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Abstract

To meet the human demand for crop productivity, there are several challenges that researchers are involved in the
photosynthetic efficiency of plants may be one of them. Nanotechnology can improve agricultural productivity

by affecting the photosynthetic activity of plants. However, no studies have yet shown that nano-calcium carbon-
ate (NCC) can play a role in improving photosynthetic performance of plants. In order to explore the effects of NCC
on wheat seedling morphology, antioxidant enzyme activities and photosynthetic parameters, wheat roots were
exposed to different concentrations of NCC (0, 25, 50, 100, 200, 400 mg LN through hydroponic experiments. Dif-
ferent concentrations affected root length, root surface area, root diameter, root volume and plant dry biomass.
Compared to the control (0 mg L' of NCC) application (CK), wheat with 200 mg L~" of NCC application showed
54% and 58% increase in superoxide dismutase (SOD) and ascorbate peroxidase (APX) activities, respectively. As for
photosynthesis-related physiological indicators, compared with CK, 200 mg L™ of NCC significantly enhanced chloro-
phyll a (38%), chlorophyll b (20%), carotenoid content (19%), Rubisco activity (3.02-fold), net photosynthetic rate (Pn,
56%), transpiration rate (Tr, 40%), and stomatal conductance (Gs, 71%). The PCR results showed that compared with
CK, the psbA gene encoding the photosystem PSII reaction center D1 protein and the rbcl gene encoding the large
subunit of Rubisco were up-regulated by 2.56- and 2.58-fold at 200 mg L™ NCC treatment, and by 3.22- and 3.57-fold
at 400 mg L~ NCC treatment, respectively. Specifically, NCC has significant benefits on wheat seedling growth, and
200 mg L™"is the optimal concentration. NCC enhanced photosynthetic performance of wheat by increasing anti-
oxidant enzyme activity, photosynthetic pigment content, Rubisco activity, stomatal conductance and PSI| reaction
center activity.
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Introduction

As modern agriculture must increase crop productivity
to meet the challenges of climate change, declining arable
land, and continued population growth, extremely effi-
cient agriculture needs to be developed while reducing
global poverty and hunger to meet the high demand for
food expected by 2050 [1-3].

Photosynthesis plays an important role in plant growth
and development. To meet the rapidly growing human
demand for food, energy and materials, there is an urgent
need for researchers to find suitable methods to increase
the efficiency of plant photosynthesis [4]. Improving crop
yields through sustainable approaches such as optimiz-
ing the way plants use light are paramount to achieving
the sustainable yield growth needed to meet future food
demand [5, 6].

Nanoparticles (NPs) are widely used in agriculture to
improve the productivity of crops by improving seed
germination, seedling growth, photosynthesis, etc. [7,
8]. NPs have been demonstrated to be a novel, power-
ful and prospective tool for enhancing plant photosyn-
thesis that may revolutionize agriculture in the future,
but are currently underutilized [5, 9, 10]. NPs can
potentiate photosynthesis in plants by regulating pho-
tophosphorylation, carbon assimilation pathway [11],
electron transport chain [12], Gs, intercellular CO,
concentration (Ci), Tr [13], photosynthetic pigment

content (chlorophyll a, b, carotenoids) [14], Rubisco
carboxylation level [15], etc. The effect of NPs on plant
photosynthesis mainly varies depending on the particle
size, applied dose, exposure time, surface charge, phys-
icochemical properties of NPs, as well as plant species,
growth stage, and cell wall pore size [16—19]. Thus, NPs
show both favorable and negative aspects in their effects
on plant photosynthesis. Some NPs can inhibit photo-
synthesis by producing large amounts of reactive oxygen
species, reducing chlorophyll content, altering Rubisco
activity, and disrupting the building blocks of PSI and
PSII [20-23]. NCC has excellent biocompatibility and
low toxicity [24, 25] and has minimal poisonous effects
on plant photosynthesis. Some investigations have indi-
cated that NCC can promote plant growth by resisting
stress [26, 27], but no studies have yet shown that it can
play a role in photosynthesis in plants. It is well known
that calcium is one of the essential nutrients required
for plant growth. In addition to its role in promoting
plant growth and development, facilitating plant cell
wall construction, and resisting environmental stress
[27], it also plays an instrumental role in the photo-
synthetic pathway [28]. Calcium not only regulates the
transcription and translation of genes encoding chloro-
plast proteins and related enzymes [29], but also partici-
pates directly in PSII electron transport [30]. Compared
with ordinary calcium carbonate particles, NCC is more
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easily absorbed by plants due to its smaller particle size
and stronger adhesion [26]. Therefore, the application of
NCC may be an effective means to improve photosyn-
thetic efficiency in crops.

