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ABSTRACT: Fertilizer formulation alternatives that avoid unnecessary losses and
environmental impacts are being investigated in agricultural management. Seed priming
with nanofertilizers prior to planting, reduces concerns about non-target dispersion;
however, priming formulations and concentrations must be carefully selected to avoid
undesired effects. Here, seed germination and seedling development were evaluated after
seed priming with CuO nanoparticles (NPs), CuO bulk and CuCl,. The seeds were immersed
in priming solutions of 0, 20, 40, 80 and 160 mg.L™* Cu for the three Cu sources. Following 8
hours priming, the seeds were evaluated for germination and vigor (first germination count).
Root and shoot lengths were measured as well as shoot and root dry biomass. The copper
NP did not show any toxic effects on corn seed germination and growth, and also promoted
higher biomass when compared to the other Cu sources. On the other hand, CuCl, primed
seeds exhibited Cu-toxicity in roots and shoots for all concentrations tested. Bulk Cu priming
results indicated the better role of NPs size effects. These findings support NP-seed priming
as an alternative to delivery of essential micronutrients, such as copper, to corn seedlings.

Index terms: nanofertilizer, phytotoxicity, characterization, X-ray diffraction, transmission
electron microscopy.

Desenvolvimento inicial de plantulas de milho tratadas com
nanofertilizante tenorita

RESUMO: Alternativas para evitar perdas e impactos desnecessarios no meio ambiente
sdo alcangadas no manejo agricola. A preparagdo de sementes com nanofertilizantes antes
do plantio reduz as preocupacBes com a dispersdo ndo-alvo; no entanto, formulagdes e
concentragdes devem ser cuidadosamente selecionadas para evitar efeitos indesejados. Aqui,
avaliou-se a germinacgdo e o desenvolvimento de plantulas apds a iniciagdo das sementes com
CuO NPs, CuO bulk e CuCl,. As sementes foram imersas em solugbes primarias de 0, 20, 40,
80 e 160 mg.L? para as trés fontes de Cu. Apds 8 horas de preparagdo, as sementes foram
avaliadas quanto a germinacgdo e vigor (primeira contagem de germinagdo). Os comprimentos
de raiz e parte aérea foram medidos, bem como a biomassa seca de parte aérea e de raizes.
A fonte de nanoparticulas de cobre ndo apresenta efeitos toxicos no crescimento do milho
e promove maior biomassa quando comparada as demais fontes. Por outro lado, fontes de
CuCl, mostraram alguns impactos negativos téxicos nas raizes e parte aérea do milho para
todas as doses testadas. Esses achados apoiam o tratamento de sementes com NPs como uma
alternativa a entrega de micronutrientes essenciais, como o cobre.

Termos para indexag¢do: nanofertilizante, fitotoxicidade, difracdo de raios-x, microscopia
eletronica de transmissao.
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INTRODUCTION

Nanotechnology is occupying a prominent evidence with new studies growing quickly in several science fields,
including agriculture. In agriculture, nanoparticles (NPs) are commonly used as fertilizers or plant pathogen defenses. The
greater advantages of nanofertilizers application is due the high reactivity, therefore enhanced nutrients bioavailability
and bioactivity to plants, promoting improvements in structure, growth and development when compared to bulk size
(Wang et al., 2016).

On the other hand, non-adjusted NPs higher concentration and application way can be negative to plants development
and understand better NPs and plantinteraction is need. NPs ability potential of passing the cellmembrane is high due their
general size between 1 to 100 nm (Adhikari et al., 2012) and generally, higher plants strong interact when exposure to NPs.
Several metals are being studied as NPs form, among then copper (Cu). Keller et al. (2013) estimated that approximately
200 metric tons of Cu/Cu-oxides NPs were used worldwide in 2010 and these statistics will be increasing. Regarding plants
applications, CuO NPs is less studied when compared to other NPs like ZnO which is the most studied. Despite of that, CuO
effects seems to be flexible according to different crop plant species (Dimkpa et al., 2015).

Some reports show CuO NPs toxicity on germination, morphology, growth, transpiration and translocation in plant
tissue (Rajput et al., 2018). These effects negative impacts are exhibited in some monocots, including wheat (Triticum
aestivum) (Dimkpa et al., 2012), rice (Oryza sativa) (Shaw and Hossain, 2013), barley (Hordeum vulgare) (Shaw et al.,
2014) and corn (Zea mays) (Wang et al., 2012). Those toxic effects, accumulation and NPs uptake will depend on the
concentrations and exposure time. NPs phytotoxicity might variate due to differences in size and surface anatomy of
seeds and plant species (Jain et al., 2017).

