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Cerium oxide nanoparticles improve sl

cotton salt tolerance by enabling better ability
to maintain cytosolic K*/Na™ ratio
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Abstract

Background: Salinity is a worldwide factor limiting the agricultural production. Cotton is an important cash crop;
however, its yield and product quality are negatively affected by soil salinity. Use of nanomaterials such as cerium
oxide nanoparticles (nanoceria) to improve plant tolerance to stress conditions, e.g. salinity, is an emerged approach
in agricultural production. Nevertheless, to date, our knowledge about the role of nanoceria in cotton salt response
and the behind mechanisms is still rare.

Results: We found that PNC (poly acrylic acid coated nanoceria) helped to improve cotton tolerance to salinity,
showing better phenotypic performance, higher chlorophyll content (up to 68% increase) and biomass (up to 38%
increase), and better photosynthetic performance such as carbon assimilation rate (up to 144% increase) in PNC
treated cotton plants than the NNP (non-nanoparticle control) group. Under salinity stress, in consistent to the results
of the enhanced activities of antioxidant enzymes, PNC treated cotton plants showed significant lower MDA (malond-
ialdehyde, up to 44% decrease) content and reactive oxygen species (ROS) level such as hydrogen peroxide (H,O,, up
to 79% decrease) than the NNP control group, both in the first and second true leaves. Further experiments showed
that under salinity stress, PNC treated cotton plants had significant higher cytosolic K* (up to 84% increase) and lower
cytosolic Na™ (up to 77% decrease) fluorescent intensity in both the first and second true leaves than the NNP control
group. This is further confirmed by the leaf ion content analysis, showed that PNC treated cotton plants maintained
significant higher leaf KT (up to 84% increase) and lower leaf Na™ content (up to 63% decrease), and thus the higher
K*/Na ratio than the NNP control plants under salinity stress. Whereas no significant increase of mesophyll cell vacu-
olar Na™ intensity was observed in PNC treated plants than the NNP control under salinity stress, suggesting that the
enhanced leaf K* retention and leaf Na™ exclusion, but not leaf vacuolar Na™ sequestration are the main mechanisms
behind PNC improved cotton salt tolerance. gPCR results showed that under salinity stress, the modulation of HKT7
but not SOST refers more to the PNC improved cotton leaf Na™ exclusion than the NNP control.

Conclusions: PNC enhanced leaf K* retention and Na™ exclusion, but not vacuolar Na™ sequestration to enable
better maintained cytosolic K¥/Na™ homeostasis and thus to improve cotton salt tolerance. Our results add more
knowledge for better understanding the complexity of plant-nanoceria interaction in terms of nano-enabled plant
stress tolerance.
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stresses such as heat and cold which either happened in
short period or can be addressed quickly through agri-
cultural management practice, salinity is a long-last-
ing stress in the field. Salinity reduces crop yield, and
decreases the quality of agricultural products e.g. seeds,
fruits, and fibre [2—4]. Given the fact that breeding salt
tolerant crop species is a time-consuming program and
the practical approach such as irrigating saline soil with
fresh water is not affordable in many areas, especially the
semi-arid area, techniques which can help to improve
crop salt tolerance in the production period could be an
option for farming practice. Plant nanobiotechnology
approach is an emerging technique to tune plant stress
responses. Many nanomaterials have been reported to
improve plant salt tolerance. For example, nanoparticles,
i.e. CeO,, SeNP, TiO,, and AgNP improved salinity stress
tolerance in plants such as barley [5], canola [6-8], potato
[9], tomato [10, 11], broccoli [12] and Arabidopsis [13].
For example, Rossi et al. showed that compared with the
non-nanoparticle control under salinity stress, 500 mg/
Kg nanoceria application improves rapeseeds biomass
by 45% [6]. Under salinity stress, applying multiwalled
carbon nanotubes (MWCNTs) improves fresh weight of
broccoli plants by about 70% compared with the control
without MWCNTs treatment [12]. Thus, improving crop
salt tolerance with nanomaterials could be a promising
approach to enhance plant production in saline soils.
Under salinity stress, excess Na' entered into the cell
and caused massive KT loss from the cell. Thus, the K*/
Na* ratio is a well-known hallmark for plant salt toler-
ance [14-16]. Also, the ability to maintain K*/Na™ ratio
in plants under salinity is tightly associated with its
salt tolerance. However, to date, previous work mainly
focused on how nanoceria (cerium oxide nanoparti-
cles) modulate either K+ retention [13] or Na*t detoxi-
fication [7]. Our previous work showed that nanoceria
could improve plant salt tolerance via scavenging of
over-accumulated ROS and modulating NSCC (non-
selective cation channels) and KOR (K outward recti-
fying channels) activities to enable better mesophyll K*
retention [13]. Other researchers showed that nanoceria
improved canola salt tolerance by enhancing plant pho-
tosynthetic performance and reducing the root apoplas-
tic barrier to allow more Na' being transferred into the
shoot [7]. Nonetheless, it should be noticed that possi-
ble over-accumulation of Na% in the shoot also could be
an issue to plants since leaves are the main site for plant
photosynthesis. Sequestrating Na™ from the cytosol to
vacuole and using it for cheap osmoticum is an effective
way to avoid the over-accumulation of Na™ in cell cyto-
sol of plants under salinity stress [17, 18]. Another way
to avoid shoot overaccumulation of cytosolic Na™ is to
exclude it to the roots [19, 20]. Investigating the possible
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contribution of vacuolar Na' sequestration and shoot
Na™ exclusion in maintaining cytosolic K*/Na™ ratio and
thus its role in nanoceria improved plant salt tolerance is
the one of the aims of this work.

Cotton (Gossypium hirsutum L.) is an important cash
and oil crop, and is also one of the most important fibre/
textile crops. For example, in marketing year 2019, nearly
20 million bales of cotton which corresponds to~$7
billion were produced in the USA (https://www.ers.
usda.gov/topics/crops/cotton-wool/cotton-sector-at-a-
glance/) [21]. Although cotton is regarded as a moder-
ate salt tolerant crop, it still suffers from salinity stress,
especially in the semi-arid area. Salinity not only reduces
cotton vyield, but also impairs the quality of cotton fibre
[22-24]. For example, cotton plants raised at high saline
soil showed reduced fibre maturity such as linear density
and maturity percent and ratio [25]. Compared with long
term process of breeding salt tolerant species, improv-
ing cotton salt tolerance in its production period by plant
nanobiotechnology approach could be an alternative
option. Investigating whether plant nanobiotechnology
approach could improve cotton plant salt tolerance is
another aim to be addressed in this work.

