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The world has experienced an unprecedented boom in nanotechnology.
Nanoparticles (NPs) are likely to act as biostimulants in various plants due to
having high surface/volume value. However, understanding the actual effect of
NPs is essential to discriminate them from other counterparts in terms of being
applicable, safe and cost-effective. This study aimed to assay the impact of
manganese(lll) oxide (Mn,O3)-NPs via seed-priming (SP) and a combination of
SP and foliar application (SP+F) on Artemisia. annua performance at several
times intervals and comparison with other available manganese (Mn) forms.
Our findings indicate that SP with MnSO4 and Mn,O3z-NPs stimulates the
processes that occur prior to germination and thus reduces the time for
radicle emergence. In both applications (i.e., SP and +F), none of the Mn
treatments did show adverse phytotoxic on A. annua growth at morpho-physio
and biochemical levels except for Mn,Os which delayed germination and
further plant growth, subsequently. Besides, from physio-biochemical data, it
can be inferred that the general mechanism mode of action of Mn is mainly
attributed to induce the photosynthetic processes, stimulate the superoxide
dismutase (SOD) activity, and up-regulation of proline and phenolic
compounds. Therefore, our results showed that both enzymatic and non-
enzymatic antioxidants could be influenced by the application of Mn
treatments in a type-dependent manner. In general, this study revealed that
Mn,Oz-NPs at the tested condition could be used as biostimulants to improve
germination, seedling development and further plant growth. However, they
are not as effective as MnSO,4 treatments. Nonetheless, these findings can be
used to consider and develop Mn,O3-NPs priming in future studies to improve
seed germination and seedling quality in plants
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1 Introduction

Nanotechnology is currently starting to govern various
aspects of human life and getting to shape the near future of a
number of disciplines, such as physics, biology, material science
and so on. For the time being, some studies have displayed an
optimistic side of this technology in plant science as well.
Nanoparticles (NPs) have been explored as “multifunctional
particles” carrying agrochemicals such as herbicides, fertilizers,
and have been recently delivered genes, targeting the specific cell
organelles (Das et al., 2009; Ahmar et al, 2021). Plants can
benefit through the appropriate usage of nanomaterials at a
lower amount as they have shown higher efficiency and probably
lower contamination (Pérez-de-Luque, 2017). Although this
scenario is something scientific society is willing to believe in,
but it needs extra and persuadable work to prove it. Being used
in the right place and at the right time with an effective method,
nanoparticles can improve plant performance, particularly at the
early stages of development. The expected effects have been
reported to be increased germination, healthier seedlings and
higher biomass in terms of growth indices (Szollosi et al., 2020;
Wu and Li, 2021). The NPs-induced alteration is highly
influenced by many factors, such as the nature of NPs
themselves, dosages, plant species and the application
procedure (Khan et al., 2019; Salehi et al., 2021a; Salehi et al.,
2021b). In this regard, studies are trying to provide evidence on
how NPs work, but getting the whole overview is extremely
complicated. Part of this complexity in plants is dealing with
thousands of different plant species. Another reason is that most
of the studies have been performed in some plant models or
agricultural-related crops, and also the experiments have been
limited to the early seedling stages (Pérez-de-Luque, 2017).

The application of oxide metal ions and metal NPs applied at
lower dosages has been found to be eco-friendly, reduce oxidative
stress, positively affect germination index, and promote
biosynthesis of photosynthetic pigments, various enzymatic and
non-enzymatic molecules, which is reflected in improved plant
growth and development (Salehi et al.,, 2019; Kumari et al., 2022).
Some studies have reported similar effects of NPs to their ionic and
bulk counterparts (Jeevanandam et al., 2018; Pullagurala et al,
2018a; Pullagurala et al., 2018b); however, contrary results have
been obtained by some others, indicating different effects of NPs
due to their specific characteristics (Santiago et al., 2020; Kralova
and Jampilek, 2021). On the other hand, it is not fully accepted that
NPs forms have much more influence on plants. To achieve higher
yield by NPs, it is vital to explore which kind of NPs and at which
concentrations boost plant growth for individual plant species.
Crop plants have been widely investigated to assay NPs effects from
both negative and positive perspectives. However, how NPs affect
medicinal plants is another key aspect of plant-NPs interactions,
because it will affect the practical application of NPs.

Medicinal plants, considered as rich resources of ingredients
either in pharmaceutical and food science, play not only an
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important role in medicine but also as phytochemical building
blocks for the development of new drugs (Zahra et al., 2020).
These valuable plants should generally not be cultivated in
contaminated medium, and chemicals applied to promote
their growth should be kept to a minimum in order to avoid
showing toxic signs. Moreover, it is critical to introduce safe and
favorable conditions for their germination and development.
Regarding this, using NPs has recently been interested due to
using a lower amount of active ingredient to obtain the biological
results as similar to their bulk and ionic counterparts. To the best
of the authors’ knowledge, only a small number of researches on
medicinal plants have been incorporating NPs. So far, several
studies have shown the beneficial effects of NPs such as Ag, Cu,
Fe, Zn and Ti on germination, seedling performance, and
biochemical compounds in a limited number of medicinal
plants like Salvia officinalis (Moazzami Farida et al., 2020),
Rosmarinus officinalis (Hadi Soltanabad et al., 2020), Mentha
longifolia (Talankova-Sereda et al., 2016), Origanum vulgare (Du
et al,, 2018), Cuminum cyminum (Sabet and Mortazaeinezhad,
2018), Dracocephalum kotschyi (Nourozi et al., 2019),
Tanacetum parthenium (Shahhoseini et al., 2020), Stevia
rebaudiana (Velazquez-Gamboa et al., 2021) and Mentha
piperita (Ahmad et al, 2018). It has been reported that mild
oxidative stress induced by NPs at the level of nontoxic
concentrations can stimulate seed germination and enhance
plant performance to achieve higher yields (Landa, 2021). In
the case of medicinal plants, this event may boost the
biosynthesis of valuable secondary compounds as well.
Manganese (Mn) is an essential micro-metalloid sustaining
metabolic roles within cell compartments, which is led to plant
growth and development. The metal has various roles in plant’s
metabolic processes, including being an important
metalloenzyme cofactor in photosynthetic machinery,
respiration, detoxification of reactive oxygen species (ROS),
and hormone transduction signaling (Alejandro et al.,, 2020).
Nanoscale Mn compared to conventional ionic and bulk Mn
species found to be a better source of Mn and less phytotoxic,
and thus more effective in minimizing internal and external
stresses in plants (Ye et al,, 2019). A recent study reported that
watermelon seeds primed with MnO-NPs show less
phytotoxicity compared to the bulk forms (KMnO, and
Mn,0;). The findings indicated that MnO-NPs at 20 mg L!
significantly affect the chlorophyll and antioxidant metabolites,
while at < 40 mg L', phenolic and phytohormone profiles were
altered (Kasote et al, 2021). Although there is evidence of
promoting and alleviating the effect of different traditional
types of Mn on plant growth, the unknown effects related to
Mn,0;-NPs medicinal plant interaction need to be discovered.
Artemisia annua, an herbal plant, is the only commercially
available resource for artemisinin biosynthesis, which has been
applied to cure malaria for so long. Besides, the extracted
compounds from A. annua have also been reported to have
promising therapeutic effects for diabetes, tuberculosis, and,
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recently corona virus (Shen et al., 2022). These findings further
accelerate the global demand for huge amounts of A. annua plants
and, therefore, their functional compounds. Taking this into
account, the use of nutripriming could be an effective strategy to
improve the growth and development of A. annua, thus providing
higher yields. Since, soil application of Mn is often not effective
due to its conversion to plant-unavailable Mn oxidase, in this
study, we have used seed priming and foliar application of
Mn,0;-NPs and their counterparts to assay and comparison
their mode-of-action. Seed priming has been proven to be an
effective method to stimulate seed germination rate and seedling
emergence, leading to high-quality seedlings and improved plant
growth (Adhikari et al., 2022). Nutri-seed-priming enhances water
uptake into seeds, triggering starch metabolism and, therefore,
faster seed germination (Nile et al, 2022). On the other hand,
foliar application with NPs-based nutrients provides a faster and
more efficient way to trap essential nutrients (Salehi et al., 2018;
Salehi et al,, 2021a). Based on these reports, we hypothesis that a
combination of seed priming and foliar application has a better
effect on plant growth.

