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Abstract: Micronutrient nanoparticles (NPs) are currently an option for chemical fertilization and biostimulation in crops. However, there is little information on the phytotoxic or biostimulatory effects of NPs at low concentrations of some elements, such as Zn. In this study, the effect of low concentrations of Zn oxide (ZnO) NPs on germination, growth variables, and nutritional attributes of lettuce (Lactuca sativa L.) was evaluated in comparison to Zn sulfate. Romaine lettuce seeds were treated with ZnSO4-- × 7H2O and ZnO NPs at Zn molar concentrations of 1 × 10−3, 5 × 10−3, 1 × 10−4, 5 × 10−4, 1 × 10−5, 5 × 10−5, 1 × 10−6, and 5 × 10−6. The seeds treated with ZnSO4− at 5 × 10−6 registered the highest radicle length, 73% more than the control treatment. The seeds treated with ZnSO4− at 5 × 10−3 registered the lowest values, with 50% less than the control treatment. ZnO NPs at 5 × 10−6 significantly increased content of chlorophyll A and B and total phenolics. These results indicate the possible existence of a mechanism related to the intrinsic nanoparticle properties, especially at low concentrations.
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1  Introduction

Mineral micronutrients are essential for all living things [1]. Zinc is a micronutrient that is part of the catalytic and regulatory processes of animals and humans [1]. Zn is considered an essential micronutrient in plants because it plays a crucial role in many aspects of growth and development, however, excess Zn causes morphological, biochemical, and physiological disorders [2]. Zinc enrichment in plants has been regularly achieved through its application in ionic form in solid or liquid fertilizers as a chelated compound; more recently, its agricultural application incorporated in nanomaterials or the form of nanoparticles has been tested [3].

In addition to its value as a fertilizer and its well-known impact on growth and yield, Zn is an element that increases stress tolerance when applied to seeds, seedlings, or plants [2]. When used as a treatment for seed priming, Zn in ionic and nanometric forms is associated with improved germination and vigor responses, vegetative growth, accumulation of bioactive compounds, and stress tolerance [4,5]. The efficacy of inducing favorable responses to Zn treatments depends on the compound used, its concentration, and the form of application of the plant species used [6].

As with other elements, the biological impact of Zn in nanometric form seems to be greater than that obtained with ionic Zn. Therefore, there is interest in the development of fertilizers that contain different elements in nano form [7].

Zinc oxide (ZnO) nanoparticles (NPs) are among the most widely used in industry, with a range of applications such as personal care products, electrodes, biosensors, and solar cells [8]. Although many experiments have investigated the effect of ZnO-NPs at different stages of plant development [9], less information is available about the impact of ionic Zn compared to Zn NPs [10]. In a study in which ZnSO4− and NZnO were applied to Rosmarinus officinalis plants, no difference was found in the response of the plants to the two forms of Zn [11].

To our knowledge, little information is available about the differential impact of ionic Zn and NZnO when applied as seed priming treatments [12]. Seed treatment with ionic Zn or Zn-NPs is known to biostimulate the germination and growth of seedlings and plants [13,14,15]. In this sense, it is interesting to ask about the difference in the biostimulant impact on the lettuce seeds treated with the two forms of Zn.

In this study, the effect of priming lettuce (Lactuca sativa L.) seeds with ionic Zn and NZnO was evaluated. After seed treatment, germination variables, plant growth, mineral content, and photosynthetic pigment content were determined.

2  Materials and Methods

2.1 Characterization of ZnO NPs

ZnO NPs were synthesized using zinc acetate (Zn(CH3COO)2) as a precursor through a chemical hydrolysis reaction. The degree of crystallization of the ZnO NPs obtained was characterized by X-ray diffraction (XRD) in a Siemens model D-5000 diffractometer (SIEMENS, Munich, Germany) using KαCu radiation (25 mA, 35 kV) at room temperature in a sweep interval of 10° to 80° on the 2θ scale with a speed of 0.02 degrees/s. To analyze the functional groups, present in the NPs, a characterization was performed by Fourier transform infrared spectroscopy (FTIR) in a Shimadzu FTIR-8400 spectrophotometer in the range of 4,000 to 500 cm−1. To form the necessary tablets, the NPs were mixed with KBr. To observe the morphology and measure the size of the NPs, a FEI-Titan 80-300 kV transmission electron microscope (Cs-1.25 mm) operated at 300 kV was used. Using a WCIF ImageJ image analyzer, 400 particles were measured to obtain the dimensions of the synthesized nanoparticles.

