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18 Environmental Significance

21 Salinity leads to significant worldwide losses in crop yield. Plant nanobiotechnology is
22 an emergent approach that is demonstrating improvement of plant stress tolerance. Here,
we elucidated the mechanisms of biocompatible poly (acrylic acid) coated cerium oxide
25 nanoparticles (PNC) improve rice tolerance and yield under salinity stress. Nanoceria
26 are able to enhance NO production by increasing the transcripts and modulating the
dephosphorylation level of nitrate reductase (NR), and thus maintaining the reactive
29 oxygen species (ROS) and ion homeostasis. This is also the first study demonstrating
30 that scalable soil application of PNC increases rice grain yield without resulting in
32 cerium accumulation in the rice grain under both the normal and salinity stress
33 conditions.
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Abstract

Herein, we demonstrate and elucidate how biocompatible poly (acrylic acid) coated cerium oxide
nanoparticles (PNC) improve rice tolerance and crop yield under salinity stress. The rice
seedlings hydroponically supplied with PNC (1 pM, 98 ng/L) have a higher shoot length
(33.3%), fresh weight (56.9%), and chlorophyll content (123.9%) compared to controls after
being exposed to 100 mM NacCl for 8 days. Similarly, greenhouse experiments reveal that during
the reproductive stage, PNC (10 puM, 0.98 mg/L)-exposed rice plants upon NaCl stress (7.2
dS/m; two months) exhibited increased chlorophyll content (23.9%), dry weight (50.5%), and
grain weight (47.1%) compared with non-nanoparticle stressed controls. Importantly, cerium
(Ce) content in harvested grain of PNC-supplemented rice plants (18.3 + 3.1 pg/Kg dry weight)
is similar to those of samples without nanoparticles, in both control and stress conditions.
Molecular evidences showed that PNC enhance nitric oxide (NO) production (30.5%) by
inducing transcription of nia? (a gene encoding nitrate reductase) and controlling the
dephosphorylation of its protein, thus resulting in NO production and plant tolerance against
salinity. The crucial role of NIA2-dependent NO synthesis was evaluated by manipulation of
endogenous NO levels and in nia2 mutants. The nanoparticle-mediated NO control of salinity
tolerance could be explained by reducing reactive oxygen species accumulation (39.5%) and
maintaining ion homeostasis. Overall, NO signaling is involved in PNC control of salt tolerance.
Our results also indicated that PNC are promising nanobiotechnology tools for improving crop

performance and yield in salt stressed fields without increasing Ce content in cereal grains.

Keywords: cerium oxide nanoparticles, Na*/K* homeostasis, rice, nitric oxide, nitrate reductase,

salinity stress
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1. Introduction

Human population is projected to rise to 9.6 billion by the year 2050,! requiring a boost in
agricultural production, which should be increased by 25%-70% to meet 2050 crop demand.?
Between 720 and 811 million people in the world faced hunger in 2020. Meanwhile,
approximately 1125 million hectares of agricultural land are impacted by salinity.> A yield loss
of up to 1 t ha™! per unit EC (dS m™!) has been reported in rice.* Traditional breeding programs
to generate robust salt tolerant crop species, are laborious and lengthy, requiring novel
approaches for addressing the expected agricultural production gap.>° For example, exogenously
application of exnitrogen-fixing bacteria, arbuscular mycorrhizal fungi, or even ethanol are
alternative approaches to improve salt tolerance in plants.’-*

Plant nanobiotechnology is an emergent approach to improve plant stress tolerance.!®!!
Cerium oxide nanoparticles (nanoceria) have been reported to increase salinity stress tolerance
by interfacing them with canola roots (200-1000 mg/kg soil)'? and Arabidopsis leaves (50
mg/L).!3 It should be noted that without the control of size, dosage and proper care about
aggregation issues, nanomaterials such as nanoceria may cause phyto-toxicity.'* For example,
nanoceria with size about 200 nm caused the decrease in photosynthetic rate and CO,
assimilation efficiency in herbaceous annual plants (Clarkia unguiculata)." Since nanoceria are
potent catalytic scavengers of reactive oxygen species (ROS), they were widely used for research
in living organisms from diverse taxa.!’!®!3 Nanoceria ROS scavenging abilities rely on the
large number of surface oxygen vacancies that alternate between Ce*" and Ce** oxidation states.
The dangling Ce*" bonds of the defect sites effectively scavenge ROS while lattice strains
promote the regeneration of these sites via redox cycling reactions. Despite the classification of

cerium as rare-earth element, it is the most abundant (20-70 ppm) of all the lanthanides in the
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earth’s crust with a concentration just below that of copper (50-85 ppm).!*2° Previous results
revealed that the impact of nanoceria on improvement of plant performance under salt stress
were associated with ROS scavenging and regulation of K* retention.!>!32! Studies in
Arabidopsis plants also reported that nanoceria alter the expression of genes associated with ion
transport?! and plant stress responses.?> However, the molecular basis of how nanoceria
influences crops under salinity stress is not fully understood. Meanwhile, although nanoceria
were suggested as a great potential to improve crop salt tolerance in the laboratory, their impact
on crop such as rice growth and yield has not been fully assessed under realistic greenhouse trials.

Nitric oxide (NO, an important gaseous signal functioning in both animal and plant kingdoms)
has been widely reported to enhance the antioxidant defense system and maintaining ion
homeostasis in response to plant salt stress, at both enzymatic and molecular levels.?? Nitrate
reductase (NR) and a NO-associated protein (NOA1) represent important enzymatic sources of
NO production in plants.?* The requirement of NR-mediated NO production in stomatal closure
and cold acclimation has been genetically demonstrated in Arabidopsis.?>2% In rice, there are two
NR encoding genes, NIAI and NIA2, and the transcriptional level of NI42 is markedly higher
than that of NI41.27-28

Rice is the most important food crop of the developing world and the staple food of more than
half of the world's population. Its grain yield is highly sensitive to environmental stresses.?’
Herein, the aim of this study was to elucidate the molecular mechanisms of how cerium oxide
nanoparticles (PNC) confer salt tolerance in rice plants, and importantly, explore the scalable soil
application of PNC in improvement of cereal grain yield under salt stress. We hypothesized that
nanoceria-improved salt stress tolerance in rice plants is dependent on the modulation of nitrate

reductase gene expression (at both transcriptional and post-translational levels) and its catalyzed
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NO synthesis. The effects of the nanoparticles on plant phenotypic performance were quantified
by measuring shoot length and fresh weight, chlorophyll content, Na*/K* content, and NO
production, in salt stressed plants. To determine the role of NO in nanoceria-improved salt
tolerance, we manipulated endogenous NO levels by using NO donors and scavengers. A genetic
analysis was also carried out to investigate the physiological role of NIA2 in nanoceria-triggered
NO production and control of salinity tolerance. We further discovered the beneficial impact of
nanoceria on salt tolerance and grain yield of rice plants at the reproductive stage in greenhouse
experiments. Thus, this work not only elucidates the unique mechanisms underlying the vital
function of NO in the bioactivity of nanomaterials in crops, but also demonstrates a promising

case of nanoceria control of the stress tolerance for field applications.

2. Experimental Methods

2.1. Nanoceria synthesis

Low Ce*"/Ce*" ratio (about 35%) cerium oxide nanoparticles (nanoceria) coated with poly
(acrylic acid) (PNC, about 10 nm) were synthesized and characterized as described in previous
study.!? Briefly, 1.08 g cerium (IIT) nitrate (Sigma Aldrich, 99%) and 4.5 g poly (acrylic acid)
(1,800 MW, Sigma Aldrich) were weighed and dissolved separately in 2.5 mL and 5 mL
molecular biology grade water in two 50 mL conical tubes (Corning, Mediatech, Inc.). These two
solutions were then mixed thoroughly at 2,000 rpm for 15 min using a digital vortex mixer
(Fisher Scientific). The resulted mixture was added dropwise to 15 mL ammonium hydroxide
solution (Sigma Aldrich, 7.2 M) in a 50 mL glass beaker. The solution was stirred at 500 rpm
(RCT basic, IKA) at ambient temperature for 24 h in a fume hood. Then, the resulted mixture

was transferred to a 50 mL conical tube and centrifuged at 3,900 x g (Allegra X30, Beckman) for
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1 h to remove any debris and large agglomerates. The supernatant solution was then transferred
into 10 kDa filters (15 mL volume, MWCO 10K, Millipore Inc.) and centrifuged at 3,900 x g for
15 min to purify the PNC from free polymers and other reagents. The remainder of the filter was
filled with molecular grade water to make a total dilution of 15 mL in each filter tube. This
centrifugation step was repeated at least six times. The purified PNC solution was collected and
filtered against a 20 nm pore size syringe filter (Whatman, Anotop™ 25). The final filtered PNC
solution was collected in a 50 mL conical tube and stored in a 4 °C refrigerator for further use.
2.2. Labeling nanoceria with Dil fluorescent dye

PNC was labeled with 1,1'-dioctadecyl-3,3,3",3'-tetramethylindocarbocyanine perchlorate (Dil)
fluorescent dye (Fisher Scientific) following our previous protocol.!®> The Dil dye does not coat
the nanoparticle surface but instead is encapsulated inside the hydrophobic polymer shell of
nanoceria. Briefly, 0.4 mL of 5 mM (58 mg/L) PNC solution was mixed with 3.6 mL molecular
biology grade water into a 10 mL glass vial and stirred at 1,000 rpm (RCT basic, IKA). Then,
200 uL Dil dye solution (dilute 24 pL of Dil, 2.5 mg/mL into 176 pL of dimethyl sulfoxide) was
added dropwise under continuous stirring (1, 000 rpm) at ambient temperature to allow the
incubation for 1 min. The resulted mixture was purified from free Dil and other reagents with
centrifugation at 3,900 x g (Allegra X30, Beckman) for 5 min using a 10K Amicon cell MWCO
10K, Millipore Inc.). The rest of the filter tube was filled with molecular biology grade water to
make the total dilution of 15 mL. This centrifugation step was repeated at least five times. The
collected Dil-PNC solutions were filtered through a 20 nm pore size syringe filter (Whatman,
Anotop™ 25). The absorbance of final filtered Dil-PNC solution was measured by
spectrophotometry (UV-2600, Shimadzu), and its concentration was calculated using Beer-

Lambert’s law as described above. Dil dye is encapsulated inside the hydrophobic polymer shell
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of nanoceria and does not coat the nanoparticle surface.>? The stability of the fluorescent dye in
Dil-PNC has been reported for about 2 weeks.!? The final Dil-PNC solution was stored in a
refrigerator at 4 °C until further use.