2 Material and methods

2.1 Mn,Oz NPs preparation and
characterization

Particulate Mn,0O5-NPs with a size of 30 nm, 99.2% purity,
surface area of 150 m*> ¢!, and true density of ~0.35 g”' cm® were
obtained from NANOSANY Co. Ltd, Mashhad, Iran. Their
physico-chemical properties, including scanning electron
microscopy (SEM), transmission electron microscopy (TEM)
and powder X-ray diffraction (XRD) have been presented in
Figure S1. MnSO,, MnCl, and Mn,03 were also purchased from
Sigma Aldrich (Germany).

2.2 Experimental design, phyto-safety of
Mn,O3-NPs assay, and sample harvesting

Artemisia Annua seeds were obtained from Plant Bank,
Iranian Biological Resource Center (IBRC, Tehran, Iran). This
species has been recommended for high yields of bioactive
compounds and, therefore, is applicable in clinical industry
(Dogan et al., 2022). The experiment presented here was
carried out using a completely randomized design in 2022 at
Laboratory of Plant Cell Biology, Department of Biology, Bu-Ali
Sina University, Hamedan, Iran. The Mn,05-NPs concentration
and time used in this experiment were determined after a phyto-
safety germination test. Briefly, the sterilized seeds were primed
with three different concentrations (25, 50, and 100 mg LY of
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Mn,05-NPs for 3 and 6 h and incubated in a germinator
chamber for 10 days. The concentrations were selected
according to available studies that highlight these levels cannot
be considered phytotoxic in plants (Tian et al., 2018; Li et al,
2020; Kasote et al., 2021). The results of germination test showed
that seed priming with 50 mg L for 3 h causes a higher
germination percentage (Figure S2). In this experiment, we
used two applications (seed priming (SP) and a combination
of seed priming+foliar spray (SP+F). The latter was done to
evaluate the possible further improve plant growth under Mn
treatments. Following germination, harvesting for analyses was
carried out at several developmental stages including early
vegetative (60 day), before flowering (90 day) and during
flowering (120 day) stages. The schematic design of the
experiment is shown in Figure 1A.

After selecting two factors (concentration and seed priming
(SP) time), to assay seed germination, Mn,O5-NPs, MnSO,,
MnCl, and Mn,0O; suspensions were individually prepared in
Milli-Q water and sonicated for 30 min before use to avoid
aggregation. Ionic and bulk compounds were used as a positive
control to assay the effect of different species of Mn on plant
growth. A. annua seeds were presoaked in 2 mL of each priming
solution for 3 h in a shaker to prime all seeds equally. Seeds
soaked in Milli-Q water were used as hydro-primed control.
After drying, primed seeds were divided into several groups and
sown in a plug tray filled with coco perlite-vermiculite for
germination and early seedling development. The
germination-related parameters were measured after the whole
germination for 10 days after sowing. After 30 days, the healthy
seedlings from each treatment were transformed into growing
pots (13 cm diameter and 15 cm height) containing 2 kg of local
soil (pH=7.66, electrical conductivity =0.21ds/m, cation
exchange capacity =28.17 meq/100g, CaCO; = 24.45%, organic
matter=3.78%, and organic carbon=2.19%). Pots were then
incubated in the environmental growth chamber (24 + 5
temperature, 70% relative humidity and 12h photoperiod) for
120 days, till the flowering stage. These pots were already divided
into two main groups (one for SP and other for SP+F). At least
50 seeds were used per group. The depth of the holes was 4 cm.
The first group of plants was used to investigate the effect of
Mn,03-NPs SP method and then compared with other
counterparts. The two-month-old plants grown in SP
condition were selected for spray application (second group).
Plants were sprayed with 5 mL suspensions at 75 and 105 days
after planting (10 mL in total). During the foliar spray, an
aluminum wrap was used to cover the soil surface to avoid
contamination. Overall, samples were harvested three times at
60, 90 and 120 days after transplanting, which are determined as
early vegetative seedlings, before and during flowering
development stages. Samples were thoroughly washed with
milli-Q water to remove Mn residues prior to freezing at -80°
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\ Control, Mn,05-NPs, Mn,05, MnSO,, and MnCl, |
. First foliar Second foliar
Seed priming application application
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Days after planting 10 60 90 120
Growth stages Germination Early vegetative growth Before flowering During flowering
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FIGURE 1

Schematic design of the treatments in the experiment (A); the orange arrows indicate the time of treatments; the red and blue arrows show the
parameters measured time-intervals in SP and SP+F conditions, respectively, to investigate the effects of Mn treatments in A. annua. Figure (B) is
related to the plant growth at seedlings (top-left), 60 days (top-right) and 120 days (bottom) after planting. In the bottom figure, the post labeled

in white are related to the SP condition.

C for further analysis. It is worth mentioning that plants were
regularly watered to keep almost 60% of soil field capacity. In
this experiment, no additional fertilizer was added. Five
replicates (pots) were used for each treatment.

2.3 Germination and growth
parameters analysis

Germination test was conducted in the dark at 25°C for 10
days. Sets of 20 primed seeds from each treatment were placed in
Petri dishes and incubated in the germination chamber (25 + 2°
C, 80% humidity). Germination rates were assessed by counting
the number of germinated seeds (1 mm radicle emergence) at
every 24 h intervals. The germination and initial seedling
growth-related variables including germination index (GI),
germination percentage (GP), relative seed germination (RSG),
and coefficient of the velocity of germination (CVG) were
measured according to the previously reported formulas
(Sobarzo-Bernal et al., 2021). At each developmental stage,
plant height was measured per pot from the ground level to
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the panicle tip. In addition, dry weight was also measured at the
end of the trial.