2.2 Seed Germination of Lettuce

Lettuce seeds (L. sativa L.) var. Great Lakes (FAX seeds, Jalisco, México) were treated with ionic zinc (ZnSO4− * 7H2O, PM: 287.54 g mol−1) and ZnO NPs (PM: 81.38 g mol−1).

A total of 16 treatments were used for the present study, including Zn concentrations of 5 × 10−3, 1 × 10−3, 5 × 10−4, 1 × 10−4, 5 × 10−5, 1 × 10−5, 5 × 10−6 and 1 × 10−6 mol L−1 using ZnO NPs and ZnSO4− salt solution as a standard of zinc. The above treatments were equivalent to 327, 65.4, 32.7, 6.54, 3.27, 0.65, 0.327, and 0.065 mg Zn L−1, respectively. Stock solutions of ultrasonicated 5 × 10−3 mol L−1 ZnO-NPs and ZnSO4− were prepared in distilled water, and serial dilutions of the required concentrations of ZnO-NPs and ZnSO4− were prepared by using the formula:


C1×V1 = C2×V2
(1)

where: C1 and C2 represent the concentrations and V1 and V2 represent the volumes.

The seeds were kept imbibed in the different solutions for six hours in the dark and at room temperature, after which they were washed with distilled water. Seeds of the control treatment were dipped in distilled water. Sowing was carried out in Petri dishes previously sterilized with filter paper moistened with distilled water. The Petri dishes were established in a bioclimatic chamber (LAB-LINE) under 14 light hours at 25°C. Every day, the humidity level of the filter paper was verified, and if necessary, the humidity was recovered in all the Petri dishes. Seven days later, the germination percentage and the morphological aspects (hypocotyl and radicle length, seedling fresh and dry weight) were evaluated. The germination percentage (arc. sen. transformed), was measured using the following formula:


%Germination=Number of germinated seedsNumber of total seeds×100
(2)

A completely randomized design was used. There were three replicates for each treatment. Each Petri dish (representative of one replicate) had 25 seeds. Hypocotyl and radicle length were measured in cm by using a standard scale. Fresh and dry seedling weight was determined with an analytical balance and expressed in g.

2.3 Lettuce Growth

To record the impact of Zn2+ and NZnO NPs on the bromatological, nutraceutical, and mineral contents of plants, the second set of seedlings were treated with the treatment that showed the best results in germination: 5 × 10−6 mol L−1 Zn2+ from ZnO NPs and ZnSO4−, plus a control (distilled water). The seeds were sown in polystyrene trays with 200 cavities containing perlite and peat moss in a 1:1 ratio. Two seeds were placed per cavity (total of 400 seeds), to keep the seedling that the best growth. Thirty days after emergence, the seedlings were transplanted into black polyethylene containers with a capacity of 5 L with the above-mentioned substrate mixture. The seedlings were established in a multitunnel greenhouse with a polyethylene plastic cover at an average temperature of 25°C. The treatments were applied to seedlings one, fifteen, and thirty days after transplanting. The containers were irrigated with a nutrient solution [16] at 25% concentration. 0.25 to 0.5 L of solution per plant was applied daily.

Sixty-four days after transplanting and once the lettuce reached maturity, evaluations of the fresh and dry weights of the plants were carried out. For this, adult plants were randomly selected from each treatment. The plants were collected and weighed fresh on an analytical balance. Subsequently, the head was separated from the lateral leaves and weighed fresh to determine the yield per plant. The complete plants were placed in paper bags and dried in a dehydrating oven at 70°C until reaching constant weight. Fresh tissue samples from the heads of lettuce were taken from the remaining five plants. To do this, a punch was used to obtain a representative sample of the tissues of the head. The samples were freeze-dried to determine the chlorophyll A, chlorophyll B, total chlorophyll, ascorbic acid contents and the total phenol content using the techniques described by Kim and coworkers [17].