2.3. Plant materials and growth

Rice (Oryza sativa L., Dongjin) and OsNIA2 T-DNA insertion mutant lines (nia2, Dongjin)?!
were provided from Prof. Yali Zhang (State Key Laboratory of Crop Genetics and Germplasm
Enhancement, and Key Laboratory of Plant Nutrition and Fertilization in Low-Middle Reaches
of the Yangtze River, Ministry of Agriculture, Nanjing Agricultural University, China). Seeds
were surface-sterilized and germinated in distilled water for 2 days at 28 °C. Germinated seeds
were sowed in bottom-cut 48-well plates and placed on the top of a black opaque plastic beaker
containing 550 mL half-strength Murashige and Skoog (MS) medium. Plants were grown with
16/8 h (28/25 °C) day/night regime at 150 pumol m2s™! irradiation. For salt-tolerance analysis in
seedlings stage, two-week-old seedlings were transferred to !/, MS medium with or without PNC
(0.00098, 0.0098, 0.098, 0.49, and 4.9 mg/L; 0.01-50 uM) in the presence or absence of 100 mM
NaCl, which is a severe stress condition to rice seedlings3? for 8 days. To investigate the role of
NO in PNC mediated salt tolerance, the sodium nitroprusside (SNP; a NO-releasing compound,
10 uM)*! and 2-phenyl4,4,5,5,-tetramethylimidazoline-1-oxyl-3-oxide (PTIO; a scavenger of
NO, 200 uM)33 were supplied to manipulating endogenous NO level. The medium with or with
above chemicals was replaced every two days. Each treatment contained 48 seedlings per time
and was repeated for three times (48%3 seedlings).

2.4. Plant phenotype and photosynthesis measurements

After various treatments, the corresponding phenotypes, including the shoot length, fresh weight,

and chlorophyll content were measured. Meanwhile, representative images were taken with a
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digital camera (EOS M100, CANON). For salt-tolerance assays in reproductive stage (Fig. 6),
two-week-old hydroponic seedlings were first treated with or without PNC (1 pM; 0.098 mg/L)
for 8 days, and then transplanted to a soil pot (4 L) with 5 Kg soil (EC =0.42 dS/m; Sodium
percentage =0.017%) in the glasshouse. Three rice seedlings were planted in a pot. The soil was
taken from a field experiment site in Nanjing Agricultural University in Nanjing, Jiangsu. After
grown in glasshouse for two months until the panicle development stage, rice plants were further
treated with or without PNC (10 uM; 0. 98 mg/L) and exposed to salinity treatment by irrigating
with NaCl to reach EC =7.2 dS/m; Sodium percentage =0.4% in soil, which is equal to 75 mM
NaCl and is a severe stress condition to rice plants.3* After two months until maturity stage, the
phenotypic characteristics of rice plant, in terms of height, dry weight, yield per plant, and 1000
grain weight, were measured after seeds were harvested. In total, about 1 mg PNC nanoparticles
were added into each pot. Each treatment has three replicates. Photosynthetic gas exchange
parameters were measured by using LI-6400 portable photosynthesis analysis system (Li-Cor,
Lincoln, NE, USA) equipped with an LED light source from 8:00 to 10:00 a.m; leaf temperature
was maintained at 25 °C in the leaf chamber. The airflow rate was set at 500 pmol s'! and PAR
was 1200 umol m s-!. The flag leaves from seedlings were assayed. The maximum efficiency of
photosystem II (Fv/Fm) of flag leaves was measured using the MINI-PAM-II (Heinz Walz,
Effeltrich, Germany) after dark adapted for 10 min.

2.5. Confocal imaging of Dil-PNC in rice plants

Two-week-old hydroponic rice seedlings were transferred to '/, MS medium containing Dil-PNC
(500 nM) or PNC (500 nM, as control) for two days, the samples were collected after washing in
20 mM HEPES buffer (pH 7.8). The imaging of PNC distribution in rice seedlings was

performed using a Zeiss LSM 710 confocal microscope (Carl Zeiss, Oberkochen, Germany,
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excitation at 514 nm, emission at 550-615 nm, 40 x objective). All manipulations were
performed at 25 +1 °C. Images were taken based on 20 overlapping confocal planes of 2 um
each using Z-stacks tool. Each treatment condition has 5 replicates per experiment.
Colocalizations between two fluorophores were calculated by using ImageJ ‘Pearson and
Spearman correlation (PSC) coefficients’.>> Results are presented as Pearson correlation
coefficients, which produce r values in the range (=1 to 1), where 0 indicates no discernable
correlation, while +1 and —1 indicate strong positive and negative correlations, respectively.

2.6. Ion estimation of elemental nutrient and Ce

For the ion estimation, the leaves from rice seedings and flag leaves, straw, root, and rice grains
from mature rice plants were first washed twice with EDTA-Na, solution and rinsed briefly in
de-ionized water. Afterwards, samples were oven-dried at 60 °C, then digested with HNO; using
a Microwave Digestion System (Milestone Ethos T, Italy) for 30 min. The Na and K contents
were determined using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES;
Perkin Elmer Optima 2100DV) from leaves of two-week-old hydroponic seedlings with or
without PNC (1 uM), SNP (10 uM), and PTIO (200 uM), alone or their combinations, in the
presence or absence of 100 mM NaCl for 8 days. The contents of the elemental nutrient of P, Ca,
Mg, Fe, Mn, Cu, B, Ni, and K from flag leaves, straw, and rice grain of mature rice plants after
administration of PNC or NNP (no nanoparticle control) in the presence or absence of NaCl were
also determined using ICP-OES, while Ce content from flag leaves, straw, rice grains, and root
from mature rice plants and soil samples were determined by ICP-mass spectrometry (MS), and
calculated according to the dry weight of samples. Three individuals (3 replicates for each
sample) in total were used for these experiments.

2.7. Measurement of NO content
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NO production was determined by using Griess reagent.’® 0.5 gram of leaves from two-week-old
hydroponic seedlings with or without PNC in the presence or absence of 100 mM NaCl for 24 h
were grinded 50 mM cool acetic acid buffer (pH 3.6, containing 4% zinc diacetate) and
supernatant were collected for determination. The supernatant was incubated with 0.1 g of
charcoal first. After vortex and filtration, the filtrate was leached and collected. Importantly, for
avoiding the interference caused by concentrated nitrate and nitrite contents in plants, identical
samples were preincubated in 200 uM  cPTIO  (2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide potassium salt, the scavenger of NO) for 30 min, and
were used as the blank. After the addition of Griess reagent for 30 min, absorbance was recorded
at 540 nm, and NO content was determined by comparison to a standard curve of NaNO,.

2.8. Confocal imaging of NO fluorescent dye intensity in vivo

Endogenous NO levels were monitored by confocal microscopy using a specific NO fluorescent
probe 4-amino-5-methyl-amino-2’,7’-di-fluorofluorescein diacetate (DAF-FM DA).37 Leaves
from two-week-old hydroponic seedlings with or without PNC in the presence or absence of 100
mM NaCl for 24 h were incubated with 10 uM DAF-FM DA for 20 min before washing in 20
mM HEPES buffer (pH 7.8) three times for Smin each, and then imaged using a Zeiss LSM 710
confocal microscope (Carl Zeiss, Oberkochen, Germany, excitation at 488 nm, emission at 500—
530 nm for NO analysis). All manipulations were performed at 25 + 1 °C. Images were taken
based on 10 overlapping confocal planes of 2 um each through Z-stacks. Each treatment
condition had 5 replicates per experiment. Data are presented as the means of fluorescence
intensity relative to control condition (0 h).

2.9. Determination of nitrate reductase activity

10
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Maximum nitrate reductase activity (NRAmax) and active nitrate reductase (NRAact) were both
measured in leaves of two-week-old hydroponic seedlings with or without PNC in the presence
or absence of 100 mM NaCl for 24 h according to the method described previously.?® Briefly, the
leaf samples or protoplasts were harvested and grinded in the extraction buffer containing 25
mM potassium phosphate buffer (pH 8.8), and 10 mM cysteine. The protein extracted in the
presence of excess Mg?*, is considered to be the NRAact in situ in leaf tissues, while NRAmax is
measure in the presence and preincubation of EDTA for 30 min. The reaction mixture contained
0.4 mL of the extracted aliquots, 1.2 mL of a 0.1 mM potassium phosphate buffer (pH 7.5), 0.1
mM KNO;, and 0.4 mL of 0.25 mM nicotinamide adenine dinucleotide (NADH). NRA was
expressed as pmol NO, g ! FW h™',

2.10. Protoplast preparation and transiently expression of OsNIA2

Full-length cDNA fragment was amplified with the Kpnl and BamHI sites for cloning of OsNIA2
gene, and then cloned between the CaM V35S promoter and Flag tag of the 130022 1-Flag vector.
Protoplast isolation and transfection with 7/300221-OsNIA2-Flag were based on the protocol for
rice protoplasts.?® Rice protoplasts (1 ml, usually 5x10° cells ml™!) from 10-day-old nia2 mutant
seedlings were transfected with 100 pg of fusion constructs /130022 1-OsNIA2-Flag using a PEG-
calcium-mediated method. Then the transfected protoplasts were incubated in the incubation
solution overnight in the dark at 25 °C.

2.11. Phosphorylation level detection of OsNIA2

Protoplasts of nia2 leaves with transiently overexpression of NIA2 were embedded with or
without 1 pM PNC in the presence or absence 50 mM NacCl for 1 h. After that, the protoplasts
were harvested and protein were extracted by 100 mM Tris-HCI buffer (pH 7.0) containing 50

mM MgCl,, 1% SDS, 1 mM DTT, and 0.1% Triton X100 with vortexing on ice. The total

11
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protein was further denatured in sodium dodecyl sulphate sample buffer containing 5% [-
mercaptoethanol (B-ME) at 95 °C for 10 min, and transferred to a polyvinylidene fluoride
membrane (Roche) and hybridized with the phos-tag biotin antibody (APExBIO) according to
the manufactures protocol. Related phosphorylation level was calculated according to its Flag-
labeled protein level.

2.12. Histochemical staining (DAB and NBT)

The detection of H,O, and O, was performed by DAB (3,3’-diaminobenzidine) and NBT (nitro
blue tetrazolium) staining as described previously.?® For DAB staining, rice seedlings leaves
were immersed in DAB solution (1% w/v, pH 3.8), vacuum infiltrated, and then incubated in
darkness overnight. For NBT staining, seedlings leaves were immersed in NBT solution (0.1%
w/v in 50 mM sodium phosphate buffer, pH 7.5) and incubated in darkness overnight. After
staining, seedlings were transferred to distilled water and then incubated at 95 °C for 10 min in a
solution containing acetic acid: glycerol: ethanol (1:1:3, v/v/v). Tissues were then photographed
(model Stemi 2000-C; Carl Zeiss, Germany).

2.13. H,0O, content

The content of H,O, was measured based on the peroxide-mediated oxidation of Fe?*, followed
by the reaction of Fe’* with xylenol orange.*® An aliquot of supernatant (500 uL) was added to
500 uL of assay reagent (500 uM ammonium ferrous sulfate, 50 mmol/L H,SO,4, 200 uM
xylenol orange, and 200 mmol/L sorbitol). Absorbance of the Fe3'-xylenol orange complex
(A560) was detected after 45 min of incubation. The specificity for H,O, was tested by
eliminating H,O, in the reaction mixture with catalase (CAT). Standard curves were obtained by
adding variable amounts of H,O,. Data were normalized using an extinction coefficient of 2.2 x

10° M- cm! and expressed as nmol H,O, per gram of fresh weight (FW).