2.4 Determination of leaf relative water
content and electrolyte leakage

Leaf relative water content (RWC), reflecting the balance
between water supply and transpiration rate, was used to assay
water status in A. annua plants after Mn treatments. In detail,
two fully expanded and healthy leaves of three plants per
replicate were cut, weighted and then floated in 20 mL
distilled water for 24 h at room temperature for full hydration.
The leaves were then blotted on a dry surface with filter paper.
Following that, turgid and dry weights (at 70°C for 2 d) were
measured. RWC was calculated following the equation: RWC =
(FW-DW)/(TW-DW)x100. Where FW, DW, and TW are fresh
weight, dry weight, and turgor weight, respectively.

Electrolyte leakage (EL), as cell membrane injury, was
measured following the method of Lutts, 2004 (Lutts et al,
2004). Briefly, three fresh, mature and healthy leaves (the 4" Jeaf
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from the tip) per plant were chosen, washed with distilled water
until removing surface contamination and then cut into small
pieces (1 cm). The leaf segments were placed in individual test
tubes containing 15 mL of distilled water. After 24 h incubation
at 25°C (room temperature), the electrical conductivity of the
solution was read (EC;). EC, was read after autoclaving (121°C
for 15 min) and cooling down the solution to room temperature.
The EL was calculated as the following equation: EL =
(EC,/EC,)%100.

2.5 Determination of lipid peroxidation
markers (MDA and H,O,content)

Hydrogen peroxidase (H,0,) and malondialdehyde (MDA)
concentrations are the widely used method to analyze lipid
peroxidation in plants. Potassium iodide (KI) was used to
assay hydrogen peroxide (H,O,) level (Alexieva et al, 2001).
Briefly, leaf tissues (0.5 g) were grinded in mortar and pestle with
liquid nitrogen and thoroughly homogenized with 5 mL 0.1%
(w/v) trichloroacetic acid (TCA). The homogenate mixture was
centrifuged at 12000 revolutions per minute (rpm) at 4 C for 15
min. Reaction mixture consisted 0.5 mL extract supernatant, 0.5
mL 10 mM potassium phosphate buffer (pH 7.0) and 1 mL
reagent (1 M KI w/v in fresh double-distilled water). The
absorbance of reaction was measured at 390 nm and the
content of H,O, was calculated using a standard curve
prepared with known concentrations of H,0,. The blank
consisted of 0.1% TCA without leaf extract.

The same extract used for H,O, measurement was also used
for estimating the MDA level. To initiate the reaction, 225 pL of
the extract was incubated with 1.5 mL of 20% TCA containing
0.5% thiobarbituric acid (TBA) for 40 min at 95 'C. The reaction
was stopped by cooling it quickly in an ice bath, then centrifuged
for 10 min at 6000 rpm to clear the reaction mixture. The
absorbance of the supernatant was read at 532 nm and corrected
for unspecific turbidity by subtracting the value from the
absorbance at 600 nm. The MDA concentration was calculated
using an extinction coefficient of 155 mM ™' cm™ and expressed
as mmol mg' fresh weight (Stewart and Bewley, 1980).

2.6 Chlorophylls and total
carotenoid content

The spectral (Biowave II, England) determination of
chlorophyll (Chl) a, b, and total, as well as total carotenoids of
A. annua leaves (500 mg) was performed using 80% acetone (10
mL) according to the method of Arnon (Arnon, 1949). The
related absorbance was taken at 663, 645 and 470 nm,
respectively. The content of Chl a = 12.25 x Ages—2.55 X Agys,
Chlb =20.31 x Agss-6.91 X Ages, total Chl = 17.76 x Aggs +7.37
X Agesr and carotenoids=A 7+(0.114xAg43) -(0.638%xAcys5) Were
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then calculated and data were reported as mg pigments per g
fresh weight.

2.7 Total phenolic and flavonoid content

To assay the total phenolic and total flavonoid content, the
methanolic extract was prepared by grinding and homogenizing
300 mg of fresh tissues with 3 ml methanol 80% (0.1% formic
acid). Then the mixture was centrifuged at 6000 rpm for 10 min at
room temperature. The supernatant was used for further analyses.

The total phenolic content (TPC) was estimated by Folin-
Ciocalteu (F-C) method (Chun et al., 2003) with a little
modification. Briefly, 100 pL of the metabolic extract was
mixed with 400 pL water and 500 pL F-C reagents (10 fold
diluted with distilled water). The mixture was stand at room
temperature for 5 min, and afterward, 1 mL of sodium carbonate
(7.5%) was added to the mixture and then incubated in darkness
for 2h. The absorbance of mixture was recorded at 765 nm. The
TPC concentration was expressed in terms of gallic acid
equivalent (mg gallic acid/g of fresh mass).

An aluminium chloride (AICl;) colorimetric assay was
applied to measure the total flavonoid content (Zhishen et al.,
1999). The mixture contained 500 uL methanolic extract, 2 mL
distilled water, and 150 uL 5% sodium nitrate was left at room
temperature for 10 min. Thereafter, 300 pL 10% AICl; was added
and incubated for another 15 min. The absorbance was read at
510 nm versus a blank. Total flavonoid content was expressed as
mg catechin (CA) equivalents per g of fresh weight.

2.8 Proline content

The proline content was assayed to monitor the physiological
status of A. annua with a standard ninhydrin-based method using
a cuvette spectrophotometer (Bates et al., 1973). Briefly, fresh
tissues (0.2 g) were homogenized in 5 mL of 3% aqueous
sulfosalicylic acid and left for 1h to complete the extraction. The
solution was centrifuged at 6000 rpm for 10 min. The mixture
containing 2 mL of supernatant, 2 mL glacial acetic acid and 2 mL
acidic ninhydrin was then boiled in a water bath for 60 min. The
reaction was stopped by placing the mixture in an ice bath and
afterward 4 mL of toluene was added and mixed vigorously using
a vortex. After reaching room temperature the absorbance was
read at 520 nm against toluene, as blank. The proline content was
calculated using a standard curve from 20-100 pg/mL of L-proline.

2.9 Soluble protein content and
enzyme assay

Crude enzyme extracts were prepared by grinding 500 mg of
leaves tissue using liquid nitrogen and homogenized thoroughly
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in 5 mL of potassium phosphate buffer (PPB) (100 mM, pH 7.8)
containing 1 mM EDTA and 1% w/v polyvinylpyrrolidone
(PVP). The homogenate was then centrifuged at 10000
rotations per min (rpm) at 4 °C for 15 min to remove debris.
The supernatant was used for further analysis. Bradford dye-
binding method was used to assay soluble proteins.

