilation by regulating key enzymes
involved in N assimilation and metabolism

In this study, the C content under different N conditions was
not significantly different (Fig. 2A and B), while the N content
in roots and shoots increased with the increase of N supply
as expected (Fig. 2C and D). The N content in roots under
HN was 1.55 and 0.8 fold higher than that under LN and
MN, and it was 1.45 and 0.44 fold higher in shoots under HN
than that under LN and MN. This resulted in a shift of the C/
N balance. The C/N ratio in roots increased to 36.4 under LN
and decreased to 14.2 under HN (Fig. 2E), and the C/N ratio
in shoots increased from 13.7 to 23.2 under LN and
decreased to 9.5 under HN (Fig. 2F), suggesting that CeO, NP
treatment had more significant effects on the C/N balance in
plants under LN than under HN stress.

The C content in roots and shoots were not significantly
affected by CeO, NP treatment compared with that of their
own control (Fig. 2A and B). The N content in roots and
shoots under LN stress was enhanced by 6-12% and 22-30%,
respectively, following CeO, NP treatments (Fig. 2C and 2D).
Under HN stress, the high dose (500 mg L") of CeO, NP
treatment reduced the N content in roots and shoots by 9%
and 6%, respectively. As a consequence, the C/N ratios under
LN stress was reduced by 11% and 7% in roots and 21% and
29% in shoots, respectively, following 100 and 500 mg L™
CeO, NP treatments (Fig. 2E and F). C and N are both
essential elements for all living organisms. In plants,
maintaining the C/N balance is important for the normal
functioning of the plant. The C/N ratio has been used as an
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mobilization of plants.” These results suggest that CeO, NPs
can improve the N absorption by plants to cope with N
deficiency under LN stress while they reduce the N
absorption by plants to avoid N overload and maintain the C/
N balance in plants under the excessive N conditions.

We examined the activity of the three key enzymes
involved in N assimilation. The activities of glutamine
synthetase (GS), glutamine oxoglutarate aminotransferase
(GOGAT) and glutamate dehydrogenase (GDH) in roots under
LN stress were all enhanced by CeO, NP treatments (Fig. 3B-
D). The GS and GOGAT activities in shoots were not affected
by CeO, NPs (Fig. 3E and G); however, as an alternative
enzyme for N assimilation, the GDH activity was enhanced by
44-80% (Fig. 3G). Under HN stress, CeO, NPs did not
significantly affect the enzyme activities in roots but
downregulated the GS and GDH activity thereby reducing N
assimilation in shoots (Fig. 3E and G). Under MN conditions,
CeO, NPs did not affect the activity of GS and GOGAT in
roots but reduced the activity of GDH at 500 mg L ™" (Fig. 3D);
similar phenomena were observed in shoots (Fig. 3E-G).

Plants take up N mainly in the forms of NO;~ and NH,"
which were supplied as KNO;, Ca(NO3), and (NH,4),SO, in the
nutrient solutions. The NOj;" is transformed to NH," for plant
assimilation, a process which transforms inorganic N into
organic N compounds such as amino acids. The glutamine
synthetase/glutamate synthase (GS/GOGAT) cycle is the
primary pathway of N assimilation in plants (Fig. 3A).>” In
the first step, GS catalyses the reaction of NH," with
glutamate, producing glutamine. GOGAT subsequently
catalyses the transfer of the amide group from glutamine to
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Fig. 2 Carbon (C) content in roots (A) and shoots (B). N content in roots (C) and shoots (D). C/N ratio in roots (E) and shoots (F). Different
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Fig. 3

(A) Schematic showing the key N assimilation process in plants. GS, GOGAT and GDH activity in roots (B-D) and shoots (E-G) under

different N conditions following CeO, NP treatments. Different lowercase letters indicate a significant difference at P < 0.05.

produces two molecules of glutamate. As an alternative
pathway of glutamate formation, glutamate dehydrogenase
(GDH) catalyses the reaction of 2-oxoglutarate with NH,,
which forms one molecule of glutamate. The glutamate is
then used by plants for synthesis of amino acids. The
aforementioned results correlated well with the results of

seedling length, biomass and N content. In summary, CeO,
NPs can enhance the N assimilation by regulating the key
enzymes involved under N deficiency thereby enhancing the
plant growth; when N is supplied excessively, CeO, NPs can
also regulate the enzymes to reduce the N assimilation.
Analysis of the genes associated with the N assimilation
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enzymes at the transcriptomic level is necessary in future
studies to further understand the impact of CeO, NPs on the
N metabolism.