To investigate the effects of NCC on photosynthesis
and growth and development of wheat seedlings, this
study examined the changes in root morphology, above-
ground and root biomass, malondialdehyde (MDA)
content, antioxidant enzyme activity, photosynthetic
pigment content, Rubisco activity, Pn, Tr, Gs, and Ci
under different applied doses of NCC by hydroponic
experiments. The changes in the expression of psbA
gene, which encodes the D1 protein of photosystem PSII
reaction center, and rbcL gene, which encodes the large
subunit of Rubisco, were examined by fluorescence quan-
titative PCR.

Materials and methods

Plants and NCC

Uniform seeds of winter wheat cultivar Taimai 198
were used as the experimental materials in this study.
NCC was purchased from Deke Daojin Science and
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Technology Co., Ltd. (Beijing, China), with a specific sur-
face area of 45-60 m? g~! and purity of>99%. The NCC
was characterized using transmission electron micros-
copy (TEM, Hitachi Ltd., Japan), energy dispersive spec-
trometer (EDS, Oxford Instrument Co., Ltd., UK), fourier
transform infrared spectrometer (FT-IR, Thermo Fisher
Scientific, USA) and X-ray diffractometer (XRD, Bruker
Technology Co., Ltd.) (Fig. 1).

Characterization of nanoparticle

The shape of the NCC was spherical, and the size of
the NCC was determined from the TEM (Fig. 1A),
while the XRD pattern was recorded using Cu ka radia-
tion (1 =0.15406 nm) at room temperature in the range
of 26=10°-90° with a scanning speed of 4° min'. Ten
peaks (260=23.08°, 29.44°, 39.46°, 36.02°, 43.22°, 47.57°,
57.48°, 64.76°, and 60.92°) were selected using Origin2022
software (OriginLab, USA) and calculated the particle
size of NCC using Scherrer’s formula [31] (Fig. 1D). The
final particle size of NCC was obtained as 14-56 nm.
Based on the energy spectrum analysis, the specific
gravity of Ca was 35.95%, O was 46.85%, C was 17%,
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Fig. 1 TEM (A), TEM (B), FT-IR (C), and XRD (D) picture of nano-calcium carbonate particles
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and other elements were negligible, and the main com-
ponent of the substance could be identified as CaCOj,
(Fig. 1B). According to FT-IR analysis (Fig. 1C), the NCC
has absorption peaks at wavenumbers of 1402.21, 873.59,
and 712.57 cm™}, and these three peaks are characteris-
tic absorption peaks of calcite-type COj, [32], so the NCC
is calcite-type CO;. Based on the XRD analysis (Fig. 1D),
the NCC was determined to be calcite-type CO; by com-
paring it with the standard card PDF#05-0586 (calcite) in
the range of 26 =10°-90°, which is the same as the FT-IR
results.