Catalase (CAT, EC 1.11.1.6) activity was assayed by
estimating the initial rate of disappearance of H,O, followed
by Beers and Sizer method (Beers and Sizer, 1952). The reaction
mixture contains 2.8 mL of 50 mM PPB, 0.1 mL of enzyme
extract, and 30 pL of 15 mM H,0,. CAT activity was measured
in 1 minute at 240 nm using a UV-visible spectrophotometer.
One enzyme unit corresponds to the amount of enzyme required
to break down one uM of H,0, min™ or mg"' protein
(extinction coefficient of 34 mM cm ).

Polyphenol oxidase (PPO, EC 1.14.18.1) activity was assayed
by the method of Raymond et al. (Raymond et al., 1993). The
enzyme was assayed by putting 2.5 mL of assay buffer (PBP 50
mM, pH 7) and 0.2 ml of pyrogallol (20 mM) in a cuvette of 5ml
capacity. The assay reaction was initiated by adding 0.1 mL of
enzyme extract, followed by recording the change in absorbance
at 420 nm wavelength, simultaneously for 3 min. The enzyme
activity was expressed as pyrogallol oxidized after 3 min per mg
protein (unit mg’1 protein).

To assay ascorbate peroxidase (APX, EC 1.11.1.11) activity, a
total reaction mixture containing 2.5 mL PPB (50 mM, pH 7), 30
uL H,O, (0.1 mM), 300 uL ascorbic acid (0,5 mM), 30 uL EDTA
(0.1 mM), and 150 puL enzyme extract was put into a cuvette. The
decrease in absorbance was recorded at 290 nm for two min.
Extinction coefficient of 2.8 mM cm™' was used to calculate the
amount of ascorbate oxidized (unit mg'1 protein) (Jebara
et al., 2005).

Superoxide dismutase (SOD, EC 1.15.1.1) activity was
measured by screening enzyme ability to inhibit the
photochemical reduction of nitrotetrazolium blue (NBT),
according to Fu and Huang protocol (2001). Briefly, each 3
mL of reaction mixture contained 50 pl of enzyme extract, 1 mL
NBT (63 uM), 1 mL riboflavin 1.3 uM, 750 uL methionine (13

10.3389/fpls.2022.1098772

mM), and 250 uL EDTA (0.1 mM). Reaction was initiated by
exposing the test tubes under fluorescent lamp for 10 min and
stopped by switching off the lamp, anf then the absorbance was
read at 560 nm. The blank reaction mixture was kept in the dark
the whole time. SOD activity was expressed in units per min per
mg protein. One unit of SOD was defined as the amount of
enzyme that inhibits 50% of NBT photoreduction.

2.10 Statistical analysis

All estimated data were analyzed using the SPSS program
(SPSS, Chicago, IL, USA). A one-way analysis of variance
(ANOVA) and Duncan comparison test were performed to
compare the mean values of the control plants verse the Mn-
treated plants. Data are represented as mean + standard error,
and significant differences were determined at P < 0.05. A
multivariate analysis, including a principal component analysis
(PCA) and Pearson’s moment-product correlations were further
performed with individual values of all the parameters. A
heatmap and cluster analysis was performed using ClustVis
(www.biit.cs.ut.ee/clustvis/).

3 Results

3.1 The effect of different Mn forms on
germination and plant growth

The results showed germination-related parameters,
including CVG, RSG, GI, and GP showed significant
differences between treatments (Table 1). Seeds treated with
MnSO, and Mn,0O5-NPs exhibited a mean value of GI and RSG
parameters higher than 100%. In addition, the germination
percentage in these two treatments were significantly higher
than in others. These results represent a biostimulant effect of
Mn,0;-NPs and particularly MnSO,4 on germination. However,
seeds treated with MnCl, and Mn,O3 showed decreased mean

TABLE 1 Germination-related parameters of A.annua seeds primed with different Mn species.

Treatments  Germination Index

Relative Seed Germination (%)

Coefficient of Velocity of

Germination Percentage (%)
Germination

Control 100.00 + 00b 100.00 + 0.00a
Mn,O;-NPs 115.62 + 7.03b 107.41 £ 7.41a
Mn,0; 21.31 £ 3.13¢ 48.48 + 9.74b

MnSO4 157.70 + 23.12a 12391 + 12.94a
MnCl, 51.27 + 4.25¢ 69.61 + 5.83b

Sig ot ot

**means significant at p < 0.005.

43.50 + 4.41ab 81.11 + 2.94a

46.06 + 2.49a 84.44 + 1.11a

29.93 + 3.53¢ 32.22 +2.94¢

52.41 + 2.88a 88.89 + 2.94a

34.71 + 2.71bc 63.33 + 3.85b
ot ot

Means + SDs with different letters in each column indicate significant statistical differences (P<, 0.05).
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values in all parameters. Notably, Mn,0;, GI, RSG, and CVG
parameters were decreased by 77%, 51%, and 31% compared to
the control, respectively (Table 1). Additionally, Mn,O5 delayed
the onset of germination by about 6-8 days. Figure 2 exhibits the
shoot length and dry weight of A. annua plants after priming
and foliar spraying of different Mn forms. At almost every
developmental stage, shoot length was improved by MnSO,
treatment compared with control and other treatments
(Figures 1, 2). However, Mn,03-NPs only had the inducing
effect on shoot length at 30 days after planting (an increase of
24% compared to control), and after that, it was the same as the
control condition.

Under Mn,O; treatment, a significant decrease (42%) in
plant growth was noted, as can be explained by lower and late
germination. The comparison of plant growth after 120 days
after planting in two application ways (i.e., SP and SP+F) showed
the same trend, as MnSO, and Mn,O3 caused an increased and
decreased, respectively. Analysis of variance showed that there is
no significant difference between the two applications but
treatments had significant effects (P<0.005) on plant growth.
The RWC didnot show a remarkable difference between
treatments and also applications (Figure 2D).

3.2 Changes in electrolyte leakage and
cell injury indicators

The plants treated with Mn species were checked for
electrolyte leakage (EL). The results showed that none of Mn
treatments significantly affected EL in plants grown under SP
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conditions (Figure 3A). However, EL increased during plant
growth, particularly at 120 days which could be due to the
intrinsic changes of plant itself, like the senescence process. In SP
+F application, at 90 days when foliar spray was done, EL
increased slightly in Mn treatments compared to control.
These changes at 120 days also showed significant differences
between all Mn forms in which Mn,0j3 induced higher EL, while
NPs minimized it. Generally, a significant application-
dependent change was observed in which EL was lower in SP
+F compared to SP, indicating a mild alleviating effect of Mn
foliar spray.

Furthermore, the MDA and H,O, contents, known as cell
injury indicators, were also monitored (Figures 3B, C). The
content of MDA and H,O, in almost all treatments in both
applications was increased as plant grows, which originated from
the internal metabolism. However, their content in Mn,O;
treatment in plants grown under SP conditions was lower
compared to control and other treatments. This was expected
because of the late germination and, thus, the stunned vegetative
growth. Contrarily, a decreased MDA and H,O, in some
treatments like MnSO, and Mn,05-NPs compared to control
can be attributed to the positive effect of these Mn forms.
Regarding SP+F application, the differences between
treatments were not statistically significant. However, the first
spray of Mn,03-NPs and MnCl, treatments showed slightly
decreased MDA and H,0, content. The multivariate analysis
showed no significant differences in MDA and H,O, changes in
two applications except for H,0, at 120 days.