Giving the fact that cotton is an important cash crop
across the globe and salinity is a limiting factor affect-
ing cotton yield and fibre quality, to our surprise, to date,
only one paper tried to investigate the effect of cerium
oxide nanoparticles on cotton salt tolerance through
nanoceria seed treatment. An et al. found that nanoce-
ria primed cotton seeds showed higher root length and
biomass under salinity and associated it with the modula-
tion of ROS and Ca*" signaling pathways [26]. However,
the experiments are conducted under paper roll condi-
tion. Besides the germination stage, the seedling stage
is also crucial for cotton plants to survive under salinity
stress. Nanoceria (cerium oxide nanoparticles) are potent
ROS scavenger and are widely used in industry, medical
research, and plant research [27-31]. Nanoceria have
been reported to improve plant resistance/tolerance to
various stress conditions, e.g. salinity [6, 7, 13], drought
[32], light stress (such as highlight and UV [28]), and
temperature stress (such as heat and chilling, [28]) etc.
Whether nanoceria can help to improve salt tolerance in
cotton plants and its associated mechanisms are worthy
to be explored. Here, we hypothesized that nanoceria
could help to scavenge over-accumulated ROS to main-
tain cytosolic K*/Na™ homeostasis through modulating
Na' exclusion, vacuolar Na* sequestration or K reten-
tion, eventually improving cotton salt tolerance.

In this work, we investigated the biological responses
such as phenotypic performance, chlorophyll content,
photosynthetic performance, antioxidant enzyme activi-
ties, and leaf Na™ and K™ content in the first and second
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true leaves of cotton plants (two-leaf stage). Then, using
confocal microscopy, the subcellular distribution of PNC,
ROS level, subcellular Na* and K* level in leaf mesophyll
cells in the first and second true leaves of cotton plants
were studied. Also, qPCR experiments were performed
to investigate the relative expression level of genes related
to Nat and K* transport.

Materials and methods

Plant growth

Cotton plants (variety Xinluzao 74, XLZ 74) at the two-
leaf stage (two true leaves were fully expanded) were
grown in Hoagland solution. Seeds were sown in pots
(10x 10 cm) filled with standard soil mix (Xingyux-
ing, Wuhan, China). After the unfolding of the cotyle-
dons, plants with similar size were transplanted into a
tray filled with Hoagland solution. Plants were grown in
growth room with the settings: 200 pmol m~% s™* photo-
synthetic active radiation (PAR), 28+ 1 °C (day time) and
25+£1 °C (night time), 70% relative humidity, and 14/10 h
as the day/night regime. Hoagland solution was refreshed
once every five days. After cotton plants reached the two-
leaf stage, six plants with similar size were selected and
transplanted in a tray with 5 L Hoagland solution before
treatment. For salinity stress experiments, 200 mM NaCl
solution was applied (mimicking the salt level in the
salinized field in Xingjiang province which is the main
cotton production area in China) to treat the cotton
plants (foliar delivered with or without PNC) for another
five days. Moreover, to test the biocompatibility of PNC,
cotton plants treated with PNC+ Silwet L-77 or Silwet
L-77 alone were grown under non-saline condition for
28 days.

Synthesis and characterization of PNC

The synthesis and characterization of poly (acrylic acid)
coated cerium oxide nanoparticles (PNC) were fol-
lowed the method described in our previous publica-
tions [33, 34]. Briefly, 4.5 g poly (acrylic acid) and 1.08 g
cerium(III) nitrate were respectively dissolved in 5.0 mL
and 2.5 mL deionized water. The two solutions were
mixed thoroughly at 2, 500 rpm for 15 min using a vortex
mixer. The resulted mixture was then added dropwise to
15 mL ammonium hydroxide solution (30%) in a 50 mL
beaker, and the reaction was kept by stirring at 500 rpm
for 24 h at 25 °C. Then, the solution was centrifuged at
4000 rpm for 1 h to remove any debris and large agglom-
erates. The supernatant was collected by using 10 K
Amicon cells (4, 500 rpm, six cycles) to purify the free
polymers and other reagents, and was denoted as PNC
solution. The final PNC solution was stored in a refrig-
erator (4 °C) for up to two weeks. The absorbance of final
PNC solution at 271 nm was measured by the UV-VIS
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spectrophotometer, and the concentration was calculated
using Beer-Lambert’s law A=¢CL. A, the PNC absorb-
ance at 271 nm; e, the molar absorption coefficient of
PNC (3 cm™! mM™!) [35, 36]; L, the optical path length
(cuvette width, 1 cm in this method); and C is the molar
concentration of the measured PNC. All chemicals are
from Sigma Aldrich, unless otherwise specified.

The hydrodynamic diameter (DLS size) and zeta poten-
tial were determined by 90 Plus PALS (Brookhaven
Instruments Corporation, USA). 20 pL of PNC
(0.45 mM) was mounted on a holey carbon-coated cop-
per grid, and then the PNC TEM imaging was done by a
FEI Talos microscope operating at 300 kV.

Dil labeling of PNC

The labelling of PNC with Dil (1,1’-dioctadecyl-3,3,3",3"-
tetramethylindocarbocyanine) was followed the method
described in our previous publications [33, 34]. Briefly,
in a 20 mL glass vial, 4 mL, 0.5 mM PNC and 200 pL,
0.3 mg/mL Dil (in DMSO) was mixed at 1000 rpm for
1 min. The resulting mixture was purified using 10 kDa
filter (4, 500 rpm for 5 min at least five times) to remove
the free chemicals. The final solution was labelled as Dil-
PNC and was stored in a refrigerator at 4 °C for further
use.