12
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2.14. Determination of thiobarbituric acidreactive substances (TBARS) content

Lipid peroxidation of rice seedlings was estimated by measuring TBARS contents. 0.2g leaves
samples from two-week-old hydroponic seedlings with or without PNC in the presence or
absence of 100 mM NacCl for 6 days were grinded with 1.5 ml 5% trichloroacetic acid (TCA),
then 1.5 mL 0.5% 2-thiobarbituric acid (TBA) was added in 5% TCA. After the incubation in 95
°C water bath for 30 min, the supernatant was collected by centrifugation at 12,000g for 20 min,
then determined by measuring absorbance at 450, 532, and 600 nm. The level of lipid peroxides,
together with oxidatively modified proteins, was quantified in terms of TBARS amount using an
extinction coefficient of 155 mM ™! cm™! and expressed as nmol g! fresh weight.

2.15. Antioxidant enzyme activity

Rice seedling leaves (0.2 g) were homogenized in 100 mM Tris-HCI buffer (pH 7.0) containing
I mM DTT and 1 mM fS-mercaptoethanol. The homogenates were centrifuged at 12000 g for 15
min at 4 °C and supernatant was collected for estimation of antioxidant enzymes activity. Total
superoxide dismutase (SOD) activity was measured according to its ability to reduce nitroblue
tetrazolium (NBT) by the O, generated by the riboflavin system under illumination.*! One unit
of SOD was defined as the amount of crude enzyme extract required to inhibit the reduction rate
of NBT by 50%. Catalase (CAT) activity was measured by the absorbance decrease at A240 nm
due to the H,O, decomposition.*? Ascorbate peroxidase (APX) activity was determined by
monitoring the rate of H,O,-dependent oxidation of ascorbate in A290 (extinction coefficient 2.8
mM-' cm!).# Supernatant fractions were assayed for maximal extractable activities of
glutathione peroxidase (GPX) on the basis of NADPH consumption (extinction coefficient of
6.22 mM-! cm!) at 340 nm for 3 min.*

2.16. Estimation of starch and seed storage proteins content

13

Page 14 of 53



Page 15 of 53

oNOYTULT D WN =

Environmental Science: Nano

Fully filled grains were used for measuring grain quality traits. lodine stained starch in cut
endosperms of rice grain was performed by using Lugol's_iodine reagent.*> De-hulled rice grains
were ground into flour and stored at -20 °C for related traits determination. Starch contents were
measured by calculating generation of glucose in the insoluble fractions of ethanol-water extracts.
The intensity of color formed by anthrone-glucose was determined spectrophotometrically at 620
nm according to the previous method.*® For amylose content, finely powered rice was extracted
in alkali followed by boiling, and then incubated with acetic acid and iodine reagent for color
reaction. The amount of amylose was calculated according to the standard curve of amylose.*’
Contents of seed storage protein including albumin, globulin, prolamin, and glutelin were
determined. In briefly, 100 mg rice flour was first extracted by distilled water for albumin, and
the pellet was extracted by 1 M NaCl for globulin, and the pellet was extracted by 70% ethanol
for prolamin, and 0.05 M NaOH for glutelin extraction. The protein content of each extraction
was quantified by Coomassie brilliant blue G-250 dye.*®

2.17. qPCR analysis

Total RNA was isolated from the leaves of rice seedlings after different treatments at the
indicated time points using the Trizol reagent (Invitrogen, Gaithersburg, MD, USA) according to
the manufacturer’s instructions. Real-time quantitative reverse-transcription PCR were
performed using a Mastercycler ep® realplex real-time PCR system (Eppendorf, Hamburg,
Germany) in a reaction mixture of 20 pLL of SYBR® Premix Ex Taq™ (TaKaRa Bio, China)
according to the manufacturer’s instructions. Primers for the corresponding genes are listed in
Supplementary Table S1. Relative expression levels of corresponding genes are presented as
values relative to corresponding control samples at the indicated times or under the indicated

conditions, after normalization to OsActinl (0Os03g50890) and OsActin2 (0Os10g36650)

14
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transcript levels. Experiments were repeated in three individuals (each biological replicate was
measured for three times).
2.18. Statistical analysis
All data were analyzed using SPSS 23.0 (SPSS Inc., Chicago, IL, USA). Comparisons were
performed by independent samples #-test (two tailed) or one-way ANOVA based on Duncan’s
multiple range test (two tailed). *, **, and *** represent P < 0.05, P < 0.01 and P < 0.001,

respectively. Different lower-case letters indicate significance at P < 0.05.

3. Results and discussion

3.1. Characterization of anionic nanoceria and its translocation in rice plants

Compared to the metal ion-based nanomaterials (e.g. Ag, Zn, Ti, and Ce), the widely used
carbon-based nanotubes are more easily bioaccumulated in the environment posing safety
concerns.* Among them, nanoceria is a unique antioxidant material able to self-regeneration of
its properties after interaction with oxidants.>® There is a clear distinction between nanoceria and
other nanomaterials which are unable to reversible oxidation-reduction reactions. It means that
even low concentration of nanoceria was able to provide long-time protection for cell against
oxidative stress.’!

In this study, cerium oxide nanoparticles coated with poly (acrylic acid) (PNC) have a core
size of 5.6 £ 0.2 nm (Fig. 1a) and a hydrodynamic diameter of 9.5 + 0.9 nm (Fig. 1b). The
nanoparticles are negatively charged with a zeta potential of -21.6 £ 4.3 mV (Fig. 1c). Fourier
transform infrared spectroscopy (FTIR) analysis confirmed the presence of —-OH and —C=0O
groups on the surface of PNC, thus indicating the presence of -COOH groups on the nanoparticle

surface (Fig. Sla). PNC have low Ce¥*/Ce*" ratios of 31.1 + 0.5% that promote scavenging of

15
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ROS in plants,'? including superoxide anion radicals and hydrogen peroxide (Fig. 1d). To assess
the translocation and distribution of PNC in rice plants, PNC was labeled with a fluorescent dye
1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil-PNC) (Fig. S1b) and
imaged by confocal fluorescence microscopy. The Dil dye is encapsulated inside the
hydrophobic polymer shell of nanoceria. PNC and Dil-PNC have similar hydrodynamic diameter
and zeta potential (Fig. 1b and 1¢). Confocal imaging of rice seedlings indicated that Dil-PNC
hydroponically applied to seedlings is detected in both rice roots and leaf mesophyll cells, after
two days of exposure (Fig. le and 1f). The colocalization rates between the Dil and chlorophyll
autofluorescence channels (r;) indicate 52.5% colocalization of PNC with chloroplasts. PNC
were also present in primary and lateral roots, as well as root junctions (Fig. 1f). Together, these
results indicate that anionic PNC smaller than 10 nm are able to translocate from root to shoots
of rice seedlings, which is in according with the results shown in previous literature.>?

3.2. Nanoceria enhance plant tolerance against salt stress

The optimal concentration of PNC applied to rice seedling roots was determined by salinity
experiment in hydroponics supplemented with 0.00098, 0.0098, 0.098, 0.49, and 4.9 mg/L (0.01-
50 uM) nanoceria (Fig. S2). After the exposure to 100 mM NacCl for 8 days, seedling growth was
inhibited either with PNC or NNP (in particularly) compared to the non-stressed controls. For
example, NaCl caused large reductions in chlorophyll content (-68.7%), shoot length (-39.2%),
and root length (-29.4%) in seedlings in the absence of nanoparticles (P < 0.05). However, plants
co-treated with nanoparticles at concentrations higher than 0.1 uM could differentially improve
their performance under salt stress alone. PNC at 1 uM (0.098 mg/L) was selected further since
this can significantly alleviate the inhibitory impacts of salinity, relative to non-stressed controls

on shoot length (-23.3 + 1.7% vs. -42.5 + 3.2%), fresh weight (-24.8 = 0.7% vs. -52.1 = 1.3%)),
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and chlorophyll content (-35.6 = 1.6% vs. -71.2 £ 4.1%) (P < 0.05; Fig. 2a-d). It should be
mentioned that the above salt concentration medium did not alter the hydrodynamic size of PNC
(Fig. S3).

It is well-known that the maintenance of ion homeostasis is crucial for plant survival upon
salinity stress.> Compared with plants under non-saline conditions, the exposure of rice seedlings
to NaCl caused a significant Na* increase from about 0.047 + 0.006 to 0.892 + 0.008 mmol/g
DW, and a K* decrease from about 1.031 £+ 0.076 to 0.634 + 0.031 mmol/g DW, and thus
dramatically increased Na*/K* ratio from 0.049 + 0.003 to 1.418 £ 0.007 (P < 0.001) (Fig. 2e-g).
In contrast, PNC treatment markedly reduced the overaccumulation of Na® (0.622 +
0.057mmol/g DW) and the loss of K* (0.873 + 0.043 mmol/g DW), thus maintaining a lower
Na*/K* ratio (0.717 + 0.042) than plants under salinity stress alone (P < 0.001). Similarly,
previous studies showed that 10 nm anionic nanoceria increased Arabidopsis salt tolerance by
modulating the activities of non-selective cation channels to enhance mesophyll K* retention
ability.?! Also, 10 nm anionic nanoceria improved shoot Na' exclusion ability to maintain
cytosolic Na*/K* ratio to improve cotton salt tolerance.> It suggests that the ability to maintain
Na*/K* ratio might be a common mechanism underlying nanoceria improve plant salt tolerance.