The increased proline accumulation at 60 days of plants
grown in SP condition was observed mainly in Mn,0Oj5 treatment

uSP
b b
i 'I
.
Ix
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i

MnSO4 MnCl,

40
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Shoot length of plants primed with different Mn forms (grown in SP condition) at different time intervals (A); the comparison of shoot length (B)
and dry weight (C) of plants grown in SP and SP+F condition at 120 days; relative water content (D). Data points and error bars represent mean
and S.E. (n = 3). Values with different letters indicate significant differences at the P < 0.05 level between different Mn forms.
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(+85%) (Figure 3D). It has also shown a significant increase with
NPs and MnSO, treatments compared to control. However, a
declining trend was observed over time at 90 and 120 days
plants. Although the proline content was increased in all Mn
forms (except MnCl,) at 120 days, its level was lower than 60
days’ treatments. Lower proline accumulation at 120 days after
priming may be attributed to physiological adaptation.
Moreover, a general decrease and increase were observed at 90
and 120 days’ plants after foliar application of Mn forms,
respectively. In detail, proline content was increased in
Mn,03-NPs (+83%) and MnSO, (+76%) treatments compared
with control plants (Figure 3D). Accordingly, analysis of
variance showed a significant application-dependent response
of proline content in plants cultivated under SP and SP
+F conditions.

3.3 Protein content and Antioxidant
enzymes response

The protein content has also differed at tested time intervals,
but the highest content was observed at 120 days’ plants. In
general, foliar application of Mn treatments at 90 days decreased
protein content compared to the relevant treatments of SP only
(Figure 4A). The oxidative status of the plants treated by
different Mn forms grown in two conditions (SP and SP+F)
was surveyed by measurement of CAT, PPO, APX, and SOD
activities (Figures 4B-D). Each enzyme had a specific trend of
changes based on the Mn form, application type and plant
growth phase. For example, CAT activity did not show
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significant differences between all three developmental stages
of plant growth in SP conditions over time. However, there was
an Mn-dependent response as MnSO, and Mn,Oj; treatments
increased the activity of CAT at 60 and 90 days, respectively.
Regarding SP+F application, spraying of Mn treatments (except
for MnCl,) and even water in control increased CAT activity at
90 days compared with their relevant treatments in SP (an
average increase of 60%) (Figure 4B). Accordingly, the highest
level of CAT activity was observed in Mn,Oj; treatment (a 34%
increase compared to the control).

PPO activity showed a general decrease in Mn treatments
(except for MnSO,4) compared to control in 60 days’ of plants
grown in SP condition. However, an overall increase was
observed over time as its activity was manifested by % 45 in
90 days’ of plants treated with Mn,0; (Figure 4C). At the same
time, foliar application of NPs increased the PPO activity by 34%
compared to its relevant treatment in plants grown only in SP
conditions. The same trend of changes was also found for ionic
forms of Mn but not Mn,0O5. At 120 days’ plants, all Mn forms
increased PPO activity, but an overall decline was observed
compared to 90 days’ plants. A similar trend of increase was also
observed for APX activity at 90 days’ of plants grown under both
SP and SP+F applications (Figure 4D). The highest level of APX
activity was attributed to Mn,0O; treatment (a 44% increase
compared with its relevant at 90 days in SP condition). At 120
days’ plants, APX activity was decreased compared to 90 days’
plants. Additionally, a general decline was observed for Mn,0;
and MnCl, treatments. An interesting trend of changes was
observed for SOD activity, as its activity was upregulated in all
Mn treatments (Figure 4E). In general, the results showed that

frontiersin.org


https://doi.org/10.3389/fpls.2022.1098772
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Salehi et al. 10.3389/fpls.2022.1098772
A
2000 25 sp SP+F
E 1800 7
T 1600 T 5
5 g
T 1400 2
g B o
E: 1200 g o1s
Z 1000 E
£ s00 E
) = a a 2
a a a
= £ abpy 2y OPPE "
Z 400 Z 05 z il
2 o1
2 200 =
& &=
0 < 0
60 days 90 days 120 days 90 days 120 days © 60 days 90 days 120 days 90 days 120 days
c = Control Mn203-NP ®Mn205  ®MnSOs  ®MnClh = Control Mn03-NP ®Mn205  ®MnSO4  ®MnCl2
035 sp SP+F 14 sp SP+F
A _ a
L =
£ 03 AB AB T 12
g a a K £
£ o . a b £ ab
To CLIS ab ] by
E 02| o8 b Mb @ Zoos | B
s 2 a g a a
Zz 015 £ b £ 06 & af a -
E) = -
Z d c £ Al b I
2 ol f g 04 H b b b
° c £ c L
£ o00s < 02
0 0
60 days 90 days 120 days 90 days 120 days 60 days 90 days 120 days 90 days 120 days
E = Control Mn203-NP ®MnyO3  EMnSO4  mMnClh = Control Mn03-NP  ®Mn20;  ®MnSOs  ®MnCl
6 sp SP+F
a a .
e ;
'E i ab
- A
=F a b ab®
=2, & I A
£g
z = b ¢ b
g 2 <
2000
S 1
12}
0
60 days 90 days 120 days 90 days 120 days
= Control Mn203-NP =Mn03 uMnSO4 =MnCl2
FIGURE 4

Protein content (A) and antioxidant enzymes (PPO (B), APX (C), SOD (D), and CAT (E)) of A. annua under different Mn treatments using SP and a

combination of SP+F at different time intervals.

SOD activity was significantly enhanced by Mn,05 and MnCl,
treatments. There was no remarkable alteration of SOD activity
between SP and SP+F applications.

3.4 Photosynthetic pigments, total
phenolic and flavonoid content

The Chl indices (Chla, b, total, a/b ratio, carotenoids, and
Chlt/carotenoid ratio) have been represented in Table 1. A
noticeable increase was observed in photosynthetic pigments,
including Chl a, Chl b, total Chl, and carotenoids in both
applications, especially at 90 days after planting. But their
content was decreased in 120 days’ plants compared to 90
days’ plants which may be due to the senescence process in
the plant. All Mn forms, particularly Mn,O;-NPs and Mn,O;,
showed a positive effect on pigment synthesis. The multivariate
analysis also showed a significant difference between
applications, indicating a distinctive effect of seed priming and
foliar spray on photosynthetic pigments. However, a general
increase in Mn treatments was noticed at all developmental
stages, even 120 days, highlighting the positive effect of Mn on
pigments synthesis. Regarding the ratio of Chl a to Chl b, higher
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values were recorded for plants treated with Mn forms compared
to control in SP condition, whereas the opposite trend was
observed for SP+F condition. A general increase of Chl t/
carotenoid ratio was mainly found in Mn treatments
compared to control at 60 and 90 days’ plants in both
applications (Table 2). In total, it was found that all different
Mn forms, regardless of the type, play an important role in
improving photosynthetic pigments.