Foliar delivery of PNC and Dil-PNC to cotton plant

Foliar delivery of PNC and Dil-PNC to cotton leaves was
followed the method of our previous publication [35]
with minor modifications. Briefly, PNC and Dil-PNC for-
mulation were complexed with the surfactant Silwet L-77
(0.05%, Yuanye, Shanghai, China). 0.1 mL, 0.9 mM PNC
and Dil-PNC were foliar delivered to each leaf by using
a 1000 pL pipette. The first and second true leaves (the
order of expansion) of cotton plants were foliar deliv-
ered with Silwet L-77 (also denoted as non-nanoparticle
control, NNP), PNC + Silwet L-77 and Dil-PNC + Silwet
L-77. During the foliar delivery of PNC, press the pipette
but hold the prepared solution, and then gently move it
around the whole leaf to ensure the homogenous delivery
of the prepared solution. The 1,000 uL pipette tips was
cut about 0.3 cm from the top to remove the sharp tip
to avoid the possible physical damage during the foliar
delivering of the prepared solution. After the foliar deliv-
ery of the prepared solution, the excess solution on the
leaf were removed immediately. To avoid confounding
effects during photosynthesis, after the foliar delivery of
the prepared solution, cotton leaves were incubated in
the room light for 3 h to allow the incubation and plant
adaption. After 3 h incubation, the plants were put back
to the growth chamber with 200 umol m~2 s~! PAR lights
and then the 200 mM NaCl was applied.
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Laser confocal microscopy imaging

To quantify ROS in vivo, leaf discs (diameter, 5 mm) from
the first and second true leaves of the stressed plants
(200 mM NaCl, 5 days) were incubated with 25 pM
2/,7'-dichlorodihydrofluorescein diacetate (H,DCFDA,
staining of H,O,) or 10 uM dihydroethidium (DHE,
staining of ‘O, ") dyes in 1.5 mL tubes for 30 min under
darkness. Confocal imaging was performed as described
in our previous publication [33] with modifications.
After the above-mentioned 30 min incubation, the leaf
discs were mounted on microscope slides with mount-
ing medium and sealed with a coverslip. Leaf discs were
imaged by using Leica SP8 spectral confocal laser scan-
ning microscope. Three plants/biological replicates (2
leaf discs for each plant) were used. The imaging set-
tings were as follows: 488 nm laser excitation; PMT]1,
500-600 nm (for DCF and DHE fluorescence); PMT2,
700-785 nm (for chloroplast fluorescence). Imaging
of Nat and K* distribution in the cytosol and vacuole
was performed using 20 uM Na® dye CoroNa Green
AM (Thermo Fisher Scientific), 20 uM K* dye APG-2
AM (asante potassium green-2AM, Abcam Biotech-
nology company), and 20 uM membrane dye FM 4-64
{N-(3-triethykammoniumpropyl)-41J6-[4-(diethylamino)
phenyl)hexatrienyl] pyridinium dibromide, Thermo
Fisher Scientific} following our previous publications
[13, 37]. The CoroNa Green AM and APG-2 AM fluo-
rescent dyes were dissolved in pure DMSO, and then
respectively diluted with buffer solution (10 mM KClI,
5 mM Ca’*"-MES, pH 6.1) and TES {2-[(2-Hydroxy-1,1-
bis(hydroxymethyl)ethyl)amino]ethanesulfonic acid;
10 mM, pH 7.5} to working concentration. As described
above, cotton leaf discs were prepared and incubated with
CoroNa Green AM + FM4-64 or APG-2 AM + FM-4-64
in 1.5 mL Eppendorf tubes for 2 h and 2.5 h in darkness,
respectively. After incubation, leaf discs were rinsed in
ddH,0O and mounted on microscope slides for confocal
imaging. The settings of Na® and K* confocal imaging
were: 488 nm laser excitation; PMT1: 500—-550 nm (for
Na' confocal imaging) or 520-560 nm (for K confocal
imaging); PMT2: 610-630 nm for (membrane imaging).
Obtained confocal images were analysed with Fiji.

The visualization of Dil-PNC in cotton leaves was also
performed by using Leica SP8 spectral confocal laser
scanning microscope. Briefly, after 3 h incubation of
the foliar delivered Dil-PNC with the leaves of the cot-
ton plant, leaf discs (diameter, 5 mm) from the first and
second true leaves were made and mounted on the glass
slides. PFD (perfluorodecalin) were used to enable better
imaging quality. After sealing the slides with a coverslip,
the samples are ready for confocal imaging. The imaging
settings for Dil-PNC visualization in cotton leaves were
as follows: 514 nm laser excitation; PMT1, 550-615 nm
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(for Dil-PNC fluorescence); PMT2, 700-750 nm (for
chloroplast fluorescence). Colocalization between Dil-
PNC and chloroplasts was analysed with LAS AF Lite
software follow the method described in our previous
publications [33]. Three lines of sections were drawn
across the ROI (region of interest) with 40 yum interval
on the confocal images. The colocalization rate between
PNC and chloroplasts was recorded by calculating the
proportion of Dil-PNC fluorescence which are over-
lapped with chloroplast fluorescence emission peaks out
of all chloroplast peaks.

Cotton plant performance under salinity stress

The chlorophyll content index (CCI) of the first and
second true leaves was daily monitored in salt stressed
(200 mM NacCl) cotton plant with or without PNC. CCI
measurements were performed using a chlorophyll meter
(SPAD-502 PLUS, Konica Minolta, Japan) with each leaf
being measured at three different points (each data point
was composed of at least three CCI readouts). Plant
height was also daily measured for 5 days after the onset
of salinity stress. Plant height is defined as the distance
between the growth point of the top leaf and the ground/
the black foam board on top of the tray [38]. Biomass
was determined after 5 days salinity stress. Plants were
drying firstly at 105 °C for 30 min, and then at 85 °C for
72 h until reaching the constant weight. The phenotype
images of the salt stressed cotton plants with and without
PNC were taken by a Nikon D810 camera.

Determination of hydrogen peroxide (H,0,), superoxide
anion (O, ") and malondialdehyde (MDA) content
Measurement of H,O, content in leaf sample was done
following a widely accepted method [39] with minor
modifications. Approximately 200 mg of fresh samples
were placed in liquid nitrogen and then ground with
2 mL cold acetone. The mixture was then centrifuged
(3000 rpm) for 15 min. 1 mL of Ti(SO,), (5%/W/V in
concentrated HCI) was added to the supernatant. After
shaking, the samples were then centrifuged (3000 rpm)
and the precipitates were solubilized in 1 mL H,SO,. The
absorbance of the final solutions was measured at 415 nm
vis UV-Vis spectrophotometer.