CeO, NPs alleviate oxidative stress and enhance plant
tolerance

The impact of CeO, NPs on antioxidant enzymes and oxidative
stress in rice plants is shown in Fig. 4. Under LN stress, the SOD
and POD activities in roots and shoots were not different
compared with those under MN (Fig. 4A, B, E and F); however,
the MDA content in roots and shoots was 66% and 32% higher
under LN stress (Fig. 4C and G), suggesting oxidative damage of
the cell membrane. LN also caused oxidative DNA damage to
plants, as evidenced by the significantly increased levels
(increased by 93% compared with that under MN) of 8-OHdG in
shoots (Fig. 4H). HN stress did not induce significant MDA over
accumulation in roots compared with the MN conditions
(Fig. 4D); however, it caused 147% higher accumulation of MDA
in shoots (Fig. 4H), suggesting oxidative damage in shoots.

Under LN conditions, CeO, NPs significantly increased the
SOD activity and reduced the MDA content in roots at 500
mg L. CeO, NPs at 100 and 500 mg L™ also reduced the
MDA accumulation in shoots by 54% and 49%, respectively
(Fig. 4G). Under HN conditions, CeO, NPs did not change the
MDA levels in roots while they reduced the POD activity by
43% and MDA content by 25% in shoots at 500 mg L.
However, under MN conditions, the high dose (500 mg L™)
of CeO, NPs caused oxidative damage, as shown by the over
accumulation of MDA in both roots and shoots
(Fig. 4C and G). These data suggest that CeO, NPs alleviate
the oxidative damage caused by both N deficiency and N
excess. The higher reduction of MDA levels by 500 mg L™
CeO, NP treatment under LN stress (49%) than under HN
stress (25%) suggests that CeO, NPs were more effective in
alleviating stress caused by LN than by HN. Alleviation of
oxidative damage by CeO, NPs was further shown by the
decreased level of 8-OHdG, a biomarker of oxidative DNA
damage. CeO, NPs at 100 and 500 mg L™ reduced the
8-OHdG levels in shoots under LN stress by 54% and 50%,
respectively (Fig. 4H). CeO, NPs at 500 mg L™" reduced the
8-OHdG level in shoots by 37% under HN stress (Fig. 4H).

The capacity of CeO, NPs to reduce oxidative stress, as
mentioned previously, may be related to their ROS
scavenging activity due to the exchange of Ce**/Ce*" and the
surface oxygen vacancies in the lattice. Due to this feature,
the potential of CeO, NPs as mimics of antioxidant enzymes
such as SOD or CAT has been explored.”®*° The potential of
CeO, NPs to enhance plant tolerance has been also explored
recently.>**' It was reported that CeO, NPs can scavenge
hydroxyl radicals and thus enhance plant tolerance to salinity
stress.”® The reduced oxidative damage in our study may also
be related to the ROS scavenging activity of CeO, NPs.

In addition to the antioxidative enzymes, we also explored
whether the reduced oxidative stress in the presence of CeO,
NPs was related to proline accumulation. A key feature of
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proline is that it accumulates to high levels in plants as a
response to stresses, which has been documented in numerous
studies.”® Over accumulation of proline imparts plant stress
tolerance by maintaining osmotic balance, preventing
membrane leakage and maintaining redox potential.*®> Proline
buffers the redox potential in cells because its synthesis and
oxidation involve the generation and cycling of NADP" and
NADPH; thus, it is vital for plant antioxidant defence.** As
shown in Fig. 5, LN did not affect the proline level in rice
plants compared with the MN conditions, while the HN
increased the proline levels in both roots and shoots. This
suggests that proline is only involved in the plant tolerance to
HN stress. CeO, NP treatment did not change the proline levels
under LN stress, suggesting that proline accumulation was not
the pathway via which CeO, NPs alleviated the plant stress
arising from the lack of N. However, addition of CeO, NPs
increased the proline levels in both roots and shoots thereby
enhancing the plant stress tolerance under HN stress, which
agrees with the results that the oxidative damage (MDA) was
reduced by the CeO, NP treatments (Fig. 4C and 4G). Overall,
these results suggest that CeO, NPs can alleviate the oxidative
stress in plants and enhance plant tolerance to stress by
stimulating proline accumulation.