Experiment design

The wheat seeds were surface disinfected with 2.5%
sodium hypochlorite solution for 10 min, rinsed with
sterile distilled water, then placed in Petri dishes for ger-
mination. After 10 days, the wheat seedlings that grew
to the one-leaf stage with uniform growth were selected
and transferred to the setting plate and placed on top of a
plastic box (32 cm in length, 24 ¢cm in width, and 12 cm in
height) filled with 9 L of nutrient solution (half amount of
Hoagland nutrient solution) (Additional file 1: Table S1)
so that the wheat roots were immersed in the nutrient
solution (Fig. 2 and Additional file 1: Figure S1). Use an
electric pump to pump air into the water. The green-
house temperature was set at 22 °C/18 °C (day/night)
with a light of 300 pmol m~% s™! and a photoperiod of
12 h. After 10 days, the wheat was divided into six groups
at the three-leaf stage and five groups of different con-
centrations of NCC solution were set up with no NCC
as the control, and three replicates were set up for each
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treatment (Table 1). The NCC was dissolved in nutrient
solution and ultrasonically dispersed with an ultrasonic
cell crusher for 10 min so that the NCC were uniformly
dispersed in the nutrient solution, and its pH was meas-
ured with a pH meter (Shanghai Yidian Scientific Instru-
ment Co., Ltd., China). The NCC suspension was stirred
with a magnetic stirrer for 20 min every 12 h, and the
NCC suspension and nutrient solution were replaced
every 3 days. Sampling was carried out after 10 days of
NCC treatment, which was 30 days after the germination
of wheat seeds.

Measurements

Root system morphology analysis

Five fresh wheat seedlings were selected for each
treatment and wheat roots were immediately sepa-
rated and each wheat plant was measured separately.
The wheat roots were carefully cleaned and placed
in a transparent tray with a small amount of water

Table 1 Nano-calcium carbonate dosage

Treatments Nano-calcium carbonate pH
concentration (mg L™")

CK 0 6.78
T1 25 6.94
T2 50 7.07
T3 100 7.7
T4 200 7.25
T5 400 734

Fig. 2 Schematic diagram of wheat hydroponics
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(2—3 mm water layer), and each root of the wheat was
separated so that the wheat roots were dispersed in
the water. The tray was transferred to LA2400 root
scanner (Regent Instruments Inc, Canada). After
scanning, root length, root diameter, root surface
area, and root volume of wheat were analyzed using
WinRHIZO pro software (version 2012b, Regent
Instruments Inc., Canada) [14].

Biomass determination

Ten wheat seedlings were taken for each treatment, and
the stems, leaves, and roots of wheat seedlings were sep-
arated after washing and wiping them clean. They were
placed in an oven at 105 °C for 30 min to inactivate the
enzyme and then dried at 75 °C to a constant weight [33].

Determination of MDA content and antioxidant enzyme
activity

0.5 g of fresh wheat leaves were rapidly frozen in liquid
nitrogen and then quickly ground into a homogenate with
5 mL of pre-chilled 4-hydroxyethyl piperazine ethanesul-
fonic acid (HEPES) buffer (50 mM, pH 7.8) containing
20% (v/v) glycerol, 1 mM disodium ethylenediaminetet-
raacetate (EDTA Na,), 1 mM ascorbic acid (AsA), 5 mM
MgCl, and 1 mM dithiothreitol (DTT). The homogenate
was transferred to a centrifuge tube and then centrifuged
at 10,000¢ for 20 min to obtain the supernatant, which
was the enzyme extraction solution.

MDA was determined by the method of [34], 2 mL of
enzyme solution was added to 4 mL of trichloroacetic
acid—thiobarbituric acid (TCA-TBA) mixture (101.25 g
of TCA and 2.5 g of TBA were dissolved by heating,
cooled and fixed to 500 mL), boiling water bath for
20 min. After centrifuging at 4000g for 10 min, the super-
natant was collected and analyzed at 450 nm, 532 nm and
600 nm under a visible spectrophotometer.

SOD activity was determined by photochemical reac-
tion with nitroblue tetrazolium (NBT) [35] with slight
modifications. The reaction solution (2.9 mL) was pre-
pared with 50 mmol L~! HEPES buffer (containing
130 mmol L™ methionine, 750 pmol L™ NBT, 100 umol
L~! EDTA Na,, 60 pmol L™! riboflavin) and 0.1 mL of
enzyme extract (pH 7.8). The tubes were exposed to
4000 Ix light for 15 min, and the reaction was ended by
shading immediately after the light exposure. The absorb-
ance was recorded at 560 nm.