Nanoceria have been reported to be potent ROS scavengers in barley,'® canola,!? carrot,>*
sorghum,, Arabidopsis!3?!, and cotton33->¢. Here, histochemical analyses for H,O, (DAB
staining) and O,  (NBT staining) in rice leaves indicated that salinity stress induces significant
accumulation of these ROS (Fig. S4a), while the hydroponically applied PNC mitigated the ROS
accumulation in rice leaves compared with non-nanoparticle stressed controls. These results were
confirmed by the reduction in spectrometric determination of H,O, content (35.9%) and lipid

peroxidation (45.4%) in rice leaves (Fig. S4b and c). The PNC also enhanced the activities of
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representative antioxidant enzymes, including superoxide dismutase (SOD; 20.7%), catalase
(CAT; 12.5%), ascorbate peroxidase (APX; 18.5%), and glutathione peroxidase (GPX; 23.9%)),
in rice seedling leaves under salt stress (Fig. S5). Thus, we propose that the reestablishment of
redox homeostasis alleviates salinity stress symptoms in plants when treated with PNC.
3.3. NO mediates nanoceria-improved salinity tolerance
NO is a key signaling molecule involved in the regulation of plant adaption against stress,
including salt tolerance,?® and plant growth and development.3! Thus, basal level of NO is
present in plants under normal conditions. Under stress conditions, increased NO production is a
common response in plants.?*> To investigate the role of NO in PNC-controlled plant salt
tolerance, we monitored endogenous NO levels in leaves of rice seedling by laser scanning
confocal microscopy (LSCM). NaCl stress rapidly triggered the production of NO during 48 h of
treatment, with a fast induction as early as 3 h (up to 30.1%; Fig. 3a), followed by a peak at 24 h
(59.1%). NaCl-induced NO production was magnified in PNC-treated rice seedlings as observed
by confocal fluorescence images (Fig. 3b) and quantified by Greiss reagent assays (Fig. 3c), after
24 h of treatment. For example, the latter results showed that PNC-treated rice seedlings under
salt stress exhibited the highest NO content (39.83 + 3.55 nmol/g FW), compared to NaCl treated
alone (30.51 + 3.25 nmol/g FW) and non-stressed controls (12.14 + 1.47 nmol/g FW) (P < 0.05).
There are many pathways for NO generation in plants. Besides the enzyme complexes
xanthine oxidoreductase (XOR) located in mitochondrion, nitrate reductase (NR) in cytosol,
amidoxime reducing component (ARC), and plasma membrane-bound NR could catalyze the
nitrate reduction to NO or nitrite and NO. NO-associated protein and NOS-like protein catalyze
unknown NO production, and non-enzymatic NO production have also been reported in

plants.?>37 Among all the pathways for NO production, NR has been shown to play a main role.’®
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During this pathway, NR is responsible for the reduction of absorbed NO;™ to nitrite (NO,~) and
further reduction to NO. RT-qPCR results indicated that the relative gene expression of NOA
(1.72-fold change), NIA2 (3.91-fold change), XOR (2.11-fold change), ARC2 (2.65-fold change),
and ARC2-like (1.92-fold change) were up-regulated by NaCl, but this induction was not
observed in NIAI transcripts (P < 0.05) (Fig. 3d and S6). Upon salinity stress, the addition of
PNC promoted the up-regulation of NOAI (1.94-fold change), NIA2 (4.94-fold change), and
ARC2 (2.96-fold change) (P < 0.05). No such significant differences in NI41, XOR, and ARC2-
like were found in both control and NaCl conditions. These results clearly indicate that NIA2
might be mainly responsible for the PNC-induced NO production in response to NaCl stress.
Further results revealed that the increased NO production was associated with higher nitrate
reductase activity. NaCl-induced maximum- and activated-nitrate reductase activities (NRAmax
and NRAact) were intensified by PNC treatments (Fig. 3e and f). Interestingly, NRAact in rice
seedling leaves challenged with PNC alone was increased by 49.1% compared with the non-PNC
control under non saline conditions, whereas no such difference was observed in NRAmax. It
indicated that PNC may regulate nitrate reductase at post-translational level. In fact, post-
translational modification e.g. phosphorylation, plays an important role on the regulation of NR
activity.>® It has been reported that the phosphorylated Ser-motif of NR could be recognized by a
14-3-3 dimer, and in the presence of divalent cations then convert NR into a completely inactive
complex.>® To test this idea, we cloned the OsNIA2 gene and transiently overexpressed OsNIA2
into protoplasts of nia2 mutant rice seedlings,' and this approach was used to evaluate the
effects of PNC on the phosphorylation modification status of NIA2 protein. As expected,
western blotting results showed that NIA2 protein from PNC-embedded protoplast exhibited

lower phosphorylation levels relative to controls with no nanoparticles (NNP) under normal and
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salinity stress condition (Fig. 3g). However, salinity stress has no significant effect on
phosphorylation status of NIA2. These results on the phosphorylation level of NIA2 were
confirmed by the changes in their activity (Fig. 3h), indicating that PNC could trigger the
dephosphorylation of NIA2 and thus promote NO production. Interestingly, the enzyme-
mimicking activities, including phosphatase activity of nanoceria, are well recognized. Previous
studies showed that nanoceria could accelerate the dephosphorylation of simple
organophosphates, energetically rich biomolecules such as adenosine triphosphate (ATP), and
3',5'-cyclic adenosine monophosphate (cAMP).5%-6! Importantly, the subcellular localization of
PNC is mainly in chloroplasts (Fig. 1) and cytosol!3, which is consistent with the location of NR
(cytosol). Together, these results indicated that PNC may directly dephosphorylate NIA2 protein.

The role of endogenous NO generation in PNC-enhanced salinity stress tolerance was assessed
using a NO donor (sodium nitroprusside)®! and scavenger (2-phenyl-4,4,5,5,-
tetramethylimidazoline-1-oxyl-3-oxide; PTIO)*. As expected, the addition of SNP (a positive
control) and PTIO (a negative control) alleviated or aggravated the toxic effects of NaCl stress
(Fig. S7a), in terms of changes in shoot length (Fig. S7c), fresh weight (Fig. S7d), and
chlorophyll content (Fig. S7¢), and all of those were accompanied by increases or decreases in
endogenous NO content (Fig. S7b). These pharmacological results clearly illustrate the key role
of endogenous NO in rice tolerance against salinity stress.?? Further experiments revealed that
PNC-stimulated NO production and -alleviated salinity stress were sensitive to the removal of
endogenous NO with PTIO. Together, these results indicate that NO production is a downstream
mediator governing PNC-improved salt tolerance in rice.

3.4. Nanoceria do not improve the performance of nia2 mutants under salinity stress
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Our results point out that NIA2-dependent pathway may responsible for PNC control of NO
production in response to salinity stress (Fig. 3). In fact, the abundance of NIA2 transcripts is
considerably higher than that of NIA!I in both Arabidopsiseo and rice.?”-?® Consistent with these
findings, it was observed a pronounced increase in N/42 transcripts, compared to that of NI4/, in
stressed rice plants when incubated with PNC (Fig. 3d). To further elucidated the function of
NIA2 on PNC-improved rice salt tolerance, the nia2 rice mutants with a severe reduction in NO
production®' was used. The results showed that nia2 plant exhibited severe growth inhibition
under salinity stress (Fig. 4a), as indicated by the reductions (P < 0.05) in shoot length (51.4%;
Fig. 4b) and chlorophyll content (76.7%; Fig. 4c). Interestingly, interfacing nia2 mutants with
PNC did not improve growth performance of rice seedlings under salinity. In contrast, the
application of NO donor significantly rescued the reduction (P < 0.05) in shoot length (52.7%)
and chlorophyll content (66.9%) in nia2 rice caused by salinity. Similarly, significantly lower
Na*/K* ratios were observed in salt stressed nia2 rice seedlings treated with NO donor in the
presence (1.31 £ 0. 10) or absence (1.23 = 0.11) of PNC, but not in PNC alone (1.85 £ 0.13; P <
0.05) (Fig. 4d). As expected, NO content was increased in nia2 rice seedlings exposed to salt
stress or SNP, regardless of the addition of PNC (Fig. 4e and S8). We also observed that the
addition of PNC did not influence endogenous NO production in stressed nia2 plants (24.20 +
2.24 vs. 22.50 = 1.86 nmol/g FW). These results highlight the key role of NIA2 in PNC-
mediated salt stress tolerance.

Consistently, the evaluation of TBARS (83.7 = 5.7 vs. 89.8 £ 7.2) and H,0, content (21.8 £
3.9 vs. 22.4 + 3.2) showed that PNC could not mitigate ROS accumulation under salt stress in
nia2 mutant (Fig. S9). These genetic findings point out that NIA2-dependent NO production is

required for PNC improved ROS homeostasis and rice salt tolerance and also indicate that
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nanoceria improvement in NO production is coordinated with the re-establishment of ROS
homeostasis, thus enhancing salt tolerance in rice.
3.5. NIA2 is required for nanoceria-mediated gene expression encoding antioxidant
enzymes, NADPH oxidase, and ion transporters and channels
The molecular mechanisms underlying PNC impact on transcription levels of genes encoding
antioxidant enzymes, Rboh family (NADPH oxidases), and ion transporters and channels, were
investigated under the short-term (1 day) and long-term (7 days) salt stress exposure. After 1-day
treatment, the expression of genes encoding antioxidant enzymes, including SODA (superoxide
dismutase A), SODC (superoxide dismutase C), CATA (catalase A), cAPX2 (cytosolic ascorbate
peroxidase 2), and GPXI (glutathione peroxidase 1) were up-regulated by PNC in NaCl-stressed
wild-type and nia2 mutant, relative to NaCl alone (Fig. 5). Similarly, the transcripts of gene
encoding NADPH oxidases, including 9 members of Rboh family (RbohA to Rbohl) were down-
regulated by PNC in NaCl-stressed wild-type, and nia2 mutant (except RbohB and RbohG),
relative to NaCl alone. However, above induction or inhibition of related genes by PNC was only
observed in the wild-type plants, but not in nia2 mutant, after 7 days of salt treatment.
Reestablishing ion homeostasis is one of the main strategies that plants employ to survive and
grow under salinity stress.®?> Salt tolerant rice varieties have been reported to have lower
cytosolic Na*/K™ ratio than the sensitive ones.®> To maintain the homeostasis of Na*/K* ratio,
plants reduce the accumulation of cytosolic Na* through activating Na* extrusion or vacuolar
Na* sequestration, and prevented leakage of cytosolic K* mainly through KOR (outward-
rectifying K* channel) and NSCC (non-selective cation channel).®* KOR and NSCCs are known
to be activated by ROS,* which can be effectively scavenged by nanoceria. In NaCl-stressed

wild-type plants, the transcriptional levels of genes encoding plasma membrane ion transporters
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for Na™ and K*, including Na*/H" antiporter (SOSI, salt overly sensitive 1), sodium hydrogen
exchanger (VHX1), and high-affinity potassium transporters (HKT1;1, HAKS5, and HAK21), were
enhanced by PNC, in both short- and long-term treatments (Fig. 5); whereas, the expression of
KORI (outward-rectifying K* channels 1) showed the opposite tendency. Tonoplast and plasma
membrane H™- ATPase are crucial for building the H* electrochemical gradient across the
tonoplast that provides the driving force for potassium retention and uptake through voltage-
gated channels and the exchange of Na*/H* via NHX.% This is an important physiological
mechanism for maintaining low Na® and high K' in the cytoplasm under salinity stress.®?
Similarly, the transcriptional levels of VHA-A (tonoplast H-ATPase A subunit) and SA2 (plasma
membrane H*-ATPase 2) genes were significantly upregulated, whereas the relative expression
of VPI (tonoplast H*- pyrophosphatase 1) and VP3 (tonoplast H*- pyrophosphatase 3) genes
was downregulated by PNC treatment, relative to NNP controls after both short and long term of
NaCl treatments. The majority of these gene expression responses were differentially impaired or
abolished in nia2 mutant plants. Combined with the phenotypic analysis, our genetic and
molecular evidence suggest that the molecular mechanism underlying PNC control of plant
tolerance against salinity stress is mainly mediated by NR-catalyzed NO synthesis, via the
reestablishment of redox homeostasis (especially in the late stage of stress conditions) and ion
homeostasis. Our results also hint a useful route to design novel nanoparticles, particularly for
regulating Na*/K* homeostasis, in crops sensitive to salt stress.