Total phenolic content was significantly altered by all three
factors (i.e., application, Mn form and developmental stage)
(Table 2). Briefly, the total phenolic content increased along with
progressing the plant growth. Regarding SP condition, at the
early (60 days) and mid (90 days) stages, the total phenolic
content decreased by Mn treatments (except for MnSOy,)
compared with control. However, the reduced trend was only
observed in Mn,0Oj; treatment at 120 days, possibly due to its
early developmental phase raising from late germination.
Moreover, foliar application of Mn stimulated the synthesis of
phenolic compounds mainly in MnSO, treatments (30%)
compared to control and also its relevant treatment in SP
condition (37%). However, MnCl,, other ionic forms of Mn,
decreased the total phenolic content by 30% compared to the
control. Therefore, the highest content was recorded by foliar
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TABLE 2 The effect of different forms of Mn on photosynthetic pigments, total phenol and total flavonoid content in A. annua plants at three
different times using two applications (SP and SP+F).

Chla(mg Chlb(mg Chlt(mg Carotenoids Chl a/Chl Chl t/Car Total phenol Total flavo-
g’ FW) g’ FW) g’ FW) (mg g FW) b ratio ratio (Mg GAE g noids (mgCA g’
FW) 'FW)
SP
60 day
C 093 +0.18c | 0.76 + 0.09b 1.69 + 0.27¢ 1.29 + 0.05A 1.21 +0.11b 131 +0.22¢ 67.7 + 8.8a 141 + 0.03¢
Mn,Os- | 1.01 £0.08c | 0.77 + 0.04b 1.78 + 0.12¢ 1.32 £ 0.02A 1.31 = 0.04b 1.34 + 0.08¢ 36.0 + 0.6b 1.37 + 0.08a
NPs
Mn,O; | 159 +0.10ab | 1.04 +0.05ab | 2.63 + 0.15ab 1.46 + 0.04A 1.53 + 0.05a 1.80 + 0.11ab 29.3 + 4.4b 1.13 + 0.07c
MnSO, | 133 +0.04bc = 094 +002b 227 +0.06bc 1.49 + 0.05A 142 £ 0.02ab  1.53 + 0.08bc 61.7 +3.9a 1.79 + 0.04ab
MnCl, | 190 +0.20a | 1.35+0.20a 3.26 + 0. 4a 1.52 + 0.14A 142 £ 0.06ab  2.13 + 0.09a 30.7 + 1.2b 1.38 + 0.06bc
90 day
C 171 +029b | 128+023b 299 +0.53b 1.68 + 0.08B 134+ 0.02A 175+ 0.23A 106.0 + 0.6b 2.34 + 0.06b
Mn,Os-  2.35+0.04a | 1830052  4.19 +0.0% 1.89 + 0.01AB | 128+ 0.02A 221 + 0.04A 78.1 % 3.1c 1.95 + 0.07c
NPs
Mn,O; | 246 +002a | 1.87 +0.10a 4.33 +0.08a 2.15 + 021A 132+ 0.09A  2.06 + 0.24A 773 +3.2¢ 2.54 + 0.04a
MnSO, | 2.20+0.02a | 157 +003ab  3.77 + 0.05ab 1.76 + 0.04B 1414 0.02A 215+ 0.02A 157.9 + 8.1a 231 + 0.04b
MnCl, | 218+0.02a | 1.56+004ab | 3.76 + 0.07ab 1.69 + 0.03B 140 £ 0.02A | 221+ 0.01A 83.6 + 7.4c 2.01 + 0.06¢
120 day
C 159 £ 0.05A | 1.08+0.01A  2.67 + 0.05A 1.76 + 0.02A 1.46 + 0.03¢ 1.52 + 0.04B 199.5 + 31.5b 1.92 + 0.01B
Mn,Os- | 174 +0.10A | 1.05+005A 279 +0.16A 1.65 + 0.02A 1.67 + 0.01a 1.69 + 0.07AB 276.0 + 8.7a 1.87 + 0.01B
NPs
Mn,O; | 1.65+0.11A | 1.04+008A  2.69 + 0.20A 1.42 + 0.29A 158 £ 0.02b  2.02 + 0.30A 188.0 + 38.7b 1.96 + 0.02B
MnSO, | 170 £0.12A | 1.09 +0.06A 279 +0.18A 1.73 £ 0.02A 1.56 + 0.02b 1.61 + 0.08AB 3285 + 2.6a 1.99 + 0.03AB
MnCl, | 173+011A | 118+007A 291 +0.18A 1.85 + 0.07A 1.47 + 0.01c 1.57 + 0.04AB 3120 + 5.2a 222 +0.16A
SP+F
90 day
C 150 £ 0.23c | 1.04 = 0.18¢ 2.55 + 0.40b 1.54 = 0.12bc 146 + 0.03AB  1.63 + 0.14d 161.0 + 6.4a 1.95 = 0.03A
Mn,O;- | 2.12+0.06ab | 1.58 +0.08ab | 3.69 + 0.14a 1.81 + 0.06a 134+ 0.03AB  2.04 = 0.01ab 1192 + 13.2b 2.35 + 0.08A
NPs
Mn,O; | 228+002a | 1.78+006a  4.06 +0.08a 1.81 + 0.05a 1.28 + 0.03AB 224 + 0.01a 104.3 + 7.5b 1.92 + 0.35A
MnSO, | 1.80 +0.05bc | 1.23 +0.07c 3.03 +0.11b 1.73 + 0.02ab 147 £ 0.04A 176 + 0.09cd 163.6 + 6.0a 2.26 + 0.01A
MnCl, | 1.64+007c | 131+006bc 296 + 0.01b 1.50 + 0.04c 126 + 0.11B 1.98 + 0.05bc 1102 + 22.4b 2.02 + 0.05A
120 day
C 145+ 0.04A | 079 0.03B | 223 +0.06B 1.41 + 0.04B 1.84+0.06A 158 +0.0lab 364.0 + 53.0ab 1.69 + 0.10c
Mn,O3- 151 +0.07A | 1.03 + 0.04AB  2.54 + 0.07AB = 1.86 + 0.04A 147 £0.11B 136 % 0.01c 294.0 + 49.0b 2.01 + 0.05a
NPs
Mn,O;  1.65+0.05A | 126+0.16A | 292 +0.19A 179+ 0.12AB | 135+0.15B  1.63 + 0.06a 370.7 + 63.8ab 1.66 + 0.03¢
MnSO, | 151+013A | 1.08 +0.03AB | 2.59 + 0.14AB | 1.84 + 0.04A 139+ 0.11B 141 +0.07bc 5227 + 43.2a 1.95 + 0.08ab
MnCl, | 140 +0.13A | 098 +0.13AB | 2.38 + 0.24B 159 + 0.23AB | 146 +0.10B | 1.52 + 0.08abc 2547 + 27.5b 1.71 £ 0.11bc

Data are expressed as mean+standard error. Different letters show significant differences between treatments. Capital letters represent no statistical difference among treatments.
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application of MnSO, at 120 days (Table 2). Similarly, total
flavonoid content was differentially increased over time by
treatments and applications as well. The data showed that the
highest amount of total flavonoid is related to 90 day plants
grown under SP conditions (Table 2). However, there were no
remarkable differences between treatments (i.e., Mn forms and
control). Notably, it is reasonable to infer that the synthesis of
photosynthetic pigments and flavonoids might be slightly
decreased during the flowering stage. Overall, despite not
being significant, Mn,03-NPs and MnSO, appear to have
more influence on flavonoid content (Table 2).