Estimation of superoxide anion radicals (O,”) was
done following a widely accepted method [40] with
minor modifications. NH,OH was used as a probe for
0,7, being oxidized to NO,”. NO,~ can react with
a-naphthylamine and sulfamic acid to turn the mixture
to red colour. Then, the absorbance of the mixture can be
measured at 530 nm by UV-Vis spectrophotometer. The
assessment of MDA content was done by following the
method described in previous publication [41]. Briefly,
200 mg fresh samples were homogenized with 5 mL TCA



Liu et al. J Nanobiotechnol (2021) 19:153

having 0.25% 2-thiobarbituric acid (TBA). After incu-
bating at 90 °C for 30 min, the mixture was immediately
cooled down, and then was centrifugated at 8000g for
15 min. The absorbance of the solution was measured at
450 nm, 532 nm and 600 nm.

Measurement of antioxidant enzymes activities

To determine the activity of SOD, CAT and POD, the
first and second true leaves of the salt stressed cotton
plants (200 mM NaCl, 5 days) were separately collected.
For the determination of SOD activity, the freshly col-
lected leaf samples were ground with PBS buffer (pH 7.8).
The supernatant was collected following the centrifuga-
tion at 12,000g for 20 min. The supernatant was mixed
with EDTA-Riboflavin, NBT and methionine. The mix-
ture was incubated under 200 pmol m~2 s~ Ix light for
20 min. The absorbance of the final mixture was meas-
ured at 560 nm by a UV-Vis spectrophotometer (UV
1800PC, AOE, Shanghai, China). SOD enzyme activity
was calculated by using the measured absorbance value
following Eq. 1:

SOD activity = (Ap — As) x V1/(Ap x 0.5 x W x V).

(1)

where A, and A, are the blank control and samples’

absorbance value, respectively. V is the volume of crude

leaf extraction mixture. W, is fresh weight and V, is the
used volume during the sample measurement.

For the determination of POD activity, the collected
samples were ground with PBS buffer (pH 5.5). The
supernatant was collected following the centrifugation at
3000 rpm for 10 min. For POD activity measurement, the
solution was prepared with mixing the supernatant of the
crude leaf extraction mixture, 20% TCA, 50 mM guaiacol
solution, PBS buffer (pH 5.5, 50 mM), and 2% H,O,. The
POD activity was measured by calculating the averaged
decrease of the recorded absorbance value at 470 nm
(1 record/1 min, 3 min) by a UV-Vis spectrophotom-
eter (UV 1800PC, AOE, Shanghai, China). Calculations
were done by following previous methods [42], using the
absorbance coefficient of 26.6 mM ' cm™.

For CAT activity measurement, the collected samples
were ground with PBS buffer (pH 7.8). The supernatant
was collected following the centrifugation at 4000 rpm
for 15 min. The supernatant of the crude leaf extrac-
tion mixture was vortexed with PBS buffer (pH 7.8) and
10 mM H,0,. The CAT enzyme activity was calculated
based on the averaged decrease of the recorded absorb-
ance value at 240 nm (1 record/1 min, 4 min) by a UV-
Vis spectrophotometer (UV 1800PC, AOE, Shanghai,
China). Calculations were done by following previ-
ous methods [43], using the absorbance coefficient of
436 M 'em™
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Measurement of chlorophyll content and photosynthetic
parameters

Leaf samples (the first and second true leaves) was
mixed with a solution containing acetone and ethanol
(1:1) for 24 h at dark condition on a shaker (50 rpm).
Following centrifugation (2000 rpm, 10 min), the
supernatant was collected. By using a UV-Vis spectro-
photometer (UV 1800PC, AOE, Shanghai, China), the
absorbance of the supernatant was measured at 644 nm
and 662 nm to determine the content of chlorophyll a
and chlorophyll b. The chlorophyll a and b content were
calculated using the following equations:

Chlorophyll a content = 9.784 x Aggp—0.99 X Agas.

(2)

Chlorophyll b content = 21.426 X Agas—4.65 X Aggo.

(3)

where A, and Ay, are the absorbance value measured
at 662 nm and 644 nm, respectively.

Photosynthesis rate, intercellular CO, concentration,
stomatal conductivity, and transpiration rate of the
first and second true leaves were measured by using a
portable photosynthetic apparatus Li-6400 XT at DO
(200 mM NaCl, day 0) and D5 (200 mM NacCl, day 5).
DO here denotes that the photosynthetic performance
data are collected from plants without salt stress (the
salt stress was not yet onset). After the measurement of
photosynthetic performance at DO, plants were foliar
applied with PNC+ Silwet L-77 solution or the Sil-
wet L-77 solution alone. After 3 h incubation, 200 mM
NaCl were then onset. Data measured in plants after
5 days salt stress (200 mM NaCl) were then denoted as
D5. The measurement settings are: 1500 pmol m~2 s~1
photosynthetic photon flux density, 400 umol mol !
CO, concentration, and 25 °C leaf temperature.

Estimation of K" and Na* content

For the estimation of leaf Kt and Nat content, samples
of the first and second true leaves were milled with a
grinder and filtered through a 0.5 mm sieve. 0.2 g of
ground samples were then digested for 1.5 h in concen-
trated H,SO, (18.4 M). After cooling down, 30% H,O,
was added into the digested samples to get the trans-
parent mixture solution. The mixture was digested for
another 1 h to make sure the H,0, decompose com-
pletely. Flame photometer (FP6431, Jiangke, Shanghai,
China) was used to determine the content of K* and
Na™ in the samples. The setup of standard curve can be
found in the literatures elsewhere.
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qPCR
Total RNA was isolated using the RNAprep Pure Plant
Kit (DP441, Tiangen, Beijing, China). 2 pg of total
RNA was reversely transcribed into ¢cDNA using the
TRUEscript first Strand ¢cDNA Synthesis Kit (PC5402,
Aidlab, Beijing, China). The amplification of qRT-PCR
products was performed in a reaction mixture of 12.5
pL SYBR Green qPCR Mix (PC3302, Aidlab, Beijing,
China) according to the manufacturer’s instructions.
The qRT-PCR analysis was performed on the Bio-Rad
CFX Connect Real-Time PCR System (Bio-Rad, Cali-
fornia, USA). Three biological replicates and three
technical replicates was used for each investigated
gene. The relative gene expression was calculated using
the 2722t method. The primers used for qRT-PCR are
shown in Additional file 1: Table S1 [44-46].

Statistical analysis

All data were represented as mean=+ SE and were ana-
lysed using SPSS 23.0. Comparisons were performed
by either one-way ANOVA based on Duncan’s multiple
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range test (two tailed) or independent samples t-test (two
tailed). * for P<0.05, ** for P<0.01, and *** for P<0.001.
Different lowercase letters mean the significance at
P<0.05.