3.6. Nanoceria enhance grain yield of rice plants under salinity stress without affecting
grain quality and resulting in cerium accumulation

Salinity stress not only severely inhibits plant growth, but also reduces crop yield at reproductive

stages. Therefore, the sustained growth and yield under salt stress are main criterions for
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engineering salt-tolerant crop plants.®% Previous results revealed that salinity tolerance is
enhanced in Arabidopsis and canola by interfacing nanoceria with leaves or roots.!>?! Here, our
greenhouse experiments further demonstrated that the phenotypic performance of rice plants
cultured in saline condition is significantly improved by supplement of PNC (10 uM; 0.98 mg/L)
(Fig. 6a), as determined by changes in chlorophyll content, photosynthetic rate, plant height,
maximum efficiency of photosystem II, and dry weight (Fig. 6b-f). The grain length, but not
width and thickness in saline-free control conditions, was increased by PNC, while grain length
and thickness, but not width were increased by PNC under salinity stress (Fig. 7a-e).
Remarkably, higher yield per plant (7.3%) and 1000 grain weight (6.8%) were found in PNC-
treated rice plants than NNP controls (Fig. 6g and 7f). In PNC-treated rice plants, the changes in
yield per plant were more pronounced in salt stress conditions, showing a 47.1% increase,
compared to NNP controls. To assess the potential environmental safety issues caused by the
bioaccumulation of nanoceria, we detected the content of cerium (main component of nanoceria)
by using ICP-mass spectrometry in harvested rice grains. Interestingly, the results showed that
cerium content in harvested rice grain, flag leaves, root tissues, and cultured soil of PNC treated
plants was very similar to rice plants grown without PNC under both normal and salinity stress
conditions, in contrast with the accumulation of cerium in straw (Fig. 7g and S10). These
indicate that applying PNC (0.98 mg/L) to soil does not result in detectable exposure of
nanoparticles to rice grain, would not impact food for human consumption. Besides, the
elemental nutrient contents of P, Ca, Mg, Fe, Mn, Cu, B, Ni, and K, were also evaluated. The
results showed that contents of P, Ca, and Mg are higher in flag leaves of PNC-treated rice plants
than those of controls under normal condition. Salinity stress can cause nutrient element loss in

flag leaves, including P, Cu, and K. The PNC treatment significantly reduced this loss
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(Supplementary dataset). Importantly, cerium is found in soils in hydrous phosphates and oxide
form.%¢ In our experimental condition, the cerium content in soil is about 320 mg/Kg soil, which
is far beyond the cerium content from PNC addition (1 mg/5 Kg soil). Hence, we can conclude
that the beneficial role of PNC is not from addition of cerium element. However, studies showed
that much higher concentration of MWCNT (10-80 mg/L), SiO, (1.5-7.5 g/L), or TiO, (50-750
mg/kg) were used for improving plant growth or yield.%”-70 In some cases, these nanoparticles
could accumulate in grain. For example, hydroponic supplemented MWCNT (50 mg/L) were
found that moved into the grain of all tested species after long term exposure.”! At the high CO,
concentration, application of nTiO, at 200 mg/kg increased accumulation of titanium in rice
grain by 8.6%.° Nanoceria has a low dissolution rate and tend to accumulate in the soil if not
leached out.”> More importantly, recent research reported that nanoceria exhibited negligible
mobility in the soil-water interface or immobile in the soil solid phase, as well as non-toxicity to
nanomaterials sensitive ammonium oxidizing bacteria.”> Hence, the environmental risk of the
nanoceria appears to be lower than other pollutants.

Nanoceria are stable nanoparticles in biological systems or environmental systems and remain
unaltered after uptake by plant roots.”7¢ In our study, we noticed that the stability of PNC is not
significantly affected by the presence of NaCl (100 mM), indicated by no significant differences
of hydrodynamic size between PNC and PNC+NacCl treatments (Fig. S3). However, becasue root
rhizosphere is a complex system, more efforts should be conducted to investigate the behavior of
PNC and NacCl in the rhizosphere of salt stressed plants. Meanwhile, PNC was applied at far less
concentration (1 mg/5 Kg soil) than that found in soil (about 320 mg/Kg soil). However, its

impact on soil microbiome and fate in the environment should be further elucidated.
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Moreover, our results showed that PNC led to a slight decrease in starch content, but with no
changes in amylose content compared with NNP controls in the both normal and salinity stress
conditions (Fig. S11a-d). Meanwhile, no obvious changes in seed proteins, including albumin,
globulin, prolamin and glutelin, were found in rice grains from plants in the presence or absence
of PNC, regardless of the addition of NaCl (Fig. S11le-h). Thus, the application of nanoceria
offer a promising tool to improve cereal grain yield, especially in saline soil, also avoiding
nanoparticle exposure to grains for human consumption.

Agriculture has a notoriously thin profit margin, thus the cost of the proposed
nanobiotechnology approach was assessed. According to our results, the cost of the synthesis of
PNC in laboratory condition is about $390 per hectare. This cost can be largely reduced after
scaling up production at industry levels. Moreover, instead of soil application, foliar spray!3 or
seed priming>® with nanoparticles could be other more efficient delivery approaches. The current
cost of PNC for cotton seed nanopriming is less than $30 per hectare and that for a foliar spray is
~$100 per hectare.””

Overall, PNC represent a promising nano-enabled agrochemical for improving rice yield in
lands affected by salinity. Rice is the most important staple food in the world, especially in Asia,
and its grain yield is highly sensitive to environmental stresses.®® Thus, this nanobiotechnology
approach provides a useful pathway for enhancing food production, a major challenge of

sustainable agriculture in the 215 century.

4. Conclusion

In summary, we elucidate a key mechanism of PNC improvement of rice salt tolerance. PNC

induce the transcription of nia2 and dephosphorylation of its protein, thus resulting in NIA2-
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dependent nitric oxide (NO) production (Fig. 8). The PNC-promoted NO production could affect
the relative expression levels of antioxidant enzymes, NADPH oxidases, H" pump, Na*- and K*-
related channels and transporters, thus maintaining the ROS and Na*/K™ homeostasis. Finally,
the reestablishment of ion homeostasis and thereafter salinity tolerance in rice plants were
observed. Furthermore, we found that nanoceria applied in 10 uM (0.98 mg/L; reproductive
stage seedlings cultivated in soil), significantly improved the phenotypic performance and grain
yield of rice plants at reproductive stage under normal and salinity stress condition. Most
importantly, the increase in crop yield is achieved without cerium accumulation and changes in
amylose and proteins content in the rice grain under both normal and salinity stress condition.
Collectively, above results clearly indicated that nanoceria could use as a promising tool to
improve cereal grain yield, especially in saline soil, also avoiding nanoparticle exposure to

products for human consumption.

Conflict of Interest

The authors declare no conflict of interest.

Acknowledgements

H.Z. and H.W. contributed equally to this work. This work was supported by the Funding from
Center of Hydrogen Science, Shanghai Jiao Tong University, China to W.S., the USDA National
Institute for Food and Agriculture under Grant No. 2019-67013-29104 to J.P.G, and the NSFC

fund (No. 31901464, 32071971) and project 2662020ZKPY001 supported by the Fundamental

Research Funds for the Central Universities to H.W.

References

27

Page 28 of 53



Page 29 of 53 Environmental Science: Nano

1 H. Leridon, World population outlook: Explosion or implosion, Population Societies, 2020,

573, 1-4.

oNOYTULT D WN =

2 M. C. Hunter, R. G. Smith, M. E. Schipanski, L. W. Atwood and D. A. Mortensen,

10 Agriculture in 2050: recalibrating targets for sustainable intensification, Biosci., 2017, 67,
386-391.

15 3 M. Sanower Hossain, Present scenario of global salt affected soils, its management and

17 importance of salinity research, Int. J. Biol. Sci., 2019, 1, 1

F. Asch and M. C. S. Wopereis, Responses of field-grown irrigated rice cultivars to varying

22 levels of floodwater salinity in a semi-arid environment, F. Crop. Res., 2001, 70, 127-137.

24 5 J. K. Zhu, Abiotic stress signaling and responses in plants, Cell, 2016, 167, 313-324.

26 6 M.J. L. Morton, M. Awlia, N. Al-Tamimi, S. Saade, Y. Pailles, S. Negrao and M. Tester, Salt

29 stress under the scalpel-dissecting the genetics of salt tolerance, Plant J., 2019, 97, 148-163.

31 7 H. Evelin, R. Kapoor and B. Giri, Arbuscular mycorrhizal fungi in alleviation of salt stress: a

33 review, Ann. Bot., 2009, 104, 1263-1280.

8 M. Hanin, C. Ebel, M. Ngom and L. Laplaze, New insights on plant salt tolerance mechanisms

38 and their potential use for breeding, Front. Plant Sci., 2016, 7, 1787.

40 9 H. M. Nguyen, K. Sako, A. Matsui and Y. Suzuki, Ethanol enhances high-salinity stress

tolerance by detoxifying reactive oxygen species in Arabidopsis thaliana and rice, Front.

45 Plant Sci., 2017, 8, 1001.

47 10 L. Fu, Z. Wang, O. P. Dhankher and B. Xing, Nanotechnology as a new sustainable approach

for controlling crop diseases and increasing agricultural production, J. Exp. Bot., 2020, 71,

> 507-519.

59 28



oNOYTULT D WN =

11

12

13

14

15

16

17

18

Environmental Science: Nano

J. P. Giraldo, H. Wu, G. M. Newkirk and S. Kruss, Nanobiotechnology approaches for
engineering smart plant sensors, Nat. Nanotechnol., 2019, 14, 541-553.

L. Rossi, W. Zhang, L. Lombardini and X. Ma, The impact of cerium oxide nanoparticles on
the salt stress responses of Brassica napus L., Environ. Pollut., 2016, 219, 28-36.

H. Wu, N. Tito and J. P. Giraldo, Anionic cerium oxide nanoparticles protect plant
photosynthesis from abiotic stress by scavenging reactive oxygen species, ACS Nano, 2017,
11, 11283-11297.

I. O. Adisa, V. Pullagurala, J. R. Peralta-Videa, C. O. Dimkpa, W. H. Elmer, J. L. Gardea-
Torresdey and J. C. White, Recent advances in nano-enabled fertilizers and pesticides: a
critical review of mechanisms of action. Environ. Sci.: Nano, 2019, 6, 2002.

J. R. Conway, A. L. Beaulieu, N. L. Beaulieu, S. J. Mazer and A. A. Keller, Environmental
stresses increase photosynthetic disruption by metal oxide nanomaterials in a soil-grown
plant. ACS Nano, 2015, 9, 11737-11749.