3.5 Heatmap and principal component
analysis analyses

The Pearson’s correlation was performed on all targeted
parameters, and outputs were analyzed using a heatmap
(Figures 5, 3S). The heatmap related to 90 day’s plants in SP
(Figure 5A) and SP+F (Figure 5C) conditions showed that each
application has specific responses based on the correlation
between parameters. In detail, a positive correlation was
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somehow found between oxidative enzymes activity, protein
content and proline accumulation as well as with
photosynthetic pigments and total phenolic content in SP
condition, but not with H,O, and MDA content. However, in
SP+F condition, both stress indicators and oxidative enzyme
activity were positively correlated. The PCA plot for 90 days’ of
plants grown in SP condition accounted for 53.3% and 24.5% of
the variance of PC1 and PC2 (Figure 5B), respectively, whereas
the values of 50.4% and 32.1% were recorded for SP+F condition
(Figure 5D). The PCA results also confirmed that the two
applications impose some relatively different responses, but
not entirely distinctive, in plants. This kind of difference was
also observed in 60 and 120 days’ of plants (Figure 3S5).
Interestingly, H,O, and MDA were negatively correlated with
almost all other parameters at 60 days™ of plants, highlighting
their competition to metabolize plant balance (Figures 35, A).
However, at the late developmental stage, the correlation
coefficients were not highly significant, probably indicating
plant adaptation status (Figures 3S; B, C). The relationships
between growth, physiological and biochemical variables based
on PCA plots (Figure 3S; D-F) were application and also

developmental stage-dependent.
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4 Discussion

The use of metal NPs has revolutionized the agricultural
sector to improve the production of crop products. This event is
done to find more effective and eco-friendly stimulators
contributing to a more sustainable future (Pokrajac et al,
2021). However, the effectiveness of NPs in terms of being
positive, safe and economically efficient compared to other
counterparts is still an open issue in the nanotechnology
discipline. Here, we used two application methods (SP and SP
+F) to investigate the effect of Mn,0;-NPs on A. annua
performance and compare it with their bulk and ionic forms
during short- to long-term intervals from the germination stage
to maturation. Seed germination is one of the most vulnerable
processes in plant’s life cycle, supporting healthy and robust
seedling development, which is largely affected by internal and
external clues. Additionally, low crop productivity has been
found to be linked with uneven seed germination. Research
has proved that seed priming, a well-established method, can
improve the quality of seeds and triggers seed germination
efficiency and further plant growth (Adhikari et al, 2022;
Thakur et al., 2022).

The findings presented in this study showed that SP with
different Mn forms significantly alters the assayed attributes of
germination and seedling growth (Table 1). Among Mn treatments,
MnSO, and Mn,0;, respectively, improved and declined the
germination-related parameters compared to the control. Mn,O3-
NPs at the same concentration had a mild improving effect not as
much different from control. Previous researches have reported that
nano-priming significantly improves germination compared to
ionic and hydropriming, mainly through accelerating water and
nutrient uptake mediated by creating nanopores in seed coats
(Mahakham et al, 2017; do Espirito Santo Pereira et al., 2021;
Nile et al., 2022). Based on our results, however, this hypothesis was
not proved for Mn,05-NPs compared to MnSO,. The plant length
and dry mass of seedlings grown at seed priming conditions also
demonstrated the effectiveness of Mn as MnSO,>Mn,03-
NPs>control>MnCl,>Mn,Os.

It has been proved that hydropriming is highly cost-effective
and environment friendly to better the emergence and
establishment of seedlings (Thakur et al., 2022). However, our
results showed that priming with suitable ionic and nano forms
of Mn can remarkably prompt these processes. Previous studies
have reported the effectiveness of nutripriming with MnSO, to
accelerate germination rate (Munawar et al, 2013; Alejandro
et al, 2020). On the other hand, a recent study showed that SP
with MnO-NPs had comparatively less phytotoxicity than its
bulk counterparts in watermelon seedlings (Kasote et al., 2021),
which is in line with our results that nano forms of Mn are safer
than their bulk. The mechanisms underlying the SP-induced
modifications include the proper DNA conformation and
reparation in embryos which is resulted in genome and
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protein integrity and, therefore, proceeding cell division
(Thakur et al, 2022). In agreement, it is generally accepted
that DNA polymerase conformational activation is mediated by
a metal-based mechanism (Kirby et al., 2012), which can
probably explain the Mn-induced germination.

The early responses of priming with Mn species were
analyzed by germination-related parameters and the overall
output confirms the critical role of seed-priming strategies
(Devika et al,, 2021). To further clarify the long-term
responses of Mn-priming, the seedlings were grown for 120
days and then plant growth, physio-biochemical attributes were
analyzed during this time. The plant growth at all tested times
(60, 90, and 120, which are equal to specific developmental
stages) followed the same trend as germination.

In other words, the higher growth rate in plants grown from
seeds primed with MnSO,, control, and Mn,0O3-NPs can be
ascribed to the early and faster germination by these treatments,
highlighting the importance of seed germination and priming
strategy for successful establishment and higher productivity of
germinated seedlings (Carrera-Castanio et al., 2020). In the present
experiment, no obvious toxic symptoms of plants such as leaf wilt,
necrosis, and yellowish leaves was observed, even in Mn,0;
treatment, which caused germination delay and subsequently
lower plant growth. Interestingly, when we applied Mn
treatments through foliar spray, all treatments except for Mn,0;
increased the plant growth compared to seed priming only,
indicating the higher efficiency of SP+F combination to improve
plant productivity. In confirmation of this statement, the results
showed that foliar application of MnCl, compensates the weak
growth of seedlings developed from priming method. Foliar
application of exogenous nutrients acts as a viable strategy to
minimize nutrient efficiency in plants through fast delivery at the
point of assimilation and therefore allows plant biofortification
(Alshaal and El-Ramady, 2017; Dass et al., 2022).