Results

PNC characterization and its distribution in cotton leaves
Hydrodynamic diameter measurements showed that
the size of PNC is 8.04+1.87 nm (Fig. 1a). TEM imag-
ing results showed that the core of the synthesized PNC
is spherical with an average diameter of 6.054+0.49 nm
(Fig. 1b). The =zeta potential measurement showed
that the surface charge of the synthesized PNC is
—15.30£0.11 mV (Fig. 1c). The synthesized PNC have a
peak absorbance at 271 nm (Additional file 1: Figure S1a).
Besides the peak absorbance at 271 nm, Dil-PNC have
another two peaks at 557 and 517 nm, indicating the suc-
cessful conjugation of Dil to PNC (Additional file 1: Fig-
ure Sla). The red colour of Dil-PNC further confirmed
the successful synthesis of Dil-PNC (Additional file 1:
Figure S1b). Confocal imaging results showed that the

8.04+1.87 nm
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Fig. 1 PNC characterization and its colocalization with chloroplasts. a, b The size and charge of the synthesized PNC. Mean £ SE (n=3). ¢ The

TEM imaging of the synthesized PNC. d Confocal imaging results showing the distribution of PNC in the first and second true leaves of the cotton
plants. e The calculated colocalization rate between PNC and chloroplasts in the first and second true leaves of the cotton plants. Mean & SE (n=3).
Different lower-case letters indicate the significance level at 0.05. NS no significant difference
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colocalization rate between Dil-PNC and chloroplasts is
53.34+1.90% and 52.32+1.51% in the first and second
true leaves, respectively (Fig. 1d, e). No Dil fluorescence
signal was detected in cotton leaves treated with Silwet-
L77 (Additional file 1: Figure S2).

PNC improved the performance of cotton under salinity
stress

Compared to cotton plants without PNC treatment,
under 200 mM NacCl, the plants with foliar delivered
PNC showed obvious better phenotypic performance
(Fig. 2a, Additional file 1: Figure S3a—c) and significant
higher biomass such as leaf fresh weight (Fig. 2b), dry
weight (Additional file 1: Figure S3d) and whole plant
weight (Additional file 1: Figure S3e), either in the first
or the second true leaf. Under 200 mM NaCl, compared
with the 0.60£0.09 and 0.60+£0.01 g/plant in the NNP
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control group, the fresh weight of the first and the sec-
ond true leaves in PNC treated plants is 0.83+0.07
and 0.72+£0.04 g/plant, respectively. Also, under
200 mM NaCl, PNC treated cotton plants showed sig-
nificant higher chlorophyll content (indicated by CCI,
chlorophyll content index) in both the first and the
second true leaves than the NNP group (Silwet L-77
treated plants) (Fig. 2¢, d). The results of chlorophyll a
(0.60£0.03 and 0.91 £0.04 mg/g in the first true leaf of
salt stressed plants with and without PNC, 0.70+0.03
and 1.1740.05 mg/g in the second true leaf of salt
stressed plants with and without PNC) and chloro-
phyll b (0.21+£0.01 and 0.32+0.02 mg/g in the first
true leaf of salt stressed plants with and without PNC,
0.2540.01 and 0.42 +0.02 mg/g in the second true leaf
of salt stressed plants with and without PNC) content
(Additional file 1: Figure S4a, b) are also consistent with
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the CCI results. Under no saline conditions, no sig-
nificant difference of the phenotypic performance and
chlorophyll content (indicated by chlorophyll content
index) were observed in cotton plants treated with and
without PNC (Additional file 1: Figure S5a—c).

PNC improved the photosynthetic performance of cotton
under salinity stress

After five days salinity stress (D5, 200 mM NaCl), PNC
treated cotton plants showed significant higher car-
bon assimilation rate in the first true leaf (8.84+0.82
vs 4.104+0.69 pmol CO, m™2 s™!) and the second true
leaf (8.83+£0.32 vs 3.62 4 0.48 pmol CO, m~2s™!) than
the control group (Fig. 3a). Similarly, compared with
the control group under 200 mM NaCl, 5 days, PNC
treated cotton plants showed significant higher sto-
matal conductance in the first true leaf (0.4040.01 vs
0.16 £0.05 mmol H,0 m™2 s7!) and the second true
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leaf (0.46+0.06 vs 0.1340.01 mmol H,0 m™2 s71)
(Fig. 3b). Figure 3c showed that after five days salt
stress, the PNC treated plants have significant higher
intercellular CO, than the control group, in both the
first (358.3 £19.20 vs 255.0 4 27.68 umol CO, m~2s™ 1)
and the second (340.67 £40.56 vs 259.67 £ 27.97 umol
CO, m™?s7!) true leaves. Similarly, after salinity stress,
the transpiration rate of the PNC treated plants is sig-
nificantly higher than the control group, in both the
first (0.63+£0.43 vs 0.17£0.07 pmol CO, m™2 s7 1)
and the second (0.77+£0.10 vs 0.36£0.02 pmol CO,
m~2 s7!) true leaves (Fig. 3d). At day 0 (DO, salinity
stress is not yet onset), no significant difference of car-
bon assimilation rate, stomatal conductance, intercellu-
lar CO, and transpiration rate was found between PNC
treated cotton plants and the NNP control group, either
in the first or the second true leaf (Fig. 3a—d).
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PNC improved the ROS scavenging ability of cotton

under salinity stress

After 5 days’ salt stress (200 mM NaCl), compared with
the NNP control group, PNC treated cotton plants
showed significant lower content of malondialdehyde
(MDA), hydrogen peroxide (H,0O,) and superoxide anion
('O,7) in either the first (3.49+0.29 vs 2.32 +0.07 pmol/g
for MDA, 20.30-£0.12 vs 4.34+0.14 pmol/g for H,0,,
2.60£0.07 vs 1.34+0.04 pmol/g for ‘O,7) or the sec-
ond (2.85+£0.17 vs 1.614+0.14 umol/g for MDA,
19.1840.17 vs 6.4740.23 pmol/g for H,0,, 1.9340.01
vs 1.53£0.02 pmol/g for ‘O,") true leaf (Fig. 4a—c). Con-
focal imaging results further confirmed the results. Using
DCFDA (indicating H,O,) and DHE (indicating ‘O,")
fluorescent dye, Fig. 5 showed that compared with the
NNP control group, PNC helped to scavenge more ROS
in both the first and the second true leaves of salt stressed
cotton plants. It shows that PNC treated cotton plants