Catalase (CAT) activity was measured by monitoring
the decrease in absorbance at 240 nm due to H,O, deple-
tion [36]. APX activity was measured by observing the
decrease in absorbance at 290 nm due to the oxidation of
ascorbic acid [37].
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Determination of chlorophyll and carotenoid contents
Weigh 0.2 g of cut fresh wheat leaves into a pre-cooled
mortar, add 3 mL of 80% acetone solution, grind the
wheat leaves into a homogenous slurry and then add
10 mL of 80% acetone solution, let it stand for 3—5 min
and then filter. The filtrate was transferred to a 25-mL
brown reagent bottle, fixed with 80% acetone solu-
tion and each treatment was repeated three times. The
absorbance was measured by spectrophotometer (Agi-
lent Technologies, USA) at 663 nm, 645 nm, and 470 nm,
respectively, using 80% acetone as a blank. The contents
of chlorophyll a, chlorophyll b, and carotenoids were cal-
culated according to the formula [38].

Rubisco activity determination

Total Rubisco enzyme of wheat leaves was extracted
using Ribulose diphosphate carboxylase kit (Suzhou
Kemin Biotechnology Co., Ltd., China). According to
the manufacturer’s requirements, 0.1 g of fresh wheat
leaves were weighed and put into a pre-chilled mortar,
then 1 mL of the extract was added to the mortar, and the
wheat leaves were ground into a homogenate on ice and
transferred to a 2-mL centrifuge tube, and the leaf extract
was sonicated with a cell crusher (4 °C, 200W, 3 s on,
7 s off) for 1 min, then centrifuged at 4 “C and 8000g for
10 min, and the supernatant was taken for determination.

Rubisco activity was measured by monitoring the
decrease in absorbance at 340 nm due to the oxidation
of reduced coenzyme I (NADH). 950 uL of reagent pro-
vided by the manufacturer and 50 pL of supernatant
were added to a quartz cuvette according to the manu-
facturer’s requirements. The absorbance at 340 nm was
recorded by spectrophotometer (Agilent Technologies,
USA) at 20 s (A1) and 5 min 20 s (A2). Calculations were
performed using the following equation:

Rubisco (nmol min™! g~} FW)=[AA x Vg~ (e x d) x
10°] = (Vg=Vy x W) = T.

Note: AA: Al(absorbance value at 20 s) — A2 (absorb-
ance value at 5 min 20 s); Vgg: total volume of the reac-
tion system, 1 x 10~3 L; & molar extinction coefficient
of NADH, 6.22 x 10* (L mol™* cm™); d: cuvette opti-
cal diameter, 1 cm; Vg volume of added supernatant,
0.05 mL; V1: volume of added extraction solution, 1 mL;
T: reaction time, 5 min; W: sample mass, g.

Determination of Pn, Tr, Gs, and Ci

The Pn, Tr, Gs, and Ci of wheat leaves were measured
by a Li-6800 portable photosynthesizer (LI-COR Bio-
sciences, USA) from 9:00 to 11:00 a.m. Three wheat
plants were selected for each treatment. The operation
of the instrument was based on the experiment of [39],
and the parameters were modified. The newly expanded
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wheat leaves were placed in a 2 cm? leaf chamber with
the light quantum flux density set at 800 pumol m™2 s™*,
the CO, concentration maintained at 400 mmol mol~},
the measurement temperature set at 25 °C, the flow rate
set at 500 mmol s~!, and the relative air humidity was

65%.

Real-time fluorescence quantitative PCR for gene expression
detection

The wheat leaves frozen at — 80 °C were ground into
powder form in a mortar pre-cooled with liquid nitro-
gen, and the mortar was continuously replenished with
liquid nitrogen during the grinding process. Total RNA
was extracted from 50 to 100 mg of wheat leaf pow-
der using Steadypure plant RNA extraction kit (Accu-
rate Biotechnology Co., Ltd, Hunan, China). The purity
and concentration of RNA extracts were determined
using an Ultramicro ultraviolet visible spectrophotom-
eter (NanoDrop one C, Thermo Fisher Scientific, USA).
First-strand ¢cDNA synthesis was performed using EVO
M-MLV RT Mix Kit (Accurate Biotechnology Co., Ltd,
Hunan, China). The SYBR Green premix Pro Taq HS
qPCR Kit (Accurate Biotechnology Co., Ltd, Hunan,
China) was used according to the manufacturer’s instruc-
tions on the QuantStudio3 Real-time fluorescence. The
relative expression of pshbA gene encoding photosystem
PSII reaction center D1 protein and the gene encoding
Rubisco large subunit rbcL was calculated by the 274ACt
method [40] using Actin as the reference gene in real-
time quantitative PCR on a QuantStudio3 Real-time fluo-
rescence quantitative PCR system (Applied Biosystems,

Table 2 Sequence of gene primers
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USA). The primers for the relevant genes are shown in
Table 2.