With the described punch method, other leaf samples were collected from lettuce heads to determine the contents of Cu, Mn, Zn2+, Na+, K+, Mg2+, Ca2+, and P. N was quantified by the Kjeldahl method with digestion fast proposed by the Association of Official of Agricultural Chemist (AOAC) [18]. The content of P was determined by the ammonium metavanadate colorimetric method [18]. The microelements were determined by wet digestion with nitric acid [19]. Minerals were measured with a Varian AA-1275 atomic absorption spectrophotometer. The bromatological analysis was performed using the AOAC technique [20]. With this, the percentage of total dry matter, percentage of nitrogen, percentage of ethereal extract, crude fiber, percentage of moisture, and percentage of nitrogen-free extract were measured. The arrangement of the treatments was carried out under a randomized complete design; each treatment had three repetitions, and each repetition had six to twelve plants.

2.4 Statistical Data Analyses

All data were analyzed by one-way PROC ANOVA using the SAS system for Windows (Version 9.4, SAS Institute Inc., Cary, NC, USA). Germination percentage (arc. sen. transformed) and morphological aspects means comparison test was conducted by least significant difference (L.S.D) at the 5% level. Mean values were calculated for a sample size of three plates, and in each plate, there were 25 seeds. However, mineral content, bromatological, and nutraceutical data were tested by Tukey’s multiple comparison test (p < 0.05) and data presented are means ± S.D. (n = 6 to 12).

3  Results

3.1 Characterization of ZnO NPs

Fig. 1 shows that the synthesized ZnO NPs presented a quasi-spherical morphology with the formation of agglomerates that are characteristic in the synthesis of metal nanoparticles and/or metal oxides. The synthesized nanoparticles had an average diameter of 26 nm.
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Figure 1: Micrograph showing the quasi-spherical morphology of the ZnO NPs and histogram of the distribution of the diameter of the nanoparticles

On the other hand, the detection of the characteristic planes of zinc by means of X-ray diffractometry allowed us to identify the presence of ZnO (Fig. 2).
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Figure 2: X-ray diffractogram of ZnO NPs

Fig. 3 shows the FTIR spectrum of the ZnO NPs, in which the presence of a broad band was observed at 410 cm−1. This band was attributed to NZnO.
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Figure 3: FTIR spectrum of the ZnO NPs

3.2 Effect of ZnSO4 − and ZnO NPs on the Germination and Morphology of Lettuce Seedlings

Table 1 shows the effects of ZnSO4− and ZnO NPs on the germination and growth variables of lettuce seedlings. Seeds treated with ZnSO4− at 5 × 10−6 mol L−1 registered the highest radicle and hypocotyl length compared to the rest of the treatments, while the seeds treated with ZnSO4− at 5 × 10−3 mol L−1 registered the lowest values according to LSD’s test (p < 0.05). In general, no significant differences were registered between the treatments in the percentage of germination, fresh and dry weight of the lettuce seedlings. These results show that the seeds treated with ZnO NPs did not significantly change the germination and morphological variables of the lettuce seedlings from 10−3 to 10−6 mol L−1 in comparison to the control, while ZnSO4− at 10−6 mol L−1 improved the morphological variables but had a negative impact at concentrations higher than 10−4 mol L−1.
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According to the above results, in which only positive effects were registered at 5 × 10−6 mol L−1 treatments in both forms of Zn, a second experiment was conducted to evaluate the effects on the nutraceutical, mineral, and bromatological content in adult lettuce plants. Tables 2 and 3 show that there was no significant difference in the mineral and bromatological content between the treatments, while Table 4 with nutraceutical content shows that the maximum content of chlorophyll A, chlorophyll B, and phenols were significantly higher with the treatment of ZnO NPs at 5 × 10−6 mol L−1 (0.327 mg Zn L−1), with superiority in 38%, 50% and 40%, respectively, compared to the control treatment, but without differences in comparison to ZnSO4−.
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4  Discussion

The results of this work show that Zn ion is an element that bioestimulates the lettuce seedlings. Similar effects have been found in other plant species. Awan et al. [21] reported a stimulation of root and shoot length in broccoli seedling (Brassica oleracea var. italic) treated with ZnO NPs synthesized from ZnSO4− at low concentration. García-López et al. [22] found no significant differences in the percentage of germination of chili seeds (Capsicum annuum L.) embedded between the different concentrations of ZnO NPs; however, they found significant effects on the vigor of seedlings that emerged with ZnO NPs treatment. The stimulation of the vigor of wheat and bean seedlings has been achieved with the application of low levels of the element Zn, more than in comparison with other ions [23]. The lack of germination response to ZnO NP exposure in our study is consistent with the suggestion by Margenot et al. [24] that seed germination of various species is insensitive to toxicity by nanoparticles compared to root growth, mainly due to the minimum exposure time and the protective cover of the seed. Additional factors that may influence the seed response to germination include seed thickness and composition [25]. The previous results suggest that the range of biostimulant action of the ZnO nanoparticles, as well as Zn ion from ZnSO4−, is located at low concentrations, according to our results, specifically at the 10−6 molar concentration range.