S. Babu, J. Cho, J. M. Dowding, E. Heckert, C. Komanski, S. Das, J. Colon, C. H. Baker, M.
Bass and T. Self, Multicolored redox active upconverter cerium oxide nanoparticle for bio-
imaging and therapeutics, Chem. Commun., 2010, 46, 6915-6917.

J. P. Giraldo, M. P. Landry, S. M. Faltermeier, T. P. Mcnicholas, N. M. Iverson, A. A.
Boghossian, N. F. Reuel, A. J. Hilmer, F. Sen, J. A. Brew and M. S. Strano, Plant
nanobionics approach to augment photosynthesis and biochemical sensing, Nat. Mater.,
2014, 13, 400-408.

C. M. Rico, A. C. Barrios, W. Tan, R. Rubenecia, S. C. Lee, A. Varela-ramirez, J. R. Peralta-

videa and J. L. Gardea-torresdey, Physiological and biochemical response of soil-grown

29

Page 30 of 53



Page 31 of 53

oNOYTULT D WN =

19

20

21

22

23

24

25

26

Environmental Science: Nano

barley (Hordeum vulgare L.) to cerium oxide nanoparticles, Environ. Sci. Pollut. Res., 2015,
22, 10551-10558.
L. Tan and Y. Chi-lung, Abundance of chemical elements in the earth's crust and its major
tectonic units, /nt. Geol. Rev., 1970, 12, 778-786.
K. R. Long, B. S. Van Gosen, N. K. Foley and D. Cordier, The principal rare earth elements
deposits of the United States—A summary of domestic deposits and a global perspective,
U.S. Geol. Surv. Sci. Investig. Rep., 2010, 1, 2010-5220.

H. Wu, L. Shabala, S. Shabala and J. P. Giraldo, Hydroxyl radical scavenging by cerium
oxide nanoparticles improves Arabidopsis salinity tolerance by enhancing leaf mesophyll
potassium retention, Enviromenal Sci. Nano, 2018, 5, 1567-1583.
C. Ma, S. Chhikara, B. Xing, C. Musante, J. C. White and O. P. Dhankher, Physiological and
molecular rsponse of Arabidopsis thaliana (L.) to nanoparticle cerium and indium oxide
exposure, ACS Sustain. Chem. Eng., 2013, 1, 768-778.

N. N. Fancy, A. Bahlmann and G. J. Loake, Nitric oxide function in plant abiotic stress,
Plant Cell Environ., 2017, 40, 462-472.

I. A. N. D. Wilson, S. J. Neill and J. T. Hancock, Nitric oxide synthesis and signalling in
plants, Plant Cell Environ., 2008, 31, 622-631.

J. Bright, R. Desikan, J. T. Hancock, I. S. Weir, S. J. Neill, C. Lane, M. Sciences and C.
Lane, ABA-induced NO generation and stomatal closure in Arabidopsis are dependent on
H,0, synthesis, Plant J., 2006, 45, 113-122.

M. Zhao, L. Chen, L. Zhang and W. Zhang, Nitric reductase-dependent nitric oxide
production is involved in cold acclimation and freezing tolerance in Arabidopsis, Plant

Physiol., 2009, 151, 755-767.

30



oNOYTULT D WN =

27

28

29

30

31

32

33

34

Environmental Science: Nano

X. Fan, L. Jia, Y. Li, S. J. Smith, A. J. Miller and Q. Shen, Comparing nitrate storage and
remobilization in two rice cultivars that differ in their nitrogen use efficiency, J. Exp. Bot.,
2007, 58, 1729-1740.

Y. Cao, X. Fan, S. Sun, G. Xu, H. Jiang and Q. Shen, Effect of nitrate on activities and
transcript levels of nitrate reductase and glutamine synthetase in rice, Pedosphere, 2008, 18,
664-673.

P.A. Seck and A. Diagne, Crops that feed the world 7: Rice. Food Sec., 2012, 4, 7-24.

A. Asati, S. Santra, C. Kaittanis and J. M. Perez, Surface-charge dependent cell localization
and cytotoxicity of cerium oxide nanoparticles, ACS Nano, 2010, 4, 5321-5331.

H. Sun, Y. Bi, J. Tao, S. Huang, M. Hou, R. Xue, Z. Liang, P. Gu, K. Yoneyama, X. Xie, Q.
Shen, G. Xu, and Y. Zhang, Strigolactones are required for nitric oxide to induce root
elongation in response to nitrogen and phosphate deficiencies in rice, Plant Cell Environ.,
2016, 39, 1473-1484.

Z. H. Ren, J. P. Gao, L. G. Li, X. L. Cai, W. Huang, D. Y. Chao, M. Z. Zhu, Z. Y. Wang, S.
Luan and H. X. Lin, A rice quantitative trait locus for salt tolerance encodes a sodium
transporter, Nat. Genet., 2005, 37, 1141-1146.

H. Y. Liu, X. Yu, D. Y. Cui, M. H. Sun, W. N. Sun, Z. C. Tang, S. S. Kwak and W. A. Su,
The role of water channel proteins and nitric oxide signaling in rice seed germination. Cell
Res., 2007, 17, 638-649.

R. Munns and M. Tester, Mechanisms of salinity tolerance, Annu. Rev. Plant Biol., 2008, 59,

651-681.

31

Page 32 of 53



Page 33 of 53

oNOYTULT D WN =

35

36

37

38

39

40

41

42

43

Environmental Science: Nano

A. P. French, S. Mills, R. Swarup, M. J. Bennett and T. P. Pridmore, Colocalization of
fluorescent markers in confocal microscope images of plant cells, Nat. Protoc., 2008, 3, 619-
628.

B. Zhou, Z. Guo, J. Xing and B. Huang, Nitric oxide is involved in abscisic acid-induced
antioxidant activities in Stylosanthes guianensis, J. Exp. Bot., 2005, 56, 3223-3228.

K. V. Ree, B. Gehl, E. W. Chehab, Y. Tsai and J. Braam, Nitric oxide accumulation in
Arabidopsis is independent of NOAT in the presence of sucrose, Plant J., 2011, 68, 225-233.
Y. Zhang, J. Su, S. Duan, Y. Ao, J. Dai, J. Liu, P. Wang, Y. Li, B. Liu, D. Feng, J. Wang and
H. Wang, A highly efficient rice green tissue protoplast system for transient gene expression
and studying light/chloroplast-related processes, Plant Methods., 2011, 7, 1-14.

W. Lv, B. Lin, M. Zhang and X. Hua, Proline accumulation is inhibitory to Arabidopsis
seedlings during heat stress, Plant Physiol., 2011, 156, 1921-1933.
D. Bellincampi, N. Dipierro, G. Salvi, F. Cervone, G. Lorenzo, B. Vegetale, L. Sapienza and
P. Aldo, Extracellular H,O, induced by oligogalacturonides is not involved in the inhibition
of the auxin-regulated rolB gene expression in tobacco leaf explants, Plant Physiol., 2000,
122, 1379-1386.

Y. Xie, T. Ling, Y. I. Han, K. Liu, Q. Zheng, L. Huang and X. Yuan, Carbon monoxide
enhances salt tolerance by nitric oxide-mediated maintenance of ion homeostasis and
up-regulation of antioxidant defence in wheat seedling roots, Plant Cell Environ., 2008, 31,
1864-1881.

H. Aebi, Methods Enzymol., Catalase in vitro, 1984, 105, 121-126.
Y. Nakano and K. Asada, Hydrogen peroxide is scavenged by ascorbate-specific peroxidase

in spinach chloroplasts, Plant Cell Physiol., 1981, 22, 867-880.

32



oNOYTULT D WN =

44

45

46

47

48

49

50

51

52

Environmental Science: Nano

D. Pflieger, J. Vinh and M. B. Toledano, A thiol peroxidase is an H,O, receptor and redox-
transducer in gene activation, Cell, 2002, 111, 471-480.
S. K. Lee, S. K. Hwang, M. Han, J. S. Eom, H. G. Kang, Y. Han, S. B. Choi, M. H. Cho, S.
H. Bhoo, G. An, T. R. Hahn, T. W. Okita and J. S. Jeon, Identification of the ADP-glucose
pyrophosphorylase isoforms essential for starch synthesis in the leaf and seed endosperm of
rice (Oryza sativa L.), Plant Mol Biol. 2007, 65, 531-546.
K. M. Clegg, The application of the anthrone reagent to the estimation of starch in cereals, J.
Sci. Food Agric. 1956, 7, 40-44.
H. Zhang, H. Xu, M. Feng and Y. Zhu, Plant Biotechnol J. 2018, 16, 18.
M. M. Bradford, A rapid and sensitive method for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding, Anal Biochem. 1976, 72, 248-254.
A. D. Dwivedi, S. P. Dubey, M. Sillanpad, Y-N. Kwon, C. Lee and R. S. Varma, Fate of
engineered nanoparticles: Implications in the environment. Coordin. Chem. Rev., 2015, 287,
64-78.

T. Montini, M. Melchionna, M. Monai and P. Fornasiero, Fundamentals and catalytic
applications of CeO2-based materials. Chem. Rev., 2016, 116, 5987-6041.

S.M. Hirst, A.S. Karakoti, R.D. Tyler, N. Sriranganathan, S. Seal and C.M. Reilly,
Anti-inflammatory properties of cerium oxide nanoparticles. Small, 2009, S, 2848-2856.
E. Spielman-Sun, A. Avellan, G. D. Bland, R. V. Tappero, A. S. Acerbo, J. M. Unrine, J. P.
Giraldo and G. V. Lowry, Nanoparticle surface charge influences translocation and leaf
distribution in vascular plants with contrasting anatomy, Environ. Sci. Nano, 2019, 6, 2508-

2519.

33

Page 34 of 53



Page 35 of 53

oNOYTULT D WN =

53

54

55

56

57

58

59

60

Environmental Science: Nano

J. Liu, G. Li, L. Chen, J. Gu, H. Wu and Z. Li, Cerium oxide nanoparticles improve cotton
salt tolerance by enabling better ability to maintain cytosolic K*/Na* ratio. J Nanobiotech.,
2021, 19, 153.

S. D. Ebbs, S. Bradfield, P. Kumar, J. White, C. Musante and X. Ma, Accumulation of zinc,
copper, or cerium in carrot (Daucus carota) exposed to metal oxide nanoparticles and metal
ions, Environ. Sci. Nano, 2016, 3, 114-126.

M. Djanaguiraman, R. Nair, J. P. Giraldo and P. V. V. Prasad, Cerium oxide nanoparticles
decrease drought-induced oxidative damage in sorghum leading to higher photosynthesis and
grain yield, ACS Omega, 2018, 3, 14406-14416.

J. An, P. Hu, F. Li, H. Wu, Y. Shen, J. C. White, X. Tian, Z. Li and J. P. Giraldo, Emerging
investigator series: molecular mechanisms of plant salinity stress tolerance improvement by
seed priming with cerium oxide nanoparticles, Environ. Sci.: Nano, 2020, 7, 2214.