Data analysis

SPSS 26.0 (IBM, USA) was used for data analysis. The
Shapiro—Wilk test and Levene test were applied to verify
the normality of variables and homogeneity of the vari-
ance, respectively, followed by one-way ANOVA on the
data. Tukey’s test (P<0.05) was used for post hoc multi-
ple comparisons, and marked letters were used to indi-
cate significant differences between treatments.

Results

Root system morphology

In general, root length, root surface area, root diameter,
and root volume of wheat seedlings treated with NCC
increased (Table 3, Fig. 2). Root length was significantly
greater in the T1, T2, T3, T4, and T5 treatments than in
CK, being 39%, 43%, 68%, 81%, and 76% higher than in
CK, respectively. Similar results were observed in root
surface area and root volume. Compared to CK, root sur-
face area increased by 42%, 50%, 68%, 100%, and 97% and
root volume increased by 45%, 47%, 65%, 122%, and 114%
for T1, T2, T3, T4, and T5, respectively. While there was
no significant difference in root diameter between CK,
T1, and T2, root diameter was significantly greater in T3,
T4, and T5, increasing by 6%, 18%, and 15%, respectively,
compared to CK. There was no significant difference in
root length, root surface area, root diameter, and root
volume between T4 and T5, but T4 was slightly higher
than T5 (Fig. 3).

Primer name Forward sequence (5'-3’) Reverse sequence (5'-3') References
Actin GGGACCTCACGGATAATCTAATG CGTAAGCGAGCTTCTCCTTTAT [41]
psbA CAAGGTTAGCACGGTTGATGA GCTGCTTGGCCTGTAGTAGGA [42]
rbcl GATACCGCGAGCACGATCTT CGCGACAATGGCCTACTTCT [42]

Table 3 Effects of different concentrations of nano-calcium carbonate on root morphology of wheat seedlings

Treatments Root length Root surface area Root mean diameter Root volume
(m) (em?) (mm) (em?)
CK 397+0.17 ¢ 29.544+1.49d 0.234£0.006 ¢ 0.18+0.01 ¢
T 553+024b 41974£2.19c¢ 0.24240.003 bc 0.25+002b
T2 567+0.16 b 44164552 ¢ 0.237£0.005c 0.26+0.03 b
T3 6.674+029a 4967+324b 0.248+0.009 b 0294002 b
T4 7181061 a 59.02+£39a 0.2754£0.009 a 039+0.04 a
T5 6974053 a 58.15+£6.00a 0.270£0.005 a 0374£0.05a

Different letters in the same column represent significant differences (p <0.05). The results were presented as mean + SD (standard deviation)
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Fig. 3 Effects of different concentration of nano-calcium carbonate on root morphology of wheat seedlings. A-F Represent the different
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Fig. 4 Effects of different concentrations of nano-calcium carbonate
on root, stem and leaf biomass of wheat seedlings. The different
letters above the error line represent the significant difference in the
mean values of different treatments of the same measurement item
(P<0.05)

Biomass

The dry biomass of roots, stems and leaves increased in
all wheat seedlings (T1, T2, T3, T4, and T5) treated with
NCC (Fig. 4). Root dry weight was significantly higher
in T4 compared to the other treatments, increasing by
114%, 62%, 55%, 56% and 10% in T4 compared to CK,
T1, T2, T3 and T5. The maximum stem dry biomass was
also observed in T4, with a significant increase of 73%
compared to CK. While the maximum leaf dry weight
appeared in T2, leaf dry biomass in T2, T3, T4 and T5

were not significantly different, but all were significantly
greater than CK, increasing by 26%, 23%, 23% and 25%,
respectively, compared to CK.