On the other hand, in this study, it was observed that concentrations higher than 10−4 of both treatments caused a slight reduction in root growth. Regarding the latter, research reports null effects on the growth of other plant species to the application of zinc nanoparticles [26]. Yang et al. [27] reported that the phytotoxicity of corn and rice plants to ZnO NPs depends on the NP itself but not on the Zn2+ that is released from suspensions of ZnO NPs. It has been proposed that seedling radicles are more sensitive to toxicity by metal-oxide nanoparticles, such as CuO NPs [24]; however, no significant negative effects were observed in this study at the handled concentrations of ZnO NPs in comparison to zinc from the ZnSO4− salt.

Likewise, there are reports of the effects of Zn nanoparticles on the vitamin content of various plant species. Awan et al. [21] reported a 100% increase in chlorophyll content in broccoli plants (B. oleracea var. italic) with ZnO NP treatments at concentrations of 200 µg L−1. Raliya et al. [28] reported a high chlorophyll content in tomato plants treated with ZnO NPs; however, Wang et al. [29] found that concentrations greater than 400 mg dm−1 ZnO NPs reduced the chlorophyll content in tomato plants. Treatments of Triticum aestivum with zinc nanoparticles (250–200 mg L−1) increased protein and chlorophyll content [30]. The stimulation of chlorophyll content in plants by Zn nanoparticles is attributable to the fact that plants differ in absorption, translocation, accumulation and storage of this microelement; for example, legumes accumulate higher Zn content than cereals [1]. The increase in phenolic content induced by the application of ZnO NPs has been attributed to the defense response of plants to stress factors. García-López et al. [22] reported an increase in the phenolic content of C. annuum when they were treated with zinc nanoparticles.

5  Conclusions

The results of this study suggest that there are no significant toxic effects of ZnO NPs in the 10−6 molar concentration range of the lettuce seedling growth variables. Additionally, low concentrations of ZnO NPs suggest the stimulation of a higher content of chlorophyll A and B and total phenol content in adult lettuce plants.
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Table 1: Effect of molar concentrations of ZnSO,4 and ZnO NPs on seed germination and seedling morphology
of lettuce (L. sativa L.)

Treatments Concentration Germination Hypocotyl length (cm) Radicle length ~ Fresh weight (g) Dry weight (g)
(mol L™ (arc. sen.)

Control 0 0.81' + 0.09abcd  1.42 + 0.52ab 1.54 £0.04bcde  9.09 +2.19bcd  0.67 = 0.10a

ZnSO,~ 5x10°° 0.95 + 0.07a 1.78 £ 0.27a 2.67 +0.43a 11.6 £ 1.57abc ~ 0.64 = 0.03a
5x107° 0.91 + 0.07ab 1.52 + 0.24ab 2.00 + 0.26b 10.5 + 1.19abed  0.66 + 0.02a
5x107* 0.88 £0.11abc ~ 1.43 £ 0.07ab 1.25+£0.11efg  9.06 £0.61cd 0.72 £ 0.07a
5x1073 0.80 £ 0.02abcd  0.20 + 0.02¢ 829 +4.02d 0.71 £ 0.14a
1x10° 0.82 + 0.15abed  1.52 + 0.28ab 1.83 + 0.34bc 10.5 +2.47abed  0.61 + 0.05a
1x107° 0.76 + 0.13bcd  1.43 + 0.40ab 1.75 £ 0.61bcd 9.92 + 1.10abed 0.65 + 0.08a
1x10* 0.88 + 0.11abc ~ 1.39 + 0.28ab 1.59 £ 0.10bcde 9.88 = 1.46abcd 0.70 + 0.08a
1x1073 0.73 + 0.12¢d 1.44 + 0.22ab 0.80 £0.05 g 8.90 + 1.0lcd 0.65 + 0.06a