Cu NPs toxicity has been reported widely in various plant species, however studies showing these effects are under
high concentrations exposure (> 500 mg.L?). At the same time, many positive reports are also available (Rajput et
al., 2018). Regarding positive effects, there is evidence that CuO NPs act as a plant foliar fungicide with little or no
deleterious effect on plant performance (Giannousi et al., 2013). Furthermore, CuO NPs promotes higher levels in
photosynthetic rate when compared to soluble sources with CuSO, (Nekrasova et al., 2011). Shah and Belozerova
(2008) studying germination and development plants observed a significant effect of CuO NPs on root/shoot ratio, total
N content and organic matter content. Therefore, CuO NPs application must be determined carefully, and criterial for
sustainable must also be defined.

Corn is one of the most important crops in worldwide. The importance is in wide variety of industrial products,
like cornstarch, corn oil, ethanol, besides serving as food source for animals and humans (Adhikari et al., 2015). These
potential uses increase corn demand, and micronutrients like copper is required to enhance corn yield. Moreover,
there is a challenge in coming decades to increase production without environmental impacts in a sustainable way (Liu
and Lal, 2015). Cu plants deficiency normally occur due marginal soils expansion cultivation, using fertilizer without
micronutrients, using less animal poultry in soils and new varieties nutrient demanding (Yamada, 2004).

Seed priming jointly nanoparticles may be a sustainable tool to nourish corn plants. Therefore, it was hypothesized
that Cu sources, differing in solubility and size, present specific responses in corn seedlings development, when applied
through seed priming. In addition, if there is a possibility of reducing Cu concentrations using CuO NP possible toxic
effects of CuO NPs would also be greatly reduced. In this context, the specific aim was to investigate changes in the
growth and development of corn seedlings after application of increasing concentrations of Cu as CuO NP, CuO bulk and
soluble source copper chloride (CuCl,) to be one of the first approximation to prime CuO NPs to corn.

MATERIAL AND METHODS

CuO NPs were made using 100 mL of CuSO,. 7H,0 0.1 mol.L™* and 100 mL of 0.4 mol.L™* NaOH. The solutions were
prepared, and then slowly mixed in a 500 mL Erlenmeyer flask. After that, the solution was shaken vigorously on a
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magnetic stirrer at 1500 rpm at room temperature (22 °C) for 15 minutes. The reaction flask was placed in a microwave
for 2 minutes at a power of 700 W. After formation of the black precipitate, the flask was centrifuged and washed
several times with distilled water. The solution was frozen instantly using liquid nitrogen and dried by sublimation in a
LS 3000 lyophilizer (Terroni®) and packed in a vacuum glass desiccator, protected from light.

The CuO powder was analyzed by X-ray diffraction in an XRD 6000 system (Shimadzu °, Kyoto, Japan). Diffractograms
were obtained between 20 to 75° 26, in intervals of 0.02° 20 for 0.6 seconds step-mode, using CoKa radiation and
nickel filter tenorite (CuO) (Figure 1).

The size of the particles was determined by transmission electron microscopy (TEM, CM200, Philips’, Amsterdam,
Netherlands). TEM samples were prepared by depositing volume of a CuO in water suspension onto carbon grids
coated with copper grids. Synthetic CuO NP used in this assay had a needle shape (Figure 2). The average diameter was
139.1 nanometers measured by Dynamic Scattered Light (DLS) (Figure 3).

The seeds analyzed here was the hybrid IAC 8046. The selected seeds had the same size. The seeds were
disinfected with sodium hypochlorite solution (1% v/v) for 2 minutes and then washed seven times with ultrapure
water. Before the experiment installation, seeds were kept in a dry and dark place at a temperature of 16 °C to avoid
changes in seed physiology.

Figure 1. X-ray diffraction of CuO nanoparticles (Tenorite-CuO NP).

Scale bar is 100 nm.

Figure 2. TEM image of nanoparticle (Tenorite-CuO NP).
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Figure 3. DLS histogram of nanoparticle (Tenorite-CuO NP).

To evaluate the effects of Cu sources application in corn, a cross-factor experiment (5 x 3) was carried out in a
completely randomized design with four replicates. The five-level factor was concentrations (0, 20, 40, 80 and 160 mg.L™)
concentrations based on Cu content and the factor with three levels were the different sources (CuO NP, CuCl,, and CuO
bulk). Each plot was composed of 50 seeds that were immersed in the different solutions/suspensions containing a total
volume of 200 mL with different Cu concentrations for 8 h, and then dried at room temperature 25 °C for one hour.