CeO, NPs enhanced plant tolerance to stress by regulating
phytohormones

Phytohormones are a group of signalling molecules playing
pivotal roles in modulating plant growth under various
environmental conditions, including abiotic stress.>> ABA,
which is a well-known “stress phytohormone”, is the most
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Fig. 5 Proline content in roots (A) and shoots (B). Data were

expressed as mean t SD. Different lowercase letters indicate a
significant difference at P < 0.05.
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studied hormone due to its essential role in plant adaption
and tolerance to abiotic stress. Endogenous ABA levels in
plants may increase rapidly in response to external stress
such as drought, salinity, heat or environmental
contaminants.*® Under water stress, ABA signals plant leaves
to take actions such as stomatal closure, reducing leaf
expansion to reduce transpiration and thus avoid water
loss.*” It was also reported that ABA is involved in the
modification of root architecture for adaption to drought®® or
N deficiency. In our study, LN stress did not affect the ABA
level in roots (Fig. 6A) but increased the ABA level in shoots
by 42% (Fig. 6B) as compared with the MN conditions. HN
stress caused a more dramatic response of ABA in the plants.
The ABA levels in roots and shoots were 2.1 and 2.2 fold
higher in HN than those wunder MN conditions
(Fig. 6A and B). CeO, NP treatments did not significantly
affect the ABA levels in roots under all N conditions while
they reduced the ABA levels in shoots under LN and HN
stress, suggesting that the stress was reduced. However,
under MN conditions, CeO, NPs at 100 mg L™* and 500 mg
L™ upregulated the ABA levels by 88% and 71%, respectively
(Fig. 6B), suggesting that CeO, NP treatment caused stress in
plants growing under normal conditions.

IAA, also known as auxin, which has been studied for a
century, plays vital roles in the regulation of plant growth
and development, and the adaptive modulation of plant
growth under stress conditions, although the exact
mechanism is not yet fully understood.*® It was reported that
external stress such as salinity reduced the IAA level in
plants*® and that exogenously applied IAA can promote plant
growth.”’ As shown in Fig. 6C and D, LN and HN stress
reduced the IAA levels in both roots and shoots. CeO, NP
treatments increased the IAA levels in roots and shoots under
LN and HN stress. Moreover, CeO, NPs caused a higher
increase under HN stress (177-205% in roots and 112-168%
in shoots) than under LN stress (11-161% in roots and 25-
32% in shoots). The results suggest that CeO, NPs promote
plant growth and tolerance by upregulating the IAA levels.
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However, the IAA levels were decreased by CeO, NPs under
MN, suggesting the inhibition of plant growth by CeO, NP
treatment when N is supplied normally.

GA is a growth hormone regulating various processes in
plants such as germination, stem elongation, flowering and
senescence. The role of GA as an indicator of abiotic stress is
also increasingly evident.** Reduction of ABA levels in plants
represents a stress response that contributes to the
restriction of plant growth. The LN stress did not induce
significant alteration of the GA content in plants while HN
stress caused 83% higher GA content in roots, as compared
with the MN conditions (Fig. 6E and F), suggesting that the
GA response is more sensitive to HN stress. CeO, NP (500 mg
L") treatment increased the GA levels in roots and shoots
under LN stress by 150% and 70%, respectively, and
increased the GA level by 20% in roots under HN stress. The
GA response to CeO, NP treatments under the MN conditions
is not significant.

ZR is the most active form of naturally occurring
cytokinins which regulate plant growth as well as plant
response to abiotic stress.”> ZR is often considered as an
antagonist of ABA; an increased ABA content is usually
accompanied by a decreased ZR content. In our study, both
LN and HN stress caused reduced ZR levels in plants
(Fig. 6G and H), which corresponds with the increased ABA
levels. CeO, NP treatments increased the ZR levels under
both LN and HN conditions. Overall, these results suggest
that CeO, NPs alleviate plant stress by regulating the
phytohormone levels in plants.