MDA content and antioxidant enzyme activity

As demonstrated in Fig. 5, the SOD and APX activities of
wheat seedling leaves were increased after the treatment
with NCC. Compared with CK, SOD activity was signifi-
cantly increased by 27%, 54%, and 49% in T2, T4, and T5,
respectively. APX activity was significantly increased by
40%, 32%, 58%, and 51% in T1, T3, T4, and T5, respec-
tively. The differences in CAT activity and MDA content
were not significant for all treatments.

Photosynthetic pigments

From Fig. 6, chlorophyll a, chlorophyll b and carotenoid
contents of wheat leaves reached their maximum val-
ues in T4. The chlorophyll a contents of T1, T2, T3, T4,
and T5 were significantly higher than those of CK, with
increases of 15%, 15%, 18%, 38%, and 27%, respectively,
compared to CK. The chlorophyll b and carotenoid con-
tents of CK, T1, T2, and T3 were not significantly differ-
ent. The chlorophyll b contents of T4 and T5 treatments
were significantly higher than CK by 20% and 13%, and
their carotenoid contents were higher than CK by 19%
and 12%, respectively.

Rubisco activity

Overall, the Rubisco activity of wheat seedlings treated
with different concentrations of NCC increased
(Fig. 7). The Rubisco activity of wheat leaves under T4
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treatment was significantly higher than the other treat-
ments. The Rubisco activity of T1, T2, T3, T4, and T5
significantly increased compared to CK by 0.81-, 0.87-,
1.49-, 3.02-, and 1.86-fold.

Relative expression of psbA and rbcL genes

According to Fig. 8, the expression of pshbA gene
encoding photosystem PSII reaction center D1 protein
and rbcL gene encoding Rubisco large subunit were
up-regulated in wheat seedlings treated with NCC.
psbA gene expression was 2.56- and 3.22-fold higher
in T4 and T5 than in CK, and rbcL gene expression
was 2.58- and 3.57-fold higher in CK, respectively. The
relative expressions of psbA and rbcL genes were not
significantly different in CK, T1, T2 and T3.

Pn, Tr, Gs, and Ci

As indicated in Fig. 9, the Pn, Tr, and Gs of wheat in T4
reached their maximum values and increased by 56%,
40%, and 71%, respectively, compared with CK. The
Pn of T1, T2, T3, T4, and T5 were significantly higher
than those of CK. The Tr of T4 were significantly
higher than those of CK and T1, while the differences
in Tr of CK, T1, T2, T3, and T5 were not significant.
The Gs of T3 and T4 was significantly higher than that
of CK, T1, and T5, while the difference in stomatal
conductance of CK, T1, T2, and T5 was not signifi-
cant. The Ci reached its maximum in CK and was not
significantly different in CK, T1, T2, T3, and T5. The
Ci in T4 was significantly lower than CK by 8%.
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Discussion
Nanometer calcium carbonate activates wheat antioxidant
enzyme activity and promotes the germination of wheat
seedlings
Calcium is essential for plant growth and development,
and it plays an important role in promoting cell metab-
olism, maintaining cell function, and facilitating plant
growth and development [43]. Domingues, Ribeiro,
Andriolo, Possobom and Zemolin [44] revealed that cal-
cium concentrations of 2.2 to 4.5 mmol L™ increased
dry weight of soybean stems, leaves, and roots. 5 mM
calcium carbonate treatment increased aboveground
fresh weight, dry weight, root length, and plant height of
djulis by 37%, 17%, 55%, and 12%, respectively [45]. Cal-
cium fertilization can promote poplar root growth [46].
Calcium regulates plant root development and growth
by interfering with or altering plant hormone levels and
regulating the glutamate receptor-like protein AtGLR3.6
[47]. This study showed that NCC increased root length,
root surface area, root diameter, root volume, and dry
biomass of wheat as a result of direct contact of NCC
with the wheat root system. While root length, root sur-
face area, root diameter, root volume and root dry bio-
mass of wheat were slightly reduced in 400 mg L™! NCC
concentration treatment compared to those in 200 mg
L' NCC concentration, which could be the result of
high concentration of NPs blocking root cells by adhering
to them and preventing root adsorption of nutrients [48].
The pH of the nutrient solution increased with the
amount of NCC (Table 1), and the correlation between
inter-root pH and exogenous organic acids indicated that
if a higher inter-root pH could be maintained, the con-
centration of exogenous organic acids could be increased
[49]. Organic acids released from wheat roots promote
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the release of Ca’" and increase the uptake of Ca*" by
wheat roots. Alternatively, compared with ordinary cal-
cium carbonate, NCC possesses a smaller particle size
and larger specific surface area, and has a larger con-
tact area with the wheat root system, making it easier to
interact. When exposed to plant roots, NPs can penetrate
through root tips, root hairs, lateral roots, root bark and
rupture, transfer through the symplastic and apoplastic
pathways and finally transfer through xylem and bast and
distribute to above-ground parts of the plant, including
stems and leaves [9]. However, the uptake and transloca-
tion pathways of NCC in plants are poorly understood
and may enter through endocytosis [50], carrier proteins
[51], intercellular filaments [52], pore-forming behavior
[53] or cleavage patterns [54] enter and have an impact
on plant life activities.