The Cu NPs were compared with two other Cu sources. The first was a Cu ionic solution, which was prepared by
dissolving CuCl, purchased from Sigma Aldrich Chemical Co in ultrapure water, the second one was CuO bulk with non-
nanometric (> 300 nm). The insoluble sources (Synthetic CuO NP and CuO bulk) were suspended directly in ultrapure
water and dispersed using an ultrasonic vibration shaker (100 kHz for five minutes).

Seed germination was assessed using Germitest paper. The seeds were placed in three sheets moistened with
ultrapure water equivalent to 2.5 times the dry biomass of the paper and each seed was one cm or more away from
anotherseed. Therolls were prepared and taken to the Mangelsdorf germination chamber set at a constant temperature
of 25 °C for a period of 8 days. The results were expressed as percentage of normal, abnormal and non-viable seedlings
(Brasil, 2009). The vigor test was performed on the fifth day, first germination count (Brasil, 2009).

After the germination test, the root length (distance in cm from the stem base to the root tip) and shoot length
(distance in cm from the base of the leaf to the tip of the leaf) were measured in 15 seedlings randomly selected with
the aid of a millimeter ruler. Then, the seedlings were transferred to Kraft paper bags and weighed to obtain the fresh
biomass production, later these same seedlings were taken to a drying oven at a constant temperature of 60 °C for 72
h to measure the dry biomass.

The data of all the variables were submitted to normality of errors and homoscedasticity of variances tests (p >
0.01). The different concentrations and sources and interactions were tested by F test. Interaction was partitioned only
for concentrations within each source. Quantitative data “concentrations” were analyzed regression. The qualitative
data “sources” were analyzed by Tukey test, 5% probability was used (p < 0.05) (Zimmermann, 2014).

RESULTS AND DISCUSSION

The results obtained after concentration partitioning within each tested Cu sources (CuO NPs, CuO bulk and CuCl,)
for germination, vigor, dead seed and abnormal seedlings are shown in Figure 4. None statistical differences were found
for germination, vigor, dead seeds and abnormal seedlings as well (p > 0.05). The general averages for germination
seeds were 84.8, 82.5 and 81.2% for the CuCl,, CuO bulk and CuO NPs, respectively (Figure 4A). In relation to vigor
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seeds, the averages were 79.1, 74.5 and 74.3% for CuCl,, CuO bulk and CuO NPs, respectively (Figure 4B). For dead
seeds the averages were 11.0, 10.4 and 9.5 for CuCIZ'CuO NP, and CuO Bulk, respectively (Figure 4D). Abnormal seeds
averages obtained was 7.3, 6.1 and 5.3%, for CuCIZ’ CuO NPs, and CuO Bulk, respectively (Figure 4D).

Figure 5 show the effects of the Cu doses for each source tested for the assessment, shoot length, radicle length,
and shoot length/radicle length ratio. Shoot length results are showed in Figure 5A. The doses affected significantly
seedlings shoot length for CuCl, source. Each mg.L™ increased in seed priming solution (CuCl,) decreased 0.05 cm the
root length. It was also significant differences among sources tested, that means there was root growth inhibition when
applied CuCl,(7.87 cm), compared to the other sources CuO NPs (10.2 cm), and CuO Bulk (10.8 cm).

Root length had similar behavior than shoot length. CuCl, source decrease significantly seedlings root length (Figure
5B). It was decreased 0.02 cm in shoot length for each mg.L?! concentration increased. In addition, considering the
average concentration, shoot growth inhibition was higher when applied CuCl, (7.4 cm), compared to the other sources
CuO NPs (9.4 cm), and CuO Bulk (8.9 cm).

Shoot length/root length ratio (Figure 5C), was altered by doses tested just CuCl,. It was adjusted positive linear
regression dose-response, where each mg.Ltincreased in seed priming solution decreased 0.012 cm.cm? the shoot
length/root length ratio. Beside of that, regardless doses tested, it was evident differences among sources tested, that
means shoot length/root length ratio was higher when applied CuCl, source (1.26 cm.cm™), compared to the other
sources CuO NPs (0.89 cm.cm?), and CuO Bulk (0.87 cm.cm).
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Figure 4. (A) Seed germination, (B) seed vigor, (C) dead seed, and (D) abnormal seed of corn after application of different
concentration and sources of Cu.
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Figure 5. (A) Shoot length, (B) root length, (C) shoot length/root length ratio corn after different concentration and
sources of Cu.