Page 9 of 16

have significant lower DCF and DHE fluorescent dye
intensity in either the first (10.61 +1.05 vs 3.11 +0.68 and
2.1240.30 vs 0.67 £ 0.38 for H,0, and ‘O, ", respectively)
or the second (6.8240.69 vs 2.77 +0.59 and 1.86 +0.15 vs
0.96+0.05 for H,0, and ‘O, ", respectively) true leaf than
the control group after the treatment of 200 mM NacCl,
5 days (Fig. 5a—c).In contrast to leaf MDA and ROS con-
tent, after 5 days’ salt stress (200 mM NaCl), the activities
of SOD (superoxide dismutase), CAT (catalase) and POD
(peroxidase) in the first (227.384+9.89 vs 343.81 £16.95
Ul/g for SOD, 0.76£0.03 vs 1.3440.04 mmol H,0,/mg
protein/min for CAT, 4.30+0.06 vs 6.85+0.05 pmol
tetra-gualacol /mg protein /min for POD) and the second
(252.34+7.08 vs 386.16 £3.15 U/g for SOD, 0.95+0.04
vs 2.041+0.09 mmol H,O,/mg protein/min for CAT,
6.28+£0.10 vs 7.21 +0.06 umol tetra-gualacol /mg protein
/min for POD) true leaves are significantly higher in PNC

200 mM NaCl
)5 - SiwetL77 b
W Sliwet L-77+PNC
S 20 -
o
£
= 15 1
5
£ 10-
o
o
o 51
N
I
O -

1st leaf 2nd leaf

Fig. 4 The MDA and ROS content in salt stressed (200 mM NaCl, 5 days) cotton plants with and without PNC treatment. a-c malondialdehyde
(MDA) content (a), H,O, content (b), and O,~ content (c) of the first and second true leaves of salt stressed cotton plants with and without PNC

200 mM NaCl a
4.5 -
W Silwet L-77
W Sliwet L-77+PNC
o
3 ab
3
£
2
=
‘g C
o 15
o
<
a
=
0
1st leaf 2nd leaf
200 mM NacCl C
47 mSiwetL-77
M Sliwet L-77+PNC
53] @
©
€
2
ot
c
)
c
[]
o
‘o
o
1st leaf 2nd leaf
treatment. Mean = SE (n=12). Different lower-case letters indicate the significance level at 0.05




Liu et al.  Nanobiotechnol (2021) 19:153 Page 10 of 16
Chloroplast Overlay Chloroplast Overlay
a

L] s .
©
2
@
L

o

4

| - . .
o
©
: . . -
T
c
N

0 2
Z o
o
+
+
N~
~ N~
a e
- ()
Q Y
3 Z|g
P als
N

200 mM NaCl 200 mM NaCl
i f m Silwet L-77
- a - a
e 12 'Sflwet L1t - 25 m Silwet L-77+PNC
™ m Silwet L-77+PNC i a
o 97 T
a Q15
2 %7 2
= =
c
g 3] 205
E £
RN 0

2nd leaf 2nd leaf

Fig. 5 Confocal imaging of ROS fluorescent dye intensity in salt stressed (200 mM NaCl, 5 days) cotton plants with and without PNC treatment. a
and b, DCF (largely indicating H,0,) fluorescent dye intensity of the first and second true leaves of salt stressed cotton plants without (a) and with
(b) PNC treatment. ¢, d DHE (indicating ‘O, ~) fluorescent dye intensity of the first and second true leaves of salt stressed cotton plants without (c)
and with (d) PNC treatment. e and f, the quantified DCF (e) and DHE (f) fluorescence intensity of the first and second true leaves of salt stressed
cotton plants with and without PNC treatment. Mean = SE (n = 3). Different lower-case letters indicate the significance level at 0.05. Scale bar is
20 um. NNP non-nanoparticle control

1st leaf 1st leaf

treated cotton plants than the control group (Additional
file 1: Figure S6a—c).

PNC helped to maintain K'/Na" ratio in cotton

under salinity stress

After 200 mM NaCl treatment for five days, PNC treated
cotton plants showed significant higher APG-2 (Kt

fluorescent dye) intensity in the cytosol (111.11+8.92
vs 17.98+0.77 and 58.57£2.41 vs 24.61+1.10 for the
first and the second true leaves, respectively) and the
vacuole (88.20+£0.95 vs 16.204+0.53 and 52.66+1.65
vs 17.50+0.78 for the first and the second true leaves,
respectively) of the mesophyll cells than the NNP con-
trol group (Fig. 6a, b, e, f). This is in accordance with the
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results of total leaf K content, showing that under salin-  first (51.9941.19 vs 28.2241.18 mg/g) and the second
ity stress (200 mM NaCl, five days), PNC treated cotton  (60.85+£4.58 vs 33.14+0.87 mg/g) true leaves than the
plants have significant higher leaf K* content in both the =~ NNP control group (Fig. 7a). Whereas, after five days’ salt
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stress, CoroNa Green (Na' fluorescent dye) intensity in
the cytosol (33.89+£2.24 vs 7.93+1.10 and 108.45+2.48
vs 35.54+2.11 for the first and the second true leaves,
respectively) and the vacuole (13.24+1.28 vs 4.62+0.85
and 17.43£0.73 vs 14.23 +1.32 for the first and the sec-
ond true leaves, respectively) of the mesophyll cells is
lower in the PNC treated cotton plants than the NNP
control group (Fig. 6¢, d, g, h). This is in consistent with
the results of total leaf Na™ content, showing that under
salinity stress (200 mM NaCl, five days), leaf Na™ content
in both the first (14.95+0.91 vs 5.71 £0.22 mg/g) and the
second (11.70+0.42 vs 4.38+0.32 mg/g) true leaves is
significant lower in PNC treated cotton plants than the
NNP control group (Fig. 7b). No significant difference of
the vacuolar CoroNa Green intensity was observed in the
second true leaf between the PNC treated cotton plants

and the control group under salinity stress (200 mM
NaCl, five days) (Fig. 6h). Moreover, under salinity stress
(200 mM NaCl, five days), PNC treated cotton plants
have significant higher leaf K*/Na™ ratio in both the first
(9.16£0.57 vs 1.91+0.19) and the second (14.13+1.79
vs 2.84£0.17) true leaves than the NNP control group
(Fig. 7¢).