Plants have enzymatic and nonenzymatic antioxidant
systems that can continuously scavenge harmful reac-
tive oxygen species (ROS), but they are exposed to the
deleterious effects of abiotic stress when the destructive
capacity of abiotic stress is stronger than the capacity of

cellular self-defense [55]. Therefore, the accurate spati-
otemporal response of defense systems to stress stimuli
before the onset of stressful damage is critical for plant
survival in response to stressful environmental condi-
tions [55].

An important role of exogenous calcium in activating
antioxidant enzyme activity in plants has been demon-
strated [56, 57]. A hydroponic study indicated that SOD,
CAT, APX and glutathione reductase activities were sig-
nificantly increased in Taiwan quinoa treated with 5 mM
calcium carbonate [45]. NPs play an essential role in pro-
tecting plants from various abiotic stresses by stimulating
the activity of antioxidant enzymes [58]. Application of
nano-mineral analcite promoted CAT activation in maize
[59]. Both foliar spray of nano-titanium dioxide and
nano-silica reduced electrolyte leakage and malondial-
dehyde content and increased SOD, POD, CAT and APX
activities in rice seedlings [16]. The present study dem-
onstrated that NCC promotes SOD and APX activities
in wheat seedlings and plays an important role in scav-
enging ROS and protecting the photosynthetic system.
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This may be because Ca’" acts as a second messenger
in response to biotic and abiotic stress signals [60]. The
cytoplasmic Ca®*" content is regulated by the environ-
ment, and adversity activates Ca®t channels, ion pumps
or Ca’" transporter proteins embedded in the plasma or
organelle membranes to promote Ca*" inward flow [61,
62]. Ca®" and Ca®" transporter proteins are involved in
various stress signaling pathways and regulate the activi-
ties of antioxidant enzymes such as SOD and APX [62].
In contrast, NCC is more readily absorbed and trans-
ported by plants than regular calcium carbonate [26],
which means that NCC has a stronger bioavailability.
However, to avoid Ca®* toxicity, the cytoplasm was main-
tained at a low calcium concentration (<0.1 uM) under
resting conditions [63]. Cytoplasmic calcium levels rep-
resent the balance between the influx of exogenous Ca*"
and the removal of reactive ions from the cytoplasm [64].
To restore cytoplasmic free Ca*" concentration([Ca*"]
cyt), active Ca** transporters (Ca*"/H" exchangers and
Ca?" pumps) promote the efflux of excess Ca*" [64]. In
contrast, excessive NCC treatment (T5) may produce
more Ca*", which may enter the cytoplasm through pas-
sive transport and raise the cytoplasmic Ca** level, which
may damage plant cells when the active Ca®* transporter
is not sufficient to restore [Ca**]cyt, which may explain
the reduction in some physiological indicators in T5
treatment compared to T4 treatment.