NPs ZnO 5x107° 0.83 + 0.05abed  1.67 + 0.21ab 1.42 + 0.36cdef 12.0 + 1.98ab 0.63 + 0.08a
5x107° 0.79 + 0.08abecd  1.42 + 0.33ab 1.60 + 0.24bcde 10.9 = 1.74abcd 0.61 + 0.05a
5x107* 0.68 + 0.06d 1.42 + 0.05ab 1.49 £ 0.02cdef 12.1 £2.68a 0.64 +0.01a
5x1073 0.75 + 0.11bcd  1.45 + 0.15ab 1.03 + 0.09¢gf 10.7 + 0.94abecd  0.68 + 0.08a
1x107° 0.89 £0.09abc  1.52 £ 0.25 ab 1.49 + 0.41cdef 11.2 +0.59abcd 0.67 + 0.05a
1x107° 0.87 £0.10abc ~ 1.41 £ 0.14ab 1.68 £0.25bcde 11.4 +0.94abc  0.69 = 0.01a
1x10* 0.69 + 0.04d 1.29 + 0.15ab 1.36 £ 0.05def  10.5 £ 0.96abed 0.69 = 0.15a
1x1073 0.85 + 0.13abed  1.38 + 0.12ab 1.49 £ 0.11cde  10.4 + 0.86abcd 0.64 = 0.01a
p value 0.0818 <0.0001 <0.0001 0.3113 0.9545

Note: ‘Mean and standard deviation (n = 3). Letters with the same literal are not significantly different (LSD test, Pr > F). Mean values were calculated

for a sample size of three plates, and in each plate, there were 25 seeds.
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Table 3: Bromatological analysis in lettuce plants (L. safiva L.) treated with ZnSO4 and ZnO NPsat5 %< 10 "mol L *

TDM (%) Moisture (%) Ash (%)  %PC (Based %EE (Based on %F (Based on NF (%)

on TDM) TDM) TDM)
Control 86'+13a 13+13a 13£16a 23+51a 42 +0.6a 16 £3.2a 41 £ 9 a
/nSO, 87 +£22a 12+£22a 12+32a 26+£64a 46 £0.6 a 18+2.6a 38+9a
/nONPs 87+19a 12+29a 14+24a 23+£54a 3703 a 17+34a 41 £10 a

Note: 'Means (n = 6) + standard deviation. Different letters are significantly different (Tukey, p < 0.05). TDM: total dry matter; %F: fiber percentage:
%EE: ethereal extract nercentage: NF: nitrogen free.
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Table 4: Nutraceutical content analysis in lettuce plants (L. sativa L.) treated with ZnSO, and ZnO NPs at
5x10°mol L™

Vitamin C  Chlorophyll Chlorophyll Total Total phenols  Fresh Dry weight  Fresh weight
(mg A(qugg ) B(ugg!) chlorophyll (ug GAE g™* weight (leaves-head) (leaves-heads)
100 g™ (Lggh)  FW) (head)g g g
Control 306' £35a 26+ 8b 46 +22b 30=x10b 4.4 +1.0b 517 £80a 25 £ 10a 734 £ 114a
ZnSO, 267 +32a 37+7a 84+21a 46+0.9a 5.3 £1.0ab 483 +39a 19 £ 10a 645 £ 177a
Zn0O 277 £34a 36 £ 10a 6.9 +33ab 43 +13a 6.2 +£0.9a 476 +43a 19 £ 12a 652 + 144a

NPs

Note: ‘Means (n = 12) + standard deviation. Different letters are significantly different (Tukey, p < 0.05). GAE: gallic acid equivalent; FW: fresh
weight.
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Table 2: Mineral content in lettuce plants (L. sativa L.) treated with ZnSO, and ZnO NPsat5 %X 10 "mol L *

Mineral content Control /nSO, ZnO NPs
Cu (mg kg ) 4.8 +13a 5.0+ 1.0a 4.9 +0.8a
Mn (mg kg ™) 57 + 24a 49 + 16a 55 + 26a
Fe (mg kg ) 383 + 184a 325 + 262a 325 + 242a
Zn (mg kg ) 43 £ 8 a 43 + 17a 36 £ 9a

Na (mg g ) 80 + 6la 78 £ 62 a 66 + 54a

K (mg g") 17.4 +3.9a 173 +£2.7a 16.7+2.8a
Mg (mg g ) 54+0.8a 55+14a 50+1.0a
Ca (mg g ) 3.7+0.7a 3.6+ 1.1a 32+0.7a
P (mgg ) 15.8 + 14a 21.3 £ 10a 15.7 + 4a

Note: ‘Means (n = 9) + standard deviation. Different letters are significantly different (Tukey, p < 0.05).
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