PNC modulated the relative expression of genes related

to Na" and K" transport

Under salinity stress (200 mM NaCl), no significant dif-
ference of the relative gene expression level of SOSI (salt
overly sensitive 1, Na™/H" antiporter for Na™ exclusion)
and NHX1 (Nat/H* exchanger for vacuolar Na%t seques-
tration) was observed in cotton plant treated with and
without PNC, in both the first and second true leaves
(Fig. 7d). Whereas, PNC treated cotton plants showed



Liu et al. J Nanobiotechnol (2021) 19:153

significantly upregulated relative expression level of
HKTI (high affinity Kt transporter for Nat exclusion)
than the control plants under salinity, either in the first or
the second true leaf (Fig. 7d). In contrast to the upregu-
lated HKT1, the relative expression level of KOR (K* out-
ward rectifying channel for K efflux) was significantly
downregulated in PNC treated cotton plants compared
with the control plants under salinity, either in the first or
the second true leaf (Fig. 7d).

Discussion

Foliar application of nanoceria improves cotton salt
tolerance

Our previous study tried nanoceria priming on cot-
ton seeds and showed that compared with the control,
nanoceria increased root length and biomass but not
germination rate in cotton under salinity stress [26].
However, the experiments are conducted under paper
roll condition and thus could not allow the build-up of
normal cotton seedling plants. Here, hydroponic cul-
tured cotton plants (two-leaf stage) were used to study
the interactions between nanoceria and salinity stressed
plants, which might give more clues about the mecha-
nisms underline nanoceria improved plant salt toler-
ance. Also, in some semi-arid area, during the practice,
good irrigation was usually operated at seed sowing stage
but not last for seedling stage which is also critical for
plant survival under hostile conditions. In this study, we
showed that compared with the NNP control, nanoce-
ria improved the phenotypic performance and increased
biomass of cotton seedlings under salinity stress (Fig. 2A,
B, Additional file 1: Figure S2). Also, the PNC treated
cotton plants showed better chlorophyll content (Fig. 3)
and photosynthetic performance (Fig. 4) than the NNP
control under salinity stress. Overall, our results sug-
gests that not only the seed nanopriming, but also foliar
application of nanoceria at seedling plants could help
to improve cotton salt tolerance. Moreover, our results
added new information to support the possible addi-
tion of cotton to the suggest list of the potential crops for
nano-enabled agriculture.

Nanoceria improved ROS scavenging ability confers

the enhanced cotton salt tolerance

ROS plays dual role in plants [47, 48]. ROS accumula-
tion is known as a secondary stress in plants under salin-
ity. Over-accumulated ROS could damage protein, DNA,
membrane, and other biomolecules in plants [47]. ROSs
in salt stressed plants mainly refer to hydrogen peroxide
(H,0,), superoxide anion ('O, ~), hydroxyl radicals (OH)
and singlet oxygen ('O,) [48]. The latter two cannot be
scavenged by any known antioxidant enzymes. Among
these ROSs, hydroxyl radicals are the most destructive
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ones, and are generated from hydrogen peroxide which
reacts with transition metals through the Fenton reaction
[48, 49]. Maintaining ROS homeostasis is important for
plant salt tolerance. Plants evolved enzymatic and non-
enzymatic antioxidant system to maintain ROS homeo-
stasis [50, 51]. However, once the production overs the
scavenging, ROSs start over accumulation which in
turn impose negative effect on plant performance under
stress. Thus, nanoparticles or nanomaterials with ROS
scavenging ability, especially for hydroxyl radicals, may
have the potential to maintain ROS homeostasis in plants
under stress and thus to improve plant stress tolerance.

Here, we found that besides significant lower leaf MDA
content, PNC treated plants showed increased antioxi-
dant enzyme activities and decreased ROS content than
the control under salinity stress (Fig. 4, 5 and Addi-
tional file 1: Figure S6). These results are in accordance
with previous studies [6, 7, 13, 28], showing that through
scavenging of ROS, nanoceria are able to help plants to
resist stress conditions, e.g. salinity. Our results further
reinforced the conception of nano-enabled agriculture,
demonstrating the potential use of nanoparticles such as
nanoceria to enhance salinity stress tolerance in plants,
at least in cotton. This plant nanobiotechnology approach
provides an alternative option of addressing current
salinity issue in field and exploring the semi-arid area for
cropping to the policy makers and farmers, especially
cotton growers. Moreover, it should be noted that to ben-
efit the sustainable agriculture, before the use of nanoma-
terials in crop plants, conducting safety assessment such
as the effects of nanomaterials in the non-target organ-
isms is necessary.

Better maintained leaf K'/Na" ratio is important for PNC
improved cotton salt tolerance
Plant’s ability to maintain both cytosolic K™ and Na™
homeostasis is an essential trait indicating its salin-
ity stress tolerance [15]. Massive over-accumulation of
Na™ in the cytosol not only leads to Na™ toxicity, but
also causes Kt efflux from the cytosol to the apoplast.
K" is a co-factor which is required for the activation of
more than 50 enzymes [52]. It also plays important roles
in cytosolic pH homeostasis, protein synthesis and cell
activities e.g. stomatal opening and closure [53-55].
Under normal condition, the optimal K* concentration
in plant cell cytosol is about 100 mM [56, 57]. Plants can
lose more than 50% K* under salinity stress. Our previ-
ous work showed that nanoceria modulated the activity
of ROS-activated NSCC channels to enable better meso-
phyll KT retention and thus plant salt tolerance [13].