Differential Ce uptake in plants affected by N supply
conditions

Since the CeO, NPs can alleviate plant stress via different
routes including acting as a ROS scavenger, it is crucial to
know the Ce content in plants. As shown in Fig. 7, the Ce
accumulation in plants is dose dependent. Interestingly, the
Ce content in roots and shoots depended on the N
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Fig. 6 Content of phytohormones, including ABA (A and B), IAA (C and D), GA3 (E and F) and ZR (G and H), in plant roots (upper) and shoots
(bottom). Different lowercase letters indicate a significant difference between groups at P < 0.05.
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concentration following the order: LN > MN > HN. The Ce
content in roots treated with 500 mg L™ CeO, NPs was 1.6
and 3.4-fold higher under LN conditions than those under
MN and HN conditions, respectively (Fig. 7A). The Ce content
in shoots treated with 500 mg L™ CeO, NPs was 1.3- and 1.4-
fold higher under LN conditions than those under MN and
HN conditions, respectively (Fig. 7B). We deduced that this
phenomenon might be related to the different root activities
under different N conditions. Under N deficiency, the plants
increased the root biomass for absorption of N,** which may
also enhance the absorption of CeO, NPs simultaneously.
However, under HN conditions, the root growth was
inhibited, and the absorption capacity was reduced
correspondingly. Moreover, root exudates play an essential
role in the uptake and transformation of CeO, NPs.** The
composition of root exudates changes with the variation of
the root environment.*> We extracted the root exudates and
found that dissolution of CeO, NPs in root exudates extracted
under LN conditions was higher than that under the other
two conditions (Fig. 7C). It has been reported that under N
deficiency, the amount of metabolites such as glutarate,
adipate, 2-hydroxyisobutyrate, succinate, 2-isopropylmalate,
raffinose, abscisate, GABA, r-glutamine, r-glutamate, and
calcium pantothenate in root exudates increased.*® These
metabolites all have carboxylic groups that may chelate the
Ce*" thereby enhancing the dissolution of CeO, NPs, which
may account for the high Ce uptake under LN conditions.
Enhanced dissolution of CeO, NPs and uptake of Ce in
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plants in the presence of carboxyl compounds (e.g., ascorbic
acid, citric acid) have been previously reported.*® Inorganic
ligands such as phosphates, which can reprecipitate and
immobilize the Ce**, can restrict the uptake of Ce in plants.

In summary, this study for the first time reported the
alleviation of N stress (deficit or excess) and improvement of
plant growth under N stress by CeO, NP treatments. CeO, NPs
can enhance N assimilation and improve the N use efficiency
in plants by regulating the key enzymes involved in N
assimilation. Moreover, CeO, NPs alleviate the oxidative
damage caused by N stress by regulating the antioxidant
enzymes, proline accumulation and phytohormone levels in
the rice plants. All these effects contributed to the improved
plant growth. Ce uptake in plants was affected by the N stress
conditions; N deficiency resulted in increased dissolution of
CeO, NPs thereby increasing Ce accumulation in plants, which
was mainly attributed to the altered root biomass and
increased amount of carboxyl compounds in the root exudates.
Notably, CeO, NPs showed no positive effects on plant growth
and inhibited plant growth at high concentrations in the
absence of N stress, suggesting that caution should be still
made to the unintentionally discharged CeO, NPs in areas with
normal growth conditions. It should be noted that this study
was carried out in a hydroponic system. The impacts of CeO,
NPs on plants under different N conditions can be made
complex by the soil conditions and different agricultural
management (e.g., water regime). Future studies in soils are
thus needed. Taken together, this study provides significant
insights into the physiological effects of CeO, NPs on plant
growth and a potential way to improve N use efficiency by
plants under N stress conditions, which in fact widely exist in
realistic N fertilization activity.

Associated content

Characterization of CeO, NPs including TEM, Raman
spectroscopy, and zeta potential and hydrodynamic size
measurements is provided in the ESLY
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