K. J. Gupta, A. R. Fernie, W. M. Kaiser and J. T. van Dongen, On the Origins of Nitric
Oxide, Trends Plant Sci., 2011, 16, 1360-1385.

A. Chamizo-Ampudia, E. Sanz-Luque, A. Llamas, A. Galvan and E. Fernandez, Nitrate
reductase regulates plant nitric oxide homeostasis, Trends Plant Sci., 2017, 22, 163-174.

W. M. Kaiser and S. C. Huber, Post-translational regulation of nitrate reductase: mechanism,
physiological relevance and environmental triggers, J Exp Bot., 2001, 52, 1981-1989.

M. H. Kuchma, C. B. Komanski, J. Colon, A. Teblum, A. E. Masunov, B. Alvarado, S. Babu,
S. Seal, J. Summy and C. H. Baker, Phosphate ester hydrolysis of biologically relevant

molecules by cerium oxide nanoparticles, Nanomedicine, 2010, 6, 738-744.

34



oNOYTULT D WN =

61

62

63

64

65

66

67

68

69

Environmental Science: Nano

P. Janos, J. Henych, O. Pelant, V. Pilatova, L. Vrtoch, M. Kormunda, K. Mazanec and V.
Stengl. Cerium oxide for the destruction of chemical warfare agents: A comparison of
synthetic routes, J. Hazard. Mater., 2016, 304, 259-268.

U. Deinlein, A. B. Stephan, T. Horie, W. Luo, G. Xu and J. I. Schroeder, Plant salt-tolerance
mechanisms, Trends Plant Sci., 2014, 19, 371-379.

L. Zeng and M. C. Shannon, Salinity effects on seedling growth and yield components of
rice, Crop Sci., 2014, 40, 996-1003.

V. Demidchik and F. J. M. Maathuis, Physiological roles of nonselective cation channels in
plants: from salt stress to signalling and development, New Phytol., 2007, 175, 387-404.

M. P. Apse, G. S. Aharon, W. A. Snedden and E. Blumwald, Salt tolerance conferred by
overexpression of a vacuolar Na*/H" antiport in Arabidopsis, Science, 1999, 285, 1256-1258.
G. Tyler, Rare earth elements in soil and plant systems - A review, Plant Soil, 2004, 267,
191-206.

M. H. Siddiqui, M. H. Al-Whaibi, M. Faisal and A. A. Al Sahli, Nano-silicon dioxide
mitigates the adverse effects of salt stress on Cucurbita pepo L, Environ Toxicol Chem.,
2014, 33, 2429-2437.

W. Du, W. Tan, J. R. Peralta-Videa, J. L. Gardea-Torresdey, R. Ji, Y. Yin and H. Guo,
Interaction of metal oxide nanoparticles with higher terrestrial plants: physiological and
biochemical aspects, Plant Physiol. Biochem., 2017, 110, 210-225.

Z. Zahra, N. Waseem, R. Zahra, H. Lee, M. A. Badshah, A. Mehmood, H. K. Choi and M. J.
Arshad, Growth and metabolic responses of rice (Oryza sativa L.) cultivated in phosphorus-

deficient soil amended with TiO, nanoparticles, Agric. Food Chem., 2017, 65, 5598-5606.

35

Page 36 of 53



Page 37 of 53

oNOYTULT D WN =

70

71

72

73

74

75

76

77

Environmental Science: Nano

G. Zhao, Y. Zhao, W. Lou, J. Su, S. Wei, X. Yang, R. Wang, R. Guan, H. Pu and W. Shen.
Nitrate reductase-dependent nitric oxide is crucial for multi-walled carbon nanotube-induced
plant tolerance against salinity, Nanoscale, 2019, 11, 10511-10523.

M. H. Lahiani, Z. A. Nima, H. Villagarcia, A. S. Biris and M. V. Khodakovskaya,
Assessment of effects of the long-term exposure of agricultural crops to carbon nanotubes, J.
Agric. Food Chem., 2018, 66, 6654-6662.

G. Cornelis, B. Ryan, M. J. McLaughlin, J. K. Kirby, D. Beak and D. Chittleborough,
Solubility and batch retention of CeO, nanoparticles in soils, Environ. Sci. Technol.,2011, 45,
2777-2782.

M. Hoppe, K. Schlich, J. Wielinski, J. K&ser, D. Riickamp, R. Kaegi and K. Hund-Rinke,
Long-term outdoor lysimeter study with cerium dioxide nanomaterial, Nanolmpact, 2019, 14,
100170.

M. L. Lopez-Moreno, G. de la Rosa, J. A. J. A. Hernandez-Viezcas, H. Castillo-Michel, C. E.
Botez, J. R. Peralta-Videa and J. L. Gardea-Torresdey, Evidence of the differential
biotransformation and genotoxicity of ZnO and CeO, nanoparticles on soybean (Glycine
max) plants. Environ. Sci. Technol., 2010, 44, 7315-7320.

Z. Zhang, X. He, H. Zhang, Y. Ma, P. Zhang, Y. Ding and Y. Zhao, Uptake and distribution
of ceria nanoparticles in cucumber plants. Metallomics, 2011, 3, 816-822.

D. Cui, P. Zhang, Y. Ma, X. He, Y. Li, J. Zhang, Y. Zhao and Z. Zhang, Effect of cerium
oxide nanoparticles on asparagus lettuce cultured in an agar medium. Environ. Sci. Nano,
2014, 1, 459-465.

H. Wu and Z. Li, Recent advances in nano-enabled agriculture for improving plant

performance, Crop J., 2021, https://doi.org/10.1016/j.¢j.2021.06.002.

36



oNOYTULT D WN =

Environmental Science: Nano

Figure legends

Fig. 1 Characterization of nanoceria and their distribution in leaf and root cells. (a) TEM image
of poly (acrylic acid) coated nanoceria (PNC). (b) Hydrodynamic diameter and (c) zeta potential
of PNC and Dil labeled (Dil-PNC). (d) XPS spectra of PNC indicating low Ce3*/Ce4™ ratios. (e-f)
Localization of nanoceria in leaf and root tissues of 14-day-old rice seedlings treated with 1 uM
Dil-PNC for 2 days. Representative confocal microscopy images indicating the localization of
nanoceria in leaf mesophyll cells (e) and roots (f). The rs plots represent the colocalization
coefficient between Dil fluorescent dye and chlorophyll autofluorescence. Scale bar = 50 pum.
Data are means £+ SE (n = 3). Significant differences at P < 0.05 (two tailed independent samples

t-test) were analyzed. NS: no significant difference.

Fig. 2 Improved plant salinity stress tolerance enabled by nanoceria. (a) Plant performance is
improved by PNC in two-week-old hydroponic rice seedlings exposed to salinity stress (100 mM
NaCl, 8 days). Scale bar = 4 cm. (b-d) Rice plants interfaced with PNC have a significantly
higher shoot length (b), fresh weight (c), and chlorophyll content (d) than those without
nanoparticles (NNP) under salinity stress. (e-g) PNC lower Na* (e) and increase K* (f), thus
leading to lower Na*/K* ratios (g) in leaves of rice plants under salinity stress. Data are means =+
SD of three independent experiments. Different lower case letters indicate significant differences

at P <0.05 (one way ANOVA, Duncan’s multiple range tests).

Fig. 3 Nanoceria enhance NO production by transcriptional and post-translational modification

of nitrate reductase. Two-week-old hydroponic rice seedlings were treated with or without PNC
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(1 uM) in the presence or absence of NaCl (100 mM). (a) Within treatments for 48 h, changes in
fluorescence intensity of NO-specific fluorescent probe (DAF-FM) probe were observed in
seedlings. (b) Representative confocal microscopy images of leaf mesophyll cells stained with
DAF-FM (at 24 h). Scale bar = 10 um. (c) Endogenous NO content in leaves (24 h after
treatment) was determined by Griess reagent assay. (d) The relative transcript levels of NO
production-related genes including Nitric Oxide Associated 1 (NOAI), Nitrate Reductase 1
(NIAI), and Nitrate Reductase 2 (NIA2) in rice seedling leaves (24 h after treatment). Transcript
levels were measured by RT-qPCR and normalized by OsActinl and OsActin2. Meanwhile,
maximum nitrate reductase activity (NRAmax, e) and activated nitrate reductase activity
(NRAact, f) of rice seedlings leaves (24 h after treatment) were determined. (g) Protoplasts of
nia2 leaves with transiently overexpression of NIA2 were embedded with or without 1 uM PNC
in the presence or absence 50 mM NaCl for 1 h. Phosphorylation level of NIA2 protein was
detected by using phos-tag biotin. (h) The related activated NR activities of samples from (g)
were measured as well. Data are means = SD of three independent experiments. Statistical
comparisons in panel a were performed by independent samples ~test (two tailed) between leaves
with PNC and NNP under salt stress (*P < 0.05, ** P < 0.01, *** P < 0.001). Different lower-
case letters in panels c-f, h indicate significant differences at P < 0.05 (one-way ANOVA,

Duncan’s multiple range tests).

Fig. 4 Nanoceria do not influence salt tolerance in nia2 rice plants. (a) PNC do not improve the
performance of nia2 rice seedlings under salinity stress (100 mM NaCl, 8 days), while the
administration of NO donor (SNP, 10 uM) significantly rescues the salinity toxicity symptom.

Scale bar = 4 cm. Unlike the responses of SNP, no significant differences in shoot length (b),
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chlorophyll content (c), Na*/K* ratio (d), and NO content (¢) were found in nia2 rice plants with
PNC and without nanoparticles (NNP). Data are means = SD of three independent experiments.
Different lower case letters indicate significant differences at P < 0.05 (one way ANOVA,

Duncan’s multiple range tests).

Fig. 5 Relative expression of genes related to antioxidant defense, Rboh Family (NADPH
oxidases), and Na" and K* transport in plants interfaced with nanoceria. Relative transcript levels
of antioxidant enzymes, Rboh Family, and ion transporters in rice seedling leaves with PNC and
without nanoparticles (NNP) were quantified after 1 or 7 days of salt treatment by RT-qPCR.
Expression levels are relative to corresponding untreated wild type samples (control), after
normalization to OsActinl and OsActin2. SODA: Superoxide Dismutase A; SODC: Superoxide
Dismutase C; CATA: Catalse A; cAPX2: cytosolic Ascorbate Peroxidase 2; GPXI: Glutathione
Peroxidase 1, RbohA-I. Respiratory Burst Oxidase Homolog (Rboh) A-I; SOSI: Salt Overly
Sensitive 1; NHXI: Sodium Hydrogen Exchanger 1; HKTI;I1: High-affinity Potassium
Transporter 1;1, HAKS5: High-affinity Potassium Transporter 5; HAK2I: High-affinity
Potassium Transporter 21; KORI: Potassium Qutward Rectifier 1 (Outward-rectifying K*
channels 1); VHA-A: Tonoplast H*-ATPase A subunit, SA2: Plasma Membrane H"-ATPase 2,

VPI: Tonoplast H -pyrophosphatase 1; VP3: Tonoplast H*-pyrophosphatase 3.