To date, the reported mechanisms for nanomateri-
als improved plant salt tolerance includes (1) maintaining
ROS homeostasis by scavenging over-accumulated ROS
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or stimulating the activities of antioxidant enzymes [8, 28],
(2) shortening the root apoplast barrier to allow more Na™
been translocated from root to shoot [6, 7], (3) modulat-
ing the activities of ion channels (nonselective cation chan-
nels, NSCC; and Kt outward rectifying channels, KOR)
to enable better mesophyll K* retention [13], 4) promoting
the production of gas signaling molecules, such as nitric
oxide [58]. As mentioned above, leaf cytosolic K*/Na™ ratio
is a hallmark for plant salt tolerance [15]. However, the abil-
ity of cerium oxide nanoparticles to maintain cytosolic K/
Na™ ratio in salt stressed plant, especially the cash crop cot-
ton, is less addressed. To maintain the leaf cytosolic K*/Na™
ratio, the ability to coordinate the level of K™ and Na™ in the
cytosol is important. Here, we found that PNC treated plants
showed better ability to maintain cytosolic K and total leaf
K* than the NNP control plants under salinity, either in the
first or second true leaf (Figs. 6a—c, 7a). Also, KOR expres-
sion, a gene responsible for salt-induced K* leak, is signifi-
cantly downregulated in PNC treated plants than the NNP
control under salinity stress (Fig. 7d), further confirming that
PNC helped plants to maintain higher mesophyll K* reten-
tion ability. This is in accordance with our previous study
[13]. Also, the cytosolic Na™ level and total leaf Na* in both
the first and second true leaves of PNC treated plants is sig-
nificantly lower than in NNP control plants under salinity
stress (Figs. 6d—f and 7b). These results confirmed that PNC
helped cotton plants to maintain a better leaf cytosolic Kt/
Na* ratio and thus better performance under salinity stress.
Overall, this work suggests that the ability to maintain the
mesophyll cytosolic K/Na™ ratio is a component of the
mechanisms behind PNC enabled better plant salt tolerance.
It adds more knowledge to our understanding of the mecha-
nisms behind nanoceria-plant interactions regarding nano-
enabled plant stress tolerance.

PNC enabled lower mesophyll cytosolic Na*

is not associated with leaf vacuolar Na* sequestration
Plants have different mechanisms to modulate cytosolic Na*t
level, either by sequestrating Na™ into the vacuole [59] or
excluding Na™ into the roots [20]. Here, our results showed
that no increase, even decrease in the first true leaf, of vacu-
olar Na™ level in PNC treated plants than the NNP control
under salinity stress (Fig. 6d—f). It suggests that at least in cot-
ton, PNC enabled lower cytosolic Na™ is likely not enabled by
possible high efficiency of vacuolar Na* sequestration. Also,
qPCR results showed that no difference in NHX1 expression
was found between PNC treated cotton plants and the NNP
control under salinity (Fig. 7d). In contrast to the NHXI,
an upregulation of HKTI was found in PNC treated cot-
ton plants than the NNP control under salinity stress, sug-
gesting that PNC enabled better leaf Na* exclusion. This is
in accordance with the results showing significantly lower
leaf Na™ in PNC treated cotton plants than the NNP control
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under salinity stress (Fig. 7b). Overall, our results showed
that in cotton plants, PNC enhanced leaf Nat exclusion but
not the ability of vacuolar Na* sequestration under salinity
stress. This is different to the mechanisms of PNC enabled
salt tolerance in canola plants, by which shortening the apo-
plastic barrier to allow more Na™ to be transported into the
shoot has been reported [7]. It suggests the complexity of the
mechanisms behind PNC improved plant salt tolerance. It
further calls the research attention on the different employed
mechanisms of nanoparticle-plant interactions in different
plant species. Moreover, besides shoot Na* exclusion and
vacuolar Na™ sequestration, limiting Nat uptake from the
root and its transport from root to shoot are also important
mechanisms for plant salt tolerance [19, 20, 60]. Future stud-
ies are encouraged to study the contribution of Na* exclusion
from root uptake and xylem Na* loading and unloading in
nanomaterials improved plant salt tolerance.

The different biological responses of leaves to PNC: more
to be studied

One largely overlooked issue in nanoparticle-plant interac-
tions is the possible different biological responses of leaves
to the nanoparticles. In this work, we investigated the bio-
logical responses of the first and second true leaves of cotton
plants to PNC under salinity stress. Our results showed that
the biological responses of the first and second true leaves to
PNC are different on some of the measured parameters in
this study. For example, under salinity stress, the second true
leaf have higher SOD and CAT activities than the first true
leaf treated with PNC (Additional file 1: Figure S6a and S6b).
Also, the second true leaf treated with PNC showed a signifi-
cantly higher leaf K*/Na™ ratio than the first true leaf under
salinity stress (Fig. 7c). Compared with the first true leaf, the
amount of reduced cytosolic Na* in leaves with and without
PNC is 2.8 times higher in the second true leaf under salin-
ity stress (Fig. 6g, h). Overall, it suggests that PNC may be
able to protect the younger tissues, for example, the second
true leaf in this study. These different biological responses
between PNC treated first and second true leaves under
salinity stress calls for more attention to study the nanoparti-
cle-plant interactions at the level of tissue or organ level.

Conclusions

The present work adds new knowledge about mecha-
nisms behind nanoceria improved cotton salt tolerance at
seedling stage. In the present study, our results showed
that compared with the control group, PNC could scav-
enge ROS and enhance antioxidant enzyme activity
in the first and second true leaves to maintain better
ROS homeostasis in cotton plants under salinity stress.
Besides maintaining ROS homeostasis, PNC helped salt
stressed cotton plants to retain leaf K and to exclude
over-accumulated leaf Na™, thus allowing the higher leaf
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K*/Na* ratio in PNC treated plants than the NNP control
plants under salinity stress. Combining the results from
confocal imaging and qPCR experiments, our results
suggest that not leaf vacuolar Na't sequestration, but the
enhanced leaf K* retention and leaf Na® exclusion are
the main mechanisms behind PNC improved cotton salt
tolerance. It also adds more knowledge about the mecha-
nisms behind plant-nanoceria interaction.
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Dil-PNC. a, the absorbance spectrum of the synthesized PNC and Dil-PNC.
b and ¢, the colour of the synthesized PNC (b) and Dil-PNC (c).Figure S2.
Confocal imaging of Dil fluorescence signals in Silwet-L77 treated cotton
leaves. No Dil fluorescence signal was detected in cotton leaves treated
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treatment. Mean = SE (n = 12). Different lower-case letters indicate the
significance level at 0.05. Figure S5. The compatibility of PNC in cotton
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tion after 28 days. ¢, CCl (chlorophyll content index) readout of the first
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significant difference. Figure S6. The antioxidant enzyme activities in salt
stressed (200 mM NaCl, 5 days) cotton plants with and without PNC treat-
ment. a-¢, superoxide dismutase activities (a), catalase activities (b), and
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cotton plants with and without PNC treatment. Mean = SE (n=12). Differ-
ent lower-case letters indicate the significance level at 0.05.
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