Different processes involved in plant’s life cycle, like
photosynthesis, ROS scavenging, and signaling pathway, have
been found to be Mn-dependent (Alejandro et al., 2020). The
results presented here also showed that Mn-induced changes are
mainly reflected in the synthesis of photosynthetic pigments,
phenolic compounds and some specific antioxidant enzymes.
For example, photosynthetic pigments were generally increased
under Mn treatments, especially in SP conditions. It’s worth
mentioning that, it is difficult to determine which Mn form has
the most influence on photosynthetic pigments since, at each
time, different behavior was observed. However, it was reported
that the optimum application of exogenous Mn can enhance
photosynthetic efficiency under normal and stress conditions
(Ahmad etal,, 2019). Additionally, the Chl a/Chl b and total Chl/
carotenoids ratios are considered to be vital parameters for
photosynthesis efficiency (Jiménez-Lao et al., 2021). In the
present study, an overall increased ratio of these parameters
suggests a mild promotion of photosynthetic synthesis under
Mn treatments. This could be due to improving the energy
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generation and regeneration of Ribulose-1,5-Bisphosphate
(RuBP) involved in Calvin cycle. The total phenolic content
was also significantly affected by either Mn treatments (in
particular MnSO,) or application methods, highlighting the
importance of Mn in phenylpropanoid pathways (Liu et al,
2019). Mn has been shown to serve as cofactor of the
phenylalanine ammonia-lyase which is an important enzyme
in the phenylpropanoid pathway to synthesize phenolic
metabolites (Alejandro et al., 2020).

In accordance with our study, a recent study also showed that
photosynthetic pigments, phenolic compounds and antioxidant
profiles of watermelon seedlings were significantly affected by
seed priming with 20 mg L'MnO-NPs (Kasote et al, 2021).
However, there was no clear trend of changes regarding the
antioxidant flavonoid content as it increased in some treatments
but no changes in some others compared to the control. The foliar-
sprayed MnSO, enhanced flavonoid content, which is in line with
the results of Chen et al. (Li et al., 2020), reporting the increased
flavonoid content in Vitis vinifera L treated by MnSO,. Despite not
being significant in some cases, the overall decline in H,0O, and
MDA content under Mn treatments was observed, which indicates
the key role of Mn in ROS-scavenger-induced compounds
(Alejandro et al,, 2020). This was also in line with generally
increased SOD activity, which reflects the protective nature of
Mn pre-treatments, specifically by Mn bulk and ionic (MnCl,)
forms. Increase SOD activity by metals such as Mn, Fe, and Zn has
previously been reported, highlighting its key role as a cofactor of
this enzyme (De Cuyper et al., 2017; Hu and Jinn, 2022). Declined
oxidative markers, along with enhanced SOD activity, in this study,
are mainly attributed to adaptive mechanism rather than defense
system mechanism. Regarding other antioxidant enzymes, no clear
trend of changes was found. However, an overall increase in PPO
and APX activities was observed for MnSO, treatments.
Considering that no adverse symptoms were observed in MnSO,
treatments, up-regulated. Take this into account, the activation of
antioxidant enzymes has been found to depend on Mn type,
application method and finally, enzyme type, highlighting a
diverse array of enzymatic responses exhibited by PCA analyses.

Antioxidant enzymes have been mainly reported to be the first
line of defensive and protective mechanisms against any
environmental factor such as abiotic stresses (Lei et al., 2022;
Mittler et al., 2022; Najafi-Kakavand et al., 2022; Rahman et al.,
2022; Raza et al.,, 2022a; Raza et al., 2022b; Shahid et al., 2022;
Shaulkat et al,, 2022; Bhardwaj et al,, 2023). At first, the superoxide
radicals are converted to H,O, by SOD activity which can be
further decomposed into H,O by CAT and peroxidases
(Hasanuzzaman et al., 2020). In addition, proline was
significantly increased in almost all Mn treatments, especially by
foliar-sprayed Mn,O5-NPs. It has been accepted that proline, a
non-essential amino acid, plays a vital role in the maintenance of
cellular redox homeostasis and cell’s energy status (Ghosh et al.,
2022). Overall, the application of Mn treatments, except for its bulk
form via both SP and foliar spray, improved A. annua performance
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by reducing H,O, and MDA content. Mn is thought to scavenge
free radicals itself or by increasing antioxidant enzyme activities,
especially SOD and proline. Therefore, speaking generally, Mn as a
micronutrient is involved in the scavenging of free radicals directly
by itself or indirectly by activating various enzymes, top of them
SOD (a primary antioxidative enzyme), and proline (Schmidt and
Husted, 2019; Alejandro et al., 2020). On the other hand, different
alteration of enzymes indicates the activation of specific
antioxidant mechanisms by various forms of Mn, individually.
Moreover, foliar application of Mn was only effective for a limited
period after exposure since Mn is very little mobile in the plant and
does not remobilize along plant organs. Considering the tested
parameters, it is observed that the trend of changes was much more
dynamic and significant at 90 days than 120 days, which also shows
the adaptive status of plants at 120 days.

To sum up, comparing the effects of Mn,0;-NPs on
A.annua performance in terms of morphological, and physio-
biochemical attributes, our findings showed that NP form
doesn’t have a remarkable priority to induce distinctive effects
on plants performance compared to their conventional forms
and control. In other words, if one of the Mn forms is supposed
to be used to improve plant growth, based on the results, MnSO,
would be the best option.

5 Conclusion

Our study showed that SP with different Mn forms could
improve seed germination attributes and further seedling
development of A. annua. Among treatments, priming with
MnSO,4, Mn,0;-NPs and water, respectively, resulted in the
highest germination index and shortened the germination
period. Similarly, vigorous and healthier seedlings were also
observed in the mentioned treatments. On the other hand, foliar
application of the mentioned Mn treatments helped in plant
growth improvement even more. For instance, although SP with
MnCl, decreased germination and early growth, its foliar
application compensated the retarded seedlings, indicating the
difference between the two applications. Although plant growth
did not change in some of the Mn treatments (for example,
Mn,0;-NPs and MnCl,) compared to control, they all had their
specific trend of changes in tested attributes. The biochemical
analyses also suggest that each Mn form can activate different
enzymatic and non-enzymatic antioxidants (Figure 6). However,
the activation of SOD and proline can be considered a common
Mn-induced response. After considering the overall attributes,
including germination, morphological and physio-biochemical
status, MnSO, is highly recommended to be used in triggering
plant growth during the early phase and therefore is cost- and
resource-effective. However, other forms, such as MnCl, and
Mn,0;, which have more effect on the antioxidant defense
systems, might be suitable under stress conditions. In addition,
NPs, because of releasing more Mn*? ions, are applicable to be
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A schematic overview of the possible mechanism underlying improved plant growth and biomass based on different Mn application

used in very small amounts. Overall, the exogenous application
of specific Mn as combined seed and foliar pre-treatments is
recommended to first accelerate germination and then improve
further plant growth by modulating antioxidant enzymes. Future
studies regarding the stimulating application should explore the
optimal dose of Mn,0;-NPs at a very low amount and
investigate their real efficiency to be cost-effective.
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