Figure 6 show the effects of Cu concentration for each source tested for evaluated mass variables. The concentration
affected significantly seedling shoot mass only for CuCl, (Figure 6A). The maximum shoot dry mass observed (0.32 g) was
obtained at 95.9 mg.L. Nevertheless, it was evident that shoot mass decrease in higher doses, since for the higher dose
tested 160 mg.L* the mass was 0.28 g that is a reduction of almost of 14%. CuO bulk, and CuO NPs was not altered by the
treatments, and the averages were 0.28 and 0.24 g, respectively. Regarding root dry mass (Figure 6B), CuO NPs promotes
twice root dry mass than CuCl, source, that means 100% more roots. Shoot mass/root mass ratio (Figure 6C), was not
altered by doses tested, although compared just the sources in doses averages, differences were also significant. FeCl,
obtained higher ratio (3.7 g.g*) than CuO bulk (2.7 g.g?) that in turn obtained higher ratio than Cu NPs (2.3 g.g%).

No effects in germination were observed. It was shown that all assessments linked to germination percentage
were not significantly different among all the treatments (p < 0.05). This result may be due seed coat which plays a
very important role in protecting the embryo from external factors and have selective permeability. NPs may not affect
germination if they cannot pass through seed coats (Lin and Xing, 2008). Stampoulis et al. (2009) also observed that
seed germination is generally an insensitive measure of effects from NPs. Moreover, other factor could also contributes
for the lack of responses in germination assessment like the relatively short exposure of NPs from seed, or other
uncharacterized biological processes (Wang et al., 2012).

Cu NPs doses applications resulted in a non-significantly effects of root length, shoot length or root length/shoot
length ratio. Otherwise, it was shown negativesimpacts of soluble source CuCl, for root and shoot length, root elongation
of sensitive plant species would have a dose-dependent response (Lin and Xing, 2008), normally roots are the first
plant tissue to confront with excess concentrations and then toxic symptoms seem to appear more in roots rather
than in shoots (Sresty and Rao, 1999). In our study, this fact agrees, despite shoot and root had decreased according
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to growing doses of CuCl,, apparently root grow was much more negatively affected than shoot. Such higher toxicity
might be explained by the fully dissolution to the free ions Cu?* and Cl in high concentration in solution. Other reason
on negative root length is since after penetration of the seed coats, the emerging radicles rapidly absorb nutrients and
water, therefore maximizing exposure to toxicity.

The shoot biomasses of plants exposed to Cu NP or CuO bulk were not significantly different. Although CuCl,
promoted more shoot mass until determined point. Higher concentrations also decreased shoot mass. In adequate
amounts Cu acts in the process of photosynthesis being one of the constituents of plastocyanin that is important in
electron transport between photosystems Il and | (Batista et al., 2018). Regarding root biomass CuO NPs showed
better results than the other sources. Although there no dose significance. This results differ from those from (Wang
et al., 2012) which find that CuO NPs reduced the corn weight of root and shoot tissues by 60% and 34% respectively,
compared to the unexposed control plants. On the other hand (Adhikari et al., 2015) found dry matter corn mass of
shoot and root was higher through CuO NPs source. The main differences among these studies were concentration,
the first one, negatives NPs impacts were realized at 100 mg.L?, the second one beneficial effect were noticed 0.5
mg.L. Our experimental results do not prove any toxic effects of CuO NPs on plant growth even in 160 mg.L corn seed
priming, on the contrary, even on doses average, CuO NPs promotes higher biomass than the other sources. Despite
of that, CuO NPs seems to not alter shoot mass/root mass normal development, since after seed germination, plants
generally contribute the major portion of the metabolites towards root expansion (Adhikari et al., 2015). In addition,
further studies are needed on the durability of this unique Cu NPs response at the later phase of corn plant growth,
and more studies need to be done to clarify the ecotoxicological effects CuCl, risk.
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Figure 6. (A) Shoot mass, (B) root mass, (C) Shoot mass/root mass ratio of corn after different rates application and

sources of Cu.
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CONCLUSIONS

The results indicate that there is possible to synthesize Cu NPs in easy way and apply in corn plants as a seed priming.

CuO NPs seems to be a better source than CuO bulk and CuCl, to prime corn seeds, in addition, there is evidence of
potential risk of CuCl, seed priming mainly in high concentration.

No toxic effects were noticed during the seedling development regarding CuO NPs.
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