Fig. 6 Nanoceria improve growth performance and yield of rice plants under salt stress. Plant
performance is improved by PNC in soil-cultured reproductive stage of rice plants grown in
glasshouse exposed to salinity stress. Images of reproductive stage rice plants under salt stress

interfaced with or without PNC (a). Scale bar = 10 cm. Rice plants interfaced with PNC
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exhibited higher content in chlorophyll content (b), photosynthesis rate (c), plant height (d),
maximum efficiency of photosystem II (Fv/Fm) (e), dry weight (f), and yield per plant (g) than
those without nanoparticles (NNP) under salinity stress. Data are means +SD of three
independent experiments. Statistical comparisons were performed by independent samples ¢-test
(two tailed) between plants with PNC and NNP under non stressed condition (*P < 0.05).
Different lower-case letters indicate significant differences at P < 0.05 (one-way ANOVA,

Duncan’s multiple range tests). NS, no significant difference.

Fig. 7 Nanoceria improve rice grain weight without resulting in cerium accumulation. (a) Images
of harvested seeds from rice plants interfaced with or without PNC. Scale bar = 1 cm. Changes in
grain length (b), grain width (c), grain length-width ratio (d), grain thickness (e), and 1000 grain
weight (f) from rice plants interfaced with PNC relative to NNP controls under normal and salt
stress conditions. (g) Comparisons of cerium content in rice grain between PNC and NNP treated
plants. Statistical comparisons were performed by independent samples t-test (two tailed)
between samples with PNC and NNP treatments (*P < 0.05). Different lower-case letters
indicate significant differences at P < 0.05 (one-way ANOVA, Duncan’s multiple range tests).

NS, no significant difference.

Fig. 8 Schematic representing how nanoceria improves rice salinity tolerance, including the
participation of nitric oxide (NO) production and its governing the modulation of genes
expression, thus maintaining ROS and ion homeostasis. Nanoceria are able to translocate from
root to shoots of rice seedlings, and enhance NO production by increasing the transcripts and

modulating the dephosphorylation level of nitrate reductase (NR) to allow the increased NR
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activity. The PNC-promoted NO production could affect the relative expression levels of
antioxidant enzymes, NADPH oxidases, H" pump, Na*- and K*-related channels and transporters,
thus maintaining the ROS and Na®/K*™ homeostasis. Finally, the improved salinity tolerance in
rice plants were observed. The blue arrow indicates known effects, black arrow indicates

mechanisms discovered in this study, and the red dashed arrow means potential direct effect.
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Fig. 1 Characterization of nanoceria and their distribution in leaf and root cells. (a)
44 TEM image of poly (acrylic acid) coated nanoceria (PNC). (b) Hydrodynamic
45 diameter and (c) zeta potential of PNC and Dil labeled (Dil-PNC). (d) XPS spectra of
47 PNC indicating low Ce3*/Ce** ratios. (e-f) Localization of nanoceria in leaf and root
tissues of 14-day-old rice seedlings treated with 1 uM Dil-PNC for 2 days.
50 Representative confocal microscopy images indicating the localization of nanoceria in
leaf mesophyll cells (e) and roots (f). The rs plots represent the colocalization
53 coefficient between Dil fluorescent dye and chlorophyll autofluorescence. Scale bar =
50 m. Data are means =SE (n = 3). Significant differences at P < 0.05 (two tailed
56 independent samples t-test) were analyzed. NS: no significant difference.
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Figure. 2
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Fig. 2 Improved plant salinity stress tolerance enabled by nanoceria. (a) Plant
performance is improved by PNC in two-week-old hydroponic rice seedlings exposed
to salinity stress (100 mM NaCl, 8 days). Scale bar = 4 cm. (b-d) Rice plants
interfaced with PNC have a significantly higher shoot length (b), fresh weight (c), and
chlorophyll content (d) than those without nanoparticles (NNP) under salinity stress.
(e-g) PNC lower Na* (e) and increase K* (f), thus leading to lower Na*/K" ratios (g)
in leaves of rice plants under salinity stress. Data are means * SD of three
independent experiments. Different lower case letters indicate significant differences
at P < 0.05 (one way ANOVA, Duncan’s multiple range tests).
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Figure. 3
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48 Fig. 3 Nanoceria enhance NO production by transcriptional and post-translational
50 modification of nitrate reductase. Two-week-old hydroponic rice seedlings were
51 treated with or without PNC (1 uM) in the presence or absence of NaCl (100 mM). (a)
53 Within treatments for 48 h, changes in fluorescence intensity of NO-specific
>4 fluorescent probe (DAF-FM) probe were observed in seedlings. (b) Representative
56 confocal microscopy images of leaf mesophyll cells stained with DAF-FM (at 24 h).
57 Scale bar = 10 pm. (c) Endogenous NO content in leaves (24 h after treatment) was
59 determined by Griess reagent assay. (d) The relative transcript levels of NO
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production-related genes including Nitric Oxide Associated 1 (NOA1), Nitrate
Reductase 1 (NIAl), and Nitrate Reductase 2 (NIA2) in rice seedling leaves (24 h
after treatment). Transcript levels were measured by RT-qPCR and normalized by
OsActinl and OsActin2. Meanwhile, maximum nitrate reductase activity (NRAmax, e)
and activated nitrate reductase activity (NRAact, f) of rice seedlings leaves (24 h after
treatment) were determined. (g) Protoplasts of nia2 leaves with transiently
overexpression of NIA2 were embedded with or without 1 uM PNC in the presence or
absence 50 mM NacCl for 1 h. Phosphorylation level of NIA2 protein was detected by
using phos-tag biotin. (h) The related activated NR activities of samples from (g) were
measured as well. Data are means =SD of three independent experiments. Statistical
comparisons in panel a were performed by independent samples t-test (two tailed)
between leaves with PNC and NNP under salt stress (*P < 0.05, ** P < 0.01, *** P <
0.001). Different lower-case letters in panels c-f, h indicate significant differences at P
< 0.05 (one-way ANOVA, Duncan’s multiple range tests).
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Fig. 4 Nanoceria do not influence salt tolerance in nia2 rice plants. (a) PNC do not
improve the performance of nia2 rice seedlings under salinity stress (100 mM NacCl, 8
days), while the administration of NO donor (SNP, 10 uM) significantly rescues the
salinity toxicity symptom. Scale bar = 4 cm. Unlike the responses of SNP, no
significant differences in shoot length (b), chlorophyll content (c), Na*/K* ratio (d),
and NO content (e) were found in nia2 rice plants with PNC and without
nanoparticles (NNP). Data are means = SD of three independent experiments.
Different lower case letters indicate significant differences at P < 0.05 (one way
ANOVA, Duncan’s multiple range tests).
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Fig. 5 Relative expression of genes related to antioxidant defense, Rboh Family
(NADPH oxidases), and Na* and K* transport in plants interfaced with nanoceria.
Relative transcript levels of antioxidant enzymes, Rboh Family, and ion transporters
in rice seedling leaves with PNC and without nanoparticles (NNP) were quantified
after 1 or 7 days of salt treatment by RT-gPCR. Expression levels are relative to
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corresponding untreated wild type samples (control), after normalization to OsActinl
and OsActin2. SODA: Superoxide Dismutase A; SODC: Superoxide Dismutase C;
CATA: Catalse A; cAPX2: cytosolic Ascorbate Peroxidase 2; GPX1: Glutathione
Peroxidase 1; RbohA-I: Respiratory Burst Oxidase Homolog (Rboh) A-1; SOS1: Salt
10 Overly Sensitive 1; NHX1: Sodium Hydrogen Exchanger 1; HKT1;1: High-affinity
n Potassium Transporter 1;1; HAKS5: High-affinity Potassium Transporter 5; HAK21:
13 High-affinity Potassium Transporter 21; KOR1: Potassium Outward Rectifier 1
14 (Outward-rectifying K* channels 1); VHA-A: Tonoplast H"-ATPase A subunit; SA2:
16 Plasma Membrane H*-ATPase 2; VP1: Tonoplast H"-pyrophosphatase 1; VP3:
17 Tonoplast H*-pyrophosphatase 3.
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Figure. 6
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Fig. 6 Nanoceria improve growth performance and yield of rice plants under salt
stress. Plant performance is improved by PNC in soil-cultured reproductive stage of
rice plants grown in glasshouse exposed to salinity stress. Images of reproductive
stage rice plants under salt stress interfaced with or without PNC (a). Scale bar = 10
cm. Rice plants interfaced with PNC exhibited higher content in chlorophyll content
(b), photosynthesis rate (c), plant height (d), maximum efficiency of photosystem II
(Fv/Fm) (e), dry weight (f), and yield per plant (g) than those without nanoparticles
(NNP) under salinity stress. Data are means *SD of three independent experiments.
Statistical comparisons were performed by independent samples t-test (two tailed)

between plants with PNC and NNP under non stressed condition (*P < 0.05).
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Different lower-case letters indicate significant differences at P < 0.05 (one-way
ANOVA, Duncan’s multiple range tests). NS, no significant difference.

oNOYTULT D WN =



oNOYTULT D WN =

Environmental Science: Nano Page 52 of 53

Figure. 7
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Fig. 7 Nanoceria improve rice grain weight without resulting in cerium accumulation.
(a) Images of harvested seeds from rice plants interfaced with or without PNC. Scale
bar = 1 cm. Changes in grain length (b), grain width (c), grain length-width ratio (d),
grain thickness (e), and 1000 grain weight (f) from rice plants interfaced with PNC
relative to NNP controls under normal and salt stress conditions. (g) Comparisons of
cerium content in rice grain between PNC and NNP treated plants. Statistical
comparisons were performed by independent samples t-test (two tailed) between
samples with PNC and NNP treatments (*P < 0.05). Different lower-case letters
indicate significant differences at P < 0.05 (one-way ANOVA, Duncan’s multiple
range tests). NS, no significant difference.
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Figure. 8
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24 Fig. 8 Schematic representing how nanoceria improves rice salinity tolerance,
25 including the participation of nitric oxide (NO) production and its governing the
27 modulation of genes expression, thus maintaining ROS and ion homeostasis.
28 Nanoceria are able to translocate from root to shoots of rice seedlings, and enhance
30 NO production by increasing the transcripts and modulating the dephosphorylation
31 level of nitrate reductase (NR) to allow the increased NR activity. The PNC-promoted
33 NO production could affect the relative expression levels of antioxidant enzymes,
34 NADPH oxidases, H* pump, Na*- and K*-related channels and transporters, thus
36 maintaining the ROS and Na'/K* homeostasis. Finally, the improved salinity
37 tolerance in rice plants were observed. The blue arrow indicates known effects, black
39 arrow indicates mechanisms discovered in this study, and the red dashed arrow means
40 potential direct effect.
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