NCC enhances photosynthetic performance of wheat
seedlings

Factors affecting the efficiency of photosynthesis include
the structural configuration of organelles involved in
photosynthesis, structural integrity of chloroplasts and
chloroplasts, adequate basal granule development, CO,
aggregation, Rubisco activity, pigments that aid photo-
synthesis such as chlorophyll a and chlorophyll b, and the
adequate presence of regulatory proteins of thylakoids
(65, 66].

Calcium functions in the maintenance of photosynthe-
sis by regulating the expression of chlorophyll synthe-
sis-related genes in leaves [67]. In the present study, we
found that NCC also promoted the accumulation of chlo-
rophyll a, chlorophyll b and carotenoids, which reached a
maximum at NCC concentration of 200 mg L™,

NPs may enhance photosynthetic performance mainly
by affecting the Hill reaction and Calvin cycle (PSI and
PSII activity), leading to greater photophosphorylation
[5]. The psbA gene encodes the D1 protein, a structur-
ally and functionally important protein at the center of
the photosynthetic system II reaction [68]. 200 mg L™
and 400 mg L' of NCC significantly promoted the up-
regulation of psbA expression, suggesting that NCC may
enhance photosynthetic performance by enhancing D1
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protein activity to increase PSII activity. ROS can inhibit
D1 protein recombination, while NCC can reduce ROS
accumulation by increasing antioxidant enzyme activity
[29]. The enhancement of photosynthetic efficiency by
NPs may also result from the up-regulation of key pho-
tosynthetic enzymes such as Rubisco and Rubisco acti-
vating enzyme, etc. [9, 69]. Rubisco is an enzyme that
catalyzes ribulose-1,5-bisphosphate carboxylation and
oxygenation, the first step in a competing metabolic path-
way for carbon dioxide fixation by photorespiration and
photosynthesis in higher plants [70]. The results of the
experiment showed that Rubisco activity was significantly
increased in all treatments with NCC application. rbcL, a
chloroplast gene encoded by the Rubisco substrate bind-
ing center and activity center located in the large subunit,
regulates Rubisco synthesis and activity. rbcL gene was
significantly up-regulated in wheat seedlings cultured in
200 mg L™ and 400 mg L™ of NCC, indicating that NCC
can enhance Rubisco activity by strengthening the activ-
ity of Rubisco substrate binding center and active center.

The Pn, Tr, and Gs of wheat were significantly increased
in NCC treatment. This may be because calcium can
affect gas exchange processes associated with photosyn-
thesis by regulating stomatal movement [29]. The earli-
est sign of stomatal closure is the accumulation of ROS
in the outer plastids and chloroplasts, and subsequently,
cytoplasmic Ca”*" levels control the activity of various
kinases, which in turn regulate the activity of ROS-gen-
erating enzymes and the activity of various ion channels
and in this way regulate stomatal opening and closing
[71]. The presence of amylase in guard cells can regu-
late water content and thus stomatal movement through
soluble sugars produced by starch degradation [72].
The accumulation of H,O, can inhibit amylase activity,
reduce soluble sugar content, and inhibit stomatal open-
ing [29]. NCC increased enzyme activities such as SOD
and APX, reduced the content of ROS and H,0, in guard
cells, opened stomata, increased stomatal conductance of
wheat leaves, and further increased net photosynthetic
rate and transpiration rate. Meanwhile, the accumulation
of chlorophyll content and the enhancement of Rubisco
activity promoted the fixation of CO, and improved pho-
tosynthetic performance (Fig. 10).

Conclusion

The effects of different concentrations of NCC on the
germination of wheat seedlings were determined by
measuring the antioxidant enzyme activity and pho-
tosynthetic characteristics of wheat seedlings. 200 mg
L' of NCC was the optimum concentration for germi-
nation of wheat seedlings. (1) NCC enhances D1 pro-
tein activity by increasing antioxidant enzyme activity
and promoting psbA expression; (2) NCC promotes
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photosynthetic carbon assimilation by increasing
Rubisco activity by promoting rbcL expression; (3) NCC
promotes wheat seedling growth by increasing Gs, Pn,
and Tr by increasing antioxidant enzyme activity.
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